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Chapter 1
Introduction

Introduction

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 hypertension, 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 numbers 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 angiotensin 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 dilated 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 associated 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 relaxation, 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 increased 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 macrocellular 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.
12

These adaptations are accompanied with local, paracrine, and systemic neurohormonal 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.
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Figure 1: Overview of the different pathophysiological pathways leading to HF

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 nonischemic dilated cardiomyopathy that the presence of fibrosis is independently associated with all-cause mortality, cardiovascular mortality and sudden cardiac death, after
13
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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 allcause 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 replacement 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 activated. 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 myocardial 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 metalloproteinases (MMPs)) and by tissue inhibitors of metalloproteinases (TIMPs). The circulating 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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Recently, it was shown that galectin-3, a beta-galactoside binding lectin, plays an important 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 SpragueDawley rat, galectin-3 infusion enhanced macrophage and mast cell infiltration, activating 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. Galectin-3 is a pleiotropic protein and involved in a variety of physiologic and pathologic
processes, like cell adhesion and migration, angiogenesis, apoptosis and the inflammatory 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 monocytes 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 productbinding 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
15
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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 failureprone 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 measurement 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 COACHstudy 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 adjustment 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 specifically 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 carbohydrates, 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 fibrosis 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 crosssectional 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 importance 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 disease 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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Abstract
Risk prediction in patients admitted with acute decompensated heart failure (ADHF)
remains a challenge. Biomarkers may improve risk prediction, which in turn may help to
better inform patients regarding short-term and long-term prognosis, therapy and care.
Most data on biomarkers have been derived from patient cohorts with chronic heart
failure. In ADHF, currently, risk tools largely rely on common clinical and biochemical
parameters. However, ADHF is not a single disease. It presents in various manners and
different etiologies may underlie ADHF, which are reflected by different biomarkers. In
the last decade, many studies have reported the prognostic value of these biomarkers.
These studies have attempted to describe a value for statistical modeling, e.g., reclassification indices, in an effort to report incremental value over a clinical model or the
“gold standard”. However, the overall incremental predictive value of biomarkers has
been modest compared to already existing clinical models. Natriuretic peptides, e.g.,
(NT-pro)BNP, are the benchmark, but head-to-head comparisons show that there are
novel biomarkers with comparable prognostic value. Multimarker strategies may provide superior risk stratification. Future studies should elucidate cost-effectiveness of
single or combined biomarker testing. The purpose of this review was to provide an
update on current biomarkers and to identify new promising biomarkers that can be
used in prognostication of acute heart failure.
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Heart failure (HF) is a complex disease, and its underlying pathophysiology is multifactorial. Patients who are hospitalized for a rapid worsening of preexistent HF or acute decompensated heart failure (ADHF), are difficult to treat, their mortality rate remains high [1••],
and it remains a challenge to predict the risk of individual patients [2]. ADHF is associated
with a number of individual characteristics including clinical, biochemical, demographic
variables and comorbidity [3•]. For risk prediction after admission for ADHF, biomarkers
may be of additional value to assess risk. “Biomarkers” can be any objectively measured
biological marker that reflects normal biological processes, pathogenic processes, or pharmacologic responses to therapeutic interventions [4•]. It is difficult to identify the perfect
biomarker, primarily because HF has various different causes, which may be reflected
by an array of different biomarkers. Thus, it remains a challenge to identify individual
prognostic variables to guide clinical decision making. Nevertheless, biomarkers may be
used as a tool, which can help doctors to better inform patients regarding therapy and
care options. Accurate prognostic evaluation may aid in identifying patients who are at
high risk and need more intensive monitoring, while those estimated lower risk, may be
monitored less intensively. The purpose of this review is to provide an update on current
biomarkers as predictors for outcome in ADHF, and to discuss new promising biomarkers,
including HE4/WAP4C, syndecan-1 and urinary C-type natriuretic peptide, and also a new
technique called bioelectrical impedance vector analysis (BIVA).

Biomarkers for HF Risk Stratification: Markers of Underlying
Pathophysiology
Several biomarkers for ADHF reflect the underlying pathophysiology of HF. Commonly,
incident HF is preceded by a cardiovascular event. This event may happen suddenly as
in myocardial infarction (MI), or may be slow and progressive, as in hypertension. Over
time, the heart becomes progressively damaged due to maladaptive changes, often
referred to as cardiac remodeling. In the end, the sequelae of events will impair the
contractile function resulting in reduced cardiac output. Before this point, the human
body will try to compensate, predominantly with neurohormonal activation [5]. Activation of the sympathetic nervous system with increased release of epinephrine leads
to increased contractility and increased vascular resistance. Similarly, activation of the
renin-angiotensin-system (RAAS) and increased release of antidiuretic hormone (ADH)
leads to vasoconstriction and increased cardiac output. However, prolonged increase
in angiotensin II also induces deleterious effects such as fibrosis via aldosterone, while
norepinephrine induces cardiac remodeling and hypertrophy. In concert with apoptosis
29
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of cardiac cells, this (mal)adaptive response on the long term contributes to adverse
cardiac remodeling [6]. Once the delicate balance in the failing heart is disturbed, it
will lead to congestion by fluids, which is clinically reflected as acute decompensated
heart failure. This is accompanied by volume overload of the left ventricle (LV) leading
to increased myocardial wall stretch. Each step of progression to heart failure is reflected
by different kinds of biomarkers (Fig. 1).

Markers of Neuroendocrine Activation
MR-proADM
In response to increased ventricular wall stress and hemodynamic changes, adrenomedullin (ADM), a peptide hormone, is secreted by myocardial tissue and endothelial
cells [7]. ADM stimulates natriuresis and vasodilatation, which is mediated by cAMP and
nitric oxide, thereby decreasing afterload and increasing cardiac output [8, 9•]. Elevated
levels of this peptide hormone have been associated with the severity of HF [10]. However, ADM is difficult to measure due to its short half-life, instability in plasma and fast
clearance from circulation [11, 12]. Midregional pro-adrenomedullin (MR-proADM) is a
stable precursor of ADM and its levels mirror those of ADM [12]. Elevated levels of MRproADM have also shown to be predictive for adverse outcome in ADHF patients [13–15,
16•], and some studies even suggest that MR-proADM is superior in predicting mortality,
compared to BNP or NT-proBNP in patients with ADHF (Table 1) [16•, 17].

Copeptin
As a result of changes in osmolality and decreases in circulatory pressures, arginine
vasopressin (AVP, also known as ADH) is chronically released by the posterior pituitary
gland in patients with HF in order to preserve cardiac output [18•]. AVP interacts with
renal collecting ducts (via the V2-receptor) and maintains vascular tonus (via the
V1a-receptor), thereby regulating blood pressure. Higher levels of AVP are related to
severity of disease in patients with HF [19]. However, AVP is difficult to measure due
to its instability and fast clearance rate [20]. Copeptin is the C-terminal segment of the
AVP-prohormone and is a stable surrogate marker for AVP [21]. It is also released by the
hypothalamus, in the same amounts as AVP [22] and is a sensitive marker for HF progression [23]. In patients with acute decompensated HF, copeptin was found to be predictive
for all-cause mortality at 1-year [24•] and also at 24 months [25]. The predictive value
was similar to MR-proADM, C-terminal endothelin-1 precursor fragment, midregional
proatrial natriuretic peptide (MR-proANP), and B-type natriuretic peptide (BNP) [16•].
Serial measurement of copeptin was found to be an independent predictor for death
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Figure 1: Pathophysiology of heart failure, which is reflected by different biomarkers.

ST2

Hypertrophy

Decreased LV function

NGAL
Cystatin-C
Urinary C-type NP

Natriuretic peptides

Chapter 2

Increased renal
interstitial pressure

Bioelectrical impedance vector
analysis

Increased venous
pressure

Myocardial
stretch

AVP
Copeptin

Neuroendocrine activation

Cardiac remodeling

Myocardial injury

Biomarkers for Risk Prediction in Acute Decompensated Heart Failure

31

32

0.83

N.A.

Copeptin

MRproADM

8.9 %

37 %

Neuroendocrine activation

10.3 %

48.5 %*

0.77

Syndecan-1 N.A.

19 %

0.82

25.5 %

42.6 %*

0.70

31 %*

0.77

ST-2

Galectin-3

Cardiac remodeling

0.75

0.75

CRP

HE4

5.3 %

5.5 %

4 %*

0.75

11 %*

0.56

0.60

9.1 %

7%

0.75

0.81

12.9 %

0.84

Inflammation

BNP

NT-proBNP

7.4 %

23 %*

0.67

NRIa

MR-proANP 0.75

Cardiomyocyte stretch

AUC

90 days

90 days

All-cause mortality

Lassus J et al. [125••]

Lassus J et al. [125••]

Eurlings LW et al. [55]

Meijers WC et al. [53]

Maisel A et al. [16•]

Maisel A et al. [153]

Potocki M et al. [127]

18 months Tromp J et al. [144•]

1 year

30 days

90 days

30 days

30 days

Best clinical model

Lassus J et al. [125••]

Seronde MF et al. [82••]

Lassus J et al. [125••]

Seronde MF et al. [82••]

Eurlings LW et al. [55]

Lassus J et al. [125••]

Scrutinio D et al. [152]

Seronde MF et al. [82••]

Lassus J et al. [125••]

Author

18 months De Boer RA et al. [138•]

1 year

5 year

1 year

5 year

90 days

1 year

1 year

5 year

1 year

Follow-up

All-cause mortality

All-cause mortality + HF
rehospitalization in HFPEF

All-cause mortality

All-cause mortality

All-cause mortality

HF Rehospitalization

All-cause mortality + HF
rehospitalization

All-cause mortality

All-cause mortality

All-cause mortality

All-cause mortality

All-cause mortality

All-cause mortality

All-cause mortality

All-cause mortality

All-cause mortality

Endpoint

Adjusted model + NT-proBNP All-cause mortality

Clinical risk factors

Clinical prediction model

Clinical prediction model

Clinical risk factors

Clinical model + BNP

Clinical model + BNP

Clinical prediction model

Clinical model

Clinical prediction model

Clinical model

Clinical risk factors

Clinical prediction model

Clinical model

Clinical model

Clinical prediction model

Incremental value over:
(Model)

BACH trial

BACH trial

COACH

MOCA study

MOCA study

PRIDE

COACH, PRIDE, UMD H-23258

COACH

MOCA study

Biomarcoeurs, FINN-AKVA

MOCA study

Biomarcoeurs, FINN-AKVA

PRIDE

MOCA study

Biomarcoeurs, FINN-AKVA

MOCA study

Study

466

557

287

567

5306

5306

603

902

567

5306

306

5306

306

603

5306

306

5306

N

Chapter 2

NGAL

Renal injury

(continued)

29.8 %

28.7 %

9.1 %

0.80

0.76

0.73

NRIa

AUC

Clinical model

Clinical model

Clinical model

Incremental value over:
(Model)

All-cause mortality + HF
rehospitalization

All-cause mortality

All-cause mortality

Endpoint

30 days

1 year

30 days

Follow-up

Maisel A et al. [123•]

Lassus J et al. [125••]

Lassus J et al. [125••]

Author

Chapter 2

GALLANT trial

MOCA study

MOCA study

Study

5306

5306

N

Biomarkers for Risk Prediction in Acute Decompensated Heart Failure

33

Chapter 2

or transplantation in an univariate analysis. However, after adjustment for troponin T in
multivariate analysis, this association was diminished [26•].

Chromogranin A
Chromogranin A is believed to reflect the activity of the central nervous system [27•]
and is produced by adrenergic and neuroendocrine cells [28]. Chromogranin A is a
prohormone, which is cleaved after posttranslational modification in vasostatins and
catestatin. These peptides negatively regulate neuroendocrine function of the adjacent
cells: vasostatin inhibits vasoconstriction and catestatin inhibits the release of catecholamines [29]. Patients with HF have higher levels of chromogranin A and these levels
are associated with severity of HF and were found to be an independent predictor for
mortality in patients with ADHF [30•].

Markers of Cardiac Remodeling
Cardiac remodeling is about the process of cellular changes of the myocardium and
includes myocyte hypertrophy, fibrosis and apoptosis or necrosis [31, 32••]. Biomarkers
of cardiac remodeling with established prognostic value include: ST2, galectin-3, and
GDF-15.

(Soluble) ST2
Following volume overload and mechanical strain, more ST2 mRNA is released from
cardiomyocytes and fibroblasts [33, 34, 35••]. ST2 exists in multiple isoforms including
ST2L; a transmembrane receptor, and soluble ST2 (sST2); a circulating form of ST2 [36].
ST2L exerts its effect via IL-33, a ligand of ST2, and has antifibrotic and antihypertrophic
effects [37]. However, sST2 can bind IL-33, acting as a decoy receptor, and blocks the
antihypertrophic and antifibrotic effects of IL-33 [38]. In this way, sST2 is the component
of ST2 with deleterious effects. The sST2 levels are higher in patients with heart failure
and have been shown to be associated with poor prognosis in patients with ADHF [39,
40] and add prognostic value to NT-proBNP and hsTropT [41•]. The sST2 levels are also
significantly correlated with left ventricular end systolic volumes and dimensions and
left ventricular ejection fraction (LVEF) [42]. Moreover, elevated levels of sST2 identify
patients with a more decompensated profile and more progressive cardiac remodeling
[43]. Serial measurements of sST2 add prognostic information to baseline measurements [44, 45•].

34

Biomarkers for Risk Prediction in Acute Decompensated Heart Failure

In response to cardiac stress (e.g., pressure overload), galectin-3 is released by activated
macrophages in the heart to stimulate production of collagens, causing fibrosis and
subsequent ventricular dysfunction [46, 47•, 48•]. A key feature of galectin-3 is cell-cell
adhesion [49], and, therefore, it also plays an important role in tumor growth, metastasis
[50], and inflammation [51]. The prognostic value of galectin-3 has been extensively
studied and galectin-3 was found to be an independent predictor for mortality [52]
and rehospitalization [53] in patients with ADHF. ROC analysis for predicting mortality
was superior to NT-proBNP and apelin [54•]. However, some studies did not find this
association in multivariate analysis after correction for eGFR or NT-proBNP [54•, 55].
Serial measurements in patients with ADHF also provide additional prognostic value
[56]. Galectin-3 is not only an interesting biomarker because of its prognostic value;
interestingly, it may also serve as a potential target for therapy. Experimental studies
have shown that pharmacological inhibition of galectin-3 attenuates cardiac fibrosis in
animal models [48•, 57••]. These two features render galectin-3 a promising biomarker
and protein for further study in HF biology.

GDF-15
Cardiovascular events, like ischemia, pressure overload or atherosclerosis, induce a rapid
upregulation of GDF-15 in cardiomyocytes [58•, 59], although GDF-15 may also colocalize in macrophages [60]. However, circulating GDF-15 is produced mostly outside the
heart and, therefore, is not cardio-specific. GDF-15 is a member of the TGF-β superfamily
and has shown to have anti-inflammatory and antihypertrophic effects [58•, 59]. This
cardioprotective factor has shown to be a promising predictor for outcome in chronic
heart failure patients [45•, 61–64]. GDF-15 has also shown to be a predictor in HF patients with a preserved ejection fraction (HFpEF) [65]. Serial measurements show that
increasing levels of GDF-15 over time predict adverse outcomes [63]. However, data in
ADHF patients are lacking.

Markers of Myocardial Stretch
In ADHF, increased filling pressures induce myocardial stretch, and, as a result, natriuretic peptides (NPs) are released from cardiomyocytes into the plasma. NPs have been
extensively studied in both acute and chronic heart failure, and have been shown to
be powerful predictors of outcome [66••]. NPs include atrial natriuretic peptide (ANP),
which is mainly released from atrial cardiomyocytes, and B-type natriuretic peptide
(BNP), mainly released from ventricular cardiomyocytes. Both ANP and BNP have natriuretic, diuretic, and vasodilatory effects. Secondary functions include inhibition of the
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RAAS system and endothelin-1 secretion [67]. ANP and BNP are the biologically active
peptides but their prognostic performance is less strong compared to their precursor
peptides. N-terminal pro B-type natriuretic peptide (NT-proBNP) is a part of the precursor peptide BNP and is more stable and has a longer half-life [68]. The same applies for
ANP. ANP has a short half-life and measurements are unreliable [69•]. N-terminal pro
atrial natriuretic peptide (NT-proANP) is more stable but also prone to degradation [69•].
Another precursor of ANP, midregional pro atrial-type natriuretic peptide (MR-proANP)
is a more stable alternative and has also shown its predictive value [69•, 70].
For diagnosis of ADHF, BNP and NT-proBNP are equally effective [71]. However, this
is different for prognosis. Compared to clinical assessment (history taking and physical
examination) or New York Heart Association (NYHA) symptoms, NT-proBNP is superior in
predicting outcome [72, 73]. Serial measurements of NT-proBNP have also been shown
to have incremental prognostic value, both the relative change as well as the absolute
value [74].
However, the percent change in NT-proBNP seems to be more important than the absolute value at discharge [75]. The PROTECT study also showed that biomarker-guided
therapy in patients with acute heart failure was useful: a 50 % reduction in NT-proBNP
was associated with almost 50 % reduction of events [76]. Future studies should confirm
this in an acute HF cohort. For patients with chronic heart failure, NT-proBNP guided
therapy remains controversial. Some suggested that adding serial measurements of
NT-proBNP to optimal clinical management may not improve outcome [77•]. Furthermore, posttreatment or discharge values of NTpro-BNP are more predictive for adverse
outcome compared to NT-proBNP levels at hospital admission [75, 78]. The ongoing
Guiding Evidence Based Therapy Using Biomarker Intensified Treatment (GUIDE-IT; ClinicalTrials.gov Identifier: NCT01685840) trial is expected to provide more definite answers
if natriuretic peptide guided therapy is helpful in systolic heart failure. In conclusion,
both absolute values as well as relative changes of NT-proBNP during hospitalization
are informative.
When NPs are used for risk prediction, certain confounders have to be taken into account. Renal failure will increase NP levels [79] and obese patients tend to have lower
levels of NPs [80]. Because of the beneficial effects of NPs, it was hypothesized that
systemic infusion of NPs will have favorable effects in patients. However, recombinant
NPs as a therapeutic did not lead to less mortality [81•].
MR-proANP is a relatively new player and has shown strong prognostic value at least
comparable to NT-proBNP or BNP [24•]. For long-term prognosis, MR-proANP seems to
be more predictive than NT-proBNP or BNP [82••]. Serial measurements of MR-proANP
added prognostic information, also in a multivariate analysis after adjustment for cofactors [26•]. Further investigation is warranted to assess if MR-proANP indeed outperforms
NT-proBNP, which is the gold standard nowadays.
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Heart failure is considered as a proinflammatory state, and furthermore, infection is an
important precipitating factor for ADHF, especially in the elderly. Therefore, markers of
infection have been considered as predictors for prognosis [83].

C-Reactive Protein (CRP)
Progression of heart failure occurs, at least in part, by the effect of proinflammatory
cytokines like IL-6 and TNF-alpha [84]. IL-6 induces release of CRP, synthesized by the
liver [85]. CRP is recognized as one of the best markers reflecting inflammation and has
a function in the activation of the complement system [86]. Levels of high sensitivity
(hs)CRP are higher in patients with HF and are associated with mortality and rehospitalization in patients with ADHF [87, 88]. However, CRP is less reliable as a predictor for
prognosis in the treatment of HF patients with secondary infections, and more reliable
as a predictor for outcomes in noninfected patients [89•].

Procalcitonin
In infective states, especially bacterial infections, procalcitonin is upregulated by
endotoxin stimuli but it can also be triggered in a noninfective inflammatory state by
proinflammatory cytokines, such as IL-6 or TNF [90, 91]. This implies that procalcitonin
levels are not only increased in pneumonia or sepsis, but can also be elevated in cardiogenic shock and acute coronary syndrome (ACS) [92, 93]. Procalcitonin is a precursor
peptide of calcitonin, and is released from the liver and peripheral blood mononuclear
cells [91]. Following (bacterial) infection, procalcitonin levels reach a fast peak (within
eight hours), even before C-reactive protein [94]. Procalcitonin has been shown to be an
independent predictor for 30-day mortality in ADHF [95•]. However, another study did
not find this association with all-cause mortality [96]. Whether procalcitonin is a strong
predictor for outcome in acute heart failure remains uncertain and more studies are
needed to answer this question. Procalcitonin can be helpful to identify patients with
pneumonia [97] and elevated levels (>0.5 ng/ml) have a specificity of 0.99 for diagnosis
of systemic infection [98], so that current procalcitonin studies in HF primarily address
the coexistence of pneumonia.

IL-6
IL-6 is a proinflammatory cytokine, released in response to infection [99•] IL-6 can bind
IL-6R, a membrane receptor. This complex activates gp130, which induces intracellular
inflammatory signaling pathways [100]. IL-6 is an important mediator of the acute phase
response and induces release of CRP [101]. IL-6 is significantly correlated with 180-day
mortality [102] and is predictive for mortality in patients with ADHF [103, 104•, 105].
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Markers of Myocyte Injury
Troponin
During admission for ADHF, increased myocardial wall stress and elevated left ventricular
end diastolic pressure exist, which lead to decreased myocardial perfusion and subsequent myocyte necrosis and apoptosis [106•]. As a result of this (subclinical) myocardial
injury, troponin can be released from the cytosol of cardiomyocytes into the circulation
[107]. Troponin is a cardiac regulatory protein and controls actin-myosin interaction
[108]. The troponin complex consists of an I, T, and C complex, which can be found on
the actin filament [109]. Troponin C is not specific for the heart; however, troponin T & I
are specific markers for myocardial injury [108] and can be used to confirm the diagnosis
of ACS [110] and to estimate infarct size [111]. Troponin has a high specificity; however,
there are certain factors that can interfere with circulating levels of troponin, such as
renal failure, sex, age, and LV hypertrophy [112]. Troponin I and T were both found to be
important prognostic factors in patients with ADHF [113••]. Patients with elevated levels
of troponin had lower (systolic) blood pressure, lower LV ejection fraction, and higher
in-hospital mortality (8.0 % vs 2.7 %) [113••]. In comparing high sensitivity troponins,
troponin T was found to be a better predictor for outcome compared to troponin I
[114•]. Serial measurements of troponin were also found to be predictive for outcome.
Poor outcomes were observed in patients with increasing troponin levels after hospital
admission and treatment for ADHF [115].

Markers of Renal Injury
Renal insufficiency is common in patients with acute heart failure. Worsening renal function and acute kidney injury are both being associated with a worse prognosis [116], and
acute kidney injury occurs in 30-50 % of patients hospitalized for ADHF and is associated
with prolonged length of stay, increased hospitalization costs, and increased mortality [117•, 118]. For this reason, markers of renal injury like cystatin C and Neutrophil
Gelatinase-Associated Lipocalin (NGAL) may be useful in identifying high-risk patients.

Cystatin C
Cystatin C is a cysteine protease inhibitor that is released from all functioning cells. It is
constantly produced and is freely filtered by the glomerulus. Because it is not actively
secreted by renal tubules, it is considered an ideal endogenous marker of renal (glomerular) function [119, 120]. It has been reported that high cystatin C levels are associated
with a higher risk for mortality and/or HF readmission, and also after multivariate adjustments [121]. A prospective, observational, multicenter study conducted in hospitalized
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patients with acute heart failure showed that cystatin C remained a significant predictor
for outcome after adjustment for established biochemical predictors of adverse events
such as creatinine, estimated glomerular filtration rate (Cockcroft-Gault), hemoglobin,
sodium, and NT-proBNP [122]. Cystatin C levels of ADHF patients were much higher in
these patients compared to ambulatory patients with chronic HF. It was speculated that
these findings probably reflect a more advanced kidney dysfunction in patients with
ADHF, resulting in a poor prognosis in this population.

NGAL
Neutrophil gelatinase-associated lipocalin (NGAL) is a 25-kDa protein secreted by renal
tubular cells, leucocytes, and epithelial cells. It is released in response to ischemic or
toxic injury and is a measure of acute kidney injury and precedes creatinine elevation
[123•]. ADHF patients with elevated serum NGAL levels at admission have a higher risk
that is associated with the development of worsening renal function [124]. NGAL has
been shown to be a strong prognostic indicator of 30 days outcome at discharge for
patients admitted to the hospital for ADHF [123•]. NGAL improved reclassification over
BNP with 29.8 %, but in a model containing only BNP without clinical variables (Table 1).

Head-to-head comparisons and multimarker approaches
Nowadays, a large number of biomarkers is available for estimating prognosis after
ADHF. Comparing these biomarkers for risk prediction might be difficult, because each
of them is reflecting a different pathophysiology, but they may help to identify which
marker, or which combination of markers, provides most incremental value. Several
studies have examined the prognostic value of multiple biomarkers in the same study.
The MOCA trial studied the incremental value of biomarkers in a multinational observational cohort on ADHF and was comprised of 5,306 patients [125••]. Several biomarkers
provided incremental value in risk prediction compared to the clinical prediction model
(age, gender, blood pressure, estimated glomerular filtration rate, heart rate, and sodium
and hemoglobin levels). For prediction of 30-day mortality, MR-proADM showed the
highest incremental value in risk prediction (NRI: 28.7 %) (Table 1). For 1-year prognosis,
sST2 was found to be the best predictor (NRI: 10.3 %). Also dual biomarker combinations
were studied. For 30-day mortality, the combination of CRP and MR-proADM yielded the
highest incremental value in predicting prognosis (NRI: 36.8 %) and for 1-year mortality
the combination of CRP and sST2 was found to be the best predictor (NRI: 20.3 %).
In the BACH trial, a prospective, multicenter study of 1,641 patients presenting with
dyspnea at the emergency department, MR-proADM again was found to be the best
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predictor for mortality at several time points compared to BNP and NT-proBNP. However,
for prediction of rehospitalization, BNP was still superior [16•].
Two large cohorts, Biomarcoeurs and FINN-AKVA, studied the prognostic value of
natriuretic peptides of patients with ADHF [82••]. MR-proANP was found to be the best
predictor for 5-year mortality (NRI: 23 %). Gegenhuber et al., measured several promising biomarkers for risk prediction in 137 patients with ADHF [24•]. For the prediction of
1-year mortality, MR-proANP had the highest predictive value (AUC: 0.73), before BNP
(AUC: 0.72), MR-proADM (AUC: 0.71), and copeptin (AUC: 0.69).
The GALLANT trial showed that the renal marker NGAL was a significant predictor for
events in multivariable analyses while neither eGFR nor creatinine reached significance.
Furthermore, NGAL improved reclassification over BNP by a net 10.3 % [123•].
Zairis et al., studied 577 patients with ADHF. Cox regression modeling showed that
BNP was the best predictor, compared to cardiac troponin I and hs-CRP. The combination of these biomarkers improved C-statistics from 0.70 to 0.82 [126•]. Potocki et al.,
performed a prospective, observational cohort study in 287 patients with acute dyspnea
[127]. AUC was highest for copeptin (0.83), followed by NT-proBNP (0.76), and BNP (0.63).
After inclusion of copeptin to the adjusted model (including NT-proBNP), NRI was 37 %.
Finally, a small study of 79 patients reported BNP to be the best predictor for mortality in
univariate analysis, compared to proinflammatory cytokines, including IL-6 [128].

Gender Differences
In biomarkers for acute heart failure, sex based differences have been described. For
instance, levels of natriuretic peptides are higher in healthy women, compared to
healthy men [129]. This may partly be explained by estrogen-mediated stimulation and
androgen-mediated suppression [130, 131] and; therefore, it was suggested to use sex
specific reference limits [129]. However, in decompensated state, these sex based differences are not significantly different. This may be explained by the higher percentage of
women with HFpEF, which is accompanied by lower values of natriuretic peptides [132].
Besides natriuretic peptides, levels of biomarkers that are related to cardiac remodeling
or inflammation (syndecan-1, CRP, GDF-15, IL-6) are found to be significantly lower in
women compared to men [133•]. However, the fibrosis marker galectin-3 generally shows
higher values in healthy women [132, 134•]. In contrast, another fibrotic marker, sST2, is
significantly lower in women, which might be due to the effects of sex hormones [135].
Recently, a new intriguing biomarker was also discovered with prognostic value specifically for women [136]. Proneurotensin was found to be associated with development of
cardiovascular disease and cardiovascular mortality, but only in women. Proneurotensin
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New Developments
HE4/WAP4C
Recently, human epididymis protein 4 (HE4) or whey acidic protein four-disulphide core
(WAP4C) was identified as one of the most upregulated genes in cultured myofibroblasts. HE4 is an established biomarker for epithelial ovarian cancer and is known for
its antiprotease and anti-inflammatory function [137]. HE4 is not cardiospecific and is
associated with GDF-15, and in this regard may play a role in the immune response. In
an analysis of the COACH trial, a multicenter randomized study with 567 patients admitted for ADHF, HE4 was associated with HF severity and outcome. Furthermore, HE4 was
shown to be an independent predictor for HF outcome and improved risk classification
(NRI: 31 %, over clinical model + BNP) [138•]. A recent animal study showed that administration of HE4-neutralizing antibodies had protective effects in preventing fibrosis
[139••]. These results show that HE4 could be a potential new biomarker for (acute) heart
failure, and may serve as a new therapeutic target to prevent fibrosis.

Urinary C-type Natriuretic Peptide
In HF, renal dysfunction is common and also an independent predictor of outcome in
patients with ADHF [140]. However, the prognostic value of renal tubular injury is not
reflected in current estimates of kidney function. Recently, urinary C-type natriuretic
peptide was discovered as a biomarker for HF. This urinary peptide is produced both in
the kidney as well as in the endothelium of renal tubules and plasma levels of a specific
isoform are elevated in patients with ADHF [141]. Urinary C-type natriuretic peptide is
a venodilator and undergoes downstream cleavage into NT-proCNP and CNP53, which
is further processed to NT-CNP53. NT-CNP53 has a longer half-life and is more stable
compared to the active CNP [142]. In a study of 58 patients with ADHF, urinary NT-CNP53
excretion was found to be predictive for mortality and all-cause rehospitalization or
death [143•], even after adjustment for age, urinary protein/creatinine ratio and plasma
NT-proBNP. In the same study, urinary KIM-1 and NGAL excretion were no significant
predictors for outcome. Additionally, NT-CNP53 showed incremental prognostic value
to plasma NT-proBNP for the combined endpoint of death and rehospitalization.

Syndecan-1
Syndecan-1 is a transmembrane receptor and a member of the proteoglycan family. It is
associated with fibrotic and inflammatory diseases and is involved in matrix-matrix inter41
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actions. In a recent study, syndecan-1 was found to be a predictor for clinical outcome in
patients HFpEF, but not in patients with reduced ejection fraction (HFrEF), independent
of other known heart failure risk factors [144•]. Multivariable regression analysis showed
a positive correlation with markers of fibrosis and remodeling (galectin-3, ST2, periostin)
but not with markers for inflammation. Syndecan-1 also improved risk classification in
patients with HFpEF after adding to the established model of clinical risk factors (NRI:
48.5 %). Syndecan-1 could serve as a potential predictor for outcome specifically in
patients with HFpEF, but clearly more studies are needed to confirm this.

Bioelectrical Impedance Vector Analysis (BIVA)
In healthy individuals, total body water (TBW) comprises approximately 60 % of body
weight and can be found intracellular and extracellular. One third of TBW is extracellular,
both in interstitial fluid and in intravascular fluid. Estimation of body fluid status was
found to be important for risk stratification in ill patients [145], but it is often difficult
to assess. Bioimpedance analysis is a noninvasive technique to estimate volume status
and body composition. This is measured by bioelectrical impedance, where resistance
was found to be inversely related to TBW. BIVA is now considered to be the superior
method to assess TBW and was recently tested in 270 patients with acute heart failure.
BIVA showed significant prognostic value in univariate and multivariate analysis for a
30-day follow-up of cardiac events and improved prognostic value to BNP, particularly
in the BNP ‘grey zone’ (100-400 pg/ml) [146, 147•]. BIVA is a promising new technique
for risk prediction in acute heart failure. More and larger studies on this topic should
elucidate if BIVA could serve as a new prognostic marker in acute heart failure.

Conclusion
Numerous studies have demonstrated the clinical utility of different biomarkers in acute
and chronic HF. Currently, NPs are routinely used in HF care, but there are several novel
biomarkers. Biomarkers should be critically reviewed and should fulfill certain criteria
[148]. Baseline and repeated measurements should be possible and at reasonable
cost. Secondly, the biomarker should provide information that is not already available
from clinical assessment. During the last decade, (NT-pro) BNP was the benchmark as
prognostic biomarker for outcome in patients with ADHF. However, recent head-to-head
comparisons show that MR-proANP and MR-proADM are promising biomarkers that
could maybe replace (NT-Pro) BNP as the benchmark.
Novel biomarkers should demonstrate at least comparable diagnostic or prognostic
value over currently available assays [149]. Multiple studies nowadays report a net
reclassification index, which make it easy to report the incremental prognostic value of
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a biomarker (Table 1). Nevertheless, it remains difficult to find a single biomarker that
fulfills all the needs for the evaluation of prognosis in patients with ADHF. Some biomarkers have shown their predictive value, however this remains limited over already
existing clinical parameters [125••]. This also accounts for multimarker studies where
only modest prognostic improvements were found compared to only traditional risk
factors [150]. A good clinical prediction model often has high prognostic value with
corresponding high AUC values [125••] so that improving above and beyond a good
model by adding a biomarker is difficult. Therefore, current studies are focusing on combinations of biomarkers for risk prediction in acute heart failure. Ultimately, multimarker
strategy may provide superior risk stratification compared to single biomarker measurement [55], particularly when biomarkers from distinct pathophysiologic pathways are
combined, providing ‘orthogonal’ information to one another.
In the future, discovery of novel biomarkers may be achieved by proteomics and
metabolomics, although these omics-based techniques have yet to yielded new biomarkers of acute heart failure. There are promising results in cardiac transplantation
[151•], and; hence, future studies could yield new interesting biomarkers for acute heart
failure. Future research should also elucidate if a multimarker strategy is cost-effective.
Furthermore, biomarker guided trials are underway. If monitoring of biomarkers are of
incremental value in patients with acute heart failure, they should provide more clarity.
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Chapter 3

Abstract
Background: In several cross-sectional analyses, circulating baseline levels of galectin-3, a protein involved in myocardial fibrosis and remodeling, have been associated
with increased risk for morbidity and mortality in patients with heart failure (HF). The
importance and clinical use of repeated measurements of galectin-3 have not yet been
reported.
Methods and Results: Plasma galectin-3 was measured at baseline and at 3 months
in patients enrolled in the Controlled Rosuvastatin Multinational Trial in Heart Failure
(CORONA) trial (n=1329), and at baseline and at 6 months in patients enrolled in the
Coordinating Study Evaluating Outcomes of Advising and Counseling Failure (COACH)
trial (n=324). Patient results were analyzed by categorical and percentage changes in
galectin-3 level. A threshold value of 17.8 ng/mL or 15% change from baseline was
used to categorize patients. Increasing galectin-3 levels over time, from a low to high
galectin-3 category, were associated with significantly more HF hospitalization and
mortality compared with stable or decreasing galectin-3 levels (hazard ratio in CORONA,
1.60; 95% confidence interval, 1.13–2.25; P=0.007; hazard ratio in COACH, 2.38; 95% confidence interval, 1.02–5.55; P=0.046). In addition, patients whose galectin-3 increased
by >15% between measurements had a 50% higher relative hazard of adverse event
than those whose galectin-3 stayed within ±15% of the baseline value, independent of
age, sex, diabetes mellitus, left ventricular ejection fraction, renal function, medication
(β-blocker, angiotensin converting enzyme inhibitor, and angiotensin receptor blocker),
and N-terminal pro-B-type natriuretic peptide (hazard ratio in CORONA, 1.50; 95% confidence interval, 1.17–1.92; P=0.001). The impact of changing galectin-3 levels on other
secondary end points was comparable.
Conclusions: In 2 large cohorts of patients with chronic and acute decompensated HF,
repeated measurements of galectin-3 level provided important and significant prognostic value in identifying patients with HF at elevated risk for subsequent HF morbidity
and mortality.
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To establish the prognosis of heart failure (HF), several biomarkers are currently used,
such as natriuretic peptides (eg, brain natriuretic peptide [BNP], N-terminal pro-B-type
natriuretic peptide [NT-proBNP]). Recently, galectin-3 was approved by the US Food
and Drug Administration as a new biomarker in HF risk stratification. Galectin-3 is
a β-galactoside–binding lectin and is best known for its role as a mediator of tumor
growth and metastasis.1 In addition to its role in tumorigenesis, galectin-3 plays a role
in inflammatory and immune-mediated disorders,2,3 as well as in fibrogenesis,4–7 mechanisms involved in the progression of HF and cardiac remodeling.8,9
The clinical use of a single measurement of galectin-3 for the diagnosis of HF has
been demonstrated previously,10 as well as its use as a predictor for left ventricular
remodeling11 and mortality and adverse outcomes in various patient cohorts, with both
acute and chronic HF or after the event of an acute coronary syndrome.12–18 Besides its
prognostic value in patients, galectin-3 also predicts all-cause mortality in the general
population.19 However, 1 study in ambulatory patients with HF, where a low cutoff value
of galectin-3 was used (14.0), did not show the same association between galectin-3 and
long-term outcome in patients with HF after adjustment for other predictors, especially
NT-proBNP.20 Another interesting use for galectin-3 may be to identify subgroups that
benefit (or not) from specific therapy, and it has been reported that galectin-3 level
predicts the response to statin therapy.21
A limitation to the published studies is that they all describe the value of a single
(baseline) measurement of galectin-3 on prognosis. Clearly, a biomarker reflects the
disease process and is expected to fluctuate in accordance with disease severity. Several studies have reported an increased prognostic value of repeated measurements of
biomarkers, such as natriuretic peptides.22–25 Repeated measurements of galectin-3 may
also provide additional prognostic information on near- to long-term outcomes, may
guide decisions for optimal HF management, and predict the clinical stabilization of
individual patients. Until now, the clinical use of repeated measurements of galectin-3
has not been reported. Accordingly, the aim of this study was to evaluate the prognostic
value of repeated galectin-3 measurements in patients with chronic HF, enrolled in 2
large prospective clinical trials.

Methods
Patient Population
Patients with HF in these substudies were enrolled in the Controlled Rosuvastatin Multinational Trial in Heart Failure (CORONA) [NCT00206310] (n=1329), a cohort of patients
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with chronic HF (New York Heart Association II+), and the Coordinating Study Evaluating Outcomes of Advising and Counseling Failure (COACH) [NCT98675639] (n=324), a
cohort of acutely decompensated patients with HF. The design and outcomes of these
trials have been published elsewhere.26–29 All patients had baseline and 3-month (CORONA patients) and 6-month (COACH patients) follow-up blood samples available for
galectin-3 measurements. In COACH, samples at baseline were obtained 1 day before
discharge.

Measurement of Galectin-3
Plasma galectin-3 levels were measured using a commercial assay (the BG Medicine
galectin-3 Assay; BG Medicine, Waltham, MA), the characteristics of which have been
described in detail earlier.30 This assay quantitatively measures the concentration of
human galectin-3 levels in EDTA plasma and has been shown to have high sensitivity
(with a lower detection limit of 1.13 ng/mL) and no cross-reactivity with other members
of the galectin family, or with other collagens, and no known interference by commonly
used HF medications. Intra- and interassay coefficients of variation were 5.6% and 8.6%,
respectively. To categorize patients, a threshold value of galectin-3 of 17.8 ng/mL was
applied, based on the US Food and Drug Administration–cleared assay labeling for risk
stratification using this assay. This cutoff value was based on unpublished data from
a controlled multicenter clinical study, the Heart Failure: A Controlled Trial Investigating Outcomes of Exercise Training (HF-ACTION) trial, where 2331 chronic HF patients
with left ventricular dysfunction and with New York Heart Association class II, III, or IV
symptoms were studied, as has been shown in the Galectin-3 ELISA Package Insert (US),
BG Medicine, Inc.

Primary End Point
The primary end point was the composite of all-cause mortality and rehospitalizations
during follow-up. Rehospitalization was defined as an unplanned overnight stay in the
hospital attributable to worsening HF.

Secondary End Points
Secondary end points included all-cause mortality as independent end point, as well
as the composite of cardiovascular mortality and HF hospitalization (this end point was
available for CORONA only). Analyses were adjusted for baseline covariates of age, sex,
diabetes mellitus, left ventricular ejection fraction (LVEF), estimated glomerular filtration
rate (eGFR), and NT-proBNP level.
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In comparisons of baseline characteristics across categories, differences among categorical variables reported as means and SD were calculated using χ2 tests. Temporal changes
in galectin-3 levels were considered in statistical analyses by 2 different approaches.
First, changes in galectin-3 were categorized based on the cutoff value of 17.8 ng/mL
to yield 4 patient categories as follows: (1) low→low (<17.8 at both time points), (2)
high→low (level >17.8 ng/mL at baseline and <17.8 ng/mL at the subsequent time point
[3 months for CORONA, 6 months for COACH]), (3) low→high (<17.8 ng/mL at baseline
and >17.8 ng/mL at the subsequent time point), and (4) high→high (>17.8 ng/mL at
both time points). Second, continuous percentage change in galectin-3 level between
the 2 visits were categorized as follows: (1) patients whose galectin-3 level increased
≥15% over time, (2) patients whose galectin-3 level decreased ≤15% or more over time,
and (3) patients with galectin-3 levels remaining within ±15% of baseline value (change
between −15% and + 15%). The choice of a threshold of 15% was based on the intra- and
interassay coefficients of variation of 5.6% and 8.6%, respectively; a change of approximately twice the coefficient of variation was decided to be satisfactory. In addition, for
the COACH study, a receiver operating characteristic curve analysis of relative change in
galectin-3 on the end point of all-cause mortality and all-cause hospitalization yielded
a maximum value for the sum of sensitivity and specificity at a value of 13.9% change.
Taken together, the threshold change value of 15% was selected.
The independent prognostic value of categories of percentage change of galectin-3
for each end point was assessed in Cox proportional hazards models. Multivariable
models adjusted for baseline covariates of galectin-3, age, sex, diabetes mellitus, LVEF,
eGFR, and NT-proBNP levels were also assessed. Covariates that were univariately associated with the outcomes were included in the multivariable models (Table S1 in Data
Supplement). Cumulative incidence plots were generated to visualize the probability
of event as a function of time intervals. Cox proportional hazards regression models
incorporating galectin-3 categories and adjusted for baseline galectin-3 were fitted to
estimate baseline galectin-3 adjusted survival functions, which were then visualized in
cumulative incidence plots.
All statistical analyses were performed at a significance level of 0.05. Analyses were
performed with SAS software, version 9.1 (SAS Institute, Inc, Cary, NC), or R software,
version 2.
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Results
Study Population
A total of 1653 patients (1329 from the CORONA trial and 324 from the COACH trial),
and associated galectin-3 measurements were available for the present study. Baseline,
and 3- (CORONA trial) and 6-month (COACH trial) follow-up galectin-3 measurements
were available in all patients. The mean age of the study participants of CORONA and
COACH was 71.6 years (±6.8) and 69.9 years (±11.5), respectively. In both studies, the
large majority of the patients were men (77% and 60%, respectively). Mean LVEF was
32% (±7) in CORONA and 33% (±14) in COACH. The mean eGFR was 58.1 mL/min (±2.9)
in CORONA and 57.1 mL/min (±17.0) in COACH. Mean levels of galectin-3 at baseline
were 20.2 ng/mL (±7.6) in CORONA, and in COACH 20.4 ng/mL (±8.8). In this study, the
total assay variation in measurement of galectin-3 was <6.3%. Baseline demographics
and clinical characteristics of both sets of patients are presented in Table 1.
Table 1: Baseline characteristics of HF patients by study (CORONA/COACH)
CORONA
Subjects, no.*
Age, (yrs) (mean (SD)) †

COACH

1329

324

71.6 (6.8)

69.9 (11.5)

Female, no. (%)

305 (23%)

129 (40%)

NYHA I/II, no. (%)

429 (32%)

158 (49%)

NYHA III/IV, no. (%)

900 (68%)

165 (51%)

32 (7)

33 (14)

BMI, (kg/m2) (mean (SD))

LVEF, (%) (mean (SD))

27.2 (4.5)

27.4 (5.7)

Estimated GFR (ml/min/1.73 m2) (SD)

58.1 (12.9)

57.1 (17.0)
139 (43%)

Hypertension, no. (%)

937 (71%)

Diabetes, no. (%)

333 (25%)

95 (29%)

Smoker, no. (%)

165 (12%)

57 (18%)

Galectin-3 level - baseline, (ng/mL) (mean (SD))

20.2 (7.6)

20.4 (8.8)

Galectin-3 level - follow-up, (ng/mL) (mean (SD))

20.1 (7.6)

18.2 (9.9)

* ‘no.’ means number (count of subjects);
† ‘SD’ means standard deviation;
Abbreviations: NYHA: New York Heart Association; LVEF: Left Ventricular Ejection Fraction; BMI: Body Mass
Index; GFR: Glomerular Filtration Rate.

Changes in Categorical Galectin-3 Levels
Categorical changes in galectin-3 level between baseline and the subsequent time point
were defined, based on the suggested threshold value of 17.8 ng/mL in the Food and
Drug Administration–cleared labeling for galectin-3. Changes in galectin-3 category between the 2 time point measurements, either increasing or decreasing, were observed
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in 17.3% and 23.5% of patients enrolled in the CORONA and COACH trials, respectively
(Figure S1 in Data Supplement). Baseline characteristics of these patients, by category
of change, in both CORONA and COACH are presented in Tables S2 and S3 in the Data
Supplement. Among CORONA subjects, those patients with initially low baseline galectin-3 levels that increased by 3 months (<17.8 ng/mL to >17.8 ng/mL) were comparable
with patients whose initial galectin-3 levels were high, but decreased over time, in age
(70.8 versus 70.9 years), and in disease severity measures, including New York Heart
Association class (71% III/IV versus 66% III/IV), LVEF (31% versus 32%), and NT-proBNP
(1762 versus 1690 pg/mL). A similar pattern was seen in the COACH subjects, although
those with galectin-3 category increasing over time were older than those with decreasing galectin-3 (76.8 versus 67.1 years) (Table S3 in the Data Supplement).
As shown in Figure 1, patients with initial galectin-3 levels <17.8 ng/mL that increased
over time to >17.8 ng/mL were seen to have significantly worse outcomes in all-cause
mortality and HF hospitalization than patients whose galectin-3 levels remained <17.8
ng/mL, in both the CORONA and COACH studies (hazard ratio [HR] in CORONA, 1.53;
95% confidence interval [CI], 1.10–2.13; P=0.011; HR in COACH, 2.38; 95% CI, 1.02–5.55;
P=0.046). Reversely, patients with high baseline galectin-3 levels that decreased over
time past the threshold of 17.8 ng/mL had a significantly lower rate of all-cause mortality and HF hospitalization events than patients whose galectin-3 levels that were high
at baseline and remained >17.8 ng/mL (HR in CORONA, 0.66; 95% CI, 0.46–0.95; P=0.026;
HR in COACH, 0.51; 95% CI, 0.28–0.94; P=0.032).

Percentage Change in Galectin-3 Levels
To corroborate our findings, we repeated analyses but used relative change instead of
categorical changes. Changes in galectin-3 levels over time were categorized by the
magnitude of change calculated as the percent increase or decrease from baseline value.
Among the CORONA trial patients with galectin-3 measurements, 241 experienced an
increase in galectin-3 level of >15% from baseline, whereas 233 patients had a decrease
of ≤15%, and 855 patients stayed within 15% of their baseline galectin-3 level (Table 2).
As shown in Figure 2A and in Table 3, an increase of ≥15% in galectin-3 value from baseline to 3 months, adjusted for baseline level, was found to correspond to a significant
50% higher risk of mortality and HF hospitalization compared with patients with stable
values of galectin-3 in the same time frame, independent of age, sex, diabetes mellitus,
LVEF, eGFR, and NT-proBNP in CORONA (HR, 1.500; 95% CI, 1.173–1.917; P=0.001). Similar
results were observed for the end points of cardiovascular mortality and HF hospitalization, and all-cause mortality (Table 3). Addition of medication (angiotensin converting
enzyme inhibitor, β-blocker, angiotensin receptor blocker) to the multivariate model did
not materially change these findings (Table S4 in the Data Supplement). Although the
category comprising patients experiencing a decrease of ≤15% in galectin-3 level from
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A

Log-Rank Test, P-value<0.001

B

Log-Rank Test, P-value<0.001

Figure 1: (A) Cumulative incidence curves for mortality and HF hospitalization in CORONA by categorical
change between baseline and 3 months. Log-rank P<0.001.
(B) Cumulative incidence curves for mortality and HF hospitalization in COACH by categorical change between baseline and 6 months. Log-rank P<0.001.

baseline did show a trend toward lower event rate (Figure 2A), the difference compared
with patients who remained within 15% of their baseline level did not reach statistical
significance (Table 3).
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Table 2: Baseline characteristics of HF patients based on categorical percent change in baseline Galectin-3
level, CORONA Study (n = 1329).
P-value

Decrease >15%*

No change, or
change between
-15% and +15%

Increase > 15% †

224

868

237

Age (yrs) (mean (SD)) ‡

71.8 (6.8)

71.6 (6.8)

71.4 (6.8)

0.79

Male (no. (%)) §

155 (69)

688 (79)

181 (76)

0.01

I/II

65 (29)

296 (34)

68 (29)

III/IV

159 (71)

572 (65)

169 (71)

32 (7)

32 (6)

31 (7)

NYHA class (no, (%))

LVEF (mean (SD))

0.09
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Number of subjects

0.07

NT-proBNP, pg/mL (median (IQR)) || 1188.2 (475.3-2630.1) 1575.5 (531.9-3600.1) 1595.8 (564.9–3037.8) 0.04
BMI kg/m2 (mean (SD))

27.3 (4.4)

27.2 (4.5)

27.5 (4.8)

0.54

Systolic BP (mmHg) (mean (SD))

128.6 (14.9)

129.7 (16.0)

131.2 (16.4)

0.21

Diastolic BP (mmHg) (mean (SD))

77.2 (8.7)

77.3 (8.7)

77.3 (8.9)

0.98

HDL Cholesterol mmol/L (mean (SD))

1.25 (0.35)

1.22 (0.33)

1.25 (0.36)

0.50

LDL Cholesterol mmol/L (mean (SD))

3.64 (0.96)

3.68 (0.97)

3.55 (0.87)

0.21

estimated GFR (mL/min/1.73m2)

55.5 (14.0)

58.3 (14.2)

58.2 (14.0)

0.03

30 (13)

105 (12)

30 (13)

0.87

Current smoker (no. (%))
Diabetes mellitus (no. (%))

52 (23)

221 (25)

60 (25)

0.78

ACE inhibitor (no. (%))

187 (83)

694 (80)

194 (82)

0.44

ARB (no. (%))

24 (11)

92 (11)

20 (8)

0.62

Beta blocker (no. (%))

158 (71)

676 (78)

186 (78)

0.05

* ‘Decrease > 15%’ means galectin-3 decrease by -15% or greater between baseline and at 3 months.
† ‘Increase > 15%’ means galectin-3 increase by +15% or greater between baseline and at 3 months.
‡ ‘SD’ means standard deviation;
§ ‘no.’ means number (count of subjects);
|| ‘IQR’ means interquartile range (25th to 75th percentile range).
Abbreviations: See Table 1; BP: Blood Pressure; LDL: Low Density Lipoprotein; HDL: High-density Lipoprotein, ACE: Angiotensin Converting Enzyme; ARB: Angiotensin II receptor blocker.

Among patients from the COACH study, 58 subjects had an increase in galectin-3
levels of >15%, 147 had a decrease of ≤15%, and 119 remained within ±15% of the
baseline level (Table 4). As shown in Figure 2B and in Table 3, patients whose galectin-3
levels increased by ≥15% over time experienced the outcome of all-cause mortality and
HF hospitalization at nearly twice the event rate as subjects with relatively more stable
galectin-3 levels, independent of age, sex, diabetes mellitus, LVEF, eGFR, and NT-proBNP
level (HR, 1.973; 1.026–3.794; P=0.042; Table 3). Finally, to provide further insight whether
change in galectin-3 provides additional information compared with baseline galectin-3
alone, we compared a prognostic model including baseline galectin-3 to a prognostic
model including percent change in galectin-3 (both models corrected for age, sex,
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Log-Rank Test, P-value=0.005

B

Log-Rank Test, P-value=0.029

Figure 2: (A) Cumulative incidence curves for cumulative mortality and HF hospitalization in CORONA
by galectin-3 percentage change from baseline, adjusted for baseline galectin-3 value. Log-rank P=0.005.
(B) Cumulative incidence curves for cumulative mortality and HF hospitalization in COACH by galectin-3
percentage change from baseline, adjusted for baseline galectin-3 value. Log-rank P=0.029.

diabetes mellitus, LVEF, eGFR, and NT-proBNP), using a specific statistical method.31 It
was observed that the model with percent change in galectin-3 seems to have better
discrimination than the model with baseline galectin-3 alone (Table 5).
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Table 3: Predictive value of relative changes (by percentage category) in galectin-3, in CORONA and
COACH, adjusted for baseline covariates.
CORONA
Variables in model

HR (95% CI)

COACH
P-value

HR (95% CI)

P-value

All-Cause Mortality and HF Hospitalization Endpoint
1.549 (1.247-1.925) <0.001

2.036 (1.087-3.813) 0.026

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

1.500 (1.173-1.917) 0.001

1.973 (1.026-3.794) 0.042

Decrease in galectin-3 by -15% or more*

0.714 (0.435-1.110) 0.112

0.792 (0.570-1.068) 0.072

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

0.790 (0.371-1.262) 0.165

0.837 (0.488-1.174) 0.178
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Increase in galectin-3 by +15% or more*

All-Cause Mortality
Increase in galectin-3 by +15% or more*

1.432 (1.095-1.872) 0.009

2.290 (1.100-4.768) 0.027

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

1.381 (1.012-1.886) 0.042

2.401 (1.099-5.245) 0.028

Decrease in galectin-3 by -15% or more*

0.802 (0.393-1.159) 0.123

0.763 (0.467-1.265) 0.178

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

0.747 (0.403-1.056) 0.082

0.781 (0.452-1.347) 0.265

Cardiovascular Mortality and HF Hospitalization Endpoint
Increase in galectin-3 more than +15%*

1.596 (1.274-1.999) <0.001

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

1.484 (1.148-1.917) 0.003

Decrease in galectin-3 by -15% or more*

0.722 (0.321-1.124) 0.125

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

0.742 (0.296-1.154) 0.144

ND †

ND

ND †

ND

* The reference category for change from baseline of galectin-3 is the category comprising subjects with
change from baseline between -15% and +15%.
† Endpoint not available for study.
Abbreviations: See Tables 1-3.

Discussion
This study demonstrates, in 2 independent patient cohorts with HF, that patients with
low baseline galectin-3 levels that increased during a follow-up period of 3 to 6 months
have significantly worse outcomes than those who maintained a low galectin-3 level.
Similarly, patients with high initial galectin-3 levels that remained high during a time
scale of months had significantly worse outcomes than those whose levels decreased
over time. In total, categorical changes in galectin-3 occurred in approximately one fifth
of patients during follow-up.
Previously, it was demonstrated that a single determination of galectin-3 level during
hospital admission had prognostic value in various HF patient populations, especially
regarding mortality and HF rehospitalizations.12–18 This present study extends these
findings by demonstrating that repeated measurements of galectin-3 levels provide additional prognostic value in identifying patients with HF at elevated risk for subsequent
HF morbidity and mortality. Although 1 relatively small study in patients with chronic
HF (n=200) concluded that serial measuring of BNP, after an initial elevation, may not
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Table 4: Baseline characteristics of HF patients based on categorical percent change in baseline Galectin-3
level, COACH Study (n = 324).
P-value

Decrease >15%*

No change, or
change between
-15% and +15%

Increase > 15% †

147

119

58

68.0 (12.668)

71.0 (10.4)

72.4 (10.201)

0.03

52 (36)

53 (42)

24 (44)

0.50

II

74 (51)

61 (48)

23 (43)

III/IV

70 (49)

65 (52)

30 (56)

Number of subjects
Age (yrs) (mean (SD)) ‡
Male (no. (%)) §
NYHA class (no. (%))

0.77

LVEF (mean (SD))
NT-proBNP, pg/mL (median (IQR)) ||
BMI kg/m2 (mean (SD))
Hypertension (no. (%))

33 (14)

31 (14)

35 (14)

0.22

2369 (1238-4437)

2081 (1117-4028)

1811 (1127-2959)

0.25

27.6 (6.3)

27.3 (5.4)

27.2 (4.6)

0.90

67(47)

21(39)

51(40)

0.49

57.4 (19.9)

55.5 (18.5)

59.0 (21.9)

0.52

Current smoker (no. (%))

27 (18)

20 (17)

10 (17)

0.96

Diabetes mellitus (no. (%))

103 (72)

86 (68)

40 (74)

0.70

ACE inhibitor, (no. (%))

109 (76)

96 (76)

42 (78)

0.95

ARB, (no. (%))

17 (12)

11 (9)

6 (11)

0.70

Beta blocker, (no. (%))

103 (72)

81 (64)

38 (70)

0.42

estimated GFR (mL/min/1.73m2)

* ‘Decrease > 15%’ means galectin-3 decrease by -15% or greater between baseline and at 3 months.
† ‘Increase > 15%’ means galectin-3 increase by +15% or greater between baseline and at 3 months.
‡ ‘SD’ means standard deviation;
§ ‘no.’ means number (count of subjects);
|| ‘IQR’ means interquartile range (25th to 75th percentile range).
Abbreviations: See Tables 1 & 2.
Table 5: Predictive value of models of baseline galectin-3 versus change in galectin-3, in CORONA and
COACH, adjusted for baseline covariates (as in Table 3). The Area under the Receiver Operating Characteristic (AUROC) was calculated for two models: one with baseline galectin-3 levels and one with change
in galectin-3 levels. All results are for the primary composite endpoint of heart failure hospitalization or
mortality, first to occur.
P-value for
difference*

AUROC for model with baseline
galectin-3 only

AUROC for model with percent
change galectin-3 only

(95% CI)

(95% CI)

CORONA

0.58 (0.55-0.61)

0.64 (0.62-0.67)

0.002

COACH

0.55 (0.47-0.62)

0.62 (0.55-0.69)

0.024

be useful for better risk stratification,32 our results are in line with results of studies that
evaluated the prognostic value of repeated measurements of BNP and NT-proBNP.23,25
We studied 2 different HF cohorts. However, similarities in outcomes were remarkable, which strengthens the generalizability of our findings. Baseline galectin-3 levels
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were almost identical in the 2 cohorts studied; CORONA: 20.2 (±7.6) ng/mL, and COACH
20.4 (±8.8) ng/mL, although slightly lower during follow-up in COACH: 18.2 (±9.9) ng/
mL compared with CORONA 20.1 (±7.6) ng/mL. Baseline levels of NT-proBNP were 1514
pg/mL in CORONA and 2163 pg/mL in COACH. These values reflect the severity of HF in
COACH (acute HF patients) and in CORONA (chronic HF patients, with New York Heart
Association II or greater). The population in COACH consists of patients who were admitted for acute decompensated HF. This may explain the high number of patients in the
high→low category in COACH, indicating that many patients had high galectin-3 levels
during the period of enrollment, with galectin-3 levels gradually decreasing over time.
Although galectin-3 is known to be a slow marker,33 meaning galectin-3 levels do not
readily respond to unloading or other therapy, galectin-3 levels did show a decreasing
trend when patients returned to recompensated state. However, a decrease of galectin-3
to <17.8 ng/mL did not show a statistically significant improvement in prognosis. This
might be explained by the relative small subset of patients with a decrease (resulting
in low statistical power), but also by the fact that galectin-3 has been shown previously
to be a marker of fibrogenesis and as such deleterious effects of galectin-3–induced
fibrosis may be difficult to reverse.
Galectin-3 levels of CORONA patients tended to be more stable, which may reflect
the more stable patient cohort. In terms of predicting value, both the categorical and
relative percent changes conferred strikingly comparable prognostic consequences in
both cohorts. It would be interesting to confirm our findings in another large verification
cohort.
As discussed, galectin-3 has little or no response to volume unloading.33 This is very
different from natriuretic peptides, which respond directly to volume overload and unloading. It remains speculative what the main driver of the changes in galectin-3 levels
may be. Recently, it has been shown that galectin-3 is modulated by genetic variances34;
however, it is unknown what factors control galectin-3. Galectin-3 is known to be involved in progression of myocardial fibrosis,8 is secreted by macrophages in the heart,35
and also in other organs, such as the kidneys and vasculature. The observed variation in
galectin-3 in these 2 cohorts, associated with substantially different prognosis, may reflect changes in cardiac-derived galectin-3 production, but it also could reflect changes
in galectin-3 production in other organs. Regardless of its origin, the observed changes
exhibited important prognostic consequences.

Clinical Implications
A clinical advantage of the use of galectin-3 as a biomarker is that values at any time
point powerfully predict outcome based on a single cutoff value of levels with little
interindividual variation. For instance, natriuretic peptides are associated with wider
interindividual variability, making use of a single cutoff value challenging. Our data
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suggest that changes in galectin-3 may provide useful additional prognostic information. Patients who have an increase, either a 15% increase or an increase from below to
above 17.8 ng/mL, have a profoundly worse prognosis than patients who have stable
or decreasing galectin-3 levels. Increased galectin-3 levels probably reflect disease
progression. It is interesting to speculate that targeted treatment aimed at lowering
galectin-3 may improve prognosis. We recently published that, in experimental HF
models, galectin-3 inhibition attenuates HF development.36 Furthermore, activation of
the mineralocorticoid receptor has been shown to promote cardiac fibrosis.37 Recently
published preclinical data have shown that aldosterone-induced vascular fibrosis is
galectin-3 dependent. Interestingly, both the use of the mineralocorticoid receptor
antagonist, spironolactone, and the galectin-3 inhibitor modified citrus pectin inhibited
aldosterone-induced fibrosis.38 Therefore, it would be interesting to study the effect of
mineralocorticoid receptor antagonists in patients with elevated levels of galectin-3.
Such a galectin-3-guided study may provide more insight into the importance of galectin-3 in HF pathophysiology. Given the biological effects of galectin-3, it would also
be interesting to incorporate this parameter in the study of biomarkers of fibrosis and
inflammation.

Limitations
Limitations of this study include a potential lack of power, in particular in the COACH
cohort; however, by combining 2 studies we attempted to overcome this limitation.
Galectin-3 was measured at different time points in these studies (3 months CORONA
versus 6 months COACH), which presents another limitation. Although galectin-3 is
known to be a slow marker, time could have influenced the level of galectin-3 and
may explain the lower level of galectin-3 during follow-up in COACH. The relationship
between changes in galectin-3 and changes in other parameters (eg, NT-proBNP, eGFR)
could not be studied because a postbaseline value of creatinine or BNP/NT-proBNP was
not available, or was in very low numbers. As such, while of great interest, these relationships remain unknown.

Conclusions
In conclusion, we show that changes in galectin-3 level provided important and significant prognostic value in identifying patients with HF at elevated risk for subsequent
HF morbidity and mortality in 2 large independent cohorts of patients with HF. Future
prospective studies should identify whether it is clinically useful to monitor galectin-3
over time and whether it is possible to apply galectin-3–targeted treatment or regimens.
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Table S1: Predictive value of baseline values of selected variables, in CORONA and COACH subjects included in the substudy.
CORONA (N=1329)
Variables in model

HR (95% CI)*

COACH (N=324)
P-value

HR (95% CI)*

P-value

<0.001

1.55 (1.28-1.88)

<0.001
<0.001

All-Cause Mortality and HF Hospitalization Endpoint
Galectin-3 (univariate)

1.31 (1.20-1.43)

Galectin-3 (adjusted †)

1.30 (1.19-1.42)

<0.001

1.51 (1.23-1.84)

Diabetes (univariate)

1.48 (1.23-1.78)

<0.001

2.07 (1.30-3.28)

0.002

Diabetes (adjusted †)

1.55 (1.29-1.87)

<0.001

1.99 (1.25-3.18)

0.004

eGFR (univariate)

0.80 (0.74-0.87)

<0.001

0.72 (0.59-0.87)

0.001

eGFR (adjusted †)

0.79 (0.73-0.87)

<0.001

0.74 (0.60-0.92)

0.005

LVEF (univariate)

0.86 (0.80-0.93)

<0.001

0.82 (0.73-0.96)

0.042
0.332

LVEF (adjusted †)

0.90 (0.83-0.97)

0.006

0.92 (0.74-1.13)

NT-proBNP (univariate)

2.10 (1.87-2.35)

<0.001

1.44 (1.16-1.80)

0.001

NT-proBNP (adjusted †)

2.08 (1.85-2.34)

<0.001

1.41 (1.13-1.76)

0.003

* To facilitate comparison of effect sizes between variables, all variables except for diabetes are natural logtransformed and standardized to mean 0 and standard deviation of 1. Diabetes is a binary variable, with no
diabetes as the reference category.
† Adjusted for age and gender. Abbreviations: See Tables 1, 2 and 3.
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Table S2. Baseline characteristics of HF patients based on categorical change in Galectin-3 level, CORONA
Study (n = 1329).
P-value

Low->Low*

Low->High†

High->Low‡

High->High§

461

115

115

638

Age (yrs) (mean (SD)) ||

69.9 (6.5)

70.8 (7.1)

70.9 (6.6)

73.1 (6.7)

<0.001

Male (no. (%)) #

375 (81)

91 (79)

86 (75)

472 (74)

0.03

I/II

154 (33)

33 (29)

39 (34)

203 (32)

III/IV

307 (67)

82 (71)

76 (66)

435 (68)

33 (6)

31 (7)

32 (6)

31 (7)

NYHA class (no. (%))

LVEF (mean (SD))
NT-proBNP, pg/mL(median (IQR)) **
BMI kg/m2 (mean (SD))
Systolic BP (mmHg) (mean (SD))

0.90

877.0
1761.6
1689.7
1738.8
(283.3-1806.4) (762.8-4473.8) (712.1-2620.0) (736.6-3714.3)

0.03
0.001

27.4 (4.2)

27.6 (4.0)

27.4 (4.5)

27.1 (4.9)

0.57

130.6 (14.1)

132.1 (17.7)

128.3 (14.5)

129.0 (16.9)

0.11

Diastolic BP (mmHg) (mean (SD))

78.4 (8.1)

78.3 (9.4)

77.1 (8.4)

76.2 (9.0)

0.001

HDL Cholesterol mmol/L (mean
(SD))

1.24 (0.31)

1.22 (0.37)

1.21 (0.38)

1.23 (0.36)

0.86

LDL Cholesterol mmol/L (mean
(SD))

3.70 (0.90)

3.50 (0.86)

3.60 (1.01)

3.65 (0.99)

0.36

estimated GFR (mL/min/1.73m2)

65.5 (12.8)

59.8 (12.9)

58.4 (12.3)

52.3 (13.1)

0.001

Current smoker (no. (%))

57 (12)

18 (16)

10 (9)

80 (13)

0.46

Diabetes mellitus (no. (%))

109 (24)

26 (23)

34 (30)

164 (26)

0.52

ACE inhibitor (no. (%))

371 (80)

93 (81)

96 (83)

515 (81)

0.91

43 (9)

10 (9)

13 (11)

70 (11)

0.75

361 (78)

92 (80)

84 (73)

483 (76)

0.46

ARB (no. (%))
Beta blocker (no. (%))

Chapter 3

Number of subjects

* ‘Low->Low’ means galectin-3 < 17.8 ng/mL at baseline and at 3 months.
† ‘Low->High’ means galectin-3 < 17.8 ng/mL at baseline and >17.8 ng/mL at 3 months.
‡ ‘High->Low’ means galectin-3 > 17.8 ng/mL at baseline and < 17.8 ng/mL at 3 months.
§ ‘High->High’ means galectin-3 > 17.8 ng/mL at baseline and at 3 months.
|| ‘SD’ means standard deviation;
# ‘no.’ means number (count of subjects);
** ‘IQR’ means interquartile range (25th to 75th percentile range).
Abbreviations: See Tables 1-3.
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Table S3. Baseline characteristics of HF patients based on categorical change in Galectin-3 level, COACH
Study (n = 324).
Low->High†

High->Low‡

High->High§

P-value

133

18

58

115

65.8 (11.1)

76.8 (7.4)

67.1 (12.9)

74.9 (9.2)

<0.001

91 (68)

13 (72)

34 (59)

57 (50)

0.01

II

82 (62)

6 (33)

28 (48)

42 (37)

III/IV

50 (37)

11 (61)

30 (52)

73 (63)

LVEF (mean (SD))

31 (13)

39 (15)

29 (14)

35 (13)

0.009

1792
(1072-3405)

2221
(1489-3762)

2267
(1259-4186)

2389
(1203-5643)

0.006

Low->Low*
Number of subjects
Age (yrs) (mean (SD)) ||
Male (no. (%)) #
NYHA class (no. (%))

NT-proBNP, pg/mL (median (IQR))
**
BMI kg/m2 (mean (SD))
Systolic BP (mmHg) (mean (SD))

0.001

26.7 (4.6)

28.4 (4.9)

27.9 (6.5)

27.7 (6.5)

0.40

118.7 (19.7)

132.8 (24.2)

116.9 (22.7)

119.3 (20.3)

0.04

Diastolic BP (mmHg) (mean (SD))

70.5 (11.7)

78.2 (12)

69.3 (11.2)

66.5 (10.9)

0.05

estimated GFR (mL/min/1.73m2)

67.7 (16.5)

61.3 (19.9)

56.1 (18.4)

44.8 (16.4)

<0.001

29 (22)

2 (11)

12 (21)

14 (12)

0.18
0.007

Current smoker (no. (%))
Diabetes mellitus (no. (%))

26 (20)

5 (28)

18 (31)

46 (40)

ACE inhibitor, (no. (%))

101 (76)

15 (83)

46 (79)

85 (74)

0.71

ARB, (no. (%))

18 (14)

1 (6)

2 (3)

13 (11)

0.17

Beta blocker, (no. (%))

98 (74)

10 (56)

41 (71)

73 (63)

0.16

* ‘Low->Low’ means galectin-3 < 17.8 ng/mL at baseline and at 6 months.
† ‘Low->High’ means galectin-3 < 17.8 ng/mL at baseline and >17.8 ng/mL at 6 months.
‡ ‘High->Low’ means galectin-3 > 17.8 ng/mL at baseline and < 17.8 ng/mL at 6 months.
§ ‘High->High’ means galectin-3 > 17.8 ng/mL at baseline and at 6 months.
|| ‘SD’ means standard deviation;
# ‘no.’ means number (count of subjects);
** ‘IQR’ means interquartile range (25th to 75th percentile range).
Abbreviations: See Tables 1-3.
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Table S4: Predictive value of relative changes (by percentage) in galectin-3, in CORONA, adjusted for baseline covariates including all available medication data.
CORONA
Variables in model

HR (95% CI)

COACH
P-value

HR (95% CI)

P-value

Increase in galectin-3 more than +15%*

1.549 (1.247-1.925)

<0.001

2.036 (1.087-3.813)

0.026

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

1.500 (1.173-1.917)

0.001

1.973 (1.026-3.794)

0.042

(all of above) + ACEi + ARB + Betablocker

1.512 (1.182-1.934)

0.001

2.046 (1.055-3.966)

0.034

Increase in galectin-3 more than +15%*

1.432 (1.095-1.872)

0.009

2.290 (1.100-4.768)

0.027

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

1.381 (1.012-1.886)

0.042

2.401 (1.099-5.245)

0.027

(all of above) + ACEi + ARB + Betablocker

1.370 (1.003-1.871)

0.048

2.485 (1.128-5.475)

0.024

ND †

ND

Chapter 3

All-Cause Mortality and HF Hospitalization Endpoint

All-Cause Mortality

Cardiovascular Mortality and HF Hospitalization Endpoint
Increase in galectin-3 more than +15%*

1.596 (1.274-1.999)

<0.001

+ age, gender, diabetes, LVEF, eGFR, NTproBNP

1.484 (1.148-1.917)

0.003

(all of above) + ACEi + ARB + Betablocker

1.501 (1.161-1.941)

0.002

* The reference category for increase from baseline of galectin-3 more than +15% is the category comprising subjects with change from baseline between -15% and +15%.
Abbreviations: See Tables 1-3.
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Supplementary Figure S1A: Changes in Galectin-3 levels during follow-up in CORONA. Low-low: n=461,
low-high: n=115, high-low: n=115, high-high: n=638.

Supplementary Figure S1B: Changes in Galectin-3 levels during follow-up in COACH. Low-low: n=133,
low-high: n=18, high-low: n=58, high-high: n=115
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Abstract
Background: Lifetime risk for cardiovascular (CV) disease is high but predicting incident
events on an individual level remains difficult. Single measurements of galectin-3, a
marker of tissue fibrosis, predict mortality and new-onset heart failure (HF). Persistently
elevated levels may indicate a clinically silent disease process.
Objectives: Our aim was to establish the value of serial galectin-3 measurements to
predict CV outcomes in the general population.
Methods: Plasma galectin-3 was measured in the Prevention of REnal and Vascular
ENd-stage Disease (PREVEND) study at baseline and after ∼4 years. Changes in serial
galectin-3 were expressed as categorical changes or absolute change from baseline and
were related to subsequent outcome.
Results: Serial galectin-3 was measured in 5958 subjects (mean age 49±12 years;
49% female). The median duration of follow-up was 8.3 years. Persistently elevated
galectin-3 (defined as highest quartile at baseline and highest quartile during visit 2,
n=757 subjects) was associated with a higher risk for new-onset HF, CV mortality, allcause mortality, new-onset atrial fibrillation and CV events, compared with subjects
with non-persistently elevated galectin-3. After multivariable adjustments for baseline
characteristics, serial galectin-3 remained an independent predictor of new-onset HF
(HR 1.85 (1.10–3.13); p=0.02) but not for other outcomes. Serial measurements provided
more accurate prognostic value to predict new-onset HF, compared with a single baseline measurement (Harrell’s C: 0.72 (0.68–0.75) vs 0.68 (0.65–0.72); p=0.002, respectively)
with significant net reclassification.
Conclusions: Persistently elevated galectin-3 predicts new-onset HF after adjustment
for covariates, and serial measurements provide more accurate prognostic information
compared with single determination of galectin-3. This may help to identify individuals
who are at risk for incident HF and might provide a measure to monitor interventions.
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Risk prediction in cardiovascular (CV) disease can be helpful to provide lifestyle advice
and to guide clinical decision-making. However, it remains a challenge to predict the
risk of the individual subjects for incident events.1 In clinical practice, biomarkers may
be useful to improve the accuracy of prognostic evaluation and may be used to detect
increased risk for progression to heart failure (HF) or any other CV event during early
stages of disease.2 Although single baseline biomarker levels provide additive value to
existing clinical models, it has been proposed that serial biomarker measurements may
be more powerful than single measurements.3
In recent years, galectin-3 has emerged as a prognostic marker for CV disease.4 A
meta-analysis comprising 8419 patients reported the independent prognostic value of
galectin-3 in patients with HF.5 Galectin-3 is a β-galactoside-binding lectin and a mediator of tissue fibrosis and inflammation, processes that are known to play an important
role in the development and progression of CV disease.4 Galectin-3 levels are low in
healthy hearts but are increased in hearts that are at risk to develop HF.6 In addition to its
role as a prognostic biomarker, galectin-3 may also serve as a target for pharmacological
interventions in CV disease.7 ,8
Whether repeated biomarker assessment can add to single biomarker assessments in
order to predict long-term outcomes has not been well established for galectin-3. From
a biological standpoint, an assessment at a given time point reflects a certain status at
a given time point, and therefore serial measurements could be useful, since it contains
more information. Single galectin-3 measurement predicts outcome in patients with
acute and chronic HF,9–11 and is associated with mortality and development of HF in
patients with atherosclerosis.12 ,13 In the general population, we and other groups have
shown that single galectin-3 measurement can be helpful to identify patients who are at
risk for development of HF, CV events and all-cause mortality.14–16 Further, serial measurements of galectin-3 provide additive prognostic value in patients with prevalent HF.17 In
the general population, all studies reported the prognostic value of a single galectin-3
measurement. Our aim was to report the prognostic value of serial galectin-3 measurements in the general population in prediction of future CV events and to compare its
value with single measurements.

Methods
Study patient cohort: PREVEND study
The Prevention of REnal and Vascular ENd-stage Disease (PREVEND) is a large cohort
(n=8592) derived from the general population. Details of the study protocol have been
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described in detail elsewhere.15 ,18 Blood was drawn and anticoagulated with EDTA and
stored at −80°C. The first follow-up visit took place after a median of 4.2 (IQR: 4.0–4.5)
years. Non-Caucasian subjects were excluded (n=379) because we cannot assume that
normal ranges of galectin-3 established in Caucasians are the same in all ethnicities.
Subjects with new-onset HF before first follow-up visit (n=41), HF present at baseline
(n=11), missing samples at baseline (n=245) or follow-up (n=1958) and subjects who
died between the two measurements (n=417) were excluded from the analysis. The
PREVEND study was approved by the Institutional Medical Ethics Committee and was
conducted in accordance with the Declaration of Helsinki. All subjects have provided
written informed consent.

Measurement of galectin-3
Galectin-3 levels were measured at baseline and follow-up using an ELISA (BG Medicine,
Waltham, Massachusetts, USA). Intra-assay and interassay coefficients of variation of this
assay are 3.2% and 5.6%, respectively, and the lower limit of detection is 1.13 ng/mL.19
The samples of baseline were measured in duplicate (average values were used in our
analysis) and samples at follow-up in singular.

Definitions and outcome variables
Definitions of baseline and outcome variables have been described previously.20 ,21
The follow-up time of the present study ranged from the second follow-up visit to 31
December 2010 or the event if this occurred before this date. Subjects were censored on
the dates of either moving away to an unknown location or last study visit, whichever occurred first. Changes in galectin-3 concentration were assessed by three different methods: (1) to assess the prognostic value of high galectin-3 levels over time, participants
were categorised in two groups: patients with persistently elevated galectin-3 levels and
patients with non-persistently elevated galectin-3 levels. We defined galectin-3 levels
above the third quartile as elevated, so the category of persistently elevated galectin-3
level identifies patients with galectin-3 levels above the third quartile at baseline and
above the third quartile at their follow-up visit (Q4–Q4), whereas the category of nonpersistently elevated galectin-3 levels identifies all other patients who are not in Q4–Q4.
(2) To study the effect of changes in galectin-3, subjects were divided into four groups,
based on changes in galectin-3 levels from baseline to follow-up across a threshold level.
This level was calculated as the concentration of galectin-3 that yielded the highest
Youden index (highest product of sensitivity and specificity) for experiencing new-onset
HF, which were 12.2 ng/mL at baseline and 14.6 ng/mL at follow-up. (3) Furthermore, in
an additional sensitivity analysis, we studied the prognostic value of absolute change in
galectin-3 over time, which was also categorised in four equal quartiles.
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Normally distributed variables are presented as means±SD. Non-normally distributed
variables are expressed as medians (IQR) and were log-transformed before regression
analyses. Clinical and biochemical characteristics were compared across two groups
using two-sample t test for continuous, normally distributed variables, Wilcoxon ranksum test for continuous, non-normally distributed variables and χ2 test for categorical
variables. Baseline characteristics were also compared across four groups using analysis
of variance, Kruskal–Wallis test and χ2 test. To correct for years of sample storage, a linear
correction coefficient for the follow-up galectin-3 measurements was applied, for each
age category. The PREVEND trial was set up to overselect participants with increased
urinary albumin excretion (UAE) (>10 mg/L). A design-based statistical weighting was
used to adjust for this overselection, allowing conclusions to be made for the general
population.
Time to event between different groups, based on galectin-3 levels over time, was
compared using cumulative incidence curves and Wald χ2 tests. To account for death as
competing risk for other outcomes, subjects’ follow-up time was censored at the time
of death whenever death occurred before the onset of outcome. The association between serial galectin-3 with several end points was studied employing competing risk
regression based on a proportional hazards model using HRs as measures of association,
with 95% CIs based on robust standard error estimates. The model was adjusted for all
baseline characteristics except for the covariates that showed collinearity (cholesterol,
low-density lipoprotein, high-density lipoprotein, creatinine, cystatin-C).
The prognostic discrimination of a single determination of galectin-3 compared with
serial measurements of galectin-3 was assessed by the Harrell’s C index and 95% CIs were
calculated using the method of Newson to compare the predictive power of survival
models, as described previously.22 We furthermore estimated the integrated discrimination improvement (IDI) and the category-free net reclassification improvement (NRI) for
the addition of baseline or serial galectin-3 in fully adjusted models. p<0.05 (two-sided)
was used as level of statistical significance. All analyses were performed using Stata/MP
(V.14.0).

Results
Study population and baseline characteristics
Baseline characteristics of 5958 subjects are presented in table 1 for subjects with
persistently elevated (defined as galectin-3 levels in the fourth quartile at both time
points) (Q4–Q4) and non-persistently elevated galectin-3 (not Q4–Q4). Characteristics
of participants that were excluded in the present study are presented in supplementary
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table S1. Median (IQR) follow-up time of the present study was 8.3 (7.8–8.9) years from
the first follow-up visit. The median galectin-3 level at baseline was 10.8 (9.0–13.0)
and increased to 11.5 (9.0–14.4) after ~4 years of follow-up and was higher in female
(baseline: 11.0 (9.1–13.3); follow-up: 11.7 (9.1–14.8)) compared with male subjects (10.6
(8.9–12.6); 11.3 (8.9–14.0); p<0.0001; figure 1). Subjects with persistently high galectin-3
levels (Q4–Q4) had an elevated CV risk: they were older, were more often female, were
less likely to smoke, had more frequently diabetes mellitus type 2, a higher prevalence
of myocardial infarction (MI), hypertension, hypercholesterolaemia and stroke, a higher
blood pressure, a lower estimated glomerular filtration rate (eGFR) and had higher levels
of cholesterol, triglycerides, glucose, creatinine, UAE, high-sensitivity C reactive protein,
N-terminal pro-B-type natriuretic peptide (NT-proBNP) and galectin-3 (table 1). The
aetiology of HF was similar to subjects with non-persistently elevated galectin-3 levels
(see supplementary table S2). We also studied changes of galectin-3 over time using our
defined optimised cut points at baseline (12.2 ng/mL) and at follow-up (14.6 ng/mL);
baseline characteristics of these categories are presented in supplementary table S3. To
further explore the effects of galectin-3 dynamics, we also show the absolute change in
galectin-3, and was also categorised by quartiles of absolute change in galectin-3 (see
supplementary table S4). Patients with the highest increase of galectin-3 over a 4-year
time period were older, had more often hypertension and hypercholesterolaemia, lower
eGFR, higher NT-proBNP and lower galectin-3 at baseline.

 




















Figure 1 Box-and-whisker plot showing the plasma galectin-3 levels (ng/mL) at baseline and at follow-up
in male and female subjects. The boxplot represents median and IQR and whiskers represent the first and
99th percentile.
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Table 1: Baseline characteristics by serial galectin-3 level
Non-persistently
elevated Galectin-3

Persistently
elevated Galectin-3

N

5958

5201

757

Age (years)

49.1 (12.0)

47.9 (11.6)

56.9 (12.0)

<0.001

Gender (male), N(%)

2940 (49.3%)

2625 (50.5%)

315 (41.6%)

<0.001

Smoking (last 5 years), N(%)

2558 (43.2%)

2281 (44.1%)

277 (36.7%)

<0.001

Diabetes mellitus, N(%)

67 (1.1%)

48 (0.9%)

19 (2.5%)

<0.001

Myocardial Infarction, N(%)

138 (2.3%)

102 (2.0%)

36 (4.8%)

<0.001

Hypertension, N(%)

1516 (25.4%)

1222 (23.5%)

294 (38.8%)

<0.001

Hypercholesterolemia, N(%)

1548 (26.3%)

1259 (24.5%)

289 (38.7%)

<0.001

Stroke, N(%)

42 (0.7%)

29 (0.6%)

13 (1.7%)

<0.001

Waist-hip-ratio

0.9 (0.1)

0.9 (0.1)

0.9 (0.1)

<0.001

BMI (kg m−2)

26.0 (4.1)

25.8 (4.0)

27.2 (4.6)

<0.001

Systolic BP (mm Hg)

128.2 (19.3)

127.1 (18.6)

135.4 (22.3)

<0.001

Diastolic BP (mm Hg)

73.7 (9.6)

73.5 (9.5)

75.5 (9.9)

<0.001

Cholesterol (mmol L-1)

5.6 [4.9-6.3]

5.5 [4.8-6.3]

5.9 [5.2-6.7]

<0.001

LDL (mmol L-1)

3.6 [2.9-4.3]

3.6 [2.9-4.3]

3.9 [3.2-4.6]

<0.001

HDL (mmol L-1)

1.3 [1.0-1.6]

1.3 [1.0-1.6]

1.2 [1.0-1.5]

0.020

Triglycerides (mmol L-1)

1.1 [0.8-1.7]

1.1 [0.8-1.6]

1.4 [1.0-1.9]

<0.001

Glucose (mmol L-1)

4.7 [4.3-5.1]

4.7 [4.3-5.1]

4.8 [4.4-5.3]

<0.001

Creatinine (μmol L−1)

82.0 [74.0-91.0]

82.0 [73.0-91.0]

84.0 [75.0-96.0]

<0.001

Cystatin-C (mg L−1)

0.8 [0.7-0.9]

0.8 [0.7-0.8]

0.8 [0.7-1.0]

<0.001

eGFR (mL min−1)

79.8 [71.4-88.9]

80.7 [72.6-89.7]

72.1 [63.9-82.0]

<0.001

UAE (mg per 24 h)

9.1 [6.3-15.9]

9.1 [6.3-15.4]

9.4 [6.2-19.8]

0.093

hs-CRP (mg L-1)

1.2 [0.5-2.8]

1.1 [0.5-2.7]

1.8 [0.9-3.9]

<0.001

NT-proBNP (pg mL-1)

36.7 [16.3-70.3]

34.8 [15.4-65.7]

52.7 [24.4-105.1]

<0.001

Galectin-3 (ng/mL)

10.8 [9.0-13.0]

10.3 [8.8-12.0]

15.4 [14.1-17.5]

<0.001

BMI: body mass index; BP: blood pressure; cholesterol: total cholesterol; LDL: low-density lipoprotein cholesterol; HDL: high-density lipoprotein cholesterol; creatinine: serum creatinine; eGFR: estimated glomerular filtration rate, according to the Modification of Diet in Renal Disease formula; UAE: urinary albumin
excretion rate; hs-CRP: high-sensitivity C-reactive protein; NT-proBNP: N-terminal pro-B-type natriuretic
peptide.

Galectin-3 levels over time and event rate
All subjects were followed for a mean duration of 8 years after their first follow-up
measurement. A total of 352 individuals died, with 86 due to CV causes. Furthermore,
188 subjects experienced new-onset HF (of which 73 subjects with HF with preserved
ejection fraction (HFpEF) and 115 subjects with HF with reduced ejection fraction
(HFrEF)), 537 a CV event and 225 participants experienced new-onset atrial fibrillation
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(AF). Baseline and follow-up galectin-3 levels were classified into quartiles. The association between serial galectin-3 levels and events is depicted in 4×4 heat plots of serial
galectin-3 levels with its corresponding event rate (figure 2). Subjects with persistently
high galectin-3 levels (fourth quartile at baseline and fourth quartile at follow-up) over
time have the highest event rate for CV mortality, new-onset HF, all-cause mortality,
new-onset AF and CV events (figure 2; see supplementary figure S1 and S2).

FU
BL

FU
BL

Figure 2 4×4 Heat plots showing the relative event rate for cardiovascular mortality and new-onset heart
failure, categorised by quartile of galectin-3 at baseline (BL) and at follow-up (FU). Intervals of galectin-3
quartiles at baseline are Q1 (3.9–9.0), Q2 (9.1–10.8), Q3 (10.9–13.0) and Q4 (13.1–77.7). Intervals of galectin-3 quartiles at follow-up are Q1 (3.0–8.9), Q2 (9.0–11.5), Q3 (11.6–14.4) and Q4 (14.5–74.1). Subjects with
galectin-3 levels in the fourth quartile at both time points have the highest event rate.

To visualise and calculate the differences between the persistently elevated subjects
in comparison to the pooled non-persistently elevated subjects, cumulative incidence
curves were plotted, which showed that individuals with persistently elevated galectin-3
levels, compared with non-persistently elevated, demonstrate a higher CV mortality
(Wald χ2 test: p<0.0001), higher cumulative incidence of HF (p<0.0001) (figure 3) and
also a higher all-cause mortality (p<0.0001), higher cumulative incidence of new-onset
AF (p=0.005) and more CV events (p<0.0001) (see supplementary figure S3).
We conducted secondary analysis using an optimised cut point creating four groups
(low–low, low–high, high–low and high–high). Analysis of categorical change of galectin-3 over time showed the highest event rate in the ‘high–high group’ for all end points
(figure 4; see supplementary figure S4). Furthermore, the association between absolute
change of galectin-3 over time and outcome was studied to determine whether the
level of change in galectin-3 was important. Cumulative incidence curves, by quartile
of absolute change in galectin-3, showed that the absolute change in galectin-3 was associated with increased CV mortality (Wald χ2 test: p=0.02), all-cause mortality (p=0.01)
and CV events (p=0.04), but not with new-onset HF (p=0.24; see supplementary figure
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Figure 3 Cumulative incidence curves showing CV mortality and new-onset HF by persistently and non-persistently elevated galectin-3 levels. Subjects showed increased CV mortality and cases of new-onset HF with persistently elevated galectin-3.CV, cardiovascular; HF, heart failure.
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Figure 4: Cumulative incidence curves showing cardiovascular (CV) mortality, new-onset heart failure, all-cause mortality and CV event by categorical change of galectin-3.
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S5). Subjects with the largest increase in galectin-3 had low galectin-3 levels at baseline
(10.4 ng/mL; see supplementary figure S6).

The independent predictive value of serial galectin-3 levels over a ∼ 4-year time period was assessed with competing-risks regression models, and included adjustment
for all baseline characteristics (table 2). In a univariable analysis, persistently elevated
galectin-3 levels were associated with CV mortality, new-onset HF, all-cause mortality,
new-onset AF and CV event (table 2, see supplementary table S5), compared with subjects with non-persistently elevated galectin-3 levels. In age-adjusted and sex-adjusted
analyses, persistently elevated galectin-3 levels were still associated with an increased
risk for new-onset HF and CV mortality (table 2, see supplementary table S5). After
multivariable adjustment for all baseline characteristics, serial elevated galectin-3 levels
remained an independent predictor for new-onset HF, while the predictive value for
CV mortality was lost. The independent association of persistently elevated galectin-3
with new-onset HF was primarily attributed to new-onset HFrEF while HFpEF was not
significantly predicted, although there was no statistically significant interaction (see
supplementary table S6; six subjects had an EF between 40% and 50% and were excluded from this subanalysis).
Table 2: Serial galectin-3 levels and risk of CV mortality and new-onset HF
Model

New-onset HF (95% CI)

P

Cardiovascular
mortality (95% CI)

P

Unadjusted
Not persistently elevated

1.00

Persistently elevated

4.10 [2.64-6.34]

1.00
<0.001

5.66 [3.07-10.43]

<0.001

Age and gender adjusted
Not persistently elevated

1.00

Persistently elevated

1.95 [1.22-3.13]

1.00
0.006

2.43 [1.29-4.59]

0.006

Multivariable full adjustment*
Not persistently elevated

1.00

Persistently elevated

1.85 [1.10-3.13]

1.00
0.02

1.65 [0.76-3.56]

0.20

* Adjusted for age, sex, smoking, diabetes mellitus type 2, history of myocardial infarction or stroke, hypertension, hypercholesterolemia, waist-hip-ratio, BMI, systolic blood pressure, diastolic blood pressure,
triglycerides, glucose, estimated GFR, urinary albumin excretion, CRP, NT-proBNP.

A secondary analysis showing the multivariable analysis of categorical change over
time confirmed that subjects in the ‘high–high’ group impose an increased risk for
new-onset HF, while the risk for all-cause mortality was also significantly increased after
multivariable adjustment in this analysis (table 3), while in a tertiary multivariable com91

Chapter 4

Independent predictive value of serial galectin-3 levels

92

4.71 [2.94-7.56]

High-high

0.28

0.57 [0.21-1.57]

1.94 [1.08-3.50]

Low-high

High-high

1.47 [0.70-3.08]

0.83 [0.23-2.98]

0.27 [0.11-0.65]

1.00

2.19 [1.08-4.46]

0.94 [0.32-2.80]

0.50 [0.17-1.51]

1.00

6.38 [3.28-12.43]

1.94 [0.67-5.66]

0.88

0.31

0.77

0.004

0.03

0.91

0.22

<0.001

0.22

1.36 [1.02-1.80]

1.51 [1.04-2.19]

0.93 [0.68-1.29]

1.00

1.42 [1.10-1.82]

1.59 [1.14-2.22]

0.91 [0.67-1.23]

1.00

3.12 [2.46-3.96]

2.35 [1.69-3.28]

1.45 [1.08-1.95]

1.00

All-cause
mortality (95%
CI)

0.03

0.03

0.68

0.007

0.007

0.54

<0.001

<0.001

0.01

P

1.09 [0.67-1.79]

1.01 [0.49-2.09]

1.00 [0.58-1.71]

1.00

1.10 [0.70-1.72]

0.93 [0.46-1.90]

0.91 [0.55-1.50]

1.00

2.17 [1.39-3.38]

1.38 [0.70-2.74]

1.41 [0.86-2.33]

1.00

New-onset AF
(95% CI)

0.72

0.98

0.99

0.69

0.85

0.72

0.001

0.35

0.18

P

0.93 [0.66-1.29]

0.87 [0.53-1.41]

0.79 [0.54-1.14]

1.00

1.10 [0.81-1.50]

0.94 [0.59-1.50]

0.80 [0.56-1.14]

1.00

2.06 [1.54-2.77]

1.32 [0.83-2.09]

1.23 [0.87-1.73]

1.00

Cardiovascular
event (95% CI)

0.65

0.57

0.20

0.55

0.79

0.21

<0.001

0.24

0.24

P

* Adjusted for age, sex, smoking, diabetes mellitus type 2, history of myocardial infarction or stroke, hypertension, hypercholesterolemia, waist-hip-ratio, BMI, systolic
blood pressure, diastolic blood pressure, triglycerides, glucose, estimated GFR, urinary albumin excretion, CRP, NT-proBNP.

0.03

0.68

1.00

1.15 [0.59-2.27]

Low-low

High-low

Multivariable full adjustment

0.24

0.55 [0.21-1.48]

1.98 [1.16-3.35]

Low-high

High-high

0.01

0.97

1.00

1.01 [0.54-1.92]

Low-low

<0.001

0.89

High-low

Age and gender adjusted

1.80 [0.98-3.32]

0.93 [0.35-2.51]

High-low

1.08 [0.39-3.02]

Cardiovascular
P
mortality (95% CI)

1.00
0.06

P

1.00

New-onset HF
(95% CI)

Low-high

Low-low

Unadjusted

Model

Table 3: Categorized levels of galectin-3 and risk of mortality (all-cause, CV) or event (new-onset HF, new-onset AF and CV event)
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peting-risks regression analysis of absolute change of galectin-3, which was adjusted for
baseline galectin-3 levels, the largest increases in galectin-3 were only associated with
all-cause mortality (see supplementary table S7).

To assess the predictive value of serial measurements over single measurements for prediction of end points, Harrell’s C index was calculated (table 4). This index was assessed
for a single measurement at baseline, a single measurement at follow-up and as a serial
measurement at baseline and follow-up. In a direct comparison, serial measurement of
galectin-3 had the greatest prognostic accuracy for CV death, new-onset HF, new-onset
AF and CV event, but not for all-cause mortality. The addition of changes in galectin-3
to clinical factors resulted in improved classification when assessed by the categoryfree NRI (see supplementary table S8). Changes in IDI were small. So, addition of serial
galectin-3 is associated with significant increase in NRI and c-statistic for new-onset HF
and mortality; however, the clinical impact of these findings is likely limited.
Table 4: Comparison of the predictive power of the single measurements versus serial measurements in
competing-risks regression analyses, using Harrell’s C indices.
Q4 at baseline

Q4 at follow-up

Q4 baseline + Q4 follow-up

Endpoint

Harrell’s C (95% CI)

Harrell’s C (95% CI)

Harrell’s C (95% CI)

New-onset heart failure

0.683 (0.647-0.719)

0.698 (0.661-0.734)

0.716 (0.679-0.753)*

CV death

0.735 (0.689-0.781)

0.765 (0.719-0.811)

0.784 (0.742-0.827)*

All-cause mortality

0.650 (0.622-0.678)

0.671 (0.642-0.701)

0.662 (0.632-0.691)

New-onset atrial fibrillation

0.612 (0.576-0.649)

0.619 (0.582-0.655)

0.628 (0.591-0.665)

CV event

0.629 (0.606-0.653)

0.634 (0.610-0.658)†

0.651 (0.627-0.675)*

* P<0.05 of comparison between “Galectin-3 level in the 4th quartile only at baseline” and “Galectin-3 level
in the 4th quartile at baseline and follow-up”.
† P<0.05 of comparison between “Galectin-3 level in the 4th quartile at follow-up” and “ Galectin-3 level in
the 4th quartile at baseline and follow-up “

Discussion
We demonstrate in a large cohort of the general population that persistently elevated
galectin-3 levels predict new-onset HF more accurately than a single measurement.
In a comparison of persistently elevated versus non-persistently elevated galectin-3
levels, all end points were univariably associated with serial galectin-3 levels, and this
association was still present for new-onset HF after full adjustment, although lost for
other end points. In a secondary analysis, using low–high categories for a defined cut
point, high galectin-3 levels over time were independently associated with new-onset
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HF and all-cause mortality. Finally, as a third strategy, we studied the association of
absolute changes in galectin-3 over time with outcome. Using this strategy of analysis,
we observed that, after correction for baseline galectin-3 level, larger absolute increases
in galectin-3 levels over time were not independently associated with a higher risk for
future CV disease. Subjects with the highest absolute increase in galectin-3 had low
galectin-3 levels (10.4 ng/mL) at baseline, which might explain the overall limited risk.
Apparently, in the general population, persistent elevated levels of galectin-3 portend
stronger risk than increasing galectin-3.
In our study, persistently elevated galectin-3 levels over time were compared with
non-persistently elevated galectin-3 levels. We selected patients with galectin-3 in the
highest quartiles, representing ‘elevated’ values, which clearly impose the highest risk.
This approach was chosen, instead of using a distinct cut-off; each cohort will have its
own distinct galectin-3 levels, while a fourth quartile will be applicable to every cohort.
As a secondary analysis, we studied change over time using a defined cut point, categorising patients from ‘high’ to ‘low’ galectin-3 levels to assess the prognostic value of
increasing and decreasing galectin-3 levels across a defined cut point. Furthermore, to
assess the importance of the magnitude of increase in galectin-3, we studied absolute
changes of galectin-3.
Collectively, serial galectin-3 levels show borderline predictive value for (all-cause and
CV) mortality in the general population: some of our analyses suggested a predictive
value for all-cause and CV mortality, but these observations were more consistent for
all-cause mortality, compared with CV mortality. The multivariable analysis reaffirmed
that sex and especially age are important confounders of galectin-3, as was shown previously.23 Altogether these results indicate that serial galectin-3 levels are particularly
useful to predict new-onset HF and possibly mortality, but is of no use to predict newonset AF and CV events in the general population, as was already suggested by single
measurements of galectin-3.24
Prediction of CV disease in the general population remains a challenge, although
recent previous research has identified several predictors of new-onset HF.20 ,25Baseline
biomarkers including age, NT-proBNP, the presence of diabetes mellitus and a history of valvular disease have been shown to predict overall new-onset HF.25 Whether
repeated measurements of prognostic predictors are useful in prediction of outcome in
CV disease remains topic of discussion. Biomarkers might reflect underlying changes in
pathophysiology and therefore serial measurements might give additional information
about the current status of disease. For instance, a substudy of the Val-HeFT trial (Valsartan Heart Failure Trial) showed that serial determinations of NT-proBNP might be a
superior strategy for risk stratification of chronic and stable patients with HF.26 However,
each biomarker has its distinct variability over time and can be more or less sensitive to
changes in the present disease status.
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Galectin-3 is a biomarker that has shown to be rather stable over time and is not affected by volume loading status.27 Interestingly, data from four independent cohorts of
prevalent HF have strongly suggested that serial measurements show prognostic value
in patients with disease.17 ,28 ,29 Also in ostensibly healthy subjects, single measurements
of galectin-3 have shown to be predictive for outcome.14–16 In this present study, we now
extend these findings by showing that serial galectin-3 measurements in the general
population are associated with adverse outcome. Previous studies have already suggested a role for serial galectin-3 measurements to guide therapy, because of its low
biological variation.30 Further, it is well known that fibrosis in cardiac remodelling is a
slow phenomenon.8 Our results can be seen in line with this notion. A short-term increase in galectin-3, therefore, measured by a single measurement, may not be sufficient
to induce profound differences. However, long-lasting elevated levels of galectin-3,
obtained by serial measurements, may detect subclinical CV disease.
Collectively, our results show that persistently elevated galectin-3 is an independent
predictor of new-onset HF in the general population. Taken into account these results,
serial sampling of galectin-3 can help the clinician to identify apparently healthy subjects who are at risk for development of HF at an early stage. Whether these subjects are
amenable to specific pharmacotherapy should be tested. Finally, subjects with lower
galectin-3 levels over time can be regarded to be at low risk for development of HF.

Study limitations
By design, the PREVEND trial overselected subjects with microalbuminuria. Therefore,
we applied a statistical weighting method to correct this so that we were able to extend
our conclusions to the general population. Because we study serial measurements, there
is a potential risk for survivorship bias, because patients who died between the visits are
excluded from the analysis. In our analyses we tried to minimise survivorship bias, by
conducting a competing-risks regression.
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Supplemental table 1: Baseline characteristics by selected versus non-selected patients
N

Total

Selected patients

Excluded patients

8592

5958

2634

8098 (95.5%)

5908 (100%)

2190 (85.2%)

Ethnicity

P
<0.001

Caucasian
Negroid

83 (1.0%)

0 (0%)

83 (3.2%)

Asian

185 (2.2%)

0 (0%)

185 (7.2%)

Other

111 (1.3%)

0 (0%)

111 (4.3%)

Age (years)

49.2 (12.7)

49.1 (12.0)

49.7 (14.0)

0.041

Gender (male), N(%)

4268 (49.9%)

2940 (49.3%)

1328 (51.1%)

0.14

Smoking (last 5 years), N(%)

3794 (44.6%)

2558 (43.2%)

1236 (47.9%)

<0.001

Diabetes mellitus, N(%)

142 (1.7%)

67 (1.1%)

75 (2.9%)

<0.001

Myocardial Infarction, N(%)

305 (3.6%)

138 (2.3%)

167 (6.4%)

<0.001

Hypertension, N(%)

2328 (27.2%)

1516 (25.4%)

812 (31.1%)

<0.001

Hypercholesterolemia, N(%)

2280 (27.0%)

1548 (26.3%)

732 (28.5%)

0.030

Stroke, N(%)

83 (1.0%)

42 (0.7%)

41 (1.6%)

<0.001
<0.001

Waist-hip-ratio

0.9 (0.1)

0.9 (0.1)

0.9 (0.1)

BMI (kg m−2)

26.1 (4.2)

26.0 (4.1)

26.4 (4.5)

<0.001

Systolic BP (mm Hg)

129.1 (20.3)

128.2 (19.3)

131.2 (22.3)

<0.001

Diastolic BP (mm Hg)

74.0 (9.8)

73.7 (9.6)

74.6 (10.3)

<0.001

Cholesterol (mmol L-1)

5.6 [4.9-6.3]

5.6 [4.9-6.3]

5.5 [4.9-6.3]

0.94

LDL (mmol L-1)

3.6 [2.9-4.3]

3.6 [2.9-4.3]

3.6 [2.9-4.3]

0.83

-1

HDL (mmol L )

1.3 [1.0-1.6]

1.3 [1.0-1.6]

1.2 [1.0-1.5]

<0.001

Triglycerides (mmol L-1)

1.2 [0.8-1.7]

1.1 [0.8-1.7]

1.2 [0.9-1.8]

0.001

Glucose (mmol L-1)

4.7 [4.3-5.1]

4.7 [4.3-5.1]

4.8 [4.4-5.3]

<0.001

Creatinine (μmol L−1)

82.0 [74.0-92.0]

82.0 [74.0-91.0]

83.0 [74.0-93.0]

0.074

Cystatin-C (mg L−1)

0.8 [0.7-0.9]

0.8 [0.7-0.9]

0.8 [0.7-0.9]

<0.001

−1

eGFR (mL min )

80.0 [71.2-89.5]

79.8 [71.4-88.9]

80.6 [70.6-90.9]

0.12

UAE (mg per 24 h)

9.4 [6.3-17.8]

9.1 [6.3-15.9]

10.5 [6.5-23.1]

<0.001

1.3 [0.6-3.0]

1.2 [0.5-2.8]

1.5 [0.6-3.4]

<0.001

hs-CRP (mg L-1)
-1

NT-proBNP (pg mL )

37.7 [16.8-73.8]

36.7 [16.3-70.3]

39.3 [17.9-87.0]

<0.001

Galectin-3 (ng mL-1)

10.9 [9.0-13.1]

10.8 [9.0-13.0]

11.0 [9.1-13.4]

0.005

BMI: body mass index; BP: blood pressure; cholesterol: total cholesterol; LDL: low-density lipoprotein cholesterol; HDL: high-density lipoprotein cholesterol; creatinine: serum creatinine; eGFR: estimated glomerular filtration rate, according to the Modification of Diet in Renal Disease formula; UAE: urinary albumin
excretion rate; hs-CRP: high-sensitivity C-reactive protein; NT-proBNP: N-terminal pro-B-type natriuretic
peptide.
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Supplemental table 2: Heart failure cases by etiology and stratified by serial galectin-3 level
Non-persistenly elevated
Galectin-3

Persistently elevated Galectin-3

(N=5201)

(N=757)

(N=129 (2.5%))

(N=59 (7.8%))

P

Acute or chronic ischemia

48 (37.2%)

24 (40.7%)

0.65

Hypertension

31 (24.0%)

14 (23.7%)

0.96

Atrial fibrillation

20 (15.5%)

9 (15.3%)

0.96

Valve disease

16 (12.4%)

6 (10.2%)

0.66

Cardiomyopathy

6 (4.7%)

4 (6.8%)

0.55

Drugs/toxins

1 (0.8%)

0 (0.0%)

0.50

Other/unknown

7 (5.4%)

2 (3.4%)

0.54

Heart failure cases

Chapter 4

Heart failure etiology:
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100

18 (0.5%)

73.7 (9.6)

5.6 [4.9-6.3]

3.6 [2.9-4.3]

1.3 [1.0-1.6]

Systolic BP (mm Hg)

Diastolic BP (mm Hg)

Cholesterol (mmol L-1)

LDL (mmol L-1)

HDL (mmol L-1)

4.7 [4.3-5.1]

82.0 [74.0-91.0]

Creatinine (μmol L−1)

UAE (mg per 24 h)

hs-CRP (mg L )

1.2 [0.5-2.8]

9.1 [6.3-15.9]

eGFR (mL min−1)

-1

0.8 [0.7-0.9]

79.8 [71.4-88.9]

Cystatin-C (mg L )

−1

1.1 [0.8-1.7]

Triglycerides (mmol L )

Glucose (mmol L-1)

-1

26.0 (4.1)

128.2 (19.3)

BMI (kg m−2)

42 (0.7%)

0.9 (0.1)

Stroke, N(%)

Waist-hip-ratio

775 (22.5%)

1548 (26.3%)

Hypercholesterolemia, N(%)

61 (1.8%)

1.0 [0.5-2.4]

8.9 [6.2-14.7]

82.4 [74.7-91.0]

0.8 [0.7-0.8]

81.0 [73.0-90.0]

4.6 [4.3-5.0]

1.1 [0.8-1.6]

1.3 [1.1-1.6]

3.5 [2.9-4.2]

5.4 [4.8-6.2]

73.0 (9.4)

125.9 (18.0)

25.5 (3.8)

0.9 (0.1)

731 (21.0%)

138 (2.3%)

1516 (25.4%)

22 (0.6%)

1541 (44.4%)

1828 (52.5%)

46.2 (11.0)

Myocardial Infarction, N(%)

67 (1.1%)

Diabetes mellitus, N(%)

Low-Low
3484

Hypertension, N(%)

3018 (50.7%)

2558 (43.2%)

Smoking (last 5 years), N(%)

49.1 (12.0)

Age (years)

Gender (male), N(%)

5958

N

Total

1.5 [0.7-3.4]

9.7 [6.5-17.1]

77.7 [68.9-86.7]

0.8 [0.7-0.9]

83.0 [74.0-93.0]

4.8 [4.4-5.2]

1.2 [0.9-1.7]

1.3 [1.0-1.5]

3.7 [3.0-4.4]

5.7 [4.9-6.4]

74.4 (9.4)

129.6 (19.3)

26.4 (4.2)

0.9 (0.1)

6 (0.6%)

291 (28.0%)

294 (27.9%)

24 (2.3%)

16 (1.5%)

458 (43.7%)

494 (46.9%)

51.3 (12.2)

1053

High-Low

1.3 [0.6-2.8]

8.9 [6.3-15.4]

78.4 [69.6-87.7]

0.8 [0.7-0.9]

81.0 [73.0-90.0]

4.7 [4.3-5.1]

1.1 [0.8-1.6]

1.3 [1.1-1.6]

3.6 [2.9-4.3]

5.6 [4.9-6.4]

73.9 (10.0)

128.6 (20.2)

26.2 (4.1)

0.9 (0.1)

4 (0.8%)

127 (26.6%)

129 (26.8%)

9 (1.9%)

7 (1.5%)

197 (41.3%)

211 (43.9%)

50.6 (12.0)

481

Low-High

Supplemental table 3: Baseline characteristics by categorical change over time (Low/High) in galectin-3 levels
High-High

1.8 [0.9-3.9]

9.4 [6.2-20.3]

72.6 [64.4-82.2]

0.8 [0.7-1.0]

84.0 [76.0-96.0]

4.8 [4.4-5.3]

1.4 [1.0-1.9]

1.3 [1.0-1.5]

3.9 [3.2-4.6]

5.9 [5.2-6.7]

75.5 (9.8)

134.7 (21.9)

27.1 (4.6)

0.9 (0.1)

14 (1.5%)

355 (38.3%)

362 (38.6%)

44 (4.7%)

22 (2.3%)

362 (38.7%)

407 (43.3%)

56.3 (11.9)

940

<0.001

0.002

<0.001

<0.001

<0.001

<0.001

<0.001

0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.016

<0.001

<0.001

<0.001

<0.001

0.014

<0.001

<0.001

P

Chapter 4

10.8 [9.0-13.0]

Galectin-3 (ng mL-1)
9.5 [8.2-10.6]

31.6 [14.9-61.7]

Low-Low
13.7 [12.8-15.1]

41.4 [15.7-75.1]

High-Low
10.9 [9.8-11.6]

41.7 [19.2-75.8]

Low-High
14.7 [13.3-16.7]

52.7 [25.1-100.6]

High-High

<0.001

<0.001

P

Chapter 4

BMI: body mass index; BP: blood pressure; cholesterol: total cholesterol; LDL: low-density lipoprotein cholesterol; HDL: high-density lipoprotein cholesterol; creatinine:
serum creatinine; eGFR: estimated glomerular filtration rate, according to the Modification of Diet in Renal Disease formula; UAE: urinary albumin excretion rate; hs-CRP:
high-sensitivity C-reactive protein; NT-proBNP: N-terminal pro-B-type natriuretic peptide.

36.7 [16.3-70.3]

NT-proBNP (pg mL-1)

Total

Supplemental table 3: Baseline characteristics by categorical change over time (Low/High) in galectin-3 levels (continued)
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101

102

+0.9 [-1.5-3.0]
5958
49.1 (12.0)
3018 (50.7%)
2558 (43.2%)
67 (1.1%)
138 (2.3%)
1516 (25.4%)
1548 (26.3%)
42 (0.7%)
0.9 (0.1)
26.0 (4.1)
128.2 (19.3)
73.7 (9.6)
5.6 [4.9-6.3]
3.6 [2.9-4.3]
1.3 [1.0-1.6]
1.1 [0.8-1.7]
4.7 [4.3-5.1]
82.0 [74.0-91.0]
0.8 [0.7-0.9]
79.8 [71.4-88.9]

Median [IQR] change in galectin-3

N

Age (years)

Gender (male), N(%)

Smoking (last 5 years), N(%)

Diabetes mellitus, N(%)

Myocardial Infarction, N(%)

Hypertension, N(%)

Hypercholesterolemia, N(%)

Stroke, N(%)

Waist-hip-ratio

BMI (kg m−2)

Systolic BP (mm Hg)

Diastolic BP (mm Hg)

Cholesterol (mmol L-1)

LDL (mmol L-1)

HDL (mmol L-1)

Triglycerides (mmol L-1)

Glucose (mmol L-1)

Creatinine (μmol L−1)

Cystatin-C (mg L−1)

eGFR (mL min−1)

Total

79.6 [71.2-88.7]

0.8 [0.7-0.9]

83.0 [73.0-93.0]

4.7 [4.4-5.1]

1.2 [0.8-1.7]

1.3 [1.0-1.5]

3.6 [2.9-4.3]

5.5 [4.8-6.3]

73.9 (9.4)

128.3 (19.1)

26.0 (4.0)

0.9 (0.1)

12 (0.8%)

386 (26.3%)

378 (25.5%)

28 (1.9%)

12 (0.8%)

606 (40.9%)

744 (50.1%)

48.8 (12.1)

1485

-3.8 [-5.7- -2.5]

Quartile 1

80.6 [72.7-89.1]

0.8 [0.7-0.8]

82.0 [74.0-91.0]

4.7 [4.3-5.1]

1.1 [0.8-1.6]

1.3 [1.0-1.6]

3.6 [2.9-4.3]

5.5 [4.8-6.3]

73.2 (9.2)

127.0 (18.6)

25.8 (4.1)

0.9 (0.1)

7 (0.5%)

354 (24.0%)

344 (23.2%)

28 (1.9%)

17 (1.1%)

643 (43.6%)

728 (49.1%)

47.9 (11.7)

1484

-0.2 [-0.8-0.4]

Quartile 2

Supplemental table 4: Baseline characteristics by quartiles of absolute change in galectin-3 levels

80.3 [72.1-89.4]

0.8 [0.7-0.9]

82.0 [73.0-90.0]

4.7 [4.3-5.1]

1.1 [0.8-1.6]

1.3 [1.1-1.6]

3.6 [3.0-4.3]

5.5 [4.9-6.3]

73.4 (9.6)

127.4 (19.0)

26.0 (4.4)

0.9 (0.1)

10 (0.7%)

375 (25.2%)

358 (23.8%)

44 (2.9%)

13 (0.9%)

663 (44.3%)

737 (48.9%)

48.7 (11.9)

1507

+1.9 [1.4-2.4]

Quartile 3

78.9 [69.8-88.5]

0.8 [0.7-0.9]

82.0 [74.0-92.0]

4.7 [4.3-5.1]

1.2 [0.8-1.7]

1.3 [1.1-1.6]

3.7 [3.0-4.4]

5.7 [4.9-6.4]

74.5 (10.0)

129.9 (20.5)

26.1 (4.0)

0.9 (0.1)

13 (0.9%)

433 (29.6%)

436 (29.4%)

38 (2.6%)

25 (1.7%)

646 (43.9%)

731 (49.3%)

50.8 (12.2)

1482

+4.5 [3.6-6.0]

Quartile 4

<0.001

<0.001

0.052

<0.001

0.46

0.053

0.14

0.049

0.001

<0.001

0.15

0.25

0.57

0.005

<0.001

0.15

0.091

0.23

0.92

<0.001

P
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1.2 [0.5-2.8]
36.7 [16.3-70.3]
10.8 [9.0-13.0]

hs-CRP (mg L-1)

NT-proBNP (pg mL-1)

Galectin-3 (ng/mL)

12.3 [10.2-14.8]

36.1 [15.2-70.0]

1.3 [0.6-2.9]

9.4 [6.3-16.7]

Quartile 1

10.6 [8.9-12.6]

33.6 [15.0-64.3]

1.2 [0.5-2.8]

8.9 [6.2-14.7]

Quartile 2

10.2 [8.6-12.2]

35.5 [16.5-67.9]

1.1 [0.5-2.8]

9.0 [6.3-15.3]

Quartile 3

10.4 [8.7-12.4]

41.0 [19.7-78.6]

1.3 [0.6-2.8]

9.2 [6.3-17.4]

Quartile 4

<0.001

<0.001

0.23

0.16

P

Chapter 4

BMI: body mass index; BP: blood pressure; cholesterol: total cholesterol; LDL: low-density lipoprotein cholesterol; HDL: high-density lipoprotein cholesterol; creatinine:
serum creatinine; eGFR: estimated glomerular filtration rate, according to the Modification of Diet in Renal Disease formula; UAE: urinary albumin excretion rate; hs-CRP:
high-sensitivity C-reactive protein; NT-proBNP: N-terminal pro-B-type natriuretic peptide.

9.1 [6.3-15.9]

UAE (mg per 24 h)

Total

Supplemental table 4: Baseline characteristics by quartiles of absolute change in galectin-3 levels (continued)
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Supplemental table 5: Serial galectin-3 levels and risk of all-cause mortality, new-onset AF and CV event.
Model

All-cause
mortality
(95% CI)

P

New-onset AF
(95% CI)

P

Cardiovascular
event (95% CI)

0.006

2.15 [1.61-2.86]

P

Unadjusted
Not persistently elevated

1.00

Persistently elevated

2.62 [1.87-3.67]

1.00
<0.001

1.87 [1.20-2.93]

1.00
<0.001

Age and gender adjusted
Not persistently elevated

1.00

Persistently elevated

1.30 [0.91-1.84]

1.00
0.15

1.03 [0.66-1.61]

1.00
0.90

1.26 [0.93-1.69]

0.93

1.09 [0.78-1.50]

0.13

Multivariable full adjustment*
Not persistently elevated

1.00

Persistently elevated

1.23 [0.84-1.81]

1.00
0.28

0.98 [0.59-1.62]

1.00
0.62

* Adjusted for age, sex, smoking, diabetes mellitus type 2, history of myocardial infarction or stroke, hypertension, hypercholesterolemia, waist-hip-ratio, BMI, systolic blood pressure, diastolic blood pressure,
triglycerides, glucose, estimated GFR, urinary albumin excretion, CRP, NT-proBNP.
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Supplemental table 6: Serial galectin-3 levels and risk of new-onset systolic HF and new-onset diastolic
HF.
Model

New-onset
diastolic HF
(95% CI)

P

New-onset
systolic HF
(95% CI)

P

P-value for
interaction

<0.001

0.40

0.01

0.52

0.04

0.28

Unadjusted
Not persistently elevated

1.00

Persistently elevated

4.47 [2.18-9.14]

1.00
<0.001

3.87 [2.20-6.80]

Age and gender adjusted
1.00

Persistently elevated

1.63 [0.77-3.48]

1.00
0.20

2.15 [1.17-3.96]

Chapter 4

Not persistently elevated

Multivariable full adjustment*
Not persistently elevated

1.00

Persistently elevated

1.35 [0.59-3.07]

1.00
0.47

2.09 [1.04-4.17]

* Adjusted for age, sex, smoking, diabetes mellitus type 2, history of myocardial infarction or stroke, hypertension, hypercholesterolemia, waist-hip-ratio, BMI, systolic blood pressure, diastolic blood pressure,
triglycerides, glucose, estimated GFR, urinary albumin excretion, CRP, NT-proBNP.
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1.01 [0.38-2.68]

2.19 [0.94-5.14]

Quartile 3

Quartile 4

1.06 [0.40-2.86]

1.90 [0.82-4.41]

Quartile 3

Quartile 4

1.13 [0.39-3.24]

1.96 [0.77-4.98]

Quartile 3

Quartile 4

0.16

0.82

0.92

0.13

0.90

0.59

0.07

0.99

0.40

P

1.40 [0.77-2.55]

1.30 [0.68-2.49]

1.25 [0.63-2.48]

1.00

1.44 [0.80-2.59]

1.42 [0.76-2.66]

1.13 [0.58-2.18]

1.00

1.61 [0.89-2.89]

1.35 [0.72-2.52]

0.97 [0.50-1.86]

1.00

New-onset HF
(95% CI)

0.27

0.43

0.53

0.23

0.27

0.72

0.11

0.35

0.92

P

1.48 [1.10-2.00]

1.10 [0.80-1.52]

0.92 [0.65-1.32]

1.00

1.62 [1.22-2.14]

1.15 [0.85-1.56]

0.98 [0.71-1.36]

1.00

1.84 [1.39-2.44]

1.13 [0.83-1.54]

0.88 [0.63-1.22]

1.00

0.01

0.57

0.66

0.001

0.37

0.92

<0.001

0.42

0.43

All-cause mortality P
(95% CI)

1.00 [0.59-1.68]

0.61 [0.34-1.11]

0.89 [0.51-1.56]

1.00

1.04 [0.64-1.70]

0.69 [0.40-1.19]

0.90 [0.54-1.51]

1.00

1.14 [0.70-1.85]

0.67 [0.39-1.15]

0.83 [0.49-1.39]

1.00

New-onset AF
(95% CI)

0.99

0.10

0.69

0.87

0.18

0.69

0.60

0.14

0.47

P

1.40 [0.98-2.02]

1.14 [0.77-1.70]

1.54 [1.06-2.24]

1.00

1.48 [1.05-2.10]

1.10 [0.76-1.61]

1.39 [0.96-2.01]

1.00

1.56 [1.10-2.20]

1.04 [0.71-1.51]

1.23 [0.86-1.77]

1.00

Cardiovascular
event (95% CI)

0.07

0.50

0.03

0.03

0.62

0.08

0.01

0.84

0.26

P

* All analyses were adjusted for baseline galectin-3 level
† Adjusted for baseline galectin-3 level, age, sex, smoking, diabetes mellitus type 2, history of myocardial infarction or stroke, hypertension, hypercholesterolemia, waisthip-ratio, BMI, heart rate, systolic blood pressure, diastolic blood pressure, triglycerides, glucose, estimated GFR, urinary albumin excretion, CRP, NT-proBNP.

1.00

1.05 [0.36-3.06]

Quartile 1

Quartile 2

Multivariable full adjustment†

1.00

0.77 [0.29-2.00]

Quartile 1

Quartile 2

Age and gender adjusted*

1.00

0.66 [0.25-1.74]

Quartile 1

Cardiovascular
mortality (95% CI)

Quartile 2

Unadjusted*

Model

Supplemental table 7: Absolute change of galectin-3 and risk of mortality (all-cause, CV) or event (new-onset HF, new-onset AF and CV event)
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Supplemental table 8: Performance of baseline and serial galectin-3 in risk prediction models
NRI*

SE

P-value

IDI†

SE

P-value

New-onset heart failure
Clinical model + single galectin-3 (baseline)

0.14

±0.08

0.03

0.000

±0.000

0.44

Clinical model + single galectin-3 (follow-up)

0.19

±0.08

0.006

0.003

±0.001

0.03

Clinical model + serial galectin-3

0.21

±0.08

0.004

0.003

±0.002

0.06

Clinical model + single galectin-3 (baseline)

0.39

±0.11

0.0001

0.000

±0.000

0.70

Clinical model + single galectin-3 (follow-up)

0.38

±0.11

0.0002

0.001

±0.002

0.31

Clinical model + serial galectin-3

0.46

±0.11

<0.0001 0.002

±0.002

0.19
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Cardiovascular mortality

All-cause mortality
Clinical model + single galectin-3 (baseline)

0.16

±0.06

0.003

0.000

±0.000

0.39

Clinical model + single galectin-3 (follow-up)

0.12

±0.06

0.02

0.005

±0.002

0.003

Clinical model + serial galectin-3

0.23

±0.06

<0.0001 0.001

±0.001

0.12

0.10

±0.07

0.09

±0.0006 0.45

New-onset atrial fibrillation
Clinical model + single galectin-3 (baseline)

0.0001

Clinical model + single galectin-3 (follow-up)

0.01

±0.07

0.43

0.0002

±0.0002 0.26

Clinical model + serial galectin-3

0.06

±0.07

0.20

0.000

±0.0002 0.43

0.09

±0.05

0.02

0.0001

±0.0005 0.45

Cardiovascular event
Clinical model + single galectin-3 (baseline)
Clinical model + single galectin-3 (follow-up)

0.15

±0.08

0.001

0.0000

±0.0000 0.75

Clinical model + serial galectin-3

0.13

±0.05

0.002

0.001

±0.0006 0.049

* Category-free net reclassification improvement and † integrated discrimination improvement for addition of galectin-3 to the clinical model (age, sex, smoking, diabetes mellitus type 2, history of myocardial
infarction or stroke, hypertension, hypercholesterolemia, waist-hip-ratio, BMI, heart rate, systolic blood
pressure, diastolic blood pressure, triglycerides, glucose, estimated GFR, urinary albumin excretion, CRP,
NT-proBNP). SE: Standard error.
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Cardiovascular mortality
FU
BL

Q2

Q1

New-onset heart failure

Q3

FU

Q4

BL

Q1

Q1

Q2

Q2

Q3

Q3

Q4

Q4

Q2

Q1

Q3

Q4

Supplemental figure 1: 4x4 Heat plots showing the absolute event rate for cardiovascular mortality and
new-onset HF, categorized by quartile of galectin-3 at baseline (BL) and at follow-up (FU). Intervals of galectin-3 quartiles at baseline are: Q1 (3.9-9.0); Q2 (9.1-10.8); Q3 (10.9-13.0); Q4 (13.1-77.7). Intervals of galectin-3 quartiles at follow-up are: Q1 (3.0-8.9); Q2 (9.0-11.5); Q3 (11.6-14.4); Q4 (14.5-74.1).
All-cause mortality
FU
BL

Q1

Q2

New-onset atrial fibrillation
Q3

Q4

FU
BL

Q1

Q2

Q3

Cardiovascular event
Q4

FU
BL

Q1

Q1

Q1

Q2

Q2

Q2

Q3

Q3

Q3

Q4

Q4

Q4

All-cause mortality
FU
BL

Q1

Q2

New-onset atrial fibrillation
Q3

Q4

FU
BL

Q1

Q2

Q3

Q1

Q2

Q3

Q4

Q3

Q4

Cardiovascular event
Q4

FU
BL

Q1

Q1

Q1

Q2

Q2

Q2

Q3

Q3

Q3

Q4

Q4

Q4

Q1

Q2

Supplemental figure 2: 4x4 Heat plots showing the relative and absolute event rate for all-cause mortality, new-onset AF and cardiovascular event, categorized by quartile of galectin-3 at baseline (BL) and at
follow-up (FU). Intervals of galectin-3 quartiles at baseline are: Q1 (3.9-9.0); Q2 (9.1-10.8); Q3 (10.9-13.0); Q4
(13.1-77.7). Intervals of galectin-3 quartiles at follow-up are: Q1 (3.0-8.9); Q2 (9.0-11.5); Q3 (11.6-14.4); Q4
(14.5-74.1).
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All-cause mortality
by serial galectin-3 level

Non-persistently elevated
Persistently elevated

.12
.09
.06
.03

P<0.0001

0
0

Number at risk:
 Non-persistently elevated 5201
 Persistently elevated
757

2

4

6

8

4930
703

4752
675

3371
480

Time after last visit (years)

5073
729

10
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Cumulative Incidence

Cumulative Incidence

.15

New-onset atrial fibrillation
by serial galectin-3 level

Cumulative Incidence

Cumulative Incidence

.15

Non-persistently elevated
Persistently elevated

.12
.09
.06
.03

P=0.005

0
0

Number at risk:
 Non-persistently elevated 5201
 Persistently elevated
757

2

5043
719

4

6

8

4873
688

4673
655

3283
460

Time after last visit (years)

10

Cardiovascular event
by serial galectin-3 level

Non-persistently elevated
Persistently elevated

Cumulative Incidence

Cumulative Incidence

.15
.12
.09
.06
.03

P<0.0001
0
0

Number at risk:
 Non-persistently elevated 5201
 Persistently elevated
757

2

4981
707

4

6

8

4754
657

4510
605

3152
416

Time after last visit (years)

10

Supplemental figure 3: Cumulative incidence curves showing all-cause mortality, new-onset AF and cardiovascular event by serial galectin-3 level.
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Supplemental figure 4: Event rate of cardiovascular mortality, new-onset HF, all-cause mortality and cardiovascular event, by categorical change of galectin-3 level, including median change and baseline levels
of galectin-3.
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New-onset heart failure

Cardiovascular mortality

by absolute change of galectin-3
.1

Quartile 1
Quartile 2
Quartile 3
Quartile 4
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.04
.02

P=0.24

Cumulative Incidence

.08
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1383

1361
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1329
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10
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Quartile 2
Quartile 3
Quartile 4

.1
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by absolute change of galectin-3
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Cardiovascular event

All-cause mortality
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4

Time after last visit (years)
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Cumulative Incidence

Cumulative Incidence

.1

by absolute change of galectin-3
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Supplemental figure 5: Cumulative incidence curves showing cardiovascular mortality, new-onset HF,
all-cause mortality and cardiovascular event by absolute change of galectin-3 level.
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Supplemental figure 6: Event rate of cardiovascular mortality, new-onset HF, all-cause mortality and cardiovascular event, by absolute change of galectin-3 level, including median change and baseline levels of
galectin-3.
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Abstract
This review summarizes the current literature regarding the involvement and the
putative role(s) of galectin-3 in post-myocardial infarction cardiac remodeling. Postmyocardial infarction remodeling is characterized by acute loss of myocardium, which
leads to structural and biomechanical changes in order to preserve cardiac function. A
hallmark herein is fibrosis formation, both in the early and late phase following acute
myocardial infarction. Galectin-3, a β-galactoside-binding lectin, which is a shared factor in fibrosis formation in multiple organs, has an established role in cardiac fibrosis
in the setting of pressure overload, neuro-endocrine activation and hypertension, but
its role in post- myocardial infarction remodeling has received less attention. However,
accumulative experimental studies have shown that myocardial galectin-3 expression is
upregulated after myocardial infarction, both on mRNA and protein level. This already
occurs shortly after myocardial infarction in the infarcted and border zone area, and also
at a later stage in the spared myocardium, contributing to tissue repair and fibrosis. This
is associated with typical aspects of fibrosis formation, such as apposition of matricellular proteins and increased factors of collagen turnover. Interestingly, myocardial fibrosis
in experimental post-myocardial infarction cardiac remodeling could be attenuated by
galectin-3 inhibition. In clinical studies, circulating galectin-3 levels have been shown
to identify patients at risk for new-onset heart failure and atrial fibrillation. Circulating
galectin-3 levels also predict progressive left ventricular dilatation after myocardial
infarction. We conclude that galectin-3 is an active player in cardiac remodeling after
myocardial infarction. Future studies should focus on the dynamics of galectin-3 activation after myocardial infarction, and study the possibilities to target galectin-3.
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Galectin-3 and Post-Myocardial Infarction Cardiac Remodeling

Myocardial infarction (MI) is a common complication of coronary artery disease (CAD).
According to the World Health Organization, 7.3 million annual deaths worldwide are
due to ischemic heart disease (IHD), making it the leading cause of death in developed
countries (Mendis et al., 2011). With better treatment options, the death rate of IHD
declined in most western countries, but in 2008 cardiovascular disease still accounted
for one in three deaths in the USA (Roger et al., 2012).
MI is characterized by cardiomyocyte necrosis and acute loss of myocardial tissue,
which leads to structural and biomechanical changes in order to preserve cardiac function and minimize diastolic and systolic wall stress. These changes include collagen
deposition with scar formation, fibrosis, hypertrophy and modifications in ventricular
architecture that encompass changes in the size, shape and composition of the left ventricle. These modifications, often referred to as ‘ventricular remodeling’, can profoundly
affect the function of the ventricle and the patient’s prognosis (Eaton et al., 1979 and
McKay et al., 1986). Especially large, transmural infarcts result in complex modifications in the ventricular architecture involving the infarcted as well as the non-infarcted
myocardium. Experimental and clinical studies reveal that the degree and extent of
remodeling over time is largely determined by the degree of accumulative myocardial
injury (Chareonthaitawee et al., 1995 and van Gilst et al., 1996). Ventricular remodeling
is a continuous process that starts early, but can last up to months or years, depending on infarct size, anatomic location, and local and systemic factors. The three major
biomechanical mechanisms contributing to LV remodeling over time after myocardial
infarction (MI) are: (1) early infarct expansion in the acute and sub-acute phase, that
occurs during the days to weeks directly following MI (Kelley et al., 1999), (2) subsequent
non-ischemic infarct extension into the adjacent non-infarcted region, during the weeks
to months that follow MI (Ratcliffe, 2002) and (3) hypertrophy and dilatation of noninfarcted myocardium in the chronic phase, during months and years that follow MI
(Kramer et al., 1998).
LV remodeling is the major determinant of survival after recovery from MI (White et
al., 1987), and it has been strongly associated with clinical outcomes in numerous heart
failure (HF) trials. In fact, evidence-based treatments that reduce mortality post-MI, as
β-blockers and angiotensin converting enzyme (ACE) inhibitors, have been shown to
inhibit LV remodeling (Abdulla et al., 2007). Therefore, modulation of ventricular remodeling is a very attractive option to prevent adverse clinical outcomes.
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Role of the fibrotic response to injury
There is convincing and consistent evidence that the response to injury of cardiac, renal,
lung, vascular, and liver tissue share a common pathway that is characterized by fibrotic
changes in all of these tissues (Zeisberg and Kalluri, 2013). These fibrotic changes are a
hallmark of organ dysfunction (Cui et al., 2013 and Koleganova et al., 2009).
Upon myocardial injury, cytokines are released by cardiomyocytes and activate several
repair mechanisms. TGF-β1 is increased early in the infarcted area and activates macrophages, fibroblast chemotaxis and fibroblast proliferation (Desmouliere et al., 1993).
Activated macrophages are capable of expressing ACE, leading to locally produced Angiotensin II that is regulated independently of plasma Angiotensin II but very important
in reparative fibrosis (Desmouliere et al., 1993). The early release of different cytokines
from injured cardiomyocytes also results in the transformation of fibroblasts into myofibroblasts, and subsequent expression of genes encoding for procollagens types 1 and
3, and generation of Angiotensin I and II, and the receptors for Angiotensin II, TGF-β1
and ET-1; which ultimately leads to an increased extracellular matrix production and
substantial collagen turnover (Weber, 1997). Synthesis of collagens type 1 and 3 by myofibroblasts is modulated by several factors, including Angiotensin II, fibroblast growth
factor, platelet-derived growth factor, ANP, and bradykinin-mediated prostaglandin E2
(Weber, 1997). Mechanical strain also determines the degree of collagen cross-linking
and the strength of the fibrotic scar (McCormick et al., 1994).
Deposition of type III and type I collagens occurs predominantly in the infarcted tissue; however, it also occurs in non-infarcted myocardium when intercellular signaling
is potentiated by stretch on the residual myocardium due to extensive cardiomyocyte
necrosis. Type III collagen mRNA increases early post-MI and remains elevated for approximately 3 weeks; type I collagen mRNA increases also early but may remain elevated
for at least 3 months (Cleutjens et al., 1995). Collagen in the infarcted myocardium is
already detectable microscopically after 1 week and then increases dramatically; such
that after one month the necrotic cardiomyocytes are entirely replaced by fibrotic tissue
(Cleutjens et al., 1995). After scar formation is completed and the LV is able to cope with
the wall stress, collagen formation is down-regulated and most myofibroblasts undergo
apoptosis. Major advances have been made in the understanding of cardiac remodeling,
the process that leads from initial assault to the heart, e.g. myocardial infarction, to endstage HF (Sutton and Sharpe, 2000). Galectin-3 is a protein that gained interest because
of its close relationship with fibrosis formation and as a new prognostic marker of HF.
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Galectin-3 is encoded by a single gene, LGALS3, which is located on chromosome 14,
and consists of six exons and five introns (Raimond et al., 1997). It is a β-galactosidebinding lectin with two domains, namely an atypical N-terminal domain and a
C-terminal carbohydrate-recognition domain (CRD) (Dumic et al., 2006). Galectin-3 is
predominantly produced by macrophages, but many other cell types that have been
described in the setting of myocardial infarction, produce galectin-3 as well, e.g. neutrophils, eosinophils, mast cells (Dumic et al., 2006) as well as fibroblasts (Yu et al., 2013). In
response to circulating cytokines such as IL-4, part of the macrophages will differentiate
towards the “alternative” phenotype (M2), and it is this macrophage phenotype that is
characterized by the up-regulation of a number of genes such as the mannose receptor, that is important for galectin-3 production and function. (Mackinnon et al., 2008).
Inflammation often precedes fibrosis and results in tissue damage and loss leading to
enhanced fibrogenesis (Berk et al., 2007). By hitherto unexplained mechanisms, galectin-3 is secreted and can be measured in the blood stream. As such, galectin-3 has been
evaluated as a biomarker, and was associated with HF severity (de Boer et al., 2009),
and is a prognostic indicator in HF (Meijers et al., 2014a), as well as in patients with
renal dysfunction (Drechsler et al., 2015; Meijers et al., 2014b). Currently, limited data is
available regarding the association between circulating and tissue levels of galectin-3.
In a recent study with 39 patients in hypertensive heart disease, it was described that
there was no clear correlation between galectin-3 in the tissue and the plasma, which is
comparable with other circulating fibrotic biomarkers (López et al., 2015).

Galectin-3 and fibrosis/remodeling
Galectin-3 is a shared factor in fibrosis formation in different organs. When secreted, galectin-3 acts on fibroblasts and initiates a pro-fibrotic program (Dumic et al., 2006). Mechanistically, in vitro galectin-3 turns quiescent fibroblasts into myofibroblasts that produce
and secrete matrix proteins, including collagens, fibronectin, and TGF-β ( Sharma et al.,
2004). In vivo, several observations demonstrate the important role that galectin-3 has in
cardiac fibrosis and remodeling. Sharma and colleagues ( Sharma et al., 2004) showed in
hypertensive rats that galectin-3 co-localizes in areas of fibrosis with macrophages and fibroblasts. Yu and colleagues (Yu et al., 2013) showed, again in hypertensive rats but also in
mice subjected to pressure overload, that the absence of galectin-3 prevents cardiac fibrosis, and confirmed that galectin-3 is associated with αSMA staining (as a consequence of
myofibroblast proliferation), proliferating cells, and fibrosis. Calvier and colleagues (Calvier
et al., 2013) showed that galectin-3 was activated in aldosterone-induced cardiac fibrosis.
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Specifically, in vivo, galectin-3 is associated with fibroblast to myofibroblast differentiation,
collagen synthesis, inflammation and renal epithelial-mesenchymal transition. The latter
was observed during galectin-3 inhibition, which prevented a decrease of β-catenin and
E-cadherin and an increase of fibronectin and αSMA in the kidney of aldosterone treated
rats ( Calvier et al., 2015). Genetic disruption of galectin-3 or pharmacological inhibition
have consistently shown to reverse these endophenotypes, therefore, the association of
galectin-3 with these phenomena does not merely appear to be associative, but rather
causal. Besides cardiac fibrosis, galectin-3 plays a role in renal ( Henderson et al., 2008
and Iacobini et al., 2005), hepatic (Henderson et al., 2006), vascular ( Calvier et al., 2013
and Menini et al., 2013), and pulmonary fibrosis ( Farnworth et al., 2008 and Mackinnon et
al., 2012), and (genetic) disruption of galectin-3 attenuates fibrosis formation in all these
organs ( Henderson et al., 2006, Henderson et al., 2008, Mackinnon et al., 2012 and Yu et al.,
2013). A schematic scheme of the function of galectin-3 is displayed in Fig. 1.

Figure 1. The transition of fibroblast to myofibroblast and the involvement of galectin-3 leading to systolic
and diastolic dysfunction.

Circulating galectin-3 has emerged as a biomarker of fibrosis in heart and kidney disease,
and increased baseline levels in healthy subjects are associated with mortality (de Boer et
al., 2012 and Ho et al., 2012), and precede chronic kidney disease (O’Seaghdha et al., 2013).
Furthermore, in prevalent HF, further increases of galectin-3 strongly predict poor outcome
(Anand et al., 2013, Motiwala et al., 2013 and van der Velde et al., 2013). In 240 chronic HF
patients wherein almost 70% had ischemic cardiomyopathy serial echocardiography was
performed to analyze LV remodeling over time. Patients, in whom the LVEDV decreased
over time, had significant lower levels of galectin-3 compared to patients with a stable
LVEDV or an increase in LVEDV (P=0.004). No significant differences in levels of NT-proBNP
were observed in this study ( Lok et al., 2013). However, few data are available on post-MI
cardiac remodeling and therefore these data were summarized herein.
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Sanchez-Mas et al. (2014) studied galectin-3 expression in cardiac tissue in rats after
MI. In these rats, permanent ligation of the left anterior descending coronary artery
was performed and rats were sacrificed at 1, 2, 4, 12 and 24 weeks post-MI. After MI,
the rats showed a significant drop in left ventricle ejection fraction (LVEF) and their LV
end-diastolic and end-systolic volumes were significantly increased during follow-up.
Galectin-3 mRNA expression was increased in the infarcted area and reached a maximum at 1 week after MI, with a progressive decrease in the next weeks. Other fibrosis
markers like collagen I, collagen III and TIMP-1 showed similar behavior as galectin-3.
The non-infarcted area also showed an increased galectin-3 expression, but with a
maximum peak at 24 weeks as schematically shown in Fig. 2. Collagen I, collagen III and
TIMP-1 showed earlier peaks. Interestingly galectin-3 expression was correlated with
macrophage infiltration, regardless of the area within the myocardium. This strengthens
the evidence that macrophages are considered as the main source of galectin-3 (Sharma
et al., 2004). In a very recent study in mice, mRNA and protein levels of galectin-3 were
found to elevated, already 60 min and 30 min after MI (Hashmi and Al-Salam, 2014). To
further explore involvement of galectin-3 in cardiac remodeling, galectin-3 knock-out
mice were subjected to permanent coronary artery ligation and were compared to sham
operated animals (Gonzalez et al., 2014). Interestingly, genetic disruption of galectin-3
showed a trend towards increased mortality (albeit non-significantly), and increased
myocardial hypertrophy and (significantly) increased pulmonary congestion after one
week after MI. This was associated with less fibrosis and macrophage infiltration in these
animals. Evidence of adverse remodeling was present with increased ventricular dilation
in the galectin-3 KO mice. Therefore, collectively these studies (Gonzalez et al., 2014,
Hashmi and Al-Salam, 2014 and Sanchez-Mas et al., 2014) suggest that galectin-3 is an
active participator in the remodeling process following MI. Apparently, in the earlier
phases galectin-3 contributes to a reparative process in the infarcted area, which is essential for the maintenance of ventricular geometry and function in the first days after
MI (Gonzalez et al., 2014). However, on longer term, chronic activation and tissue fibrosis
adds to progressive remodeling, and galectin-3 is a contributor to this late phase.

Effects of MRAs on galectin-3-induced fibrosis
The rationale behind the use of mineralocorticoid receptor antagonists (MRAs) as a possible agent to prevent fibrosis formation is that aldosterone is a key player in fibrogenesis. Aldosterone is synthesized by myofibroblasts and has a higher concentration in the
heart compared to plasma levels (Sun et al., 1994). Aldosterone stimulates transcription
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Figure 2. Galectin-3 mRNA and protein levels after myocardial infarction at different time points (1,2,4,12 and 24 weeks) in the infarcted and non-infarcted tissue (modified from: Sanchez-Maz et al.(Sanchez-Mas et al., 2014))
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of collagen type I and type III mRNA which can be inhibited via MRAs (Robert et al., 1999
and Silvestre et al., 1999).
Clinically, MRAs improve survival in patients with symptomatic chronic HF after MI
(Maisel et al., 2014 and Pitt et al., 2003). Recently, it was shown that MRAs reverse cardiac
and renal expression of galectin-3 in hypertensive rats (Calvier et al., 2015). Therefore
MRAs may modify the biological activity of galectin-3 and subsequent LV remodeling.
Lax et al. (2014) recently studied the effect of MRA treatment in a rat MI model (permanent ligation of the left anterior descending coronary artery). Rats were randomized into
4 groups (no treatment, eplerenone, spironolactone and sham operated) and sacrificed
after 4 weeks. Galectin-3 gene expression was measured in the infarcted myocardium,
as well as molecules involved in the galectin-3 signaling pathway (TGF-β and SMAD-3).
MRA treatment (spironolactone or eplerenone) led to significantly lower expression of
galectin-3, TGF-β and SMAD-3 in the infarcted myocardium at 4 weeks. Modulation of
galectin-3 signaling by MRAs was correlated with lower myocardial fibrosis, by measuring it as collagen volume fraction and mRNA expression of Col I, Col III and TIMP-1; as
well as lower inflammatory markers like TNF-alpha, IL-6 and MCP-1. In the non-infarcted
myocardium of rats with MI, galectin-3 was also higher compared to the sham group but
significantly lower than observed in the infarcted area, and at the time studied (4 weeks)
was unaffected by MRAs. This study suggests that the well-established beneficial effects
of MRAs after MI could, at least in part, be related to anti-fibrotic and anti-inflammatory
properties linked to modulation of galectin-3 signaling, as molecular mechanism of MRA
in post-MI remodeling. Of note, in this study the effect of MRAs on galectin-3 was observed after 4 weeks, which is later than the early phase of seven days where galectin-3
seem to have a reparative role (Sanchez-Mas et al., 2014). Together, the experimental
evidence suggests that galectin-3 is involved in fibrotic and inflammatory processes in
the weeks and months following MI, and that MRAs might interfere in these processes,
and their benefits may at least in part be explained via galectin-3 modulation (Table 1).
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Table 1: Main results experimental studies
Study

Species

Sanchez-Mas J. Rat; Wistar

Main results-concerning galectin-3
Infarcted area: increased mRNA and protein expression with max. at 1 week
post-MI, with a progressive decrease in the next weeks.
Non-infarcted area: mRNA expression significantly increased post-MI
compared to sham group; with a late maximum at 6 months. Protein levels
were similar to sham group in the first 4 weeks, with a late peak at 3 months

Hashmi S.

Mouse;
C57Bl6/J

Infarcted area: increased mRNA and protein expression at 60 min, 4 h, and
24 h post-MI compared to sham.

Gonzalez GE.

Mouse;
C57Bl6/J and
Galectin-3 KO

Genetic deletion led to increased mortality, myocardial hypertrophy and
pulmonary congestion in the acute phase of MI. Also adverse changes in
early remodeling and ventricular function at 7 days post-MI were observed.

Lax A.

Rat; Wistar

Infarcted area: increased protein expression post-MI and down-regulated
with MRAs.

Plasma Gal-3 levels were significantly raised at 24 h post-MI.

Modulation of galectin-3 signaling induced by MRAs correlated with lower
expression levels of fibrosis and inflammatory markers.
Non-infarcted area: increased mRNA expression, but no signs of
inflammation or fibrosis were observed. In the presence of MRAs, galectin-3
expression was unaffected.

Clinical studies
From a clinical point of view, LV remodeling after MI is determined by the development
of changes on myocardial function, shape and dilatation, leading to HF development.
Galectin-3 has been extensively studied in HF (Filipe et al., 2015), but only a few clinical
studies evaluated its effect on LV remodeling after MI; we provide an overview in Table 2.
One of the first studies that assessed the prognostic value of galectin-3 in STEMI patients undergoing primary percutaneous coronary intervention (pPCI) was conducted
by Tsai et al. (Tsai et al., 2012). In this study, the FDA-cleared galectin-3 ELISA kit was
not used and therefore it is impossible to compare galectin-3 values. Nevertheless,
they found that high galectin-3 levels, 6 h after PCI, predicted 30-day major adverse
clinical outcomes, including advanced CHF or 30-day death, independently and after
adjustment for multiple vessel disease, LVEF and serum creatinin levels. Another study
included 145 subjects with MI (Szadkowska et al., 2013) and found that galectin-3 levels,
3–5 days after acute MI, were not associated with LVEF (r: −0.003, P>0.05), but correlated
with NT-proBNP (r: 0.27, P<0.001) and hsCRP (r: 0.20, P<0.05). During the hospitalization
period, patients with elevated galectin-3 levels were more prone to develop new-onset
AF and new-onset HF. In a very small sub-cohort of the occluded artery trial (37 patients)
( Kruk et al., 2013), long-term follow-up measurements of galectin-3 were available. Concentrations of galectin-3 did not show significant changes comparing baseline (before
PCI) to one-year follow-up (P=0.49).
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Study

Cohort size

Blood sampling

Main results-concerning galectin-3

Tsai et al.

N=196

6 h after PCI

Galectin-3 level may serve as a useful biomarker for
predicting 30-day advanced CHF or 30-day mortality
in patients with STEMI undergoing primary PCI.

3–5 days after acute MI

Elevated levels were associated with a higher rate
of new-onset AF and diuretics treatment during
hospitalization in patients with first MI treated with
pPCI without prior HF. Galectin-3 correlated with NTproBNP and hsCRP.

Szadkowska N=145
et al.

Kruk et al.

N=37

Before PCI

Galectin-3 levels remained stable after one year.

Mayr et al.

N=29

After 4 months

Galectin-3 correlated moderately with mid-term
infarct size, NT-proBNP and creatinine levels at 4
months. There was a trend, towards a correlation of
galectin-3 and LVEF.

Weir et al.

N=100

1–14 days after acute MI

No correlation with any LV parameters at baseline
was found but galectin-3 was positively associated
with remodeling in patients with baseline LVEF
(>49.2%). Galectin-3 correlated significantly with
MMP-3 and MCP-1 at baseline, biomarkers linked to LV
remodeling.

Andersen
et al.

N=74

23–43 days after acute MI

Galectin-3 levels showed a non-significant trend to be
associated with higher left ventricular filling pressures
at rest or at peak exercise measured directly with
pulmonary catheter or by echocardiography.

van der
Velde et al.

N=247

During PCI and after 4
months

Galectin-3 was an independent predictor for LVEF and
infarct size after 4 months.

Mayr et al. (2013) reported for the first time, the relation between infarct scar, left ventricular function and galectin-3 in patients after MI. Cardiac magnetic resonance (CMR)
imaging with its concept of late enhancement provides high-resolution delineation of MI
size as well as myocardial function. CMR and galectin-3 measurements were performed
in 29 reperfused STEMI patients after four months. The correlation between galectin-3
and myocardial infarct size, although significant, was weak (r: 0.406, P=0.036) and the
correlation with LVEF was non-significant (r: −0.349, P=0.063), these results however are
not very robust due to limited sample size. In a larger cohort comprising 100 STEMI
patients, CMR was performed at baseline and 4 months ( Weir et al., 2013). Across the
cohort, LVEF increased significantly between baseline and 4 months. Baseline galectin-3
was not correlated with baseline CMR measurements (LVEF r: 0.14, P=0.16; infarct size r:
0.10, P=0.34) but had an inverse correlation with LVEF at 4 months (r: −0.25, P=0.023).
NT-proBNP and the change of NT-proBNP over time was correlated with galectin-3 (r:
0.30, P=0.003; r: −0.24, P=0.022, respectively). Besides natriuretic peptides, galectin-3
was also significantly correlated with other ECM markers such as MMP-3, TIMP-1, MCP-1
and IL-8. In the same cohort, a possible association between higher galectin-3 levels
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and more extensive remodeling was observed in patients with relatively preserved LV
function early after MI but not in those with more severe LV dysfunction. In another
study with patients 30 days post-MI, galectin-3 levels showed a non-significant trend
to be associated with higher left ventricular filling pressures at rest (P=0.062) or at peak
exercise (P=0.18) measured directly with pulmonary catheter or by echocardiography
(P=0.09) ( Andersen et al., 2014).
In the GIPS-III trial (Lexis et al., 2014), consisting of STEMI patients who underwent
pPCI, 247 patients were studied in a biomarker analysis. Galectin-3 was an independent
predictor for LVEF after 4 months. Elevated levels were correlated with a significant
lower LVEF (van der Velde et al., 2014). Further clinical data are scarce and suggest a
potential relationship between galectin-3 levels and higher risk of HF development after
MI. However, findings are limited by the small sample size and the influence of the time
of measurement after MI.

Galectin-3: a possible target for therapy
Galectin-3 as a target for therapy in HF has been tested in several animal models of
HF, but in post-MI models, data are lacking. The anti-fibrotic tetra-peptide ac-SDKP was
the first compound that showed to prevent the fibrotic effects of galectin-3 (Liu et al.,
2009). A more direct link with galectin-3 in cardiac remodeling has been demonstrated
by Yu et al. (2013) using mice that are genetically deficient for galectin-3. In this study,
the galectin-3 knock-out mice and wild types were compared, undergoing different
perturbations of cardiac stress, such as angiotensin II infusion or transverse aortic constriction. The galectin-3 knock-out mice had histologically less severe fibrosis formation,
and more importantly, this resulted in improved hemodynamics-especially better LV
relaxation, which is a marker of diastolic function.
We hypothesize that galectin-3 is inactivated when neutralizing ligands bind the CRD.
Pectins, which have been most intensively studied in relation to galectin-3 inhibition,
are believed to reduce the galectin-3 activity by binding to this CRD. Modified citrus
pectin (MCP), an oligosaccharide present in the peels in fruits and vegetables, is the
mostly studied pectin. The inhibitory effects have been observed in both heart failure,
kidney disease (Kolatsi-Joannou et al., 2011), and liver disease. We make reference to a
recent article that describes the potential mechanisms of galectin-3 inhibition (de Boer
et al., 2014). In another study, MCP was shown to reduce collagen I production in an
aldosterone-induced rat HF model (Calvier et al., 2013). Interestingly, MCP also showed
to be an effective anti-fibrotic agent in acute renal injury model (Kolatsi-Joannou et
al., 2011) and hypertensive nephropathy (Frenay et al., 2015). Collectively, these data
suggest that galectin-3 may effectively be targeted. Currently, clinical trials are being
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conducted to investigate the potential function of pectins in HF (MCP in patients at risk
for heart failure, ClinicalTrials. gov identifier NCT01960946). Another galectin-3 inhibitor
and potential therapeutic option is N-acetyllactosamine (N-Lac) which was studied in
Ren2 rats, a model for “hypertensive cardiomyopathy” (Yu et al., 2013). N-Lac treated
Ren2 rats had preserved fractional shortening and untreated Ren2 rats had increased
LVEDP and increased lung weights, a sign of congestion. Accelerated cardiac remodeling in untreated Ren2 rats was associated with poorer survival compared to SD (control)
rats, N-Lac treated rats had a better survival. In another transverse aortic constriction
experiment, mice were treated with N-Lac, and showed no progressive remodeling
compared to appropriate controls.
There are no convincing data to suggest that contemporary post-MI treatment, such
as statins, aspirin, β-blockers, ACE inhibitors or mineralocorticoid receptor antagonists
may be guided by galectin-3 levels. Weir et al. showed that response to the eplerenone
could not predicted by galectin-3 (Weir et al., 2013). At this stage it is still speculative to
decide if, and which patients could benefit from galectin-3 inhibition. Post-MI remodeling is needed for the adaptive response of the cardiac muscle to cope with the tissue
and functional loss. However the maladaptive remodeling, involving excessive built-up
of fibrosis and collagen deposition should be considered as a target for inhibition, possibly via galectin-3. van der Velde et al. (2014) identified patients with elevated galectin-3
at baseline who were at risk for lower LVEF after four months. These patients would be
putative candidates for galectin-3 inhibition, arguably after the early expansion of the
myocardial infarction (3–4 weeks).

Conclusion
Galectin-3 has been associated with fibrosis development and cardiac remodeling,
hallmarks of HF. Fibrosis and scar formation are crucial in early and late remodeling
following MI and several experimental studies have shown that myocardial galectin-3
expression is up-regulated after MI. In addition, clinical studies suggest a link between
higher circulating levels of galectin-3 and a HF-prone phenotype after MI. However, we
cannot simply identify galectin-3 as a good or bad player, because of the complex sequel
of events in post-MI remodeling. It may be that in the early phase, when tissue repair is
warranted, galectin-3 activation is necessary for the heart to cope with the excessive
stress. At a later stage, ongoing activation of reparative mechanisms may become detrimental, and galectin-3 acts during this process too. During this later phase we believe
galectin-3 could be a target for therapy. More in-depth mechanistic studies are needed
to precisely describe the potential role of galectin-3 in post-myocardial remodeling.
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Abstract
Background: Fibrosis is a pivotal event in infarct repair and progressive remodeling after myocardial infarction (MI). Biomarkers may be used to monitor fibrosis, and therefore
we evaluated the predictive value of galectin-3 and sST2 for cardiac remodeling after MI.
Methods: Plasma galectin-3 and sST2 were measured in patients admitted with primary
percutaneous coronary intervention (PCI) for acute MI, at baseline and at 4 months. Left
ventricular ejection fraction (LVEF) and infarct size were measured after 4 months with
cardiac MRI (CMR).
Results: In total, 247 patients had blood samples and CMR data available (mean age
57.7 ± 11.6 years; 79.8% male). Increased baseline galectin-3 (≥ 17.8 ng/mL) identified
patients with lower LVEF (50.3% (± 9.1) vs. non-elevated galectin-3 55.0% (± 8.0); P <
0.001), and larger infarct size (13.8 g. (± 12.9) vs. 8.6 g. (± 8.7); P = 0.002) after 4 months.
Elevated sST2 (≥ 35.0 ng/mL) did not predict decreased LVEF or larger infarct size. Furthermore we showed that at baseline, galectin-3 was an independent predictor for LVEF
(β = − 0.18; P = 0.005) and infarct size (β = 0.18; P = 0.004). We repeated the analyses
using median values of galectin-3 (13.4 ng/mL) and sST2 (30.3 ng/mL) as a cut point, and
this validated our results.
Conclusion: The fibrosis biomarker galectin-3, but not sST2, taken immediately after MI,
predicts LVEF and infarct size after 4 months. We hypothesize that galectin-3 may play a
role in the pathophysiology of cardiac remodeling after acute MI.
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Acute myocardial infarction (MI) is one of the most important causes of heart failure (HF)
[1]. Due to improved treatment, more patients survive MI, but as a consequence, HF incidence is rising [2]. After MI, cardiac remodeling plays a crucial role in the deterioration of
cardiac function and development of heart failure [1]. Therefore, it is of great importance
to identify patients who are at risk of adverse cardiac remodeling and development of
HF, who have a poor prognosis, and for whom treatment should be intensified at early
stage. In risk stratification for development of heart failure, biomarkers can be used [3].
Biomarkers that reflect myocardial damage, like troponin and creatine kinase (CK) can
be used to estimate infarct size early after MI [4], but their sensitivity to detect other
processes in cardiac remodeling is limited.
Fibrosis plays a pivotal role in cardiac remodeling after MI [1]. Galectin-3 and soluble
ST2 (sST2) are emerging fibrotic biomarkers that are thought to be causally involved
in the development of heart failure [5]. Galectin-3 is a beta-galactoside binding lectin
that is produced by macrophages during myocardial stress and activates fibroblasts
[6]. Besides its roles in inflammation and in cellular adhesion [7], galectin-3 plays an
important role in (cardiac) fibrosis [8]. Furthermore, galectin-3 has an established role as
a modulator in tumor progression [9]. Galectin-3 is released in the circulation, and can
be measured reliably, and has been shown to independently predict outcomes in HF
patients [10], [11], [12] and [13] and in the general population [14] and [15]. However,
galectin-3 is not cardiac specific, but is expressed in several fibrotic and inflammatory
diseases [7].
sST2 is another fibrotic biomarker and is a member of the interleukin (IL)-1 receptor
family [16]. The ST2 gene in rats is induced upon stretch in cardiomyocytes and fibroblasts and ST2 ligands bind the anti-hypertrophic and anti-fibrotic interleukin-33. The
primary source of human sST2 has not yet been identified, however there are several
indications that vascular endothelial cells might be an important source of sST2 [17], [18]
and [19]. sST2 blocks the favorable influence of IL-33 [20]. Elevated levels of sST2 have
been associated with cardiac fibrosis and hypertrophy, and provide robust prognostic
information in patients with acute heart failure [21]. Moreover, in 810 patients enrolled
in the TIMI 14 and (ENTIRE)-TIMI 23 trials, sST2 levels were associated with an increased
risk of mortality or HF in patients after acute MI [22]. Like galectin-3, sST2 is not only
involved in fibrosis, but also plays an important role in inflammation and immunological
diseases [23].
Galectin-3 and sST2 have recently received AHA recommendation for risk stratification
in heart failure [24], but few data are available regarding their prognostic value in the
post-MI setting. The role of these biomarkers in post-MI remodeling has been studied in a
cohort of 100 patients enrolling patients with a baseline left ventricular ejection fraction
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(LVEF) below 40%, and the authors concluded that no definite relationships between the
markers and left ventricular (LV) remodeling could be identified [25] and [26]. Therefore
we evaluated, for the first time head-to-head in a larger cohort, if galectin-3 and sST2
are associated with cardiac remodeling and development of left ventricular dysfunction.

Material and methods
Patient population
The subjects of this study were enrolled in the GIPS-III trial [NCT01217307] (n = 380)
[27]. The GIPS-III trial was a double-blind, placebo-controlled study that investigated
the effect of metformin on LVEF in non-diabetic subjects with a first MI. All subjects
underwent primary percutaneous coronary intervention (PCI). The design and outcomes of this trial have been published elsewhere [27] and [28]. The study protocol was
approved by the local ethics committee (Groningen, The Netherlands) and the study
protocol conforms to the ethical guidelines outlined in the 1964 Declaration of Helsinki
and its later amendments. All patients provided written consent, except for 1 patient
who verbally withdrew informed consent and therefore this patient was excluded from
analysis. Of the 379 patients, cardiac MRI (CMR) data at 4 months, and blood samples
at baseline and 4 months follow-up were available of 247 subjects, and these were the
current study sample.

Measurement of biomarkers
Blood samples were obtained on hospital admission (baseline) and 4 months after
acute STEMI. Blood was anticoagulated with EDTA. Blood was spun down and plasma
was stored at − 80 °C until further assaying. Plasma galectin-3 levels were measured
with the FDA-cleared galectin-3 ELISA kit (BG Medicine, Waltham, MA). Intra- and interassay coefficient of variability of this assay is 3.2% and 5.6% respectively [29]. Further
characteristics of this assay have been described in detail earlier [30]. Plasma sST2 was
measured with the FDA-cleared Presage® ST2 Assay (Critical Diagnostics, San Diego, CA).
Intra- and inter-assay coefficient of variability of this assay is 5.1% and 5.2% respectively.
Further characteristics have been published elsewhere [31]. The FDA-cleared threshold
values of 17.8 ng/mL for galectin-3 and 35.0 ng/mL for sST2 were used to categorize
patients in groups of elevated versus non-elevated plasma level. Delta biomarker levels
were calculated as the 4-month level minus the baseline level. All other samples were
measured in a routine setting. Creatinine (enzymatic), CK and CK-MB activity was measured on a Roche Modular P platform (Roche, Mannheim, Germany). NT-proBNP and
Troponin T were measured on a Roche Modular E system (Roche, Mannheim, Germany).
Troponin T was determined using either a fourth or a fifth-generation troponin assay.
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Measurements of outcomes

Statistical analysis
Normally distributed, continuous data are expressed as mean values (± SD). In comparisons of baseline characteristics, differences between mean values of continuous data
were calculated using the two-sample t-test. Non-normally distributed continuous
data are expressed as median values (IQR), and differences were calculated using the
Mann–Whitney U test. Differences in categorical values were calculated using Pearson’s
chi-square test.
Biomarker concentrations at baseline and 4 months were compared using a Wilcoxon
signed-rank test. Furthermore, the association between biomarker levels and CMR parameters was studied. First, an univariable linear regression analysis was performed for
all CMR parameters. Biomarker values were log transformed to correct for skewed distributions. Covariates that were univariably associated with the outcomes (p < 0.10) were
included in the multivariable models. Second, multivariable linear regression analysis
with backward elimination of predictors was performed to assess the independent
predictive value of biomarkers (single measurement and delta) for LV function at both
time points. Associations were reported as standardized betas.
The predictive value of galectin-3 (per doubling) for reduced LVEF (< 50%) was obtained
via multivariable logistic regression analysis and adjusted for covariates that were determined by backward elimination – as used in linear regression analysis – and reported by
odds ratios and the corresponding 95% confidence interval. All statistical analyses were
performed at a significance level of 0.05. Analyses were performed with STATA/MP, version
13.1 (StataCorp LP, College Station, TX) and with GraphPad Prism (La Jolla, CA).
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The primary endpoint of our study was LVEF after 4 months. Secondary endpoints included
infarct size, LV volumes (end-systolic and end-diastolic) and LV (end-diastolic) mass. LV
systolic dysfunction was defined as LVEF < 50%. These parameters were measured by CMR,
4 months after acute STEMI. A 3.0 Tesla whole-body MRI scanner (Achieva; Philips) was
used for imaging. Electrocardiogram-gated cine steady state, free precession CMR images
were obtained during repeated breath holds in contiguous short-axis slices of 1 cm. Late
gadolinium enhanced (LGE) images were acquired in the corresponding slice position as
the cine imaging, 10–15 min after contrast injection, to identify the size and extent of
myocardial infarction. Images were acquired covering the entire left ventricle. All images
were analyzed with QMass ES Cardiovascular Imaging Software (Medis, Leiden, The Netherlands). LV end-systolic and end-diastolic volumes were calculated with the summation
of slice method, and were multiplied by slice thickness. Total infarct size was expressed
in grams. An independent core lab (Image Analysis Center, VU University Medical Center,
Amsterdam, The Netherlands) evaluated the CMR measures that were blinded for treatment allocation and clinical patient data, including the biomarker data.
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Results
Study population
Baseline characteristics of the patient population are shown in Table 1. The mean age
of the study participants was 57.7 years. The majority of the patients were male (79.8%).
Baseline characteristics are also presented based on LVEF after 4 months (cut point
50%). Patients with LV systolic dysfunction after 4 months had higher baseline CK, CKMB, troponin T, NT-proBNP and galectin-3, compared to patients with preserved ejection
fraction. Patients with elevated plasma levels of galectin-3 at baseline were older and
had higher CK-MB levels (Supplemental Table 1). Patients with elevated plasma levels
of sST2 were predominantly male, had longer ischemic time, were less likely to smoke,
and had higher levels of CK, CK-MB, troponin T and NT-proBNP (Supplemental Table 2).
The use of metformin did not affect the primary outcome in GIPS-III [27]; further, the use
of metformin or placebo did not affect biomarker levels or deltas over time (data not
shown).

Galectin-3 and sST2 concentrations at baseline and follow-up
Plasma levels of the fibrotic biomarkers of patients with a first STEMI were relatively
stable over time (Fig. 1). Median levels of galectin-3 at baseline were 13.4 (11.4–16.2) ng/
mL and were moderately increased after 4 months (13.9 ng/mL (12.0–16.2); P = 0.02).
Galectin-3 levels were elevated (≥ 17.8 ng/mL) in 40 (16.2%) patients at baseline and in
41 (16.6%) patients at follow-up. Median levels of sST2 at baseline were 30.3 (24.9–40.5)
ng/mL and decreased numerically (P < 0.0001), but not substantially to 29.5 (23.6–35.0)
ng/mL at 4 months. sST2 levels were elevated (≥ 35.0 ng/mL) in 85 (34.4%) patients at
baseline and 61 (24.7%) at follow-up.




  










 

 




  











 

 
Figure 1: Changes
in median biomarker
levels over time after acute
MI.
Changes in median serum galectin-3 (A) and median serum sST2 (B) levels over time after acute MI are
shown. Whiskers represent interquartile ranges.
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Table 1: Baseline characteristics of all patients, and baseline characteristics stratified to LVEF (4 months
after acute MI).
P-value

Total

LVEF > 50%

LVEF < 50%

(n=247)*

(n=186)

(n=61)

Age (years), mean (SD) †

57.7 (11.6)

57.5 (11.3)

58.4 (12.6)

0.57

Male gender (%)

197 (79.8%)

145 (78.0%)

52 (85.2%)

0.22

Hypertension at baseline (%)

68 (27.5%)

53 (28.5%)

15 (24.6%)

0.55

Hypercholesterolemia at baseline (%)

149 (60.3%)

114 (61.3%)

35 (57.4%)

0.59

Cerebrovascular accident at baseline (%)

1 (0.4%)

1 (0.5%)

0 (0.0%)

0.57

Active smoker at randomisation (%)

126 (51.0%)

96 (51.6%)

30 (49.2%)

0.74

Heart rate (bpm), mean (SD)

76.0 (16.0)

75.7 (15.6)

77.0 (17.2)

0.57

Systolic blood pressure (mmHg), mean (SD)

132.9 (22.4)

133.4 (23.0)

131.4 (20.4)

0.54

Diastolic blood pressure (mmHg), mean (SD) 84.5 (14.9)

84.3 (15.0)

85.0 (14.9)

0.76

Total ischemic time (min), mean (SD)

197.7 (141.5)

193.1 (140.7)

211.7 (144.1)

0.37

TIMI flow

0

138 (55.9%)

94 (50.5%)

44 (72.1%)

0.007

1

20 (8.1%)

14 (7.5%)

6 (9.8%)

2

43 (17.4%)

36 (19.4%)

7 (11.5%)

3

46 (18.6%)

42 (22.6%)

4 (6.6%)

Culprit vessel

LAD

100 (40.5%)

66 (35.5%)

34 (55.7%)

LCX

41 (16.6%)

27 (14.5%)

14 (23.0%)

RCA

106 (42.9%)

93 (50.0%)

13 (21.3%)

2

<0.001

eGFR (mL/min/1.73 ), median [IQR] ‡

95.6 [86.0-103.0] 96.0 [86.5-103.0] 91.8 [84.5-102.9]

0.32

HBA1c (%), median [IQR]

5.8 [5.6-6.0]

0.50

CK total (U/L), median [IQR]

134.0 [92.0-215.0] 124.0 [86.0-188.0] 162.0 [114.0-310.0] <0.001

CK-MB (U/L), median [IQR]

16.0 [13.0-25.0]

15.0 [13.0-22.0]

20.0 [15.0-43.0]

0.002

Glucose (mmol/L), median [IQR]

8.2 [7.0-9.5]

8.2 [7.0-9.3]

8.5 [7.0-9.7]

0.52

Troponin T (ng/L), median [IQR]

46.0 [21.0-144.0] 39.0 [20.0-130.0] 57.5 [31.5-188.0]

0.024

NT-proBNP (ng/L), median [IQR]

79.0 [37.0-179.0] 67.0 [36.0-156.0] 94.0 [56.0-257.0]

0.020

Galectin-3 (ng/ml), median [IQR]

13.4 [11.4-16.1]

13.0 [11.2-15.4]

14.8 [12.5-18.2]

0.004

sST2 (ng/ml), median [IQR]

30.3 [24.9-40.5]

29.9 [24.8-39.2]

32.7 [26.1-50.8]

0.066

5.8 [5.6-6.0]

5.8 [5.6-6.0]

* ‘n’ means number (count of subjects);
† ‘SD’ means standard deviation;
‡ ‘IQR’ means interquartile range (25th to 75th percentile range).
Abbreviations: eGFR: estimated Glomerular Filtration Rate; HBA1c: Glycated hemoglobin; CK total: Total
level of creatine kinase; CK-MB: Creatine kinase isoenzyme MB; NT-proBNP: N-terminal pro-B-type natriuretic peptide.

Association of galectin-3 and sST2 concentrations with LV parameters
Mean (SD) LVEF at 4 months after acute MI was 54.3% (± 8.4) (Table 2). Patients with
elevated plasma galectin-3 levels at baseline had on average significantly lower LVEF
(50.3 (± 9.1) vs. 55.0 (± 8.0); P < 0.001), higher LV end-systolic volume (104.7 (± 48.7)
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vs. 87.5 (± 31.4) mL; P = 0.004) and larger infarct size (13.8 (± 12.9) vs. 8.6 (± 8.7) g; P =
0.002) 4 months after MI, compared to patients with non-elevated galectin-3 plasma
levels (Table 2a). LV end-diastolic mass and LV end-diastolic volume did not differ between elevated vs. non-elevated galectin-3 groups (Table 2a). In patients with elevated
sST2 levels, CMR parameters at 4 months were not significantly different compared to
patients with non-elevated sST2 levels (Table 2b; Fig. 2). Furthermore, as a sensitivity
analysis, the median of both biomarkers was used as cut point. Using the median values
of galectin-3 (13.4 ng/mL) and sST2 (30.3 ng/mL) as cut point, resulting in equal sized
groups, yielded similar results.
Table 2: Cardiac function 4 months after acute MI, and cardiac function stratified by galectin-3 (A) and
sST2 (B) level
A
Variables

Total

Galectin-3 < 17.8

Galectin-3 > 17.8

(n=247)*

(n=207)

(n=40)

P-value

LVEF (%), mean (SD) †

54.3 (8.4)

55.0 (8.0)

50.3 (9.1)

<0.001

LVEDM (g), mean (SD)

101.8 (24.2)

101.8 (23.6)

102.1 (27.3)

0.93

LVEDV ml, mean (SD)

193.1 (45.1)

191.2 (41.6)

203.1 (60.0)

0.13

LVESV (ml), mean (SD)

90.3 (35.2)

87.5 (31.4)

104.7 (48.7)

0.004

Infarct size (g), mean (SD)

9.4 (9.7)

8.6 (8.7)

13.8 (12.9)

0.002

P-value

B
Variables

Total

sST2 < 35.0

sST2 > 35.0

(n=247) *

(n=162)

(n=85)

LVEF (%), mean (SD) †

54.3 (8.4)

54.8 (8.3)

53.3 (8.5)

0.20

LVEDM (g), mean (SD)

101.8 (24.2)

101.5 (23.9)

102.4 (25.0)

0.80

LVEDV ml, mean (SD)

193.1 (45.1)

192.4 (47.0)

194.4 (41.5)

0.74

LVESV (ml), mean (SD)

90.3 (35.2)

89.1 (36.6)

92.5 (32.6)

0.47

Infarct size (g), mean (SD)

9.4 (9.7)

9.1 (10.2)

10.0 (8.6)

0.53

* ‘n’ means number (count of subjects);
† ‘SD’ means standard deviation;
Abbreviations: LVEF: left ventricular ejection fraction; LVEDM: left ventricular end-diastolic mass; LVEDV: left
ventricular end-diastolic volume; LVESV: left ventricular end-systolic volume.

Galectin-3 and sST2 as predictors for LVEF and infarct size
Multivariable linear regression analysis revealed that plasma galectin-3 level at baseline
was associated with LVEF (β = − 0.18; P = 0.005) infarct size (β = 0.18; P = 0.004) and
LVESV (β = 0.16; P = 0.009), reported by standardized betas, and after adjusting for age,
sex, TIMI flow, culprit vessel, troponin T, CK, NT-proBNP and eGFR (Table 3; Supplemental
Table 3). Baseline sST2 levels did not predict LVEF (β = − 0.01; P = 0.92), infarct size (β =
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Figure 2: Left ventricular ejection fraction and infarct size, 4 months after acute MI, and stratified by baseline galectin-3 and ST2 level.
LVEF after 4 months was stratified to non-elevated and elevated galectin-3 (A) and infarct size was also stratified by galectin-3 (B). LVEF after 4 months was also stratified by sST2 levels (C) and infarct size was also stratified by sST2 levels (D). Boxes represent interquartile ranges and whiskers represent 95% confidence interval.

− 0.04; P = 0.52) or LVESV (β = − 0.09; P = 0.20). However, at 4-months follow-up, plasma
galectin-3 levels did no longer predict LVEF or infarct size (β = − 0.02; P = 0.77, β = 0.01;
P = 0.91 respectively). Like at baseline, 4 months’ sST2 also did not predict LVEF (β = 0.02;
P = 0.78, β = − 0.08; P = 0.17). We furthermore ascertained that ischemic time (mean:
197.7 ± 141.4 min) did not affect the multivariable models (data not shown). Correction
for baseline galectin-3 did not affect the outcomes for sST2, while correction for baseline
sST2 did not affect the outcomes for galectin-3. Addition of hs-CRP to the multivariable
analysis did not substantially affect the results for both galectin-3 and sST2. Furthermore,
after adjustment for the use of ACE-inhibitor or ARB, beta-blocker, statin, aspirin, diuretic
and MRA during 4 months, galectin-3 was still associated with LVEF and infarct size.
Finally, we evaluated if galectin-3 and sST2 were able to predict reduced LVEF. Logistic regression analysis showed that baseline galectin-3 (per doubling) significantly
predicted LVEF < 50% 4 months after MI, after adjustment for age, sex, TIMI flow, culprit
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Table 3: Multivariable linear regression analysis for LVEF and infarct size.
LVEF (%)

Infarct size (g)

β*

P-value

β

P-value

Galectin-3

-0.20

0.002

0.21

0.001

sST2

-0.12

0.05

0.10

0.14

Baseline, crude:

Baseline, adjusted for age and sex:
Galectin-3

-0.20

0.002

0.21

0.001

sST2

-0.10

0.13

0.07

0.28

Baseline, adjusted for age, sex, TIMI flow, culprit vessel, troponin T, CK , NT-proBNP and eGFR:
Galectin-3

-0.18

0.005

0.18

0.004

sST2

-0.01

0.92

-0.04

0.52

4 months, crude:
Galectin-3

-0.04

0.52

0.04

0.52

sST2

0.002

0.98

-0.07

0.26

4 months, adjusted for age and sex:
Galectin-3

-0.04

0.51

0.05

0.47

sST2

0.03

0.68

-0.10

0.13

4 months, adjusted for age, sex, TIMI flow, culprit vessel, troponin T, CK, NT-proBNP and eGFR:
Galectin-3

-0.02

0.77

0.01

0.91

sST2

0.02

0.78

-0.08

0.17

* ‘ β ‘ means standardized beta coefficient. Abbreviations: LVEF: left ventricular ejection fraction; CK: Creatine
kinase; NT-proBNP: N-terminal pro-B-type natriuretic peptide; eGFR: estimated Glomerular Filtration Rate..

   



 

   

 

  

 



 

   

 

  

 





 



Figure 3: Associations of galectin-3 (per doubling) with reduced LVEF (<50%). Odds ratios were reported
and adjusted for age and sex or fully adjusted for age, sex, TIMI flow, culprit vessel, troponin T, CK, NTproBNP and eGFR. Whiskers represent 95% confidence interval.
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vessel, troponin T, CK, NT-proBNP and eGFR (Odds ratio (OR): 3.15 (1.32–7.56); P < 0.01)
(Fig. 3). Baseline sST2 (per doubling) did not predict LVEF < 50% after adjustment for
covariates (OR: 1.17 (0.70–1.98); P = 0.55).

Changes of galectin-3 and sST2 levels and LVEF
The change over time in biomarker levels and their association with outcome after 4
months was also calculated (Table 4) and reported by standardized betas after adjusting
for univariable predictors. Increasing galectin-3 levels were associated with higher LVEF
(β = 0.20; P = 0.002). Changes in sST2 were not associated with LVEF (β = 0.03; P = 0.71).
These results were comparable for infarct size and LV end-systolic volume. Moreover,
changes in biomarker levels were not associated with LV mass.
Table 4: Multivariable linear regression analysis (delta biomarker) for LVEF, infarct size, LVESV, LVEDV and
LV mass.
LVEF (%)

Infarct size (g)

LVESV (ml)

LVEDV (ml)

LV mass (g)

β*

P-value

β*

P-value

β*

P-value

β*

P-value

β†

P-value

Galectin-3

0.20

0.002

-0.21

0.001

-0.16

0.009

-0.11

0.06

-0.04

0.49

sST2

0.03

0.71

-0.03

0.63

0.07

0.29

0.13

0.04

0.03

0.61

Timepoint

Chapter 6

Δ Baseline - 4 Months:

* ‘ β ‘ means standardized beta coefficient and is adjusted for age, sex, TIMI flow, culprit vessel, troponin T,
CK, NT-proBNP and eGFR.
† β is adjusted for age, systolic and diastolic blood pressure, heart rate, TIMI flow, CK and eGFR.
Abbreviations : eGFR: estimated Glomerular Filtration Rate; LVEF: left ventricular ejection fraction; LVESV:
left ventricular end-systolic volume; LVEDV: left ventricular end-diastolic volume; LVEDM: left ventricular
end-diastolic mass; NT-proBNP: N-terminal pro-B-type natriuretic peptide.

Use of cardiovascular drugs and biomarker levels
In an exploratory analysis, we evaluated if the use of common cardiovascular drugs was
associated with a rise or fall in galectin-3 and/or sST2 (Supplemental Table 4). There were
no differences in biomarker levels in treated versus non-treated groups for Angiotensin
Converting Enzyme inhibitors (or Angiotensin Receptor Blockers), beta-blockers, and diuretics. Since aldosterone is a pivotal hormone in fibrosis formation, we also conducted
an exploratory analysis to link changes in fibrotic markers to the use of mineralocorticoid
receptor antagonists (MRAs). Median plasma galectin-3 level at baseline of patients who
received MRA therapy was 15.3 ng/mL and in patients without MRA therapy this was
13.2 ng/mL. Patients who received MRA therapy, showed a decrease of galectin-3 over
4 months (− 2.1 ng/mL), versus an increase of galectin-3 in patients who did not receive
MRA therapy (+ 0.7 ng/mL; difference between the groups P < 0.001). In both the MRA
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treated and non-MRA treated groups, there was a decrease of sST2, but there was no
significant difference between these groups (− 3.6 versus − 1.1; P = 0.27).

Discussion
This study demonstrates that patients with elevated galectin-3 levels at the time of
acute MI have lower LVEF after 4 months, when compared to patients with non-elevated
baseline galectin-3 levels. Elevated baseline sST2 levels were not associated with a
lower LVEF, or infarct size compared to non-elevated sST2 levels. Baseline galectin-3 was
an independent predictor for LVEF and infarct size at baseline. However, at 4 months,
galectin-3 losts its predictive value.
A previous study by Weir et al. also concluded that high baseline galectin-3 concentrations are associated with lower LVEF at 24-weeks follow-up, in patients admitted with
acute MI and LV dysfunction [25]. The present study confirms these findings by demonstrating that high galectin-3 levels were associated with lower LVEF at 4 months followup, and extends these results by reporting an association between elevated levels of
galectin-3 and larger infarct size and LVESV. In contrast to our study, Weir and colleagues
also showed a clear association between baseline sST2 and LVEF after 24 weeks [26].
We could not confirm the associations between sST2 levels (at baseline, at 4 months, or
change over time) with cardiac function measured by MRI. Several differences between
our studies exist, however, that may explain this. First, Weir et al. only included patients
with LV dysfunction (LVEF < 40% on echocardiogram), which were then subsequently
enrolled. So, patients with relatively preserved LVEF were not part of the study by Weir et
al., whereas the large majority in our trial had relatively preserved LVEF — in our study,
we did not select for LV dysfunction as a criterion for enrollment. Further, in the study
by Weir et al., blood was drawn after (a mean) period of 46 h after enrollment, while
CMR was done at 97 h post enrollment and another CMR was performed after 24 weeks.
Our baseline sampling was done immediately at hospital admission. Since sST2 concentrations increase steadily after MI with maximum expression in 12–18 h after onset of
symptoms [16] and [32], this may in part explain the differences in results. Additionally,
our study had a shorter follow-up period — 16 weeks instead of 24 weeks. Finally, we
studied a larger population (N = 247) cohort than Weir et al. (N = 100) [26].
We observe that galectin-3 levels slightly increase after MI, while sST2 levels decrease
over a 4 months’ time period. These differences in biomarker levels could be related to
differences in pathophysiology in cardiac remodeling, suggesting that sST2 plays a more
acute role as a pro-inflammatory cytokine, whereas galectin-3 has a more persistent role
in patients with cardiac remodeling. This is supported by a recent study that concluded
that galectin-3 was among the most stable biomarkers measured in patients after PCI
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following MI [33]. sST2 levels have the tendency to be higher shortly after MI, and decrease again over time, as was observed in another cohort [26]. Recent experimental
data obtained from an animal experiment, showed that galectin-3 mRNA expression in
the infarcted myocardium is increased after permanent left anterior descending coronary artery ligation and reaches its maximum level after 1 week [34]. Our results are not
conclusive as to the question if galectin-3 is stable over time, as we assume, or if a peak
exists after ~ 1 week, we would have missed.
In contrast with the profound adverse prognostic consequence of increasing galectin-3 levels in patients with heart failure [35], we observed in this post-MI cohort that
patients with increasing galectin-3 levels, have a better LVEF than patients with decreasing galectin-3 levels. A similar trend was observed in a previous study [25]. This suggests
that the presence of galectin-3 could be beneficial during the first initial period after MI.
Possibly, increased galectin-3 levels could reflect an attempt to restore LV function during the process of inflammation and fibrogenesis. One might speculate that galectin-3
is upregulated to form stiffer collagen in order to prevent LV dilatation and preserve
LV ejection fraction. Nevertheless, sustained high baseline galectin-3 levels remain an
adverse signal.
Biomarker targeted treatment has attracted strong attention. It is interesting to speculate that targeted treatment aimed to lower galectin-3 or sST2 perhaps could improve
prognosis of patients after acute MI. In experimental models, genetic disruption and
pharmacological inhibition of galectin-3 has been shown to attenuate cardiac fibrosis
[36]. Other recent experimental data showed that MRA treatment after MI strongly reduced galectin-3 and sST2 expression in the infarcted myocardium and improved LVEF
[37]. Our current results suggest that patients with elevated levels of galectin-3 are at
risk to develop LV dysfunction. Whether MRAs are beneficial in patients with elevated
concentrations of fibrotic biomarkers remains unknown. Our post-hoc analysis suggests
that MRA therapy might be used to lower galectin-3 levels. sST2 levels were not significantly lower after MRA therapy, as was already identified earlier [26]. However, this is a
post-hoc analysis, and bias (e.g. due to bias by indication) must be considered in the
interpretation of these outcomes.

Study limitations
Limitations of this study are inherent to secondary analyses. They include a potential
lack of power- the GIPS-III study was not powered for the current substudy, although the
present sample is substantially larger than other post-MI studies that addressed the role
of biomarkers in predicting cardiac remodeling. In clinical practice, it is most common to
use baseline samples; we also measured at the 4-month time point but not in between.
After categorizing patients, there turned out to be fewer subjects with elevated galectin-3 levels compared to patients with elevated sST2 subjects — high galectin-3 levels
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apparently identify a smaller part of the population and hence an unequal number of
subjects were compared; however, we felt that adhering to the FDA-cleared and the
strongly advocated cut-off values methodologically provides the best approach. To corroborate our findings, we used median values as cut point which showed similar results.
Additionally, in this study, no CMR measurement was available at baseline; we assumed
that all subjects had a normal LVEF before their first MI and subsequent cardiac remodeling, but we cannot exclude that some subjects had LV dysfunction before enrollment
in the trial. To overcome this lack of baseline measurement of infarct size, we corrected
for troponin as well as CK’s in the multivariable model – both established measures of
severity of myocardial infarction. Finally, our findings are only applicable to patients
without known diabetes mellitus and therefore our results cannot be extrapolated to all
patients with acute MI.

Conclusion
We studied for the first time head-to-head two emerging and licensed fibrotic biomarkers, galectin-3 and sST2, in a post-MI cohort to determine whether they might be associated with cardiac remodeling. We show that in patients with high baseline galectin-3
levels, LVEF is significantly lower at 4 months. In patients with elevated sST2 this trends
to show decreased LVEF. In further analysis we observed that baseline galectin-3, but
not sST2, was independently associated with the development of LV dysfunction and
infarct size. After 4 months, the level of fibrotic biomarkers was not associated with
cardiac function anymore. We conclude that baseline galectin-3 has strong association
with progressive cardiac remodeling after MI, while sST2 has not, and hypothesize that
elevated galectin-3 in subjects at the time of MI may predispose to accelerated tissue
damage. Possibly, MRA therapy might be used to lower galectin-3 levels.
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Supplemental Table 1: Baseline characteristics for all patients, and stratified by baseline galectin-3 level.
Variables

Total

Galectin-3 < 17.8 Galectin-3 > 17.8 P-value

(n=247)*

(n=207)

(n=40)

Age (years), mean (SD)†

57.7 (11.6)

57.0 (11.0)

61.4 (13.9)

0.028

Male gender (%)

197 (79.8%)

165 (79.7%)

32 (80.0%)

0.97

Hypertension at baseline (%)

68 (27.5%)

57 (27.5%)

11 (27.5%)

1.00

Hypercholesterolemia at baseline (%)

149 (60.3%)

121 (58.5%)

28 (70.0%)

0.17

Cerebrovascular accident at baseline (%)

1 (0.4%)

0 (0.0%)

1 (2.5%)

0.023

Active smoker at randomisation (%)

126 (51.0%)

111 (53.6%)

15 (37.5%)

0.062

Heart rate (bpm), mean (SD)

76.0 (16.0)

75.5 (16.1)

78.7 (15.4)

0.24

Systolic blood pressure (mmHg), mean (SD)

132.9 (22.4)

132.8 (22.8)

133.8 (20.4)

0.79

Diastolic blood pressure (mmHg), mean (SD) 84.5 (14.9)

83.8 (15.0)

88.2 (13.9)

0.090

Total ischemic time (min), mean (SD)

197.7 (141.5)

202.5 (141.9)

172.9 (138.2)

0.23

TIMI flow

0

138 (55.9%)

115 (55.6%)

23 (57.5%)

0.81

1

20 (8.1%)

16 (7.7%)

4 (10.0%)

2

43 (17.4%)

38 (18.4%)

5 (12.5%)

3

46 (18.6%)

38 (18.4%)

8 (20.0%)

LAD

100 (40.5%)

80 (38.6%)

20 (50.0%)

LCX

41 (16.6%)

34 (16.4%)

7 (17.5%)

RCA

Culprit vessel

0.32

106 (42.9%)

93 (44.9%)

13 (32.5%)

eGFR (mL/min/1.732), median (IQR)‡

95.6 [86.0-103.0]

96.5 [86.4-104.0]

89.2 [77.8-97.1]

0.009

HBA1c (%), median (IQR)

5.8 (5.6, 6.0)

5.8 (5.6, 6.0)

5.7 (5.6, 6.0)

0.43

CK total (U/L), median (IQR)

134.0 (92.0, 215.0) 133.0 (90.0, 210.0) 140.0 (97.0, 295.5) 0.64

CK-MB (U/L), median (IQR)

16.0 (13.0, 25.0)

16.0 (13.0, 24.0)

19.5 (15.0, 31.5)

0.043

Glucose (mmol/L), median (IQR)

8.2 (7.0, 9.5)

8.2 (7.0, 9.6)

8.6 (7.0, 9.3)

0.81

Troponin T (ng/L), median (IQR)

46.0 (21.0, 144.0) 46.5 (20.0, 144.0) 44.0 (24.0, 152.0) 0.74

NT-proBNP (ng/L), median (IQR)

79.0 (37.0, 179.0) 79.0 (37.0, 178.0) 68.0 (37.0, 213.5) 0.90

Galectin-3 (ng/ml), median (IQR)

13.4 (11.4, 16.1)

12.7 (11.0, 14.5)

20.8 (19.4, 24.2)

<0.001

ST2 (ng/ml), median (IQR)

30.3 (24.9, 40.5)

30.1 (24.9, 39.5)

33.2 (26.9, 46.1)

0.18

* ‘n’ means number (count of subjects);
† ‘SD’ means standard deviation;
‡ ‘IQR’ means interquartile range (25th to 75th percentile range).
Abbreviations: eGFR: estimated Glomerular Filtration Rate; HBA1c: Glycated hemoglobin; CK total: Total
level of creatine kinase; CK-MB: Creatine kinase isoenzyme MB; NT-proBNP: N-terminal pro-B-type natriuretic peptide.
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Supplemental Table 2: Baseline characteristics for all patients, and stratified by baseline sST2 level.
Variables

Total

ST2 < 35.0

ST2 > 35.0

P-value

(n=247)*

(n=162)

(n=85)

Age (years), mean (SD)†

57.7 (11.6)

57.3 (11.6)

58.6 (11.6)

0.40

Male gender (%)

197 (79.8%)

123 (75.9%)

74 (87.1%)

0.039

Hypertension at baseline (%)

68 (27.5%)

46 (28.4%)

22 (25.9%)

0.67

Hypercholesterolemia at baseline (%)

149 (60.3%)

93 (57.4%)

56 (65.9%)

0.20

Cerebrovascular accident at baseline (%)

1 (0.4%)

1 (0.6%)

0 (0.0%)

0.47

Active smoker at randomisation (%)

126 (51.0%)

90 (55.6%)

36 (42.4%)

0.049

Heart rate (bpm), mean (SD)

76.0 (16.0)

75.8 (14.9)

76.3 (18.0)

0.81

Systolic blood pressure (mmHg), mean (SD)

132.9 (22.4)

132.4 (22.2)

134.0 (22.8)

0.59

Diastolic blood pressure (mmHg), mean (SD) 84.5 (14.9)

83.6 (14.7)

86.2 (15.3)

0.19

Total ischemic time (min), mean (SD)

197.7 (141.5)

170.7 (116.8)

249.3 (168.5)

<0.001

TIMI flow

0

138 (55.9%)

85 (52.5%)

53 (62.4%)

0.49

1

20 (8.1%)

15 (9.3%)

5 (5.9%)

2

43 (17.4%)

30 (18.5%)

13 (15.3%)

3

46 (18.6%)

32 (19.8%)

14 (16.5%)

LAD

100 (40.5%)

66 (40.7%)

34 (40.0%)

LCX

41 (16.6%)

28 (17.3%)

13 (15.3%)

RCA

0.89

Chapter 6

Culprit vessel

106 (42.9%)

68 (42.0%)

38 (44.7%)

eGFR (mL/min/1.732), median (IQR)‡

95.6 [86.0-103.0]

95.6 [84.7-103.0]

95.8 [88.7-102.0]

0.52

HBA1c (%), median (IQR)

5.8 (5.6, 6.0)

5.7 (5.6, 6.0)

5.8 (5.6, 6.1)

0.12

CK total (U/L), median (IQR)

134.0 (92.0, 215.0) 127.0 (86.0, 192.0) 152.0 (98.0, 280.0) 0.025

CK-MB (U/L), median (IQR)

16.0 (13.0, 25.0)

15.0 (13.0, 22.0)

19.0 (15.0, 33.0)

0.002

Glucose (mmol/L), median (IQR)

8.2 (7.0, 9.5)

8.3 (6.9, 9.4)

8.1 (7.0, 9.6)

0.71

Troponin T (ng/L), median (IQR)

46.0 (21.0, 144.0) 36.0 (20.0, 87.0)

NT-proBNP (ng/L), median (IQR)

79.0 (37.0, 179.0) 73.5 (33.0, 136.0) 112.0 (48.0, 314.0) 0.016

Galectin-3 (ng/ml), median (IQR)

13.4 (11.4, 16.1)

13.0 (11.2, 15.7)

13.9 (11.6, 16.7)

0.27

ST2 (ng/ml), median (IQR)

30.3 (24.9, 40.5)

26.6 (22.3, 30.1)

46.0 (39.7, 58.0)

<0.001

77.0 (26.0, 220.0) 0.002

* ‘n’ means number (count of subjects);
† ‘SD’ means standard deviation;
‡ ‘IQR’ means interquartile range (25th to 75th percentile range).
Abbreviations: eGFR: estimated Glomerular Filtration Rate; HBA1c: Glycated hemoglobin; CK total: Total
level of creatine kinase; CK-MB: Creatine kinase isoenzyme MB; NT-proBNP: N-terminal pro-B-type natriuretic peptide.
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Supplemental Table 3: Multivariable linear regression analysis for LVESV, LVEDV and LV mass.
LVESV (ml)
Timepoint

LVEDV (ml)

LV mass (g)

β*

P-value

β*

P-value

β**

P-value

Baseline:
Galectin-3

Baseline

0.16

0.009

0.10

0.11

0.01

0.89

sST2

Baseline

-0.09

0.20

-0.13

0.05

-0.01

0.94

Galectin-3

4 months

0.03

0.63

0.001

0.99

-0.04

0.61

sST2

4 months

-0.03

0.60

-0.02

0.74

0.03

0.64

Follow-up:

* ‘ β ‘ means standardized beta coefficient and is adjusted for age, sex, TIMI flow, culprit vessel, troponin T,
CK , NT-proBNP and eGFR.
** β is adjusted for age, systolic and diastolic blood pressure, heart rate, TIMI flow, CK total (baseline) and
eGFR.
Abbreviations: LVESV: left ventricular end-systolic volume; LVEDV: left ventricular end-diastolic volume;
LVEDM: left ventricular end-diastolic mass; NT-proBNP: N-terminal pro-B-type natriuretic peptide.

Supplemental Table 4: Effect of medical therapy at discharge on biomarker levels
P-value

Therapy

No therapy

Δ Biomarker

Δ Biomarker

ACE/ARB therapy:

(n=197)

(n=50)

Δ Galectin-3

0.6

0.8

0.29

Δ sST2

-1.3

-1.1

0.95

Beta blocker therapy

(n=239)

(n=8)

Δ Galectin-3

0.6

2.0

0.36

Δ sST2

-1.2

-6.2

0.89

Diuretic therapy

(n=3)

(n=244)

Δ Galectin-3

-0.7

0.6

0.17

Δ sST2

-2.9

-1.3

0.98

MRA therapy

(n=24)

(n=223)

Δ Galectin-3

-2.1

0.7

<0.001

Δ sST2

-3.6

-1.1

0.27
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Abstract
Background: High baseline galectin-3 levels are associated with increased risk for adverse cardiovascular outcomes in the general population, but determinants of changes
in galectin-3 levels over time have not been established. Therefore, we aimed to identify
determinants of (temporal) change in galectin-3 levels.
Methods: Galectin-3 plasma levels were measured in a large community based cohort
(PREVEND study) at 3 different time points: at baseline, after ~ 4 and ~ 9 years. The association of baseline clinical and biochemical factors and (temporal) changes in galectin-3
level was assessed using multivariable mixed-effects regression modeling.
Results: In 4355 subjects, galectin-3 plasma levels were available at all time points
(mean age: 48 ± 12 years; 50% female). Median galectin-3 level at baseline was 10.7
[8.9–12.7] ng/mL which gradually increased to 11.5 [9.4–14.3] ng/mL after ~ 9 years.
Using mixed-effects regression modeling, we first validated as independent determinants of baseline circulating galectin-3: eGFR (chi square (χ2):210.27, p < 0.0001), gender
(χ2:43.85; p < 0.0001), BMI (χ2:19.68, p = 0.0001), NT-proBNP (χ2:18.76, p = 0.0001) and
serum (total) cholesterol (χ2:8.63, p = 0.01). Furthermore, we identified urinary albumin
excretion (χ2:34.03, p-value: < 0.0001) and systolic blood pressure (χ2:16.81, p = 0.002) as
independent determinants of temporal changes of galectin-3.
Conclusions: In the general population, urinary albumin excretion > 30 mg/24 h and
systolic blood pressure > 170 mmHg were identified as significant determinants of
dynamic increases in galectin-3 levels over time. These results implicate that treatment
of high blood pressure might be effective to prevent increasing galectin-3 levels and its
associated conditions.
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Heart failure (HF) is a lethal disease and surpasses most types of cancer regarding mortality [1]. HF incidence might have shown a slight decline over the past years, primarily
because of reduced heart failure with reduced ejection fraction (HFrEF) incidence, but
mortality and hospitalization rates remain unchanged [2]. Prior to the diagnosis of
HF, patients often experience years of clinically silent cardiac remodeling, slowly progressing to HF [3]. This subclinical disease is common in elderly people and therefore
blood-borne biomarkers can be used to identify individuals who are at higher risk for
cardiovascular events [4].
Galectin-3 is a marker of cardiac remodeling and is of potential interest to identify
patients in the subclinical phase of disease. Galectin-3 is a beta-galactoside binding lectin that is involved in inflammation and fibrosis and is widely studied in cardiovascular
disease [5]. Upon cardiac damage, galectin-3 activates fibroblasts into active matrixsecreting myofibroblasts, resulting in cardiac fibrosis [6]. In apparently healthy subjects,
elevated baseline galectin-3 levels are associated with increased risk of mortality and
new-onset HF [7], [8] and [9]. Galectin-3 is also predictive in diseased individuals and is
especially useful for prediction of short-term outcome (≤ 1 year) in HF patients [10] and
[11]. Furthermore, galectin-3 levels change over time and these serial measurements
add prognostic value [12], [13] and [14].
These associations have primarily been derived from cross-sectional data and little is
known about the temporal change of galectin-3. However, evidence of galectin-3 as a
prognostic indicator in HF is accumulating, and galectin-3 has been implemented in the
2013 ACC/AHA HF guidelines as a (class of recommendation IIB) prognostic indicator for
HF [15]. Since galectin-3 has been recognized as important factor in HF, it now becomes
increasingly important to better understand why certain individuals show temporal
changes of galectin-3 over time.
However, determinants of temporal change of galectin-3 in ostensibly healthy subjects in the long term are unknown. Identification of these determinants may help us to
better understand the underlying causes of disease and provide mechanistic insights
[16], [17], [18] and [19]. Eventually, these determinants may be used to develop new
therapeutic targets in order to prevent this “silent” progression to HF and these determinants may also be used to provide lifestyle advice. Therefore, we studied the temporal
change of galectin-3 and its determinants in a large, longitudinal, community-based
study with repeated measurements of galectin-3.
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Methods
Study population
The Prevention of REnal and Vascular ENd-stage Disease (PREVEND) study is a prospective, observational cohort study, derived from the general population and comprises
8592 participants. This study was designed to monitor long-term development of cardiac, renal and peripheral vascular end-stage disease. More details have been described
previously [20] and [21]. Informed consent was obtained from each patient and the
study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki
as reflected in a priori approval by the institution’s human research review committee.
In this study, galectin-3 was measured at 3 time points: at baseline, at 1st follow-up
(median: 4.2 years) and at 3rd follow-up (median: 9.3 years). Non-Caucasian subjects
were excluded (N = 379) because it is not known whether normal ranges of galectin-3
established in Caucasians can be applied to all ethnicities. Subjects with missing galectin-3 values among these 3 time points were also excluded (N = 3858), and therefore the
current study sample comprised 4355 subjects.

Definitions and measurement of risk factors
Smoking was defined as current smoking or smoking within the last 5 years before
baseline visit. Diabetes mellitus was defined as a fasting glucose level of > 7.0 mmol L− 1
(126 mg dL− 1) or the use of anti-diabetic drugs. History of myocardial infarction (MI) was
defined as self-reported hospitalization for at least 3 days as a result of MI. Hypertension
was defined as systolic blood pressure > 140 mmHg and/or diastolic blood pressure >
90 mmHg and/or the use of anti-hypertensive medication. Systolic and diastolic blood
pressures were calculated as the mean of the last two measurements of ten blood pressure measurements recorded in 10 min, using an automatic Dinamap XL Model 9300
series device. Hypercholesterolemia was defined as having a serum cholesterol level of >
6.5 mmol L− 1 (251 mg dL− 1) or the use of lipid-lowering medication. Estimated Glomerular Filtration Rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation and cystatin C concentrations [22]. Urinary albumin
excretion (UAE) was determined as the average value from two consecutive 24-hour
urine collections. N-terminal pro-B-type natriuretic peptide (NT-proBNP) was measured
on an Elecsys™ 2010 analyzer. To be able to clearly define subjects at risk, we decided to
categorize our determinants, using 2 cut points and thereby creating normal/high/very
high levels. Therefore the following cut points were used to categorize the determinants:
BMI: /25/30/; eGFR: /90/60/; CRP: /10/20/; NT-proBNP: /100/300/; heart rate: /90/100/;
systolic blood pressure: /140/170/; diastolic blood pressure: /90/100/; triglycerides:
/2.0/4.0/; total cholesterol: /5.0/6.5/; LDL: /2.5/4.0/; HDL: /1.7/2.5/; glucose: /7.0/12.0/;
cystatin C /1.25/2.0/; creatinine: /100/130/.
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Measurement of galectin-3
Blood was drawn and samples were anticoagulated with EDTA and centrifuged. Plasma
was stored at − 80 °C until time of analysis. Galectin-3 was measured in plasma using
the FDA-cleared BGM Galectin-3 ELISA kit (BG Medicine Inc., Waltham, USA). This assay
measures the concentration of human galectin-3 levels and its intra- and inter-assay
coefficients are 3.2% and 5.6%, respectively, with a lower limit of detection of 1.13 ng/
mL [23]. This assay did not show cross-reactivity with other types of collagens, or with
other members of the galectin family. Also, there is no interference with commonly used
HF medication. The samples at baseline were measured in duplicate and average values
were calculated for our analysis. All samples at the two follow-up visits were measured
in singular. To correct for years of storage, a linear correction coefficient for the follow-up
galectin-3 measurements was applied, for each age category.

Normally distributed variables are expressed as mean ± standard deviation (SD). Nonnormally distributed variables are presented as median [interquartile range (IQR)]. In
comparison for normal distributed values across two groups, the two-sample t-test was
used. Non-normally distributed values were compared using the Wilcoxon rank-sum
test. Comparison of categorical values was performed using the Pearson’s chi-squared
test. Baseline characteristics across four groups were compared using the ANOVA
for continuous, normally distributed values, the Kruskal–Wallis test for continuous,
non-normally distributed variables and chi-square test for categorical variables. In an
exploratory analysis, the FDA-cleared cut point for galectin-3 of 17.8 ng/mL was used
to categorize subjects into high or low level, and increasing (one of the follow-up time
points > 17.8 ng/mL) or decreasing (one of the follow-up time points < 17.8 ng/mL)
over time to be able to study differences in baseline variables for these groups. The
PREVEND study was designed to overselect subjects with increased UAE (> 10 mg/L).
Therefore a design-based statistical weighting method was used (pweight) to adjust for
this overselection and allowing conclusions to be extended for the general population,
as described previously [21]. Measurements of galectin-3 were log-transformed to make
them more closely related to a normal distribution. A univariable mixed-effects regression analysis was conducted to screen individual variables for its association with galectin-3. The main effects and the interactions with time were tested using a chi square test
and these tests were adjusted for sex and age. We selected variables with p < 0.05 for the
multivariable analysis. Multivariable mixed-effect regression with a stepwise selection
procedure was performed in order to obtain the best-fitted model to estimate galectin-3
levels (over time). Margins of the model were calculated for each determinant in order
to obtain the predicted probabilities and were plotted in a marginsplot. Analyses were
performed with STATA/MP 13.1 (StataCorp LP, College station, TX, USA).
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Results
Study population and baseline characteristics
In total, 4355 subjects had galectin-3 plasma levels available at all time points and
baseline characteristics of these subjects are presented in Table 1/Supplemental Table 1.
At baseline, mean age (± SD) was 48 ± 11 years, 34% of the participants smoked, mean
systolic blood pressure was 127 ± 19 mmHg, mean diastolic blood pressure was 73 ±
10 mmHg, median BMI 25.3 [23.0–27.9] kg m− 2, median total cholesterol 5.5 [4.8–6.3]
mmol L− 1, median glucose 4.7 [4.3–5.1] mmol L− 1 and median eGFR was 99 [87–108] mL
min− 1. In the studied population, there was an equal distribution between males and
females. Males were slightly older, had more often experienced MI, and more CV risk
factors in general, with the exception of hypertension, which was more abundant in
females (28.2%), compared to males (26.4%) (Supplemental Table 2).
Table 1: Subject characteristics over time
Factor

Baseline

4.2-year follow-up

9.3-year follow-up

N*

4355

4355

4355

47.9 (11.2)

52.1 (11.2)

57.2 (11.1)

26.0 [23.5 - 28.7]

25.8 [23.3 - 28.5]

Age (years)
−2

BMI † (kg m )

25.3 [23.0 - 27.9]

Systolic blood pressure (mm Hg)

124.0 [113.0 - 137.0] 122.0 [112.0 - 135.0] 125.0 [114.0 - 139.0]

Diastolic blood pressure (mm Hg)

73.0 [67.0 - 79.0]

73.0 [67.0 - 79.0]

74.0 [68.0 - 80.0]

Heart rate (bpm)

68.0 [62.0 - 75.0]

67.0 [61.0 - 74.0]

66.0 [59.0 - 72.0]

eGFR ‡ (mL min−1)

98.6 [87.2 - 108.3]

95.3 [83.8 - 105.1]

90.7 [78.3 - 101.0]

Serum creatinine (μmol L-1)

82.0 [74.0 - 91.0]

83.2 [73.9 - 92.4]

76.0 [66.5 - 86.0]

Urinary albumin excretion (mg per 24 h)

8.7 [6.1 - 15.2]

8.4 [6.0 - 15.0]

9.2 [6.4 - 16.5]

Total cholesterol (mmol L-1)

5.5 [4.8 - 6.3]

5.3 [4.7 - 6.1]

5.0 [4.3 - 5.6]

Glucose (mmol L-1)

4.7 [4.3 - 5.1]

4.8 [4.4 - 5.3]

5.1 [4.8 - 5.5]

Galectin-3 (ng/mL)

10.7 [8.9 - 12.7]

11.3 [8.8 - 14.0]

11.5 [9.4 - 14.3]

Abbreviations: * Number of subjects; † Body Mass Index; ‡ estimated Glomerular Filtration Rate.

Galectin-3 level over time
Galectin-3 plasma level over time increased from 10.7 [8.9–12.7] ng/mL at baseline, to
11.3 [8.8–14.0] after ~ 4 years and 11.5 [9.4–14.3] after ~ 9 years (Table 1). Subjects were
further categorized based on galectin-3 levels using the FDA-cleared cut point of 17.8
ng/mL (Supplemental Table 3). The vast majority of the study subjects (89%) remained
below this cut point during the whole study. Subjects with increasing galectin-3 levels
over the established galectin-3 cut point of 17.8 ng/mL (7%) were older, were less likely
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to smoke, had lower BMI, lower eGFR, higher NT-proBNP and had more cardiovascular
risk factors including diabetes mellitus, hypertension, hypercholesterolemia and/or
stroke. There were very few subjects with elevated galectin-3 levels at baseline (2%).

Covariates over time
Last follow-up visit was at (median of ) 9.3 years after baseline visit. During these followup visits, BMI and blood pressure remained relatively stable, eGFR decreased from 99
[87–108] to 91 [78–101] mL min− 1. Furthermore, total cholesterol decreased over time,
and glucose levels were increasing during this time period (Table 1).

Mixed-effects regression analysis was used to identify potential determinants of galectin-3 level and herein was adjusted for age and sex, as known confounders for galectin-3
level (Table 2). Using the mixed-effects regression analysis we were able to assess determinants of temporal changes in galectin-3 level, as well as determinants of elevated
levels at baseline. At baseline, systolic blood pressure, diastolic blood pressure, UAE, CRP
and NT-proBNP significantly predicted temporal changes of galectin-3. Furthermore,
BMI, systolic blood pressure, diastolic blood pressure, eGFR, gender, serum creatinine,
UAE, triglycerides, cholesterol, LDL, HDL, CRP and NT-proBNP were all determinants of
elevated galectin-3 level.

Independent determinants of galectin-3 level and temporal change of
galectin-3
Significant determinants of (temporal change in) galectin-3 level were included in the
multivariable mixed-effects regression analysis (Table 3). We used a stepwise elimination approach to establish the best-fitting model. We established that eGFR < 90 mL
min− 1, BMI > 25 kg m− 2, total cholesterol > 5.0 mmol L− 1, NT-proBNP > 100 pg mL− 1 and
gender were determinants of elevated galectin-3 level cross-sectionally, but they did
not predict changes over time (Fig. 2; Supplemental Fig. 1). Our analyses identified that
urinary albumin excretion > 30 mg/24 h and systolic blood pressure > 170 mmHg were
important determinants of dynamic galectin-3 levels (Fig. 1).

Discussion
In this unique, large, community-based cohort with repeated measurements of galectin-3, we report for the first time several determinants of temporal changes of galectin-3.
We herein demonstrate that several determinants, especially systolic blood pressure
and urinary albumin excretion show interaction with time, and further increments in
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Table 2: Mixed-effects regression of various risk factors and log galectin-3 (over time) during 9.3 years of
follow-up, adjusting for age and sex.
Adjusted for age and sex
χ2

P-value

Smoking

0.53

0.47

Smoking # time

0.58

0.75

Diabetes Mellitus

2.95

0.09

Diabetes Mellitus # time

3.55

0.17

Myocardial Infarction

0.01

0.91

Myocardial Infarction # time

0.50

0.78

Stroke

2.22

0.14

Stroke # time

0.84

0.66

BMI

19.68

0.0001

BMI # time

5.18

0.27

Heart rate

3.06

0.22

Heart rate # time

3.97

0.41

Systolic BP

7.99

0.02

Systolic BP # time

16.81

0.002

Diastolic BP

10.31

0.006

Diastolic BP # time

13.54

0.009

Renal failure

210.27

<0.0001

Renal failure # time

4.89

0.30

Serum Creatinine

49.91

<0.0001

Serum Creatinine # time

6.65

0.16

UAE

19.91

<0.0001

UAE # time

34.03

<0.0001

Glucose

4.59

0.10

Glucose # time

3.13

0.54

Triglycerides

16.13

0.0003

Triglycerides # time

6.66

0.16

Cholesterol

8.63

0.01

Cholesterol # time

4.4

0.35

LDL

13.24

0.001

LDL # time

5.95

0.20

HDL

6.72

0.03

HDL # time

6.98

0.14

CRP

7.9

0.02

CRP # time

12.8

0.01

NT-proBNP

18.76

0.0001

NT-proBNP # time

11.51

0.02

Variable
Smoking
Diabetes Mellitus
Myocardial Infarction
Stroke
BMI *
Heart rate
Systolic blood pressure
Diastolic blood pressure
eGFR †
Serum creatinine
UAE ‡
Glucose
Triglycerides
Cholesterol
LDL §
HDL | |
CRP #
NT-proBNP * *

Abbreviations: * Body Mass Index; † estimated Glomerular Filtration Rate; ‡ Urinary Albumin Excretion; §
low-density lipoprotein; | | high-density lipoprotein; # C-reactive protein; * * N-terminal pro-B-type natriuretic peptide.
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Table 3: Multivariable mixed-effects regression of significant risk factors and log galectin-3 (over time)
during 9.3 years of follow-up.
Variable

Coefficient

[95% CI]

P-value

eGFR *

0.15

[0.13-0.16]

< 0.001

Gender

0.05

[0.03-0.06]

<0.001

NT-proBNP †

0.04

[0.02-0.06]

< 0.001

BMI ‡

0.03

[0.01-0.04]

< 0.001

Total cholesterol

0.03

[0.02-0.04]

< 0.001

Urinary albumin excretion # time
<30 – 4.2 year

0.08

[0.01-0.14]

0.03

<30 – 9.3 year

0.19

[0.12-0.26]

<0.001

30-300 - baseline

0.01

[-0.02-0.04]

0.58

30-300 – 4.2 year

0.03

[-0.04-0.10]

0.46

30-300 – 9.3 year

0.26

[0.19-0.33]

<0.001

>300 - baseline

0.05

[-0.03-0.13]

0.20

>300 – 4.2 year

0.14

[0.03-0.25]

0.01

>300 – 9.3 year

0.28

[0.18-0.39]

<0.001

<140 – 4.2 year

-0.05

[-0.11-0.02]

0.12

<140 – 9.3 year

-0.13

[-0.19-0.05]

<0.001

140-170 - baseline

0.01

[-0.03-0.02]

0.57

140-170 – 4.2 year

-0.03

[-0.10-0.04]

0.40

140-170 – 9.3 year

-0.10

[-0.18-0.03]

0.01

>170 - baseline

-0.03

[-0.10-0.03]

0.36

>170 – 4.2 year

0

(omitted)

>170 – 9.3 year

0

(omitted)
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Systolic blood pressure # time

Abbreviations: * estimated Glomerular Filtration Rate; † N-terminal pro-B-type natriuretic peptide; ‡ Body
Mass Index.

systolic blood pressure and urinary albumin excretion were associated with incremental
changes in galectin-3 over time. This suggests that such factors, when left untreated, are
associated with progressive production of galectin-3, which may signify maladaptive
structural changes in tissues, including fibrosis. We furthermore show that several factors (eGFR, gender, BMI, cholesterol, and NT-proBNP) that have been linked to elevated
galectin-3 levels are associated with elevations at baseline, but also several years later.
Biomarkers could serve as early warning signs that hint towards disease before any
clinical manifestation of this disease is present. These biomarkers represent a pathophysiological mechanism that can be triggered by various factors. Galectin-3 is a relatively
new prognostic biomarker for HF patients, which is not dependent of cardiac loading
conditions [24] and [25]. In the heart, galectin-3 is primarily involved in immunology
and fibrosis. Following cardiac injury, macrophages will release galectin-3, in order to
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Figure 1: Determinants of temporal changes of galectin-3. For each variable, 2 cut points were defined in
order to create groups with normal, elevated and high levels. This figure displays that micro-albuminuria at
baseline is associated with a mild elevation of galectin-3 levels over time. However, in subjects with macroalbuminuria, galectin-3 is already elevated and further increases over time. Furthermore, severe hypertension at baseline (> 170 mm Hg), identifies subjects who develop high galectin-3 levels over time.

Figure 2: Determinants of galectin-3 level, stratified by pre-specified cut points. This figure displays that
impaired renal function is the major determinant of (already) elevated galectin-3 level, but not for progressive increase.
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activate quiescent fibroblasts into active matrix-secreting myofibroblasts and to stimulate migration and infiltration of macrophages [5]. We showed before that higher levels
of galectin-3 are associated with increased risk for all-cause mortality and new-onset
heart failure in the general population [7] and [14]. This observation has been confirmed
by several independent studies [8], [9] and [26]. Therefore, efforts have been made to
further elucidate the exact role of galectin-3 in the heart and to establish determinants
of human plasma levels.
In this study, we now identify, for the first time, factors that predict increasing galectin-3 levels over time. Using our unique long-term longitudinal study design we have
used mixed-effects regression analysis to define predictors of temporal changes of
galectin-3 during a ~ 9-year follow-up. Our results indicate that a (very) high systolic
blood pressure (> 170 mmHg) is a predictor of increasing galectin-3 level. Moreover, a
(modest) urinary albumin excretion (> 30 mg/24 h) also results in increasing galectin-3.
Systolic blood pressure and galectin-3 levels have also been linked previously in
preclinical studies. In a sensitivity analysis in rats with aldosterone-induced vascular fibrosis was shown that systolic blood pressure was the parameter that was most strongly
associated with increased galectin-3 and collagen expression [27]. Furthermore it was
observed that patients with LV hypertrophy, which is frequently found in hypertensive
patients, had higher levels of galectin-3 [28], also suggesting an association between
hypertension and galectin-3 levels.
Thus far, studies have shown that age, gender, renal function and NT-proBNP are
established determinants of galectin-3 level [7], [29], [30] and [31]. The current data
validate these factors as determinants of galectin-3 level at a given time point, and
furthermore identify BMI and total cholesterol level as cross sectional determinants of
galectin-3 level. We show that a mild impairment of renal function (eGFR: 60–90) results
in a significantly elevated level of galectin-3 and that severe impairment of renal function (eGFR < 60) is accompanied with a substantial elevation of galectin-3 level.
Renal function and galectin-3 are closely related to each other [7] and [32]. It has been
shown that galectin-3 levels increased in parallel with progressive renal impairment
and that galectin-3 is particularly associated with outcome in patients with impaired
renal function, and to a lesser extent in subjects with normal kidney function [29]. Possibly, galectin-3 is cleared by the kidney and therefore impaired renal filtration results
in elevated levels, mainly because fractional galectin-3 clearance is reduced [33]. Our
study cannot be conclusive in what develops first: renal dysfunction or elevated eGFR.
However we observe that galectin-3 levels are already elevated with reduced eGFR.
Furthermore, data from the Framingham cohort suggest that elevated levels of plasma
galectin-3 precede the development of de novo chronic kidney disease [34].
Obesity and systolic blood pressure are also closely related — obese patients show
higher blood pressure and therefore could experience higher galectin-3 levels [35].
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However, in our analysis, BMI remained an independent predictor of galectin-3 level
suggesting there might be an additional pathway. Previous work suggested that systemic galectin-3 is elevated in obesity, possibly via the increased contribution of visceral
fat leading to activation of systemic inflammation [36]. Determinants of increasing NTproBNP levels have also been established previously, which include incident myocardial
infarction, new beta-blocker medication and increased cardiac parameters, indicating
that galectin-3 and NT-proBNP levels represent different pathophysiological pathways.
Our findings are supportive of the assumption that an unhealthy lifestyle is associated with elevated galectin-3 levels. Specifically, we found that common risk factors
in cardiovascular disease, like blood pressure, renal function, blood pressure, gender,
obesity, cholesterol and NT-proBNP are important in predicting galectin-3 level. As most
important driving force, systolic blood pressure and renal function were identified,
which may be regarded as two signs from a common disease. Based on the findings
in our studies we speculate that treatment of high blood pressure could be beneficial
in the prevention of increasing galectin-3 levels. However, further prospective studies
are needed to elucidate whether modification of these risk factors, possibly guided by
galectin-3 increases, is more effective than current CV risk management.

Study limitations
The strength of this study is the large, community-based cohort with almost 10-year
follow-up and galectin-3 measurements at three time points. This large sample size
allows us to draw adequate conclusions. Intrinsic to studying biomarker changes over
time, survival bias can be present. Because changes in galectin-3 level over time were
studied, patients with missing galectin-3 values were excluded, including patients that
died during follow-up. Finally, this was a post hoc analysis of observational data, so there
might be a risk for residual confounding.

Conclusions
In the general population, baseline systolic blood pressure > 170 mmHg and urinary
albumin excretion > 30 mg L− 1 were identified as important predictors for increasing
galectin-3 levels over a period of ~ 9 years. Furthermore, we validate baseline eGFR < 60
mL min− 1 as a strong determinant and BMI, total cholesterol and NT-proBNP as moderate determinants of cross sectional galectin-3 level. We speculate that treatment of high
blood pressure can prevent increasing galectin-3 levels, but further prospective studies
are needed to determine whether modifying these factors would prevent increasing
galectin-3 levels, and its associated diseases.
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Supplemental Table 1: Baseline characteristics of included subjects versus excluded subjects
Included

Excluded

P-value

N

4355

4237

Age (years)

47.9 (11.2)

50.7 (13.9)

<0.001

Gender (male), N(%)

2189 (50.3%)

2080 (49.3%)

0.36

Smoking (last 5 years), N(%)

1485 (34.2%)

1759 (41.9%)

<0.001

Diabetes mellitus, N(%)

111 (2.6%)

261 (6.3%)

<0.001

Myocardial Infarction, N(%)

188 (4.4%)

315 (7.6%)

<0.001

Hypertension, N(%)

973 (22.4%)

1355 (32.1%)

<0.001

Hypercholesterolemia, N(%)

1055 (24.5%)

1225 (29.5%)

<0.001
<0.001

Stroke, N(%)

21 (0.5%)

59 (1.4%)

BMI (kg m−2)

25.3 [23.0-27.9]

25.9 [23.3-28.9]

<0.001

Waist-hip-ratio

0.9 [0.8-0.9]

0.9 [0.8-1.0]

<0.001

Heart rate (bpm)

68.5 [9.8]

70.1 [10.6]

<0.001

Systolic BP (mm Hg)

126.8 [18.5]

131.5 [21.8]

<0.001

73.4 [9.5]

74.6 [10.0]

<0.001

Cholesterol (mmol L )

5.5 [4.8-6.3]

5.6 [4.9-6.4]

<0.001

LDL (mmol L-1)

3.6 [2.9-4.3]

3.7 [3.0-4.4]

<0.001

HDL (mmol L-1)

1.3 [1.1-1.6]

1.3 [1.0-1.5]

<0.001

Diastolic BP (mm Hg)
-1

-1

Triglycerides (mmol L )

1.1 [0.8-1.6]

1.2 [0.9-1.8]

<0.001

Glucose (mmol L-1)

4.7 [4.3-5.1]

4.8 [4.4-5.2]

<0.001

eGFR (mL min−1)

98.6 [87.2-108.3]

94.3 [80.9-106.5]

<0.001

−1

Serum creatinine (μmol L )

82.0 [74.0-91.0]

82.0 [73.0-93.0]

0.51

Cystatin-C (mg L−1)

0.8 [0.7-0.9]

0.8 [0.7-0.9]

<0.001
<0.001

UAE (mg per 24 h)

8.8 [6.2-14.7]

10.2 [6.4-21.6]

hs-CRP (mg L-1)

1.1 [0.5-2.7]

1.5 [0.6-3.4]

<0.001

NT-proBNP (pg mL-1)

34.6 [15.4-65.2]

40.6 [18.4-86.3]

<0.001

Galectin-3 (ng/mL)

10.7 [8.9-12.7]

11.2 [9.2-13.4]

<0.001

Abbreviations: BMI: Body Mass Index; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR:
estimated Glomerular Filtration Rate; UAE: Urinary Albumin Excretion; CRP: C-reactive protein; NT-proBNP:
N-terminal pro-B-type natriuretic peptide. P-value represents ANOVA test for all subgroups.
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Supplemental Table 2: Baseline characteristics of subjects with all galectin-3 measurements available,
stratified by gender.
Total

Male

Female

4355

2193 (50.3%)

2162 (49.7%)

P-value

Age (years)

47.9 (11.2)

48.7 (11.6)

47.0 (10.7)

<0.001

Smoking (last 5 years), N (%)

1779 (41.1%)

883 (40.4%)

896 (41.7%)

0.38

Diabetes mellitus, N (%)

30 (0.7%)

17 (0.8%)

13 (0.6%)

0.49

Myocardial Infarction, N (%)

81 (1.9%)

69 (3.2%)

12 (0.6%)

<0.001

Hypertension, N (%)

1181 (27.3%)

577 (26.4%)

604 (28.2%)

0.010

Hypercholesterolemia, N (%)

585 (13.5%)

348 (15.9%)

237 (11.1%)

<0.001

Stroke, N (%)

21 (0.5%)

13 (0.6%)

8 (0.4%)

0.29

BMI (kg m−2)

25.3 [23.0-27.9]

25.8 [23.6-28.1]

24.8 [22.4-27.6]

<0.001

Heart rate (bpm)

68.5 (9.8)

67.1 (9.9)

70.0 (9.4)

<0.001

Systolic BP (mm Hg)

126.8 (18.5)

132.1 (17.0)

121.4 (18.3)

<0.001

73.4 (9.5)

76.4 (9.4)

70.3 (8.6)

<0.001

Total cholesterol (mmol L )

5.5 [4.8-6.3]

5.5 [4.9-6.3]

5.5 [4.8-6.3]

0.009

LDL (mmol L-1)

3.6 [2.9-4.3]

3.7 [3.1-4.4]

3.4 [2.7-4.2]

<0.001

HDL (mmol L-1)

1.3 [1.1-1.6]

1.1 [0.9-1.4]

1.5 [1.2-1.8]

<0.001

Diastolic BP (mm Hg)
-1

-1

Triglycerides (mmol L )

1.1 [0.8-1.6]

1.3 [0.9-1.8]

1.0 [0.8-1.4]

<0.001

Glucose (mmol L-1)

4.7 [4.3-5.1]

4.8 [4.5-5.2]

4.6 [4.2-4.9]

<0.001

eGFR (mL min−1)

98.6 [87.2-108.3]

98.1 [87.1-108.0]

99.2 [87.5-108.7]

0.20

−1

Serum creatinine (μmol L )

82.0 [74.0-91.0]

90.0 [83.0-98.0]

75.0 [69.0-81.0]

<0.001

Cystatin-C (mg L−1)

0.8 [0.7-0.9]

0.8 [0.7-0.9]

0.7 [0.7-0.8]

<0.001
<0.001

UAE (mg per 24 h)

8.8 [6.2-14.7]

9.8 [6.8-17.3]

8.0 [5.7-12.8]

hs-CRP (mg L-1)

1.1 [0.5-2.7]

1.1 [0.5-2.4]

1.2 [0.5-2.9]

0.009

NT-proBNP (pg mL-1)

34.6 [15.4-65.2]

21.2 [9.6-44.2]

49.7 [28.5-80.7]

<0.001

Galectin-3 (ng/mL)

10.7 [8.9-12.7]

10.4 [8.8-12.4]

10.9 [9.1-13.2]

<0.001

Abbreviations: BMI: Body Mass Index; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR:
estimated Glomerular Filtration Rate; UAE: Urinary Albumin Excretion; CRP: C-reactive protein; NT-proBNP:
N-terminal pro-B-type natriuretic peptide. P-value represents ANOVA test for all subgroups.
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Variable
N (%)

176

47.9 (11.2)

2189 (50.3%)

1485 (34.2%)

111 (2.6%)

188 (4.4%)

976 (22.4%)

1055 (24.5%)

21 (0.5%)

25.3 [23.0-27.9]

68.5 (9.8)

126.8 (18.5)

73.4 (9.5)

Age (years)

Gender (male), N(%)

Smoking (last 5 years), N(%)

Diabetes mellitus, N(%)

Myocardial Infarction, N(%)

Hypertension, N(%)

Hypercholesterolemia, N(%)

Stroke, N(%)

BMI (kg m−2)

Heart rate (bpm)

Systolic blood pressure (mm Hg)

Diastolic blood pressure (mm Hg)

3.6 [2.9-4.3]

1.3 [1.1-1.6]

HDL (mmol L-1)

1.1 [0.8-1.6]

4.7 [4.3-5.1]

98.6 [87.2-108.3]

82.0 [74.0-91.0]

Triglycerides (mmol L )

Glucose (mmol L-1)

eGFR (mL min−1)

Serum creatinine (μmol L−1)

-1

5.5 [4.8-6.3]

Total cholesterol (mmol L )

LDL (mmol L-1)

-1

4355

N

Total

82.0 [74.0-91.0]

99.5 [89.1-108.8]

4.7 [4.3-5.1]

1.1 [0.8-1.6]

1.3 [1.1-1.6]

3.5 [2.9-4.3]

5.5 [4.8-6.2]

73.2 (9.4)

126.0 (17.9)

68.5 (9.6)

25.2 [22.9-27.8]

16 (0.4%)

895 (23.4%)

810 (21.0%)

157 (4.1%)

83 (2.2%)

1346 (35.0%)

1965 (51.0%)

47.1 (10.9)

3859

Follow-up < 17.8

84.0 [75.0-93.5]

87.2 [75.8-99.8]

4.8 [4.5-5.3]

1.3 [0.9-1.8]

1.3 [1.1-1.6]

3.7 [3.2-4.4]

5.8 [5.2-6.5]

76.0 (10.3)

133.9 (21.7)

69.6 (10.3)

26.3 [23.9-29.2]

1 (0.3%)

97 (30.6%)

115 (35.5%)

21 (6.6%)

22 (6.9%)

95 (29.5%)

152 (47.1%)

53.6 (11.7)

324

Follow-up > 17.8

Baseline < 17.8

83.0 [72.0-96.0]

89.4 [74.1-103.7]

4.7 [4.3-5.3]

1.3 [0.9-1.8]

1.3 [1.0-1.6]

3.6 [3.0-4.4]

5.6 [5.0-6.6]

73.8 (9.1)

131.0 (20.2)

69.6 (11.3)

26.5 [23.9-29.2]

3 (3.3%)

29 (31.5%)

27 (29.0%)

4 (4.5%)

3 (3.3%)

25 (26.9%)

36 (38.7%)

52.2 (12.5)

93

Follow-up < 17.8

86.0 [77.0-104.0]

85.4 [70.8-101.1]

4.6 [4.1-5.2]

1.1 [0.9-1.7]

1.3 [1.0-1.5]

4.1 [3.2-4.6]

6.0 [5.2-6.7]

73.4 (8.8)

131.9 (22.5)

66.5 (11.0)

25.7 [23.7-28.4]

1 (1.3%)

34 (44.7%)

24 (30.4%)

6 (7.8%)

3 (3.8%)

19 (24.1%)

36 (45.6%)

54.1 (12.5)

79

Follow-up > 17.8

Baseline > 17.8

Supplemental Table 3: Baseline characteristics of subjects with all galectin-3 measurements available, stratified by changes in galectin-3 level.

0.001

<0.001

<0.001

0.001

0.92

<0.001

<0.001

<0.001

<0.001

0.035

<0.001

<0.001

<0.001

<0.001

0.089

<0.001

0.017

0.052

<0.001

P-value
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34.6 [15.4-65.2]

10.7 [8.9-12.7]

CRP (mg L-1)

NT-proBNP (pg mL-1)

Galectin-3 (ng/mL)

10.1 [6.4-24.4]
1.6 [0.7-3.9]
47.1 [22.8-85.8]
13.4 [11.6-15.2]

8.8 [6.2-14.3]
33.4 [14.9-62.4]
10.3 [8.7-12.2]

0.8 [0.7-0.9]

0.8 [0.7-0.8]
1.1 [0.5-2.5]

Follow-up > 17.8

Baseline < 17.8
Follow-up < 17.8

20.0 [18.5-22.8]

45.3 [23.5-86.9]

1.8 [0.8-3.5]

8.5 [6.0-14.7]

0.8 [0.7-0.9]

Follow-up < 17.8

10

12

14

16

18

0

Male
Female

4.2
Time (years)

By gender

9.3

177
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Supplemental figure 1: Gender as determinant of galectin-3 level

Predicted Galectin−3 (ng/mL)

20.9 [18.9-25.4]

51.7 [22.2-142.7]

2.3 [0.8-3.9]

10.1 [6.2-25.9]

0.8 [0.7-1.0]

Follow-up > 17.8

Baseline > 17.8

<0.001

<0.001

<0.001

0.003

<0.001

P-value

Abbreviations: BMI: Body Mass Index; LDL: low-density lipoprotein; HDL: high-density lipoprotein; eGFR: estimated Glomerular Filtration Rate; UAE: Urinary Albumin
Excretion; CRP: C-reactive protein; NT-proBNP: N-terminal pro-B-type natriuretic peptide. P-value represents ANOVA test for all subgroups.

8.8 [6.2-14.7]

1.1 [0.5-2.7]

UAE (mg per 24 h)

0.8 [0.7-0.9]

Cystatin-C (mg L−1)

Total

Supplemental Table 3: Baseline characteristics of subjects with all galectin-3 measurements available, stratified by changes in galectin-3 level. (continued)
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Abstract
Background: Previous studies reported an association between ABO type blood group,
and cardiovascular (CV) events and outcomes. The precise mechanisms underpinning
this striking observation remain unknown, although differences in von Willebrand factor
(vWF) plasma levels have been proposed as an explanation. Recently, galectin-3 was
identified as an endogenous ligand of vWF and red blood cells (RBCs) and therefore we
aimed to explore the role of galectin-3 in different blood groups.
Methods: We studied the plasma levels of galectin-3 in different blood groups in 2 large
cohorts. Galectin-3 was measured at baseline in the Ludwigshafen Risk and Cardiovascular Health (LURIC) study (1228 patients hospitalized for coronary angiography) and
results were validated in a community-based cohort of the Prevention of REnal and
Vascular ENd-stage Disease (PREVEND) study (3549 patients). Using two in vitro assays,
we assessed the binding capacity of galectin-3 to red blood cells and vWF in different
blood groups. Additionally, the prognostic value for all-cause mortality of galectin-3 in
different blood groups in 2 different cohorts was determined.
Results: Patients in LURIC with non-O blood groups had substantially and significantly
lower median plasma levels of galectin-3 (blood group A: 13.1 [10.5-16.4]; blood group
B: 13.0 [10.5-15.8]; blood group AB: 12.4 [8.9-15.1] ng/mL), compared to patients with
blood group O (15.1 [12.4-19.0] ng/mL). The independent prognostic value of galectin-3
for all-cause mortality is mostly due to to the effects observed in non-O blood groups.
These results were validated in a community-based cohort, and although effects were
smaller, the same trends were observed. Mechanistically, we demonstrated that galectin-3 binds more strongly to RBCs and vWF in non-O blood groups, compared to blood
group O.
Conclusions: Although plasma galectin-3 levels are lower in non-O blood groups, the
prognostic value of galectin-3 is primarily present in subjects with non-O blood group.
A physical interaction between galectin-3 and blood group epitopes may modulate
galectin-3 activity.
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Lifetime risk to experience cardiovascular disease (CV) is estimated around 50 percent at
the age of 30 years 1 and CV disease accounts for 32% of all deaths in the US.2 Over the
past decades, incidence of mortality in subjects with CV disease have shown to decline.3
However, the prognosis of patients with CV disease and especially in patients with heart
failure, remains poor.4 Therefore it is of utmost importance to generate novel therapeutic strategies or to identify risk factors that can serve as therapeutic targets. Several
risk factors have been identified in CV disease. In the Framingham Heart Study, high
blood pressure, smoking, high serum LDL cholesterol, low serum HDL cholesterol and
presence of diabetes mellitus were identified as most important risk factors.5 However,
residual risk remains high and we do not fully understand all factors contributing to CV
disease development.
In the past years, the ABO blood group has been identified as a novel and intriguing
risk factor of CV disease. Multiple studies have shown an association between non-O
blood groups and the risk of coronary heart disease 6, the size of a myocardial infarction
after an acute coronary syndrome 7, increased mortality in patients with ischemic heart
disease 8, and venous thrombosis.9 The exact mechanisms behind these associations
remain unclear to date, but as a possible common mechanism, variable levels and activity of von Willebrand Factor (vWF) have been proposed. vWF is widely acknowledged
as a key determinant in CV homeostasis, and has been linked to thrombosis and CV
events.10,11
Galectin-3 is a carbohydrate-binding protein and has been shown to be involved in
inflammation, cancer and CV disease 12–14 , and recently, has been identified as a novel
partner of vWF.15 It was shown that galectin-3 is able to modulate vWF-mediated thrombus formation via a direct (physical) interaction with vWF.15 A possible link between
galectin-3 and blood group has been described previously – a genome wide association
study showed that the ABO gene locus was strongly associated with plasma galectin-3
levels.16 This ABO locus appears to be a very pleiotropic locus that associates with several
CV traits.17 We hypothesized that ABO, galectin-3 and vWF would interact, and, specifically, that the described associations between galectin-3 and CV outcome 18 can, at least
in part, be explained by an interaction with the ABO blood group and vWF levels.
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Methods
Study population
LURIC
The Ludwigshafen Risk and Cardiovascular Health (LURIC) study consists of 3,316 patients who were hospitalized for coronary angiography between 1997 and 2000. Indications for coronary angiography were chest pain or a positive non-invasive stress test
suggestive of myocardial ischemia. Further methods and results have been described
previously.19 All participants provided informed consent. The study was approved by the
ethical committee of the Ärztekammer Rheinland-Pfalz. In total, galectin-3 values and
blood group information were available for 1,228 patients.
PREVEND
The Prevention of REnal and Vascular ENd-stage Disease (PREVEND) study is a prospective, observational, community-based study and was used to validate our findings.16,20
The PREVEND study enrolled community-dwelling subjects during 1997-1998, and the
study was designed to track long-term development of cardiac, renal and peripheral
vascular disease. More details of the design of the study have been described previously.21,22 Galectin-3 and blood group were available in 3,549 subjects. In both studies,
all participants provided informed consent and the study procedures were conducted in
accordance with the 1975 Declaration of Helsinki.

Galectin-3 measurements
In the LURIC study, galectin-3 levels were measured in plasma samples from baseline.
These samples were stored at -80°C and were analysed using the ARCHITECT analyser
(Abbott Diagnostics, Abbott Park, IL, USA). This automated assay uses the same antibodies and conjugates as in the manual assay, and has a lower limit of detection of 1.01 ng/
mL and intra- and inter-assay variability of 3.2% and 0.8%, respectively.23 In the PREVEND study, blood was drawn at baseline and anticoagulated with EDTA. Samples were
stored at -80°C until time of analysis. Galectin-3 concentration was measured in plasma
samples from baseline using the BGM Galectin-3 ELISA kit (BG Medicine Inc., Waltham,
USA). Intra- and inter-assay coefficients of this assay are 3.2% and 5.6%, respectively. The
assay has a lower limit of detection of 1.13 ng/mL and did not show cross-reactivity with
other collagens or other members of the galectin family.24

Blood group determination
Blood group in LURIC was determined in daily analyses in the Hemostasis Laboratory of
the Ludwigshafen Cardiac Centre using a blood group antisera macroscopic agglutination assay (ABO- and Rh-blood group sera, Loxo GmbH, Dossenheim, Germany).
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In PREVEND, blood groups were determined using 3 different single nucleotide polymorphisms (SNPs). Participants were genotyped for SNPs rs8176719, rs8176746 and
rs8176747. Using a combination of these SNPs, blood group could be determined, as
described previously. 25

Clinical endpoints
In LURIC, mortality data was collected from local registries. Two independent and experienced clinicians, who were blinded for patient characteristics, reviewed information
from death certificates, medical records from hospitals and data from autopsies. 18,26
In PREVEND, mortality data were collected using the municipal register and cause of
death was obtained using the Prismant health care data system or Dutch Central Bureau
of Statistics. Follow-up times ranged to last follow-up or were censored on the date of
event or last contact, whatever occurred first.

Isolation of red blood cells (RBCs)
Neonatal cord blood was obtained from healthy full-term pregnancies from donors from
the obstetrics departments of the Martini Hospital Groningen and University Medical
Center Groningen (UMCG) after informed consent was given. All donors were informed
about the studies that were performed, as approved by the local Medical Ethical Committee of the UMCG. Furthermore, healthy volunteers from the research lab also provided
blood specimen. Blood was collected in 10 mL EDTA tubes. 20µl of blood was used to
determine the ABO blood group using a Serafol ABO bedside test (Bio-Rad Laboratories
BV, Veenendaal, the Netherlands). The remaining blood was centrifuged at 3500 rpm for
5 minutes. The buffy coat appeared as a dense white layer in the middle between the
red blood cells and plasma. Plasma and buffy coat was removed from the tube. RBCs
remained in the tube and were resuspended in PBS and again centrifuged at 2000 rpm
for 5 minutes at 4º Celsius. This washing step was repeated 3 times. Subsequently, the
remaining RBCs were diluted 12.5x in PBS-3% glutaraldehyde in a tube and this was put
on a rotating wheel for 1 hour at room temperature. Afterwards the cells were washed 5
times with PBS (0.0025% NaN3) and centrifuged at 2000 rpm for 2 minutes at 4º Celsius
and in the last step cells were resuspended at 3-4% in PBS (0.0025% NaN3). Cells were
stored at 4º Celsius for several days.
Hemagglutination assay
RBCs were counted using a Fuchs-Rosenthal counting chamber. All cells were diluted
to the lowest concentration of RBCs. We first calibrated our hemagglutination assay to
determine the amount of RBCs that were needed to show hemagglutination and to
clearly distinguish between agglutinated and non-agglutinated cells. We tested 3 dif183
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ferent concentrations of RBCs (5 µl/ 10 µl / 15 µl of 2000 cells/µl) and 2 concentrations
of galectin-3 (1 µM / 2 µM). Following calibration, we used 15 µl RBCs / 2 µM galectin-3
in the first well of a round-bottom, 96-wells plate (Costar #3799, Corning Inc., USA). 2
µM galectin-3 was serially diluted 1:1 into the next wells and 87,5 µl PBS was added to
a total volume of 185 µl. Finally, 15 µl (2000 cells/µl) of RBCs were added to each well.
The plate was incubated for 30 minutes at 4º Celsius and pictures were made using the
ImageQuant LAS 4000 (GE Healthcare, Europe GmbH, Diegem, Belgium). Hemagglutination was assessed using ImageJ software (National Institutes of Health, USA) and the
hemagglutination-index ((surface area of RBCs after incubation/surface area of the total
well)*100) (HA-index) was calculated.
Von Willebrand Factor ELISA
vWF was measured in human plasma using the vWF ELISA kit (Abcam, Cambridge, UK).
This kit was designed for the quantitative measurement of human vWF in plasma, serum
and cell culture supernatants. Intra- and inter-assay coefficients of variation of this assay
are 5% and 7.1%, respectively. The lower level of detection is 2.5 mU/mL.
Galectin-3 – von willebrand factor binding study
As described previously15, an immunosorbent assay was performed in which a microtiter 96-wells plate was coated with galectin-3 (5 µg/well), overnight at 4º Celsius. After
washing 3 times with PBS (0.1% Tween-20), was blocked for 2 hours with PBS (0.1%
Tween-20/3% BSA) at 37º Celsius. After washing 2 times with PBS (0.1% Tween-20),
plasma of different blood groups was incubated in the wells for 1 hour at 37º Celsius.
After discarding the plasma, the plate was washed 2 times with PBS (0.1% Tween-20).
Bound vWF was detected by adding 50 µL HRP-labeled polyclonal vWF antibody (1:1000;
P0226, DAKO, Glostrup, Denmark). 50 µL 3,3’,5,5’-tetramethylbenzidine (TMB) was added
to detect HRP activity and after 10 minutes 50 µL of stop solution (H2SO4) was added
to stop the reaction. The absorbance was measured at a wavelength of 450nm, using a
microplate reader (Biotek Synergy H1, Winooski, USA).

Statistical analysis
Normally distributed variables are presented as means ± standard deviation (SD) or
standard error of the mean (SEM). Non-normally distributed variables are expressed as
medians [interquartile range (IQR)]. To compare normally distributed values across two
groups, a two-sample t-test was performed and to compare non-normally distributed
values, we used the Wilcoxon rank-sum test. The comparison of categorical values was
done using the Pearson’s Chi-square test. Characteristics across four groups were compared using the ANOVA for continuous and normally distributed values and the Kruskal-
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Wallis test for continuous, non-normally distributed values. In comparison of >1 group
with a control group, we used the ANOVA with a post hoc Dunnett’s test.
Galectin-3 was transformed logarithmically, because of a skewed distribution as assessed by the Shapiro-Wilk test. The association of galectin-3 with all-cause mortality
was assessed using Cox proportional hazard models. Cox proportional hazards models
were multivariable adjusted for age and sex and additionally adjusted for eGFR, smoking,
systolic blood pressure, BMI, LDL-cholesterol, diabetes mellitus, lipid lowering therapy,
triglycerides and CRP. This model is an established risk model for all-cause mortality in the
LURIC study and has been used previously in other studies.18 Results are stratified to blood
group and summarized as hazard ratios, with 95% confidence intervals based on robust
standard error estimates and presented in forest plots. P-values < 0.05 were considered to
be statistically significant. Analyses were performed using STATA/MP (version 13.1).

Results

Baseline characteristics of patients in the LURIC study are presented in Table 1. Mean age
(SD) was 62.5±10.5 years and the majority of the population was male (70.5%). Hypertension and smoking was very common is this cohort (72.6% and 62.1%, respectively). To
validate our findings in a more healthier cohort, we studied the relation between galectin-3 and blood group in a community-based cohort: the PREVEND study. Participants of
the PREVEND study were younger (mean age: 49.4±12.7) and gender was almost equally
distributed (male sex: 51%). Smoking was common (45.7%), but hypertension was less
abundant (27.7%) (Supplemental Table 1).

Galectin-3 plasma levels stratified by blood group
After stratifying the LURIC cohort to blood group, plasma levels of galectin-3 were
significantly higher in blood group O, compared to the other blood groups (Table 1;
Figure 1). Furthermore, vWF was significantly lower in blood group O, compared to other
blood groups. In the general population, galectin-3 levels were also significantly different among blood groups and were higher in blood group O, compared to the other
blood groups (Table 1; Figure 1). Moreover, subjects with homozygous blood groups
had lower plasma levels of galectin-3 compared to subjects with heterozygous blood
groups (Supplemental Figure 1).

Binding of galectin-3 and red blood cells
To further characterize a potential interaction between galectin-3, vWF and blood group,
different in vitro assays were performed. To examine the interaction between galectin-3
185
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762 (62.1%)
208 (16.9%)
883 (71.9%)
67.0 [60.0-76.0]
141.0 [123.0-158.0]
80.0 [72.0-89.0]
86.1 [73.0-96.1]
5.6 [5.2-6.5]
5.3 [4.6-6.1]
3.0 [2.5-3.6]
1.0 [0.8-1.2]
1.6 [1.2-2.2]
291.0 [108.0-874.0]
13.8 [11.1-17.3]
152.0 [116.0-196.5]

Type II diabetes mellitus, N (%)

(History of ) hypertension, N (%)

Heart rate (bpm), median [IQR]

Systolic blood pressure, median [IQR]

Diastolic blood pressure, median [IQR]

eGFR (MDRD), median [IQR]

Glucose (mmol/L), median [IQR]

Cholesterol (mmol/L), median [IQR]

LDL (mmol/L), median [IQR]

HDL (mmol/L), median [IQR]

Triglycerides (mmol/L), median [IQR]

NT-proBNP (ng/L), median [IQR]

Galectin-3 (ng/mL), median [IQR]

vWF (U/dL), median [IQR]

836 (68.1%)

Sex (male), N (%)
27.2 (4.0)

62.5 (10.5)

Age (yr), mean (SD)

BMI (kg/m2), mean (SD)

(N=1228)

N

Smoker, N (%)

Total

Variable

132.0 [99.0-175.0]

15.1 [12.4-19.0]

285.0 [108.0-972.0]

1.7 [1.2-2.3]

0.9 [0.8-1.1]

2.9 [2.5-3.5]

5.2 [4.6-6.0]

5.6 [5.1-6.5]

83.2 [70.6-94.6]

80.0 [72.0-89.0]

141.0 [123.0-158.0]

68.0 [60.0-76.0]

344 (72.1%)

86 (18.0%)

27.4 (4.2)

291 (61.0%)

325 (68.1%)

62.5 (10.1)

(N=477)

Blood group 0

160.0 [126.0-202.0]

13.1 [10.5-16.4]

263.0 [101.0-839.0]

1.6 [1.2-2.2]

1.0 [0.8-1.2]

3.1 [2.5-3.6]

5.4 [4.7-6.2]

5.7 [5.2-6.7]

87.7 [73.9-100.5]

80.0 [72.0-88.0]

142.0 [124.0-158.0]

68.0 [60.0-76.0]

406 (71.6%)

96 (16.9%)

27.2 (4.0)

350 (61.7%)

390 (68.8%)

62.5 (10.7)

(N=567)

Blood group A

Table 1: Baseline characteristics of the LURIC study participants, in total and stratified by blood group.

175.0 [138.0-202.0]

13.0 [10.5-15.8]

361.5 [122.0-785.0]

1.5 [1.2-2.2]

1.0 [0.8-1.1]

3.0 [2.4-3.6]

5.2 [4.4-6.1]

5.7 [5.3-6.2]

85.0 [73.8-92.9]

80.0 [70.0-90.0]

140.0 [122.0-158.0]

64.0 [58.0-72.0]

87 (73.1%)

17 (14.3%)

26.8 (3.8)

80 (67.2%)

79 (66.4%)

62.8 (11.3)

(N=119)

Blood group B

183.0 [136.0-220.0]

12.4 [8.9-15.1]

301.0 [132.0-890.0]

1.6 [1.1-2.2]

1.0 [0.7-1.1]

2.8 [2.4-3.5]

5.1 [4.7-5.8]

5.6 [5.2-6.1]

82.7 [74.0-92.0]

80.0 [70.0-89.0]

140.0 [120.0-152.0]

66.0 [59.0-79.0]

46 (70.8%)

9 (13.8%)

27.1 (3.6)

41 (63.1%)

42 (64.6%)

61.1 (11.2)

(N=65)

Blood group AB

<0.001

<0.001

0.67

0.70

0.22

0.20

0.15

0.57

0.16

0.98

0.85

0.04

0.98

0.70

0.62

0.65

0.89

0.74

P-value
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Figure 1: Plasma galectin-3 levels in LURIC and PREVEND, stratified by ABO blood group. Data is presented
as mean ± SEM. **: P<0.01 compared to blood group O; ***: P<0.001 compared to blood group O.

Interaction between vWF and galectin-3
Because galectin-3 has been presented as new partner for vWF, we assessed this binding
in different blood groups in a vWF-galectin-3 binding assay. Blood plasma with similar
levels of vWF, as determined in ELISA, and equalized to similar concentrations with
0.9% NaCl, was incubated in a plate coated with galectin-3. Using vWF antibodies, the
galectin-3-vWF binding was detected. This assay showed that the binding for galectin-3
to vWF was stronger in non-O blood groups, compared to blood group O (Figure 3).

Prognostic value of galectin-3
We furthermore studied the prognostic value of galectin-3 in different blood groups
in the LURIC study. Median follow-up time was 8.1 [7.8-8.9] years and 318 deaths were
observed. Cox regression analyses showed that after adjusting for established risk markers like age, sex, eGFR, smoking, systolic blood pressure, BMI, LDL-cholesterol, diabetes
mellitus, lipid lowering therapy, triglycerides and CRP, galectin-3 was an independent
predictor for all-cause mortality (Supplemental Tables 2&3). However, this effect was
greatly attributed to the effect of galectin-3 in non-O blood groups, although galectin-3
plasma levels in these patients were lower (Figure 3).
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and blood group, a hemagglutination assay was performed, as displayed in supplemental figure 2. Galectin-3 mediates the hemagglutination of red blood cells and we tested
if there were differences in galectin-3 induced hemagglutination among blood groups.
In this assay we showed that binding of galectin-3 with red blood cells was significantly
different between blood groups, with RBCs from blood group O binding galectin-3 less
strong (Figure 2).

Chapter 8

We also assessed the prognostic value of galectin-3 among different blood groups
in the general population, after adjustment for the same risk markers. In the PREVEND
study, median follow-up time was 12.6 [12.3-12.9] years and 353 subjects died in this
period. Although the effect was limited, the same trend was observed: galectin-3 was an
independent predictor for all-cause mortality, but again this effect depends mainly on
the prognostic value of galectin-3 in the non-O blood groups (Figure 3).



  
  
  
  




















 



















   









 



















 



Figure 2: Galectin-3-mediated hemagglutination of blood from different blood groups (A) and hemagglutination induced by 0.5 µM galectin-3 (B). Galectin-3 binding to vWF in different blood groups, as assessed
by measuring absorbance at 450 nm (C). *: P<0.05 compared to blood group O; **: P<0.01 compared to
blood group O; ***: P<0.001 compared to blood group O (N=6: blood group O; N=4: blood group A; N= 2:
blood group B; N= 2: blood group AB).
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Figure 3: Graphical illustration of risk estimates for experiencing all-cause mortality in subjects with blood
group O and non-O blood group, with increasing levels of plasma galectin-3 in the LURIC (A) and PREVEND
(B) studies. The distribution of galectin-3 plasma levels is depicted for both groups and is combined with
the association of log-transformed galectin-3 with all-cause mortality, adjusted for age, sex, eGFR, smoking,
systolic blood pressure, BMI, LDL-cholesterol, diabetes mellitus, lipid lowering therapy, triglycerides and
CRP. Data is presented as hazard ratio (95% CI). A similar increase in galectin-3 has more prognostic value in
subjects with non-O blood group compared to subjects with blood group O.

Discussion
We demonstrate that circulating galectin-3 levels in subjects with non-O blood groups
are significantly lower compared to levels in subjects with blood group O. However, the
prognostic value of galectin-3 is strongest in subjects with non-O blood groups, in other
words, in those subjects with lowest circulating levels. As a potential mechanism, we
189
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propose that vWF may mediate this, as circulating vWF and galectin-3 were inversely
related. We show that galectin-3 binds stronger to RBCs and vWF of subjects with non-O
blood groups, compared to subjects with blood group O.
Accumulating evidence suggests that ABO blood group is involved in the pathogenesis of cardiovascular disease.17 Previous studies have shown that the presence of non-O
blood groups is associated with worse outcomes, compared to blood group O.27–29 In a
recent case-control study consisting 165 centenarians and 5063 blood donors from the
same geographical region, it was observed that among centenarians the prevalence of
blood group O was higher (56.4% vs 43.5%; P=0.001).30
The ABO blood group is the most important blood group system and is determined
by complex carbohydrate moieties at the extracellular surface of the red blood cell
membrane.31 The A and B alleles encode for different glycosyltransferases that can add
N-acetylgalactosamine or D-galactose, respectively. These carbohydrate moieties are
coupled to the common precursor backbone, present in subjects with blood group O.32
Next to the expression of RBCs, these blood group epitopes are also expressed by other
cells like the vascular endothelium and are also present on molecules like vWF.33
The exact mechanisms underpinning these observations remain unclear, but this
effect may be mediated by vWF. Several studies described major effects of ABO blood
group on plasma levels of vWF: plasma vWF levels appear to be 25% lower in O blood
group, compared to non-O blood groups.6 This implicates that subjects with blood
group O may experience a higher incidence of bleeding events and subject with non-O
blood groups, experience a higher incidence of thrombotic events.34
The effect of the ABO blood group on plasma levels of vWF, seems to be the result of a
direct effect of the ABO blood group.35 The conversion of the blood group O determinant
into other antigens of the ABO blood group was correlated with an increased capacity to
modify N-linked glycosylation of vWF.36 Therefore, changes in vWF glycan composition
do also affect the biological activity of vWF and is not restricted to its plasma levels.37
Carbohydrate structures on the surface of vWF membrane play an important role in the
life cycle of vWF. Galectin-3 is a carbohydrate-binding protein and has recently been
identified as new partner of vWF.15 Furthermore, galectin-3 also possesses N-glycans
on its membrane and the affinity of transmembrane glycoproteins to the galectin-3
molecule is proportional to the number and branching of their N-glycans.38 Therefore
we hypothesize that the biological activity of galectin-3 might also be directly regulated
by glycosylation of the molecule by the ABO blood group.
In agreement with previous studies, we confirmed that plasma vWF levels are ~25%
higher in non-O blood groups. Additionally, we now show in two independent cohorts
with different populations, that galectin-3 levels are significantly lower in non-O blood
groups. We furthermore show that galectin-3 levels are lower in patients who had a
heterozygous blood group. This inverse relationship between galectin-3 and vWF levels
190

in different blood groups is an interesting phenomenon and may be explained because
they are ligands of each other.
Numerous studies have assessed the prognostic value of galectin-3 in various cohorts.39 We again corroborated these findings in the current study and herein confirm
that galectin-3 is an independent predictor for all-cause mortality, but particularly in
subjects with non-O blood groups. The striking observation that non-O blood groups
have lower galectin-3 values, but that this confers strong prognostic value should be
explored in further detail. We speculate that the observed discrepancy in our results may
be the effect of galectin-3 binding with blood group epitopes and glycosylation might
play a role in this. Previously it was suggested that galectin-3 binds more strongly to oligosaccharides that bear the blood group A, B or B-like determinants, compared to those
bearing blood group O, as shown in erythrocyte binding.40 We have confirmed this in 2
different in vitro assays and hypothesize that stronger binding of galectin-3 with RBCs
and vWF in non-O blood groups, could explain lower levels of circulating galectin-3.
The prognostic value and absolute levels of biomarkers may differ between different subgroups in a study cohort, as was observed previously for other biomarkers. For
instance, plasma hemoglobin levels differ between sexes, and also age, renal function
and presence of diabetes are important determinants of hemoglobin level.41 Even for
the established cardiac marker NT-proBNP, important determinants exist that lead
to differences in circulating levels; renal failure tends to increase natriuretic peptide
levels, whereas patients with obesity show lower levels of NT-proBNP.42,43 Using a combination of biomarkers might improve risk prediction of clinical outcome and therefore
healthcare-related costs. This biomarker-guided approach can pave the road to a more
personalized treatment of patients.
In conclusion, we postulate that binding of galectin-3 to the A-, B- and AB- blood group
epitopes affects the circulating plasma levels and its biological activity, and thereby also
its prognostic power for a given concentration. Future studies should provide more detailed data on this interaction, and practical information how to deal with this potential
confounder.
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Supplemental Table 1: Baseline characteristics of the PREVEND study participants, in total and stratified by blood group.
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Supplemental Table 2: Hazard ratio (95% CI) of log-transformed galectin-3 for all-cause mortality, by
blood group, using blood group O as the reference group, in the LURIC and PREVEND study.
LURIC study
HR (95% CI)

PREVEND study

P-value

HR (95% CI)

<0.001

1.24 [1.00-1.54]

P-value

Galectin-3 only:
Blood group:
O

1.00

non-O

1.57 [1.24-1.99]

1.00
0.046

+ Adjusted for age, sex:
Blood group:
O

1.00

non-O

1.57 [1.23-1.99]

1.00
<0.001

1.12 [0.91-1.39]

0.003

1.06 [0.85-1.33]

0.29

+ Fully adjusted:*
Blood group:
O

1.00

non-O

1.43 [1.13-1.82]

1.00
0.60

Chapter 8

* Adjusted for age, sex, eGFR, smoking, systolic blood pressure, BMI, LDL-cholesterol, diabetes mellitus, lipid
lowering therapy, triglycerides, CRP.
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Supplemental Table 3: Hazard ratio (95% CI) of log-transformed galectin-3 for all-cause mortality, by
blood group in the LURIC and PREVEND study, reporting additional P-values for interaction between the
blood groups.
LURIC study

O blood group

Non-O blood group

All-cause mortality

HR (95% CI)

HR (95% CI)

P-value for interaction

Galectin-3

2.65 (1.57-4.49)

3.83 (2.72-5.40)

0.24

Galectin-3

1.98 (1.12-3.50)

3.40 (2.33-4.97)

0.08

1.82 (1.03-3.20)

2.75 (1.88-4.03)

0.14

PREVEND study

O blood group

Non-O blood group

P-value for interaction

All-cause mortality

HR (95% CI)

HR (95% CI)

Galectin-3

3.43 (2.06-5.71)

4.02 (2.75-5.88)

0.60

Galectin-3

1.35 (0.75-2.43)

1.85 (1.14-3.00)

0.33

1.36 (0.71-2.60)

1.70 (1.02-2.83)

0.73

+ sex, age
Galectin-3
+ fully adjusted*

+ sex, age
Galectin-3
+ fully adjusted*

* Adjusted for age, sex, eGFR, smoking, systolic blood pressure, BMI, LDL-cholesterol, diabetes mellitus, lipid
lowering therapy, triglycerides, CRP.
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Supplemental figure 1: Galectin-3 levels, stratified by ABO genotype and presented as mean ± SEM.
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Abstract
Myocardial galectin-3 is upregulated upon cardiac stressors such as angiotensin II and
pressure overload leading to cardiac remodeling and heart failure. The expression level
of galectin-3 mirrors the progression and severity of heart failure and therefore, galectin-3 is being used as a biomarker for heart failure. However, as galectin-3 is causally
involved in pathological myocardial fibrosis it has been suggested that galectin-3 also
actively contributes to heart failure development. In this review we discuss how galectin-3 could be a target for therapy in heart failure. Currently, attempts are being made
to target or inhibit galectin-3 using natural or pharmaceutical inhibitors with the aim
to ameliorate heart failure. Available experimental evidence suggests that galectin-3
inhibition indeed may represent a novel tool to treat heart failure. A strong interaction
with aldosterone, another strong pro-fibrotic factor, has been described. Clinical studies
are needed to prove if galectin-3 may be used to install specific treatment regimens.
Keywords: Galectin-3 Biomarker Heart failure Cardiac remodeling Fibrosis
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Heart failure (HF) is a progressive disorder characterized by 1) poor quality of life, 2) poor
prognosis (5-year survival < 50 %, worse than most common types of cancer), and 3) an
enormous burden on health care costs [1]. In Europe and the United States ~1–2 % of
the entire health care budget is spent on HF. The prevalence of HF is expected to rise due
to the aging population and better treatment of cardiovascular disease that precedes HF
[2]. Therefore, it is imperative that we seek new ways to improve treatment of HF.
Cardiac remodeling is an important determinant of the clinical outcome of HF and is
linked to disease progression and poor prognosis. Cardiac remodeling is the response of
the heart to various damaging stimuli, such as longstanding hypertension and myocardial infarction. The remodeling process is characterized by activation of “compensatory”
systems, including the renin–angiotensin system (RAS) and the sympathetic nervous
system (SNS) [3]. Although initially aimed at maintaining adequate circulation, over time
the sustained activation of compensatory neurohormonal systems actually contributes
to the adverse remodeling process of the heart, and accelerates the transition towards
HF. Generally, there seem to be HF patients whose disease is characterized by progressive myocardial structural damage, “remodeling HF”, while others seem to have little
change in heart size or function for years, “non-remodeling HF”.
Despite current treatment regimens for HF that effectively target known neurohormonal system activation, overall the prognosis remains bleak for many patients [1, 4, 5].
The disappointing results of recent clinical trials have been discussed elsewhere in detail
[5–7], but may be explained, at least in part, by the fact that HF is still viewed as primarily
a disorder of excessive adrenergic and renin–aldosterone activation. Other targets, such
as tissue fibrosis, may be left untreated [8]. Because of this, HF patients, regardless of
etiology or other clinical characteristics, are currently recommended to receive a fixed
cocktail of evidence-based therapies. However, some pathophysiological factors will
dominantly contribute to outcomes in some HF patients, while other pathophysiological
forces will be dominant in other HF patients. Therefore, to advance the HF field, we need
to identify new specific pathophysiological factors and targets for therapy. In this paper
we will discuss the novel role that galectin-3 may play as a new pathophysiological force
in remodeling and non-remodeling HF. Underscoring the notion that HF is a heterogeneous disorder, the 30–50 % of HF patients who have increased levels (>17.8 ng/mL)
of galectin-3, manifests a form of progressive (i.e. remodeling) HF [9, 10]. Furthermore,
galectin-3 may be particularly important for patients with HF with preserved ejection
fraction (HF-PEF) [11–14] which occurs in ~50 % of all HF patients.
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Galectin-3: A Mediator of Fibrosis
Originally described in 1984 [15], galectin-3 was cloned in 1991 [16] and described as a
galactosidase-binding lectin. Galectin-3 is expressed by several tissues, including the gut,
spleen, colon, kidney, as well as inflammatory cells such as mast cells, neutrophils and
macrophages. Galectin-3 is involved in many pathophysiological processes, including
inflammation and fibrosis, which are key contributing mechanisms to cardiac remodeling
and HF development and progression [17]. Galectin-3 may also play a role in non-cardiac
conditions such as rheumatoid arthritis, asthma, diabetes, and certain cancers [18–20].

Experimental Evidence Linking Galectin-3 and Adverse Remodeling
In the past decade a prominent role for the galectin-3 phenotype, being an important
factor in the onset and progression of HF, has been proposed [21, 22]. In 2004, galectin-3
was described as the most significantly up-regulated gene associated with the transition from compensated towards decompensated HF in HF-prone rats (Ren-2 rats) [23].
Galectin-3 was shown to be expressed by activated macrophages that had migrated into
sites of injury in the hearts of these animals [23]. Interestingly, the model that was studied
by Sharma et al. represents a relevant model of progressive HF, comparable to human
“remodeling HF”. Typically, a continuous stress such as hypertension or valvular disease
may be compensated for by cardiac remodeling that is adaptive, for a long time period.
Ultimately however the heart is no longer able to cope with the stress, and compensatory
remodeling transitions to decompensation. This transitory phase is an important research
area in HF, and the observation that galectin-3 is markedly upregulated in this transitory
phase suggests that it is more than merely a bystander. Corroborating the findings of
Sharma et al., infusion of recombinant galectin-3 into the pericardial sac of rats resulted
in substantial myocardial fibrosis and associated cardiac dysfunction [23, 24].
The potential actions of galectin-3 that promote the development of HF have been
described, although the precise mechanisms still warrant further study. In rat and mouse
models of progressive cardiac remodeling, galectin-3 is produced by macrophages, but
also fibroblasts, while cardiomyocytes do not express galectin-3 [23, 25]. In cell culture,
galectin-3 turns quiescent fibroblasts into myofibroblasts that produce and secrete matrix proteins, including collagens, fibronectin, and TGF-beta [23, 25]. Galectin-3 exerts its
effects during several other stages of myocardial fibrogenesis, besides collagen production, such as collagen maturation, externalization and cross-linking, which underscores
the pivotal importance of galectin-3 in myocardial fibrosis [25]. The damaging effects
of galectin-3 are believed to be conferred by the capacity of galectin-3 to bind matrix
proteins, such as laminins, fibronectins, and collagens. In this way galectin-3 is activated
and dimerizes with other galectin-3 residues, forming a “mesh-like” shaped configuration that contributes to the mass and stiffness of the intercellular matrix. Galectin-3
binds to the matrix proteins via its canonical binding site and that has been described in
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detail by biochemists [26]. However, in the presence of carbohydrate ligands, galectin-3
precipitates as a pentamer and loses its activity [27].
The pro-fibrotic characteristics of galectin-3 have also been shown in models of
pathological fibrosis in other organs, including the kidney and liver [28, 29]. This is an
important observation, as fibrosis is generally regarded as a hallmark of cardiac remodeling and HF [30]. Fibrosis is a silent process, is difficult to monitor, and may begin long
before HF becomes clinically apparent. Standard pharmacotherapy for HF does not specifically target fibrosis, although both angiotensin converting enzyme (ACE) inhibitors
and mineralocorticoid antagonists (MRAs) have established anti-fibrotic effects.

Independent support for the idea that galectin-3 is important in the development of
HF has come from epidemiological data. Galectin-3 originates in cardiac tissue but
is subsequently secreted into the circulation, and elevated plasma galectin-3 levels
strongly predict risk of the development of HF in general populations. De Boer et al.
demonstrated that elevated levels of galectin-3 (normal values 10–14 ng/mL, HF values
16–30 ng/mL depending on HF severity and comorbidities [31]) were associated with
all-cause mortality and cardiovascular (CV) disease in a large community-based cohort
with almost 8,000 subjects [32] (Fig. 1a). These findings were confirmed in the Framingham Heart Study [33], where elevated levels of galectin-3 were strongly associated with
new-onset HF and mortality in approximately 3,500 subjects (Fig. 1b).
Although several prognostic studies in HF patients have indicated the independent
predictive value of galectin-3 for cardiovascular outcomes [9, 13, 34–36], others have
questioned whether galectin-3 is truly independently associated with adverse cardiac
events. For instance when NT-proBNP is taken into account, galectin-3 may yield less
incremental predictive value [37, 38], and confounding with renal function has been
postulated [39]. While the independent prognostic value of galectin-3 has been difficult
to establish in moderate to severe HF, the Framingham study strongly supports the
unique association of this marker in the general population after accounting for NTproBNP and a host of other traditional clinical risk factors.
The described observations provide evidence for the hypothesis that longstanding elevated galectin-3 may not only signify disease, but likely represents a unique
phenotype at high risk for the development and progression of heart failure or other
CV disease. Hereby, chronic elevations in galectin-3 induce active fibrogenesis and
may provoke pathological cardiac remodeling. We hypothesize that patients with this
phenotype of galectin-3 overexpression are more likely to have a “fibrogenic” pathway
of cardiac remodeling in the presence of hypertension, diabetes, myocardial infarction,
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and decompensated heart failure. As schematically presented in Fig. 2, galectin-3 mediated pathological fibrosis in these patients substantially enhances their risk of adverse
cardiovascular outcomes. So, if galectin-3 promotes HF development, could galectin-3
be a modifiable marker or pathway?

Figure 1 (a-b): Galectin-3 as a risk marker in HF. Kaplan-Meier curve showing all-cause mortality in the general population per quintile of galectin-3 (a) (Adapted from “The fibrosis marker galectin-3 and outcome in
the general population” by de Boer RA et al., 2012, J Int Med 2012, 272: 55–64)[32]. With higher levels of
galectin-3, there is an increasing incidence of heart failure in the general population (b) (Reprinted from Ho
JE et al., 2012 (JACC 2012, 60: 1249-56)[33], with permission from the publisher.)
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Galectin-3 Mediated HF - Concept
HF POPULATION

GALECTIN-3 MEDIATED HF

OTHER HF

•

Active fibrogenesis

•

Inherently
progressive

•

~30-50% are at
greatest risk of
adverse outcome

•

Heterogeneous
etiology/pathology

•

Not inherently
progressive

•

~50-70% are at
lower risk of adverse
outcome

Figure 2: A subset of patients with heart failure has increased galectin-3 levels. It has been observed that
patients with high galectin-3 levels have progressive cardiac remodeling and poor outcome, while HF patients with low galectin-3 levels have slow progression and better outcome.

The specific pathophysiological role of galectin-3 provides ground for the hypothesis
that galectin-3 is involved in the development of a certain form of HF. From this reasoning we hypothesize that HF is a complex syndrome with various unique phenotypes.
This perspective would be analogous to the evolution of therapy for hepatitis, also a
syndrome rather than a diagnosis, where specific tests have become available to identify
the various distinct phenotypes and to determine treatment. By using these specific
tests, we now know that hepatitis A should be treated completely differently compared
to hepatitis C, or Ebstein Barr Virus hepatitis (Fig. 3a). On the contrary, currently, little
distinction is made in type of therapy in patients with HF (Fig. 3b), for which a “onesize-fits-all” approach is still mainstay. We postulate a new paradigm in treatment of
heart failure based on identification of specific phenotypes. For instance, patients with
tachycardiomyopathy could be treated with beta blockers and ivabradine, patients with
a wide QRS complex could be treated with cardiac resynchronization therapy (CRT), and
galectin-3 mediated HF with anti-galectin-3 agents (Fig. 3c).
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“HEPATITIS”
Syndromal diagnosis
Phenotyping, specific tests – specified diagnosis

Hepatitis B

Hepatitis C

Antiviral agents,
e.g. lamivudine

Interferon

Epstein Barr Virus (EBV)

Ganclicovir

“HEART FAILURE”
Syndromal diagnosis
Phenotyping, specific tests – specified diagnosis

CAD

Hypertension

Cardiomyopathy

ACE-inhibitors
Beta blockers
Mineralocorticoid Receptor Antagonists
CRT/ICD

“HEART FAILURE”
Syndromal diagnosis
Phenotyping, specific tests – specified diagnosis

Galectin-3

Anti Galectin-3
agents
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Conduction disturbance

CRT

Tachycardia

Ivabradine,
Beta-blockers

Figures 3 (a-c): Diagnosis and treatment of cirrhosis and hepatic failure
have changed dramatically in recent
decades (a), with the emphasis now on
identifying the specific causative agent
so that cause-specific treatment may be
initiated. In contrast, the classical view
on HF (b) has not changed dramatically;
HF is regarded as the final common disease state resulting from various underlying disease processes, and treatment
remains uniform, rather than addressing
specific factors that drive the disease
progression. We propose a paradigm
shift (c) in which specific drivers or characteristics of HF, such as galectin-3, are
identified to target the treatment, creating subsets of patients benefiting from
different therapies. Abbreviations: ACE,
angiotensin-converting enzyme; CAD,
coronary artery disease; CRT, cardiac
resynchronization therapy; HF, heart
failure; ICD, implantable cardioverterdefibrillator.
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Although still experimental, galectin-3 targeted therapy may be feasible within reasonable timespan. Most knowledge of pharmacological approaches to inhibit galectin-3
comes from experience in the setting of cancer. Specifically, carbohydrates such as pectins, available as various types of dietary fibers (e.g., fruit, vegetables, sugar beets), have
been identified as galectin-3 inhibitors. Analysis of the sugar composition and its correlation with the inhibitory properties of galectins showed that pectic polysaccharides
with higher arabinose and galactose content significantly inhibited hemagglutination
[40]. Likely the best studied example is modified citrus pectin (MCP). Upon ligand binding to the carbohydrate recognition domain (CRD) of galectin-3, it is hypothesized that
galectin-3 becomes activated and forms pentamers (Fig. 4) [27]. Pectins and MCP also
bind to the CRD of galectin-3 and neutralize galectin-3 activity. In mouse, rats, and cell
culture studies, investigators have successfully used MCP to inhibit cancer growth and
metastasis development [41–43]. While MCP effectively inhibits galectin-3’s actions, it
furthermore is easy to (orally) administer, and is well tolerated, however it remains unclear whether pectins act via galectin-3 exclusively. Interestingly, MCP was also shown
to be an effective anti-fibrotic agent in an acute renal injury model [44]. This suggests
that galectin-3 may effectively be targeted. Pectin science (“pectinology”) is progressing
fast and it is predicted that the health promoting capacities of pectins will be actively
studied the coming decade [45].

Galectin-3 inhibitor
e.g. Modified Citrus Pectin
Galectin-3
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N-terminal domain:
Short end (~30 aa)
&
Proline-glycinealanine-tyrosine
repeat motif (~100 aa)
Carbohydrate
recognition domain
(~130 aa)

A natural occurring ligand
of galectin-3, e.g. laminin

Figure 4: Natural occurring ligands bind galectin-3
and cause galectin-3 activation. Following
ligand bindActivation
Inhibition
ing of neutralizing ligands, such as pectins, galectin-3 undergoes conformational changes, forms pentamers, and loses its activity.
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Galectin-3 inhibition as a tool to prevent heart disease?
The first experimental indication that inhibition of galectin-3 could be beneficial in the
prevention of HF, occurred when investigators neutralized the maladaptive cardiac
remodeling brought about by galectin-3 in experimental models by the co-infusion of
the anti-fibrotic tetra-peptide ac-SDKP. It was found that galectin-3’s pro-fibrotic effects
were neutralized by ac-SDKP [24]. Recently, independent proof for the involvement
of galectin-3 in HF development was generated by Yu et al. [25]. Galectin-3 knock-out
(Galectin-3 KO) and wild-type (WT) mice were subjected to angiotensin II (Ang II) or
transverse aortic constriction (TAC) to induce cardiac remodeling. Compared to control
or sham, galectin-3 expression of the left ventricle (LV) increased 2-fold in WT mice but
no galectin-3 expression was seen in the galectin-3 KO mice. Importantly, although all
mice demonstrated LV hypertrophy, hemodynamic measurements showed galectin-3
KO mice were protected against impairment of LV relaxation and had a marked decrease
in cardiac fibrosis.
The effects of the galectin-3 inhibitor N-acetyllactosamine (N-Lac) was evaluated in
TGR(mREN2)27 (Ren2) rats, a model for hypertensive cardiomyopathy. Treatment with
N-Lac did not prevent development of LV hypertrophy or an increase in LV ANP levels.
However, fractional shortening progressively declined in untreated Ren2 rats but was
preserved in N-Lac treated rats. Hemodynamic measurements showed an increase in
LVEDP, and increased lung weights in untreated Ren2 rats compared to Sprague–Dawley
(SD) rats, indicating HF development, which was attenuated by treatment with N-Lac.
Moreover, accelerated cardiac remodeling in untreated Ren2 rats was associated with
poorer survival compared to SD rats, but survival was improved in N-Lac treated Ren2
rats. Finally, inhibition of galectin-3 showed similar results regarding the progression
of cardiac remodeling in a long-term TAC mouse model. TAC mice, treated with saline,
demonstrated a gradual progression of LV remodeling compared to N-Lac treated mice,
which had no signs of progressive remodeling.
To determine if galectin-3 was actively involved in formation of fibrosis, mouse hearts
were analyzed. Hearts of control and sham-operated WT mice had very little fibrosis,
whereas the level of fibrosis was significantly higher in WT-AngII and WT-TAC mice. But
in galectin-3 KO mice, neither AngII infusion nor TAC resulted in fibrosis. Similar results
were observed in Ren2 rats treated with N-Lac. To study the mechanisms underpinning
the anti-fibrotic effects of galectin-3 inhibition, cultured fibroblasts were treated with
galectin-3 in the absence or presence of a galectin-3 inhibitor. Inhibition of galectin-3
was associated with a downregulation in collagen production (collagen I and III), collagen processing, cleavage, cross-linking and deposition. These studies showed that both
genetic disruption and pharmacological inhibition of galectin-3 significantly attenuated
cardiac fibrosis, LV dysfunction and subsequent HF development. More studies with
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galectin-3 inhibiting drugs have been conducted in various fields of research, especially
in oncology. Study description and brief results of these studies are summarized in Table
1. Altogether, these results suggest that therapy targeted to reduce galectin-3 might be
an effective approach to prevent or reverse HF associated with extensive fibrosis.
Table 1: Overview of various different galectin-3 inhibitors.
Galectin-3 inhibitors
Disease model

Species

Study

Summary of results

Modified Citrus Pectin

Vascular fibrosis

Rat

Calvier L et al. 2013

Reverses vascular
hypertrophy and
fibrosis

(MCP)

Breast cancer

Cell

Jiang J et al. 2013

Inhibits breast cancer
cell migration

Prostate cancer

Cell

Jiang J et al. 2013

Inhibits prostate
cancer cell migration

Ovarian cancer

Cell

Hossein G et al. 2013

Induces apoptosis of
ovarian cancer cells

Renal cell carcinoma

Cell

Xu Y. 2013

Sensitizes carcinoma
cells to treatment

Hypertension

Human

Ho JE et al. 2013
(NCT01960946)

- Study is ongoing -

Acute kidney injury

Cell

Kolatsi-Joannou M et
al. 2011

Inhibits renal fibrosis

Liver cancer metastasis Mouse

Liu HY et al. 2008

Inhibits liver metastasis
of colon cancer

N-acetyllactosamine

Cardiac fibrosis

Yu L et al. 2013

Attenuates cardiac
fibrosis

GCS-100

Chronic kidney disease Human

Tidmarsh G et al. 2013
(NCT01843790)

Improves kidney
function

Diffuse large B-cell
lymphoma

Cell

Clark MC et al. 2012

Sensitizes cells to
death

Tumor-infiltrating
lymphocytes

Cell

Demotte N et al. 2010

Induces tumor
regression

Myeloma

Cell

Streetly MJ et al. 2010

Modifies cell cycle and
targets apoptosis

Multiple myeloma

Cell

Chauhan D. 2005

Enhances apoptosis in
multiple myeloma cells

Hepatitis

Mouse

Volarevic V et al. 2012

Attenuates liver injury

TD139

Rat
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Table 1: Overview of various different galectin-3 inhibitors. (continued)
Galectin-3 inhibitors
Compound

Disease model

Species

Study

Summary of results

Lung fibrosis

Mouse

MacKinnon AC et al.
2012

Attenuates progression
of lung fibrosis

Lactulose L-Leucine

Prostate cancer
metastasis

Mouse

Glinskii OV et al. 2012

Inhibits metastatic
tumor burden

Galectin-3C

Multiple myeloma

Mouse

Mirandola L et al. 2011

Inhibits tumor growth

Breast cancer
metastasis

Mouse

John CM et al. 2003

Reduces metastases
and tumor volumes

TD131_1

Papillary thyroid
cancer

Cell

Lin CI et al. 2009

Activates apoptosis in
cancer cells

GM-CT-01

Tumor-infiltrating
lymfocytes

Cell

Demotte N et al. 2014

Induces toxicity of
tumor-infiltrating
lymfocytes

Liver fibrosis

Rat

Traber PG et al. 2013

Reduces fibrosis and
portal pressure

Metastatic melanoma

Human

Baurain JF et al. 2012
(NCT01723813)

- Study is ongoing -

GR-MD-02

Liver fibrosis

Rat

Traber PG et al. 2013

Reduces fibrosis and
portal pressure

Ac-SDKP

Cardiac fibrosis

Rat

Liu YH et al. 2009

Prevents cardiac
fibrosis and
dysfunction

Galectin-3 and aldosterone
While the exact mechanisms of the release of galectin-3 from macrophages are unknown, it appears that aldosterone might be an important mediator of the pro-fibrotic
effects of galectin-3. Extensive experimental studies have demonstrated that blockade
of mineralocorticoid receptor stimulation (by a mineralocorticoid receptor antagonist,
MRA) markedly reduces fibrosis, as reflected by change in tissue collagen as well as
reduction in circulating collagen peptides, which have proved to be useful markers
of cardiovascular fibrosis [46]. More recent work also suggests that the important role
aldosterone plays in collagen metabolism might in part be mediated by galectin-3. In
a study by Calvier et al. [47], rat vascular smooth muscle cells (VSMC) were treated with
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aldosterone, leading to a concentration-dependent increase in galectin-3 protein levels.
The MRA eplerenone abolished aldosterone-induced galectin-3 up-regulation. VSMC
were also transfected with either a control vector or a vector driving recombinant human galectin-3 expression. Cells which overexpressed recombinant human galectin-3
showed an increased collagen type I deposition, without changes in collagen type
III, indicating deposition of cross linked (stiff ) collagens. Galectin-3 inhibition, which
was performed by small interfering RNA and modified citrus pectin (MCP) attenuated
aldosterone-induced collagen type I synthesis.
To support these in vitro findings, the authors conducted in vivo experiments. Rats
were treated with aldosterone/salt during 3 weeks, either combined with the MRA
spironolactone or MCP. Aldosterone-treated rats had hypertension, vascular hypertrophy, inflammation, fibrosis and increased aortic galectin-3 expression. Both MCP and
spironolactone treatment reversed all of the above effects. Finally, WT and galectin-3
KO mice were treated with aldosterone for 6 h or 3 weeks. Aldosterone enhanced aortic
galectin-3 expression, inflammation and collagen type I in WT mice at both the short
and long-term. However, no changes were observed in the galectin-3 KO mice. The
investigators concluded that galectin-3 indeed is required for the pro-inflammatory
and pro-fibrotic response that is induced by aldosterone (Fig. 5) [47]. In this study, the
galectin-3 inhibitor MCP showed to be effective in preventing vascular remodeling and
hypertensive end-organ damage.
Aldosterone

Chapter 9

Galectin
Galectin-3
Renal damage:
sclerosis & fibrosis
Cardiac remodeling:
hypertrophy & fibrosis

Vascular remodeling:
hypertrophy & fibrosis
Figure 5: Proposed scheme of interplay between aldosterone and galectin-3. Recent experimental data
have suggested that aldosterone[47] (or upstream hormones like Angiotensin II[23,25]) cause galectin-3
expression and release. This galectin-3 production is necessary for aldosterone induced end organ damage, as disruption and pharmacological inhibition of galectin-3 abolishes the aldosterone-induced effects.
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Galectin-3: The future
Available experimental and clinical data support the hypothesis that galectin-3 may be
both a biotarget and a biomarker. As a biotarget, inhibition of galectin-3 may reduce
pathological fibrosis and adverse cardiac remodeling and reduce the risk of subsequent
HF. As a biomarker, increased or increasing [48] galectin-3 may identify patients with
excessive risk for poor outcomes, that signifies a fast forward form of HF with progressive remodeling. Possibly, such patients could benefit from intensified therapy, such as
higher dosages or additional agents.
As clinical studies of galectin-3 inhibition are initiated, some important issues
concerning agents with this property need to be addressed. First, among thousands
of pectins, MCP has shown to be an effective inhibitor of galectin-3 induced fibrosis.
However, MCP is a macromolecule comprising many oligosaccharides, and the specific
inhibitory sequences are unknown. Currently, efforts are undertaken to identify pectins
or other compounds with higher affinity for the CRD of galectin-3, with the aim to
achieve stronger inhibitory effects. Preclinical data yielded promising results, but long
term safety and interaction with other diseases or drugs has not been studied. Before
entering clinical trials, it is also mandatory to be informed on pharmacodynamics and
kinetics of these compounds.
Galectin-3 may also be of value as a biomarker to guide selection of patients for
specific HF therapies. A strong case has been made that aldosterone promotes galectin-3 activation that in turn results in pathological fibrosis and adverse outcomes in HF
models. This suggests that patients with elevated galectin-3 might respond especially
favorably to aldosterone blockade (MRAs), although a recent post hoc analysis from a
clinical trial did not report a clear relation between galectin-3 levels and the use of MRAs
[49]. We hypothesize that aldosterone blockade will block galectin-3 related damaging
effects. However, other factors known to activate galectin-3 will be left untouched by
such treatment, so that we hypothesize that specific galectin-3 might have additional
effects over the use of MRA alone. To establish a therapeutic role for galectin-3 in clinical decision making, it will require a robust, prospective clinical study. The upcoming
trial, REGAL-HF (Reduction in Events with GALectin-3 in acute Heart Failure) will test the
specific hypothesis that patients with acutely decompensated HF and high galectin-3
levels who are allocated to spironolactone plus usual care will have fewer events at 90
days than those treated only with usual care. This trial will rigorously investigate the link
between galectin-3 and aldosterone (Fig. 5), and could corroborate the hypothesis that
aldosterone is a key mediator of galectin-3 induced fibrosis. This line of clinical investigation could also help to establish the phenotype of galectin-3 HF, where anti-galectin-3
agents would be critical to the optimal treatment for specific phenotype with high risk
of progressive HF.
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Aims
It has been demonstrated that inhibition of galectin-3 attenuates fibrosis in animal models of heart failure. Pectins are heterogeneous polysaccharides with varying galectin-3
inhibitory capacity, and we therefore aimed to identify pectins with strongest galectin-3
inhibitory effects. We evaluated the in vitro inhibitory capacity, identified potent pectins,
and tested if this potency could be validated in a mouse model of myocardial fibrosis.

Methods and results
Various pectin fractions originating from different fruit and vegetables were screened
and compared with two established polysaccharide galectin-3 inhibitors, lactose and
modified citrus pectin (MCP), in two in vitro assays: a binding assay and a chemotaxis
assay. These assays identified enzymatically modified rhubarb pectin (EMRP), a complex
pectin with a relatively high galacturonic acid and galactose content, as the most potent
inhibitor of galectin-3 activity. We validated our findings in a mouse model of myocardial
fibrosis. In male C57Bl/6J mice angiotensin II was infused (Ang II: 2.5 mg/kg/day, 14
days), which resulted in increased fibrosis (4.9-fold compared to control), and this was
inhibited by 30% after treatment with MCP (P=NS) and by 57% with EMRP (P<0.05 vs.
Ang II alone). This was associated with a reduced cardiac inflammatory response and
preserved cardiac function; EMRP significantly improved fractional shortening after Ang
II infusion by 33% (P<0.05).

Conclusions
Our screening assays identified a natural rhubarb pectin as a natural galectin-3 inhibitor,
with superior inhibitory capacity over established pectins. In vivo treatment resulted
in substantial attenuation of cardiac fibrosis, which was accompanied with a reduced
inflammatory response and preservation of cardiac function. We propose that bioactive
pectins are natural sources of galectin-3 inhibitors and may be helpful in the prevention
of heart failure or other diseases characterized by fibrosis.
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Heart failure (HF) therapy comprises of a cocktail of drugs, but despite this combinatorial treatment, HF remains a health problem with substantial morbidity and mortality
and a high residual risk for morbidity and mortality with a poor prognosis (1). Therefore,
there is still a need for new treatment options.
Myocardial fibrosis is one of the most prominent adverse pathophysiological processes in heart failure (2,3), and is associated with systolic and diastolic dysfunction,
arrhythmia and premature death (4). Since no therapy convincingly has been shown to
regress or reverse this process, prevention of fibrosis is essential. Some contemporary
agents such as the mineralocorticoid receptor antagonist (MRA) eplerenone reduce
myocardial fibrosis formation by inhibition of the TGF-β1 pathway. Also other RAAS
inhibitors and beta-blockers have an effect on fibrosis formation (5,6). However, these
effects are limited and currently no treatment is available that specifically targets cardiac
fibrosis, and as a result myocardial fibrosis is a prominent feature of progressive HF and
a sign of poor prognosis (3,7,8)
In recent years, galectin-3 has evolved as an important mediator of cardiac fibrosis
and a modifiable factor in HF. Galectin-3 is a carbohydrate-binding protein that is ubiquitously expressed in the human body but mainly in epithelial cells and in cells involved
in the immune response (9). In cardiac tissue, galectin-3 is primarily expressed by macrophages and fibroblasts (10,11). Galectin-3 contains a single polypeptide chain that forms
two distinct structural domains: an atypical N-terminus and a C-terminal carbohydrate
recognition domain (CRD) (12). The N-terminal domain is essential for biological activity
of galectin-3 (13) and is important in pentamer formation (14). Galectin-3 is known as
a macrophage activation marker, because its expression is highly upregulated during
differentiation of monocytes to phagocytic macrophages (15) and also viruses like HIV
and Hepatitis B induce a strong upregulation of galectin-3 (16). Galectin-3 is located
both intracellular as well as extracellular. Intracellular functions include involvement in
apoptosis and regulation of gene expression (17,18). Extracellular galectin-3 is important
in cell signaling and cell adhesion by binding of cell surface glycoproteins and glycosylated components of extracellular matrix, like laminin, tenascin-C and collagen, thereby
promoting tissue fibrosis (19). It furthermore acts as a chemoattractant for monocytes
and macrophages (20).
Using these extracellular functions, galectin-3 is causally involved in cardiac fibrosis
– galectin-3 knockout mice are completely resilient to established pro-fibrotic perturbations, and cardiac and vascular remodeling and atherosclerosis is almost completely
absent in these mice (21–23). Therefore, it has been hypothesized that galectin-3 plays
a central role in cardiac remodeling and elevated levels are associated with poor prognosis in HF (24), predict near-term HF rehospitalization (25) and predict decline in left
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ventricular ejection fraction after myocardial infarction (26). In the general population,
galectin-3 predicts new-onset HF and mortality (27,28). Galectin-3 is also involved in
other organs, like kidney, liver and lungs, and inhibition of galectin-3 led to reduced
fibrosis or damage in all these tissues (29).
Therefore, attempts have been made to design galectin-3 targeted therapy. Specifically, synthetic galectin-3 inhibitors like TD139 have been developed and this inhibitor
has been shown to attenuate liver injury and progression of pulmonary fibrosis (30,31).
More classical inhibitors are polysaccharides, that are recognized by the carbohydrate
recognition domain (CRD) of galectin-3 (32). N-acetyllactosamine is an example of a
carbohydrate with a high affinity for the galectin-3 CRD, and has shown to prevent left
ventricular (LV) dysfunction in heart failure prone rats and in mice (21).
Furthermore, various types of pectins have shown to modulate activity of galectin-3,
thereby inhibiting its cellular functions, as was demonstrated in kidney injury, vascular
fibrosis and in cancer (22,33,34). Pectins are components of plant cell walls and are
present in many fruit and vegetables and might be an interesting source of natural
galectin-3 inhibitors. Pectins are considered as the most complex class polysaccharides
from plant origin and are reported to consist of different distinct structural elements
(35). The main elements of pectins are partly methyl esterified homogalacturonans consisting of long galacturonic acid sequences and rhamnogalacturonan I (RG-I) in which
the backbone of alternating rhamnose- galacturonic acid dimers is substituted with side
chains of arabinose and/or galactose (35,36). Modified citrus pectin (MCP) is a specific
pectin fraction that has been extensively studied as a ligand of galectin-3. MCP is the
most frequently tested pectin and originates from an alkali-treated commercial citrus
pectin, although composition and active fraction are not fully clarified and the affinity of
MCP for galectin-3 generally is low (37,38). Therefore, our aim was to identify bioactive
pectins from various plant materials, obtained after enzymatic treatment, with strong
galectin-3 inhibiting properties, using an in vitro screen. We hypothesized that these
modified pectins would exert stronger in vivo inhibition in a murine model of myocardial
fibrosis and cardiac dysfunction.

Methods
Screening of pectins
Different complex pectins from the fruits and vegetables were screened for galectin-3 inhibitory properties in two different in vitro assays: a chemotaxis assay and an
enzyme-linked lectin assay. In the first screening round, we used pectins that were
enzymatically modified by means of a technical pectinase preparation (Rapidase C600;
DSM Food Specialties, Delft, the Netherlands) and available from previous studies to
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Galectin-3 Chemotaxis Assay
Monocytes were isolated from heparinized buffy coat (Sanquin, Groningen, the Netherlands). First, the buffy coat was mixed 1:1 with phosphate-buffered saline (PBS), with
1mM EDTA (pH 7.2). 25 mL of this mixture was brought onto 12.5 mL of Ficoll (1.073
g/mL; GE Healthcare Life Sciences, Eindhoven, the Netherlands). This was centrifuged
during 30 minutes at 400g at room temperature. The peripheral blood mononuclear
cells (PBMCs) were collected with a Pasteur pipette. PBMCs were washed 3 times with
PBS and centrifuged at 1200 rpm during 10 minutes at room temperature. The PBS was
removed and the pellet was resuspended in 10 mL of RPMI 1640 medium with25mM
HEPES and 2mM L-Glutamine (Lonza, Switzerland) and10% fetal calf serum (FCS) and
penicillin-streptomycin (100 IU/mL and 100 μg/mL); (Invitrogen, Breda, the Netherlands).
Percoll solution was prepared with 9.25 mL 46% Percoll (GE Healthcare Life Sciences,
Eindhoven, the Netherlands), 0.75ml PBS and 54 mL of RPMI 1640 medium. The PBMC
cells were counted and were diluted with medium to a concentration of 1-2x106 and
were carefully loaded onto the Percoll layer in a 7.5 mL tube and centrifuged at 550g
during 30 minutes at room temperature. The monocytes formed a band in the gradient
and were collected with a Pasteur pipette and diluted in 35 mL ice-cold PBS. This cell
suspension was centrifuged at 280g for 8 minutes at 4 degrees Celsius, cells were resuspended with 35 mL of ice-cold PBS, centrifuged again and dissolved in 5 mL medium.
After counting cells were diluted in medium to 1x106 cells/mL.
For the chemotaxis assay, 96-wells, 3.2 mm diameter sites, 30-μl chemotaxis plates
were used (Neuroprobe, USA). Galectin-3 was dissolved in medium at a concentration of
2 μM and was mixed with pectin (1-10mg/ml), lactose (50mM-250mM) or medium. This
mixture was incubated for 30 minutes and gently shaken. 29 μl of this suspension was
inserted into the bottom well. The membrane was put onto the frame and 25 μl of the
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obtain enzymatically modified pectin (Supplemental figure 1; step 1 (as visualized for
rhubarb)) (39). In the next step, pectins were treated with a second enzyme to try to
optimize effectivity: Active pectin preparations were further tested by an experimental
pectinase preparation from Aspergillus niger to obtain enzymatically further modified
pectin (Supplemental figure 1; step 2) (40). For the in vivo testing of Rhubarb pectin
(EMRP), fresh rhubarb was obtained from the local market and treated with the pectinase preparation Rapidase C600 according to the protocol of Schols and Voragen (39).
EMRP was also further purified using a centrifugal ultrafiltration unit having a 5000 Da
cut-off membrane. Orange pectin was isolated following the same procedure using the
pectinase preparation from Aspergillus niger (40). MCP was also tested as this pectin
already has proven to be an effective galectin-3 inhibitor. Commercial sugar beet pectin
and lemon pectin were obtained from CP Kelco (Lille Skensved, Denmark). Pectins were
characterised for sugar composition using methods as described before (39).
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monocyte cell suspension was loaded on top of each well. The cover was put over the
plate and the cell migration plate was incubated during 4 hours at 37 degrees Celsius.
After incubation, the cell suspension on top of the filter was discarded and the filter
was detached from the plate. Cotton buds were used to wipe non-migrated cells from
the top of the filter. The top of the filter was very gently rinsed with PBS to remove any
remaining cells. The filters were transferred to a shallow dish and fixated in 1% formalin
during 10 minutes. The filter was gently rinsed with PBS and the membrane was cut out
and put on a coverslip. Cells were mounted using Vectashield mounting medium with
4’, 6-diamino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, USA). Slides were
analyzed with a fluorescence microscope (TissueGnostics TissueFAXS, Vienna, Austria)
and images were analyzed (TissueQuest) to quantify the number of migrated cells.
Enzyme-linked lectin assay (ELLA)
Galectin-3, dissolved in PBS, was fluorescently labeled using the DyLight 594 kit (Thermo
Scientific, Waltham, USA). 5 μg of laminin-1 (R&D systems, Minneapolis, USA), dissolved
in 100 μL PBS was added to each well in a black, 96-wells plate and was incubated overnight at 4 degrees Celsius. After incubation, laminin-1 was removed and the plate was
washed with PBS. After removal of PBS, the wells were blocked with 200 μL of 2% bovine
serum albumin (BSA) for 1 hour at room temperature, while gently shaking. After 1 hour,
the BSA was removed and the wells were washed twice with PBS. After removal of PBS,
fluorescent labeled galectin-3 at a concentration of 1 μg/μL was diluted 10x with PBS
and from this mixture, 50 μL was added to an Eppendorf tube. 50 μL of (0.1 – 1.0 μg/μL)
of pectin or 50 μL of PBS was added to the tube and was incubated during 30 minutes.
After incubation, this 100 μl was put in each well of the 96-wells plate and incubated
overnight at 4 degrees Celsius. The solution was removed and each well was washed
2x with PBS. Absorbance at 280 nm and 595 nm was measured in the multi-mode microplate reader (Biotek Synergy H4, Winooski, USA) to determine the amount of bound
fluorescent galectin-3.

Animal experiment
Animals
We studied 8-10 weeks old, male C57Bl/6J mice obtained from Harlan (Horst, the Netherlands). All animals were drug and test naïve and were housed in the Central Animal
Facility of the University Medical Center Groningen, which is a specific pathogen free
(SPF) facility. All animals were single caged and had bedding material. The animal facility has a light-dark cycle of 12h-12h in a temperature-controlled environment. Animals
had ad libitum access to chow and water, with or without addition of pectins. Based
on an estimated effect size of 15% of cardiac fibrosis as primary endpoint, a variation
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coefficient of 10%, an alpha of 0.05 and an expected drop out of 3 animals per group,
we requested 6 groups of 14 animals. All experimental procedures were performed in
accordance with the European Union guidelines for the care and use of animals. This
animal experiment was approved by the Animal Ethical Committee of the University of
Groningen (Groningen, the Netherlands), and approved as DEC 6661A.

Experimental procedures
Mice were subjected with either saline or Ang II (2.5 mg/kg/day) for 14 days. Ang II was
dissolved in 0.9% NaCl and injected in an osmotic mini-pump (Alzet, Palo Alto, CA, USA,
model 2004). Mice were anesthetized with 2% O2 and isoflurane. A small incision was
made at the right flank wherein a subcutaneous pocket was created for pump implantation. The implantation of mini-pumps was performed by a single technician in order to
minimize variation and all mice received a single dose of 3.0 mg/kg flunixin-meglumin
to alleviate pain after the surgery. Animals were sacrificed by heart puncture during
anesthesia, and opening of the abdomen and thoracic cavity and perfusion with 0.9%
NaCl into the circulatory system via the apex of the heart. Time of the experiments was
from 8.00AM to 4.00 PM. The experiments were performed in the Central Animal Facility
of the University Medical Center Groningen. An independent technician who implanted
the mini-pumps allocated animals to treatment via block randomization. In the first independent experiment, half of the animals were studied and in the second independent
experiment, the other half was done. All analyses were performed in a blinded fashion
by a single technician.
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Study design
Myocardial fibrosis was provoked by subcutaneous infusion of angiotensin II, which is
a well a well-established model (41,42). The control group received saline infusion via
an osmotic minipump during 14 days. In these 2 groups, 3 types of diet were supplied:
control, MCP treatment and enzymatically-modified rhubarb (EMRP) treatment. In total
6 groups were studied: Ang II / control (n=14), Ang II / MCP (n=14), Ang II / EMRP (n=14),
Saline / control (n=14), Saline / MCP (n=14) and Saline / EMRP (n=14). Pectins were
dosed as 1% in drinking water, ad libitum. Cardiac function was determined with echocardiography and invasive hemodynamic measurements. Left ventricular (LV) tissues
were used to perform immunohistochemical, expressional and biochemical analyses.
We had 2 independent replications of the experiment, with 2 weeks in between (n=7/
group per replication) (Supplemental figure 2).
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Experimental outcomes
Echocardiography
M-mode and 2D transthoracic echocardiography (Vivid 7 equipped with 14-MHz linear
array transducer; GE Healthcare, Chalfont St. Giles, UK) was performed to assess cardiac dimensional and functional parameters, one day before sacrifice. A single operator
(RAdB), who was blinded for the status of the animals, performed all echocardiographic
measurements. Mice were anesthetized with 2% isoflurane and oxygen, and were
placed on a heating pad to obtain body temperature around 37o C. Chest hair of the
mice was removed via application of a topical depilation cream and washed thoroughly
afterwards. Parasternal short axis views were obtained to ensure that M-mode recordings were recorded at LV mid-papillary level. M-mode tracings were used from three cine
loops, to measure fractional shortening and LV dimensions.
Hemodynamic measurements
Before sacrifice, mice were all subjected to invasive hemodynamic measurements (Millar instruments, Houston, USA), using an indwelling micromanometer-tipped pressure
catheter that was introduced in the right carotid artery. A single, independent technician, who was blinded for treatment and diet, performed these measurements. After 5
minutes of stabilization, first arterial pressure (in the ascending aorta) was recorded. The
catheter was then advanced into the LV to record intracardiac pressures and heart rate.
The catheter was then removed and the carotid artery was ligated.
Tissue procurement and immunohistochemistry
After the hemodynamic measurements, the diaphragm was cut and the hearts were
excised and rinsed in ice-cold PBS. The RV and the atria were dissected from the LV
and all compartments were weighed. From the LV, mid-ventricular transverse sections
were fixed in 4% paraformaldehyde before paraffin embedding, as described (43). The
remainder of the LV was snap frozen for RNA analysis.
Paraffin-embedded tissue was sliced into 4μm sections. To measure fibrosis, Masson’s
trichrome staining was performed. Whole stained sections were scanned with a highthroughput scanning system at room temperature (Nanozoomer 2.0-HT, Hamamatsu,
Japan) and amount of fibrosis was quantified of an entire section was performed at 20x
magnification (ScanScope, Aperio Technologies, Vista, USA) and was expressed as the
percentage of total area.
RNA isolation and quantitative real-time PCR
Total RNA was extracted from frozen LV tissue using TRIzol reagent (Invitrogen, Carlsbad,
USA). From total RNA, 0.5 μg was reverse transcribed to produce cDNA using the RNeasy
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Mini kit (Qiagen Inc, Valencia, USA). cDNA was subjected to quantitative real-time PCR
using the C1000 Thermal Cycler CFX384 Real-Time PCR Detection System (Bio-Rad Laboratories, Veenendaal, the Netherlands). Quantification of mRNA levels were performed
(Bio-Rad CFX Manager 2.0) and mRNA levels were expressed as relative units based on
a standard curve obtained with serial dilutions of a calibrator cDNA mixture and was
normalized to the reference gene 36B4. Primer sequences that were used for quantitative PCR analyses are displayed in supplemental table 1.

Statistical methods
All data are presented as means ± standard errors of the mean (SEM). Mice were analyzed in 2 separate subgroups comparing effect of infusion (Ang II vs saline) and effect
of treatment (control vs MCP vs EMRP). Statistical analysis among groups was performed
using analysis of variance (ANOVA) using Dunnett’s post-hoc test (to compare with a
control group) if data were normally distributed, or with the Kruskall-Wallis test followed
by Mann-Whitney U test in case of skewed distribution. All results were tested at the
P<0.05 level of significance. Statistical analyses were performed using GraphPad Prism
(La Jolla, USA).

Results

Chemotaxis assay
Before the screening of pectins, we confirmed if monocyte migration was present in the
chemotaxis assay, as shown in Figure 1A. After n=9 rounds of screening, a selection of
enzymatically modified pectins was tested in a chemotaxis assay to establish galectin-3
inhibitory properties (figure 1B, Supplemental figure 1 (step 1)). Best performing pectins
were selected and further enzymatically modified to investigate if further enzymatic
modification would result in increased inhibitory properties (Supplemental figure 1
(step 2)). These enzymatically modified pectins were further tested in a chemotaxis assay
(Figure 1C). As a control, we included lactose and MCP, which are established galectin-3
inhibitors. Lactose and MCP showed substantial inhibition of monocyte chemotaxis
(23.8% (± 3.4) and 30.1% (± 10.1), all P<0.001 compared to positive control set as 100%;
respectively. Furthermore, in the chemotaxis assay, the various enzyme extracted pectin
fractions representing branched pectin structures also showed substantial inhibition.
The Enzymatically-Modified Rhubarb Pectin (EMRP) and Enzymatically Further Modified
Rhubarb Pectin (EFMRP) rich in homogalacturonan as well rhamnogalacturonan I parts
(supplementary table 2) showed strong inhibition of galectin-3 induced monocyte
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In vitro screening of pectins
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Figure 1: Overview of screening of pectins in chemotaxis assay and enzyme-linked lectin assay
(ELLA)
Monocytes were stained with DAPI, to count the amount of migrated cells (A). Enzymatically modified pectins were screened in a chemotaxis assay (B). Enzymatically further modified pectins were tested in a chemotaxis assay (C) and an enzyme-linked lectin assay (D). Well-known galectin-3 inhibitors lactose and MCP
were used as control to inhibit galectin-3 activity. n=4.
Abbreviations: EMRP: Enzymatically modified rhubarb pectin; EMPP: Enzymatically modified pear pectin;
EMAP: Enzymatically modified apple pectin; EMOrP: Enzymatically modified orange pectin; EMOnP: Enzymatically modified onion pectin; SuBP: Sugar beet pectin; EMCAP: Enzymatically modified cauliflower
pectin; CP: Citrus pectin; EFMRP: Enzymatically further modified rhubarb pectin; EFMPP: Enzymatically further modified pear pectin; EFMAP: Enzymatically further modified apple pectin; EMRPUF: Enzymatically
modified rhubarb pectin (ultra filtrated).

migration (15.1% (± 5.4) and 19.8% (± 4.6) respectively, both P<0.001), compared to
positive control set as 100%, respectively (Figure 1C)). The commercial sugar beet pectin
(SuBP) and citrus pectin (CP) were hardly active in the assay.
Enzyme-linked lectin assay
To corroborate our initial observations, we applied our further modified pectins in an
independent in vitro assay, an enzyme-linked lectin assay (ELLA), in which the direct,
physical binding with galectin-3 was studied. After the administration of lactose and
MCP to galectin-3, the absorbance of fluorescently labeled galectin-3 was lower, and
EMRP and EFMRP show similar effects compared to these established galectin-3 inhibitors ((20.6% (± 6.8) and 23.2% (± 3.2) both P<0.001 compared to positive control, which
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was set as 100% (Figure 1D)). However, further modification by a second enzyme did not
result in increased inhibitory capacities.

Animal experiment

Figure 2: Validation of the animal model: Ang II infusion induces elevated systolic and diastolic blood
pressure (A, B), which is accompanied with increased LV weight (corrected for tibia length)(C) and an increase in cardiac expression of markers of pressure overload (D, E). Also expression of cardiac galectin-3 was
increased after Ang II infusion (F). ***: P<0.001 compared to saline control. **: P<0.01 compared to saline
control. N=9-14.
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Validation of the heart failure model
To validate our findings in vivo, we prepared a larger batch of the pectin with the overall
best performer in the in vitro screens, which was EMRP, in an in vivo experiment, taking
along the pectin MCP as the “gold standard”. After Ang II infusion, a significant increase
of systolic pressure (SBP) and diastolic pressure (DBP) was observed (SBP: 101.7 ± 7.6 to
126.5 ± 10.0 mmHg; P<0.001 and 71.0 ± 7.8 to 89.5 ± 6.6 mmHg; P<0.001 respectively).
Treatment with MCP or EMRP did not attenuate the elevation in blood pressure (Figure
2A/B). After Ang II infusion, LV weight (mg, corrected for tibia length (mm),*1000) was
elevated (from 6.5 ± 0.3 to 8.2 ± 1.0 mg/mm; P<0.001). Again, treatment with either
pectin did not affect this (Figure 2C). Furthermore, Ang II induced an upregulation of
the markers ANP (~ 4-fold increase; P<0.001), ACTA1 (~ 4-fold increase; P<0.001)(Figure
2D/E), and also galectin-3 (~ 1.6-fold increase; P<0.01)(Figure 2F).
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ANGIOTENSIN II
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Figure 3: Treatment with pectins reduces myocardial interstitial fibrosis. Ang II infusion induces a 4-5fold increase of fibrosis deposition in the LV. MCP did not show a significant inhibition of Ang II-induced
fibrosis, but after EMRP treatment, cardiac fibrosis was prevented. ***: P<0.001 compared to saline control.
#: P<0.05 compared to AngII control. N=9-14
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Figure 4: Pectins reduce the inflammatory response. After Ang II infusion, an increase of CD45+ cells
was observed in the LV tissue. Both MCP and EMRP attenuated the increase of CD45+ cells. MCP and EMRP
also attenuated the expression of other inflammatory markers as IL-6, IL-10 and CD68. ***: P<0.001 compared to saline control, *: P<0.05 compared to saline control, ##: P<0.01 compared to AngII control, #:
P<0.05 compared to AngII control. N=9-14.
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Cardiac fibrosis is attenuated by EMRP
Masson’s trichrome staining was performed to quantify myocardial fibrosis (Figure 3).
Ang II infusion was associated with a 4-5-fold increase in signal in the LV tissue, compared to the saline treated control group (0.22 ± 0.10 to 1.08 ± 0.53%; P<0.001). MCP and
EMRP treatment reduced cardiac fibrosis by 30% (P=NS) and 57 % (P<0.05), respectively.
Attenuation of fibrosis is accompanied with reduced leukocyte infiltration
To assess the inflammatory response of leucocytes, a CD45 staining was performed
(Figure 4A/B). Ang II infusion caused an increase in CD45+ cells in the LV tissue from 10.7
± 4.1 to 33.6 ± 16.0 cells/mm2; P<0.001. Both treatment with MCP as well as EMRP significantly reduced CD45+ cells (-56%; P<0.05 and -57%; P<0.05, respectively). Furthermore,
EMRP reduced gene expression of pro-inflammatory genes including IL-6, IL-10 and
CD68 (-47%; P<0.05, -50%; P<0.05, -17%; P<0.05) (Figure 4 C-E).
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Figure 5: Treatment with rhubarb pectin improves fractional shortening. Ang II infusion reduced fractional shortening and LVEF. EMRP prevented this effect for fractional shortening and borderline (but nonsignificantly) for LVEF. Also, LV end-systolic and end-diastolic pressure was increased after Ang II infusion,
but these pressures were not decreased after pectin treatment. **: P<0.01 compared to saline control, #:
P<0.05 compared to AngII control. N=9-14.
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EMRP treatment results in improvement of functional parameters
Intracardiac pressures, especially LVESP and LVEDP, were increased after Ang II infusion
(from 98.1 ± 10.4 to 115.0 ± 11.8 mmHg; P<0.01 and from 8.9 ± 4.4 to 17.3 ± 6.5 mmHg;
P<0.01), respectively, but treatment with pectins did not significantly change these
pressures. Functional changes in cardiac function were assessed by echocardiography
and invasive hemodynamic measurements (Figure 5). Ang II induced a reduction of
fractional shortening (from 41.0 ± 5.0 to 33.0 ± 4.1%; P<0.01), however, EMRP treatment
prevented this impairment in fractional shortening (39.7 ± 4.6; P<0.05 compared to Ang
II control)

Discussion
We demonstrate that, using two different in vitro assays, it is feasible to identify bioactive
pectins from various fruit and vegetables with varying galectin-3 inhibitory properties.
Enzyme extracted pectins from various sources like apple, pear and orange representing mainly the highly branched rhamnogalacturonan I segments of pectin were highly
active in our bioassays. We identified EMRP, having both homogalacturonan and rhamnogalacturonan segments as a potent pectic galectin-3 inhibitor, more potent than the
“archetypical” MCP, which is an established pectin galectin-3 inhibitor (33,44–46). In a
murine model of myocardial fibrosis, we showed that EMRP, a pectin with a relatively
high galactose content in the rhamnogalacturonan region, was able to prevent Ang
II-induced myocardial fibrosis and cardiac dysfunction. The EMRP-derived reduction
in cardiac fibrosis was accompanied with a reduction in the inflammatory response.
Together, our data suggest that specific pectic fragments from food sources exert
inhibitory effects on galectin-3. However, due to the variety of fruits and vegetables
from which an active pectin preparation could be isolated, the sugar composition and
consequently the precise structure of the pectins is quite variable. Given these characteristics, we postulate that intake of specific pectins or pectic fragments from the pectic
rhamnogalacturonan I structural element being decorated with galactose side chains
may be associated with certain health benefits via the inhibition of galectin-3,.
Biomarkers are primarily used for diagnosis or risk prediction. However, some biomarkers are also biotargets, and may also serve as therapeutic targets (47) In recent years,
also galectin-3 was identified as a modifiable risk factor in HF, which can be modified
by several compounds, especially carbohydrate compounds including N-acetyllactosamine residues (48,49), which bind to the CRD of galectin-3. If the CRD is bound to a
carbohydrate ligand, this results in a conformational change of the galectin-3 molecule
and thereby binding of a saccharide ligand acts as an “on/off” switch for the biological
function of galectin-3 (50). Pectins and other galectin-3 ligands may use this particular
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switch to modify the activity of galectin-3. Pectins are complex polysaccharides and
structural components of cell walls, consisting of a backbone containing branches
which are called “hairy regions” (51). As a soluble fiber, they have been associated with
several cardiovascular health benefits (52,53), also via inhibition of galectin-3 (54).
In our in vitro screening assays, we were able to study galectin-3 induced actions, as
shown previously (20,55). MCP is the best studied pectin and it has been reported that
MCP blocks galectin-3 induced effects thereby preventing acute kidney injury, acute liver
injury and pulmonary fibrosis (22,33,46). Furthermore, it blocks aldosterone-induced
renal and cardiac fibrosis (56). However, these effects were limited and because MCP is
a mixture of different molecules and therefore, affinity for galectin-3 is low. Therefore
we performed an in vitro screen with enzymatically modified pectins to identify pectins
with higher affinity for galectin-3. Now we show that also other pectins are able to
inhibit galectin-3 activity, with superior activity over MCP. Recent studies have shown
that subfractions of MCP are more active than the original MCP (54). Furthermore, it
was shown that pectic polysaccharides with higher arabinose and galactose content
(arabinogalactan) were stronger inhibitors of galectin-3 (37). MCP originates from high
molecular weight citrus pectin, which has been treated at elevated temperatures and
a high pH resulting into chemical cleavage of the citrus pectin galacturonan backbone
into smaller fragments. Next to MCP, also other pectins have shown their ability to
inhibit galectin-3 induced processes (29). With the use of pectolytic enzymes, we have
isolated pectins with a reduced level of homogalacturonan segments by degrading the
large pectin molecules into smaller fragments, in order to achieve pectin structures with
a higher affinity for galectin-3. The enzymatic treatment of rhubarb pectin resulted in
EMRP that showed indeed higher affinity for galectin-3 in our in vitro assays, compared
to MCP. However, further modification with a second enzyme did not result in increased
inhibitory properties.
Recent studies using pectic polysaccharides from different food sources showed
that the galectin inhibitory capacity is enhanced in pectins with higher galactose and
arabinose contents, which indicated that these sub-groups are important in galectin-3
inhibition (37). Analysis of our tested pectin EMRP, also showed that this pectin was
still rich in galacturonic acid, having rhamnogalacturonan I segments, relatively rich in
galactose, which may explain why this particular pectin shows strong galectin-3 inhibitory capacity (Supplemental Table 2). However, we observe that other pectins with high
galactose content perform less well. Presumably, not only the galactose content plays a
role, but also the position, length and the precise structure of the galactose side chains
are important to have the required interaction with galectin-3.
In our in vivo experiments we used the pectin with the highest affinity for galectin-3
from our in vitro assays, EMRP, in a murine model for heart failure. A model of Ang II infusion was used to resemble hypertensive heart disease, which is a very common disease
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and is accompanied with fibrosis formation. We observed that administration of our
pectin prevented cardiac fibrosis and improved fractional shortening. This is in line with
recent reports that MCP reduced cardiovascular levels of collagen and transforming
and connective growth factors in the heart of obese animals (57) and prevented cardiac
inflammation and fibrosis in aldosterone-salt-treated rats (46). We now show that also
other pectins are able to prevent cardiac fibrosis and inflammation by enzymatically
modifying them into smaller fragments.
Our combined in vitro and in vivo studies suggest that pectins are having its effect
by direct binding of galectin-3. However, direct binding studies in vivo have not been
performed, so an indirect effect cannot be ruled out. Fibers in general have also shown
to affect oxidative stress and might also be protective by quenching or deleting free
radicals, interchanging ions or counteract the deleterious action of free radicals with
antioxidant compounds associated with their polysaccharide matrix (58). Because enzymatic treatment of pectins results in multiple pectic fragments from different sizes, it is
difficult to determine which fragment would actually be responsible for the binding of
galectin-3. Therefore it is a challenge to develop an assay that can determine whether
pectic fragment actually have entered the systemic bloodstream and can modify the
activity of circulating galectin-3 herein.
Some limitations must be acknowledged. First, we were limited by the pectin library
that we had to our disposal. Our screen was limited in the number of available pectins
and like any other screen could have been more comprehensive. Our primary aim
however, was to show the feasibility of this approach, and future experiments should
screen larger libraries. Most important we did show that more active pectins and pectin
fragments can be identified by this screen. Second, we used a murine model in which
fibrosis was provoked by Ang II-induced hypertension, in a relative short time span, and
therefore by definition does not fully resemble the human situation. However, the physiologic process of Ang II elevation is very similar to the pathophysiological processes of
hypertensive heart disease in humans.
In summary, the present study demonstrates that pectins can be used as galectin-3
inhibitors from a natural source. Altogether, pectins from natural food sources, might be
regarded as dietary sources with specific therapeutic effects with respect to the prevention of galectin-3 mediated (cardiac) fibrosis, and subsequent organ (heart) dysfunction
and failure. We are currently conducting a longitudinal population study (LifeLines,
165,000 subjects, http://www.lifelines.net) with extensive food questionnaires, in an
effort to gather evidence from the human setting for this hypothesis.
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supplemental figure 1: Overview of the preparation of pectins that were used in the screening process. In
the first step, enzymatically modified pectins were extracted from various food sources, using a pectinase
preparation (Rapidase C600) (Step 1). In the next step, pectins were further modified using an experimental
pectinase (Step 2).
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Species: C57/Bl6J mice
Ang II: 2.5 mg/kg/day
MCP: 1% in drinking water
EMRP: 1% in drinking water

supplemental figure 2: Overview of the experimental set-up
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Supplemental table 1: List of primers used in RT-qPCR
RT-qPCR primer, 5’ to 3’
Gene

Forward

Reverse

ANP

ATGGGCTCCTTCTCCATCAC

TCTACCGGCATCTTCTCCTC

ACTA-1

TGCCATGTATGTGGCTATCCA

TCCCCAGAATCCAACACGAT

Galectin-3

TATCCTGCTGCTGGCCCTTATG

GTTTGCGTTGGGTTTCACTG

IL-6

CTGGTCTTCTGGAGTACCATAG

TCCTTAGCCACTCCTTCTGT

IL-10

TAAGGCTGGCCACACTTGAG

GTTTTCAGGGATGAAGCGGC

CD68

AAAGGTAAAGCTAAAGTGGGGC

GGTAGACTGTACTCGGGCTCT

36B4

AAGCGCGTCCTGGCATTGTC

GCAGCCGCAAATGCAGATGG

Supplemental table 2: Detailed analysis of sugar content of the screened pectins:
Sample name

(mol %)
Rha

Ara

Xyl

Man

Gal

Glc

Uronic acid

DM

DA

EMRP (screening)

4

3

2

2

8

10

71

nd

nd

EMPP

12

40

7

0

14

0

27

21

33

EMAP

9

51

8

0

10

0

22

42

60

EMOrP

2

10

1

1

7

35

43

nd

nd

EMOnP

21

7

3

1

30

0

38

6

54

SuBP

3

13

1

0

18

1

63

58

25

EMCAP

7

17

6

1

24

1

45

53

15

CP

0

2

0

0

4

0

93

70

0

EMRP (in vivo test)

4

3

2

1

11

1

78

nd

nd

Rha: rhamnogalacturonan; Fuc: fucose; Ara: arabinose; Xyl: xylose; Man: mannose; Gal: galactose; Glc: glucuronic acid. Nd=not determined. DM (degree of methyl esterification) and DA (degree of acetylation) are
expressed as moles of methanol and acetic acid per 100 moles galacturonic acid respectively

242

Chapter 11
GENERAL DISCUSSION

General Discussion

Galectin-3 has received considerable attention in heart failure research during the last
decade, although the exact value of galectin-3 in heart failure remains topic of debate.
Therefore the aims of this thesis were to provide more and novel insights into the value
of galectin-3 as a biomarker in heart failure- not only as a prognostic factor, but also as
a target for therapy. We explored the prognostic value of galectin-3 in several different
populations and studied the value of single versus serial measurements. Furthermore,
studies were performed to study galectin-3 biology in more detail. In addition, we performed experimental intervention studies to observe the concept of galectin-3 targeted
therapy with “natural” galectin-3 inhibitors.

Mostly, biomarkers are in use to help to assess prognosis. Therefore, in chapter 2 the
available literature on the prognostic value of contemporary biomarkers in acute heart
failure was reviewed. Since there are thousands of such studies, we limited ourselves
to those studies reporting the net reclassification index of biomarkers were included,
in order to be able to report the incremental value of various biomarkers on top of the
clinical model. We noticed several interesting observations. For instance, head-to-head
comparisons show that NT-proBNP is a moderate predictor for prognosis and is outperformed by MR-proADM for 30-day mortality and sST2 for 1-year mortality 1,2. For 5-year
mortality, MR-proANP was found to be a better predictor 3. However, natriuretic peptides
certainly do have their value since they are the best predictors for HF rehospitalization
and cardiac mortality 2,4, and therefore remain the gold standard in patients with heart
failure. Biomarkers of fibrosis, like galectin-3 and ST2 have not been extensively tested
head-to-head against natriuretic peptides, however they do show high net reclassification indices compared to other biomarkers including NT-proBNP. Furthermore, they
often remain significant predictors for outcome after correction for NT-proBNP in the
multivariable analysis and therefore can be regarded as a useful addition to the biomarker spectrum.
However, the overall prognostic value of biomarkers remains limited, with only limited
value on top of the clinical models. It remains difficult to find a single biomarker that fulfills all the needs for the evaluation of prognosis in patients with acute decompensated
heart failure. This may be due to the fact that heart failure is not a single disease; different etiologies may underlie heart failure, which are reflected by various biomarkers.
Therefore often a panel of several biomarkers is needed to show significant (but modest)
incremental value over the clinical model 5.
In addition, biomarkers should be both sensitive and specific and should aid in
clinical decision-making. However, currently no biomarkers exist that fulfil both criteria.
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NT-proBNP is a very sensitive marker for heart failure, but not very specific 6. Therefore,
biomarkers are now increasingly used for other purposes.

The Ideal Biomarker
Over the past years, biomarkers in heart failure have been extensively studied in
biomarker-guided therapy, primarily using NT-proBNP. Initial results established the
concept of biomarker-guided therapy with BNP. However, in the subsequent decade,
some studies confirmed benefits of natriuretic peptide guided therapy 8–11, whereas
other studies showed negative or neutral results 12–15.
A meta-analysis showed that NT-proBNP guided therapy might be superior to BNPguided therapy 16 and the benefits of guided therapy are only present in patients with
HFREF and not in HFPEF 17. In addition, was observed that guided HF care is more challenging in the elderly population (> 75 years) compared to younger patients, which may
be explained by increased comorbidities in this population 14,17. In conclusion, biomarker
research in HF is shifting from classical “prognostication” towards a better understanding of pathogenesis of HF and biomarker-guided therapy or biomonitoring. Although
NT-proBNP has been extensively studied as a prognostic marker, its greatest value is
its diagnostic ability. But since heart failure is a complex and diverse syndrome with
a complex pathogenesis, biomarkers may help us to elucidate the pathophysiological
mechanisms that are operative in HF.
Table 1. Features of the ideal biomarker. Adapted from: Maisel AS et al. 7
2007

2011

Sensitive and specific

Either highly sensitive (diagnosis) or highly specific (treatment
effect)

Reflects disease severity

Reflects abnormal physiology or biochemistry

Correlates with prognosis

Prognosis is most meaningful if level is clinically actionable

Should aid in clinical decision making

Should be used as a basis for specific “biomarker-guided
therapy”

Level should decrease after effective therapy

“Biomonitoring” during treatment is an effective surrogate of
improvement

The value of galectin-3 as a biomarker
As previously observed, single measurements of galectin-3 have prognostic value in
patients with acute and chronic heart failure. A biomarker reflects the present state
of disease and therefore is expected to increase or decrease accordingly. Therefore,
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repeated measurements of a biomarker might provide additional prognostic value as
already was shown by studies that reported an increased prognostic value of serial
measurements of biomarkers 18,19.
In chapter 3 we therefore evaluated whether repeated measurements of galectin-3
would also add prognostic value, compared to a single measurement. This was studied
in 2 large prospective heart failure trials with both acute heart failure patients (COACH)
as well as chronic heart failure patients (CORONA). In these independent cohorts was
found that patients with increasing galectin-3 levels (> 15%) had significantly worse
outcome compared to patients with stable or decreasing galectin-3 levels. Furthermore,
patients with high levels at baseline that remained high over time also experienced
worsened outcome. Other studies in different cohorts confirmed that serial measurements provide incremental prognostic information 20,21.
In addition, this study showed that serial measurements of galectin-3 provided additional prognostic value, compared to single measurements. Our data suggests that
it is important to prevent elevated galectin-3 levels and that serial measurements of
galectin-3 are useful because they provide additional prognostic information regarding cardiovascular outcome. Whether serial galectin-3 measurements may also guide
decision-making in heart failure therapy however remains unknown and future studies
are needed to elucidate this.
Serial measurements are not only useful in patients with heart failure, but also in
subjects in the general population, as shown in chapter 4. Risk prediction in the general
population can be helpful to guide decision-making and closely monitor those subjects
who are at highest risk. However, it remains a challenge to identify those individuals
already developing subclinical disease. Previous studies have shown that a single
measurement of galectin-3 predicts outcome in the general population. We now extend
these findings in a large population-based cohort of the PREVEND study, by showing that
serial measurements of galectin-3 were associated with higher risk for new-onset heart
failure, all-cause mortality, CV mortality, CV events and new-onset atrial fibrillation. After
multivariable adjustment for all baseline factors, serial galectin-3 only remained a significant predictor for new-onset heart failure, but not for other endpoints. Furthermore,
serial measurements provided additional prognostic value compared to single measurement of galectin-3. This study corroborates findings from previous studies showing that
serial measurements of a biomarker might be a superior strategy for risk stratification,
compared to single measurements 22. Using this strategy, individuals with persistently
elevated levels of galectin-3 over a longer time span can be identified, since they are
the subjects at risk for developing heart failure. In this way, subclinical disease can be
identified at early stage. Whether these patients should already be treated to prevent
clinical heart failure would be a very interesting hypothesis to test in future studies.
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Atherosclerosis and myocardial infarction are two detrimental disease processes leading to heart failure. A critical part of cardiac remodeling after myocardial infarction is
cardiac fibrogenesis. In chapter 5 we reviewed the available literature regarding the role
of galectin-3 in cardiac remodeling after myocardial infarction. Myocardial galectin-3
expression is upregulated after myocardial infarction, both on mRNA as well as protein
level, and is not restricted to the infarcted region. It also occurs in the non-infarcted
myocardium, leading to extensive cardiac fibrosis. This cardiac remodeling plays a crucial
role in the deterioration of myocardial function and therefore it is important to identify
patients who are at risk to develop heart failure after myocardial infarction, since their
treatment should be intensified at early stage.
In chapter 6 we studied the value of galectin-3 measurement in patients after
myocardial infarction. Galectin-3 and sST2 levels were measured in patients at time of
myocardial infarction in the GIPS-III study, which included only non-diabetic patients
with a first myocardial infarction. In this study, the association of baseline galectin-3
level and LV function, as assessed by MRI, was studied. Results showed that baseline
galectin-3 level predicts left ventricular ejection fraction (LVEF) and infarct size after
4 months, also after adjusting for baseline factors including creatine kinase (CK) and
troponin. Previously, it has been shown that galectin-3 was associated with lower LVEF
after myocardial infarction. We have confirmed this and extended these findings by
observing an association between galectin-3 level and infarct size 23. Apparently, higher
levels of galectin-3 at baseline make patients more susceptible for larger infarct sizes,
possibly because elevated galectin-3 is associated with accelerated formation of cardiac
fibrosis, a bigger scar, and cardiac remodeling.
In summary, we observed that galectin-3 is a biomarker that can be used for risk stratification in patients with heart failure, as well as in subjects from the general population
and patients after myocardial infarction. However, the absolute value of galectin-3 in risk
prediction remains moderate. A recent meta-analysis confirmed the prognostic value of
galectin-3 as a biomarker 24. Racial differences may explain the differences in prognostic
value: where galectin-3 may have limited prognostic value in blacks, compared to whites
25
. As we show in several studies, serial measurements do provide additional value over
single measurements, however this prognostic value remains limited. Therefore, the
use of (repeated measurements of ) galectin-3 as a biomarker for risk prediction can be
applied, however routine use measurements would not be recommended yet. Further
prospective analyses are necessary to establish the value of galectin-3 as a prognostic
marker. Moreover, cost-effectiveness analyses are needed. The value of galectin-3 in atherosclerosis has been poorly investigated, but the available scientific evidence is promising. Future studies are needed to determine the value of galectin-3 as a biomarker for
atherosclerosis.
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Nowadays, biomarkers are also used to guide clinical decision-making. As the potential
for the use of galectin-3 in heart failure was developing, galectin-3 was frequently studied to guide clinical decisions. Various studies have investigated the interaction of galectin-3 with heart failure drugs. In a substudy of the Val-HeFT trial was observed that the
use of valsartan resulted in a striking reduction of 44% in heart failure hospitalizations
in patients below median galectin-3 levels of 16.2 ng/mL, independent of all baseline
characteristics, including NT-proBNP 20. In contrast, in patients with high galectin-3 level,
valsartan was not effective.
The use of statins in heart failure was studied in the CORONA trial. A recent substudy
studied the interaction of galectin-3 with outcome and concluded that only patients
with low galectin-3 values (<19 ng/mL) would benefit from the use of statins 26. So, very
strong elevations in galectin-3 may indicate progressed heart failure, which is not (longer) amenable to therapies. We postulate that such information may potentially benefit
vulnerable patients with polypharmacy.
Galectin-3 can also be used to predict response to cardiac resynchronization therapy
(CRT). Currently, CRT can be used to improve symptoms and ejection fraction in heart
failure. A substudy of the MADIT-CRT trial showed that patients with the highest galectin-3 levels had 65% reduction in the primary endpoint, compared to a reduction of 25%
in patients with the lowest galectin-3 levels. Therefore, galectin-3 measurement might
be used to select “responders” for CRT therapy 27.
The use of beta-blockers was studied in the TIME-CHF trial and showed that uptitration
of beta-blockers had a better prognosis in patients with low galectin-3 values. This same
study studied the interaction of spironolactone with galectin-3 levels: patients with low
galectin-3 levels had worse prognosis after treatment with spironolactone, compared to
patients with high galectin-3 levels 28. The COACH trial also showed that the reduction
in 30-day event rate in patients discharged with spironolactone was more abundant in
patients with elevated galectin-3 29.
Altogether, high galectin-3 levels might indicate advanced heart failure with greater
resistance for established heart failure therapy, like ARB’s, beta-blockers and statins.
However, for the use of spironolactone this is the opposite: the use of spironolactone is
primarily beneficial in patients with high galectin-3 level.
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Patient diagnosed with
heart failure
Measure
galectin-3
< 17.8 ng/ml
= not elevated

> 17.8 ng/ml
= elevated

Repeat galectin-3
measurement after 6
months

< 17.8
ng/ml

▪ Little benefit of the addon of ARB and statin
▪ Uptitrate beta-blockers
▪ Consider quick referral
for CRT (if criteria are met)

> 17.8
ng/ml
eGFR <
60

▪ Measure galectin-3
once a year
▪ Consider to add ARB
and statin if indicated

▪ Patient at very high
risk
▪ Frequent controls: 3-4
a year
▪ Addition MRA
▪ Measure galectin-3
once a year

eGFR >
60
▪ Patient at high risk
▪ Frequent controls: 1-2
a year
▪ Addition MRA
▪ Measure galectin-3
once a year

Figure 1: A proposed algorithm for the use of galectin-3 in clinical practice

PART 2: The role of galectin-3 in cardiac disease – biology of
galectin-3
Thus far, several studies investigated the association of galectin-3 with endpoints in
cardiac disease. However, the exact role of galectin-3 in cardiac biology is not yet well
known - how galectin-3 exactly mediated cardiac fibrosis has been poorly studied.
Therefore our aim was to further unravel galectin-3 biology: how does galectin-3 become activated, and which factors identify galectin-3 levels over time.
In chapter 7 our aim was to identify baseline factors that determine galectin-3 levels
over time in the general population. Galectin-3 was measured at 3 time points in the
PREVEND study. With the measurement on multiple time points, we were able to study
galectin-3 dynamics over a long time period of 9 years. Baseline determinants of galec252
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tin-3 over time were urinary albumin excretion, as well as severe systolic blood pressure
(> 170mmHg). Determinants of cross-sectional galectin-3 levels were renal function,
gender, body mass index, NT-proBNP and total cholesterol. These outcomes are in line
with preclinical evidence that aldosterone, which is released in response to hypertension, induces an upregulation of galectin-3.
Multiple lines of evidence point towards hypertension as important determinant of
galectin-3 levels. However, the exact mechanism of galectin-3 in the fibrotic cascade
remains unclear. Studies in vascular smooth muscle cells have shown that galectin-3
is spontaneously expressed in these cells and they are associated with increased levels
of collagen I specifically. In galectin-3 knockout mice, aldosterone failed to increase
collagen type I levels, but collagen type III levels were increased. In vascular smooth
muscle cells, aldosterone stimulates galectin-3 expression and inhibition of galectin-3
attenuates aldosterone-induced collagen deposition and remodelling 30. Similar findings were found in renal fibrosis: inhibition of galectin-3 only attenuated collagen type I
deposition, but not collagen type III 31. This may be explained by the high number of SP-1
binding sites on the collagen type I molecule, which is a strong ligand for galectin-3 32.
An association between aldosterone and galectin-3 was also found in cardiac disease:
in rats with hyperaldosteronism, galectin-3 expression was increased, which was associated with increased cardiac fibrosis. This effect was inhibited by galectin-3 inhibition
with MCP 33. Aldosterone has been demonstrated to induce galectin-3 secretion by macrophages via the phosphoinositide 3-kinase inhibitor (PI3K) pathway 34. Several studies
investigated the effect of aldosterone-blockers on galectin-3 level. In two independent
animal studies of cardiac hyperaldosteronism, eplerenone reduced galectin-3 levels 33,35.
These findings were confirmed in a clinical study: spironolactone treatment reduced
galectin-3 levels in patients after myocardial infarction 36. Furthermore, in patients 1
year after adrenalectomy because of primary aldosteronism, plasma galectin-3 levels
significantly decreased 37. In HFPEF patients, with almost non-elevated galectin-3 levels
(median baseline galectin-3 level 12.1 ng/mL), spironolactone did not further decrease
galectin-3 levels 38.

Another route of action of galectin-3 towards cardiac fibrosis is alternative macrophage
activation. Galectin-3 binds to CD98, inducing the PI3K pathway and alternative macrophage activation 39. Macrophages can be activated by two pathways: the initial inflammatory response is induced by IFN-y and IL-12 and stimulate the release of M1-polarized
macrophages 40. In the resolution phase of inflammation, alternative macrophage
activation is stimulated by IL-4 an IL-10, and activates the PI3K pathway, eventually
leading to (cardiac) fibrosis and matrix deposition. Galectin-3 plays an important role in
alternative macrophage activation since inhibition has shown to attenuate IL-4 induced
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alternative macrophage activation 39. Furthermore was proposed that a galectin-3
feedback loop drives alternative macrophage activation, eventually leading to cardiac
fibrosis 39. Unpublished data also confirms that galectin-3 binds to multiple components
of alternative macrophage activation pathway, including the macrophage-bound mannose receptor, c type 1. A proposed pathway of galectin-3 activation is summarized in
figure 2.
Various factors influence galectin-3 plasma level; certain medical therapy, like spironolactone, affects plasma galectin-3 level 33,35. Also ethnic differences may explain
differences in plasma levels 25. Furthermore, also blood group may influence galectin-3
level. Previous studies described an association between ABO blood group and cardiovascular outcome. Subjects with non-O blood groups do have higher risk for coronary
artery disease and experience higher mortality in cardiac disease. In chapter 8 we investigated a potential role for galectin-3 in this association. Galectin-3 plasma levels were
measured in 2 large cohorts. First, we studied patients from the Ludwigshafen Risk and
Cardiovascular Health (LURIC) study, which comprised patients hospitalized for coronary angiography. As a validation cohort, we used the Prevention of Renal and Vascular
End-stage Disease (PREVEND) cohort, which are subjects from the general population.
In the LURIC study we observed that galectin-3 plasma levels were lower in patients
with non-O blood group, compared to patients with blood group O. We were able to
validate these results in subjects from the general population in the PREVEND cohort.
However, we observed that the prognostic value of galectin-3 is strongest in subjects
with non-O blood groups – paradoxically in those subjects with the lowest galectin-3
values. In experimental binding analysis we furthermore observe that galectin-3 binding affinity is different per blood group: galectin-3 binds stronger to red blood cells and
von Willebrand factor of subjects with non-O blood groups, compared to subjects with
blood group O. This may be caused by structural differences of blood group molecules,
by addition of N-acetylgalactosamine or D-galactose to the red blood cells in blood
group A and B. These sugars are known to have high affinity for galectin-3 and therefore
may explain the increased binding affinity for non-O blood groups. We hypothesize that
the biological activity of galectin-3 may be regulated by the glycosylation induced by
red blood cells.

PART 3: Galectin-3 as a modifiable factor in HF
One of the interesting features of a biomarker is the ability to serve as a target for therapy.
In recent years, attempts have been made to inhibit galectin-3 using specific inhibitors
in order to slow down progression of disease. In chapter 9 we summarized the evidence
for galectin-3 as a target for therapy. For galectin-3 inhibition, either specific “natural”
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Figure 2 Proposed pathway of galectin-3 activation

polysaccharides are being used, but also synthetically synthesized small molecules. First
evidence for inhibition of galectin-3 as a therapeutic tool was provided in an in vivo
experiment of tumour growth and metastasis. Specific dietary carbohydrates, called
pectins, were able to effectively inhibit galectin-3 mediated effects 41. Hereafter, inhibi255
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tion of galectin-3 was also proven to be beneficial in heart failure. The pro-fibrotic effects
of galectin-3 were effectively neutralized by the tetra-peptide ac-SDKP 42. Also genetic
disruption of galection-3 effectively prevented cardiac fibrosis and development of
heart failure 43. Furthermore, galectin-3 knockout mice have shown to be resistant for
aldosterone-induced cardiac inflammation and fibrosis 44. Another polysaccharide,
N-acetyl lactosamine (N-Lac), also showed to prevent cardiac remodelling in a murine
model for cardiac pressure overload 43.
In recent years, attempts are being made to discover the most potent galectin-3
inhibitor. Galectin-3 inhibition is not restricted to fibrotic disease, but is also studied in
cancer research. The small molecule TD131_1 has shown to slow down progression of
papillary thyroid cancer by promoting apoptosis 45. TD139 is another compound that
has shown to attenuate liver injury in hepatitis and slows down progression of pulmonary fibrosis 46,47. To date, these small molecules have not been tested in heart failure
models, but these results may be expected soon. All these studies show that galectin-3
may effectively be targeted.
In most studies, modified citrus pectin is used as a galectin-3 inhibitor. In chapter 10
we want to explore the use of other pectins for galectin-3 inhibition. Various kinds of
pectins from different food sourced were screened in an in vitro assay for their galectin-3
inhibiting properties, together with established inhibitors, lactose and MCP. In this way
we identified a relative galactose-rich pectin, EMRP, that was tested in an in vivo model
of angiotensin II infusion. During this 2-week experiment, angiotensin II infusion caused
cardiac fibrosis. The use of EMRP clearly attenuated formation of fibrosis, which was
accompanied with a reduction of cardiac inflammation and preserved cardiac function
as assessed by fractional shortening. This experiment showed that more pectins from
dietary sources can be used as galectin-3 inhibitors and that it is feasible to use this
pectins as “natural” galectin-3 inhibitors to prevent cardiac fibrosis and heart failure.
Recent studies support the potential of pectins to prevent heart failure, which was
shown in a model of experimental hyperaldosteronism, that cardiac fibrosis was prevented by genetic disruption or pharmacological inhibition of galectin-3 33. Furthermore,
the inhibition of galectin-3 with modified citrus pectin, prevented cardiac fibrosis and
LV dysfunction. Interestingly, the combined use of galectin-3 inhibitor with aldosterone
antagonist resulted in additional inhibition compared to the use of a single antagonist
solely 48.
Up to now, galectin-3 inhibition has proven its potential. In these studies, galectin-3
inhibitors showed to prevent progression to fibrosis. However, the reversal of cardiac
fibrosis has not been proven yet. Fibrosis is very difficult to treat when the damage has
been done.
For treatment in heart failure a combined approach therefore could be used. First, individuals with serial elevated galectin-3 levels can be identified as at risk for development
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of heart failure. In these individuals galectin-3 inhibition might slow down progression
from subclinical disease to overt heart failure. Especially for cardiac fibrosis, it is important to treat this at an early stage and not in advanced stages of cardiac remodelling
when the ventricle is already dilated with excessive collagen deposition. However, the
current galectin-3 inhibitors still have a low affinity for galectin-3 or cannot properly be
administered. Therefore the quest for the ultimate galectin-3 inhibitor continues.

Clinical studies demonstrated a potential role for galectin-3 as a predictor for prognosis
in heart failure. High galectin-3 levels represent a pro-fibrotic state, and is associated
with co-morbidities and poor outcome. However, the use of a single predictor still remains of low clinical value. Often a biomarker panel is needed to obtain relevant clinical
applicability. Furthermore, galectin-3 can be used to guide clinical decision-making.
However, a well-organized prospective trial is needed to confirm this. Serial sampling of
galectin-3 in this trial might be useful for better risk prediction.
Galectin-3 can be regarded as an interesting marker of subclinical disease that can
be elevated in “apparently healthy” subjects in the general population. The use of
this marker might help to identify subjects at risk to develop heart failure and closely
monitor them. We hypothesize that early treatment with aldosterone-antagonists might
prevent elevated galectin-3 levels and its associated conditions. Future studies should
elucidate whether therapeutic interventions could slow down development of clinical
disease. Galectin-3 guided therapy using aldosterone antagonists would be an interesting hypothesis to test.
Most clinical studies are performed in patients with heart failure. But galectin-3 also
plays an important role after myocardial infarction. Its levels are upregulated in infarcted
tissue, but at later stage also in non-infarcted regions, in an attempt to restore cardiac
function. Baseline galectin-3 levels are predictive for the infarct size and left ventricular
ejection fraction after 4 months. Yet, the exact role of galectin-3 in coronary artery disease remains unclear. It has been demonstrated that galectin-3 is a central player in the
pathology of atherosclerotic plaque progression. However, more studies are needed to
establish the potential role of galectin-3 in atherosclerosis.
One of the most important causes of elevated levels of galectin-3 is hypertension and
its associated side effects. Hypertension drives the release of aldosterone and TGF-beta,
the subsequent differentiation of fibroblasts into myofibroblasts, which eventually leads
to association of galectin-3 with integrins to form extracellular matrix. Moreover, galectin-3 drives a positive feedback loop via recruitment of macrophages and alternative
macrophage activation. In order to prevent galectin-3 release it is important to inter257
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vene in this cascade. Treatment of hypertension might be important to prevent elevated
galectin-3 levels. Prospective studies are needed to confirm this hypothesis.
The greatest value of galectin-3 is its ability to serve as target for therapy, in order
to prevent cardiac fibrosis and remodeling. Several preclinical studies have shown that
galectin-3 inhibition is an effective strategy to prevent cardiac fibrosis and cardiac dysfunction. Pectins can be an interesting source of “natural” galectin-3 inhibitors. But given
the structure of these macromolecules, affinity for galectin-3 is rather low. Therefore,
there still is a need for a powerful galectin-3 inhibitor that is orally available.
Spironolactone already showed to effectively reduce galectin-3 levels. It would be
interesting to study the additional effect of galectin-3 inhibition on top of this relative
“common” heart failure therapy. Experimental studies showed that combined galectin-3
and aldosterone blockade resulted in synergistic effects on cardiac inflammation and
fibrosis 48. As a next step, galectin-3 inhibition with modified citrus pectin is currently
tested in humans. In the next years, stronger inhibitors will appear which will answer
the question if galectin-3 inhibition might be of additional value on top of aldosterone
blockade. Modulation of galectin-3 in experimental studies should provide an answer
whether galectin-3 inhibition would also be useful as a target for therapy in atherosclerosis.
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(Korte) Nederlands samenvatting
Galectine-3 is een eiwit wat geproduceerd wordt in ons lichaam bij ontsteking en weefselschade. Het wordt uitgescheiden in het bloed en kan als biomarker worden gemeten,
waardoor de prognose van patiënten met hartfalen ingeschat kan worden. Dit proefschrift laat zien dat herhaalde metingen zorgen voor een nog betere inschatting dan
een enkele (baseline) meting. Daarnaast is galectine-3 ook een marker van sluimerende
ziekte: zo kan het gebruikt worden om te voorspellen wie in de “gezonde” populatie
in de toekomst hartfalen gaat ontwikkelen. Maar galectine-3 is ook betrokken bij littekenvorming van het hart en draagt zo bij aan een verslechterende hartfunctie. Zo kan
een meting van het galectine-3 niveau ten tijde van een myocardinfarct een inschatting
geven van de latere schade aan de hartfunctie.
Dit proefschrift toont verder dat galectine-3 spiegels verhoogd raken bij forse hypertensie en eiwitverlies in de urine. Daarnaast bepaalt de nierfunctie voor een belangrijk
deel de galectine-3 waarde. Ook bloedgroep heeft een sterke invloed op het galectine-3
niveau, en op de prognostische waarde die galectine-3 heeft. Het verschil in biologische
activiteit van galectine-3 tussen bloedgroepen kan mogelijk verklaard worden door
glycosylering, de toevoeging van suikers aan een molecuul.
De belangrijkste eigenschap van galectine-3 is echter dat het kan dienen als therapeutisch aangrijpingspunt in hartfalen. Complexe suikers verkregen uit fruit en groentes,
pectines genaamd, zijn in staat om de effecten van galectine-3 te remmen. Toediening
van deze natuurlijke stoffen zorgt ervoor dat progressie van hartfalen geremd wordt.
Het concept van galectine-3 remming zou daarom een zeer interessante toevoeging
kunnen zijn aan bestaande hartfalen therapie.
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Nederlands samenvatting
Galectine-3 is een nieuwe biomarker in hartfalen die de laatste jaren onderzocht is in
vele studies. De exacte waarde van galectine-3 in hartfalen blijft echter onderwerp
van discussie – met name de interactie met andere variabelen zoals nierfunctie, de
variabiliteit, herhaalde metingen, en de rol in diverse subvormen van hartfalen is slechts
ten dele onderzocht. Verder is galectin-3 niet alleen een biomarker, maar ook een biologisch actief eiwit, met een directe rol in het ziekteproces van hartfalen. Het primaire doel
van dit proefschrift was daarom om de waarde van galectine-3 in hartfalen beter vast te
stellen - niet alleen als biomarker, maar ook als therapeutisch aangrijpingspunt. Daarom
is de prognostische waarde van galectine-3 onderzocht in verschillende populaties en
is onderzocht of het bijvoorbeeld zinvol is om herhaalde metingen te doen. Omdat de
pathofysiologie van galectine-3 in hartfalen nog niet volledig bekend is, zijn ook studies
verricht om meer inzicht te krijgen in de biologie van galectine-3. Tenslotte hebben we
experimentele interventie-studies verricht om het concept van galectine-3 als therapeutisch aangrijpingspunt met “natuurlijke” galectine-3 remmers te onderzoeken.

Oorspronkelijk werden biomarkers vaak gebruikt voor prognose in ziekte. Hoofdstuk 2 is een review van de beschikbare literatuur van de prognostische waarde van
hedendaagse biomarkers in acuut hartfalen. Hierbij is alleen gekeken naar studies die
een “net reclassification index” (NRI) rapporteren, omdat we geïnteresseerd waren in
de toegevoegde waarde van een biomarker bovenop bestaande klinische factoren.
Hieruit kwamen interessante observaties naar voren. Vergelijkende studies met diverse
biomarkers toonden dat NT-proBNP een matige voorspeller is van mortaliteit, en voorbijgestreefd wordt door MR-proADM (30-dagen mortaliteit), sST2 (1-jaars mortaliteit)
en MR-proANP (5-jaars mortaliteit). NT-proBNP blijft echter wel de gouden standaard
als beste voorspeller van ziekenhuisopnames voor hartfalen en cardiale mortaliteit.
Biomarkers van fibrose, zoals galectine-3 en sST2 zijn tot op heden niet onderzocht in
een vergelijkend onderzoek met NT-proBNP, maar tonen wel een indrukwekkende NRI
bovenop een klinisch model inclusief NT-proBNP. Bovendien blijft galectine-3 een significante voorspeller van prognose na correctie van NT-proBNP in een multivariate analyse
en kan daarom worden beschouwd als nuttige toevoeging aan het biomarker spectrum.
Echter, de algehele prognostische waarde van biomarkers blijft beperkt, met vaak een
geringe (alhoewel statistisch significante) toegevoegde waarde bovenop het klinisch
model. Het blijkt lastig om één enkele biomarker te vinden die aan alle criteria voldoet
voor de evaluatie van prognose van patiënten met acuut hartfalen. Wat hier mogelijk
aan ten grondslag ligt is het feit dat hartfalen niet een solitaire ziekte is, maar dat er vaak
sprake is van multipele etiologie, die niet weerspiegeld kan worden door een enkele
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biomarker. Daarom is er vaak een panel van meerdere biomarkers nodig om in één
cohort significante toegevoegde waarde over een klinisch model aan te tonen.
Behalve de prognostische waarde van een biomarker, verwachten we ook van een
biomarker dat die sensitief en specifiek is en van waarde is bij het maken van klinische
beslissingen. Tot op heden voldoet geen enkele biomarker aan al deze criteria. NTproBNP is een zeer sensitieve marker voor de diagnose van hartfalen, maar weinig specifiek. Biomarkers worden dan ook meer en meer gebruikt voor andere toepassingen,
zoals biomarker-gestuurde therapie. Met name (NT-pro)BNP is hiervoor uitgebreid
onderzocht, waarbij de resultaten erg uiteen lopen. Een meta-analyse toonde dat het
voor alleen van waarde zou kunnen zijn voor bepaalde subgroepen, zoals patiënten met
hartfalen met verminderde ejectiefractie (HFREF). Een andere studie toonde dat deze
NT-proBNP gestuurde therapie met name van waarde zou kunnen zijn in de jongere
patiënt (<75 jaar), wat verklaard kan worden door de toename van comorbiditeit in
de oudere populatie. Concluderend kan vastgesteld worden dat biomarker onderzoek
langzaam verschuift van de klassieke prognostische waarde naar biomarker-gestuurde
therapie en biomarker als therapeutisch aangrijpingspunt. Maar omdat hartfalen een
multifactorieel syndroom is met een complexe pathogenese, kunnen biomarkers ons
wel helpen om de pathofysiologische mechanismen te ontrafelen die actief zijn in
hartfalen.

De waarde van galectine-3 als biomarker
Eerder werd al aangetoond dat een enkele meting van galectine-3 plasma niveau,
prognostische waarde heeft bij patiënten met acuut of chronisch hartfalen. Indien een
biomarker de huidige staat van ziekte reflecteert, en als deze marker meestijgt of daalt
met de “ernst van de ziekte” kan dat van toepassing zijn in de klinische praktijk. Daarom
zouden herhaalde metingen van een biomarker van toegevoegde waarde kunnen zijn
in vergelijking met een enkele meting. Voor andere biomarkers als NT-proBNP is dit ook
reeds aangetoond.
In hoofdstuk 3 hebben we daarom onderzocht of herhaalde metingen van galectine-3 ook zinvol zijn. Dit is onderzocht in 2 grote prospectieve hartfalen cohorten met
zowel patiënten met acuut hartfalen (COACH) als patiënten met chronisch hartfalen
(CORONA). In beide cohorten werd gevonden dat patiënten met stijgende galectine-3
niveaus (>15%) een aanzienlijk slechtere prognose hadden in vergelijking met patiënten met stabiele of dalende galectine-3 waardes. Patiënten met persisterend hoge
galectine-3 waardes, hadden ook een significant slechtere prognose. Deze conclusies
werden later ook bevestigd door seriële metingen in andere cohorten.
Deze studie laat ook zien dat seriële metingen van galectine-3 van toegevoegde
prognostische waarde zijn, vergeleken met een enkele meting op baseline en in de
follow-up. Onze data suggereert dat het belangrijk is om een stijging in galectine-3 te
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voorkomen en dat seriële metingen belangrijke prognostische waarde hebben in het
voorspellen van cardiovasculaire uitkomst. Of seriële galectine-3 metingen ook gebruikt
kunnen worden om het klinisch beleid te sturen blijft onbekend - toekomstige studies
moeten dit nog uitwijzen.
Seriële metingen zijn niet alleen van waarde in patiënten met hartfalen, maar ook
in de “gezonde populatie”, zoals getoond wordt in hoofdstuk 4. Risico inschatting in
de algemene bevolking kan nuttig zijn om het medisch beleid te sturen en bepaalde
personen met de hoogste risico’s nauwlettend in de gaten te houden. Toch blijft het een
uitdaging om te voorspellen welke individuen al subklinisch ziekte aan het ontwikkelen
zijn. Eerdere studies hebben laten zien dat een enkele meting van galectine-3 uitkomst
voorspelt in de algemene bevolking, maar het aantal patiënten dat “at risk” wordt
aangewezen door een enkele meting is vele malen groter dan het aantal dat de ziekte
werkelijk krijgt. In hoofdstuk 4 laten we zien dat herhaalde metingen van galectine-3
beter kunnen voorspellen welke individuen een hoog risico hebben op het ontwikkelen
van hartfalen, atriumfibrilleren, cardiovasculaire events en (cardiovasculaire) mortaliteit.
Na multivariabele correctie voor alle baseline factoren blijft een herhaalde meting van
galectine-3 een significante voorspeller voor het ontstaan van hartfalen, maar niet voor
andere uitkomstmaten. Daarnaast biedt een seriële meting toegevoegde prognostische
waarde, in vergelijking met een enkele meting. Deze studie bevestigt bevindingen
van voorgaande studies, dat een seriële bepaling van een biomarker een superieure
strategie is voor risico stratificatie, vergeleken met een enkele meting. Op deze manier
kunnen individuen met continu verhoogde waardes van galectine-3 over een langere
periode worden geïdentificeerd, en deze personen lopen een sterk verhoogd risico op
het ontwikkelen van hartfalen. Op deze manier kan subklinische ziekte geïdentificeerd
worden in een vroeg stadium, en wordt een subcategorie herkend die mogelijk profijt
heeft van agressieve preventieve behandeling. Of deze patiënten ook echt behandeld
zouden moeten worden is een interessante hypothese om te testen in toekomstige
studies.
Atherosclerose en myocardinfarct zijn schadelijke ziekteprocessen die uiteindelijk
kunnen leiden tot hartfalen, en de belangrijkste oorzaak zijn van hartfalen. Een belangrijk onderdeel van cardiale remodelering na myocardinfarct is cardiale fibrose. In
hoofdstuk 5 hebben we de beschikbare literatuur onderzocht betreffende de rol van
galectine-3 in cardiale remodelering na een myocardinfarct. Het blijkt dat de expressie
van galectine-3 verhoogd is na een myocardinfarct, zowel op mRNA- als op eiwit-niveau
en zich niet beperkt tot het gebied van infarct. Deze cardiale remodelering speelt een
cruciale rol in de verslechtering van de hartfunctie en is daarom belangrijk om patiënten
te identificeren die een verhoogd risico lopen op hartfalen na een myocardinfarct, zodat
ze adequate behandeling kunnen krijgen in een vroeg stadium.
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In hoofdstuk 6 hebben we de waarde van galectine-3 meting bij patiënten na een
myocardinfarct onderzocht. Galectine-3 en sST2 levels werden gemeten in patiënten
ten tijde van een STEMI (ST-elevated myocardinfarct) in de GIPS-III studie. Hierin werden non-diabetische patiënten geïncludeerd met een eerste myocardinfarct. In deze
studie werd de associatie tussen baseline galectine-3 niveau en linkerventrikel-functie
na 4 maanden (vastgesteld met MRI) onderzocht. Deze studie liet zien dat baseline
galectine-3 waarde de linkerventrikel-ejectiefractie en infarct grootte na 4 maanden
kan voorspellen, zelfs na correctie voor baseline factoren inclusief creatine kinase en
troponine. Eerder werd al aangetoond dat galectine-3 geassocieerd was met een lagere
linkerventrikel-ejectiefractie na een myocardinfarct. Deze studie toont vergelijkbare
resultaten en laat daarnaast zien dat er een duidelijk verband is tussen galectine-3 niveauop baseline en infarct grootte. Blijkbaar maken hogere galectine-3 baseline waardes
patiënten gevoeliger voor een groter infarct, mogelijk doordat verhoogde galectine-3
waardes geassocieerd zijn met meer cardiale fibrose en dus een groter litteken en meer
cardiale remodelering.
We mogen concluderen dat galectine-3 een biomarker is die gebruikt kan worden
voor risico stratificatie in patiënten met hartfalen, evenals in de “gezonde populatie”
en in patiënten met een myocardinfarct. Een recente meta-analyse bevestigt tevens de
prognostische waarde van galectine-3 als biomarker. De absolute waarde van galectine-3 in het voorspellen van risico’s blijft echter wel gering. Zoals we in verschillende
studies laten zien biedt een seriële meting van galectine-3 meer prognostische waarde
vergeleken met een enkele meting, hoewel dit verschil vaak miniem is. Daarom kan het
gebruik van (seriële) galectine-3 meting voor risico voorspelling gebruikt worden, alhoewel routinematig gebruik niet geadviseerd wordt. Meerdere prospectieve studies zijn
nodig om de definitieve waarde van galectine-3 als prognostische marker te bepalen.
Daarnaast zijn kosten-effectiviteits analyses nodig. De precieze waarde van galectine-3
is dus nog niet afdoende onderzocht, maar de beschikbare literatuur is veelbelovend.

Het gebruik van galectine-3 om medisch handelen te sturen
Tegenwoordig worden biomarkers ook gebruikt om medisch beleid te sturen. Een potentiële rol voor galectine-3 hierin is ook onderzocht, zij het met name in retrospectieve
analyses. Verschillende studies hebben de interactie tussen galectine-3 en hartfalen medicatie onderzocht. In een substudie van de Val-HeFT trial werd ontdekt dat het gebruik
van valsartan zorgde voor een significante daling van het aantal ziekenhuis opnames
voor hartfalen, in patiënten met lage galectine-3 waardes (<16.2 ng/mL). In patiënten
met hoge galectine-3 waardes bleek valsartan niet effectief te zijn.
Het gebruik van statines in hartfalen is onderzocht in de CORONA studie. Een substudie hiervan onderzocht de interactie van galectine-3 met uitkomst en concludeerde dat
alleen patiënten met lage galectine-3 waardes profiteerden van het gebruik van statines.
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Sterk verhoogde galectine-3 waardes zouden een indicatie kunnen zijn van hartfalen in
een vergevorderd stadium, dat daarom therapie-refractair is. Deze informatie zou van
potentiële waarde kunnen zijn in kwetsbare patiënten met polyfarmacie.
Galectine-3 kan ook gebruikt worden om de respons op CRT (cardiale resynchronisatie therapie) te voorspellen. Een substudie van de MADIT-CRT trial liet zien dat patiënten
met de hoogste galectine-3 waardes een veel betere respons op CRT lieten zien, in
vergelijking met patiënten met lage galectine-3 waardes. Daarom zou galectine-3 ook
gebruikt kunnen worden om responders op CRT therapie te identificeren.
Het gebruik van bètablokkers is onderzocht in de TIME-CHF trial en toonde dat het
optitreren van bètablokkers een betere prognose gaf in patiënten met lage galectine-3
waardes. In dezelfde studie werd de interactie tussen spironolacton en galectine-3
onderzocht. Het bleek dat patiënten met lage galectine-3 waardes een slechtere prognose hadden na behandeling met spironolacton, vergeleken met patiënten met hogere
galectine-3 waardes. De COACH trial toonde ook dat patiënten die ontslagen werden
met spironolacton een betere uitkomst hadden wanneer zij een hoger galectine-3
niveau hadden. Samenvattend lijkt het erop dat verhoogde galectine-3 waardes een
progressieve vorm van hartfalen reflecteren waardoor patiënten minder goed reageren
op hartfalen therapie. Patiënten met hogere galectine-3 waardes zouden eventueel
theoretisch baat kunnen hebben bij spironolacton, maar post-hoc studies hebben deze
theorie nog niet kunnen bevestigen.

Tot dusver hebben verschillende studies de associatie van galectine-3 met cardiovasculaire eindpunten onderzocht. Echter, de exacte rol van galectine-3 in de cardiale (patho)
fysiologie is nog niet geheel duidelijk. Daarom was een tweede doel van dit proefschrift
om de werking van galectine-3 in hartziekte beter te leren begrijpen. Zo was het tot
op heden niet precies duidelijk op welke manier galectine-3 tot cardiale fibrose leidt.
In deel 2 hebben we onderzocht hoe galectine-3 niveaus verhoogd raken, en welke
factoren de plasma spiegels van galectine-3 in het bloed bepalen.
Het doel van hoofdstuk 7 was om baseline factoren te identificeren die een stijgend
galectine-3 niveau kunnen voorspellen in de algemene bevolking. Hiervoor werd galectine-3 gemeten op 3 verschillende tijdspunten in de PREVEND studie. Door middels
van deze seriële metingen hebben we het verloop van galectine-3 niveaus kunnen
onderzoeken over een tijdsperiode van 9 jaar. Micro-albuminurie en ernstige hypertensie (>170 mmHg) op baseline werden als belangrijke determinanten gevonden voor
stijgende galectine-3 waardes. Daarnaast hebben we ook onderzocht wat determinanten zijn van cross-sectionele galectine-3 waardes. Hierbij bleek dat de nierfunctie voor
een groot deel bepalend is voor het huidige galectine-3 niveau, en in mindere mate ook
geslacht, body-mass-index, NT-proBNP en totaal cholesterol. Deze uitkomsten komen
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overeen met preklinisch onderzoek waarin werd gevonden dat aldosteron, dat vrijkomt
als respons op hypertensie, zorgt voor een toegenomen productie van galectine-3.
Meerdere onderzoeken wijzen naar hypertensie als belangrijke determinant van
galectine-3 niveaus. Hoe galectine-3 uiteindelijk leidt tot fibrose blijft nog enigszins
onduidelijk. Studies in gladde spiercellen hebben aangetoond dat deze cellen galectine-3 kunnen produceren en dat dit specifiek geassocieerd is met verhoogde waardes
van collageen type I. In galectine-3 knock-out muizen bleek aldosteron toediening niet
te leiden tot een toename in collageen type I, maar werd wel een toename gezien in
collageen type 3. Aldosteron stimuleert galectine-3 expressie in gladde spiercellen en
remming van galectine-3 vermindert ook aldosteron-geïnduceerde collageen productie. Vergelijkbare resultaten werden gevonden in nierfibrose. Remming van galectine-3
remt alleen collageen type I afzetting, maar niet collageen type 3. Dit zou wellicht
verklaard kunnen worden door het hoge aantal van SP-1 bindingsplaatsen op het collageen type I molecuul, wat bekend staat als een sterke ligand voor galectine-3.
Deze associatie tussen aldosteron en galectine-3 werd ook gevonden in hartziekte.
Galectine-3 expressie bleek verhoogd te zijn in ratten met hyperaldosteronisme en was
geassocieerd met een toename van cardiale fibrose. Toediening van een galectine-3
remmer, zorgde daarbij voor afname van cardiale fibrose. Dit effect zou mogelijk gemedieerd kunnen worden door de PI3K-pathway.
Verschillende studies hebben het effect van aldosteron-antagonisten onderzocht op
galectine-3 niveau. In twee verschillende experimentele diermodellen van hyperaldosteronisme bleek dat eplerenone, zorgde voor een afname van galectine-3 niveau. Deze
bevindingen werden bevestigd in een klinische studie: behandeling van spironolacton
in patiënten met een myocardinfarct, zorgde voor een significante reductie van galectine-3 niveau. Een andere studie in patiënten die een bijnierextirpatie ondergingen als
gevolg van primair hyperaldosteronisme, liet zien dat plasma galectine-3 spiegels na 1
jaar duidelijk gedaald waren.
Alternatieve macrofaag activatie
Een andere manier waarop galectine-3 betrokken is bij cardiale fibrose is alternatieve
macrofaag activatie. Galectine-3 bindt aan CD98, en zet zo de PI3K-pathway in gang en
zodoende het proces van alternatieve macrofaag activatie. Macrofagen kunnen namelijk op 2 manieren geactiveerd raken. De initiële ontstekingsrespons wordt geïnduceerd
door IFN-y en IL-12 en stimuleren het vrijkomen van M1-gepolarizeerde macrofagen.
In de eindfase van ontsteking wordt IL-4 en IL-10 vrijgemaakt wat zorgt voor het
vrijkomen van M2-macrofagen. Dit activeert de PI3K-pathway en leidt uiteindelijk tot
cardiale fibrose en extracellulaire matrix vorming. Galectine-3 speelt een belangrijke rol
in alternatieve macrofaag activatie omdat galectine-3 remming heeft laten zien dat het
IL-4 geïnduceerde alternatieve macrofaag activatie kan voorkomen. Niet-gepubliceerde
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data bevestigt dit werkingsmechanisme, doordat galectine-3 bindt aan diverse moleculen die betrokken zijn in de cascade van alternatieve macrofaag activatie, waaronder de
mannose receptor c type 1.
Er zijn verschillende factoren die galectine-3 plasma niveau beïnvloeden, zoals medicatie, etnische afkomst, maar ook bloedgroep is geassocieerd met galectine-3 level.
Verschillende studies hebben een associatie beschreven tussen ABO bloedgroep en cardiovasculaire uitkomst. Mensen met een non-O bloedgroep hebben een hoger risico op
coronairlijden en ervaren een hogere cardiovasculaire mortaliteit. In hoofdstuk 8 hebben we een potentiële rol voor galectine-3 in deze associatie onderzocht. Galectine-3
plasma levels werden gemeten in 2 grote cohorten. Als eerste in de LURIC studie, met
daarin patiënten die waren opgenomen in het ziekenhuis om een coronairangiogram te
ondergaan. Als validatie cohort is het PREVEND cohort gebruikt, met daarin individuen
uit de algemene bevolking. In de LURIC studie werd ontdekt dat plasma galectine-3
levels lager waren in patiënten met een non-O bloedgroep, vergelijken met bloedgroep
O. Deze resultaten hebben we kunnen valideren in het PREVEND cohort, waar we vergelijkbare resultaten zagen. Daarentegen zagen we echter ook dat de prognostische
waarde van galectine-3 het sterkst is in personen met de non-O bloedgroep – diegenen
met de laagste galectine-3 waardes. In een experimentele bindingsanalyse hebben we
verder ontdekt dat de bindingsaffiniteit voor galectine-3 verschillend is per bloedgroep.
Galectine-3 bindt sterker aan rode bloedcellen en von Willebrand Factor van personen
met een non-O bloedgroep, in vergelijking met bloedgroep O. Dit zou veroorzaakt
kunnen worden door structurele verschillen van de bloedgroep moleculen, door toevoeging van N-acetylgalactosamine of D-galactose aan rode bloedcellen in bloedgroep
A en B. Deze suikers hebben een hoge affiniteit voor galectine-3 en dit zou daarom de
versterkte bindingsaffiniteit in non-O bloedgroepen kunnen verklaren. De hypothese
hierbij is dat de biologische activiteit van galectine-3 gereguleerd wordt door glycosylering, waarbij suikermoleculen worden toegevoegd aan een eiwit.

Een van de interessante eigenschappen van een biomarker is als het ook eigenschappen heeft als “biotarget”, en dus kan dienen als een therapeutisch aangrijpingspunt. In
de afgelopen jaren zijn reeds verschillende pogingen ondernomen om galectine-3 te
remmen met specifieke remmers om de progressie van ziekte te stoppen. In hoofdstuk
9 is de beschikbare literatuur voor galectine-3 als therapeutisch aangrijpingspunt beschreven. Voor de remming van galectine-3 kunnen verschillende “natuurlijke” suikers
gebruikt worden en daarnaast ook synthetische “small molecules”. Het eerste bewijs
voor galectine-3 als therapeutisch aangrijpingspunt werd verkregen uit een experiment
wat tumorgroei en metastase onderzocht. Het bleek dat specifieke suikers, pectines
genaamd, in staat waren om galectine-3 gemedieerde effecten te remmen. Hierna werd
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aangetoond dat deze werkwijze ook effectief is in hartfalen. In een galectine-3 knockout muis werd aangetoond dat zij bijna immuun waren voor aldosteron-geïnduceerde
effecten van cardiale ontsteking en fibrose. Een andere polysaccharide, N-acetyllactosamine liet ook zien effectief cardiale remodelering te kunnen remmen in een diermodel
voor drukbelasting.
In de afgelopen jaren zijn verschillende pogingen ondernomen om de meest krachtige galectine-3 remmer te ontdekken. Galectine-3 remming is niet beperkt tot hartfalen of fibrose, maar wordt voornamelijk onderzocht in oncologisch onderzoek. Zo is er
een small molecule ontwikkeld, TD131_1, dat door galectine-3 inhibitie in staat is om
progressie van schildkliercarcinoom te remmen. TD139 is een ander small molecule dat
in staat is om het proces van longfibrose af te remmen. Tot op heden zijn deze stoffen
niet getest in hartfalen modellen, maar deze resultaten zullen niet lang op zich laten
wachten. Deze studies laten zien dat galectine-3 op een effectieve manier kan dienen
als therapeutisch aangrijpingspunt.
In de meeste studies wordt gemodificeerde citrus pectine (MCP) gebruikt als galectine-3 remmer. In hoofdstuk 10 hebben we onderzocht of er een rol is voor andere
pectines in galectine-3 remming. Verschillende soorten pectines van diverse bronnen
werden gescreend in 2 verschillende in vitro assays naar hun galectine-3 remmende eigenschappen. Deze resultaten werden afgezet tegen reeds bestaande galectine-3 remmers als MCP en lactose. Op deze manier werd uiteindelijk een pectine geïdentificeerd
die getest werd in een diermodel voor hartfalen. In dit experiment vond angiotensine
II infusie plaats in muizen wat uiteindelijk uitgebreide cardiale fibrose veroorzaakte.
Na toediening van de speciaal geselecteerde pectine werd een duidelijke afname in
cardiale fibrose waargenomen, wat gepaard ging met een afname van ontsteking en
een behouden functie van het hart. Dit experiment heeft aangetoond dat pectines
verkregen vanuit natuurlijke voedselbronnen gebruikt kunnen worden als galectine-3
remmer en dat zij effectief zijn in het voorkomen van cardiale fibrose en hartfalen.
Recente studies ondersteunen deze resultaten: in een diermodel van experimentele
hyperaldosteronisme bleek dat cardiale fibrose voorkomen werd door farmacologische
remming van galectine-3. Zeer interessant is ook het feit dat een gecombineerde
remming van een aldosteron antagonist met een galectine-3 remmer zorgt voor een
additioneel effect, in vergelijking met het effect van enkel een aldosteron antagonist.
Tot nu toe is het concept van galectine-3 remming zeer veelbelovend gebleken. In alle
reeds gepubliceerde studies bleken galectine-3 remmers in staat te zijn om progressie
van fibrose te remmen. Echter, het herstellen van eenmaal ontstane cardiale fibrose is
iets wat nog niet is aangetoond. Fibrose is moeilijk te behandelen wanneer dit eenmaal
in de weefsels zit.
Voor de behandeling van hartfalen zou daarom een gecombineerde benadering
kunnen worden gebruikt. Ten eerste zouden individuen met een verhoogde kans op
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hartfalen kunnen worden geïdentificeerd met behulp van seriële metingen van galectine-3. Het starten van galectine-3 remming in deze individuen zou de ziekteprogressie
van subklinische ziekte naar hartfalen kunnen afremmen. Met name voor fibrose is het
namelijk belangrijk om dit te behandelen in een vroeg stadium en niet wanneer reeds
onherstelbare schade is toegebracht aan het hart. Een beperking blijft echter dat de
huidige galectine-3 remmers nog steeds een lage affiniteit hebben voor galectine-3 en
niet goed verdragen worden door het maag-darm kanaal. Daarom gaat de zoektocht
naar de ultieme galectine-3 remmer door.

Klinische studies hebben inmiddels aangetoond dat er een potentiële rol is weggelegd
voor galectine-3 als voorspeller van prognose van hartfalen. Een hoog galectine-3 niveau
weerspiegelt een pro-fibrotische staat en is duidelijk geassocieerd met comorbiditeit en
slechte uitkomst. Echter, het gebruik van een enkele voorspeller blijft van lage klinische
waarde. Galectine-3 is een weerspiegeling van 1 ziekteproces in hartfalen en vaak is een
heel biomarker panel nodig om echt klinisch relevante waarde te tonen.
Galectine-3 kan daarnaast beschouwd worden als een interessante marker van
subklinische ziekte die reeds verhoogd kan zijn in ogenschijnlijk gezonde individuen
in de algemene bevolking. Het gebruik van deze marker kan helpen om personen te
identificeren die een verhoogd risico lopen om hartfalen te ontwikkelen en hen daarom
zorgvuldig te vervolgen. Galectine-3 zou daarbij mogelijk ook gebruikt kunnen worden
om het medisch beleid te sturen. Een prospectieve studie is echter nog nodig om dit te
bevestigen. Hierbij kunnen seriële metingen van galectine-3 van waarde zijn omdat op
deze manier het risico beter voorspeld kan worden.
De hypothese hierbij is dat een vroege behandeling met aldosteron-antagonisten
of adequate behandeling van de bloeddruk verhoogde galectine-3 waarden en geassocieerde ziektes kan voorkomen gezien het verband tussen galectine-3 en aldosteron.
Toekomstige studies moeten uitwijzen of therapeutische interventies in een dergelijk
vroeg stadium daadwerkelijk hartfalen kunnen voorkomen. Daarnaast zou galectine-3
gestuurde therapie in patiënten met hartfalen een zeer interessante hypothese zijn om
te testen.
Het blijkt dat galectine-3 ook een belangrijke rol speelt na een myocardinfarct. De
galectine-3 waardes zijn verhoogd in geïnfarceerd weefsel, maar later ook in niet-geïnfarceerd weefsel, met als doel om de hartfunctie te behouden, maar uiteindelijk leidend
tot meer fibrose en verslechterde hartfunctie. Galectine-3 is al uitgebreid onderzocht in
hartfalen, maar de exacte rol van galectine-3 in coronairlijden is nog niet geheel duidelijk. Eerder werd al aangetoond dat galectine-3 een belangrijke rol heeft in de progressie
van atherosclerotische plaque. Meer studies zijn echter nodig om de echte waarde van
galectine-3 in progressie van coronairlijden aan te tonen.
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Een van de belangrijkste oorzaken van een verhoogd galectine-3 niveau is hypertensie en geassocieerde ziektes zoals micro-albuminurie. Hypertensie zorgt voor het
vrijkomen van aldosteron en TGF-beta, gevolgd door de ontwikkeling van fibroblasten
in myofibroblasten, waardoor uiteindelijk galectine-3 kunnen binden aan integrines
om zodoende extracellulaire matrix te vormen. Om verhoogde galectine-3 waardes en
fibrose te voorkomen is het belangrijk om deze cascade te doorbreken. Behandeling
van hypertensie zou een belangrijke eerste stap kunnen zijn om verhoogde galectine-3
waardes te voorkomen.
Echter, de grootste waarde van galectine-3 is dat het als therapeutisch aangrijpingspunt kan fungeren, om zodoende cardiale fibrose en een verslechterde hartfunctie te
voorkomen. Verschillende experimentele studies hebben reeds aangetoond dat galectine-3 remming een effectieve strategie is om cardiale fibrose en dysfunctie af te remmen.
Pectines zijn hierbij een zeer interessante bron van “natuurlijke” galectine-3 remmers.
Het blijven echter weinig geraffineerde macromoleculen met een lage affiniteit voor
galectine-3. Daarom is er een absolute behoefte aan een krachtige galectine-3 remmer
die oraal toegediend kan worden. Deze zoektocht is reeds gestart, maar heeft tot op
heden nog niet tot een gewenst resultaat geleid. Verschillende commerciële bedrijven
zijn echter volop bezig om synthetische moleculen te testen die binnenkort verkrijgbaar
zullen zijn.
Spironolacton heeft reeds aangetoond galectine-3 niveaus effectief te kunnen verlagen. Een volgende interessante stap zou zijn om een galectine-3 remmer bovenop
de standaard hartfalen medicatie toe te dienen. Experimentele studies hebben reeds
aangetoond dat deze gecombineerde behandeling van additionele waarde kan zijn.
Galectine-3 remming wordt reeds getest in de eerste klinische trials in mensen. In
de komende jaren zullen galectine-3 remmers getest worden die de vraag zullen beantwoorden of galectine-3 remming van toegevoegde waarde kan zijn aan de reeds
bestaande behandeling van hartfalen.
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Vanaf 2009 kwam ik voor het eerst in aanraking met de afdeling cardiologie in het UMCG.
Onder studenten werd een vacature rondgestuurd om werkzaamheden te verrichten
bij de onderzoeksafdeling van de cardiologie. Ik werd uitgenodigd voor een gesprek
met dr. Adriaan Voors, die uitsluitend wilde weten welke extracurriculaire activiteiten ik
verrichte. Het gesprek eindigde echter wel met een vlammend betoog over onderzoek.
Zelden heb ik iemand met een dergelijke passie horen praten over het doen van onderzoek. Mijn interesse was gewekt. Beste Adriaan, veel dank voor de introductie in het
onderzoek en de vele mooie jaren die volgden. Het was het inderdaad absoluut waard!
Na mijn co-schappen in Enschede wilde ik toch weer terug naar het UMCG, allereerst voor mijn semi-arts stage, gevolgd door een stage wetenschap op de afdeling
cardiologie. Op dat moment was er nog ruimte voor een promovendus op de afdeling
experimentele cardiologie bij dr. Rudolf de Boer.
Geachte prof. dr. de Boer, beste Rudolf, wat ooit begon als een studentenproject, is
uiteindelijk uitgegroeid tot een promotie-traject. Wat mij als eerste opviel is je tomeloze enthousiasme voor onderzoek en hoe je dat weet over te brengen op anderen.
Ik heb veel dingen van je mogen leren. Zo heb ik vaak met bewondering gekeken hoe
je een ogenschijnlijk middelmatig resultaat, toch als een baanbrekende uitkomst wist
te presenteren; wat maar weer aangeeft dat de manier van presenteren vaak net zo
belangrijk is als de inhoud. Er was altijd veel ruimte voor eigen initiatief en dat werkte
zeer stimulerend. Ik ben je erg dankbaar voor je begeleiding gedurende deze leerzame
jaren. Uiteindelijk denk ik dat we samen een prachtig boekje hebben weten te maken
en genoeg nieuwe aanknopingspunten hebben om nieuwe promovendi aan het werk
te houden.
Prof. Wiek van Gilst was ten tijde van mijn aanstelling nog afdelingshoofd en promotor. Geachte prof. dr. van Gilst, beste Wiek, ik denk dat je een voorbeeld bent voor
menigeen. Altijd weloverwogen en altijd was sprake van een gesprek in een prettige
sfeer. Tegelijkertijd wist je daarbij ook altijd de vinger op de juiste plek te leggen, zonder
dat het echt pijnlijk werd.
Ook van mijn co-promotor, Herman Silljé, heb ik veel mogen leren. Geachte dr. Silljé,
beste Herman, als biochemicus was jij mijn steun en toeverlaat bij alle assays die opgezet moesten worden. We hebben veel gepraat over het opzetten van experimenten en ik
heb daarin veel van je geleerd. Daarnaast was je relativeringsvermogen altijd erg prettig
in tijden dat het wat minder ging met de experimenten.
Naast mijn dagelijkse begeleiding door Rudolf en Herman, was er nog een heel team
van andere principal investigators die ook allen een waardevolle bijdrage hebben geleverd aan mijn onderzoek in de diverse besprekingen, waaronder Pim van der Harst
(bedankt voor je vaak nuttige commentaren op onderzoeksopzetten en statistiek), Peter
van der Meer, Alexander Maass (bedankt voor het introduceren van de term Schwimmbadrandschwimmer), Michiel Rienstra, Daan Westenbrink en Beatrijs Bartelds (bedankt
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voor het overbrengen van jullie uitgebreide kennis omtrent fysiologie en dierexperimenten). Geachte prof. Hillege, beste Hans, ook van harte bedankt voor de begeleiding
door het land van de mixed effects regression modeling. Als extra hulplijn wil ik hierbij
prof. Edwin van den Heuvel ook van harte bedanken.
Ook wil ik de beoordelingscommissie van dit proefschrift van harte bedanken voor
het beoordelen van mijn proefschrift en de goedkeuring daarvan. Prof. Brunner - La
Rocca, een expert op het gebied van cardiale biomarkers en hartfalen, wil ik van harte
bedanken voor zijn komst vanuit het verre zuiden. Prof. Schols wil ik ook van harte bedanken voor het beoordelen van dit proefschrift. Het was leuk en inspirerend om samen
te werken met een expert uit een heel ander vakgebied. Ik heb er veel van mogen leren.
Prof. Voors wil ik ook van harte bedanken voor zijn beoordeling en overige input, als een
van de vooraanstaande experts op het gebied van hartfalen in Nederland.
Tijdens mijn inwerkperiode op de afdeling werd ik begeleid door Jannie en Silke.
Beste Jannie, bedankt voor je hulp bij de vele experimenten en met name het nadenken
over een goede onderzoeksopzet. Als medicus hebben we natuurlijk een bepaalde achterstand in het lab, maar met hulp van jullie is die achterstand snel goed gemaakt. Beste
Silke, zonder jou zou het lab een puinhoop zijn. Met Deutsche gründlichkeit moest je
af en toe de bezem er flink doorheen halen en iedereen weer tot de orde roepen. Veel
dank voor je hulp met RNA isolaties en dergelijke. Op mijn “klinische dag” bracht ik veel
tijd door op de Cardio Research afdeling. Geert, Peter, Carolien, Bernard, Trienke, Carlien,
Maaike, Karin, Saphirah, Anja, Carla en Greetje: heel erg bedankt voor de prettige samenwerking de afgelopen jaren.
Als afdelings-secretaresse had Daniëlle de touwtjes stevig in handen. Beste Daan,
bedankt voor de fantastische jaren. Altijd konden we bij jou terecht om van alles te
bespreken. Op borrels was jij de eerste die kwam en de laatste die ging, terwijl menig
promovendus het onderspit moest delven.
Gedurende de jaren op de experimentele cardiologie kregen we belangrijke hulp
van een heel team van analisten. Beste Martin, bedankt voor je waardevolle bijdrage
aan de verschillende experimenten. Het was daarnaast een verademing om tussen de
grote vrouwelijke populatie regelmatig met jou over andere zaken te praten. Beste Inge,
bedankt voor de uitgebreide hulp bij de dierexperimenten en voor je altijd ruim gevulde
bureaulade met snoepjes.
Dan mijn galectine-3 partner in crime: Wouter, wat waren het mooie jaren. Als zuiderling had je in eerste instantie nog wel wat moeite met de Groningers en hun directheid,
maar als snel voelde je je hier thuis. Ik denk nog steeds vaak terug aan onze talloze
autoritjes naar Winschoten en de nasleep van onze inspanningen: Oost-Groningers motiveren bleek zo makkelijk nog niet. Ik kijk met heel veel plezier terug op de congressen
waar wij met zijn tweeën naar toe mochten, met als hoogtepunten Chicago, Sevilla en
Florence. Ik zou nog makkelijk een 2e boekje kunnen schrijven over al onze belevenissen
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de afgelopen jaren, maar voorlopig houd ik het alleen bij dit boekje. Bedankt dat je me
vandaag bij wilt staan als paranimf.
Beste Laura, ook jij behoorde net als Wouter en ik inmiddels tot de harde kern van
de afdeling. Wat hebben we een mooie tijd gehad in Barcelona. Ons motto was altijd:
Work hard, play hard. Je had vaak even wat mannelijke aandacht nodig en was dan ook
regelmatig op onze kamer te vinden voor een kop (goede) koffie of gewoon een goed
gesprek.
Gedurende de afgelopen jaren heb ik samengewerkt met vele collegae promovendi.
Als hartfalen-groep deden we veel klinische studies en waren nauw betrokken bij elkaar.
In de beginjaren begonnen we met Frank, IJsbrand, Vincent en Mattia. Het was altijd een
mooie boel in het triade-gebouw, waarbij altijd een lekker bakje espresso van Mattia
klaar stond. Frank, bedankt voor het heelhuids thuisbrengen in de Polo van je oma na
het fantastische Oktoberfest!
Gedurende de jaren daarna werd de groep compleet vernieuwd met Harmen, Licette,
Eline, Jozine, Koen en Binyam. Bedankt voor de vele koffie-momentjes in de ochtend
en als fantastische afsluiter het ESC HF congres in Florence! Het was weer als vanouds.
Thomas, ik weet nog steeds niet waar jij thuis hoort. Ik dacht ook altijd bij de hartfalengroep, maar volgens jezelf toch echt bij de radiologie, maar misschien was dat vooral om
onder de hartfalen diensten uit te komen. Jij ook bedankt voor alle mooie momenten,
waarbij we veel mooie dingen hebben geregeld tijdens congres, onder meer het fantastische steak-diner in Chicago.
Mijn ex-roomies, alias the iron boys, Haye en Niels (Big Beaver). Na het vertrek van de
laatste vrouw hebben we het gelukkig een mannen-kamer weten te houden, waar hard
gewerkt kon worden. Bedankt voor de mooie tijd en vele momenten van Stata-overleg.
Ik hoop dat jullie de Stata-mok inmiddels op het bureau hebben staan.
Jasper, jij bent vele jaren mijn kamergenoot geweest- het was altijd gezellig. Daarnaast
was er veel ruimte voor statistische en wetenschappelijke discussie. Ik heb bewondering
voor je discipline om het pand wederom vroeg te verlaten om te gaan “pompen”. Veel
succes in Azië, daar waar je hart ligt en wat inmiddels je tweede huis moet zijn.
Dan natuurlijk de beruchte “ischemie-groep”, altijd goed vertegenwoordigd op de
vrijdagmiddagen, maar iets minder op de donderdag-ochtenden: Lawien, het was altijd
gezellig om met jou een borreltje te doen. Ruben, ook jij zorgde voor epische momenten direct al op je eerste borrel. En Minke met jou was het ook nooit saai, waarbij je
iedereen graag mee nam voor een afterparty bij jou thuis. Carlijn, ook jij wist al snel een
onuitwisbare indruk te maken. Het leek wel alsof Pim zijn promovendi er op selecteerde.
Hilde ook jij bedankt voor de fijne tijd op de afdeling.
De promovendi van de congenitale cardiologie zijn helaas van de afdeling verdwenen,
maar wel voor altijd in ons hart. Bedankt Guido, Diederik (de Burner) en Lysanne voor
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de mooie tijd. Op jullie kamer stond altijd een lekker muziekje op om even helemaal te
relaxen en de politiek te laten voor wat het is.
Hun plek werd dankbaar overgenomen door de AF-promovendi: Ruben, Anne,
Meelad. In de loop der jaren mochten jullie op vrijdagmiddag zelfs voor 18.00 het pand
verlaten, waardoor we nog vaak mooie middagen mochten beleven op het terras van
de Uurwerker.
Stamcel-boys Martijn en Atze: Jullie bleken niet alleen stamcellen te kunnen laten
groeien! Atze, ik heb veel respect voor jouw doorzettingsvermogen en hoop dat je er
snel een eind aan kan breien. Mathilde, ook jij hoort hier natuurlijk bij. Misschien dat we
je later nog terug zien als collega in het ziekenhuis? Genetica-boys Edgar en Wouter: Het
was altijd gezellig wanneer jullie er waren. Edgar: ik weet niet precies wat voor onderzoek je deed, maar weet alleen dat het iets met Chuck Norris was. Daarnaast onze buren:
Hanna, Johanneke en Weijie bedankt voor de prettige samenwerking.
Uiteindelijk heeft dit boekje niet tot stand kunnen komen zonder steun van familie en
vrienden. Lieve papa, mama, ik ben erg dankbaar dat ik jullie om me heen heb- inmiddels weer een stuk dichterbij. Bedankt voor jullie ondersteuning tijdens de studietijd en
een luisterend oor. Het is me veel waard om af en toe weer eens op de fiets op de koffie
te komen. Lieve Marlies en Anne, als grote broer had ik altijd het idee dat ik jullie moest
beschermen. Maar inmiddels zijn jullie geen kleine meisjes meer en is alles prima op z’n
pootjes terecht gekomen, (juist?) ook zonder jullie grote broer in de buurt. Ik ben trots
op jullie wat jullie allemaal bereikt hebben.
Ook mijn schoonouders: bedankt voor al jullie hulp afgelopen jaren. Ik besef dat het
een grote inspanning was om telkens op te komen passen in Groningen. Gelukkig wonen we nu weer wat dichterbij, al kostte dat wederom weer heel wat klusuurtjes waarbij
Jan Willem gelukkig vol enthousiasme de rol van bouwopzichter nogmaals op zich nam.
Nu zorgen jullie nog wekelijks voor onze kleine man(nen), al is dat misschien geen straf.
Bedankt daarvoor! Niek en Jesse, met jullie heb ik toch nog de broertjes erbij gekregen
die ik nooit heb gehad.
Met vrienden kon ik tijd doorbrengen voor de nodige ontspanning na het werken.
Gerben, met jou kan ik uren lullen onder het genot van een goed glas rode wijn, waarna
we altijd weer eindigen met Bram Vermeulen. Ik heb je leren kennen in het eerste jaar
van de studie Life Science & Technology en sindsdien hebben we altijd contact gehouden. Ik ben blij dat je goed op je plek zit in Leiden en straks wellicht een collega mag
gaan noemen. Bedankt dat je me vandaag bij wilt staan als paranimf.
Naadje, ik heb je mogen leren kennen als huisgenoot in Bommelstein, later bovenal
als goede vriend. We wonen inmiddels wat verder uit elkaar, maar gelukkig hebben we
onze jaarlijkse B&B-dag nog! Ook alle B&B functionarissen: bedankt voor jullie morele
steun de afgelopen jaren tijdens de vele mooie B&B dagen en onze samenkomsten in de
Martini-kerk. Op dat er maar vele mogen volgen!
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Team blauwe aap: Al sinds de eerste klas van de middelbare school hebben we elkaar
leren kennen en sindsdien zijn we onafscheidelijk. Gedurende onze studententijd zijn
we uitgevlogen naar alle windstreken, maar een voor een druppelen we toch weer
terug naar onze roots. Ik denk dat we elkaar stiekem toch wel missen. Inmiddels maken
vrouwen en kinderen ook onderdeel uit van de club, en breidt de club nog steeds uit.
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