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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

18

Introduction

1.

2.

3.
4.

5.
6.

7.

8.

9.

10.

11.

12.

13.

McMurray JJ V, Adamopoulos S, Anker SD, Auricchio A, Böhm M, Dickstein K, Falk V, Filippatos G,
Fonseca C, Gomez-Sanchez MA, Jaarsma T, Køber L, Lip GYH, Maggioni A Pietro, Parkhomenko
A, Pieske BM, Popescu BA, Rønnevik PK, Rutten FH, Schwitter J, Seferovic P, Stepinska J, Trindade
PT, Voors AA, Zannad F, Zeiher A. ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure 2012: The Task Force for the Diagnosis and Treatment of Acute and Chronic
Heart Failure 2012 of the European Society of Cardiology. Developed in collaboration with the
Heart. Eur Heart J . 2012 [cited 2014 Jul 10];33:1787–847.
Bonneux L, Barendregt JJ, Meeter K, Bonsel GJ, van der Maas PJ. Estimating clinical morbidity due
to ischemic heart disease and congestive heart failure: the future rise of heart failure. Am J Public
Health . 1994 [cited 2016 Jun 12];84:20–8.
Engelfriet PM, Hoogenveen RT, Poos M, Blokstra A, van Baal PHM, Verschuren W. Hartfalen: epidemiologie, risicofactoren en toekomst, RIVM rapport 260401006/2012. 2012.
Stewart S, MacIntyre K, Hole DJ, Capewell S, McMurray JJ. More “malignant” than cancer? Fiveyear survival following a first admission for heart failure. Eur J Heart Fail . 2001 [cited 2015 Oct
27];3:315–22.
Roger VL. Epidemiology of heart failure. Circ Res . 2013 [cited 2014 Nov 11];113:646–59.
Curtis LH, Greiner MA, Hammill BG, Kramer JM, Whellan DJ, Schulman KA, Hernandez AF. Early and
long-term outcomes of heart failure in elderly persons, 2001-2005. Arch Intern Med . 2008 [cited
2016 Jun 12];168:2481–8.
Levy D, Kenchaiah S, Larson MG, Benjamin EJ, Kupka MJ, Ho KKL, Murabito JM, Vasan RS. Longterm trends in the incidence of and survival with heart failure. N Engl J Med . 2002 [cited 2016 Jun
12];347:1397–402.
Engelfriet PM, Hoogenveen RT, Boshuizen HC, van Baal PHM. To die with or from heart failure:
a difference that counts: is heart failure underrepresented in national mortality statistics? Eur J
Heart Fail . 2011 [cited 2016 Jun 12];13:377–83.
Baldasseroni S, Opasich C, Gorini M, Lucci D, Marchionni N, Marini M, Campana C, Perini G, Deorsola A, Masotti G, Tavazzi L, Maggioni AP, Italian Network on Congestive Heart Failure Investigators. Left bundle-branch block is associated with increased 1-year sudden and total mortality rate
in 5517 outpatients with congestive heart failure: a report from the Italian network on congestive
heart failure. Am Heart J . 2002 [cited 2016 Jun 12];143:398–405.
He J, Ogden LG, Bazzano LA, Vupputuri S, Loria C, Whelton PK. Risk factors for congestive heart
failure in US men and women: NHANES I epidemiologic follow-up study. Arch Intern Med . 2001
[cited 2016 Jun 12];161:996–1002.
Bleumink GS, Knetsch AM, Sturkenboom MCJM, Straus SMJM, Hofman A, Deckers JW, Witteman
JCM, Stricker BHC. Quantifying the heart failure epidemic: prevalence, incidence rate, lifetime
risk and prognosis of heart failure The Rotterdam Study. Eur Heart J . 2004 [cited 2016 Jun
12];25:1614–9.
Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends in prevalence and
outcome of heart failure with preserved ejection fraction. N Engl J Med . 2006 [cited 2016 Jun
12];355:251–9.
Brouwers FP, de Boer RA, van der Harst P, Voors AA, Gansevoort RT, Bakker SJ, Hillege HL, van Veldhuisen DJ, van Gilst WH. Incidence and epidemiology of new onset heart failure with preserved
vs. reduced ejection fraction in a community-based cohort: 11-year follow-up of PREVEND. Eur
Heart J . 2013 [cited 2015 Jan 9];34:1424–31.

19

Chapter 1

REFERENCES

Chapter 1

14.

15.

16.

17.

18.
19.
20.
21.

22.

23.

24.
25.
26.
27.
28.
29.
30.

20

van Heerebeek L, Hamdani N, Handoko ML, Falcao-Pires I, Musters RJ, Kupreishvili K, Ijsselmuiden
AJJ, Schalkwijk CG, Bronzwaer JGF, Diamant M, Borbély A, van der Velden J, Stienen GJM, Laarman GJ, Niessen HWM, Paulus WJ. Diastolic stiffness of the failing diabetic heart: importance of
fibrosis, advanced glycation end products, and myocyte resting tension. Circulation . 2008 [cited
2015 Sep 21];117:43–51.
Konstam MA, Kramer DG, Patel AR, Maron MS, Udelson JE. Left ventricular remodeling in heart
failure: current concepts in clinical significance and assessment. JACC Cardiovasc Imaging . 2011
[cited 2016 Jun 12];4:98–108.
Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling--concepts and clinical implications: a consensus
paper from an international forum on cardiac remodeling. Behalf of an International Forum on
Cardiac Remodeling. J Am Coll Cardiol . 2000 [cited 2016 Jun 12];35:569–82.
Olivetti G, Abbi R, Quaini F, Kajstura J, Cheng W, Nitahara JA, Quaini E, Di Loreto C, Beltrami CA,
Krajewski S, Reed JC, Anversa P. Apoptosis in the failing human heart. N Engl J Med . 1997 [cited
2016 Jun 12];336:1131–41.
Packer M. The neurohormonal hypothesis: a theory to explain the mechanism of disease progression in heart failure. J Am Coll Cardiol . 1992 [cited 2016 Jun 12];20:248–54.
Sabbah HN, Goldstein S. Ventricular remodelling: consequences and therapy. Eur Heart J . 1993
[cited 2016 Jun 12];14 Suppl C:24–9.
Mann DL, Bristow MR. Mechanisms and models in heart failure: the biomechanical model and
beyond. Circulation . 2005 [cited 2016 Jun 12];111:2837–49.
Iles L, Pfluger H, Lefkovits L, Butler MJ, Kistler PM, Kaye DM, Taylor AJ. Myocardial fibrosis predicts
appropriate device therapy in patients with implantable cardioverter-defibrillators for primary
prevention of sudden cardiac death. J Am Coll Cardiol . 2011 [cited 2016 Jun 12];57:821–8.
Gulati A, Jabbour A, Ismail TF, Guha K, Khwaja J, Raza S, Morarji K, Brown TDH, Ismail NA, Dweck
MR, Di Pietro E, Roughton M, Wage R, Daryani Y, O’Hanlon R, Sheppard MN, Alpendurada F, Lyon
AR, Cook SA, Cowie MR, Assomull RG, Pennell DJ, Prasad SK. Association of fibrosis with mortality
and sudden cardiac death in patients with nonischemic dilated cardiomyopathy. JAMA . 2013
[cited 2015 Nov 15];309:896–908.
Briasoulis A, Mallikethi-Reddy S, Palla M, Alesh I, Afonso L. Myocardial fibrosis on cardiac magnetic
resonance and cardiac outcomes in hypertrophic cardiomyopathy: a meta-analysis. Heart . 2015
[cited 2016 Jun 12];101:1406–11.
Frangogiannis NG. Regulation of the inflammatory response in cardiac repair. Circ Res . 2012
[cited 2016 Jun 12];110:159–73.
Weber KT. Cardiac interstitium in health and disease: the fibrillar collagen network. J Am Coll
Cardiol . 1989 [cited 2016 Jun 12];13:1637–52.
Hinz B. The myofibroblast: paradigm for a mechanically active cell. J Biomech . 2010 [cited 2016
Jun 12];43:146–55.
Dobaczewski M, Chen W, Frangogiannis NG. Transforming growth factor (TGF)-β signaling in
cardiac remodeling. J Mol Cell Cardiol . 2011 [cited 2016 Jun 12];51:600–6.
van der Rest M, Garrone R. Collagen family of proteins. FASEB J . 1991 [cited 2016 Jun 12];5:2814–
23.
Pardo Mindán FJ, Panizo A. Alterations in the extracellular matrix of the myocardium in essential
hypertension. Eur Heart J . 1993 [cited 2016 Jun 12];14 Suppl J:12–4.
Cleutjens JP. The role of matrix metalloproteinases in heart disease. Cardiovasc Res . 1996 [cited
2016 Jun 12];32:816–21.

31.
32.

33.
34.

35.

36.

37.

38.

39.
40.

41.

42.
43.
44.
45.
46.

Berk BC, Fujiwara K, Lehoux S. ECM remodeling in hypertensive heart disease. J Clin Invest . 2007
[cited 2016 Jun 12];117:568–75.
Sharma UC, Pokharel S, van Brakel TJ, van Berlo JH, Cleutjens JPM, Schroen B, André S, Crijns
HJGM, Gabius H-J, Maessen J, Pinto YM. Galectin-3 marks activated macrophages in failure-prone
hypertrophied hearts and contributes to cardiac dysfunction. Circulation . 2004 [cited 2014 Dec
7];110:3121–8.
Sano H, Hsu DK, Apgar JR, Yu L, Sharma BB, Kuwabara I, Izui S, Liu F-T. Critical role of galectin-3 in
phagocytosis by macrophages. J Clin Invest . 2003 [cited 2016 Jun 30];112:389–97.
Lok DJA, Van Der Meer P, de la Porte PWB-A, Lipsic E, Van Wijngaarden J, Hillege HL, van Veldhuisen DJ. Prognostic value of galectin-3, a novel marker of fibrosis, in patients with chronic heart
failure: data from the DEAL-HF study. Clin Res Cardiol . 2010 [cited 2014 Dec 7];99:323–8.
Lopez-Andrès N, Rossignol P, Iraqi W, Fay R, Nuée J, Ghio S, Cleland JGF, Zannad F, Lacolley P. Association of galectin-3 and fibrosis markers with long-term cardiovascular outcomes in patients
with heart failure, left ventricular dysfunction, and dyssynchrony: insights from the CARE-HF (Cardiac Resynchronization in Heart Failure) trial. Eur J Heart Fail . 2012 [cited 2016 Jun 30];14:74–81.
Yu L, Ruifrok WPT, Meissner M, Bos EM, van Goor H, Sanjabi B, van der Harst P, Pitt B, Goldstein IJ,
Koerts JA, van Veldhuisen DJ, Bank RA, van Gilst WH, Silljé HHW, de Boer RA. Genetic and pharmacological inhibition of galectin-3 prevents cardiac remodeling by interfering with myocardial
fibrogenesis. Circ Heart Fail . 2013 [cited 2014 Nov 4];6:107–17.
Calvier L, Miana M, Reboul P, Cachofeiro V, Martinez-Martinez E, de Boer RA, Poirier F, Lacolley
P, Zannad F, Rossignol P, López-Andrés N. Galectin-3 mediates aldosterone-induced vascular
fibrosis. Arterioscler Thromb Vasc Biol . 2013 [cited 2014 Dec 18];33:67–75.
Liu Y-H, D’Ambrosio M, Liao T, Peng H, Rhaleb N-E, Sharma U, André S, Gabius H-J, Carretero OA.
N-acetyl-seryl-aspartyl-lysyl-proline prevents cardiac remodeling and dysfunction induced by
galectin-3, a mammalian adhesion/growth-regulatory lectin. Am J Physiol Heart Circ Physiol . 2009
[cited 2015 Apr 3];296:H404–12.
Dumic J, Dabelic S, Flögel M. Galectin-3: an open-ended story. Biochim Biophys Acta . 2006 [cited
2014 Dec 7];1760:616–35.
Henderson NC, Mackinnon AC, Farnworth SL, Poirier F, Russo FP, Iredale JP, Haslett C, Simpson KJ,
Sethi T. Galectin-3 regulates myofibroblast activation and hepatic fibrosis. Proc Natl Acad Sci U S A
. 2006 [cited 2014 Dec 18];103:5060–5.
Prieto VG, Mourad-Zeidan AA, Melnikova V, Johnson MM, Lopez A, Diwan AH, Lazar AJF, Shen
SS, Zhang PS, Reed JA, Gershenwald JE, Raz A, Bar-Eli M. Galectin-3 expression is associated with
tumor progression and pattern of sun exposure in melanoma. Clin Cancer Res . 2006 [cited 2016
Jun 30];12:6709–15.
Ochieng J, Green B, Evans S, James O, Warfield P. Modulation of the biological functions of galectin-3 by matrix metalloproteinases. Biochim Biophys Acta . 1998 [cited 2015 Nov 19];1379:97–106.
Liu F-T. Regulatory roles of galectins in the immune response. Int Arch Allergy Immunol . 2005
[cited 2016 Jun 30];136:385–400.
Reticker-Flynn NE, Bhatia SN. Aberrant glycosylation promotes lung cancer metastasis through
adhesion to galectins in the metastatic niche. Cancer Discov . 2014 [cited 2014 Dec 4];
Dong S, Hughes RC. Macrophage surface glycoproteins binding to galectin-3 (Mac-2-antigen).
Glycoconj J . 1997 [cited 2016 Jun 30];14:267–74.
Clark MC, Pang M, Hsu DK, Liu F-T, de Vos S, Gascoyne RD, Said J, Baum LG. Galectin-3 binds to
CD45 on diffuse large B-cell lymphoma cells to regulate susceptibility to cell death. Blood . 2012
[cited 2016 Jun 30];120:4635–44.
21

Chapter 1

Introduction

Chapter 1

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

22

Margadant C, van den Bout I, van Boxtel AL, Thijssen VL, Sonnenberg A. Epigenetic regulation of
galectin-3 expression by β1 integrins promotes cell adhesion and migration. J Biol Chem . 2012
[cited 2016 Jun 30];287:44684–93.
van Kimmenade RR, Januzzi JL, Ellinor PT, Sharma UC, Bakker JA, Low AF, Martinez A, Crijns HJ,
MacRae CA, Menheere PP, Pinto YM. Utility of amino-terminal pro-brain natriuretic peptide, galectin-3, and apelin for the evaluation of patients with acute heart failure. J Am Coll Cardiol . 2006
[cited 2014 Dec 18];48:1217–24.
de Boer RA, Lok DJA, Jaarsma T, van der Meer P, Voors AA, Hillege HL, van Veldhuisen DJ. Predictive
value of plasma galectin-3 levels in heart failure with reduced and preserved ejection fraction.
Ann Med . 2011 [cited 2014 Nov 30];43:60–8.
Carrasco-Sánchez FJ, Aramburu-Bodas O, Salamanca-Bautista P, Morales-Rull JL, Galisteo-Almeda
L, Páez-Rubio MI, Arias-Jiménez JL, Aguayo-Canela M P-CJ. Predictive value of serum galectin-3 levels in patients with acute heart failure with preserved ejection fraction. Int J Cardiol.
2013;169:177–82.
Meijers WC, Januzzi JL, deFilippi C, Adourian AS, Shah SJ, van Veldhuisen DJ de BR. Elevated
plasma galectin-3 is associated with near-term rehospitalization in heart failure: a pooled analysis
of 3 clinical trials. Am Heart J . 2014;167:853–60.
Fermann GJ, Lindsell CJ, Storrow AB, Hart K, Sperling M, Roll S, Weintraub NL, Miller KF, Maron DJ,
Naftilan AJ, McPherson JA, Sawyer DB, Christenson R, Collins SP. Galectin 3 complements BNP in
risk stratification in acute heart failure. Biomarkers . 2012 [cited 2015 Jun 12];17:706–13.
De Berardinis B, Magrini L, Zampini G, Zancla B, Salerno G, Cardelli P, Di Stasio E, Gaggin HK,
Belcher A, Parry BA, Nagurney JT, Januzzi JL, Di Somma S. Usefulness of combining galectin-3 and
BIVA assessments in predicting short- and long-term events in patients admitted for acute heart
failure. Biomed Res Int . 2014 [cited 2016 Jul 1];2014:983098.
Tang WHW, Shrestha K, Shao Z, Borowski AG, Troughton RW, Thomas JD, Klein AL. Usefulness of
plasma galectin-3 levels in systolic heart failure to predict renal insufficiency and survival. Am J
Cardiol . 2011 [cited 2015 Sep 3];108:385–90.
Anand IS, Rector TS, Kuskowski M, Adourian A, Muntendam P, Cohn JN. Baseline and serial
measurements of galectin-3 in patients with heart failure: relationship to prognosis and effect of
treatment with valsartan in the Val-HeFT. Eur J Heart Fail . 2013 [cited 2015 Jan 14];15:511–8.
Felker GM, Fiuzat M, Shaw LK, Clare R, Whellan DJ, Bettari L, Shirolkar SC, Donahue M, Kitzman
DW, Zannad F, Piña IL, O’Connor CM. Galectin-3 in ambulatory patients with heart failure: results
from the HF-ACTION study. Circ Heart Fail . 2012 [cited 2015 Nov 26];5:72–8.
Gullestad L, Ueland T, Kjekshus J, Nymo SH, Hulthe J, Muntendam P, McMurray JJ V, Wikstrand
J, Aukrust P. The predictive value of galectin-3 for mortality and cardiovascular events in the
Controlled Rosuvastatin Multinational Trial in Heart Failure (CORONA). Am Heart J . 2012 [cited
2015 Oct 31];164:878–83.
Chen A, Hou W, Zhang Y, Chen Y, He B. Prognostic value of serum galectin-3 in patients with heart
failure: A meta-analysis. Int J Cardiol . 2015 [cited 2015 May 21];182:168–70.
Ho JE, Liu C, Lyass A, Courchesne P, Pencina MJ, Vasan RS, Larson MG, Levy D. Galectin-3, a marker
of cardiac fibrosis, predicts incident heart failure in the community. J Am Coll Cardiol . 2012 [cited
2014 Dec 19];60:1249–56.
Djoussé L, Matsumoto C, Petrone A, Weir NL, Tsai MY, Gaziano JM. Plasma galectin 3 and heart
failure risk in the Physicians’ Health Study. Eur J Heart Fail . 2014 [cited 2016 Jul 1];16:350–4.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

de Boer RA, van Veldhuisen DJ, Gansevoort RT, Muller Kobold AC, van Gilst WH, Hillege HL, Bakker
SJL, van der Harst P. The fibrosis marker galectin-3 and outcome in the general population. J
Intern Med . 2012 [cited 2014 Dec 15];272:55–64.
Brouwers FP, van Gilst WH, Damman K, van den Berg MP, Gansevoort RT, Bakker SJL, Hillege
HL, van Veldhuisen DJ, van der Harst P, de Boer RA. Clinical risk stratification optimizes value of
biomarkers to predict new-onset heart failure in a community-based cohort. Circ Heart Fail . 2014
[cited 2015 Jan 8];7:723–31.
Seetharaman J, Kanigsberg A, Slaaby R, Leffler H, Barondes SH, Rini JM. X-ray crystal structure of
the human galectin-3 carbohydrate recognition domain at 2.1-A resolution. J Biol Chem . 1998
[cited 2015 Nov 19];273:13047–52.
Lin C-I, Whang EE, Donner DB, Jiang X, Price BD, Carothers AM, Delaine T, Leffler H, Nilsson UJ,
Nose V, Moore FD, Ruan DT. Galectin-3 targeted therapy with a small molecule inhibitor activates
apoptosis and enhances both chemosensitivity and radiosensitivity in papillary thyroid cancer.
Mol Cancer Res . 2009 [cited 2016 Jul 1];7:1655–62.
Demotte N, Bigirimana R, Wieërs G, Stroobant V, Squifflet J-L, Carrasco J, Thielemans K, Baurain
J-F, Van Der Smissen P, Courtoy PJ, van der Bruggen P. A short treatment with galactomannan
GM-CT-01 corrects the functions of freshly isolated human tumor-infiltrating lymphocytes. Clin
Cancer Res . 2014 [cited 2016 Jul 1];20:1823–33.
Traber PG, Chou H, Zomer E, Hong F, Klyosov A, Fiel M-I, Friedman SL. Regression of fibrosis and
reversal of cirrhosis in rats by galectin inhibitors in thioacetamide-induced liver disease. PLoS One
. 2013 [cited 2016 Jul 1];8:e75361.
Volarevic V, Milovanovic M, Ljujic B, Pejnovic N, Arsenijevic N, Nilsson U, Leffler H, Lukic ML. Galectin-3 deficiency prevents concanavalin A-induced hepatitis in mice. Hepatology . 2012 [cited 2015
Aug 3];55:1954–64.
Mackinnon AC, Gibbons MA, Farnworth SL, Leffler H, Nilsson UJ, Delaine T, Simpson AJ, Forbes SJ,
Hirani N, Gauldie J, Sethi T. Regulation of transforming growth factor-β1-driven lung fibrosis by
galectin-3. Am J Respir Crit Care Med . 2012 [cited 2014 Dec 18];185:537–46.
Gunning AP, Bongaerts RJM, Morris VJ. Recognition of galactan components of pectin by galectin-3. FASEB J . 2009 [cited 2016 Apr 4];23:415–24.
Nangia-Makker P, Hogan V, Honjo Y, Baccarini S, Tait L, Bresalier R, Raz A. Inhibition of human
cancer cell growth and metastasis in nude mice by oral intake of modified citrus pectin. J Natl
Cancer Inst . 2002 [cited 2015 Aug 3];94:1854–62.
Yan J, Katz A. PectaSol-C modified citrus pectin induces apoptosis and inhibition of proliferation
in human and mouse androgen-dependent and- independent prostate cancer cells. Integr Cancer
Ther . 2010 [cited 2015 Aug 3];9:197–203.
Kolatsi-Joannou M, Price KL, Winyard PJ, Long DA. Modified citrus pectin reduces galectin-3
expression and disease severity in experimental acute kidney injury. PLoS One . 2011 [cited 2015
Apr 17];6:e18683.

23

Chapter 1

Introduction

PART 1
Galectin-3 as a prognostic factor

