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Prologue

“The heart is really a miraculous organ. It beats 72 times a minute throughout our life, 
which means billions of times in our lifetime. And it never gets tired. It knows exactly 
how much blood to pump; it can increase its output by fivefold if we need more oxygen 
– for example, if we’re running or doing strenuous activity. You have 5 billion cells called 
myocytes, all beating in synchrony, in a perfectly coordinated manner, to maximise the 
heart’s pumping ability. It is an engineering feat that never ceases to amaze me.” – 
Dr. Roberto Bolli - Editor-in-Chief, Circulation Research.
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Interactions

Cardiologists – as organ specialists – may become narrow minded and tend to focus 
on the heart only. However, the weight of scientific evidence that supports the view 
that the human heart has different interactions with itself and its surroundings is rapidly 
increasing. The fact that these interactions occur both in the heart as well as in other 
organs is marvelous. This must be acknowledged and act upon if we are prepared to 
discover the mysteries of the human heart in health and disease.

Heart failure

Every day in the Netherlands, more than 100 patients die of cardiovascular disease, 
and every year over 7500 patients die of heart failure (HF).1 Cardiovascular disease, and 
specifically HF, is one of the leading causes of morbidity and mortality in the Western 
world. The lifetime risk of acquiring HF is over 20% for people at the age of 40, and it 
imposes an enormous burden on the health care budget, driven by a high number of HF 
rehospitalisations.2 It is even expected that the prevalence of HF will rise in the future 
because of the ageing population and, paradoxically, because of successfully improved 
treatment options.

Directed by treatment guidelines from the European Society of Cardiology and the 
Heart Failure Association, physicians are faced with a difficult task to diagnose and treat 
this complex clinical syndrome.3 HF is characterised by abnormal cardiac structure and/
or function, with typical signs and symptoms. Challenges in the proper diagnosis of HF 
are due to the interplay between the heart and other (cardiac and non-cardiac) organs 
and tissues. As an example of a very typical dilemma: is the shortness of breath due to 
lung disease? Due to vascular disease? Due to atrial fibrillation? Or due to HF? Beside 
this organ interplay, HF presentation has changed over the past decades. While HF used 
to affect middle-aged men after a large myocardial infarction (MI), typically leading to 
HF with reduced ejection fraction (HFrEF), nowadays a large proportion of incident HF 
occurs in the elderly patient, frequently women, with primary drivers being hyperten-
sion, ageing and diabetes, reflecting in HF with preserved ejection fraction (HFpEF). This 
“modern face” of HF appears to have a better prognosis, yet it is associated with an even 
more extreme burden of additional diseases.4

It is clear that HF is very heterogeneous disorder, but currently all HFrEF patients receive 
the same treatment regimen which consists of ACE-inhibitors, beta-blockers, mineralo-
corticoid receptor antagonists, diuretics, and for some the addition of ivabradine and 
sacubitril/valsartan. Furthermore, patients will receive cardiac devices such as pacemak-
ers, CRTs and ICDs. This “one size fits all” has proven to fail in HFpEF studies, and might 
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even fail or be less efficacious in some HFrEF patients.5–8 For this matter, better insight 
into the pathophysiological mechanisms underlying HF is a necessity.

One of the key processes in the pathophysiology of HF is cardiac remodeling, a generally 
unfavorable process in which the myocardium is converted into an, mostly irreversible, 
changed structural and functional state. It occurs in response to a change in size, shape 
and structure of cardiac muscle after elevation in hemodynamic load and/or cardiac 
injury, often accompanied or perpetuated by neuro-hormonal activation.9 Over time, 
remodeling may shift from a compensatory to a maladaptive process. Changes in both 
the cellular and extracellular matrix, such as myocyte hypertrophy, apoptosis or necrosis 
and fibroblast proliferation or activation, can occur.10 Measured molecules, also known 
as biomarkers, present due to these different processes might aid physicians to better 
understand the pathophysiology of HF and to better treat and tailor therapy for his/her 
specific patients.

Biomarkers

Plasma biomarkers can serve as a marker of organ damage or as a form of communica-
tion from organs to convey information about human physiology and pathology. The 
Oxford English Dictionary defines a biomarker as “a naturally occurring molecule, gene, 
or characteristic by which a particular pathological or physiological process, disease, etc. 
can be identified”. In cardiovascular medicine biomarkers are most often used regarding 
diagnosis, prognosis, monitoring, measuring treatment effect and risk stratification. 
Cardiac remodeling is characterised by up- and downregulation of a different set of 
biomarkers. With the help of a magnitude in biomarkers, we attempt to better under-
stand processes in the pathophysiology of HF, such as inflammation, oxidative stress, 
extracellular matrix remodeling, neurohormones, myocyte injury and myocyte stress.

HF biomarkers have dramatically impacted the way HF patients are evaluated and man-
aged. Over the last decade, over 6500 studies have been published in the field of HF 
biomarkers.11 Unfortunately, the methodology and usefulness are questionable, and 
biomarkers were assessed in heterogeneous HF phenotypes that have substantially lim-
ited clinical translation. To guide physicians in this tsunami of biomarkers I have investi-
gated biomarkers at different important clinical decision-making moments. Biomarkers 
fit perfectly in the paradigm of HF being a systemic – and not only a heart – disease, and 
several chapters in this thesis will describe the importance of a holistic view in the study, 
measurement, and interpretation of biomarkers. For this purpose, natriuretic peptides 
(NPs), a known cardiac and HF specific biomarker, and also galectin-3, a more general 
and fibrotic marker, but profoundly linked to cardiac disease, were investigated.
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nT-proBnP and galectin-3

NPs, including B-type NP (BNP) and the pro-hormone fragment N terminal proBNP (NT-
proBNP) are secreted by cardiomyocytes in response to stretching, caused by increased 
(atrial or ventricular) volume and pressure. Importantly, NPs are cardio-specific markers, 
meaning that all NT-proBNP, detected at the plasma level, is produced in the heart. The 
physiologic actions of NPs include a decrease in systemic vascular resistance and central 
venous pressure as well as an increase in natriuresis.12 The net effect is a decrease in 
blood pressure and, thus, a decrease in afterload. As such, the release of NPs, although 
indicative of a maladaptive process, should be regarded as a beneficial response of the 
body. NT-proBNP and BNP have proven to be clinically useful to adequate diagnosis of 
HF. NPs are often used to identify those patients with acute HF who present at the emer-
gency department with shortness of breath.13,14 NPs are also used in risk stratification, 
but the applicability for physicians in the treatment regimen is not always clear. In line, 
multiple trials have attempted a biomarker-based monitoring, but these demonstrated 
differential effects and biomarker-guided monitoring has not made it into standard care 
as of yet.15–17

Besides NPs, other biomarkers, including galectin-3, predict outcome in subjects with 
HF.18,19 Galectin-3 is a biomarker of fibrosis and inflammation and is implicated in a 
variety of processes associated with HF, including myofibroblast proliferation, tissue 
repair and ventricular remodeling.20 However, galectin-3 is produced at large amounts 
in extra-cardiac tissues (including kidney, fat tissue, liver and lung),21 meaning that 
galectin-3 is a good example of a biomarker associated with HF and a role in organ-
organ interaction and cross-talk. In line with this, galectin-3 is elevated in response to 
hypertension, inflammation and tissue repair, and elevations in galectin-3 have been 
shown to precede renal disease,22 new onset heart failure23 and cardiovascular mortal-
ity.24 This implicates that elevations in galectin-3 may have importance for other organs 
other than the primary site of production. Furthermore, besides a marker for fibrosis, 
galectin-3 might be an amendable biomarker and a target for therapy. The anti-fibrotic 
modality would be a new class of medication in HF management.25 Current studies with 
anti-galectin-3 agents in patients with lung fibrosis have generated promising results.26

organ cross-talk

To investigate the next level of biomarker-interactions, we studied the cross-talk be-
tween HF and cancer development. Novel markers might emerge in this new and excit-
ing field of research. Markers involved in multiple physiological and pathophysiological 
processes might connect disease development in different organs. Alpha 1-antichymo-
trypsin (SERPINA3), was identified in our studies as a potential marker of interest. These 
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newly discovered HF biomarkers might connect heart disease to the development of 
different other diseases such as kidney, lung and liver disease, but also cancer.

Together, all the above-mentioned biomarkers, NT-proBNP, galectin-3 and SERPINA3 are 
of interest in HF research and will be investigated in this thesis. As depicted in Figure 1, 
the focus of this thesis will be on HF, biomarkers (both mechanistic insights and clinical 
utility), assays and heart-organ/heart-tissue interactions in the light of cancer develop-
ment.

aims and outline of this thesis

As discussed, HF is a heterogeneous and complex syndrome and knowledge about 
biomarkers could help physicians to treat their patients properly based on a right diag-
nosis, prognosis and risk stratification. With an interest in NPs as examples of established 
cardio-specific biomarkers, and on galectin-3, as a pleiotropic biomarker with high 
expression in extra-cardiac tissues we investigated in this thesis;

In part 1 - Practical and clinical utility of biomarkers in heart failure
- The performance of NPs and galectin-3 in the post-discharge period
- The performance of NPs and galectin-3 in identifying low-risk patients

figure 1. schematic overview of circulation factors in heart failure
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In part 2 - Mechanism and interpretation of circulating biomarkers
- The role of renal function in the clearance of galectin-3
- Provide additional information on biomarker level interpretations
- The role of a biomarker as a target for therapy

In part 3 - Circulating factors and culprits: HF and cancer
- The causal relationship between HF and cancer
- Provide an overview of possible mechanisms linking HF and cancer

Part 1 focusses on biomarkers, in particular galectin-3 and NT-proBNP. Each chapter 
will present a different HF-related clinical utility for these biomarkers. In Chapter 2, we 
investigate one of the most vulnerable phases in HF, namely the post-discharge period. 
Early HF readmission rates are extremely high and physicians are unable to predict 
which patients will be rehospitalized on short notice. This deficit is a great health issue 
and places a major strain on our health care system. We demonstrate a potential role 
for galectin-3 to improve near-term management. Contrary to current literature, which 
focuses on high-risk patients, in Chapter 3a and discussed in Chapter 3b, we report 
that biomarkers can identify HF patients at low risk (instead of high risk) for adverse 
events. For this examination, we use a large panel of biomarkers and demonstrate that 
galectin-3 could be of importance in identifying patients after an episode of acute HF; 
this finding was validated in an independent HF cohort. In Chapter 4, we demonstrate 
the difficulty of using NPs in HFpEF patients, a largely unknown HF group.

Part 2 is aimed at the assumption that one requires knowledge about biomarker biology 
to properly interpret biomarker levels. Since galectin-3 is related to kidney function, we 
demonstrated in Chapter 5 a novel mechanism as to why galectin-3 may be increased in 
renal dysfunction, studying three well-chosen cohorts, namely the general population, 
a chronic HF cohort and patients on hemodialysis, and combining this with an animal 
model in which we demonstrated renal excretion of galectin-3. In Chapter 6, we provide 
an overview of different galectin-3 assays and their pros and cons. Chapter 7 goes one 
step further and provides insight in the variability of biomarkers in healthy individuals 
and HF patients. Based on physiological biomarker level changes, we can distinguish 
between normal physiology and pathophysiology. A novel concept is to use the bio-
marker as a target for therapy which is clearly described in chapter 8. In this review 
the challenges that emerge using anti-galectin-3 therapy is discussed, for example the 
window of opportunity when treating patients with anti-fibrotic therapy.

In Part 3, we touch upon the very interesting but undiscovered field of cardio-oncology, 
or what we would like to call onco-cardiology. In Chapter 9a, we demonstrate a causal 
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and direct relationship between HF and incidence cancer in translational research, which 
is further discussed in Chapter 9b. Chapter 10 shows an overview of the current known 
interplay between these two deadly diseases. Is it just a coincidence that patients suffer 
from both HF and cancer, or does one lead to the other? Finally, we discuss the findings 
and relevance of this thesis, as well as future perspective, in the General discussion and 
future perspectives.
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aBsTRaCT

Background

Rehospitalization is a major cause for heart failure (HF)-related morbidity and is associ-
ated with considerable loss of quality of life and costs. The rate of unplanned rehospi-
talization in patients with HF is unacceptably high; current risk stratification to identify 
patients at risk for rehospitalization is inadequate. We evaluated whether measurement 
of galectin-3 would be helpful in identifying patients at such risk.

Methods

We analyzed pooled data from patients (n = 902) enrolled in 3 cohorts (COACH, n = 592; 
PRIDE, n = 181; and UMD H-23258, n = 129) originally admitted because of HF. Mean 
patient age was between 61.6 and 72.9 years across the cohorts, with a wide range of 
left ventricular ejection fraction. Galectin-3 levels were measured during index admis-
sion. We used fixed and random effects models, as well as continuous and categorical 
reclassification statistics to assess the association of baseline galectin-3 levels with risk 
of postdischarge rehospitalization at different time points and the composite endpoint 
all-cause mortality and rehospitalization.

Results

Compared with patients with galectin-3 concentrations below 17.8 ng/mL, those with 
results exceeding this value were significantly more likely to be rehospitalized for HF at 
30, 60, 90 and 120 days after discharge; with odds ratios (ORs) 2.80 (95% CI 1.41-5.57), 
2.61 (95% CI 1.46-4.65), 3.01 (95% CI 1.79-5.05) and 2.79 (95% CI 1.75-4.45), respectively. 
After adjustment for age, gender, New York Heart Association class, renal function (esti-
mated glomerular filtration rate), left ventricular ejection fraction, and B-type natriuretic 
peptide, galectin-3 remained an independent predictor of HF rehospitalization. The ad-
dition of galectin-3 to risk models significantly reclassified patient risk of postdischarge 
rehospitalization and fatal event at each time point (continuous net reclassification 
improvement at 30 days of +42.6% (95% CI +19.9%-65.4%, P < 0.001).

Conclusion

Among patients hospitalized for HF, plasma galectin-3 concentration is useful for the 
prediction of near-term rehospitalization.
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InTRoDUCTIon

Heart failure (HF) affects millions of patients in the United States (US) and Europe1,2 and is 
the most common reason for hospitalization and readmission among elderly patients.3 
Despite improvements in outcome with medical and device therapy,4,5 unplanned 
readmission rates following HF hospitalization remain high,6 with enormous economic 
burden driven by these readmissions; the cost to Medicare of HF-related rehospitaliza-
tion is estimated to be approximately $8.7 billion in the US.

Readmission statistics may be considered in three phases, with particularly high re-
hospitalization rates occurring within the first few months after hospital discharge and 
during the last 2 months before death.7 The rate of unplanned hospital readmission has 
been reported to approach 25% within 30 days of initial discharge8,9 and 30% within 60 
to 90 days postdischarge.10 One-fifth of the patients with acutely decompensated HF 
who present at the emergency department experience a subsequent HF episode that 
primarily involves rehospitalization.11 The high prevalence of unplanned rehospitaliza-
tions adversely affects health care costs, resource use, quality of care and likely will be 
unsustainable.

Patient stratification tools that predict risk of near-term readmission would allow 
clinicians to better focus HF disease management efforts on high-risk patients. Early 
identification of excess risk using simple blood tests that reflects underlying HF patho-
physiology may be useful adjuncts to clinical evaluation in clinical decision making.

Galectin-3 is a β-galactoside-binding lectin with influences in numerous physiological 
and pathophysiological processes in HF.12 Galectin-3 has shown to be a key mediator of 
cardiac remodelling13,14 and organ fibrosis,15 which are two pathophysiological mecha-
nisms involved in HF disease progression. Although galectin-3 has been identified as a 
powerful predictor of mortality,16-18 the usefulness to predict unplanned HF rehospital-
ization has been less well described.

Given the potential value of galectin-3 testing for predicting near-term clinical outcomes, 
we studied whether baseline levels of circulating galectin-3 could identify patients with 
HF at higher risk of near-term rehospitalization. To do so, we studied three independent 
clinical cohorts, together comprising 902 patients with HF, and assessed the value of 
galectin-3 for prediction of 30- , 60- , 90-, and 120-day rehospitalization and mortality 
risk.
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MeTHoDs

Patient Populations

We analyzed the rehospitalization rates of hospitalized patients with HF in three sepa-
rate studies, the Coordinating Study Evaluating Outcomes of Advising and Counseling in 
Heart Failure (COACH; n = 592), the Pro-BNP Investigation of Dyspnea in the Emergency 
Department (PRIDE; n = 181), and the University of Maryland Pro-BNP for Diagnosis 
and Prognosis in Patients Presenting with Dyspnea study (UMD H-23258; n = 129). The 
details of each study have been published elsewhere;19-21 blood samples in each of 
the three cohorts were collected at the time of study enrollment; the other analytes 
(natriuretic peptides, creatinine) that are presented and used for statistical adjustments 
were taken simultaneously with the galectin-3 measurement, at time of enrollment in 
the respective studies.

In each study, data regarding rehospitalization were available to at least 120 days of 
follow-up, with complete data available for the total 902 patients. All blood samples in 
these studies were obtained during the index hospitalization with galectin-3 measured 
in these index hospitalization blood samples. All studies were reviewed and approved 
by local institutional review boards and all patients provided written informed consent.

Biochemical measurements

Plasma galectin-3 levels were determined using a commercially available enzyme-linked 
immunosorbent assay (BG Medicine, Inc., Waltham, USA). Details are described in the 
supplemental appendix.

outcome measurements

The primary endpoints were rehospitalization for HF and the composite of rehospitaliza-
tion for HF and all-cause mortality (first to occur). Rehospitalization was defined as an 
unplanned overnight stay in the hospital due to worsening HF. In each of the studies, 
patients were characterized by typical symptoms and signs of HF according standard 
criteria. All events in each study were adjudicated by independent clinical event com-
mittees.

statistical methods

Baseline characteristics are presented as means and standard deviations (SDs), or me-
dians and interquartile ranges (IQRs), as indicated, and differences across studies were 
assessed by analyzing of variance modeling for continuous variables and by χ2 test or 
Fisher exact test for categorical variables. Fixed-effects Mantel-Haenszel model and the 
random effects DerSimonian-Laird model were used to generate summary pooled odds 
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ratios (ORs). Cox proportional hazards regression was used to generate estimates of 
hazard ratios (HRs) and 95% confidence intervals (CIs) associated with galectin-3 as a 
dichotomized variable.

For discrimination and reclassification analyses, the contribution of galectin-3, dichoto-
mized by the cutoff value of 17.8 ng/mL, was assessed. The base model (age, gender, New 
York Heart Association (NYHA) class, left ventricular ejection fraction (LVEF), estimated 
glomerular filtration rate (eGFR), and B-type natriuretic peptide (BNP) value (logarith-
mically transformed)) was compared to a model comprising these same variables plus 
dichotomized galectin-3. Reclassification was assessed using both the continuous net 
reclassification improvement (NRI) metric and NRI in which three categories were de-
fined by tertiles of predicted risk.28 Areas under receiver operating characteristic curves 
(AUROCs) derived from the base model and from the base model plus galectin-3 were 
compared using the method of deLong et al., which accounts for the correlated nature 
of the curves.29

All statistical analyses were performed at a significance level of 0.05 (Complete statistical 
elaboration in appendix).

ResUlTs

Baseline characteristics of the study patients in each of the three studies are presented 
in Table 1. The mean age of patients ranged from 61.6 to 72.9 years, and the proportion 
of males ranged from 53.6% to 72.1%. Most patients were categorized as NYHA class III 
and IV, but in the COACH study, which enrolled patients predischarge, approximately 
half were assessed as NYHA class II. Mean LVEF ranged from 33% to 48% with a mean 
(SD) value of 37% (16%) across all studies. In all studies, BNP and N-terminal pro-BNP 
(NT-proBNP) levels exhibited evident elevation. Supplemental table S1 shows the base-
line characteristics as a pooled analysis of all patients (n = 902), divided based on the 
galectin-3 cutoff of 17.8 ng/mL.

Patients with HF having galectin-3 levels greater than 17.8 ng/mL were more likely to be 
rehospitalized for HF within 30-, 60-, 90- and 120-days after index discharge in all studies 
(Figure 1). The pooled ORs were 2.80 (95% CI 1.41-5.57), 2.61 (95% CI 1.46-4.65), 3.01 
(95% CI 1.79-5.05) and 2.79 (95% CI 1.75-4.45) for, respectively, 30-, 60-, 90- and 120-days 
(P < 0.01 for all time points) (Figure 1 and Table 2). The individual ORs were comparable 
for all studies; because of different number of subjects and events in each constituent 
study, CIs varied among studies (Figure 1). Analyses for the secondary endpoint, the 
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composite of all-cause mortality and HF rehospitalization, yielded similar results, with 
pooled ORs of 1.64 (95% CI 0.97-2.92), 1.99 (95% CI 1.16-3.39), 1.86 (95% CI 1.18-2.94) 
and 1.84 (95% CI 1.19-2.86), respectively, for 30-, 60-, 90- and 120-days after discharge 
for index hospitalization for HF (Supplemental Figure S1).

Table 1. Baseline characteristics

Characteristics CoaCH
(n=592)

PRIDe
(n=181)

UMD H23258
(n=129)

P-value for
difference*

Age (y), mean (SD) 70.8 (11.2) 72.9 (13.2) 61.6 (13.4) <0.001

Female, n (%) 227 (38.3%) 84 (46.4%) 36 (27.9%) 0.004

Systolic blood pressure (mm Hg), mean (SD) 117.9 (21.0) 139.2 (29.7) 143.8 (26.3) <0.001

Diastolic blood pressure (mm Hg), mean (SD) 68.7 (12.2) 76.6 (17.9) 84.0 (19.0) <0.001

Hypertension, n (%) 256 (43.2%) 113 (62.4%) 101 (78.3%) <0.001

BMI (kg/m2), mean (SD) 27.1 (5.5) 27.9 (6.3) 31.0 (9.0) <0.001

Diabetes mellitus, n (%) 176 (29.7%) 72 (39.8%) 58 (45.0%) 0.001

Smoker, n (%) 101 (17.4%) 23 (12.7%) 40 (31.3%) <0.001

Heart failure history

NYHA <0.001

NYHA I/II, n (%) 275 (46.5%) 25 (13.9%) 37 (28.7%)

NYHA III, n (%) 293 (49.5%) 60 (33.3%) 65 (50.4%)

NYHA IV, n (%) 20 (3.8%) 95 (52.8%) 27 (20.9%)

LVEF, mean (SD) (%) 33.3 (14.2) 48.2 (18.3) 37.2 (14.8) <0.001

LVEF >40, n (%) 139 (23.5%) 112 (61.9%) 39 (30.2%) <0.001

Treatment

ACEi/ARB, n (%) 486 (82.1%) 67 (37.0%) 62 (48.1%) <0.001

β-Blocker, n (%) 398 (67.2%) 102 (56.4%) 76 (58.9%) 0.013

Loop diuretic, n (%) 555 (93.8%) 103 (56.9%) 61 (47.3%) <0.001

Digoxin, n (%) 190 (32.1%) 42 (23.2%) 22 (17.1%) 0.001

laboratory Measurements

Galectin-3 ng/mL, (median, IQR) 20.0 (10.6) 14.9 (8.9) 19.8 (12.7) <0.001

Galectin-3 >17.8 ng/mL, n (%) 357 (60.3%) 66 (36.5%) 79 (61.2%) <0.001

eGFR ml/min per 1.73m2, (mean, SD) 53.9 (20.2) 56.4 (25.0) 57.0 (24.4) 0.20

BNP pg/mL, (median, IQR) 448 (199-908) 386 (174-827) 609 (318-1428) <0.001

NT-proBNP pg/mL, (median, IQR) 2521
(1304-5591)

4299
(1795-9970)

4109
(1532-9577)

<0.001

Abbreviations: BMI, body mass index; COACH, Coordinating Study Evaluating Outcomes of Advising and 
Counseling Failure; PRIDE, BNP Investigation of Dyspnea in the Emergency Department; UMD, University 
of Maryland Pro-BNP for Diagnosis and Prognosis in Patients Presenting with Dyspnea study; NYHA, New 
York Heart Association; LVEF, left ventricular ejection fraction; ACEi, angiotensin-converting-enzyme inhibi-
tor; ARB, angiotensin II receptor blocker; eGFR, estimated glomerular filtration rate; BNP, B-type natriuretic 
peptide; NT-proBNP, N-Terminal pro-B-type Natriuretic Peptide; n: number of subjects.
*P-value for difference of at least one study from others.
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We further evaluated whether galectin-3 levels obtained during the index hospitaliza-
tion independently predicted subsequent hospital readmission after consideration 
of established risk factors for HF rehospitalization. For this analysis we adjusted for 
age, gender, NYHA class, renal function (eGFR), LVEF and BNP levels (Table 3). We also 
observed that galectin-3 remained a significant predictor when we considered the 
composite endpoint of HF rehospitalization and all-cause mortality (Supplemental Table 
S2). Cumulative hazard analyses for the endpoint of HF rehospitalization, to 120 days 
after hospitalization discharge, are shown in Figure 2 for each study individually, with 
index hospitalization galectin-3 value dichotomized as indicated to compare low and 
high baseline concentrations of galectin-3. Supplemental Table S3 provides an overview 

figure 1. odds ratio for Hf rehospitalization at different time points
Forrest plot for HF rehospitalization within 30-, 60-, 90- and 120-days across the three studies for patients 
with galectin-3 > 17.8 ng/mL. The size of the cube is proportional to the sample size of each study; the 
pooled analysis is depicted by a diamond. HF, Heart failure



30 Chapter 2

of the exact number of endpoints (HF rehospitalization and the composite end point), 
by galectin-3 category and by time.

Galectin-3 improved reclassification of near-term rehospitalization for HF and mortality 
when added to the clinical risk model comprising age, gender, NYHA class, eGFR, LVEF 
and BNP, at each of the four post-discharge time points considered (Table 4). The ad-
dition of galectin-3 yielded an NRI ranging from +38.4% to +42.6% in continuous NRI 
analyses, and +10.7% to +19.3% in analysis in which tertiles of base model risk were 
used to define three risk categories (Table 4; P < 0.05 for all analyses). Improvement 
in classification accuracy with galectin-3 was seen in both low-risk and intermediate-
risk categories in categorical NRI analyses, at each time point (Supplementary Table S4 
(A-D)). Galectin-3 measurement resulted in correctly increasing the postdischarge risk 
categorization in 19% to 33% of all patients who were initially inaccurately placed into 
the lowest-risk category based solely on the clinical risk model, but who subsequently 
experienced a rehospitalization or death within 30-, 60-, 90- or 120-days. Finally, the 
addition of galectin-3 to the base risk model resulted in nonsignificant increases in the 
AUROC at each time point (Table 4).

Table 3. Cox-regression model for Hf rehospitalization

study Model Hazard Ratio (95% CI) Chi-square P-value

COACH Galectin-3 only (>17.8 ng/mL) 2.35 (1.63-3.39) 21.1 <0.001

Multivariable adjusted* 1.61 (1.04-2.50) 4.47 0.034

PRIDE Galectin-3 only (>17.8 ng/mL) 1.74 (1.11-2.73) 5.8 0.016

Multivariable adjusted* 1.64 (0.99-2.71) 3.65 0.056

UMD-H Galectin-3 only (>17.8 ng/mL) 1.82 (0.89-3.90) 2.4 0.087

23258 Multivariable adjusted* 3.15 (1.12-8.88) 4.72 0.030

*Adjusted for baseline age, gender, renal function (eGFR), NYHA class, log(BNP), LVEF.

Table 2. Pooled odds ratios for galectin-3 >17.8 ng/ml and Hf re-hospitalization, separately for 30, 
60, 90 and 120 days, by fixed effects and random effects analysis.

oR (95% CI)
fixed effects

P-value oR (95% CI)
Random effects

Percentage of patients re-hospitalized 
for Hf (across all studies)

< 17.8 ng/ml >17.8 ng/ml

30 days 2.80 (1.41-5.57) 0.003 2.78 (1.40-5.52) 3.0% 7.3%

60 days 2.61 (1.46-4.65) 0.001 2.57 (1.44-4.59) 4.5% 10.0%

90 days 3.01 (1.79-5.05) <0.001 3.01 (1.80-5.04) 5.5% 13.6%

120 days 2.79 (1.75-4.45) <0.001 2.79 (1.75-4.44) 7.3% 15.8%

Abbreviations: OR=Odds ratio; CI= confidence interval.
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figure 2. Cumulative hazard anal-
yses for the endpoint of Hf rehos-
pitalization across the three stud-
ies based upon galectin-3
Cumulative hazard analyses for 
the endpoint of HF rehospitaliza-
tion with the baseline galectin-3 
value dichotomized to compare low 
(<17.8 ng/mL) and high (>17.8 ng/
mL) concentrations. 
a. COACH: log-rank P < 0.001 
B. PRIDE: log-rank P = 0.006 
C. Maryland: log-rank P = 0.29.
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DIsCUssIon

The main finding of our pooled analysis is that plasma galectin-3 levels independently 
predict near-term HF rehospitalization and death and yield significantly improved risk 
classification accuracy. Galectin-3 levels exceeding 17.8 ng/mL consistently predicted 
30-, 60-, 90-, and 120-day rehospitalization rates in three separate HF cohorts, indepen-
dent of age, gender, kidney function, LVEF, NYHA class, and plasma BNP levels. These 
results suggest that assessing galectin-3 levels may be useful in the identification of 
patients with HF at risk for early rehospitalization. Awareness of higher risk for near-
term events could potentially be useful in the prevention of unplanned hospitalizations, 
although the current study did not test clinical decision making guided by galectin-3.

Currently, strong emphasis is put on reducing unplanned rehospitalization after an acute 
HF admission, the incidence of which may be as high as 25 to 30% within the 30- to 
90-days postdischarge period.8,10,11,27 Hospitals have been pursuing strategies to reduce 
rehospitalization incidence because of the substantial impact on health care resources 
and budgets, and associated loss of quality of life and life span in HF. Of note, in the 
US, the federal Centers for Medicare and Medicaid Services have recently implemented 
regulations that impose significant penalties on hospitals with excessive unplanned 
readmission rates, particularly within the 30-day postdischarge period.30 Although this 

Table 4. net reclassification improvement and discrimination change metrics upon addition of ga-
lectin-3, for Hf re-hospitalization and fatal event, at 30, 60, 90 and 120 days.

Time 
point

nRI, 
continuous

(95% CI)

P-value nRI, 
categorical

(95% CI)

P-value Base model 
aURoC

(95% CI)

Base model 
+ Galectin-3

aURoC
(95% CI)

P-value

30 days
+42.6%

(+19.9-65.4%)
<0.001

+13.3%
(+0.3-26.3%)

0.044
0.682

(0.624-0.740)
0.698

(0.644-0.749)
0.17

60 days
+39.2%

(+19.2-59.1%)
<0.001

+19.3%
(+6.8-31.7%)

0.002
0.673

(0.619-0.727)
0.693

(0.642-0.744)
0.12

90 days
+40.1%

(+22.7-57.6%)
<0.001

+10.8%
(+1.2-20.5%)

0.027
0.684

(0.642-0.736)
0.703

(0.657-0.749)
0.15

120 days
+38.4%

(+21.9-54.9%)
<0.001

+10.7%
(+2.1-19.3%)

0.015
0.689

(0.642-0.735)
0.700

(0.654-0.744)
0.27

Base model comprises age, gender, NYHA class, LVEF, eGFR, and log(BNP) value. Continuous net reclassifi-
cation index (NRI) and categorical NRI are for base model plus galectin-3 (dichotomized variable, defined 
by the cutoff value of 17.8 ng/mL). Categories for categorical NRI are defined by tertiles of predicted risk at 
each time point.
Abbreviations: NRI=Net reclassification improvement; AUROC=area under receiver-operating characteristic 
curve; CI=confidence interval.
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benchmark has been strongly debated, hospitals are seeking methods to reduce the 
rehospitalization rate for HF.31

Because reduction of HF rehospitalization is an increasingly urgent objective, physicians 
and hospitals are seeking more accurate risk stratification tools in patients with HF, with 
a goal to potentially reduce near-term HF rehospitalization. Currently, several HF risk 
engines or prediction models have been developed;32,33 however, to date, there is no 
established model in use to help individual physicians to classify individual patients with 
HF at risk for early rehospitalization. The use of circulating biomarkers, particularly ones 
relevant to aspects of HF pathophysiology, may improve the accuracy of risk stratifica-
tion as center- and clinician- independent markers of disease severity.

Both BNP and NT-proBNP are routinely used to confirm the diagnosis of HF,19,34 and 
several studies have reported their strong prognostic value.35-38 Data from the Biomark-
ers in Acute Heart Failure (BACH) trial showed that the predictive performance of BNP, 
NT-proBNP and MR-proADM (represented as area under the curve values for 30-day 
all-cause rehospitalization) is modest at 0.569, 0.501 and 0.510, respectively.39 Our study 
shows additional value of galectin-3 independent of natriuretic peptides. Because 
changes in cardiac structure and function usually precede symptoms, an ideal strategy 
for prognosis and risk profiling in HF would not only include markers of mechanical 
stretch, such as BNP or NT-proBNP, but also markers of inflammation and remodeling. 
Galectin-3 has been shown a strong predictor of mortality, independent of NT-proBNP 
levels,16-18,40 although some studies have suggested that renal function and/or BNP levels 
attenuate the prognostic power of galectin-3.41,42 In the present study, galectin-3 was a 
strong predictor of outcome, even after adjustment for eGFR and BNP levels. Although 
natriuretic peptides reflect hemodynamic loading and readily respond to ventricular 
stretch, galectin-3 has been shown to be a marker of active fibrogenesis and ventricular 
remodeling, and thus less responsive to unloading.43,44 It may indeed be argued that 
elevated galectin-3 may signify patients with HF and intrinsic progressive disease that 
are significantly more prone to unplanned rehospitalization. This is in line with recent 
observations suggesting that patients with rising concentrations of galectin-3 (observed 
in approximately 25% of all patients) have an approximately 50% increase in morality 
and rehospitalization risks.45 Clearly, rehospitalization is, beside disease-related factors, 
also influenced by patient-related factors including compliance and access to care. Nev-
ertheless, although the multifactorial nature of rehospitalization makes easy solutions 
unlikely, biomarkers could provide useful information in predicting which patient is 
more likely be readmitted. Currently, there are no data to suggest that specific therapies 
are of additional value when galectin-3 is elevated, so that generic recommendations on 
clinical therapy in patients with elevated galectin-3 cannot be given.
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strengths and limitations

In our studied cohorts, rehospitalization rates were lower than reported in the literature, 
possibly because of inclusion bias in clinical trials. Some other limitations inherent to 
pooled analyses must also be acknowledged, for example, publication bias (for instance, 
that other studies may have been overlooked) and heterogeneity of results and analyses. 
The present analysis is a pooled analysis of, as far as we are informed, the three largest 
acute HF cohorts in which galectin-3 was measured and follow-up was available after a 
hospitalization for HF. An important difference among the three studies was that COACH 
enrolled patients one day prior to discharge, whereas the other two studies enrolled 
subjects at the time of admission. Although galectin-3 is known to be a stable marker, 
galectin-3 levels in COACH patients at the day of hospitalization may have been differ-
ent. However, galectin-3 predicted near-term rehospitalization, and we demonstrated 
that increased galectin-3 levels are associated with a nearly three-fold higher likelihood 
of subsequent hospitalization. We studied the predictive value in three different HF co-
horts at 4 time points (30-, 60-, 90- and 120-days) and analyzed the hospitalization rates 
and also as a composite endpoint with all cause mortality. Our findings across these 
cohorts were consistent, supporting the possible generalizability of our results.

ConClUsIon

Upon discharge for hospitalization due to HF, elevated galectin-3 levels are associated 
with significantly higher risk of near-term readmission for HF, independent of age, gen-
der, renal function (eGFR), NYHA class, LVEF, and natriuretic peptide levels. Galectin-3 
testing may be considered, likely in combination with other risk factors, in programs 
aiming to reduce hospital readmission rates for HF.



Galectin-3 and near-term rehospitalization in heart failure 35

RefeRenCes

 1. Writing group members Lloyd-Jones D, Adams RJ, et al. Heart disease and stroke statistics--2010 
update: A report from the american heart association. Circulation 2010;121:e46-e215.

 2. McMurray JJ, Adamopoulos S, Anker SD, et al. 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 failure association (HFA) of the ESC. Eur J Heart Fail 2012;14:803-869.

 3. Jencks SF, Williams MV, Coleman EA. Rehospitalizations among patients in the medicare fee-for-
service program. N Engl J Med 2009;360:1418-1428.

 4. Stevenson LW, Pande R. Witness to progress. Circ Heart Fail 2011;4:390-392.
 5. Cubbon RM, Gale CP, Kearney LC, et al. Changing characteristics and mode of death associated 

with chronic heart failure caused by left ventricular systolic dysfunction: A study across therapeu-
tic eras. Circ Heart Fail 2011;4:396-403.

 6. Ross JS, Chen J, Lin Z, et al. Recent national trends in readmission rates after heart failure hospi-
talization. Circ Heart Fail 2010;3:97-103.

 7. Chun S, Tu JV, Wijeysundera HC, et al. Lifetime analysis of hospitalizations and survival of patients 
newly admitted with heart failure. Circ Heart Fail 2012;5:414-421.

 8. Dharmarajan K, Hsieh AF, Lin Z, et al. Diagnoses and timing of 30-day readmissions after hospital-
ization for heart failure, acute myocardial infarction, or pneumonia. JAMA 2013;309:355-363.

 9. Krumholz HM, Merrill AR, Schone EM, et al. Patterns of hospital performance in acute myocardial 
infarction and heart failure 30-day mortality and readmission. Circ Cardiovasc Qual Outcomes 
2009;2:407-413.

 10. Gheorghiade M, Peterson ED. Improving postdischarge outcomes in patients hospitalized for 
acute heart failure syndromes. JAMA 2011;305:2456-2457.

 11. Aghababian RV. Acutely decompensated heart failure: Opportunities to improve care and out-
comes in the emergency department. Rev Cardiovasc Med 2002;3 Suppl 4:S3-9.

 12. Dumic J, Dabelic S, Flogel M. Galectin-3: An open-ended story. Biochim Biophys Acta 
2006;1760:616-635.

 13. Sharma UC, Pokharel S, van Brakel TJ, et al. Galectin-3 marks activated macrophages in failure-
prone hypertrophied hearts and contributes to cardiac dysfunction. Circulation 2004;110:3121-
3128.

 14. de Boer RA, Voors AA, Muntendam P, et al. Galectin-3: A novel mediator of heart failure develop-
ment and progression. Eur J Heart Fail 2009;11:811-817.

 15. Yu L, Ruifrok WP, Meissner M, et al. Genetic and pharmacological inhibition of galectin-3 prevents 
cardiac remodeling by interfering with myocardial fibrogenesis. Circ Heart Fail 2013;6:107-117.

 16. van Kimmenade RR, Januzzi JL,Jr, Ellinor PT, et al. 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;48:1217-1224.

 17. Lok DJ, Van Der Meer P, de la Porte PW, et al. 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;99:323-328.

 18. de Boer RA, Lok DJ, Jaarsma T, et al. Predictive value of plasma galectin-3 levels in heart failure 
with reduced and preserved ejection fraction. Ann Med 2011;43:60-68.

 19. Januzzi JL,Jr, Camargo CA, Anwaruddin S, et al. The N-terminal pro-BNP investigation of dyspnea 
in the emergency department (PRIDE) study. Am J Cardiol 2005;95:948-954.



36 Chapter 2

 20. Shah KB, Kop WJ, Christenson RH, et al. Natriuretic peptides and echocardiography in acute dys-
pnoea: Implication of elevated levels with normal systolic function. Eur J Heart Fail 2009;11:659-
667.

 21. Jaarsma T, van der Wal MH, Lesman-Leegte I, et al. Effect of moderate or intensive disease 
management program on outcome in patients with heart failure: Coordinating study evaluating 
outcomes of advising and counseling in heart failure (COACH). Arch Intern Med 2008;168:316-324.

 22. Christenson RH, Duh SH, Wu AH, et al. Multi-center determination of galectin-3 assay performance 
characteristics: Anatomy of a novel assay for use in heart failure. Clin Biochem 2010;43:683-690.

 23. Kjekshus J, Dunselman P, Blideskog M, et al. A statin in the treatment of heart failure? controlled 
rosuvastatin multinational study in heart failure (CORONA): Study design and baseline character-
istics. Eur J Heart Fail 2005;7:1059-1069.

 24. Jaarsma T, Van Der Wal MH, Hogenhuis J, et al. Design and methodology of the COACH study: A 
multicenter randomised coordinating study evaluating outcomes of advising and counselling in 
heart failure. Eur J Heart Fail 2004;6:227-233.

 25. de Boer RA, van Veldhuisen DJ, Gansevoort RT, et al. The fibrosis marker galectin-3 and outcome 
in the general population. J Intern Med 2012;272:55-64.

 26. Greene SJ, Vaduganathan M, Lupi L, et al. Prognostic significance of serum total cholesterol and 
triglyceride levels in patients hospitalized for heart failure with reduced ejection fraction (from 
the EVEREST trial). Am J Cardiol 2013;111:574-581.

 27. Krumholz HM, Chen YT, Wang Y, et al. Predictors of readmission among elderly survivors of admis-
sion with heart failure. Am Heart J 2000;139:72-77.

 28. Pencina MJ, D’Agostino RB S, Steyerberg EW. Extensions of net reclassification improvement 
calculations to measure usefulness of new biomarkers. Stat Med 2011;30:11-21.

 29. DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under two or more correlated 
receiver operating characteristic curves: A nonparametric approach. Biometrics 1988;44:837-845.

 30. Available at: http://www.cms.gov/Medicare/Medicare-Fee-for-Service-Payment/AcuteInpa-
tientPPS/Readmissions-Reduction-Program.html 2013.

 31. Gheorghiade M, Vaduganathan M, Fonarow GC, et al. Rehospitalization for heart failure: Problems 
and perspectives. J Am Coll Cardiol 2013;61:391-403.

 32. Postmus D, van Veldhuisen DJ, Jaarsma T, et al. The COACH risk engine: A multistate model for 
predicting survival and hospitalization in patients with heart failure. Eur J Heart Fail 2012;14:168-
175.

 33. O’Connor CM, Whellan DJ, Wojdyla D, et al. Factors related to morbidity and mortality in patients 
with chronic heart failure with systolic dysfunction: The HF-ACTION predictive risk score model. 
Circ Heart Fail 2012;5:63-71.

 34. Morrison LK, Harrison A, Krishnaswamy P, et al. Utility of a rapid B-natriuretic peptide assay in 
differentiating congestive heart failure from lung disease in patients presenting with dyspnea. J 
Am Coll Cardiol 2002;39:202-209.

 35. Logeart D, Thabut G, Jourdain P, et al. Predischarge B-type natriuretic peptide assay for identi-
fying patients at high risk of re-admission after decompensated heart failure. J Am Coll Cardiol 
2004;43:635-641.

 36. Hamada Y, Tanaka N, Murata K, et al. Significance of predischarge BNP on one-year outcome 
in decompensated heart failure--comparative study with echo-doppler indexes. J Card Fail 
2005;11:43-49.

 37. Pascual-Figal DA, Domingo M, Casas T, et al. Usefulness of clinical and NT-proBNP monitoring for 
prognostic guidance in destabilized heart failure outpatients. Eur Heart J 2008;29:1011-1018.



Galectin-3 and near-term rehospitalization in heart failure 37

 38. Valle R, Aspromonte N, Giovinazzo P, et al. B-type natriuretic peptide-guided treatment for pre-
dicting outcome in patients hospitalized in sub-intensive care unit with acute heart failure. J Card 
Fail 2008;14:219-224.

 39. Maisel A, Mueller C, Nowak R, et al. Mid-region pro-hormone markers for diagnosis and prognosis 
in acute dyspnea: Results from the BACH (biomarkers in acute heart failure) trial. J Am Coll Cardiol 
2010;55:2062-2076.

 40. Shah RV, Chen-Tournoux AA, Picard MH, et al. Galectin-3, cardiac structure and function, and 
long-term mortality in patients with acutely decompensated heart failure. Eur J Heart Fail 
2010;12:826-832.

 41. Felker GM, Fiuzat M, Shaw LK, et al. Galectin-3 in ambulatory patients with heart failure: Results 
from the HF-ACTION study. Circ Heart Fail 2012;5:72-78.

 42. Gopal DM, Kommineni M, Ayalon N, et al. Relationship of plasma galectin-3 to renal function in 
patients with heart failure: Effects of clinical status, pathophysiology of heart failure, and pres-
ence or absence of heart failure. J Am Heart Assoc 2012;1:e000760.

 43. Milting H, Ellinghaus P, Seewald M, et al. Plasma biomarkers of myocardial fibrosis and remodel-
ing in terminal heart failure patients supported by mechanical circulatory support devices. J 
Heart Lung Transplant 2008;27:589-596.

 44. Lok DJ, Lok SI, Bruggink-Andre de la Porte PW, et al. Galectin-3 is an independent marker for 
ventricular remodeling and mortality in patients with chronic heart failure. Clin Res Cardiol 
2013;102:103-110.

 45. van der Velde AR, Gullestad L, Ueland T, et al. Prognostic value of changes in galectin-3 levels over 
time in patients with heart failure: Data from CORONA and COACH. Circ Heart Fail 2013;6:219-226.



38 Chapter 2

sUPPleMenTaRy MaTeRIal

To assign patients to relative risk categories based on galectin-3 value, a threshold value 
of 17.8 ng/mL was applied, in accordance with the U.S. FDA-cleared assay labeling for 
risk stratification for this galectin-3 assay. The same assay was used in all three analyzed 
studies, and the analytical performance and coefficient of variability of the assay have 
been published in detail elsewhere.22

statistical Methods

Baseline characteristics are presented as means and standard deviations (SD), or medians 
and interquartile ranges (IQR), as indicated, and differences across studies were assessed 
by ANOVA modeling for continuous variables and by chi-square test or Fisher’s exact test 
for categorical variables. To pool results across studies, the fixed effects Mantel-Haenszel 
model and the random effects DerSimonian-Laird model were used to generate sum-
mary pooled odds ratios for each endpoint at the pre-specified time points of 30, 60, 
90 and 120 days. Univariate models comprising solely galectin-3, dichotomized by the 
cutoff value of 17.8 ng/mL were evaluated. In separate analyses using Mantel-Haenszel 
and DerSimonian-Laird models, summary odds ratios were generated that were ad-
justed for the baseline covariates of age, gender, New York Heart Association (NYHA) 
class, left ventricular ejection fraction (LVEF), estimated glomerular filtration rate (eGFR; 
calculated using the Modification of Diet in Renal Disease, MDRD, methodology), and 
baseline B-type natriuretic peptide (BNP) value. Prior studies have reported a broad 
spectrum of predictors of adverse outcomes in HF, and in our analyses we adjusted for 
those predictors most closely associated to heart failure rehospitalization in order to 
keep statistical models parsimonious.26, 27

Cumulative incidence functions were generated according to baseline galectin-3 
category. For each study separately, Cox proportional-hazards regression was used to 
generate estimates of hazard ratios (HRs) and 95% confidence intervals (CIs) associated 
with galectin-3 as a dichotomized variable and the indicated endpoint. In Cox regression 
analyses, Martingale residuals were inspected for satisfaction of the linearity assumption 
of the Cox regression models.

For discrimination and reclassification analyses, the contribution of galectin-3, dichoto-
mized by the cutoff value of 17.8 ng/mL, was assessed for the pre-specified times of 30, 
60, 90 and 120 days after index discharge. In these analyses, the base model comprising 
age, gender, NYHA class, LVEF, eGFR, and BNP value (logarithmically transformed) was 
compared to a model comprising these same variables plus dichotomized galectin-3, 
and data from all three studies was merged. Reclassification was assessed using both the 
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continuous net reclassification improvement (NRI) metric, which is a version of NRI that 
does not require a priori defined categories, as well as NRI in which three categories were 
defined by tertiles of predicted risk.28 All subjects complete on all variables in the base 
model and on galectin-3, and with complete follow-up to the specified time point, were 
included in reclassification calculations. Areas under receiver operating characteristic 
curves (AUROC) derived from the base model and from the base model plus galectin-3 
were compared using the method of deLong et al., which accounts for the correlated 
nature of the curves.29

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, ver-
sion 3.1. Reclassification calculations were performed using the R package ‘PredictABEL’, 
version 1.2-1 (Erasmus Medical Center, Rotterdam).
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supplemental figure s1. odds ratio for Hf rehospitalization or death at different time points
Forest plot for heart failure rehospitalization or all cause mortality within 30, 60, 90 and 120 days across the 
three studies for patients with galectin-3 > 17.8 ng/mL. The size of the cube is proportional to the sample 
size of each study; the pooled analysis is depicted by a diamond. HF, Heart Failure
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supplemental Table s1. Baseline Characteristics by galectin-3 category

Characteristic Galectin-3
< 17.8 ng/ml

(n=400)

Galectin-3
> 17.8 ng/ml

(n=502)

P-value

Age (y), mean (SD) 67.8 (12.7) 71.8 (11.8) <0.001

Female, n (%) 133 (33.3%) 214 (42.6%) 0.004

Systolic blood pressure (mm Hg) 126.4 (25.6) 125.5 (26.7) 0.61

Diastolic blood pressure (mm Hg) 73.0 (15.6) 72.0 (15.7) 0.36

Hypertension, n (%) 194 (48.5%) 276 (55.0%) 0.11

BMI, mean (SD), (kg/m2) 28.1 (6.5) 27.7 (6.3) 0.39

Diabetes, n (%) 106 (26.5%) 200 (39.8%) <0.001

Smoker, n (%) 74 (18.5%) 90 (17.9%) 0.40

Heart failure history

NYHA 0.011

NYHA I/II, n (%) 169 (42.5%) 168 (33.7%)

NYHA III, n (%) 164 (41.2%) 254 (50.9%)

NYHA IV, n (%) 65 (16.3%) 77 (15.4%)

LVEF, mean (SD) 38.5 (17.2) 35.5 (15.6) 0.010

LVEF >40, n (%) 149 (37.3%) 141 (28.1%) 0.003

Treatment

ACEi/ARB, n (%) 263 (65.8%) 352 (70.1%) 0.36

β-Blocker, n (%) 256 (64.0%) 320 (63.7%) 0.60

Loop diuretic, n (%) 292 (73.0%) 427 (85.1%) 0.002

Digoxin, n (%) 107 (26.8%) 147 (29.3%) 0.54

laboratory Measurements

eGFR, mL/min per 1.73m2 (mean, SD) 65.5 (19.9) 46.4 (19.6) <0.001

BNP, pg/mL (median, IQR) 389 (174-771) 511 (243-1250) <0.001

NT-proBNP, pg/mL (median, IQR) 2238 (1164-4706) 3727 (1701-9803) <0.001

Galectin-3, ng/mL (median, IQR) 13.7 (4.6) 24.5 (10.2) <0.001

Abbreviations: BMI=body mass index; COACH=Coordinating Study Evaluating Outcomes of Advising and 
Counseling Failure; PRIDE=BNP Investigation of Dyspnea in the Emergency Department; UMD=University 
of Maryland Pro-BNP for Diagnosis and Prognosis in Patients Presenting with Dyspnea study; NYHA=New 
York Heart Association class; LVEF=left ventricular ejection fraction; ACEi=angiotensin-converting-enzyme 
inhibitor; ARB=angiotensin II receptor blocker; eGFR=estimated glomerular filtration rate; BNP=B-type na-
triuretic peptide; NT-proBNP=N-Terminal pro-B-type Natriuretic Peptide; n: number of subjects.
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supplemental Table s2. Cox-regression model for the composite end point (Hf rehospitalization 
and all cause mortality)

study Model Hazard Ratio (95% CI) Chi-square P-value

COACH Galectin-3 only (>17.8 ng/mL) 2.18 (1.65-2.89) 29.5 <0.001

Multivariable adjusted* 1.46 (1.02-2.08) 4.33 0.037

PRIDE Galectin-3 only (>17.8 ng/mL) 1.48 (1.06-2.07) 5.1 0.023

Multivariable adjusted* 1.41 (0.97-2.06) 3.09 0.077

UMD-H Galectin-3 only (>17.8 ng/mL) 1.85 (1.01-3.38) 3.9 0.049

23258 Multivariable adjusted* 2.41 (1.10-5.28) 4.82 0.031

*Adjusted for baseline age, gender, renal function (eGFR), NYHA class, log(BNP), LVEF

supplemental Table s3. Counts of Hf rehospitalization and composite end point (Hf rehospitaliza-
tion and all cause mortality) across all studies, by galectin-3 category and by time.

Galectin-3 < 17.8 ng/ml Galectin-3 > 17.8 ng/ml

30 days HF Rehospitalization, n (%) 11 (2.8%) 39 (7.8%)

Composite end point, n (%) 20 (5.0%) 63 (12.6%)

60 days HF Rehospitalization, n (%) 16 (4.0%) 53 (10.6%)

Composite end point, n (%) 31 (7.8%) 87 (17.3%)

90 days HF Rehospitalization, n (%) 21 (5.3%) 72 (14.3%)

Composite end point, n (%) 42 (10.5%) 117 (23.3%)

120 days HF Rehospitalization, n (%) 28 (7.0%) 83 (16.5%)

Composite end point, n (%) 53 (13.3%) 136 (27.1%)
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supplemental Table s4 (a-D). Reclassification tables indicating counts of patients in each risk cat-
egory, by time point and by patient fate, based on addition of galectin-3 to the base risk model with-
out galectin-3. at each time point, patients that are complete on all variables included in the base 
model and on galectin-3, and with complete follow-up to the specified time point, are evaluable in 
reclassification calculations. The base risk model comprises age, gender, nyHa class, lVef, eGfR, 
and BnP value.
a - T=30 days

Model without galectin-3 Model with galectin-3

Patients with events <5.9% 5.9 - 9.4% >9.4% % Reclassified

<5.9% 6 2 0 25%

5.9 - 9.4% 2 10 10 55%

>9.4% 0 4 32 11%

Patients without events

<5.9% 221 37 0 14%

5.9 - 9.4% 72 109 45 52%

>9.4% 0 40 184 18%

B - T=60 days

Model without galectin-3 Model with galectin-3

Patients with events <8.5% 8.5-13.3% >13.3% % Reclassified

<8.5% 8 4 0 33%

8.5-13.3% 5 12 19 67%

>13.3% 0 5 40 11%

Patients without events

<8.5% 208 36 0 15%

8.5-13.3% 75 97 49 56%

>13.3% 0 46 170 21%

C - T=90 days

Model without galectin-3 Model with galectin-3

Patients with events <11.8% 11.8-19.0% >19.0% % Reclassified

<11.8% 13 3 0 19%

11.8-19.0% 7 23 17 51%

>19.0% 0 7 60 10%

Patients without events

<11.8% 206 35 0 15%

11.8-19.0% 64 111 33 47%

>19.0% 0 44 150 23%
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supplemental Table s4.
D - T=120 days

Model without galectin-3 Model with galectin-3

Patients with events <12.1% 12.1-22.0% >22.0% % Reclassified

<12.1% 6 3 0 33%

12.1-22.0% 4 33 21 43%

>22.0% 0 10 78 11%

Patients without events

<12.1% 87 15 0 15%

12.1-22.0% 50 233 44 29%

>22.0% 0 35 154 19%
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aBsTRaCT

aims

Traditionally, risk stratification in heart failure (HF) emphasized assessment of high risk. 
We aimed to determine if biomarkers could identify patients with HF at low risk for death 
or HF rehospitalization.

Methods and Results

This analysis was a substudy of The Coordinating Study Evaluating Outcomes of Advising 
and Counseling in Heart Failure (COACH) trial. Enrollment of HF patients occurred before 
discharge. We defined low risk as the absence of death and/or HF rehospitalizations at 
180 days. We tested a diverse group of 29 biomarkers on top of a clinical risk model, with 
and without N-terminal pro-B-type natriuretic peptide (NT-proBNP), and defined the 
low risk biomarker cut-off at the 10th percentile associated with high positive predictive 
value. The best performing biomarkers together with NT-proBNP and cardiac troponin 
I (cTnI) were re-evaluated in a validation cohort of 285 HF patients. Of 592 eligible 
COACH patients, the mean (±SD) age was 71 (±11) years and median [IQR] NT-proBNP 
was 2521 [1301-5634] pg/mL. Logistic regression analysis showed that only galectin-3, 
fully adjusted, was significantly associated with the absence of events at 180 (OR 8.1, 
95% confidence interval 1.06-50.0, P = 0.039). Galectin-3, showed incremental value 
when added to the clinical model without NT-proBNP (increase in area under the curve 
from 0.712 to 0.745, P = 0.04). However, no biomarker showed significant improvement 
by net reclassification improvement on top of the clinical risk model, with or without 
NT-proBNP. We confirmed our results regarding galectin-3, NT-proBNP and cTnI in the 
independent validation cohort.

Conclusion

We describe the value of various biomarkers to define low risk, and demonstrate that 
galectin-3 identifies HF patients at (very) low risk for 30-day and 180-day mortality 
and HF rehospitalizations after an episode of acute HF. Such patients might be safely 
discharged.
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InTRoDUCTIon

Heart failure (HF) has significant clinical impact and leads to considerable costs; in the 
United Kingdom, estimated hospitalization costs exceed £716 million per year.1 While 
the overall mortality rate after acute heart failure (AHF) has decreased in the past two 
decades, the numbers of survivors requiring rehospitalization owing to HF after an initial 
admission have risen steadily.2,3 Not only are readmissions associated with higher costs, 
they imply an overall worse prognosis. Patients with four or more AHF readmissions 
have a mortality risk exceeding 40% in the subsequent 6 months, and a median survival 
of 0.6 month after the fourth readmission.4 The extent of this problem is apparent from 
a recent analysis of nearly 12 million Medicare beneficiaries,3 where HF was the number 
one cause of 30-day rehospitalization, occurring in 25% of all HF cases and representing 
7.6% of all 30-day rehospitalizations.

Consequently, the ability to identify a population of HF patients at low risk of early 
revisits and mortality could be beneficial, allowing early and safe discharge of a selected 
group with such low risk. In addition, the remaining population could be targeted for 
more aggressive therapy, thus decreasing their probability of short-term HF rehospital-
ization as well.

Multiple clinical prediction models with a wide variety of variables have been devel-
oped5-7 to adequately predict either mortality, HF rehospitalization or a composite of 
mortality and HF rehospitalization. However, most prediction models identify high-risk 
patients. The absence of high risk is not sufficient to predict patients who are at low-risk 
for these endpoints. Biomarkers are commonly used in HF,8,9 but biomarkers that identify 
patients at high risk, such as troponin,10 B-type natriuretic peptide (BNP),11 blood urea 
nitrogen (BUN), and creatinine12 do not – when present at low levels – necessarily iden-
tify a cohort at low risk. Therefore, for this analysis, our purpose was to evaluate a large 
panel of diverse biomarkers to identify a cohort at low short-term risk for mortality and/
or HF rehospitalization after hospital discharge for HF.

MeTHoDs

Derivation cohort

The Coordinating Study Evaluating Outcomes of Advising and Counseling in Heart Failure 
(COACH)13 trial was a multicenter, randomized, controlled study in which 1023 patients 
were enrolled after hospitalization because of acutely decompensated HF. Patients were 
assigned to one of three groups: a control group (follow-up by a cardiologist) and two 
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intervention groups with additional basic or intensive support by a nurse specializing 
in management of patients with HF. Patients were studied for 18 months.14,15 From this 
data set, we analyzed the mortality and HF rehospitalization rates of 592 patients after 
hospital discharge for low-risk predictors of death or rehospitalization. Of these 592 
patients plasma was available, as previously published,16 and baseline characteristics 
were fully comparable to the complete COACH cohort (data not shown). Blood samples 
were collected at study enrollment, this was for the COACH study at discharge. Patients 
were hospitalized for 13 days (±10) after admission with AHF.

Validation cohort

The Translational Initiative on Unique and novel strategies for Management of Patients 
with Heart Failure (TRIUMPH; NTR1893; http://www.trialregister.nl/trialreg/admin/
rctview.asp?TC=1893, n = 478) trial was a multicenter, observational trial, which aimed 
to identify and validate potentially clinically important biomarkers in patients admitted 
to the hospital with a diagnosis of AHF. Inclusion criteria of the TRIUMPH trial were age 
≥ 18 years, admitted with the diagnosis of AHF, increased N-terminal pro-B-type natri-
uretic peptide (NT-proBNP) levels, treated with diuretics and evidence of left ventricular 
dysfunction. Patients were excluded when HF was due to a non-cardiac condition, 
severe valvular dysfunction, or an acute cardiac syndrome, had a planned coronary 
intervention, were on the cardiac transplantation list, received hemodialysis, or had a 
non-cardiac condition associated with a life-expectancy of less than 1 year. The primary 
endpoint was the composite of cardiovascular death, left ventricular assist device im-
plantation, heart transplantation or rehospitalization for the management of AHF. From 
this data set, we analyzed the mortality and HF rehospitalization rates of 285 patients 
after hospital discharge from whom only galectin-3, NT-proBNP and cTnI levels were 
available. Blood sampling in both studies was performed at hospital discharge, provid-
ing the best prognostic value for NTproBNP. These studies and the current analyses 
have been performed conform the Declaration of Helsinki; both study protocols, were 
reviewed and approved by the local Institutional Review Board, and all study subjects 
provided written informed consent.

end points

The primary outcome for the present analyses was the absence of all-cause mortality 
and/or HF rehospitalization after 180 days. Secondary outcomes were the absence of 
all-cause mortality and/or HF rehospitalization at 30-, 90- and 365-days. An independent 
end-point committee adjudicated all endpoints.13,17
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Biochemical measurements

Biomarker analyses were performed using the following commercial assays: C-reactive 
protein (CRP), pentraxin-3, growth differentiation factor 15 (GDF-15), myeloperoxidase 
(MPO), syndecan-1, periostin, tumor necrosis factor alpha receptor 1a, (TNFαR1a), osteo-
pontin, receptor of advanced glycation end-products (RAGE), angiogenin, endothelial 
cell-selective adhesion molecule (ESAM), D-dimer, Prosaposin B (PSAP-B), BNP, Troy, sup-
pression of tumorigenicity 2 (ST-2), neutropilin, mesothelin, polymeric immunoglobulin 
receptor 1 (PIGR-1), cystatin C and neutrophil gelatinase-associated lipocalin (NGAL) 
were measured by Alere San Diego, Inc. (San Diego, CA, USA) using competitive enzyme-
linked immunosorbent assays (ELISAs) on a Luminex® platform. Galectin-3 plasma 
levels were measured using a commercial enzyme-linked immunosorbent assay (BG 
Medicine, Waltham, MA).18,19 Transforming growth factor-beta (TGF-β) and vascular en-
dothelial growth factor (VEGF) were analyzed by SearchLight® proteome arrays (Aushon 
BioSystems, Billerica, MA, USA) using a quantitative multiplexed sandwich ELISA system. 
The NT-proBNP concentration was measured by using Elecsys proBNP ELISA (Roche 
Diagnostics, Mannheim, Germany). Erythropoietin alpha (EPO) was measured ursing the 
immulite® EPO ELISA (Diagnostic Products Corporation, Los Angeles, CA, USA). Cardiac 
troponin I (cTnI) and interleukin-6 (IL-6) were measured using high sensitive single mol-
ecule counting (SMCTM) technology (RUO, Erenna Immunoassay System; Singulex Inc., 
Alameda, CA, USA). The intra- and inter-assay coefficients of variation of each biomarker 
is presented in Supplemental Table S1. The Modification of Diet in Renal Disease (MDRD) 
was used to estimate glomerular filtration rate (eGFR).

statistical analyses

Baseline characteristics are presented as means and standard deviations (SDs), or medi-
ans and interquartile ranges [IQRs], as appropriate. To determine the optimal biomarker 
cut point for predicting low risk, we performed a sensitivity analysis, exploring different 
values of various biomarkers. We used the 10th, 20th, and 30th decile values of all biomark-
ers studied in COACH, a cut point at the 10th percentile was found to provide most opti-
mal sensitivity and still selected enough patients to be clinically relevant. We expanded 
our sensitivity analysis with the best performing biomarkers over the complete range of 
percentiles (5th – 95th). In the primary analysis, all biomarkers were ranked based upon 
positive predictive value (PPV). Logistic regression analysis (univariable, and multivari-
able analyses) was used to generate estimates of odds ratios and 95% CIs associated 
with the four best performing biomarkers, and commonly used biomarkers (NT-proBNP 
and cTnI), as dichotomized values. Consistent with previous studies,20,21 we adjusted in 
a multivariable analysis first for age and sex; then second for a clinical model that has 
been published (the COACH risk engine),22 with the further addition of the duration of 
hospitalization. The COACH risk engine consists of the following parameters: age, sex, 
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diastolic blood pressure, pulse pressure, stroke, myocardial infarction, atrial fibrillation, 
peripheral arterial disease, diabetes, left ventricle ejection fraction, previous HF hospi-
talization, serum sodium, serum creatinine and the biomarker plasma NT-proBNP. As this 
analysis aimed to describe the value of biomarkers, and as NT-proBNP is a biomarker, we 
present the results for the various biomarkers on top of the clinical risk model (COACH 
risk engine), both excluding NT-proBNP (-) and including NT-proBNP (+). To confirm our 
ranking, we performed multiple (x1000) bootstrap runs in which all the biomarkers and 
the clinical risk model variables were entered in a stepwise logistic regression analysis 
for the absence of an event, and performed ranking based upon the frequency a variable 
was added to the model. Cox proportional hazards regression analyses were performed 
to adjust for the time to event, using the same model and biomarkers. Areas under 
receiver operating characteristic curves (AUROCs) derived from the clinical risk model 
excluding or including NT-proBNP, and these models plus biomarker (<10th percentile 
and continuously) were compared using the method of deLong et al.,23 which accounts 
for the correlated nature of the curves. We calculated odds ratios for each patient us-
ing the clinical risk model with NT-proBNP, and we divided the population in tertiles 
(odds ratio ≤4.3; 4.4-8.4; ≥8.5). Notably, a low odds ratio is associated with a high event 
rate, while a high odds ratio is associated with a low event rate. We then assessed the 
distribution and event rates of patients with biomarker levels <10th percentile.

Reclassification indices were assessed using the continuous net reclassification improve-
ment (NRI) metric and integrated discrimination improvement (IDI).24

Finally, galectin-3, NT-proBNP and cTnI were validated using the TRIUMPH data set. Both 
PPV and logistic regression analysis were repeated with the 10th percentile found in TRI-
UMPH for these biomarkers. For both analyses, P-values below <0.05 were considered to 
denote significant differences. Analyses were performed with STATA software (version 
13.0; Stata Corp, College Station, TX, USA).

ResUlTs

Derivation cohort (CoaCH)

Data from 592 patients were available for the current analyses. This subset of patients 
had baseline characteristics which were comparable to the entire COACH cohort as 
reported (n = 1023, data not shown).16 The mean (SD) age was 71 (±11) years, and 227 
patients (38%) were female. Median [IQR] NT-proBNP was 2521 [1301-5634] pg/mL and 
mean ejection fraction was 33% (±14%). Table 1 displays the baseline characteristics of 
this population, and whether or not they endured an event after 180 days.
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Biomarkers and prediction

All available biomarkers are displayed in Table 2 ordered by performance (PPV for com-
posite endpoint). For each biomarker, we report the 10th percentile cut-off value, the 
sensitivity, 1-specificity, the PPV, and also the exact number of events, occurring within 

Table 1. Baseline characteristics of the CoaCH study and stratified by events at 180days.

Characteristics Total
no event at
180days

event at
180days P-value

(n=592) (n=452) (n=140)

Age (y), mean (SD) 71 (11) 70 (11) 73 (11) 0.003

Female, n (%) 227 (38) 182 (40) 45 (32) 0.084

SBP (mm Hg), mean (SD) 118 (21) 119 (21) 115 (20) 0.10

DBP (mm Hg), mean (SD) 69 (12) 69 (12) 66 (12) 0.005

Hypertension, n (%) 256 (43) 194 (43) 62 (44) 0.78

BMI (kg/m2), mean (SD) 27 (6) 27 (5) 27 (6) 0.52

Diabetes, n (%) 176 (30) 117 (26) 59 (42) <0.001

Current smoker, n (%) 101 (17) 78 (18) 23 (17) 0.76

Atrial fibrillation, n (%) 270 (46) 197 (44) 73 (52) 0.076

Myocardial infarction, n (%) 239 (40) 170 (38) 69 (49) 0.014

Heart failure history

NYHA

NYHA I/II, n (%) 279 (47) 232 (51) 47 (34) 0.002

NYHA III, n (%) 293 (50) 208 (46) 85 (61)

NYHA IV, n (%) 20 (3) 13 (3) 7 (5)

LVEF (%), mean (SD) 33 (14) 34 (14) 32 (14) 0.22

Treatment

ACEi/ARB, n (%) 486 (82) 376 (83) 110 (79) 0.21

β-Blocker, n (%) 398 (67) 317 (70) 81 (58) 0.007

Loop diuretic, n (%) 567 (96) 431 (95) 136 (97) 0.36

Digoxin, n (%) 190 (32) 142 (31) 48 (34) 0.53

MRA, n (%) 328 (55) 248 (55) 80 (57) 0.64

laboratory measurements

eGFR (mL/min per 1.73 m2), mean (SD) 54 (20) 56 (20) 46 (18) <0.001

NT-proBNP (pg/mL), median [IQR] 2521 [1301-5634] 2239 [1170-4576] 4480 [2131-11318] <0.001

Creatinine µmol/L, mean (SD) 127 (54) 120 (49) 148 (62) <0.001

Sodium mmol/L, mean (SD) 139 (4) 139 (4) 138 (5) 0.002

Duration of admission, mean (SD) 13 (10) 13 (9) 15 (11) 0.030

Abbreviations: SBP, Systolic blood pressure, DBP, Diastolic blood pressure; BMI, Body mass index; NYHA, 
New York Heart Association Class; LVEF, Left ventricle ejection fraction; ACEi, Angiotensin-converting en-
zyme inhibitor; ARB, Angiotensin II receptor blocker; eGFR, estimated glomerular filtration rate; n, number 
of subjects.
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Table 2. Biomarkers stratified by rank, displays the cut-off value, the sensitivity, specificity and the 
positive predictive value for the cut-off value and the exact number of endpoints at 180 days in 
CoaCH (Complete list; Ranked based upon PPV).

Biomarker Cut-off 
value

sensitivity 1-specificity PPV Hf 
rehospi-

talization

Death Composite Rank

Galectin-3, ng/ml < 11.8 0.872 0.993 0.983 1 0 1 1

ePo, IU/l < 2.7 0.879 0.957 0.900 4 2 6 2

TnfαR1a, ng/ml < 1.6 0.888 0.957 0.900 5 2 6 3

TGf-β*, ng/ml > 104.75 0.886 0.948 0.883 4 3 7 4

PsaP-B, ng/ml < 37.0 0.885 0.949 0.883 4 4 7 5

GDf-15, ng/ml < 1.5 0.874 0.949 0.883 4 4 7 6

Interleukin 6 , ng/ml < 3.6 0.889 0.940 0.867 7 1 8 7

neuropilin ng/ml < 5.3 0.89 0.942 0.867 6 3 8 8

cTnI, pg/ml <2.0 0.889 0.944 0.867 4 5 8 9

Mesothelin, ng/ml < 19.2 0.885 0.949 0.867 5 5 8 10

Troy, ng/ml < 0.5 0.89 0.942 0.867 7 5 8 11

sT-2, ng/ml < 0.86 0.887 0.948 0.850 7 5 9 12

esaM, ng/ml < 38.9 0.888 0.935 0.850 7 5 9 13

PIGR-1, ng/ml < 297.7 0.852 0.935 0.850 6 6 9 14

osteopontin, ng/ml < 76.1 0.892 0.928 0.833 8 3 10 15

VeGf, ng/ml < 13.5 0.892 0.922 0.833 6 4 10 16

syndecan-1, ng/ml < 9.5 0.89 0.928 0.833 9 4 10 17

D-Dimer, µg/ml < 0.1 0.927 0.928 0.833 6 5 10 18

RaGe, ng/ml < 1.4 0.878 0.920 0.833 6 6 10 19

CRP, µg/ml < 1.8 0.895 0.920 0.817 7 5 11 20

angiogenin*, µg/ml > 12013.9 0.895 0.913 0.817 10 5 11 21

nTproBnP, pg/ml < 626.8 0.895 0.915 0.817 6 6 11 22

Pentraxin-3, ng/ml < 1.8 0.895 0.899 0.800 8 8 12 23

nRP-1, ng/ml < 656.4 0.899 0.906 0.783 5 8 13 24

BnP, pg/ml < 95.7 0.904 0.893 0.767 8 7 14 25

Cystatin C, µg/ml < 5387.9 0.902 0.899 0.767 7 9 14 26

nGal, ng/ml < 62.8 0.904 0.899 0.767 6 10 14 27

MPo, ng/ml < 12.1 0.899 0.899 0.750 10 9 15 28

Periostin, ng/ml < 2.6 0.878 0.884 0.733 13 11 16 29

*High levels of these markers are associated with less severe HF, and low levels with severe HF.
PPV, Positive Predictive Value; CRP, C-reactive protein; cTnI, Cardiac troponin I; GDF-15, growth differen-
tiation factor 15; RAGE, receptor for advanced glycation end-products; TNF-αR1a, tumour necrosis factor 
alpha receptor 1a; MPO, myeloperoxidase; PIGR-1, polymeric immunoglobulin receptor 1; TGF-β, transform-
ing growth factor-beta; NRP-1, neutropilin 1; NTpro-BNP, N-terminal pro-brain natriuretic peptide; ST-2, 
suppression of tumourigenicity 2; VEGF, vascular endothelial growth factor; EPO, erythropoietin ; ESAM, 
endothelial cell-selective adhesion molecule; NGAL, neutrophil gelatinase-associated lipocalin; BNP, brain 
natriuretic peptide; PSAP-B, prosaposin B.
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180 days for patients < 10th percentile. For clarity, we present the exact number of events 
within 30 days, 90 days, and 1 year in Supplemental Table S2. Of all biomarkers evalu-
ated, galectin-3 had the highest PPV to rule out events (0.983), responding with rank 1, 
while periostin had the lowest PPV (0.733), resulting in rank 29. The top four biomarkers 
were selected (galectin-3, EPO, TNFαR1a and TGF-β) and these were considered for ad-
ditional analyses. We also evaluated NT-proBNP and cTnI because these are commonly 
used in daily clinical practice. We have performed all analyses with BNP; this yielded 
inferior results compared with NT-proBNP and these data are therefore not shown.

Logistic regression analyses were performed with these biomarkers as dichotomized 
values for the absence of an event within 180 days. After adjustment for age and sex, 
galectin-3, EPO and TNFαR1a remained significant predictors of low risk. After adjusting 
for the clinical risk model with NT-proBNP, only galectin-3 remained significant (OR 8.1 
[1.06-50], P = 0.039). No other biomarkers were (univariably) predictive for low risk (Table 
3). Additional sensitivity analyses were performed. First, consecutive percentile cut-offs 
for the selected biomarkers were assessed (Figure 1), and it was observed that galectin-3 
has particular value in the low end with adjusted ORs ranging between 4 and 8. Second, 
we considered the 10th, 20th, and 30th percentile but this did not substantially alter the 
ranking (Supplemental Table S3). Finally, after a 1000 bootstrap runs, EPO and galectin-3 

Table 3. logistic regression model for absence of death and/or Hf re-hospitalization at 180 days; 
biomarker values presented are the 10th percentile cut off in CoaCH

Biomarker odds Ratio 95% CI P-value

Galectin-3 20.9 2.86-100 0.003

+ Age & Sex 19.7 2.70-100 0.003

+ Clinical risk model + NT-proBNP 8.1 1.06-50 0.039

EPO 3.0 1.27-7.14 0.013

+ Age & Sex 2.7 1.14-6.67 0.025

+ Clinical risk model + NT-proBNP 1.8 0.95-6.67 0.237

TNFαR1a 2.9 1.19-6.67 0.018

+ Age & Sex 2.5 1.03-5.88 0.042

+ Clinical risk model + NT-proBNP 1.1 0.50-3.23 0.819

TGF-β 2.3 1.04-5.26 0.041

+ Age & Sex 2.2 0.96-5.00 0.063

Biomarker commonly used in daily practice

NT-proBNP 1.1 0.56-2.27 0.750

cTnI 1.7 0.77-3.69 0.188

Clinical risk model: age, sex, diastolic blood pressure, pulse pressure, stroke, myocardial infarction, atrial 
fibrillation, peripheral arterial disease, diabetes, left ventricle ejection fraction, previous HF hospitalization, 
sodium, creatinine, NT-proBNP, duration of admission
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consistently emerged as top ranked biomarkers for the 10th and 20th and 30th percentiles 
(Supplemental Table S4). In the Cox proportional hazard analysis, which relates to the 
time that passes before an event occurs using the same biomarkers and clinical risk 
model with NT-proBNP, we observed that only galectin-3 remained significant after full 
adjustment (HR 7.69 [1.04-50], P = 0.045); Supplemental Table S5.

The AUROCs are presented in Supplemental Table S6 and no biomarker by itself had a sig-
nificant addition to the clinical risk model with NT-proBNP. We observed that galectin-3 
showed incremental value (P = 0.04) on top of the clinical risk model without NT-proBNP, 
while the others did not (including NT-proBNP <10th percentile); the combination of the 
top four biomarkers also showed incremental value (P = 0.02). In addition to the 10th 
percentile cut-off we also show the AUROCs for biomarkers when added continuously 
(Supplemental Table S6).

When considering the tertiles in ORs based upon the clinical risk model with NT-proBNP, 
we observed that 30-57% of the patients with the selected biomarker (galectin-3, EPO, 
TNF-αR1a, TGF-β) levels <10th percentile could be classified as “high likelihood” for the 
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figure 1. Risk for the absence of events (CoaCH)
Adjusted logistic regression analysis for the absence of events in Coordinating Study Evaluating Outcomes 
of Advising and Counselling in Heart Failure (COACH) within 180 days for the selected biomarkers across 
the complete range of percentiles (5th–95th). Adjusted for clinical risk model & NT-proBNP. cTnI, cardiac 
troponin I; EPO, erythropoietin alpha; NT-proBNP, N-terminal pro-B-type natriuretic peptide; TGF-B, trans-
forming growth factor-β; TNF, tumour necrosis factor
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absence of an event, whereas the clinical risk model with NT-proBNP predicted low like-
lihood for the absence of an event in these patients; in other words, we could potentially 
and adequately reclassify these patients by considering the low value of the biomarker 
(Table 4). To follow up on this reclassification, we calculated continuous NRI and IDI, 
which showed however insignificant NRIs for single selected biomarkers, likely due in 
part to the very low numbers of reclassified patients (Supplemental Table S7).

further evaluation of the events: death

Of the 22 (3.7%) patients who died within 30 days, median biomarker levels of the com-
posite endpoint are displayed in Supplemental Table S8. None of these had a galectin-3, 
NT-proBNP, TNFα-R1a or EPO level below the 10th percentile after discharge. At 180 days 
91 (15.4%) patients died; no patient below the 10th percentile cut-off of galectin-3 died, 
while other biomarkers failed to identify several patients who endured an event. After 1 
year of follow-up, only two patients with a galectin-3 <10th percentile died out of a total 
of 131 deaths.

further evaluation of the events: rehospitalization owing to heart failure

Rehospitalization owing to HF occurred within 30 days in 32 patients (5.4%). None 
who were rehospitalized had a galectin-3 value below the 10th percentile cut-off. The 
composite endpoint of death and HF rehospitalization occurred 202 times within 1 year 
after discharge, and only four endpoints occurred in patients with a galectin-3 < 10th 
percentile. The rate of HF rehospitalizations and death occurring in both studies, at 30, 
90, 180 and days are displayed in Supplemental Table S9.

Table 4. Patients were initially stratified by the clinical risk model + nT-proBnP into tertiles. The 
right columns depict the actual number of events of patients with low biomarker levels (<10th per-
centile), validating the clinical score

Biomarkers < 10 percentile
(n=60 / group)

Tertiles of odds ratios as calculated by the 
clinical risk model + nT-proBnP for the 

absence of an event

event rate

OR < 4.3
“High 
risk”

OR 4.4 – 8.4
“Intermediate 

risk”

OR > 8.5
“Low risk”

OR < 
4.3

OR 4.4 – 
8.4

OR > 
8.5

Galectin-3 12% 18% 70% 1 0 0

EPO 17% 33% 50% 2 2 1

TNFα-R1a 17% 17% 66% 2 1 3

TGF-β 30% 27% 43% 3 1 2

Percentages indicate the proportion of patients with low biomarker level that are in each tertile of the 
clinical risk model
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Validation cohort

Data from 285 patients from the TRIUMPH study was available for use in the current 
analyses. This subset of patients had baseline characteristics, which were comparable to 
the entire TRIUMPH cohort (n = 478, data not shown). The mean (SD) age was 72 (±12) 
years, and 96 (34%) were female. Median [IQR] NT-proBNP was 2305 [1205-4871] pg/mL 
and ejection fraction was 32%.14 The supplemental Table S10 displays the characteristics 
of this population. Both derivation and validation HF cohorts had similar composite 
event rates with an overall 365-day event rate of 35%. The distribution of plasma galec-
tin-3 levels in both trials was also similar (Supplemental Figure S1) and measurements 
were performed with the same validated assay. The baseline characteristics of COACH 
and TRIUMPH are presented in Supplemental Table S11. For both studies we stratified 
patients regarding their galectin-3 levels (10th percentile), as displayed in Supplemental 
Table S12.

Using the TRIUMPH data set, we further evaluated galectin-3, NT-proBNP and cTnI. Galec-
tin-3 <10th percentile and NT-proBNP <10th percentile were, in both cohorts, associated 
with absent of 30-day mortality. Positive predictive value was calculated for galectin-3, 
NT-proBNP and cTnI and were 0.888, 0.852 and 0.857, respectively (Supplemental Table 
S13). Logistic regression analysis showed that galectin-3 adjusted for age and sex was 
significantly associated with the absence of an event after 180 days, whereas unadjusted 
NT-proBNP and cTnI were non-significant (Supplemental Table S14). The composite end 
point at 180 days from the derivation and validation cohort are displayed in Figure 2; 
where we indicated a consistent cut-off point derived from COACH, namely 11.8 ng/
mL. From both studies we calculated the event count for galectin-3, NT-proBNP and cTnI 
(Supplemental Table S15).

DIsCUssIon

We set out to identify patients at low risk for death or HF rehospitalization, using a large 
set of biomarkers. We demonstrate that out of 29 biomarkers, four biomarkers, namely 
galectin-3, EPO, TNFαR1a and TGF-β had the best performance to identify patients at 
low risk for events, at their 10th percentile cut point. Galectin-3 identified patients that 
suffered no 30-day or 180-day mortality and no 30-day HF rehospitalizations, and only 
one 180-day HF rehospitalization. After correction for the clinical risk model including 
NT-proBNP, galectin-3 remained an independent predictor for the absence of events in 
the logistic regression and Cox proportional hazard models.
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figure 2. Galectin-3 and nT-proBnP for composite endpoint at 180days in the derivation and valida-
tion cohort
(a) Derivation cohort [Coordinating Study Evaluating Outcomes of Advising and Counselling in Heart Fail-
ure (COACH)]. (b) Validation cohort (Translational Initiative on Unique and novel strategies for Management 
of Patients with Heart Failure (TRIUMPH)).
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The primary aim was to compare different biomarkers with respect to their value to 
identify patients at low risk. Therefore, we show data for all biomarkers on top of the 
clinical risk model without NT-proBNP. As NT-proBNP is the golden standard of HF bio-
markers, we also show additional data on top of the clinical risk model with NT-proBNP. 
Galectin-3 levels, not NT-proBNP levels (both <10th percentile), showed incremental 
value on top of the clinical risk model, and the same was observed when combining 
galectin-3, EPO, TNFαR1a and TGF-β (all <10th percentile). We performed AUROC analy-
ses with and without NT-proBNP present in the clinical risk model to better position the 
role of biomarkers in assessing low risk. We believe this provides insights in the value 
of biomarkers predominantly in the low range. When we included NT-proBNP in the 
clinical risk model, no biomarker (galectin-3 included) was associated with a significant 
improvement when assessed by NRI.

Galectin-3, which is a surrogate marker of cardiac remodelling, demonstrates better 
prognostic value for short-term low risk compared with biomarkers that resemble 
haemodynamic loading conditions, such as natriuretic peptides. We hypothesize that in 
low-risk patients, cardiac remodelling may not (yet) have progressed to a state associ-
ated elevated biomarkers of remodeling, and these patients may therefore be identified 
by low galectin-3. Figure 1 depicts how values of galectin-3 have particular power in the 
low-range.

As most risk engines or risk scores have been developed to identify high-risk patients, 
from a clinical perspective, there is a clear need to assess if low risk may be present. Such 
knowledge may help to safely discharge patients.

So while this may have obvious clinical utility, one should realize that when selecting 
a cut point for optimal biomarker decision making, the conflict between executing a 
safe discharge must be balanced with the predicted value of a longer hospital stay or 
additional intervention. Further, the challenge, when optimizing a cut point to sensitiv-
ity for adverse events is that, because of the consequent deterioration in specificity, the 
population of candidates may become so small as to be clinically useless.  It is for this 
rationale that we selected the 10th percentile as most optimal cut point, with a high speci-
ficity, but with a reasonable number of patients with such low values. This implies that a 
subset of HF patients exists that can be prospectively identified for safe early discharge. 
Alternatively, a clinician could be less strict and allow an event rate of 5-10%, resulting 
in a higher percentile of patients who will be classified as low risk, but simultaneously 
accepting a higher incidence of events. However, the consequence of optimizing safety 
at a predefined cost of low numbers of patients and subsequent events limits the power 
in statistical analyses (absolute number of reclassification events is low).
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We thus acknowledge the limitation that is intrinsic to the (small) number of patients 
in the 10th percentile. Therefore, we have explored other cut points at the 20th and 30th 
percentiles, and we noticed that TNFαR1a, EPO and galectin-3 remained one of the best 
biomarkers in predicting low-risk. The chosen cut point can be increased depending on 
the event rate that is accepted by the caregiver.

We identified several markers that appear helpful in identifying patients at low risk, rep-
resenting several pathophysiological domains of HF that include inflammation, fibrosis, 
and anemia. For low-risk detection, a cut-off of 1.6 ng/mL of TNFαR1a was associated 
with no deaths and only 1 HF rehospitalization after 30 days. TNFαR1a is involved in 
cardiac inflammation, which is considered an important mechanism contributing to 
the symptoms and progression of HF. Clinically, plasma levels of TNFαR1a are correlated 
with the severity of congestive HF and are associated with increased risk for incident 
HF.25 TGF-β is linked to fibrosis, and therefore not cardiac specific. This may imply that 
the fibrotic response – as generic response to injury – might reflect accumulative tissue 
damage in the HF syndrome. The median TGF-β levels in acute HF patients are lower 
compared with healthy subjects and may thus reflect impaired repair mechanisms.26 
High (protective) levels of TGF-β were associated with three and seven deaths at, respec-
tively, 30 days and 180 days follow-up. Galectin-3 is also related to tissue fibrosis.27 It has 
been shown to predict short-term mortality and HF rehospitalization17,28-31 and might 
be of potential value in patients with HF with preserved ejection fraction.32,33 Galectin-3 
recently received Class IIb American College of Cardiology/American Heart Association 
guideline recommendation as additive for risk stratification.34

Another symptom that is prevalent in HF is anemia. EPO, which is produced by the 
kidneys, promotes the proliferation and differentiation of erythroid progenitor cells and 
is highly expressed under stress and hypoxic35 conditions, including HF.36 It also identi-
fied a low rate of HF readmissions throughout the complete follow-up, and no patients 
with an EPO below the 10th percentile died within 90 days of follow-up. Interestingly, 
both inflammatory and fibrotic biomarkers were present in the top four biomarkers that 
provided best prediction of low risk. This underscores a potential role for inflammation 
and fibrosis formation in the period after AHF.

We further validated the main results from galectin-3, NT-proBNP and cTnI in an in-
dependent validation cohort, also of patients admitted to the hospital with AHF, and 
observed a similar pattern as in the derivation cohort.

The prognostic importance of dynamics of (or change in) NT-proBNP during hospitaliza-
tion have been studied in seven (acute) HF cohorts, together comprising 1301 patients, 
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in the European collaboration on acute decompensated heart failure (ÉLAN-HF).37 The 
study has shown that changes in NT-proBNP during hospitalization improve the predic-
tion of future events. We only had discharge NT-proBNP values and, although discharge 
levels have better prognostic value than admission levels,38,39 we thus could not look 
at changes in NT-proBNP. Further, our clinical risk model differed from ÉLAN-HF: both 
models included age, sodium, blood pressure, but we used creatinine and ÉLAN-HF 
urea, and we entered sex, LVEF, diabetes, pulse pressure, stroke, myocardial infarction, 
atrial fibrillation, peripheral arterial disease, previous HF hospitalization, duration of ad-
mission and NT-proBNP, while ÉLAN-HF entered peripheral edema and New York Heart 
Association (NYHA) functional class. But most importantly, ÉLAN-HF focused on high 
risk and did not specifically address low-risk assessment. In our analyses, we chose to 
base our clinical risk model on the published risk model, namely the COACH risk engine. 
Although it includes several established prognostic factors, this risk engine does not 
include all known prognostic factors, such as the presence of anemia, left bundle branch 
block and HF medication. Inclusion of these variables might potentially have altered the 
performance of the biomarkers within the multivariable analyses. From our data, we 
conclude that NT-proBNP might be a better predictor for high risk in AHF than it is for 
low risk - an observation that has been made before.40

Our data might be of help in daily care for HF patients. In clinical practice, NT-proBNP is 
the gold standard for estimating the prognosis of HF patients. In our dataset however, as 
demonstrated by logistic regression analysis (Table 3), NT-proBNP (<10th percentile) was 
not significantly associated with the absence of death and/or HF rehospitalization. Our 
data therefore questions whether NT-proBNP is the ideal marker for assessing low risk 
in semi-acute HF patients, although at present the aggregate data for risk assessment in 
HF are clearly supporting a central role for natriuretic peptides. The use of biomarkers 
may help to decide whether to safely discharge hospitalized patients with low risk, as 
indicated by these markers. Knowledge of risk status may allow personalization of their 
follow-up schedule. For example, whereas high-risk patients may benefit from more 
frequent and immediate post-discharge monitoring, low-risk patients could be identi-
fied as requiring lower intensity post-discharge resource utilization. Reclassification of 
patients based upon low biomarker levels may be helpful in reducing the burden of 
frequent hospital visits, but clinicians should always be aware of other signs and symp-
toms that could help avoid incorrect reclassification.

The advantage of our analysis is that by selecting an outcome by the lowest 10th per-
centage of a certain biomarker in the total HF population it is more plausible for clinical 
use. As the current national 30-day HF rehospitalization rate in the USA exceeds 25%, 
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a strategy considering galectin-3 levels may represent a more precise and objective 
identification of discharge candidates than existing tools.

strengths and limitations

Our analysis has several limitations. As a substudy of the original COACH and TRIUMPH 
trials, our conclusions should be limited to that of generating a hypothesis. Further, 
many of the assays we evaluated are only available as research tools, and additional 
assays could not be performed in COACH given a limited volume of sample per patient. 
In addition, most biomarkers were measured on a multiple platform. Importantly, in 
COACH, no clinical decision-making was based upon marker levels, such that our find-
ings must be prospectively validated before being applied clinically.

Other limitations include that we cannot make statements about dynamics of bio-
markers, and it has been reported that changes of, for example galectin-341-44 and NT-
proBNP37,45 confer additional prognostic importance. Further, all studied patients were 
hospitalized and sample collection took place prior to discharge. Thus, these findings 
cannot be applied to emergency department disposition decision-making without 
further evaluation. Finally, in the validation cohort (TRIUMPH trial), only galectin-3, NT-
proBNP and cTnI were available.

The strengths of the study was the pre-specified adjudicated end point assessment, 
the pre-specified biomarker substudies, and a very large set of biomarkers. Further, we 
could validate the results of our initial observations in a completely independent cohort, 
with almost identical outcomes. Thus, our results do suggest that biomarker testing may 
enable the identification of a cohort of potential candidates for early hospital discharge 
in selected low-risk HF patients. As the impact and timing of post-discharge is contro-
versial,46,47 an objective determinate (i.e. a biomarker level) may assist in the proper use 
of these resources. Our approach could help in identifying patients who would benefit 
from early follow-up visits or could be monitored less frequently.

ConClUsIon

Most clinically available biomarkers have been assessed for their ability to identify 
patients at high risk of adverse events. We show data that suggest that biomarkers can 
be used to assess low risk. Out of a large panel of 29 biomarkers, galectin-3, EPO, 
TNFαR1a and TGF-β emerged as predictors for low risk, while the routine biomarkers 
NT-proBNP and cTnI did not. Galectin-3 remained significantly associated with low risk 
after adjustment for the clinical risk model with NT-proBNP. Future studies are needed 
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to prospectively validate our findings, as biomarkers indicating low risk may be helpful 
to identify patients that can be safely discharged or do not need short-term revision in 
the outpatient clinic.
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supplemental figure s1. Distribution of galectin-3 in the derivation (CoaCH) and validation (TRI-
UMPH) cohort.

supplemental Table s1. The intra- and inter-assay coefficients of variation of the biomarkers.

Biomarker Intra assay %CV Inter assay %CV Biomarker Intra assay %CV Inter assay %CV

angiogenin 18% 18% nGal 28% 29%

BnP 17% 16% nRP-1 14% 15%

CRP 17% 16% nT-proBnP 4% 5%

cTnI 12% 20% osteopontin 21% 22%

Cystatin C 23% 26% Pentraxin 3 10% 11%

D-Dimer 9% 10% Periostin 12% 12%

ePo 4% 7% PIGR 16% 16%

esaM 9% 9% PsaP-B 14% 16%

Galectin-3 3% 6% RaGe 9% 10%

GDf-15 9% 10% sT-2 9% 10%

Il-6 20% 20% syndecan-1 25% 24%

Mesothelin 12% 12% TnfαR1a 11% 13%

MPo 15% 14% Troy 15% 14%

neuropilin 1 14% 15% VeGf 13% 12%
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supplemental Table s2. Counts of death, Hf rehospitalization and composite end point based upon 
the 10th percentile for all biomarkers at 30, 90, 180days and 1 year.

Angiogenin > 12013.9 BNP < 95.7 CRP < 1.8

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 2 7 10 15 2 5 8 10 4 5 7 9

all-cause mortality 1 4 5 9 0 4 7 8 1 3 5 10

Composite 2 8 11 18 2 8 14 16 5 8 11 17

Cystatin-C < 5387.9  D-DIMER < 0.1 EPO < 2.7

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 3 4 7 10 2 4 6 9 1 1 4 8

all-cause mortality 3 6 9 12 0 3 5 8 0 0 2 4

Composite 6 9 14 20 2 7 10 14 1 1 6 10

ESAM < 38.9 TGF-β > 104.75 Galectin-3 < 11.8

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 1 4 7 9 2 3 4 7 0 0 1 4

all-cause mortality 2 3 5 7 1 2 3 7 0 0 0 2

Composite 3 6 9 12 3 5 7 14 0 0 1 4

GDF-15 < 1.5 IL6 < 3.6 Mesothelin < 19.2

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 1 4 4 5 3 5 7 8 1 2 5 8

all-cause mortality 1 3 4 7 0 0 1 5 0 2 4 9

Composite 2 7 7 11 3 5 8 12 1 3 7 12

MPO < 12.1 Neuropilin < 5.3 NGAL < 62.8

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 3 9 10 14 2 5 6 10 3 4 6 9

all-cause mortality 1 4 8 12 0 2 3 6 2 7 10 10

Composite 4 12 14 20 2 7 8 14 5 10 14 17
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NRP-1 < 656.4 NT-proBNP < 626.8 Osteopontin < 76.1

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 2 4 5 10 1 4 6 7 4 6 8 9

all-cause mortality 3 7 8 13 0 5 6 7 0 2 3 4

Composite 5 11 13 22 1 8 11 12 4 8 10 12

Pentraxin-3 < 1.8 Periostin < 2.6 PIGR < 297.7

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 3 7 8 13 6 10 13 16 2 5 6 8

all-cause mortality 2 7 8 14 3 7 11 15 1 3 6 8

Composite 4 10 12 20 8 12 16 22 3 7 9 12

PSAP-B < 37.0 RAGE < 1.4 Syndecan-1 < 9.5

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 1 3 4 7 1 4 6 7 3 7 9 13

all-cause mortality 0 2 4 6 1 2 6 8 0 2 4 10

Composite 1 5 7 11 2 6 10 13 3 8 10 16

cTnI < 2.0 ST-2 < 0.86 TNFαR1a < 1.6

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 2 3 4 9 0 5 6 10 1 4 5 8

all-cause mortality 1 4 5 10 0 2 5 7 0 1 2 6

Composite 3 6 8 15 0 6 8 12 1 4 6 11

Troy < 0.5 VEGF < 13.5 TOTAL

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

30 
days

90 
days

180 
days

1 
year

Hf-Rehospitalization 2 5 7 10 3 6 6 9 32 59 81 127

all-cause mortality 0 1 5 7 2 4 4 8 22 58 91 131

Composite 2 5 8 13 5 10 10 14 50 100 140 202
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supplemental Table s3. “Top 4” biomarker rank (based upon number of events); shown for different
Cut off values (10th, 20th, and 30th percentiles)

Biomarker Hf rehospitalization Death Composite Rank

10th percentile

Galectin-3 1 0 1 1

EPO 4 2 6 2

TNFαR1a 5 2 6 3

TGF-β 3 6 6 4

20th percentile

EPO 7 5 11 1

Galectin-3 6 8 12 2

TNFαR1a 9 6 13 3

PSAP-B 7 9 13 4

30th percentile

TNFαR1a 10 10 17 1

Galectin-3 9 13 20 2

NTproBNP 14 12 22 3

PIGR-1 17 10 23 4
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supplemental Table s4. Ranking of biomarkers based upon the frequency they were added to the 
model after multiple (1000x) bootstrap runs where all the biomarkers and CoaCH risk engine vari-
ables were entered in a stepwise backward logistic regression analysis for the absence of an event.

10th percentile 20th percentile 30th percentile

Biomarker Ranking Biomarker Ranking Biomarker Ranking

ePo 1 ePo 1 TnfαR1a 1

Galectin-3 2 Galectin-3 2 GDF-15 2

D-Dimer 3 PSAP-B 3 Galectin-3 3

Angiogenin 4 Angiogenin 4 ePo 4

NGAL 5 VEGF 5 cTnI 5

BNP 6 cTnI 6 PSAP-B 6

Neuropilin 7 Troy 7 NRP-1 7

ESAM 8 MPO 8 Periostin 8

cTnI 9 GDF-15 9 ESAM 9

Cystatin C 10 TnfαR1a 10 Angiogenin 10

Syndecan-1 11 RAGE 11 nTproBnP 11

RAGE 12 BNP 12 TGf-β 12

TGf-β 13 Interleukin 6 13 VEGF 13

VEGF 14 NGAL 14 Cystatin C 14

Mesothelin 15 ESAM 15 Syndecan-1 15

Troy 16 TGf-β 16 CRP 16

CRP 17 Pentraxin-3 17 Mesothelin 17

MPO 18 ST-2 18 Osteopontin 18

TnfαR1a 19 CRP 19 BNP 19

nTproBnP 20 NRP-1 20 MPO 20

PIGR-1 21 nTproBnP 21 Neuropilin 21

Osteopontin 22 PIGR-1 22 Pentraxin-3 22

Periostin 23 Mesothelin 23 PIGR-1 23

Pentraxin-3 24 Neuropilin 24 RAGE 24

NRP-1 25 Periostin 25 Interleukin 6 25

Interleukin 6 26 Osteopontin 26 D-Dimer 26

PSAP-B 27 D-Dimer 27 ST-2 27

GDF-15 28 Cystatin C 28 Troy 28

ST-2 29 Syndecan-1 29 NGAL 29
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supplemental Table s5. Cox-regression model for death and/or Hf re-hospitalization at 180 days; 
biomarker values presented are the 10th percentile cut off in CoaCH.

Biomarker based upon rank Hazard Ratio 95% CI P-value

Galectin-3 20 1.11-100 0.004

+ Age & Sex 16.67 2.38-100 0.005

+ Clinical risk model + NT-proBNP 7.69 1.04-50 0.045

EPO 2.78 1.23-6.25 0.013

+ Age & Sex 2.56 1.14-5.88 0.024

+ Clinical risk model + NT-proBNP 1.92 0.76-4.76 0.167

TNFαR1a 2.63 1.18-5.88 0.019

+ Age & Sex 2.38 1.04-5.26 0.039

+ Clinical risk model + NT-proBNP 1.30 0.55-3.03 0.550

TGF-β 2.17 1.01-4.55 0.047

+ Age & Sex 2.04 0.94-4.35 0.071

Biomarker commonly used in daily practice

NT-proBNP 1.25 0.68-2.33 0.471

cTnI 1.04 0.76-1.43 0.807

Clinical risk model: age, sex, diastolic blood pressure, pulse pressure, stroke, myocardial infarction, atrial 
fibrillation, peripheral arterial disease, diabetes, left ventricle ejection fraction, previous HF hospitalization, 
sodium, creatinine, NT-proBNP, duration of admission
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supplemental Table s6. Receiver operating characteristic upon the addition of different biomarkers 
based upon the 10th percentile for Hf rehospitalisation and fatal event at 180 days in CoaCH

Model RoC area CI 95% P-value

10th percentile

Clinical risk model + NT-proBNP 0.746 0.693-0.800 Ref.

+ Galectin-3 0.757 0.706-0.808 0.19

+ EPO 0.748 0.695-0.802 0.56

+ TNFαR1a 0.747 0.693-0.801 0.40

+ TGF-β 0.754 0.699-0.809 0.50

+ cTnI 0.746 0.693-0.800 0.98

+ Galectin-3 & EPO & TNFαR1a & TGF-β 0.769 0.717-0.821 0.10

Clinical risk model (without NT-proBNP) 0.712 0.658-0.767 Ref.

+ NT-proBNP 0.713 0.658-0.767 0.91

+ Galectin-3 0.745 0.696-0.793 0.04

+ EPO 0.729 0.677-0.782 0.62

+ TNFαR1a 0.725 0.672-0.777 0.79

+ TGF-β 0.737 0.684-0.790 0.31

+ cTnI 0.728 0.677-0.779 0.76

+ Galectin-3 & EPO & TNFαR1a & TGF-β 0.758 0.707-0.808 0.02

Continuously

Clinical risk model + NT-proBNP 0.746 0.693-0.800 Ref.

+ Galectin-3 0.750 0.698-0.802 0.52

+ EPO 0.746 0.692-0.799 0.64

+ TNFαR1a 0.751 0.697-0.804 0.48

+ TGF-β 0.750 0.695-0.805 0.50

+ cTnI 0.756 0.702-0.810 0.35

+ Galectin-3 & EPO & TNFαR1a & TGF-β 0.756 0.701-0.810 0.49

Clinical risk model (without NT-proBNP) 0.712 0.658-0.767 Ref.

+ NT-proBNP 0.746 0.693-0.800 0.01

+ Galectin-3 0.740 0.690-0.790 0.18

+ EPO 0.727 0.675-0.779 0.82

+ TNFαR1a 0.741 0.689-0.793 0.09

+ TGF-β 0.731 0.678-0.784 0.81

+ cTnI 0.736 0.684-0.787 0.29

+ Galectin-3 & EPO & TNFαR1a & TGF-β 0.753 0.701-0.806 0.03

Clinical risk model: age, sex, diastolic blood pressure, pulse pressure, stroke, myocardial infarction, atrial 
fibrillation, peripheral arterial disease, diabetes, left ventricle ejection fraction, previous HF hospitalization, 
sodium, creatinine, NT-proBNP, duration of admission
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supplemental Table s7. The reclassification indices; nRI continuous and IDI at 180 days

nRI Continuous IDI

Galectin-3 Event 0.517 ( 0.333, 0.688) 0.009 ( 0.001, 0.021)

Non-event -0.565 (-0.602,-0.365) 0.002 ( 0.000, 0.007)

TNFαR1a Event 0.509 (-0.452, 0.627) 0.000 (-0.003, 0.008)

Non-event -0.668 (-0.647, 0.659) 0.000 (-0.001, 0.002)

TGF-β Event 0.784 (-0.438, 0.802) 0.005 (-0.002, 0.023)

Non-event -0.697 (-0.716, 0.481) 0.001 (-0.001, 0.007)

EPO Event 0.672 (-0.412, 0.726) 0.004 (-0.001, 0.016)

Non-event -0.649 (-0.689, 0.491) 0.001 (-0.001, 0.004)

NT-proBNP Event 0.358 (-0.495, 0.630) -0.001 (-0.002, 0.007)

Non-event -0.402 (-0.622, 0.622) -0.001 (-0.001, 0.002)

cTnI Event 0.672 (-0.607-0.764) -0.001 (-0.003, 0.009)

Non-event -0.741 (-0.746-0.715) 0.000 (-0.004, 0.011)

All biomarkers presented for their value at the 10th percentile.

supplemental Table s8. Biomarker levels of patients who endured a composite event at 30 and 180 
days or not (CoaCH).

Biomarker 30 day – Composite endpoint 180 days – Composite endpoint

no event (n=542) event (n=50) P-value no event (n=452) event (n=140) P-value

Galectin-3 19.6 [15.0-25.7] 22.1 [19.8-31.7] 0.003 18.9 [14.3-24.9] 24.5 [19.3-31.8] <0.001

TnfαR1a 3.0 [2.1-4.4] 4.0 [2.8-6.4] <0.001 2.8 [2.0-4.1] 4.1 [2.8-6.4] <0.001

TGf-β 50.8 [33.8-75.1] 48.0 [33.3-65.3] 0.48 51.0 [33.4-75.8] 49.5 [35.2-67.3] 0.72

ePo 9.3 [5.0-15.5] 12.3 [9.1-17.6] 0.005 8.6 [4.8-14.9] 12.0 [7.6-19.5] <0.001

nT-proBnP 2370 [1218-5033] 5721 [2904-13234] <0.001 2239 [1170-4576] 4480 [2131-11317] <0.001

cTnI 12.7 [5.1-25.4] 19.4 [6.9-38.1] 0.024 12.0 [4.9-23.5] 16.9 [6.7-38.1] <0.001

supplemental Table s9. Count of Hf rehospitalization and death occurring in both studies at 30, 90, 
180 and 365 days.
DERIVATION COHORT (COACH)

30 days 90 days 180 days 1 year

Hf Rehospitalization 32 59 81 127

Death 22 58 91 131

Composite 50 100 140 202

VALIDATION COHORT (TRIUMPH)

30 days 90 days 180 days 1 year

Hf Rehospitalization 26 51 68 81

Death 4 21 35 49

Composite 29 60 81 100
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supplemental Table s10. Baseline characteristics – Validation cohort (TRIUMPH)

Characteristics Hf patients (n=285)

Age (y), mean (SD) 72 (12)

Female, n (%) 96 (34)

SBP (mm Hg), mean (SD) 121 (25)

DBP (mm Hg), mean (SD) 69 (19)

Hypertension, n (%) 141 (50)

BMI (kg/m2), mean (SD) 28 (6)

Diabetes, n (%) 96 (34)

Current smoker, n (%) 50 (18)

Atrial fibrillation, n (%) 123 (43)

Myocardial infarction, n (%) 134 (47)

Heart failure history

NYHA

NYHA I/II, n (%) 208 (73)

NYHA III, n (%) 71 (25)

NYHA IV, n (%) 6 (2)

LVEF (%), mean (SD) 32 (14)

Treatment

ACEi/ARB, n (%) 149 (52)

β-Blocker, n (%) 148 (52)

Loop diuretic, n (%) 215 (75)

Digoxin, n (%) 46 (16)

laboratory measurements

eGFR (mL/min per 1.73 m2), mean (SD) 49 (27)

NT-proBNP (pg/mL), median [IQR] 2305 [1205-4871]

Abbreviations: SBP, Systolic blood pressure, DBP, Diastolic blood pressure; BMI, Body mass index; NYHA, 
New York Heart Association Class; LVEF, Left ventricle ejection fraction; ACEi, Angiotensin-converting en-
zyme inhibitor; ARB, Angiotensin II receptor blocker; eGFR, estimated glomerular filtration rate; n, number 
of subjects.
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supplemental Table s11. Baseline characteristics of the CoaCH and TRIUMPH studies

Characteristics CoaCH TRIUMPH P-value

(n=592) (n=285)

Age (y), mean (SD) 71 (11) 72 (12) 0.23

Female, n (%) 227 (38) 94 (33) 0.14

SBP (mm Hg), mean (SD) 118 (21) 121 (25) 0.044

DBP (mm Hg), mean (SD) 69 (12) 69 (19) 0.69

Hypertension, n (%) 256 (43) 141 (50) 0.067

BMI (kg/m2), mean (SD) 27 (6) 28 (6) 0.83

Diabetes, n (%) 176 (30) 96 (34) 0.21

Current smoker, n (%) 101 (17) 50 (18) 0.96

Atrial fibrillation, n (%) 270 (46) 123 (43) 0.49

Myocardial infarction, n (%) 239 (40) 134 (47) 0.051

Heart failure history

NYHA

NYHA I/II, n (%) 279 (47) 208 (73) <0.001

NYHA III, n (%) 293 (50) 71 (25)

NYHA IV, n (%) 20 (3) 6 (2)

LVEF (%), mean (SD) 33 (14) 32 (14) 0.18

Treatment

ACEi/ARB, n (%) 486 (82) 149 (52) <0.001

β-Blocker, n (%) 398 (67) 148 (52) <0.001

Loop diuretic, n (%) 567 (96) 215 (75) <0.001

Digoxin, n (%) 190 (32) 46 (16) <0.001

laboratory measurements

eGFR (mL/min per 1.73 m2), mean (SD) 54 (20) 49 (27) 0.001

NT-proBNP (pg/mL), median [IQR] 2521 [1301-5634] 2309 [1209-4888] 0.31

Creatinine µmol/L, mean (SD) 127 (54) 123 (56) 0.37

Duration of admission, mean (SD) 13 (10) 9 (8) <0.001
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supplemental Table s12. Baseline characteristics stratified by galectin-3 level for CoaCH and TRI-
UMPH
a) CoaCH

Characteristics
Galectin-3 > 10th 
percentile

Galectin-3 < 10th 
percentile P-value

(n=532) (n=60)

Age (y), mean (SD) 71 (11) 65 (11) <0.001

Female, n (%) 211 (40) 16 (27) 0.050

SBP (mm Hg), mean (SD) 118 (21) 118 (21) 0.93

DBP (mm Hg), mean (SD) 68 (12) 71 (13) 0.14

Hypertension, n (%) 232 (44) 24 (40) 0.59

BMI (kg/m2), mean (SD) 27 (6) 27 (4) 0.37

Diabetes, n (%) 163 (31) 13 (22) 0.15

Current smoker, n (%) 84 (16) 17 (29) 0.015

Atrial fibrillation, n (%) 253 (48) 17 (28) 0.005

Myocardial infarction, n (%) 215 (40) 24 (40) 0.95

Heart failure history

NYHA

NYHA I/II, n (%) 239 (45) 40 (67) 0.005

NYHA III, n (%) 274 (52) 19 (32)

NYHA IV, n (%) 19 (4) 1 (2)

LVEF (%), mean (SD) 33 (14) 33 (13) 0.97

Treatment

ACEi/ARB, n (%) 433 (81) 53 (88) 0.18

β-Blocker, n (%) 349 (66) 49 (82) 0.012

Loop diuretic, n (%) 511 (96) 56 (93) 0.32

Digoxin, n (%) 176 (33) 14 (23) 0.13

MRA, n(%) 304 (57) 24 (40) 0.011

laboratory measurements

eGFR (mL/min per 1.73 m2), mean (SD) 52 (19) 72 (20) <0.001

NT-proBNP (pg/mL), median [IQR] 2786 [1404-6352] 1446 [637-2264] <0.001

Creatinine µmol/L, mean (SD) 130 (55) 98 (29) <0.001

Sodium mmol/L, mean (SD) 139 (4) 141 (4) <0.001

Duration of admission, mean (SD) 14 (10) 12 (8) 0.16
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B) TRIUMPH

Characteristics
Galectin-3 > 10th 
percentile

Galectin-3 < 10th 
percentile P-value

(n=258) (n=27)

Age (y), mean (SD) 72 (12) 68 (13) 0.10

Female, n (%) 83) (32 11 (41) 0.38

SBP (mm Hg), mean (SD) 121 (26) 124 (17) 0.66

DBP (mm Hg), mean (SD) 69 (20) 70 (10) 0.88

Hypertension, n (%) 129 (50) 12 (44) 0.56

Diabetes, n (%) 88 (34) 8 (30) 0.62

Current smoker, n (%) 40 (16) 10 (37) 0.09

Atrial fibrillation, n (%) 116 (77) 7 (78) 0.95

Myocardial infarction, n (%) 111 (43) 10 (37) 0.53

Heart failure history

NYHA

NYHA I/II, n (%) 183 (71) 25 (93) 0.48

NYHA III, n (%) 69 (17) 2 (7)

NYHA IV, n (%) 6 (2) 0 (0)

LVEF (%), mean (SD) 32 (14) 28 (12) 0.31

Treatment

ACEi/ARB, n (%) 139 (54) 10 (37) 0.76

β-Blocker, n (%) 135 (52) 13 (48) 0.73

Loop diuretic, n (%) 195 (76) 20 (74) 0.10

Digoxin, n (%) 44 (17) 2 (7) 0.81

laboratory measurements

eGFR (mL/min per 1.73 m2), mean (SD) 47 (26) 65 (26) <0.001

NT-proBNP (pg/mL), median [IQR] 2376 [1218-201] 2157 [787-2892] 0.16

Creatinine µmol/L, mean (SD) 127 (57) 91 (32) 0.001

Duration of admission, mean (SD) 9 (8) 8 (5) 0.29
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supplemental Table s13. The corresponding PPV and event rate within 180 days for the 10th percen-
tile of galectin-3 and nT-proBnP in CoaCH and TRIUMPH

Biomarker PPV Hf rehospitalization Death Composite

CoaCH

Galectin-3 0.983 1 0 1

NT-proBNP 0.817 6 6 11

cTnI 0.867 4 5 8

TRIUMPH

Galectin-3 0.888 3 1 3

NT-proBNP 0.852 4 0 4

cTnI 0.857 3 1 4

supplemental Table s14. logistic regression model for absence of death and/or Hf re-hospitaliza-
tion at 180 days; biomarker values presented are the 10th percentile cut off in TRIUMPH

Biomarker odds Ratio 95% CI P-value

Galectin-3 3.5 1.02-12.5 0.047

+ Age & Sex 3.4 1.01-12.5 0.048

+ Clinical risk model + NT-proBNP 0.5 0.03-7.69 0.610

NT-proBNP 2.4 0.82-7.14 0.109

cTnI 2.5 0.86-7.65 0.091
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supplemental  Table s15. Counts of Hf rehospitalization and all-cause mortality across both studies 
at different time points.
DERIVATION COHORT (COACH)

Galectin-3 < 10th percentile NT-proBNP < 10th percentile

30 days 90 days 180 days 1 year 30 days 90 days 180 days 1 year

Hf Rehospitalization 0 0 1 4 1 4 6 7

Death 0 0 0 2 0 5 6 7

Composite 0 0 1 4 1 8 11 12

cTnI < 10th percentile TOTAL

30 days 90 days 180 days 1 year 30 days 90 days 180 days 1 year

Hf Rehospitalization 2 3 4 9 32 59 81 127

Death 1 4 5 10 22 58 91 131

Composite 3 6 8 15 50 100 140 202

VALIDATION COHORT (TRIUMPH)

Galectin-3 < 10th percentile NT-proBNP < 10th percentile

30 days 90 days 180 days 1 year 30 days 90 days 180 days 1 year

Hf Rehospitalization 0 3 3 3 1 2 4 4

Death 0 1 1 1 0 0 0 0

Composite 0 3 3 3 1 2 4 4

cTnI < 10th percentile TOTAL

30 days 90 days 180 days 1 year 30 days 90 days 180 days 1 year

Hf Rehospitalization 1 2 3 4 26 51 68 81

Death 0 0 1 1 4 21 35 49

Composite 1 2 4 5 29 60 81 100







Chapter 3b
Can circulating biomarkers  
identify heart failure patients at low risk?

A. Mark Richards, Christopher M. Frampton

Eur J Heart Fail. 2015;17:1213-1215.





Editorial - Low risk in heart failure 87

eDIToRIal CoMMenT

This chapter refers to ‘Biomarkers and low risk in heart failure? Data from 
CoaCH and TRIUMPH’, by W.C. Meijers et al., Chapter 3a of this thesis.

Biomarkers have multiple potential applications in disease management. They may aid 
in diagnosis, prognosis, selection of treatment, monitoring of response to therapy, pro-
vision of a selection criterion, and/or a surrogate endpoint in therapeutic trials, and they 
may even direct attention towards new therapeutic targets. Biomarkers, specifically the 
B-type cardiac natriuretic peptides (BNP and NT-proBNP) have assumed relevance in the 
clinical management of heart failure (HF). Data and experience accumulated over more 
than 20 years have culminated in acceptance of measurements of BNP or NT-proBNP in 
the diagnosis, prognosis, and guidance of treatment in HF.1,2 Many other markers provide 
some independent risk stratification in HF.1 In the previous chapter, Meijers et al. ask the 
important question ‘can a marker or markers identify a very low risk group of HF patients 
among those recently admitted with acutely decompensated HF (ADHF) who are safe 
for discharge?’.3 This is a truly urgent need given the global recognition that readmission 
and mortality rates in the days following discharge after admissions for ADHF remain 
unacceptably high.4,5 The authors make the important point that biomarkers are gener-
ally used to define high risk, and little is known about which markers at what thresholds 
may usefully indicate low risk.

Notably, this approach has borne fruit in the management of patients with chest pain 
presenting to the Emergency Department and requiring ruling out of acute coronary 
syndromes. In that context, accelerated diagnostic protocols incorporating biomarker 
(cardiac troponin) measurements have improved triaging to the extent of identifying 
between 20% and 40% of such presentations as at such low risk that they may be safely 
discharged within a few hours for continued assessment as necessary on an outpatient 
basis.6-8 Can this strategy be applied to identify low risk patients admitted with ADHF 
who are suitable for discharge?

Meijers et al. have undertaken the difficult logistic and technical exercise of measur-
ing 29 circulating markers in a subset (592 out of 1023 patients) of participants in the 
COACH trial which recruited patients admitted with ADHF.3,9,10 Such studies enabling 
head to head comparison of multiple markers are all too rare. The authors have used the 
novel screening strategy of ranking markers according to the positive predictive value 
of levels below the 10th percentile within the 592 COACH patients for the absence of 
death or readmission with ADHF over the 180 days from discharge. This analysis resulted 
in a striking finding with respect to plasma galectin-3. Remarkably, the 60 or so COACH 
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patients with the lowest decile of galectin-3 measurements in samples obtained pre-
discharge (13 ± 10 days after admission with ADHF) incurred no deaths and only 1 (1.7%) 
episode of admission for recurrent ADHF at 180 days from discharge. This contrasts 
with 11 (19%) events in those with pre-discharge plasma NT-proBNP below the 10th 
percentile (626.8 pg/mL) and 8 (14%) events for cardiac troponin I. In a Cox regression 
multivariate model incorporating the COACH risk model and NT-proBNP, galectin <11.8 
ng/mL remained independently indicative of low risk, with an odds ratio for low risk at 
180 days of 7.68 (95% confidence interval 1.04–50; P = 0.045). If 20th and 30th percen-
tiles of markers are inspected rather than the 10th, galectin-3 values remain associated 
with low event rates with this marker, ranked among the top two or three, with the 
best performance in this regard along with low circulating erythropoietin and tumour 
necrosis factor-alphaR1a levels. The exciting implication raised by the report is that a 
pre-discharge plasma galectin-3 concentration of <11.8 ng/mL may be incorporated 
into an algorithm identifying ADHF patients at very low risk of adverse events within the 
subsequent 180 days and therefore fit for discharge.

A role for low plasma galectin-3 in reflecting low risk has a good biological plausibility. 
Early pre-clinical studies highlighted galectin-3 as the most robustly overexpressed gene 
in failing vs. functionally compensated hearts among transgenic TGRmRen2-27 rats.11 Its 
candidacy as a novel mediator of adverse cardiac remodeling has been well reviewed, 
and it is well recognized that galectin-3 is up-regulated in cardiac hypertrophy and that 
its effects upon macrophage migration and fibroblast proliferation underpin a role in 
cardiac fibrosis.12 The relationship of plasma and/or tissue galectin-3 to circulating mark-
ers of cardiac extracellular matrix turnover has been the subject of mixed results. Al-
though reports generally agree that galectin-3 is increased in cardiac hypertrophy, there 
is less consistent data with respect to correlations between this marker and circulating 
procollagens, matrix metalloproteases (MMPs), and tissue inhibitors of metalloprotease 
(TIMPs).13,14 However, the relationship of increasing plasma galectin-3 to poorer function 
and poor prognosis in HF with and without preserved EF is clear.15-18

How firm is the suggestion that low galectin-3 might be used as a particularly strong 
indicator of low risk? It is important to ascertain whether the marker offers information 
above that routinely already available, and multivariate analyses are intended to address 
this issue. The multivariate analysis presented by Meijers et al. incorporates the COACH 
risk engine as its clinical base model. The risk engine is not comprehensive with respect 
to inclusion of accepted predictors of risk following an episode of ADHF. For example, 
the presence or absence of discharge heart rate, anaemia, antecedent hypertension, 
and discharge prescription of evidence-based anti-HF medications are not considered 
in this model. Therefore, further testing of the marker in a more comprehensive predic-
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tive model is warranted. In addition, NT-proBNP is part of the COACH risk engine but, in 
the current analyses, it is unclear whether NT-proBNP was included in this model as a 
continuous variable (as in the originally described COACH risk engine) or dichotomized 
at the 10th percentile, which might well reduce its predictive performance.

Then, are the findings from the COACH analysis generalizable? Proof of generalizability 
is always a challenge. The authors have appropriately sought to address this by con-
sideration of marker performance in an independent group of 285 HF patients from 
the TRIUMPH study, a cohort established specifically to explore the utility of candidate 
biomarkers in HF (NTR 1893; http://www.trialregister.nl/trialreg/admin/rctview.asp? 
TC1893). The comparison of COACH and TRIUMPH is partly limited by intercohort differ-
ences. The validation group is half the size of the derivation group which compromises 
the power of subsequent comparisons. Prescription rates of key anti-HF drugs are sig-
nificantly lower in TRIUMPH, and NYHAI/II patients comprised 47% of COACH patients 
compared with 73% of TRIUMPH patients (P <0.001), suggesting the likelihood of a 
higher proportion of low risk patients in TRIUMPH. Low galectin-3 was still associated 
with low event rates, but the clear distinction from other markers, such as NT-proBNP and 
hsTnI, seen in COACH, was as not as striking in TRIUMPH. Galectin-3 did not add signifi-
cantly to the clinical risk model plus NT-proBNP for identifying low risk in the TRIUMPH 
cohort. Therefore, findings in the validation cohort do not fully support the discovery 
highlighted from COACH data and it remains necessary to pursue further validation of 
the key finding reported by Meijers et al.3 This report should stimulate further rigor-
ous evaluation of galectin-3 in adequately powered validation cohorts. Before clinical 
application can be mandated, candidate markers must repeatedly pass tests of robust 
validity including receiver operator analysis, multivariate modelling, and measurement 
of net reallocation improvement (NRI) in independent discovery and validation cohorts 
followed by pragmatic controlled trials in real-life clinical settings.

A search for markers of low risk to aid optimal timing of discharge after admission for 
ADHF is important. This report, albeit in need of further corroboration, constitutes an 
early effort to address a crucial unmet need.3
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aBsTRaCT

aims

Heart failure with preserved ejection fraction (HFpEF) is common and its management 
remains difficult. B-type natriuretic peptide (BNP) levels are used to diagnose heart 
failure, and as an entry criterion for inclusion into trials. We investigated a population 
of HFpEF patients who had been randomised into a study based on clinical parameters, 
and compared those with low BNP levels to those with elevated BNP levels.

Methods

We examined patients who had been enrolled in the Coordinating study evaluating 
Outcomes of Advising and Counselling in Heart Failure (COACH), with preserved left 
ventricular ejection fraction (LVEF ≥40%), and compared those with low BNP (<100 pg/
mL; n = 30) to those with elevated BNP (≥100 pg/mL; n = 127). Baseline characteristics, 
co-morbidities, biomarkers, quality of life, and outcome parameters (hospitalisations 
and death) were compared between the groups. To validate our findings, we repeated 
all analyses for NT-proBNP (<300 pg/mL and ≥300 pg/mL).

Results

Patients were similar with regard to most clinical characteristics (including age, sex, and 
LVEF), biomarkers, and co-morbidities. In contrast, patients with a low BNP had higher 
body mass index levels (31 kg/m2 vs. 27 kg/m2; P < 0.01) and lower cardiac troponin I (9 
pg/mL vs. 15 pg/mL; P = 0.02). In addition, these patients were less frequently prescribed 
diuretics and beta-blockers. No differences in quality of life, heart failure related symp-
toms and the primary and secondary outcomes were observed between these groups. 
These observations were confirmed for NT-proBNP.

Conclusion

Among the patients with clinically diagnosed HFpEF, those with low BNP are strikingly 
similar to those with elevated BNP levels, except for BMI, which was significantly higher 
in these patients.
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InTRoDUCTIon

Heart failure with preserved ejection fraction (HFpEF) is a prevalent cause of cardiovas-
cular morbidity and mortality1 and the incidence is still increasing.2 Patients with either 
HFpEF or heart failure with reduced ejection fraction (HFrEF) are generally comparable 
regarding signs, symptoms and quality of life (QoL).3 But HFpEF patients are more often 
elderly, female and more frequently have hypertension, atrial fibrillation and other 
co-morbidities,4 whereas HFrEF patients have a higher prevalence of coronary artery 
disease and myocardial infarction.5 Due to the presence of these co-morbidities, often 
with heart failure-like symptoms, the diagnosis of HFpEF is difficult, and in fact some 
patients with assumed HFpEF might not have heart failure, but suffer from other condi-
tions such as anaemia, lung disease, or depression.

The guidelines of the European Society of Cardiology (ESC) state that for a diagnosis 
of heart failure, untreated patients with symptoms of heart failure should have at least 
B-type natriuretic peptide (BNP) levels of 100 pg/mL to confirm a possible diagnosis of 
heart failure (or NT-proBNP levels of 300 pg/mL).6 In a very recent meta-analysis,7 37 
unique study cohorts with over 15,000 test results were available, and the proposed 
rule-out threshold for BNP recommended by the 2012 ESC guidelines was shown to 
have excellent ability to exclude acute heart failure. However, no distinction could be 
made between HFpEF and HFrEF patients as data on BNP cut-off points in HFpEF are 
rare and ill-validated. Interestingly, a group of HFpEF patients with BNP levels below 100 
do not officially meet the diagnostic criteria. This raises the question whether and how 
these patients, who are a clinical reality, differ from patients with HFpEF and BNP levels 
≥100 pg/mL.

Therefore, we compared HFpEF patients with or without low BNP levels for their baseline 
characteristics, heart failure symptoms, biomarkers, QoL measurements and outcome 
parameters.

MeTHoDs

Patient population

Data were collected as part of the Coordinating study evaluating Outcomes of Advising 
and Counselling in Heart failure (COACH), as described in detail elsewhere.8,9 In brief, pa-
tients who were admitted for heart failure were enrolled in COACH before discharge, and 
randomised to standard of care or to nurse-led interventions. In the current sub-study 
only patients with a left ventricular ejection fraction (LVEF) ≥40%, with complete data 
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on BNP and QoL were included, as previously described.10 The study was performed in 
accordance with the principles outlined in the Declaration of Helsinki and was approved 
by the Medical Ethics Committee in each participating centre. All subjects provided 
informed consent. Further details are described in the Supplement.

endpoints

The primary outcome was all-cause mortality and/or rehospitalisation for heart failure 
after 18 months. Secondary outcomes were all-cause mortality, heart failure rehospitali-
sation, cardiovascular rehospitalisation, or all-cause rehospitalisation after 18 months. 
We also analysed all-cause mortality after 36 months. An independent endpoint com-
mittee adjudicated all endpoints.11

Biochemical measurements

An extensive description of the assays used can be found in the Supplement.

Quality of life and heart failure symptoms

QoL measurements were collected during hospitalisation and were assessed in two 
different ways. Global well-being was assessed by Cantril’s Ladder of Life12 and the 
Medical Outcome Study 36-item General Health Survey (RAND36) assessed disease 
generic QoL.13 Both established measurements are further explained in the Supplement 
together with the assessment of heart failure symptoms.

statistical analyses

Descriptive statistics were used to characterise the study population. Cox proportional 
hazards regression analyses were performed to adjust for the time to event. Kaplan-
Meier curves were constructed for the different time to event evaluations. We repeated 
our analyses for patients with low NT-proBNP and high NT-proBNP levels.

P-values below <0.05 were considered to denote significant differences. Analyses were 
performed with STATA software (version 13.0, Stata Corp, College Station, Texas, USA).

ResUlTs

Patient characteristics

Of the 1023 patients enrolled, 157 patients had an LVEF ≥40%, and complete data on 
BNP and QoL. Patients had a mean age of 73 (±9), 45% were female, and they had a mean 
LVEF of 51% (±9%) and a median BNP level of 352 [149-791] pg/mL. This is substantially 
lower than in the overall COACH cohort (median BNP 447 [195-888] pg/mL). Of the 157 
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patients with an LVEF ≥40%, 30 patients (19%) had BNP levels lower than 100 pg/mL. 
Patients with low BNP levels had a higher body mass index (BMI; 31 kg/m2 vs. 27 kg/m2; P 
≤ 0.01) and were less often treated with β-blockers and diuretics (30% vs. 65%; P < 0.001 
and 87% vs. 98%, respectively, P ≤ 0.01) (Table 1). However, other important clinical char-
acteristics were very comparable between the HFpEF patients with low or elevated BNP. 
Likewise, co-morbidities including chronic obstructive pulmonary disease, diabetes and 
anaemia were equally frequent in patients with either low or high BNP levels. Biomark-
ers commonly measured in heart failure patients such as cystatin C, galectin-3, inter-
leukin 6, and neutrophil gelatinase-associated lipocalin (NGAL) showed no differences 
between the two groups, but cardiac troponin I (cTnI) was significantly lower in patients 
with low BNP levels (9 pg/mL vs. 15 pg/mL; P = 0.02). BNP levels gradually decreased 
stratified by the World Health Organisation BMI classification scale (underweight <18.5 
kg/m2; normal range 18.5-25 kg/m2; overweight 25-30 kg/m2; obese >30 kg/m2) (P-trend 
< 0.001) (Fig. 1).

Quality of life

The mean score on global well-being, as measured with Cantril’s Ladder of Life, did not 
differ significantly between HFpEF patients with low BNP levels and high BNP levels 
(Table 2). Also, no significant differences were observed between the two groups in any 
of the dimensions of the RAND36 (Table 2).
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figure 1. BnP levels stratified by the World Health organization BMI classification scale in Hfpef 
patients
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Table 1. Baseline characteristics of patients with Hfpef enrolled in the CoaCH study: overall and 
stratified by BnP levels

Characteristics Total
(n=157)

BnP < 100 pg/ml
(n=30)

BnP ≥ 100 pg/ml
(n=127)

P-value

Age (y), mean (SD) 73 (9) 72 (9) 73 (9) 0.51

Female, n (%) 71 (45) 12 (40) 59 (47) 0.52

SBP (mmHg), mean (SD) 125 (22) 125 (25) 125 (22) 0.94

DBP (mmHg), mean (SD) 69 (13) 73 (16) 68 (12) 0.04
Heart rate (bpm), mean (SD) 72 (12) 73 (13) 72 (12) 0.51

BMI (kg/m2), mean (SD) 28 (6) 31 (7) 27 (5) <0.01
Heart failure history
NYHA class

II, n (%) 88 (56) 12 (40) 76 (60) 0.10 

III, n (%) 61 (39) 15 (50) 46 (36)

IV, n (%) 8 (5) 3 (10) 5 (4)

LVEF (%), mean (SD) 51 (9) 53 (10) 50 (8) 0.06

Previous MI, n (%) 51 (33) 6 (20) 45 (35) 0.10

Distance 6MWT, mean (SD) 212 (131) 169 (106) 222 (135) 0.09

Co-morbidities
Asthma, n (%) 6 (4) 0 (0) 6 (5) 0.22

Atrial fibrillation, n (%) 79 (50) 15 (50) 64 (50) 0.97

Anaemia, n (%) 43 (43) 6 (33) 37 (45) 0.38

COPD, n (%) 53 (34) 11 (37) 42 (33) 0.71

Diabetes, n (%) 45 (29) 8 (27) 37 (29) 0.79

Hypertension, n (%) 78 (50) 16 (53) 62 (49) 0.66

Stroke, n (%) 26 (17) 5 (17) 21 (17) 0.99

Treatment
ACEi/ARB, n (%) 123 (78) 25 (83) 98 (77) 0.46

β-Blocker, n (%) 92 (59) 9 (30) 83 (65) <0.001
Loop diuretic, n (%) 151 (96) 26 (87) 125 (98) <0.01
MRA, n (%) 67 (43) 11 (37) 56 (44) 0.46

Digoxin, n (%) 49 (31) 8 (27) 41 (32) 0.55

laboratory measurements
Sodium (mmol/L), mean (SD) 139 (4) 138 (6) 139 (4) 0.31

Potassium (mmol/L), mean (SD) 4 (1) 4 (1) 4 (1) 0.44

Urea (mmol/L), mean (SD) 14 (8) 16 (9) 13 (8) 0.11

Creatinine (µmol/L), mean (SD) 127 (61) 129 (51) 126 (63) 0.84

eGFR (mL/min per 1.73 m2), mean (SD) 54 (21) 51 (16) 54 (22) 0.42

Biomarkers
BNP (pg/mL), median [IQR] 352 [149-791] 53 [34-72] 457 [244-864] <0.001
Cystatin C (µg/mL), median [IQR] 11294 [7826-15690] 11222 [9224-19030] 11366 [7652-15687] 0.84

Galectin-3 (ng/mL), median [IQR] 19 [15-25] 19 [14-27] 19 [15-25] 0.77

Interleukin 6 (ng/mL), median [IQR] 12 [7-23] 11 [6-22] 12 [7-24] 0.70

NGAL (ng/mL), median [IQR] 113 [87-165] 147 [81-181] 109 [87-147] 0.34

Troponin I (pg/mL), median [IQR] 14 [6-31] 9 [4-13] 15 [7-35] 0.02

BNP, B-type natriuretic peptide; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; BMI, Body Mass 
Index; HF, Heart Failure; NYHA, New York Heart Association; LVEF, Left Ventricular Ejection Fraction; MI, Myo-
cardial Infarction; 6MWT, 6 Minutes Walk Test; COPD, Chronic Obstructive Pulmonary Disease; ACEi, Angio-
tensin-Converting-Enzyme inhibitor; ARB, Angiotensin II Receptor Blocker; MRA, Mineralocorticoid Receptor 
Antagonist; eGFR, estimated Glomerular Filtration Rate; NGAL, Neutrophil Gelatinase-Associated lipocalin.
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symptoms of heart failure

HFpEF patients in the COACH study were very symptomatic: patients reported on aver-
age four symptoms of heart failure. The most reported symptoms of heart failure were 
dyspnoea (96%) and fatigue (88%). Patients with low BNP levels did not differ in reported 
symptoms from patients with high BNP levels (Table 2).

low BnP and predictive value

In the unadjusted cox proportional hazard analyses no significant prediction was ob-
served for patients with low BNP levels regarding various outcome parameters (Table 
3). Kaplan-Meier curves and the log-rank test on all the outcomes showed no significant 
differences when patients were stratified according to BNP levels (Fig. 2).

Table 2. Quality of life and symptoms of patients with Hfpef enrolled in the CoaCH study: overall 
and stratified by BnP levels

Characteristics Total
(n=157)

BnP < 100 pg/ml 
(n=30)

BnP ≥ 100 pg/ml 
(n=127)

P-value

ladder of life

Well-being 6 (2) 6 (2) 6 (2) 0.60

RanD-36

Physical functioning, mean (SD) 33 (25) 27 (21) 34 (26) 0.15

Social functioning, mean (SD) 58 (31) 61 (32) 57 (31) 0.51

Role limitation physical, mean (SD) 18 (33) 18 (32) 18 (33) 0.93

Role limitation emotional, mean 
(SD) 52 (46) 51 (47) 53 (46) 0.86

Mental health, mean (SD) 67 (21) 63 (21) 67 (21) 0.32

Bodily pain, mean (SD) 62 (34) 59 (35) 63 (33) 0.49

General health, mean (SD) 43 (18) 38 (19) 44 (18) 0.10

Health change, mean (SD) 27 (23) 26 (20) 27 (24) 0.84

symptoms

Oedema, n (%) 108 (69%) 25 (83%) 83 (65%) 0.06

Sleep disturbance, n (%) 105 (67%) 18 (60%) 87 (69%) 0.37

Fatigue, n (%) 138 (88%) 26 (87%) 112 (88%) 0.82

Dyspnoea, n (%) 150 (96%) 30 (100%) 120 (95%) 0.19

Cough, n (%) 101 (64%) 17 (57%) 84 (66%) 0.33

Loss of appetite, n (%) 76 (48%) 10 (33%) 66 (52%) 0.07

Total number of symptoms (0-6) 4.3 (1.3) 4.2 (1.3) 4.3 (1.2) 0.57

BNP, B-type natriuretic peptide.



100 Chapter 4

nT-proBnP

All analyses were also performed using NT-proBNP levels below and above 300 pg/mL; 
similar observations were made as with BNP. Results are presented in Supplementary 
Tables 1, 2 and 3 and Supplementary Fig. 1.

DIsCUssIon

The main finding of our study is that a group of patients exists who present and are 
admitted with heart failure symptoms and who, according to the current ESC guidelines, 
are not likely to be diagnosed with HFpEF because of a too low BNP level. These patients 
suffer at least as much from their condition as patients who do meet the diagnostic crite-
ria of HFpEF. Further, they do not substantially differ from patients with HFpEF and BNP 
levels ≥100 pg/mL on a broad range of characteristics and heart failure symptoms. Most 
strikingly, the major difference was the higher BMI levels. Regarding different outcome 
parameters, we observed no differences between patients with low or high BNP levels, 
although we had limited power to ascertain this.

Hfpef and BnP levels

Although there is growing interest in HFpEF, there is limited understanding about the 
pathology of HFpEF. Natriuretic peptide levels have been advocated to aid the diagno-
sis of HFpEF. But our findings are in concert with emerging literature that natriuretic 
peptide testing in HFpEF is not straightforward. Yamamoto et al. have already stated 
that we should be cautious in using BNP alone in the diagnostic work-up, because BNP 
concentrations increase in normal, healthy older and/or female individuals, and in those 
with renal dysfunction and atrial fibrillation, and decrease in obese subjects.14

Table 3. Cox proportional hazard analyses for different endpoints, with a BnP cut-off level of 100 
pg/ml

endpoint Hazard ratio 95% CI P-value

18 months

All-cause mortality & HF rehospitalisation 0.63 0.33-1.23 0.179

All-cause mortality 0.94 0.44-2.02 0.877

HF rehospitalisation 0.45 0.18-1.14 0.091

CV rehospitalisation 0.96 0.54-1.71 0.883

All-cause rehospitalisation 0.53 0.24-1.17 0.117

36 months

All-cause mortality 0.84 0.50-1.39 0.493

HF, Heart Failure; CV, Cardiovascular.
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So although BNP levels have powerful prognostic value, the diagnostic value of this 
biomarker is less clear. The ESC Heart Failure guidelines of 2008 introduced a require-
ment of plasma BNP levels ≥100 pg/mL for diagnosing heart failure, in addition to the 
presence of symptoms of heart failure. As a result, patients with heart failure symptoms 
but with BNP levels <100 pg/mL do not ‘officially’ have a diagnosis of heart failure, and 
physicians are advised to actively seek an alternative diagnosis. Therefore, it is expected 
that the prevalence of co-morbidities among this patient population will be higher than 
in patients with high BNP levels. A recent paper by Paulus et al. hypothesises that co-
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figure 2. Kaplan-Meier curves for various outcome parameters in patients with Hfpef, stratified by 
BnP level
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morbidities may actually drive the myocardial dysfunction in HFpEF.15 However, in our 
study we cannot clearly establish such a gradient between BNP levels and the number 
of co-morbidities. The one exception was BMI. It has been published by others16,17 that 
BMI is a strong confounder of natriuretic peptides. Therefore, patients with a high BMI 
and low BNP levels may have ‘concealed’ heart failure, with disproportionately low BNP 
levels not properly reflecting left ventricular wall stress.

Usually, BNP directly reflects left ventricular wall stress, but apparently BMI interferes 
with this relationship. The one finding that validates the notion that lower BNP really 
associates with lower stress to the heart is our observation that also cTnI was lower 
in patients with lower BNP. Cardiac troponins are increasingly recognised as a major 
prognostic factor in heart failure.18 Whether obesity has a relationship with cTnI levels in 
acute heart failure remains unknown.

BnP cut-off point in Hfpef

In the Breathing Not Properly (BNP) Multinational Study, renal function correlated 
weakly with BNP levels, but more importantly it influenced the optimal BNP cut-off 
point.19 Therefore, the ESC working group recommended an alternative cut-off point of 
200-250 pg/mL to be considered in these patients.20

Obesity also impacts BNP levels, even in subjects without heart failure. In the Framing-
ham Study, multivariable-adjusted mean plasma BNP levels in lean (<25 kg/m2), over-
weight (25-29.9 kg/m2), and obese (≥30 kg/m2) subjects were 21.4, 15.5 and 12.7 pg/mL, 
respectively.21 Not only obesity but also diabetes was associated with lower plasma BNP 
levels.21 Ideally, these clinical aspects need to be taken into account when assessing a 
patient’s BNP level; however the attending clinician clearly favours a single cut-off point.

Van Veldhuisen et al.22 reported that although the BNP levels are lower in HFpEF patients 
compared with HFrEF patients, the prognosis in both patient groups is comparable given 
a certain BNP value. These findings were recently strengthened by the same observation 
by Kang et al..23 Whether natriuretic peptides are the best biomarkers to predict outcome 
in the low range is less well studied. Meijers et al. recently investigated whether and 
what biomarkers could assess low risk in patients with heart failure. Low levels of BNP or 
NT-proBNP did not strongly predict outcomes in these patients, whereas other biomark-
ers performed better and identified patients with a low risk for an adverse outcome.24

Clinical implementation: Hfpef with low versus high BnP

Our results show no apparent differences between the two patient groups in the 
frequency of co-morbidities, except for BMI levels. As mentioned above, BNP levels 
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decrease in obese patients21; thus, these patients may still suffer from HFpEF despite 
their (pseudo) lower BNP levels. These observations of the current study raise important 
questions regarding the use and interpretation of BNP levels as a biomarker for HFpEF.

The exact condition of ‘HFpEF’ patients with low BNP levels remains unclear, resulting 
in a dilemma for clinical practice when it comes to how to work-up and how to treat 
these patients. Recently it was demonstrated that co-morbidities might also influence 
the response to BNP-guided therapy25. Our data suggest that the clinical work-up should 
probably be identical, as the clinical risk factor, the physical and mental unwell-being 
and the outcomes are almost identical. In particular, similar to patients with ‘real’ HFpEF, 
their physical functioning is low, and regardless of possible pharmacological treatment, 
these patients may likely benefit from exercise treatment, and referral to a rehabilitation 
centre would be advised.26 Weight loss may paradoxically lead to an increase in BNP 
levels but a better performance score.

strengths and limitations

This post-hoc study has several limitations. We defined HFpEF as an LVEF ≥40%,27,28 re-
alising that the optimal LVEF cut-off point is a matter of debate. The COACH study was 
performed before the era when echocardiography was a necessity for heart failure diag-
nostics and therefore the echocardiography data presented in this study cannot provide 
exact phenotyping of HFpEF patients. It could be suggested to measure BNP levels serially 
and use changes in BNP levels over time, instead of a single measurement, to diagnose 
HFpEF; unfortunately we could not address this issue. The sample size was small and these 
data should be regarded as hypothesis generating. However, due to the scarce data of 
HFpEF patients with low and high BNP, and as far as we are informed, our data are the first 
to address this subpopulation. Further, using our sample we were able to demonstrate sig-
nificant differences which appear biologically plausible, especially the difference in BMI.

Another strength of the study is that we enrolled real-life patients presenting with 
dyspnoea in specialised heart failure centres.

Conclusion

Patients with HFpEF and plasma BNP levels <100 pg/mL have the same clinical charac-
teristics, an equal number and frequency of co-morbidities, equally severe heart failure 
symptoms with impaired QoL, and the same poor outcome, when compared with 
patients with HFpEF and BNP levels ≥100 pg/mL. The major difference between the two 
groups was a higher BMI in HFpEF patients with low BNP. It should be considered to 
evaluate and treat patients with suspected HFpEF and BNP levels below the ESC guide-
line threshold in a comparable manner to that used for ‘official’ HFpEF patients.
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sUPPleMenTaRy MaTeRIal

Patient population

The COACH trial consists of 1023 heart failure patients from 17 hospitals in the Nether-
lands who were enrolled after hospitalisation for heart failure. The diagnosis was based 
on a combination of typical signs and symptoms according to the ESC guidelines for 
which a hospital stay was considered necessary. During hospitalisation all patients 
received standard care, both pharmacological and non-pharmacological. After baseline 
measurement, patients were randomised to receive extra education and support or care 
as usual only.

The study was performed in accordance with the principles outlined in the Declaration 
of Helsinki and was approved by the Medical Ethics Committee in each participating 
centre. All subjects provided informed consent.

additional laboratory measurements

Plasma BNP concentrations were measured using a fluorescence immunoassay kit 
(Triage, Biosite Incorporated, San Diego, California) and the measurable range of BNP 
assays was 5.0 to 5000 pg/ml. N-terminal pro-brain natriuretic peptide (NT-pro-BNP) was 
measured by Roche Diagnostics, Mannheim, Germany using the Elecsys proBNP ELISA. 
Cystatin C and neutrophil gelatinase-associated lipocalin (NGAL) were measured by Alere 
San Diego, Inc., San Diego, CA, USA, using competitive enzyme-linked immunosorbent 
assays (ELISAs) on a Luminex® platform. Galectin-3 plasma levels were measured using a 
commercial enzyme-linked immunosorbent assay (BG Medicine, Waltham, MA)16,17. Car-
diac troponin I (cTnI) and Interleukin-6 (IL-6) were measured using high-sensitive single 
molecule counting (SMCTM) technology (RUO, Erenna Immunoassay System, Singulex 
Inc., Alameda, CA, USA).

Quality of life and heart failure symptoms

Global well-being was assessed by Cantril’s Ladder of Life. This is a single-item measure 
which asks the patient to rate their sense of well being on a ladder, with 10 reflecting the 
best possible life imaginable and 0 reflecting the worst possible life imaginable. Cantril’s 
Ladder of Life has been used in various cardiovascular studies and is considered to be a 
valid measure of global well-being12. A higher score indicates better well-being.

Disease generic QoL was assessed by the Medical Outcome Study 36-item General Health 
Survey (RAND36), a self-report questionnaire of general health status and comparable 
to the Short-Form-36 Health Survey (SF-36)13 The RAND36 is a well-validated generic, 
36-item questionnaire that includes nine health concepts that represent dimensions of 
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QoL: physical functioning, social functioning, role limitations because of physical func-
tioning, role limitations because of emotional functioning, mental health, vitality, bodily 
pain, general health and perceived health change. Each dimension has a score between 
0 and 100; a higher score means better health.

Symptoms of heart failure were assessed from an interview comprising ten structured 
questions. During this interview, patients were asked whether they had experienced the 
following symptoms during the last month: ankle oedema during the day, ankle oedema 
when getting out of bed in the morning, sleep disturbance, fatigue, breathlessness at 
rest and during exertion, orthopnoea, coughing, dry cough or loss of appetite. These ten 
symptoms were clustered in six symptom indexes: oedema, sleep disturbance, fatigue, 
dyspnoea, coughing and loss of appetite. A total heart failure symptom score was ob-
tained from the sum of the six symptom indices.
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All-cause mortality & HF rehospitalization 
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supplemental figure 1. Kaplan-Meier curves for various outcome parameters in patients with Hf-
Pef, stratified by nT-proBnP level
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supplemental Table 1. Baseline characteristics of patients with Hfpef enrolled in the CoaCH study, 
overall and stratified by nT-proBnP levels.

Characteristics Total
(n=110)

nT-proBnP
< 300 pg/ml

(n=11)

nT-proBnP
≥ 300 pg/ml

(n=99)
P-value

Age (y), mean (SD) 74 (10) 70 (9) 74 (10) 0.19

Female, n (%) 50 (46) 5 (45) 45 (45) 1.00

SBP (mm Hg), mean (SD) 127 (23) 128 (19) 127 (23) 0.82

DBP (mm Hg), mean (SD) 70 (14) 76 (15) 69 (13) 0.12

Heart rate (bpm), mean (SD) 72 (12) 73 (14) 72 (11) 0.87

BMI (kg/m2), mean (SD) 28 (5) 31 (4) 27 (5) 0.04

Heart failure history

NYHA class

II, n (%) 58 (53) 6 (55) 52 (53) 0.79 

III, n (%) 48 (43) 5 (45) 43 (43)

IV, n (%) 4 (4) 0 (0) 4 (4)

LVEF (%), mean (SD) 50 (9) 52 (11) 50 (9) 0.63

Previous myocardial infarction, n (%) 33 (30) 4 (36) 29 (29) 0.63

Duration of admission (days), mean (SD) 14 (13) 8 (3) 15 (13) 0.10

Previous hospitalisation for HF, n (%) 43 (39) 3 (27) 40 (40) 0.40

Distance 6MWT, mean (SD) 220 (133) 229 (123) 219 (135) 0.82

Co-morbidities

Asthma, n (%) 6 (6) 0 (0) 6 (6) 0.40

Atrial fibrillation, n (%) 57 (52) 5 (45) 52 (53) 0.66

Anaemia, n (%) 29 (43) 2 (33) 27 (44) 0.63

COPD, n (%) 36 (33) 4 (36) 32 (32) 0.79

Diabetes, n (%) 33 (30) 4 (36) 29 (29) 0.63

Hypertension, n (%) 56 (51) 7 (64) 49 (49) 0.37

Stroke, n (%) 16 (15) 2 (18) 14 (14) 0.72

Treatment

ACEi/ARB, n (%) 85 (77) 9 (82) 76 (77) 0.70

β-blocker, n (%) 70 (64) 3 (27) 67 (68) <0.01

Loop diuretic, n (%) 103 (94) 8 (73) 95 (96) <0.01

MRA, n (%) 49 (45) 4 (36) 45 (45) 0.56

Digoxin, n (%) 36 (33) 2 (18) 34 (34) 0.28

laboratory measurements

Sodium (mmol/L), mean (SD) 138 (4) 138 (6) 139 (4) 0.65

Potassium (mmol/L), mean (SD) 4 (1) 4 (1) 4 (1) 0.98

Urea (mmol/L), mean (SD) 13 (7) 12 (5) 13 (8) 0.60

Creatinine (µmol/L), mean (SD) 124 (62) 114 (39) 126 (64) 0.57

eGFR (mL/min per 1.73 m2), mean (SD) 55 (21) 56 (15) 55 (22) 0.83
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supplemental Table 1. Baseline characteristics of patients with Hfpef enrolled in the CoaCH study, 
overall and stratified by nT-proBnP levels. (continued)

Characteristics Total
(n=110)

nT-proBnP
< 300 pg/ml

(n=11)

nT-proBnP
≥ 300 pg/ml

(n=99)
P-value

Biomarkers

NT-proBNP (pg/mL), median [IQR] 1772 [758-3780] 155 [122-215] 1904 [1062-3956] <0.001

Cystatin C (µg/mL), median [IQR] 11366 [8010-15514] 9645 [8617-11036] 11521 [7928-15687] 0.42

Galectin-3 (ng/mL), median [IQR] 19 [14-26] 17 [14-19] 20 [15-26] 0.05

Interleukin 6 (ng/mL), median [IQR] 12 [7-24] 10 [6-12] 12 [7-24] 0.20

NGAL (ng/mL), median [IQR] 116 [87-168] 116 [74-153] 114 [89-169] 0.64

Troponin I (pg/mL), median [IQR] 14 [6-31] 9 [3-18] 14 [6-32] 0.29

supplemental Table 2. Quality of life and symptoms of patients with Hfpef enrolled in the CoaCH 
study, overall and stratified by nT-proBnP levels.

Characteristics Total
(n=110)

nT-proBnP
< 300 pg/ml

(n=11)

nT-proBnP
≥ 300 pg/ml

(n=99)
P-value

ladder of life

Well-being 6 (2) 6 (1) 6 (2) 0.36

RanD-36

Physical functioning, mean (SD) 33 (26) 32 (24) 33 (26) 0.89

Social functioning, mean (SD) 57 (32) 69 (26) 56 (33) 0.18

Role limitation physical, mean (SD) 19 (33) 32 (39) 17 (32) 0.17

Role limitation emotional, mean (SD) 50 (46) 67 (42) 48 (47) 0.21

Mental health, mean (SD) 66 (22) 72 (21) 66 (22) 0.38

Bodily pain, mean (SD) 61 (33) 55 (35) 62 (33) 0.53

General health, mean (SD) 42 (18) 36 (15) 43 (19) 0.26

Health change, mean (SD) 25 (21) 32 (20) 25 (21) 0.29

symptoms

Oedema, n (%) 78 (71) 8 (73) 70 (71) 0.89

Sleep disturbance, n (%) 75 (68) 8 (73) 67 (68) 0.73

Fatigue, n (%) 102 (93) 11 (100) 91 (92) 0.33

Dyspnoea, n (%) 105 (96) 11 (100) 94 (95) 0.45

Cough, n (%) 70 (64) 7 (64) 63 (64) 1.00

Loss of appetite, n (%) 50 (46) 3 (27) 47 (47) 0.20

Total number of symptoms (0-6) 4.4 (1.2) 4.4 (1.0) 4.4 (1.3) 1.00
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supplemental Table 3. Cox proportional hazard analyses for different endpoints, with nT-proBnP 
levels < 300 pg/ml

endpoint Hazard Ratio 95% CI P-value

18 months

All-cause mortality & HF rehospitalisation 0.28 0.07-1.14 0.075

All-cause mortality 0.26 0.04-1.90 0.184

HF rehospitalisation 0.40 0.10-1.66 0.207

CV rehospitalisation 0.60 0.22-1.65 0.319

All-cause rehospitalisation 0.35 0.08-1.46 0.150

36 months

All-cause mortality 0.18 0.02-1.28 0.087
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aBsTRaCT

Background

Galectin-3 is a biomarker for prognostication and risk stratification of patients with heart 
failure (HF). It has been suggested that renal function strongly relates to galectin-3 lev-
els. We aimed to describe galectin-3 renal handling in HF.

Methods and Results

In Sprague-Dawley rats, we infused galectin-3 and studied distribution and renal clear-
ance. Furthermore, galectin-3 was measured in urine and plasma of healthy controls, 
HF patients and hemodialysis patients. To mimic the human situation, we measured ga-
lectin-3 before and after the artificial kidney. Infusion in rats resulted in a clear increase 
in plasma and urine galectin-3. Plasma galectin-3 in HF patients (n = 101; mean age 64 
years; 93% male) was significantly higher compared to control subjects (n = 20; mean 
age 58 years; 75% male) (16.6 ng/mL vs. 9.7 ng/mL, P < 0.001), while urinary galectin-3 
in HF patients was comparable (28.1 ng/mL vs. 35.1 ng/mL, P = 0.830). The calculated 
galectin-3 excretion rate was lower in HF patients (2.3 mL/min (1.5-3.4) vs. 3.9 mL/min 
(2.3-6.4) in control subjects; P = 0.005). This corresponded with a significantly lower frac-
tional excretion of galectin-3 in HF patients (2.4% (1.7-3.7) vs 3.0% (1.9-5.5); P = 0.018). 
These differences, however, were no longer significant after correction for age, gender, 
diabetes, and smoking. HF patients who received diuretics (49%) showed significantly 
higher aldosterone and galectin-3 levels. Hemodialysis patients (n = 105; mean age 63 
years; 65% male), without urinary galectin-3 excretion, had strongly increased median 
plasma galectin-3 levels (70.6 ng/mL).

Conclusion

In this small cross-sectional study, we report that urine levels of galectin-3 are not 
increased in HF patients, despite substantially increased plasma galectin-3 levels. The 
impaired renal handling of galectin-3 in patients with HF may explain the described rela-
tion between renal function and galectin-3 and may account for the elevated plasma 
galectin-3 in HF.
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InTRoDUCTIon

Galectin-3 is a galactosidase-binding lectin that is able to bind complex carbohydrates.1-3 
In the heart, galectin-3 is secreted by activated macrophages and binds several matricel-
lular proteins such as laminin, fibronectin, and collagens. When ligand-bound, galectin-3 
forms interstitial conjugates, which are thought to contribute to myocardial stiffness and 
cardiac dysfunction.4,5 Galectin-3 is an emerging biomarker for prognostication and risk 
stratification of patients with acute and chronic heart failure (HF).4,6,7 The most recent 
American College of Cardiology/American Heart Association guidelines provided a level 
IIB recommendation for the use of galectin-3 in risk stratification.8 In experimental mod-
els of HF, myocardial transcription and translation of galectin-3 has been reported,9,10 
and it is assumed that increased circulating levels of galectin-3 in HF may be explained 
by excess cardiac production. In human subjects, galectin-3 can be measured in plasma 
using an established ELISA.11 Circulating levels of galectin-3 are in the 10 to 13 ng/mL 
range in the general population,11-13 but are substantially increased in HF,14-17 rising to 
15 to 30 ng/mL, depending on the severity of HF and the presence of co-morbidities, 
specifically kidney disease, as galectin-3 levels in HF have a strong relation with renal 
function.16,18 Both in the general population12 and in patients with HF,16,18,19 decreased 
renal function is among the strongest correlates of increased circulating galectin-3. 
It has also been observed that galectin-3 levels precede the development of chronic 
kidney disease.20 Thus, renal function is an important factor to take into account in the 
interpretation of a given value of galectin-3. Renal handling of galectin-3 may be altered 
in patients with HF, a phenomenon that has been described for other biomarkers such 
as N-Terminal-pro B-type Natriuretic Peptide (NT-proBNP) and neutrophil gelatinase-
associated lipocalin (NGAL).21,22 We hypothesized that renal handling of galectin-3 would 
be different in HF compared to healthy subjects. We studied this in a rat model, and by 
measuring plasma and urinary galectin-3 in a well-characterized cohort of 101 chronic 
HF patients, comparing them to 20 control subjects and 105 hemodialysis (HD) patients.

MeTHoDs

experimental studies of galectin-3 clearance

Recombinant galectin-3 production
Human recombinant galectin-3 was produced by Escherichia coli (BL21(DE3) RIL) 
containing a specific plasmid (pet28b) encoding human full length galectin-3. Recom-
binant galectin-3 was collected and purified via binding to α-lactose-agarose beads 
(Sigma-Aldrich). The purity of the obtained protein was studied by SDS-PAGE followed 
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by Coomassie blue staining and Western blot to exclude any contamination or protein 
degradation. We removed endotoxins via a column method (ActiClean Etox; Sterogene 
bioseparations, USA); in our experiments, the endotoxin levels were kept below 10 
EU/mg. Quality control-endotoxin contamination was routinely checked by LAL assay 
(Lonza).

Animal studies
Animals were housed under standard conditions. All animal studies were approved by 
the Animal Ethical Committee of the University of Groningen, The Netherlands, and 
conducted in accordance with existing European Commission guidelines for the care 
and use of laboratory animals (reference number 6474).

First, we conducted an acute experiment, where we intravenously injected either a 
bolus of human recombinant galectin-3 or saline in Sprague Dawley (SD) rats (n = 3/
group). After infusion, we sampled blood at different time points over a period of 24 
hours. Blood samples were centrifuged for 10 minutes at 2000g within 1 hour after col-
lection, and plasma was obtained to measure levels of galectin-3. The results were used 
to calculate the clearance and the volume of distribution of galectin-3 in rats by Iterative 
Bayesian Two-Stage analysis using the program MultiFit (written by J.H. Proost).23 These 
calculations were performed to estimate the continuous infusion rate of galectin-3 
resulting in a steady-state plasma level of 25 ng/mL during long-term infusion. Lastly, 
we conducted a longer-term experiment of galectin-3 infusion to assess the effects of 
chronic galectin-3 clearance in healthy animals. An osmotic minipump (Alzet, Cupertino 
CA, type 2ML4) filled with either recombinant galectin-3 or saline was implanted intra-
peritoneally in SD rats. After four days we sampled blood and started to collect 24-hour 
urine. The plasma and urine galectin-3 concentration were measured on both samples. 
(control n = 3; galectin-3 infusion n = 3). Inhalation of isoflurane 2% was used for all the 
anesthesia throughout the study.

Patient populations

We analyzed baseline plasma and urine samples from three cohorts: 1) 101 stable chronic 
HF patients; 2) 105 stable patients with end-stage renal disease (ESRD) who were on HD; 
and 3) 20 control subjects. The HF patient cohort has been described in detail previously 
(Clinical trial identifier NC T01092130).24 In brief, 101 HF patients ≥ 18 years of age and an 
LVEF<45% were included, who received optimal HF medication (including angiotensin-
converting enzyme inhibitor (ACEi) or angiotensin receptor blocker (ARB), β-blocker, 
and mineralocorticoid-receptor antagonist (MRA), when indicated), and randomized to 
vitamin D (2,000 IU daily) or control for six weeks. The HD patient cohort has also been 
described in detail elsewhere.25 These patients received HD for at least three months on 
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a three time per week schedule and had a left ventricular ejection fraction (LVEF) of 50% 
(±10). Additionally, 20 healthy subjects were randomly selected from a large population 
cohort12 and served as controls. Healthy was defined as the absence of the self-reported 
cardiovascular disease or cancer, and currently not being prescribed medication.

These studies and the current analyses have been performed conform with the Decla-
ration of Helsinki; all three study protocols were reviewed and approved by the local 
Institutional Review Board, and all study subjects provided written informed consent.

Biochemical measurements

Hematology, chemistry, and urinalysis were performed by routine clinical chemistry 
on the day of the visit. Blood of the HD patients was drawn prior to hemodialysis after 
a period of two days prior to HD treatment. Plasma and urine galectin-3 levels were 
determined by an ELISA developed by BG Medicine (Galectin-3 assayTM, BG Medicine, 
Inc., Waltham, USA). This assay is US Food and Drug Administration approved, and 
has a high sensitivity (lower limit of detection 1.13 ng/mL) and has no cross-reactivity 
with collagens or other members of the galectin family. Calibration of the assay was 
performed according to the manufacturer’s recommendation and values were normal-
ized to a standard curve.11 Commonly used medication like ACEi, β-blockers, MRAs, 
diuretics, acetylsalicylic acid, warfarin, coumarines, and digoxin have no interference 
with the assay. Two standard controls were included in all plasma runs: a lower control 
(expected value 13.0 to 23.1 ng/mL) and an upper control (expected value 48.9 to 81.5 
ng/mL).The average lower control values were 21.9±0.65 ng/mL, and the average upper 
control values were 71.3±1.33 ng/mL. We observed in our plasma control samples an 
intra-variability in coefficient of variation (CV) of 6.3% and an inter-variability in CV of 
2.4%. Plasma aldosterone concentration (PAC) was measured using an ELISA kit (Alpco, 
Salem, NH, USA) and the results are reported in pg/mL. The lower detection limit was 10 
pg/mL. Intra-assay precision has been reported as 6.6% and inter-assay precision has 
been reported as 9.6%.26

Renal galectin-3 parameters

24-hour urine was collected from all HF patients and control subjects. We calculated cre-
atinine clearance (expressed as mL/min) using the formula: ((Ucreat * Vurine) / Pcreat), where 
Ucreat stands for urine creatinine concentration, Vurine for 24hr urinary volume and Pcreat for 
plasma creatinine concentration. This value is used as glomerular filtration rate (GFR). 
We also calculated estimated GFR (eGFR) with the simplified modification of diet in renal 
disease (MDRD) formula and the chronic kidney disease-epidemiology (CKD-epi) for-
mula,27 to asses if the use of different formulae would alter the study results. Creatinine 
clearance of HD patients was by definition 0 mL/minute, because these patients were 
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anuric. We expressed urine galectin-3 concentrations as per gram urinary creatinine to 
account for differences in concentration due to urine dilution or concentration.

Various calculation methods to assess different stages in the filtration process of the kid-
ney were used. These methods have previously been used by our department regarding 
NT-proBNP.21 The theoretical amount of freely filtered galectin-3 by the glomerulus to the 
tubules was calculated by: GFR x Pgalectin-3 (= filtered load, expressed as µg/24h). The actual 
urinary galectin-3 excretion was calculated as: Ugalectin-3 * Vurine (expressed as µg/24h). The 
renal clearance of galectin-3 was calculated as: ((Ugalectin-3 * Vurine)/Pgalectin-3 (expressed as 
mL/min). To examine the proportion of the filtered load that is excreted we calculated 
the fractional galectin-3 clearance: (renal clearance of galectin-3/ GFR) x 100%.

Since it has been reported that aldosterone is closely linked with galectin-3,28 and al-
dosterone antagonists play a central role in treatment of HF,29 we evaluated if plasma 
aldosterone modulates the renal handling of galectin-3 in HF.

Galectin-3 levels before and after the dialyser

To provide further clarification of the percentage of galectin-3 filtered by the kidney, we 
conducted an experiment using bicarbonate hemodialysis with a low-flux polysulfone 
hollow-fiber dialyzer (F8; Fresenius Medical Care) during a standard HD session after a 
two day break of HD treatment. Two different samples were taken from 16 HD patients 
after 30 minutes of hemodialysis: 1) unfiltered blood flowing towards the artificial kid-
ney; and 2) filtered blood immediately after the artificial kidney, in which galectin-3 and 
creatinine concentrations were measured.

statistical analyses

Continuous variables with a normal distribution are expressed as means ± SEM. Nominal 
variables are expressed as n (%). Variables that are not normally distributed are expressed 
as medians with interquartile ranges [IQR]. Galectin-3 levels were correlated with other 
variables using Spearman’s rank correlation coefficient. Data with a normal distribution 
was compared with Student t tests, while data with skewed distribution were compared 
by means of the Mann–Whitney U tests, and categorical clinical variables were com-
pared with the Fisher exact test. One-way ANOVA was performed to analyze differences 
for multiple-group comparisons, followed by Bonferroni post hoc analysis. Analysis on 
repeated measurements were performed using the Student’s paired 2-tailed t test. All 
reported P values are 2-tailed, and values of P < 0.05 were considered statistically sig-
nificant. Analyses were performed with Statistical Package for Social Sciences software 
(SPSS version 20.0.0.1 for Windows, SPPS Inc, Chicago, Ill). The authors had full access to 
and take full responsibility for the integrity of the data.
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ResUlTs

Galectin-3 clearance experiment

We first ascertained that the ELISA detected human recombinant galectin-3, whereas 
it should not detect endogenous rat galectin-3, thus allowing reliable detection of the 
infused recombinant human galectin-3 in rats. The course of plasma galectin-3 concen-
tration in rats over a period of 24 hours after an intravenous bolus infusion of human 
recombinant galectin-3 is displayed in Figure 1A. We did not detect any human recombi-
nant galectin-3 in the plasma of saline-infused rats. On the basis of these results, we de-
termined that galectin-3 plasma clearance is 0.92 mL/min with a volume of distribution 
of 90 mL. We then conducted an experiment in which we infused human recombinant 
galectin-3 continuously for the duration of four days. After four days, steady-state galec-
tin-3 levels were 23.1 (±4.9) ng/mL. The mean concentration of galectin-3 measured in 
24h urine was 27.2 (±8.1) ng/mL (Figure 1B). From these experiments, we conclude that 
galectin-3 can be cleared by the kidney, albeit incompletely. We controlled for purity 
with Coomassie blue staining and Western blot staining regarding the infused recombi-
nant human galectin-3 (Figure 1C).

Patient populations

Baseline characteristics of the HF patients, HD patients and control subjects are present-
ed in Table 1. The healthy controls differed substantially and significantly from HF and 
HD patients, with respect to cardiovascular risk factors such as smoking and diabetes, 
the use of medication, and biochemical variables. Overall, the mean age of all study par-
ticipants was between 55 and 75 years and 60% were male. The HF patients were mostly 
categorized in New York Heart Association (NYHA) class II (90%) and had a mean (SD) 
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figure 1. experimental data
a Displays the galectin-3 concentration over time after a single bolus i.v. injection (3 rats/group; saline 
infused rats are not displayed because they did not show any recombinant-human-galectin-3); B Displays 
the plasma and urine galectin-3 level of rats receiving a continuous infusion of galectin-3 via an osmotic 
minipump (n=3), not significant; C Staining of recombinant human galectin-3, CB = Coomassie Blue stain-
ing; WB = Western Blot
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left ventricular ejection fraction (LVEF) of 35% (±8). All HF patients received background 
therapy according to the current European Society of Cardiology guidelines: ACEi/ARB: n 
= 101 (100%), β–blockers: n = 98 (97%), MRAs: n = 29 (29%), and diuretics (mostly furose-
mide): n = 49 (49%). The HD patients received ACEi/ARB: n = 10, 9.5% and β–blockers: n = 
60, 57%. By protocol, the control subjects received no medication. GFR was significantly 
lower in HF patients compared to controls (96 vs. 124 mL/min; P = 0.002).

Renal handling

Plasma galectin-3 in HF patients was significantly higher compared to control subjects 
(16.6 ng/mL [14.5-19.3] vs. 9.7 ng/mL [8.9-12.4], respectively, P < 0.001). In contrast, the 
median urine galectin-3 levels in HF patients were similar to controls (28.1 ng/mL [19.7-
49.5] in controls vs. 35.1 ng/mL [21.2-50.3] in HF, P = 0.830). After correction for urinary 
creatinine the difference in urine galectin-3 remained non-significant (P = 0.983, Figure 
2). As a consequence, the calculated renal galectin-3 clearance was higher in control sub-
jects compared to HF patients (3.9 mL/min [2.3-6.4] vs. 2.3 mL/min [1.5-3.4], P = 0.005). 
We observed that creatinine clearance was inversely correlated with plasma galectin-3 

Table 1. Baseline characteristics of the study patients

Variables Hf Patients
(n=101)

Hemodialysis
Patients (n=105)

Control
subjects (n=20)

P-value

Age, y 64 ± 10 63 ± 16 58 ± 4 0.17

Male, n (%) 93 (93) 68 (65) 15 (75) 0.039

NYHA class II/III 89/11 NA NA NA

Diabetes mellitus, n (%) 14 (14) 23 (21.9) 0 <0.001

Current smoking, n (%) 22 (22) NA 0 <0.001

LVEF, % 35 ± 8 50 ± 10 NA <0.001

Systolic blood pressure, mm Hg 118 ± 18 141 ± 25 119 ± 11 <0.001

Diastolic blood pressure, mm Hg 72 ± 12 81 ± 18 71 ± 8 <0.001

Serum creatinine, µmol/L 90 ± 18 NA 78 ± 13 0.005

Creatinine Clearance , mL/min 96 ± 16 0 124 ± 11 <0.001

Plasma NGAL, ng/mL 93 ± 74 NA 43 ± 40 0.004

Hematocrit, % 43 ± 4 35±4 41 ± 04 <0.001

Medication

ACEi/ARB, n (% use) 101 (100) 10 (10) 0 <0.001

β-Blocker, n (% use) 98 (97) 60 (57) 0 <0.001

Loop Diuretic, n (% use) 49 (49) 0 0 <0.001

Mineralocorticoid receptor antagonist, n (% use) 29 (29) NA 0 <0.001

NYHA, New York Heart Association; NGAL, Neutrophil gelatinase-associated lipocalin; Ht, Hematocrit; LVEF, 
left ventricular ejection fraction; ACEi, angiotensin converting enzyme-inhibitor; ARB, angiotensin II recep-
tor blocker; GFR, glomerular filtration rate; n: number of subjects.
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levels in all subjects combined (r = -0.315, P = 0.001). Fractional galectin-3 clearance was 
significantly lower in HF patients compared to the control subjects (2.4% [1.7-3.7] vs. 
3.0% [1.9-5.5], P = 0.018) (Figure 3A and 3B) (Table 2). Same results were observed when 
calculations were made with the sMDRD and the CKD-epi formulas (not shown).

To address the issue of potential confounding, we conducted further analyses. We ana-
lyzed the differences between HF patients and controls, by stepwise correcting for age, 
diabetes, smoking status and gender. We observed that correction for these individual 
factors appears to attenuate the numerical and statistical differences between HF pa-
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tients and controls, however, in all sub-analyses we always observed that in HF patients 
plasma galectin-3 is elevated, while urinary galectin-3 is not, resulting in decreased 
galectin-3 clearance (Supplemental Tables S1 through S7). A final analysis in which we 
corrected for age, gender, diabetes, ánd smoking resulted in a comparison between 26 
HF patients vs. 15 healthy controls, shown in Table 3. In this subset of HF patients and 
controls, plasma galectin-3 remained elevated in HF patients, and urinary galectin-3 was 
comparable between HF patients and controls, while the difference in galectin-3 clear-
ance and fractional galectin-3 excretion was no longer significant between HF patients 
and controls.

Table 3. Parameters of plasma and urine galectin-3 after correction for potential confounders

Variables Hf Patients
(n=26)

Control subjects
(n=15)

P-value

Age 58 ± 4 57 ± 4 0.462

Gender male (%) 26 (100) 15 (100) NA

Diabetes 0 (0) 0 (0) NA

Smoking 0 (0) 0 (0) NA

Plasma galectin-3 (ng/mL) 15.1 (13.6-18.0) 9.7 (8.7-12.1) <0.001

Urinary galectin-3 (ng/mL) 28.0 (21.5-44.6) 39.7 (22.5-52.3) 0.376

Urinary galectin-3 (µg/gCr) 34.4 (25.9-53.9) 53.3 (23.6-81.6) 0.347

Urinary galectin-3 (µg/24h) 53.0 (31.7-90.5) 65.6 (37.4-115.9) 0.392

Theoretical filtered load (µg/24h) 1609 (1325-1915) 1164 (750-1529) 0.001

Galectin-3 clearance (mL/min) 2.4 (1.4-3.9) 2.8 (2.0-5.7) 0.142

Fractional galectin-3 clearance (%) 2.2 (1.6-3.2) 2.6 (1.0-4.8) 0.900

Cr indicates urinary creatinine
Age: mean value with standard deviation
Median values with (25th to 75th percentile)

Table 2. Parameters of plasma and urine galectin-3

Variables Hf Patients
(n=101)

Control subjects
(n=20)

P-value

Plasma galectin-3 (ng/mL) 16.6 (14.5-19.3) 9.7 (8.9-12.4) <0.001

Urinary galectin-3 (ng/mL) 28.1 (19.7-49.5) 35.1 (21.2-50.3) 0.830

Urinary galectin-3 (µg/gCr) 38.3 (27.9-65.5) 29.7 (19.3-79.1) 0.983

Urinary galectin-3 (µg/24h) 51.4 (34.3-78.1) 47.5 (31.6-109.0) 0.958

Theoretical filtered load (µg/24h) 1543 (1228-1909) 1297 (839-1580) 0.016

Galectin-3 clearance (mL/min) 2.3 (1.5-3.4) 3.9 (2.3-6.4) 0.005

Fractional galectin-3 clearance (%) 2.4 (1.7-3.7) 3.0 (1.9-5.5) 0.018

Cr indicates urinary creatinine
Median values with (25th to 75th percentile)
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All biochemical analyses were repeated 6 weeks after baseline assessment to confi rm a 
steady-state of galectin-3 handling, and we further examined whether renal clearance 
could be based upon stratifi cation of GFR. These results are presented in Figure 4 and 5. 
We observed a moderate correlation between plasma aldosterone and plasma galectin-3 
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figure 4. Repeated analysis in samples from the same patients 6 weeks after baseline assessment
a Plasma and urinary galectin-3 at baseline and at 6 weeks; B Scatterplot of plasma galectin-3 levels at 
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126 Chapter 5

levels in HF patients (r = 0.360, P < 0.001). Furthermore, increased plasma aldosterone 
showed a significant association with lower urinary galectin-3 excretion (P = 0.028; r = 
-0.311). Additionally, HF patients who received diuretics (49%) had significantly higher 
plasma aldosterone levels and plasma galectin-3 levels; 44% of the patients on diuretics 
showed both aldosterone and galectin-3 levels above median (Figure 6).
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In HD patients, who by definition have no galectin-3 clearance via the urine, we observed 
elevated plasma galectin-3 levels before HD (median 70.6 ng/mL [54.0-88.3]) compared 
to plasma galectin-3 levels of HF patients and healthy subjects (16.6 and 9.7 ng/mL, 
respectively).

Galectin-3 filtration in HD patients

To study if galectin-3 could potentially be filtered by human glomeruli, we measured 
galectin-3 before and after a dialyzer. The median galectin-3 concentration of blood 
before the artificial kidney was 49.7 ng/mL [33.2-60.4], while after the dialyzer this was 
34.3 [27.6-47.3] (-26%); P < 0.001. To normalize our results, and obtain a reference, we 
also measured creatinine in samples before (719 ±263 µmol/L) and after the dialyzer 
(160 ±68 µmol/L (-449%). We conclude that galectin-3 can be filtered by the dialyzer, 
albeit at a lesser rate than creatinine (Figure 7).

DIsCUssIon

This study is the first to describe that galectin-3 can be measured in the urine of HF pa-
tients, and provides novel insights in renal handling of galectin-3 in healthy and diseased 
human subjects. Renal handling of galectin-3 appears to be altered in HF, as plasma 
galectin-3 is clearly elevated, while urinary levels are comparable to control subjects. As 
a consequence, we demonstrate that fractional galectin-3 clearance is reduced in HF. HD 
patients, with no residual clearance, showed strongly elevated plasma galectin-3 levels. 
Although we clearly have to consider that differences between the HF and HD patients 
and the controls may have confounded our findings, these data shed new light on the 
reported relation between renal function and plasma galectin-3, and the altered renal 
handling of galectin-3 could explain, at least in part, why galectin-3 accumulates in HF 
patients with concomitant renal disease.
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Galectin-3 is a relatively new biomarker that may be used for risk stratification in HF. 
However, several studies reported that the predictive value of galectin-3 might be 
mitigated when renal function is taken into account. Gopal et al. analyzed the relation 
between estimated GFR and galectin-3 in control subjects and HF patients, both with 
preserved and reduced ejection fraction, and showed that in HF patients, levels of 
galectin-3 have a strong correlation with renal function.18 However, these studies were 
descriptive only, and it remains unclear whether galectin-3 elevations are a consequence 
of renal function decline, or that rather the elevated levels of galectin-3 themselves lead 
to further loss of kidney function (and dysfunction of other organs, such as the heart). 
The latter hypothesis is supported by observations in the general population. de Boer et 
al. reported that plasma galectin-3 bears close relation with several parameters of renal 
function, such as serum creatinine, estimated GFR, and cystatin-C.12 In the Framingham 
Heart Study, galectin-3 was shown to predict new-onset HF, and a recent article from 
the same group reported that elevated plasma galectin-3 preceded the development 
of renal disease.20 From this, it has been suggested that galectin-3 is not merely a 
marker of disease, but rather may contribute to the development and progression of 
heart and renal disease.4,12,13,20 Experimental studies provided evidence that high levels 
of galectin-3 have detrimental effects on the kidneys (fibrosis and inflammation),30 and 
this also applies to the heart (fibrosis, cardiac dysfunction),10 the liver (fibrosis),31 and the 
lungs (fibrosis).32 Therefore, it is important to understand how galectin-3 is regulated 
and handled, because sustained elevations may not just be a marker for outcome, but 
may perpetuate disease progression.

Renal dysfunction is very common in HF, and this is accompanied by renal structural and 
functional changes that have proven impact on the HF progression and prognosis.33 Our 
data suggest that renal function also affects galectin-3 handling in patients with HF. We 
speculate that reduced renal clearance of galectin-3 may lead to accumulation of plasma 
galectin-3 levels. The precise details of renal handling are difficult to study in human 
subjects. Due to the molecular size of the galectin-3 molecule, around 27 kDa, it is ques-
tionable if galectin-3 is easily filtered by the glomeruli, but this could be facilitated by 
accurate folding of the protein before filtration. We have conducted several experiments 
to study this. First, we infused human recombinant galectin-3 in rats, and were able, once 
a steady state developed after several days, to measure galectin-3 release in the urine. 
Second, we measured galectin-3 in samples before and after HD, assuming that the 
dialyzer has specifications with regard to galectin-3 that resemble the physiological situ-
ation. We show that galectin-3 seemed to be filtered, however, far less than creatinine. 
However, given the relative high circulating levels – galectin-3 is about a 1000-fold more 
abundant than BNP – we would have expected higher urinary levels of galectin-3 if the 
protein would had been freely filtered. We hypothesize that other mechanisms must play 
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a role. It may be that circulating galectin-3 is bound to polysaccharides that augments 
the size of the complexes and thus further decreases free filtering. However, ancillary 
renal mechanisms likely play a role also (for instance, reabsorption, tubular degradation, 
or active tubular handling). We could speculate that renal injury occurring in HF may 
attenuate adequate tubular re-absorption. However, calculated from the theoretical 
filtered load, we would have expected more galectin-3 present in urine. To further eluci-
date this, further detailed mechanistic studies will be required.

In general, urinary excretion and renal handling of commonly used biomarkers in HF is 
an important topic of interest. For instance, plasma and urinary NT-proBNP have been 
measured before in control subjects, and a chronic HF cohort and a decreased urinary 
concentration of NT-proBNP was reported in chronic HF patients. The reduced urinary 
NT-proBNP excretion was not related to concomitant impairment of GFR, but was associ-
ated with impaired renal perfusion. It was speculated that the reduced excretion could 
be related to altered tubular handling.21

To provide further insights of correlates of urinary excretion of galectin-3 in HF, we studied 
and identified an interesting observation between galectin-3, plasma aldosterone, and 
the use of diuretics. A close relationship between aldosterone and galectin-3 has been 
suggested in experimental studies.28 Chronic use of diuretics is accompanied by recipro-
cal activation of the renin-angiotensin-aldosterone system, and this leads to elevated 
circulating levels of aldosterone.34 However, chronic use of diuretics has been linked 
to progressive glomerulosclerosis and may not always be of benefit to the patient.35 
Clearly, we cannot exclude that the associations between the use of diuretics, elevated 
aldosterone and elevated galectin-3 levels may be confounded by severity of disease in 
this post-hoc analysis. It has however been shown before, that chronic use of diuretics is 
associated with increases in aldosterone levels. From our data, we hypothesize that this 
may be associated with persistent elevations of galectin-3 as well. Elevated galectin-3 
has been linked to HF development and progression, but also to development of renal 
disease. We herein provide evidence that renal clearance of galectin-3 is impaired in HF. 
We captured the potential interactions between galectin-3, aldosterone and cardiorenal 
disease in a hypothetical scheme (Figure 8).

strengths and limitations

This is a relatively small study, and we could not extensively model the statistical correla-
tions of urine galectin-3. Furthermore, the absolute levels of urine galectin-3 cannot be 
compared to other data. We are aware of one other report in prostate cancer patients 
where urinary galectin-3 levels were measured. Unfortunately, a different ELISA was 
used in this study.36 It is, however, the first study which evaluated plasma and urine 
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galectin-3 in the same patient cohorts. We studied control subjects, HF patients and also 
ESRD patients who were on HD, spanning different degrees of renal (dys)function. There 
is an imbalance in clinical characteristics between the three different study groups, 
which could have led to potential confounding. We made effort to fully correct for most 
potential confounders, but this resulted in a very small subgroup with limited power.

PeRsPeCTIVes

Renal handling of galectin-3 appears to be different in HF. Plasma galectin-3 is clearly 
elevated, while urinary levels are similar to control subjects. This may be explained by a 
reduced renal clearance of galectin-3, a lower fractional galectin-3 clearance and this is 
associated with high aldosterone levels and the use of diuretics. This is supported by ex-
tremely elevated galectin-3 levels in HD patients. We conclude that reduced renal clear-
ance of galectin-3 in HF patients may explain, in part, the accumulation and increase in 
plasma galectin-3 in HF. These data help to explain the observed relation between renal 
dysfunction and galectin-3 in HF, but may also provide a novel mechanism as to why 
renal dysfunction has detrimental long-term consequences for HF patients.
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figure 8. The role of Galectin-3 in the cardio-renal syndrome
A hypothetical scheme showing the possible interactions between galectin-3 and aldosterone in cardio-
renal disease.
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sUPPleMenTaRy MaTeRIal

Same analysis in a subset of the cases and controls according to possible confounders (age, gender, diabe-
tes mellitus and smoking status).

supplemental Table s1. Galectin-3 related parameters: full population

Variables Hf Patients
(n=101)

Control subjects
(n=20)

P-value

Plasma galectin-3 (ng/mL) 16.6 (14.5-19.3) 9.7 (8.9-12.4) <0.001

Urinary galectin-3 (ng/mL) 28.1 (19.7-49.5) 35.1 (21.2-50.3) 0.830

Galectin-3 clearance (mL/min) 2.3 (1.5-3.4) 3.9 (2.3-6.4) 0.005

Fractional galectin-3 clearance (%) 2.4 (1.7-3.7) 3.0 (1.9-5.5) 0.018

Median values with (25th to 75th percentile)

supplemental Table s2. Galectin-3 related parameters: females excluded

Variables Hf Patients
(n=94)

Control subjects
(n=14)

P-value

Plasma galectin-3 (ng/mL) 16.4 (14.5-19.2) 9.7 (8.7-12.1) <0.001

Urinary alectin-3 (ng/mL) 29.4 (20.6-50.3) 39.7 (22.5-52.3) 0.536

Galectin-3 clearance (mL/min) 2.3 (1.6-3.6) 2.8 (2.0-5.7) 0.021

Fractional galectin-3 clearance (%) 2.4 (1.7-3.8) 2.9 (1.1-4.9) 0.260

Median values with (25th to 75th percentile)

supplemental Table s3. Galectin-3 related parameters: DM excluded

Variables Hf Patients
(n=87)

Control subjects
(n=20)

P-value

Plasma galectin-3 (ng/mL) 16.2 (14.4-19.0) 9.7 (8.9-12.4) <0.001

Urinary galectin-3 (ng/mL) 28.1 (19.3-47.6) 35.1 (21.2-50.3) 0.790

Galectin-3 clearance (mL/min) 2.3 (1.5-3.3) 3.9 (2.3-6.4) <0.001

Fractional galectin-3 clearance (%) 2.4 (1.7-3.5) 3.0 (1.9-5.5) 0.013

Median values with (25th to 75th percentile)

supplemental Table s4. Galectin-3 related parameters: smokers excluded

Variables Hf Patients
(n=87)

Control subjects
(n=20)

P-value

Plasma galectin-3 (ng/mL) 16.0 (14.4-19.4) 9.7 (8.9-12.4) <0.001

Urinary galectin-3 (ng/mL) 29.0 (19.0-49.0) 35.1 (21.2-50.3) 0.810

Galectin-3 clearance (mL/min) 2.3 (1.4-3.3) 3.9 (2.3-6.4) 0.002

Fractional galectin-3 clearance (%) 2.4 (1.7-3.6) 3.0 (1.9-5.5) 0.026

Median values with (25th to 75th percentile)
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supplemental Table s5. Galectin-3 related parameters: exact age matching

Variables Hf Patients
(n=44)

Control subjects
(n=20)

P-value

Plasma galectin-3 (ng/mL) 15.8 (14.0-19.5) 9.7 (8.9-12.4) <0.001

Urinary galectin-3 (ng/mL) 24.8 (19.7-42.0) 35.1 (21.2-50.3) 0.810

Galectin-3 clearance (mL/min) 2.2 (1.4-3.3) 3.9 (2.3-6.4) 0.004

Fractional galectin-3 clearance (%) 2.0 (1.5-3.0) 3.0 (1.9-5.5) 0.007

Median values with (25th to 75th percentile)

supplemental Table s6. Galectin-3 related parameters: age matched, DM excluded

Variables Hf Patients
(n=41)

Control subjects
(n=20)

P-value

Plasma galectin-3 (ng/mL) 15.8 (13.9-19.3) 9.7 (8.9-12.4) <0.001

Urinary galectin-3 (ng/mL) 24.9 (19.8-41.6) 35.1 (21.2-50.3) 0.418

Galectin-3 clearance (mL/min) 2.3 (1.4-3.3) 3.9 (2.3-6.4) 0.005

Fractional galectin-3 clearance (%) 2.0 (1.5-3.0) 3.0 (1.9-5.5) 0.009

Median values with (25th to 75th percentile)

supplemental Table s7. Galectin-3 related parameters: age matched, DM and smokers excluded

Variables Hf Patients
(n=30)

Control subjects
(n=20)

P-value

Plasma galectin-3 (ng/mL) 15.7 (13.8-19.5) 9.7 (8.9-12.4) <0.001

Urinary galectin-3 (ng/mL) 28.0 (19.9-41.7) 35.1 (21.2-50.3) 0.616

Galectin-3 clearance (mL/min) 2.3 (1.4-3.6) 3.9 (2.3-6.4) 0.056

Fractional galectin-3 clearance (%) 2.1 (1.6-3.2) 3.0 (1.9-5.5) 0.035

Median values with (25th to 75th percentile)
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aBsTRaCT

Heart failure (HF) is a common disease and affects millions of patients worldwide. 
Diagnosis, risk assessment, and treatment of HF are difficult and therefore there is a 
need for additional tools to improve clinical performance. Biomarkers may be helpful 
in this respect. Galectin-3 is a relatively new biomarker that has been shown to have 
strong associations with the development of HF. Galectin-3 plays a role in inflammation 
and fibrosis, which are key elements in the pathophysiology of HF. Circulating plasma 
or serum galectin-3 levels have strong associations with severity of HF and may be used 
to prognosticate or risk-stratify HF patients. Currently, there are several commercially 
available assays that can measure circulating galectin-3. This article describes the role 
galectin-3 plays in HF and its prognostic consequences. We will summarize the technical 
specifications of various manual and automated galectin-3 assays, which may help in HF 
management.
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InTRoDUCTIon

Heart failure

Heart failure (HF) is a common cardiac disease and is estimated to affect around 23 mil-
lion people worldwide.1 People at the age of 40 have a lifetime risk of 20% to develop 
HF.2 The prevalence of HF is on the rise due to the aging population and the increased 
life expectancy owing to better treatment options.

HF is a clinical syndrome that occurs when the heart is unable to deliver oxygen at the 
level that is required by the metabolizing tissues and the simultaneous presence of 
structural changes in myocardial tissue or function. Key symptoms that reflect these 
changes include shortness of breath, fatigue, orthopnea, and physical signs such as 
elevated jugular venous pressure, pulmonary crackles, ankle edema and a displaced 
apex beat. The diagnostic value of most of these symptoms and signs is however limited. 
Many signs of HF are the result of fluid retention or congestion and are readily treated 
with diuretic therapy. To classify the stage of disease based upon function, the New York 
Heart Association (NYHA) functional classification can be used, ranging from NYHA class 
I (no symptoms) to class IV (symptoms at rest).3 It has to be noted that symptom severity 
is not linearly related with ventricular dysfunction. Patients with severe symptoms are 
more likely to be hospitalized or to die, but also patients with mild symptoms have a 
clearly increased risk for hospitalization and death.3 Symptoms may change rapidly - 
deterioration in symptoms indicates increased risk of hospitalization and death, and is 
an indication to seek prompt medical attention and treatment. Reduction of symptoms 
and morbidity, lower mortality and hospital admissions are the major goals in the treat-
ment of HF.

HF is the natural end-stage disease of several types of cardiovascular conditions such 
as coronary artery disease (CAD), myocardial infarction (MI), hypertension, myocarditis, 
uncontrolled arrhythmia such as atrial fibrillation and systemic diseases. Clearly, identifi-
cation of the underlying cardiac problem is crucial for therapeutic options as the precise 
pathology determines the specific treatment used. In response to the index event, the 
heart responds to the imposed stress by a process captured by the term “cardiac re-
modeling”.4 This encompasses myocyte and cardiac hypertrophy to withstand the stress, 
remodeling of the interstitial compartment generally referred to as fibrosis, and changes 
like high influx to other resident or migratory cells such as leukocytes and macrophages. 
Several neurohormonal and inflammatory systems are being activated in the heart 
including the renin-angiotensin-aldosterone system (RAAS),5,6 the sympathetic nervous 
system (SNS),7 and several cytokines such as interleukin-1 (IL1), interleukin-6 (IL6) and 
tumor necrosis factor alpha (TNF-α).8 Although initially aimed at providing coping 
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mechanisms to deal with the excess stress put upon the heart, on the long term, activa-
tion of these “compensatory” mechanisms leads to progressive cardiac remodeling and 
HF development. Studies of these systems and their inadequate activation have resulted 
in the development of inhibitors of the RAAS and the SNS, which have become corner-
stones in the treatment of HF.9,10 In recent decades, the use of intra cardiac defibrillators 
(ICDs) and cardiac resynchronization therapy (CRT) has further improved outcome.11,12 
Despite better treatment options, rehospitalization and mortality rates of HF patients 
are still unacceptably high.13

Although HF is generally regarded as a single disorder, we currently recognize subforms 
within the spectrum. Since long, heart failure has been classified according to its origin, 
for instance ischemic versus non-ischemic or dilated versus hypertrophic. Currently, we 
recognize another two main subtypes of HF, namely HF with reduced ejection fraction 
(HFrEF) and HF with preserved ejection fraction (HFpEF). The relative incidence of HFrEF 
and HFpEF has been evaluated in several community-based cohorts studies, including 
the PREVEND study,14 the Framingham Heart Study,15 and the Cardiovascular Health 
Study.16 Beside the simple differences in ejection fraction, more relevant differences can 
be observed between these subforms of HF. HFpEF patients are mostly elderly people 
and commonly have hypertension, atrial fibrillation, and obesity.17,18 Very different from 
HFrEF, at the moment, there is no evidence-based or efficacious pharmacological strat-
egy to treat HFpEF patients.3 In HFrEF, current guidelines do provide evidence-based 
therapies, however, residual risk remains high.3

So, in spite of a number of potential therapies, HF remains a condition with autonomous 
progression and an accordingly high event rate. A potential explanation for this might 
be that therapies may have been used invariably in inappropriate patient groups in 
clinical trials. It has been postulated that different “drivers” may exist in subgroups of HF 
patients and targeting these drivers with specific therapies might propel understanding 
and prognosis of HF. In such an approach of tailored medicine, certain medications may 
be more beneficial in one sub group compared with others.

Biomarkers may not only be beneficial for risk assessment or improving diagnostic per-
formance of HF, but could be of great potential if they could differentiate the patients 
into categories. The research of biomarkers has exploded over the past decade.19-24 The 
natriuretic peptides (NPs), such as (N-terminal-pro) B-type natriuretic peptide (NT-pro 
BNP) or atrial NP (ANP), have been extensively studied and proved to be excellent 
biomarkers for the diagnosis and the prognosis of HF with reasonable ability to guide 
therapy.25-27 However, NPs have some limitations, and HF-related clinical events are still 
all too common. Therefore, the search for additional biomarkers has attracted consider-
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able attention, and several novel biomarkers for HF have been discovered and described. 
The utility of biomarkers in HF has been reviewed in several recent articles.21-23,28 One of 
these biomarkers is galectin-3,29 a lectin (carbohydrate-binding protein) with intrigu-
ing biology and that can reliably be measured in the plasma or serum as a biomarker 
for HF. Table 1 shows the characteristics of galectin-3 when judged in comparison with 
natriuretic peptides.

Galectin-3

Galectin-3 is a β-galactoside-binding member of the lectin family. Galectin-3 is encoded 
by a single gene, LGALS3, located on chromosome 14, locus q21–q22,30 has a carbohy-
drate recognition-binding domain (CRD) and an N-Terminal, is 30 kDa of size and can bind 
specific β-galactosidases.31,32 Upon ligand binding, galectin-3 acts on fibroblast that turn 
into myofibroblast by differentiation, with subsequent collagen production.33-35 It has 
also been associated with cell-cell interaction, for example, in wound healing,36 but also 
in formation of cancer and metastases.37-39 Also extra-cardiac production of galectin-3 
has been reported.40 Furthermore, galectin-3 has a role in the inflammatory response 
and alternative macrophage activation.41 Inflammation is an important factor in cardiac 
remodeling and HF. Besides pro-inflammatory cytokines and cytokine receptors, mol-
ecules that are released by macrophages and monocytes such as galectin-3 correlate 
with disease severity and are predictive for worsening HF.42 If, and to what extent, the 
pro-inflammatory role of galectin-3 plays a role in HF is currently unknown. Galectin-3 
seems to play an important role in both processes.43 Finally, galectin-3 has established 
effects in cardiac remodeling and HF development, as discussed below.

Galectin-3: pre-clinical data on its role in cardiac remodeling

A microarray study using transgenic hypertensive HF-prone rats (Ren-2 rats), showed 
that galectin-3 was the most overexpressed gene in the transition from compensated 
toward decompensated HF.33 Various other glycoproteins like laminin, collagen, synexin 
and integrins in the extracellular matrix that may interact with galectin-3 were com-
monly activated during cardiac remodeling in the Ren-2 rats.21 Further experiments 
showed that continuous infusion of galectin-3 for 4 weeks into the pericardial sac in-

Table 1. The utility of galectin-3 as a biomarker in heart failure compared to natriuretic peptides 
(adapted from van Kimmenade et al.76)

Criteria natriuretic peptides Galectin-3

Sensitive (diagnosis) ++++ -

Prognosis ++++ ++

Therapy guidance ++ ?

Cardiac production Solely Not exclusively
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duced cardiac remodeling, myocardial fibrosis and cardiac dysfunction, with depressed 
left ventricular ejection fraction (LVEF), fractional shortening and increased lung-weight 
to body-weight ratio compared to rats receiving placebo infusion. They also found an 
increase in collagen volume, especially collagen type I.33 The role of galectin-3 in fibrosis 
formation was further intensively studied using mice deficient for the gene-encoding 
galectin-3 (Gal3KO mice). In Gal3KO mice, fibrosis formation was almost completely pre-
vented in a model of liver fibrosis and also in a model of kidney fibrosis.35,44 In a model of 
unilateral uninephrectomy, Gal3KO mice showed reduced collagen deposition and less 
macrophage influx although expression levels of TGF-β and Smad 2/3 phosphorylation 
were comparable. More importantly, we have recently shown that Gal3KO mice sub-
jected to various modes of cardiac stress also were resilient to myocardial fibrogenesis.34 
On the same note, we observed that pharmacological inhibition of galectin-3 reduced 
fibrosis in Ren-2 rats.34 From this, it appears that galectin-3 is an important factor in the 
pathophysiology of fibrotic disease, including heart disease and HF. Further research 
is necessary to study if direct targeting or inhibition of galectin-3 is feasible and could 
play a role in HF treatment. Aldosterone has also been linked to galectin-3 and forma-
tion of fibrosis. In a mouse model with elevated angiotensin II and aldosterone, the 
mineralocorticoid receptor antagonist eplerenone lowered galectin-3 expression in the 
myocardium.45 In other models of HF associated with elevated angiotensin II, it has also 
been observed that galectin-3 levels are elevated.46-48 The interaction between aldoste-
rone antagonists and galectin-3 is currently under investigation.

Galectin-3 - clinical data

General population
The first observation study on the predictive role of galectin-3 in the general popula-
tion described 7,968 subjects (mean age 50 years, 50% males), which were enrolled in 
the Prevention of Renal and Vascular End-stage Disease (PREVEND) cohort. Galectin-3 
predicted all-cause mortality and was associated with age and general risk factors of 
cardiovascular disease. In the Framingham Offspring Cohort (3353 participants, mean 
age 59 years, 47% males), higher concentrations of galectin-3 were associated with 
increased risk for incident HF and mortality. In both studies, the circulating levels of 
galectin-3 were between 10-14 ng/mL.49,50

Acute heart failure
The first report on the value of galectin-3 as a biomarker for HF dates back to 2006. 
In predicting the 60-days mortality, galectin-3 showed better prognostic value than 
NT-proBNP51 in the ProBNP Investigation of Dyspnea in the Emergency Department 
(PRIDE) study. In another cohort of acute HF, the Coordinating study evaluating Out-
comes of Advising and Counseling in Heart failure (COACH) study, baseline galectin-3 
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levels (sampling at discharge after event), had strong prognostic value, also when cor-
rected for age, sex, BNP, renal function and DM. Combination of galectin-3 and BNP may 
be useful in patients with either one of these biomarkers at a low level. This may be 
explained by the notion that both biomarkers mirror different aspects of the disease: 
fibrosis (galectin-3) versus wall stress (NT-proBNP). Galectin-3 seems to be a more stable 
marker overtime.52 Another interesting observation in this analysis was that galectin-3 
appeared to have particularly strong predictive value in HFpEF patients compared to 
HFrEF patients.53 This observation is supported by a long-term follow-up of the PRIDE 
cohort, where galectin-3 significantly correlated with echocardiographic parameters of 
diastolic function.54 This observation connects the theory of galectin-3’s involvement in 
collagen deposition, fibrosis formation and progressive stiffening of the cardiac muscle, 
which affects the diastolic function of the heart.55

Chronic heart failure
Currently, several articles have been published about the value of galectin-3 in chronic 
HF (CHF) patients. The first study was the Deventer-Alkmaar HF (DEAL-HF) study,56 a study 
of CHF patients with NYHA classes III and IV who were followed for approximately 6.5 
years. Plasma galectin-3 was significantly associated with mortality. These observations 
were confirmed in a smaller study with CHF patients of NYHA classes II-IV. Galectin-3 
was a significant predictor of mortality, also after correction for NT-proBNP. Galectin-3 
levels were correlated with NYHA class, but not to the etiology of HF.57 Plasma galectin-3 
and echocardiographic measurements were assessed in a CHF patient cohort. Higher 
galectin-3 was associated with more advanced age, poor renal function and predicted 
all-cause mortality. In multivariate analysis, galectin-3 remained an independent predic-
tor of all-cause mortality after adjusting for age, estimated glomerular filtration rate, 
LVEF, and mitral early diastolic myocardial relaxation velocity at septal mitral annulus. No 
relation between galectin-3 and echocardiographic measurements were found.58

Several other post-hoc analyses from large CHF studies, including the Controlled Rosuv-
astatin Multinational Study in Heart Failure (CORONA), the HF - A Controlled Trial Investi-
gating Outcomes in Exercise TraiNing (HF-ACTION), and the Valsartan Heart Failure Trial 
(Val-HeFT), and several more studies, all have confirmed the potential role of galectin-3 
for the purpose of prognostication and risk stratification.59-61 Most studies reported an 
independent value of galectin-3 when added to currently used tools for risk stratification, 
however, important confounders of galectin-3 that were reported were age, sex, renal 
function, and NT-proBNP and this requires further study. Whether increased galectin-3 
levels are primarily due to cardiac production, or due to extra cardiac production as well, 
is not completely understood. Patients who had high levels of galectin-3 before total 
artificial heart (TAH) implantation showed no significant changes in galectin-3 levels 30 
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days after the TAH implantation,62 an observation suggesting extracardiac production of 
galectin-3 in patients with end-stage HF. However, higher galectin-3 levels still predicted 
adverse outcome.62

When comparing all currently published studies (general population, acute HF, chronic 
HF) with galectin-3 plasma levels and mortality, we observed a clear association be-
tween the galectin-3 levels, and annual mortality, displayed in Figure 1.

Furthermore, Figure 2 displays median galectin-3 levels (with interquartile ranges) of 
different cohorts, which comprises the general population, (acute and chronic) HF, and 
hemodialysis patients.63 Between cohorts comprising seemingly identical patients, ga-
lectin-3 levels varied substantially. This could imply that in these cohorts some patients 
are more “galectin-3 driven” than others. It is interesting to speculate that patients with 
galectin-3 driven disease may benefit from specific treatment options.

Diagnostic tests for galectin-3 measurements

General considerations
Blood should be collected using standard venous blood collection techniques. Serum or 
EDTA plasma may be used in all tests described. Samples with visible haemolysis should 
not be used as falsely elevated galectin-3 levels will occur. If necessary, then serum or 
plasma may be stored for future analysis. Galectin-3 in human EDTA-plasma and serum 
has been shown to be stable for nine freeze-thaw cycles after storage at -20°C or -70°C.

BG Medicine
The Galectin-3 ELISA kit by BG Medicine (BGM) is a microtiter plate-based ELISA validated 
for the quantitative determination of galectin-3 levels in serum and EDTA plasma, with a 
required sample volume of 30 μL. It uses two monoclonal antibodies against galectin-3. 
The capture antibody is a rat monoclonal anti-mouse galactin-3 antibody and is pre-

Median plasma galectin-3 levels [ng/mL]
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coated onto the surface of the wells in a microtiter plate. After binding of this antibody, 
galectin-3 is attached to the well while rinsing of the sample removes any unbound 
compounds and residual sample.

A second provided antibody, which is added later on, is the mouse monoclonal anti-
human galectin-3 antibody. It is labeled with horseradish peroxidase (HRP) and acts as a 
tracer, used to visualize the galectin-3 molecules that have settled to the well’s surface. 
During incubation of the second antibody, an antibody-antigen-antibody complex is 
formed. Before the results can be read-out, a tetramethylbenzidine (TMB) substrate 
is added, inducing a blue color in the presence of HRP. This process is stopped when 
sulfuric acid is added; the intensity of the color can then be read at an absorbance of 
450 nm. The absorbance is proportional to the galectin-3 levels in the specimens. The 
test results of the specimens are read from the standard curve; the concentrations are 
expressed in ng/mL.   The specificity, coefficients of variation (CVs), and normal values 
have been published  elsewhere.64,65

figure 2. Galectin-3 plasma levels and interquartile ranges in different cohorts
The variety between the galectin-3 levels in different cohorts. General population: PREVEND50 – Prevention 
of REnal and Vascular ENd-stage Disease; Framingham49; HF-ACTION60 - Heart Failure: A Controlled Trial In-
vestigating Outcomes of Exercise Training; PRIDE54 - the ProBNP Investigation of Dyspnea in the Emergency 
Department; Val-HeFT61 - The Valsartan Heart Failure Trial; VitD-CHF6 – Vitamin D Chronic Heart Failure; 
DEAL56 - Deventer–Alkmaar Heart Failure Study; CORONA59 - Controlled Rosuvastatin Multinational Trial in 
Heart Failure; COACH53 - The Coordinating Study Evaluating Outcomes of Advising and Counseling in Heart 
Failure; CARE-HF74 - Cardiac Resynchronization in Heart Failure; End Stage Kidney Disease patients: 4D63 - 
Die Deutsche Diabetes Dialyse Studie (English: The German Diabetes Dialysis Study). Green dot: General 
population cohort; Orange dot: Heart Failure cohort; Red dot: Diabetes cohort
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aRCHITeCT assay

Sample collection
One advantage of the sample collection of the ARCHITECT is that only a small amount 
of EDTA-plasma or human serum is needed in comparison with the other automated 
devices, namely only 25µL (excluding the dead volume).

Assay methodology
The ARCHITECT galectin-3 assay is a chemiluminescent microparticle immunoassay 
(CMIA) for the quantitative determination of galectin-3 in human serum and EDTA 
plasma samples. The ARCHITECT  iSystem is used for execution of the assay, and  two 
Abbott ARCHITECT systems may be used, the  i1000SR and the  i2000SR. The ARCHITECT 
i1000SR analyzer is one of the immunoassay members of the ARCHITECT family, and 
this system is designed for lower – mid volume laboratories and for integration with 
the c4000 chemistry analyzer. The ARCHITECT i2000SR provides immunoassay testing 
with increased sample and reagent capacity. Each i2000 module will perform up to 200 
tests per hour with up to 25 reagents onboard. ARCHITECT i2000SR can be integrated 
with the ARCHITECT c8000 or ARCHITECT c16000 to consolidate clinical chemistry and 
immunoassay on one platform. The dimensions of the machine in inches are, height 
x width x depth, respectively 48 × 61 × 49. The assay can be performed in 2 testing 
modes, STAT with short turnaround time of 18 minutes and ROUTINE with turnaround 
time of 28 minutes. In an automated process, the ARCHITECT uses chemiluminescent 
immunoassay (Chemiflex®) technology that incorporates acridinium with a derivative 
tracer. After sample incubation and rinsing of the sample, a decomposition reaction 
occurs with the acridinium. The read-out is measured via relative light units after the 
emitted chemiluminescence signal is amplified. The larger the concentration of the ga-
lectin-3 in the sample is, the higher the emission of photons. In the ARCHITECT iSystem, 
25 different reagent packs can be loaded and stored in an incorporated refrigerated 
unit. Test results can either be transmitted via a bi-directional interface to a central data 
repository or stored in memory of the analyzer computer. An advantage of this analyzer 
is the robotic sample handler, which allows both reagents to load while the analyzer is 
in the middle of the testing process and ensures preemptive priority for STAT sampling 
over routine samples. The ARCHITECT uses the same monoclonal antibody as well as the 
same capture antibody and conjugate used in the BG Medicine ELISA kit.66,67

A family of ARCHITECT assays
The galectin-3 ARCHITECT assay is part of the ARCHITECT assays, a family with more 
FDA-cleared assays for measuring biomarkers linked to cardiac disease. For example 
BNP, CK-MB, Myoglobin, and Troponin-I. All these measurements can be assessed in 
the i1000SR and the i2000SR. With this family of assays, detection of different cardiac 
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parameters can be measured using the same methodology and equipment, making it 
practical, convenient, as well as rapid and reliable.

Research & Development (R&D)

The R&D ELISA uses the exact same technique as used in the BGM ELISA, namely a 
quantitative sandwich enzyme immunoassay with a specific monoclonal antibody 
for galectin-3. Samples are pipetted into precoated wells and any galectin-3 present 
is bound by the immobilized antibody. After washing, an enzyme-linked polyclonal 
antibody specific for galectin-3 is added to the wells. Following another washing step, a 
substrate solution is added to the wells and color intensity develops in proportion to the 
amount of galectin-3 present. The requested sample volume is 50 μL. No information is 
available about the antibodies used. Since the standard curve is substantially different 
from the BGM ELISA, we assume different solutions are used, but no details are provided 
in the PDF forms that are publicly available.68

Biomérieux: VIDas

VIDAS is an automated quantitative test to determine the human galectin-3 in serum or 
plasma using the Enzyme-Linked Fluorescent Assay (ELFA) technique. The VIDAS uses 
an immunoassay sandwich, which is combined with fluorescent detection. The VIDAS 
immunoassay testing system uses a solid phase receptacle (SPR) and a ready-to-use 
reagent strip system. The SPR is coated with antigens or antibodies. It acts as a pipetting 
and a solid phase device. At each stage of the reaction, it aspirates the reagents in and 
out. This prevents any inter-reagent or inter-sample contamination during immuno-
assay tests. In addition, the absence of tubing, syringes and needles reduces system 
maintenance. Reagents for the assay are ready-to-use and pre-dispensed in a strip. The 
dimensions of the machine in inches are, height x width x depth, respectively 23 x 39 x 
27.

The sample, with a requested volume of 200 μL, will be drawn in and out of the pipet tip 
into a bath of anti-galectin-3 antibody labeled with alkaline phosphatase. This will allow 
the galectin-3 to bind the immunoglobulins fixed to the interior wall of the SPR and to 
the conjugate in order to form a sandwich. The samples will be rinsed to remove any 
unbound particles.

A detection step is followed by the final step, in which the substrate (4-methyl-
umbelliferyl phosphate) is cycled in and out of the SPR. The ensemble of the conjugate 
enzymes catalyzes the hydrolysis of this substrate into a fluorescent product (4-methyl-
umbelliferone), which can be measured at 450 nm. The emission intensity is representa-
tive for the concentration of galectin-3 present in the sample. The instrument calculates 
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the results, taking the calibration curve as stored in memory into account. Concentra-
tions are expressed in ng/mL. The VIDAS Galectin-3 assay is standardized against the BG 
Medicine Galectin-3 test.69

alere

The assay is performed in 384-well microtiter plate using a Tecan for all liquid handling 
steps. The method is sandwich assay based and uses a biotinylated antigen. The ELISA-
plate needs to be washed three times with borate buffered saline containing 0.02% 
Tween 20 (BBS-Tween). Besides regular samples, test samples (10 µL/well) and a cali-
bration curve are added to the 384-well plate. The calibration curve is prepared gravi-
metrically in plasma from healthy donors. In situation where the sample must be diluted 
to fit within the calibration curve, the calibrators are prepared in a CD8 assay buffer (10 
mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 1 mmol/L MgCl2, 0.1 mmol/L ZnCl2, 10 mL/L 
polyvinyl alcohol (MW 9000–10 000), 10 g/L bovine serum albumin, and 1 g/L NaN3), 
which is also used for sample dilution. The plates are read by a Tecan Infinite. Calibration 
curves will be tested at eight different points tested across the assay plate. The calibra-
tion curve is calculated using a five-parameter logistic fit and sample concentration can 
be determined. The inter- and intra-observer CV is 5% and 12%, respectively, and the 
lower and higher cut-off levels are 0.5 ng/mL and 86.2 ng/mL. For liquid handling of the 
samples and measuring the concentrations, machinery from Tecan is used.70

Table 2 displays all the characteristics of the different galectin-3 tests currently on the 
market. One of the first - and still the most commonly used - diagnostic methods for 
galectins-3 measurements is the BGM ELISA kit. Although this test is routinely used in 
clinical trials, it has one important limitation and that is the duration of the ELISA. It takes 
up to 3.5 hours to perform one test. Collaboration of BGM with Abbott led to the first 
automated platform for galectin-3 measurements, the ARCHITECT.

Which assay to use?

There are differences between the assays, as we describe, and this may steer the choice 
of an appropriate assay. For daily routine, the ARCHITECT assay is an attractive option, 
with short turnaround times, the possibility to have galectin-3 tested in combination 
with several other standard blood tests and the possibility to offer galectin-3 testing 
to several doctors, departments and even hospitals. It does however require a certain 
volume to upkeep the system, its calibration, and to avoid expiration of the (expensive) 
chemicals. In lower volumes centers, the VIDAS assay is more suitable, as it allows rapid 
sampling (e.g. bed side testing) as with ARCHITECT, however, costs will be higher per 
sample, and the tests cannot be run in parallel to other standard blood tests, such as 
hematology, chemistry, or NT-proBNP. Finally, in large cohorts, for instance study co-



Measurement of galectin-3 in heart failure 151

horts, where manual labour is less of a limitation the BGM assay is still a good and cheap 
alternative.

antibodies

Focusing on the three assays mentioned above, it has been reported that the ARCHI-
TECT and the BGM assay both use the same antibodies. Specifically, the capture anti-
body pre-coated on the plate is a M3/38 anti-Galectin-3 rat monoclonal antibody and 
galectin-3 present in the sample will bind this M3/38 antibody. After a wash step, 87/
B5 anti-Galectin-3 mouse monoclonal acridinium-labelled conjugate is added forming 
an antibody-antigen sandwich. Due to proprietary reasons Biomeriéux cannot report 
the details of the VIDAS antibodies. However, the VIDAS assay against is standardized to 
the BGM assay, suggesting that antibodies with identical affinity are being used in both 
assays. A comparison study with the BGM assay (n = 130) shows an excellent correlation 
and agreement between both methods, with minimal bias at the cutpoints of 17.8 and 
25.9 ng/mL.

Table 2. Comparison of galectin-3 diagnostic assays.
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BGM 30 3.5h 3.2 5.6 0.86 1.13 1.32 1.4-94.8 ** # 19.0 22.1 26.2

aRCHITeCT – stat 25* 18min 3.4 4.1 0.8 1.0 4.0 4.0-114.0 ** # 22.4 25.7 27.5

aRCHITeCT - Routine 25* 28min 4.1 4.9 0.8 1.0 4.0 4.0-114.0 ** # 22.4 25.7 27.5

VIDas 200 20min 1.3 5.5 2.2 2.4 3.3 3.3-100 ** # - - -

R&D 50 4.5h 3.9 5.9 - 0.02 - 0.313 - 10 ** # 9.1 9.9 10.6

aleRe 10 - 12 5 - - - 0.5-86.2 ** # - - -

* Plus 50µL dead volume
**No interference with conjugated bilirubin, unconjugated bilirubin, lipidemia, triglycerides, bovine serum 
albumin, cholesterol, creatinine, hemoglobin, Galectin 1, 2, 4, 7, 8, 9, 10, 14, MAC-2BP and common used 
cardiovascular medication; Interference with hemolyzed samples, human anti-mouse antibody, rheuma-
toid factor and verapamil.
# No cross-reactivity with Collagen I and III and 9 other Galectins
§ Percentiles based on general population
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expert commentary

The use of galectin-3 as a biomarker has received increasing interest in the last decade, 
overall and especially in HF (Figure 3). Galectin-3 has received a class IIB recommenda-
tion in the most recent ACC/AHA guidelines for HF, as an aid in prognostication and 
risk stratification of patients with acute and chronic heart failure.71 For proper use and 
interpretation of galectin-3, the use of a reliable and high-throughput assay clearly is a 
strong prerequisite.

Several publications reporting on galectin-3 are difficult to interpret as they used as-
says, which are difficult to compare to the ones we describe in this article.72,73 The large 
majority of published data report on data derived by the BGM ELISA kit, which is the only 
FDA-approved assay for measuring galectin-3. Newer automated (ARCHITECT) or semi-
automated (VIDAS) assays (probably) employ the same antibodies as the BGM assay, 
and are calibrated to it, so should be regarded as high-throughput versions of this assay.

five-year view

The automated galectin-3 assays, such as the ARCHITECT galectin-3 assay, open up a 
new era of galectin-3 testing. This will allow for quick, easy and reliable measurement 
of plasma and/or serum levels of galectin-3. The registered use of galectin-3 is confined 
to prognostication and risk stratification of HF. Although this indication is of interest, we 
foresee several other interesting potential roles for galectin-3. First, a high galectin-3 
may not only be a signal, but rather be a “phenotype” that should prompt doctors to 
order additional tests (renal function, albuminuria, steatosis), and possibly to “act on” 
on this. Further, trials are being launched that will address the question if galectin-3 
might be a tool to guide treatment. So, we speculate that in the future galectin-3 might 
be measured to differentiate subtypes of HF or other cardiovascular or renal disease. 
Finally, besides being a marker for HF, galectin-3 also appears to be a target itself. If anti-
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figure 3. Publications of Galectin-3 over the past years
A, Galectin-3 publications in general; B, Galectin-3 publications in heart failure
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galectin-3 treatments will become available, then follow-up measurements of plasma 
galectin-3 will be needed in monitoring disease development.
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aBsTRaCT

aims

Biomarkers can be used for diagnosis, risk stratification, or management of patients 
with heart failure (HF). Knowledge about the biological variation is needed for proper 
interpretation of serial measurements. Therefore, we aimed to determine and compare 
the biological variation of a large panel of biomarkers in healthy subjects and in patients 
with chronic HF.

Methods and Results

The biological variability of established biomarkers (N-Terminal-pro B-type Natriuretic 
Peptide (NT-proBNP), high-sensitivity troponin T (hsTnT)), novel biomarkers (galectin-3, 
suppression of tumorigenicity 2 (ST2), and growth differentiation factor 15 (GDF-15)), 
and renal/neurohormonal biomarkers (aldosterone, phosphate, parathyroid hormone, 
plasma renin concentration, and creatinine) was determined in 28 healthy subjects and 
83 HF patients, over a period of 4 months and 6 weeks, respectively. The analytical (CVa), 
intra-individual (CVi), and inter-individual (CVg) variations were calculated, as well as 
the reference change value (RCV), which reflects the percentage of change that may 
indicate a ‘relevant’ change.

All crude biomarker levels were significantly increased or decreased in HF patients, 
compared to controls (all P < 0.01). Variation indices were comparable in healthy indi-
viduals and in HF. CVi was not influenced by the individual levels of the biomarker itself. 
NT-proBNP and GDF-15 had relatively high CVi (21.8% and 16.6%) and RCV (61.7% and 
64.3%), whereas ST2 (CVi, 15.0; RCV, 42.9%), hsTnT (CVi, 11.1; RCV, 31.4%), and galectin-3 
(CVi, 8.1; RCV, 25.0%) had lower indices of variation.

Conclusion

Biological variation indices are comparable between healthy subjects and HF patients 
for a broad spectrum of biomarkers. NT-proBNP and GDF-15 have substantial variation, 
with lower variation for ST2, hsTnT, and galectin-3. These data are instrumental in proper 
interpretation of biomarkers levels in HF patients.
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InTRoDUCTIon

Biomarkers are helpful for diagnosis, risk stratification and management of patients. In-
corporation of biomarkers in heart failure (HF) management is therefore recommended 
by the European and American guidelines, with different levels of evidence for various 
biomarkers.1,2

For prognostic purposes, serial measures have been shown to provide superior power 
over a single measurement.3-7 Also, for disease monitoring, serial test results proved to 
be specifically useful.8,9 Ideally, changes over time should reflect clinical improvement or 
disease progression. However, proper interpretation as to whether these changes over 
time are clinically relevant is complex. There are two factors that influence the variability 
of a biomarker: 1) the analytical variability (imprecision of the test); and 2) the biological 
variability (expected variability within a subjects over time).10

Although the concept of biological variation has been established in the 1980s,11 it is 
still evolving.12 One of the key parameters is the so-called reference change value (RCV), 
which is the percentage change in a biomarker within an individual that is necessary to 
reflect a “true” change. This technique was recently employed to define the significance 
of changes in high-sensitivity troponin values in dialysis patients and manifested potent 
prognostic efficacy.13

However, studies on biological variation are relatively scarce, and most have been 
conducted in healthy subjects.14-16 Additionally, it remains questionable if biological 
variation in healthy subjects is identical to biological variation in disease patients. To 
date, few studies have therefore reported on biological variation in patients with HF.17,18

It is currently unknown whether the variation in a diseased population is comparable, and for 
several old and new HF biomarkers, including aldosterone, renin, suppression of tumorige-
nicity 2 (ST2), and growth differentiation factor 15 (GDF-15), biological variation is unknown.

Therefore, our aim was to assess the conjoint analytical and biological variation of clini-
cal established biomarkers N-terminal-pro-B-type natriuretic peptide (NT-proBNP) and 
high sensitivity Troponin-T (hsTnT), the novel biomarkers, galectin-3, ST2 and GDF-15, 
the renal/neurohormonal biomarkers including creatinine, aldosterone, plasma renin 
concentration (PRC), phosphate and parathyroid hormone (PTH) and the tightly regu-
lated electrolyte calcium and sodium, in healthy subjects and in chronic HF patients. 
We determined which increases/decreases over time would be of clinical relevance and 
whether these results differ between healthy subjects and chronic HF patients.
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MeTHoDs

Healthy subjects

The healthy subjects were enrolled locally at the University Medical Center Groningen 
(UMCG). They had no medical history of cardiac disease and reported to be healthy. None 
received medication and all had normal estimated glomerular filtration rate (eGFR) and 
normal values of NT-proBNP. We aimed to include 50% female subjects. A total of 30 
subjects were included in this study to assess biological variation. Blood was drawn at 
five different time points each 4 weeks apart. A complete biomarker set was available in 
28 subjects which were included in our analyses. This study was approved by the local 
Medical Ethical committee (METC 2011.296).

Chronic heart failure patients

The HF patient cohort has been described in detail previously (Clinical trial identifier 
NC T01092130).19,20 In brief, 101 HF patients ≥ 18 years of age and an LVEF <45% were 
included, who received optimal HF medication (i.e. ACE-inhibitor (ACEi) or angiotensin 
receptor blocker (ARB), β-blocker, and mineralocorticoid-receptor antagonist (MRA), 
when indicated). In our sub-study all biomarker measurements were available at three 
time points (3 weeks apart) for 83 subjects.

Both studies and the current analyses have been performed conform with the Declara-
tion of Helsinki; and all study subjects provided written informed consent.

Biomarker assays

The markers NT-proBNP, hsTnT, PTH, sodium, calcium, phosphate and creatinine were 
measured using the Roche Modular system (Roche, Mannheim, Germany). Galectin-3 
was measured with the BG medicine enzyme-linked immunosorbent assay (Waltham, 
MA, USA). Plasma ST2 was measured with the Presage® ST2 Assay (Critical Diagnostics, 
San Diego, CA, USA). The GDF-15 concentrations were determined by a quantitative 
sandwich enzyme immunoassay technique (Quantikine®; R&D Systems, Inc., Minne-
apolis, MN, USA). The PRC was measured using a radioimmunometric assay kit for the 
quantitative determination of active renin (Cisbio International, Codolet, France). Plasma 
aldosterone was measured using a solid phase 125I radioimmunoassay (Siemens Diag-
nostics, the Netherlands). The same assays were used in both cohorts and all samples 
of the same subjects over time were measured at the same time within the same plate.

Mathematical calculations for all biological variation associated parameters

Normally distributed, continuous data are expressed as mean values (± SD). In com-
parisons between groups, differences between mean values of continuous data were 
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calculated using the two-sample t-test. Non-normally distributed continuous data are 
expressed as median values [interquartile range (IQR)], and differences were calculated 
using the Mann–Whitney U-test. Differences in categorical values were calculated using 
Pearson’s χ2 test. We assessed the biological variation by the method of Fraser and Har-
ris.10 The coefficient of variation (CV) is defined as the ratio of the standard deviation (σ) 
to the mean (µ):

CV = σ
μ

 × 100%

The CV can be assessed for the differences between sample measurements (analytical 
variability (CVa)) or between subjects in the same cohort (CVg). The within-individual 
biological CV (CVi) was calculated from the median CV between different time points of 
an individual (CVt) adjusted for the analytical imprecision (CVa).

CVi = (CVt
2 – Cva

2) ½

The index of individuality (II), which can determine whether reference ranges or moni-
toring is appropriate, is calculated as follows:

(CVa
2 + CVi

2) ½ / CVg

The II has been used by many to investigate the utility of conventional population-based 
reference values. For a high II (> 1.4), it has been said that reference intervals will be 
more useful than for a low index (< 0.6).21

The symmetrical limits of the normal RCV were calculated as follows:

RCV = Z × 2½ × (CVa
2 + CVi

2) ½

The Z score = 1.96 which corresponds with a 95% confidence level. With the log-normal 
approach, the median normal deviation of the log-normal distribution (σln) was calcu-
lated from the median CVt (as a decimal value), as described by Fokkema et al.:22

σln = [ln (CVt
2 + 1)] ½

The asymmetrical limits for the upward (positive) value for the log-normal RCV (RCVpos) 
and for the downward (negative) value for the log-normal RCV (RCVneg), were determined 
as:
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RCVpos = [exp ( 1.96 × 2½ × σln ) – 1] × 100

RCVneg = [exp ( - 1.96 × 2½ × σln ) – 1] × 100

We performed linear regression analyses to determine whether an association exists 
between the biomarker value and the variation within an individual.

For all analyses, P-values below < 0.05 were considered to denote significant differences. 
Analyses were performed with Microsoft Excel 2007 and STATA software (version 13.0; 
Stata Corp, College Station, TX, USA).

ResUlTs

Baseline characteristics

Data from 28 healthy subjects were available for the current analyses. The mean (±SD) 
age was 43 (±13) years and 14 (50%) subjects were female. Regarding the chronic HF 
patients, 83 subjects had a complete biomarker set and were therefore eligible for this 
sub-study. Most of the patients (92%) were classified as New York Heart Association 
(NYHA) class II. A full description of the exclusion criteria for the HF cohort is presented 
in the Supplement. These criteria were designed in order to enroll stable HF patients. 
To corroborate further the stability of our HF cohort, we repeated our analysis in those 
patients without an event (HF rehospitalization or all-cause mortality) in ~5 years 
(Supplemental Table S1). Indeed, no differences were observed between patients with 
or without an event, supporting the (very) stable situation of the patients. The patients 
enrolled in this study were randomized to receive 2000 U of 25-hydroxyvitamin D or 
no treatment. We observed no differences for CVi and/or RCV between the two study 
groups (data not shown). Chronic HF patients differed substantially from the healthy 
controls with respect of cardiovascular risk factors such as smoking and diabetes, the 
use of medication, and biochemical variables. The mean (±SD) age was 64 (±10) years 
and 4 (5%) subjects were female. Median [IQR] NT-proBNP was 377 [223-777] pg/mL. The 
baseline characteristics of both cohorts are reported in Table 1.

Biological variation

All biomarkers were significantly different between both groups (Table 2). Nearly 
all biomarkers (except for GDF-15) exhibited a CVa < 5%. Although HF patients were 
stable, the CVg was larger for nearly all biomarkers compared to the healthy controls. 
Only galectin-3 and calcium showed comparable variation within the group (data not 
shown). To investigate further the biological variation, we calculated the CVi for both 
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cohorts and observed no significant differences except for aldosterone, phosphate and 
PTH (Table 3). Comparing the CVi between all the biomarkers, creatinine had the low-
est variation, which was comparable with the tightly regulated electrolyte calcium and 
sodium. Regarding the cardiac markers galectin-3 and hsTnT demonstrated the lowest 
CVi. In healthy individuals, it can clearly be observed that the II was > 0.6 for all the renal/
neurohormonal markers except for creatinine and PTH, which implicates that popula-
tion derived references can be applied.21 This is not the case for the cardiac markers in 
both cohorts, all showing II < 0.6. So, the patient specific set point is more important 
regarding interpretation then the references based upon the population. We calculated 
the RCV to determine the percentage change in serial measurements that would likely 

Table 1. Baseline characteristics of the healthy subjects and the chronic heart failure patients

Characteristics Total (n=28) Total (n=83)

Age (y), mean (SD) 43 (13) 64 (10)

Male, n (%) 14 (50) 79 (95)

SBP (mm Hg), mean (SD) 130 (22) 116 (17)

DBP (mm Hg), mean (SD) 81 (17) 71 (11)

Heart Rate, mean (SD) 72 (12) 68 (10)

BMI (kg/m2), mean (SD) 24 (4) 28 (4)

Hypertension, n (%) - 28 (34)

Hypercholesterolemia, n (%) - 45 (54)

Diabetes, n (%) - 12 (14)

Current smoker 0 (0) 19 (23)

Heart failure history

Ischemic etiology - 60 (72)

NYHA

NYHA II, n (%) - 76 (92)

NYHA III, n (%) - 7 (8)

LVEF (%), mean (SD) - 35 (8)

Treatment

Loop diuretic, n (%) 0 (0) 42 (51)

ACEi/ARB, n (%) 0 (0) 83 (100)

β-Blocker, n (%) 0 (0) 81 (98)

MRA, n (%) 0 (0) 23 (28)

laboratory measurements

Creatinine (µmol/L), median [IQR] 74 [67-83] 89 [80-98]

NT-proBNP (pg/mL), median [IQR] 39 [18-57] 377 [223-777]

Abbreviations: SBP, Systolic blood pressure, DBP, Diastolic blood pressure; BMI, Body mass index; NYHA, 
New York Heart Association Class; LVEF, Left ventricle ejection fraction; ACEi, Angiotensin-converting en-
zyme inhibitor; ARB, Angiotensin II receptor blocker; MRA, Mineralocorticoid receptor antagonist; n, num-
ber of subjects.
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Table 2. all biomarker levels compared between healthy subjects and stable heart failure patients

Controls Heart failure P-value

established biomarkers

NT-proBNP, ng/L 39 [18-57] 377 [223-777] <0.001

hsTnT, pg/mL 3.2 [3.0-4.2] 5.8 [3.0-12.9] 0.001

novel biomarkers

Galectin-3, ng/mL 10.7 [9.3-12.5] 16.1 [14.4-18.8] <0.001

GDF-15, ng/L 356 [292-533] 923 [687-1441] <0.001

ST2, ng/mL 22.0 [19.6-27.4] 27.5 [21.9-33.6] 0.003

Renal/ neuro-hormonal biomarkers

Creatinine, µmol/L 74 [67-83] 89 [80-98] <0.001

Plasma Renin Concentration, ng/L 17 [13-22] 74 [18-200] <0.001

Aldosterone, nmol/L 0.22 [0.18-0.30] 0.25 [0.14-0.40] 0.028

Phosphate, mmol/L 1.2 [1.1-1.3] 1.0 [0.9-1.0] <0.001

PTH, pmol/L 4.7 [3.2-6.2] 6.5 [5.0-9.3] <0.001

electrolytes

Calcium, mmol/L 2.4 [2.4-2.4] 2.3 [2.2-2.3] <0.001

Sodium, mmol/L 145 [143-147] 141 [140-142] <0.001

Table 3. The within-individual (CVi) and the reference change value (RCV) compared between 
healthy controls and chronic stable heart failure patients

Within Individual CV 
(CVi)

Reference Change Value 
(RCV)

Controls CHf P-value Controls CHf P-value

established biomarkers

NT-proBNP 25.1 21.8 0.36 70.7 61.7 0.37

hsTnT 16.0 11.1 0.13 44.9 31.4 0.13

novel biomarkers

Galectin-3 8.1 8.1 0.97 24.6 25.0 0.92

GDF-15 18.9 16.6 0.40 69.9 64.3 0.44

ST2 10.5 15.0 0.09 31.9 42.9 0.13

Renal/ neuro-hormonal biomarkers

Creatinine 4.1 5.0 0.20 12.4 15.0 0.18

Plasma Renin Concentration 30.1 32.6 0.62 83.8 90.8 0.61

Aldosterone 36.6 27.7 0.033 104.2 80.2 0.031

Phosphate 6.9 10.7 0.021 19.8 30.0 0.024

PTH 16.7 22.5 0.019 46.3 62.4 0.019

electrolytes

Calcium 1.7 1.6 0.45 6.6 6.3 0.53

Sodium 1.9 0.8 <0.01 5.9 3.1 <0.01
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repress a true (statistically significant) rise or fall. Comparably with CVi, no differences 
in RCV of the biomarkers were observed between HF patients and controls except for 
aldosterone, phosphate, sodium and PTH. A complete overview of all the biological 
variation indices is presented in Table 4 (healthy subjects) and Table 5 (HF patients). In 
addition, besides the CVi, the RCV is also directly compared between healthy controls 
and HF patients in Table 3.

Biomarker variation over the biomarker spectrum

We assessed whether the degree of variation would be associated with the circulating 
levels of a given biomarker. Therefore we performed linear regression analyses, relating 
the actual baseline biomarker levels to the variation. We observed no clear association(s) 
between the CVi and the level of the biomarker, as displayed in Figure 1 and Supplemen-
tal Figure S1, except for phosphate and sodium.

sample regimen

Timing and frequency of sampling are important factors to be considered when ob-
taining reliable CVi and RCV. To explore this, we performed a sensitivity analysis with 
another sampling regimen, comparing CVi and RCV in controls for five sample time 

Table 4. Biological variation indices for all biomarkers in healthy subjects

log normal

CVa CVi CVg II RCV (%) RCV up RCV down

established biomarkers

NT-proBNP 3.3 25.1 54.0 0.5 70.7 107.0 -48.2

hsTnT 1.5 16.0 51.2 0.3 44.9 83.4 -27.0

novel biomarkers

Galectin-3 3.2 8.1 21.0 0.4 24.6 28.5 -21.3

GDF-15 15.2 18.9 47.6 0.5 69.9 113.3 -43.1

ST2 2.9 10.5 30.4 0.4 31.9 40.9 -25.0

Renal/ neuro-hormonal biomarkers

Creatinine 1.6 4.1 14.4 0.3 12.4 13.3 -11.5

Plasma Renin Concentration 2.3 30.1 41.6 0.7 83.8 154.1 -50.7

Aldosterone 6.2 36.6 34.7 1.1 104.2 199.6 -58.9

Phosphate 1.3 6.9 8.2 0.9 19.8 22.0 -17.6

PTH 1.1 16.7 39.8 0.4 46.3 63.5 -34.8

hsTnT (n=5) 4.4 19.8 56.8 0.4 57.0 78.7 -41.7

electrolytes

Calcium 1.5 1.7 3.2 0.7 6.6 5.0 -4.8

Sodium 0.7 1.9 2.3 1.6 5.9 4.8 -4.5
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points (4weeks in between) with three sample time points (also 4 weeks in between; 
Supplement Figure S2 and Table S2). Collectively, the indices were numerically in the 
same order of magnitude, and statistical differences between healthy controls and 
chronic HF patients were comparable regardless of the sample regimen. However, for 
some markers, there were differences, especially for hsTnT. We conclude, therefore, that 
biological variation indices may fluctuate with the sample regimen, and this should be 
addressed in studies such as ours.
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figure 1. scatter plot with regression line of the intraindividual coefficient of variation (CVi) and the 
log-transformed biomarker level (established and novel).
hsTnT, high-sensitivity troponin T; GDF-15, growth differentiation factor 15; ST2, suppression of tumorige-
nicity 2.
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Biomarker values & gender differences

Table S3 and S4 in the Supplement display the levels of all the biomarkers for the 
complete data set, stratified by sex in both healthy subjects and chronic HF patients. In 
the healthy subjects, NT-proBNP (P < 0.001), PRC (P = 0.013) and creatinine (P < 0.001) 
were significantly different between males and females. In the HF cohort, we observed 
a comparable difference regarding creatinine (P = 0.006). In addition, lower ST2 levels 
(P = 0.008) and higher phosphate levels (P = 0.01) were observed in females compared 
to males.

DIsCUssIon

Although several biomarkers are incorporated in daily clinical care of HF, and the use 
of several others may become more common in the coming years, we have insufficient 
knowledge on biological variation in patients suffering from HF. Such knowledge is 
critical to ascertain whether a given change in biomarker levels indicates if a HF patient 
migrates from a stable phase to a vulnerable phase, with higher risk for (acute) admis-
sion.

Table 5. Biological variation indices for all biomarkers in chronic heart failure patients

log normal

CVa CVi CVg II RCV (%) RCV up RCV down

established biomarkers

NT-proBNP 3.3 21.8 116.3 0.2 61.7 104.9 -40.1

hsTnT 1.5 11.1 96.6 0.1 31.4 42.6 -22.1

novel biomarkers

Galectin-3 3.2 8.1 21.2 0.4 25.0 30.2 -20.1

GDF-15 15.2 16.6 77.1 0.3 64.3 78.2 -38.3

ST2 2.9 15.0 36.9 0.4 42.9 62.7 -31.4

Renal/ neuro-hormonal biomarkers

Creatinine 1.6 5.0 19.6 0.3 15.0 16.5 -13.3

Plasma Renin Concentration 2.3 32.6 222.2 0.1 90.8 180.6 -51.2

Aldosterone 6.2 27.7 91.1 0.3 80.2 139.3 -48.9

Phosphate 1.3 10.7 17.4 0.6 30.0 38.7 -24.3

PTH 1.1 22.5 49.2 0.5 62.4 93.0 -43.3

hsTnT (n=49) 4.4 13.4 70.4 0.1 37.6 52.1 -28.3

electrolytes

Calcium 1.5 1.6 3.3 0.7 6.3 5.4 -5.0

Sodium 0.7 0.8 1.3 0.9 3.1 2.7 -2.6
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Our study provides the indices of biological variation in healthy subjects and chronic HF 
patients. We did not limit our study to a single biomarker but measured the biological 
variation of multiple HF biomarkers which are 1) established 2) have great potential 
and 3) are related to the renal/neurohormonal system. Although the crude levels of the 
biomarkers are significantly different between healthy subjects and stable HF patients, 
a comparable biological variation was clearly observed. Even the CVi was not influenced 
by the individual levels of the biomarker itself. These findings might be similar regard-
ing other patient groups such as patients with kidney disease or high blood pressure, 
although future research needs to unravel this further.

Most studies regarding the biological variation of natriuretic peptides have focused on 
healthy individuals,23,24 but recently several studies addressed biological variation of 
HF biomarkers. Bruins et al.17 focused on natriuretic peptides and demonstrated in 43 
HF patients that NT-proBNP had lower variation compared to BNP. They observed an 
even higher RCV of NT-proBNP compared to our study (98%). Schindler et al.18 dem-
onstrated in 20 controls and 59 HF patients the biological variation of galectin-3, BNP 
and troponin I. The CVi and RCV of galectin-3 were comparable with those of our study 
and they concluded that galectin-3 could be a useful asset in monitoring HF patients 
because of its low biological variation indices. Since they measured BNP and troponin I, 
but neither NT-proBNP nor hsTnT or any other marker, a direct comparison with our data 
is not possible. Finally, Wu et al.16 investigated the biological variation of galectin-3 and 
ST2 in 12 healthy subjects, sampling blood every 2 weeks for 8 weeks. In this study, the 
RCV for ST2 was 30% and for galectin-3 60%, but we could not validate these RCVs. In 
our HF patients, we demonstrated an RCV for galectin-3 of 25% (and of 25% in healthy 
controls). This RCV for HF patients is almost identical to the RCV reported by Schindler 
et al. (27%),18 but these authors reported an even lower RCV for galectin-3 in healthy 
controls (15%). Very recently, Piper et al.25 demonstrated in 50 patients with chronic HF 
that variability indices of ST2 are comparable with short- and long-term sample intervals 
(from hours to 6 months). We report an RCV of 32% in healthy controls, which is close to 
the RCV reported by Wu et al.,16 whereas for HF patients the RCV was 43%, comparable 
with that of Pier et al..25 Solid insights in the RCV of ST2 may be useful, as the use of serial 
ST2 samples has been advocated to guide drug treatment.26

Further, this study also reports on biological variation of several other neurohormonal 
and emerging biomarkers. The renin and aldosterone hormones have been studied in 
HF patients and provide some prognostic information.27,28 We, however, herein show 
that the biological variation is very wide and thus only substantial changes (doubling 
or more) could be considered as relevant. PTH is a marker of parathyroid function but, 
recently, there has been strong interest in its potential role in HF development.29 We 
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now report that RCV for PTH appears to be in the same range as NT-proBNP. Markers 
of renal function such as creatinine are widely used and we show that CVi is low. There 
are numerous studies that addressed the clinical utility of creatinine and other markers 
of renal function.30 Finally, GDF-15 is an emerging biomarker of cardiovascular disease 
and HF.31,32 Our results show that CVi and RCV are comparable with NT-proBNP, suggest-
ing that GDF-15 may vary considerably within and between individuals, and that only 
substantial variation hints towards relevant changes.

The size and design of our study also allowed to conduct several subanalyses. We 
observed significantly lower NT-proBNP levels in the healthy male subjects compared 
to female subjects. Costello-Boerrigter et al.33 stated that NT-proBNP levels in healthy 
subjects is primarily affected by gender and age, and that this should be considered 
when interpreting values. As in the control group, only few females were present in the 
chronic HF cohort, but they had significantly lower ST2 level than males. This was also 
observed in the Framingham Heart Study.34

From a clinical point of view, a pre-defined threshold is usually observed when consider-
ing serial measurements of HF biomarkers (does it rise above or a below the threshold?). 
The assumption is that this methodology would identify patients who are at high/low 
risk or, when they go over the threshold, should be reclassified into low/high risk (cat-
egorical). This approach neglects, at least to some extent, the individual change within a 
subject. Clinicians could make use of the RCVs derived from our study and other studies 
in clinical practice, and this could help to initiate a more tailored clinical approach.

Although some speculate that the interpretation of variation, especially of natriuretic 
peptides should only be based upon clinical criteria,35 we argue that when a patient 
specific threshold is passed, this is a sign of either disease improvement or deterioration.

Clinically, there are numerous studies that reported the value of serial biomarker mea-
surements. For instance, serial measurements of NT-proBNP,7 TnT,36 galectin-3,37 ST2,5 and 
GDF-1538 were performed in the Valsartan Heart Failure Trial (Val-HeFT). In the relative 
change analyses, the authors frequently used, amongst other methodology, a cut-off of 
15-30%, but rarely was a clear rationale behind these decisions provided. Thus it may 
be that those groups with higher values are enriched with patients whose values will 
continue to diminish. However, such cut-off values may not serve individual patients 
optimally. Van der Velde et al. demonstrated a similar prognostic value of changes in 
galectin-3 levels over time in the Coordinating study evaluating Outcomes of Advising 
and Counseling in Heart Failure (COACH) study.6 Although changes over time of all these 
biomarkers were reported to have prognostic value, clearly the biological variation pro-
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file between these markers is very different, and it would have been logical to study the 
changes keeping in mind the biomarker-specific RCVs. In general, for biomarkers with 
high within-individual or between-individual biological variation, it is less clear what 
given variation ‘reveals’. In the HABIT trial (Heart Failure assessment with BNP in the 
Home)39 nearly 7000 BNP values were recorded on a daily basis in 163 acute HF patients 
after discharge. It was observed that ‘normal’ fluctuation within these patients is hard 
to predict, and extremely variable BNP values were observed in these more severe and 
recently unstable HF patients. We argue that studies on variability should be conducted 
preferably during stable periods, but it should also be considered that there may be dif-
ferences in variability between measurements performed hour to hour, or week to week, 
or month to month. Even more difficult, assessment of variability in acute HF patients 
is also a topic that has not yet been explored in depth. Minor variations in NT-proBNP 
and GDF-15 are difficult to interpret, and they might not be so useful in monitoring indi-
vidual patients. On the other hand, variation in galectin-3, hsTnT and ST2 are more likely 
to hint towards a true change. A biomarker with less variation may seem to be inferior 
to pick up changes in clinical status as compared with those biomarkers that have larger 
variation—at the expense of less accuracy due to this larger variation. Therefore, the 
RCV should be placed into perspective of the expected changes of the biomarker. If the 
range of a biomarker is limited, a relatively low RCV could be more relevant than a larger 
one for a biomarker that has a much larger range.

strengths and weaknesses

This is the largest study addressing biological variation in HF biomarkers including both 
healthy subjects and chronic HF patients, testing a broad range of established, novel and 
renal/neurohormonal biomarkers. We also describe sex differences for all biomarkers 
and electrolytes in both healthy subjects and HF patients. We report biological variation 
of the emerging markers ST2 and GDF-15 for the first time. Owing to the study design, 
we could only assess biological variation for a time period of 6 weeks where we obtained 
three blood samples, and thus cannot provide hourly or daily variation. Because of the 
observational design of the HF study, we were not able to assess to which extent the 
calculated RCV would be of prognostic value. Both studies only included Caucasian 
subjects. Although we attempted to use commonly available, widely used, commercial 
assays, we are aware that some assays may have advantages over others.40-42

In addition, we studied by design a well-treated stable HF cohort. Indeed, studying un-
stable patients is much more complex since they may manifest disease-related changes 
in addition to biological variation. Nonetheless, we would argue our data provide a 
reasonable baseline to us even with less stable patients.
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ConClUsIon

We determined biological variation of a broad spectrum of well-established and novel 
biomarkers of HF in 28 healthy subjects and 83 chronic HF patients. Indices of biological 
variation of this large biomarker panel were comparable for both groups. We confirm 
a high CVi and RCV of NT-proBNP and describe this for GDF-15 as well, whereas other 
biomarkers showed lower variation: ST2, hs-TnT and galectin-3 (in descending order). A 
demonstrated lower CVi and RCV renders biomarkers more suitable for patient follow-
up and biomarker targeted strategy programmes, and such indices should be described 
in studies with serial biomarker measurements.
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exclusion criteria of the Hf cohort:

History of hypersensitivity to the study drug; patients with phenylketonuria or fructose 
intolerance; current acute decompensated heart failure; hypercalcemia (>2.65 mmol/L, 
corrected for albumin); hypercalciuria; estimated glomerular filtration rate <60 mL/min 
per 1.73 m2 as measured by the Modification of Diet in Renal Disease formula; a his-
tory of nephrolithiasis or sarcoidosis; use of oral corticosteroids, thyroxin, antiepileptic 
drugs, tetracyclines, or quinolones; intake of supplements containing vitamin D and/
or calcium; acute coronary syndrome, stroke, transient ischemic attack, cardiac, carotid 
or major vascular surgery, percutaneous coronary intervention, or carotid angioplasty 
(either within the past 3 months or planned); right heart failure due to severe pul-
monary disease; diagnosis of peripartum or chemotherapy-induced cardiomyopathy 
within the last year; patients with a history of heart transplant, on a transplant list, or 
with left ventricular assistance device; untreated ventricular arrhythmia with syncopal 
episodes within the past 3 months; documented history of ventricular tachycardia or 
ventricular fibrillation without internal cardiac defibrillator; symptomatic bradycardia 
or second- or third-degree heart block without a pacemaker; implantation of a cardiac 
resynchronization therapy device within 3 months; presence of hemodynamically sig-
nificant mitral and/or aortic valve disease, except mitral regurgitation secondary to left 
ventricular dilatation; presence of hemodynamically significant obstructive lesions of 
left ventricular outflow tract, including aortic stenosis; any surgical or medical condition, 
which might significantly alter the absorption, distribution, metabolism, or excretion 
of study drugs; any history of pancreatic injury, pancreatitis, or evidence of impaired 
pancreatic function/injury; primary liver disease considered to be life threatening; 
currently active gastritis, duodenal or gastric ulcers, or gastrointestinal/rectal bleeding 
during the past 3 months; history or presence of any other diseases (ie, malignancies) 
with a life expectancy of <5 years; current double-blind treatment in heart failure trials; 
participation in an investigational drug study within the past 30 days or 5 half-lives of 
enrolment, whichever is longer; any surgical or medical condition that in the opinion 
of the investigator or medical monitor would jeopardize the evaluation of efficacy or 
safety; history of noncompliance to medical regimens and patients who are considered 
potentially unreliable; pregnant or lactating women; and treatment with a direct renin 
inhibitor or intravenous vasodilator and/or inotropic drugs within the past 4 weeks.
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supplemental Table s1. The within-individual (CVi) and the reference change value (RCV) compared 
between the complete CHf cohort (n=83) and those CHf patients without an event (Hf rehospital-
ization and/or all-cause mortality, n=69).

Within Individual CV (CVi) Reference Change Value 
(RCV)

all 
patients
(n=83)

Patients without
event (n=69)

all patients
(n=83)

Patients 
without 

event (n=69)

established biomarkers

NT-proBNP 21.8 21.4 61.7 60.7

hsTnT 11.1 10.8 31.4 30.7

novel biomarkers

Galectin-3 8.1 8.1 25.0 24.9

GDF-15 16.6 16.9 64.3 64.9

ST2 15.0 14.4 42.9 41.4

Renal/ neuro-hormonal biomarkers

Creatinine 5.0 4.9 15.0 14.6

Plasma Renin Concentration 32.6 33.9 90.8 94.5

Aldosterone 27.7 28.8 80.2 83.1

Phosphate 10.7 10.0 30.0 28.1

PTH 22.5 22.4 62.4 62.1

electrolytes

Calcium 1.6 1.6 6.3 6.4

Sodium 0.8 0.7 3.1 2.9
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supplemental Table s2a. The within-individual (CVi) of the original study and the sensitivity analy-
sis

Within Individual CV (CVi)
original: 5 sample time 

points

Within Individual CV (CVi)
sensitivity: 3 sample time 

points

Controls CHf P-value Controls CHf P-value

established biomarkers

NT-proBNP 25.1 21.8 0.36 29.1 21.8 0.06

hsTnT 16.0 11.1 0.13 28.2 11.1 0.22

novel biomarkers

Galectin-3 8.1 8.1 0.97 11.5 8.1 0.04

GDF-15 18.9 16.6 0.40 22.8 16.6 0.03

ST2 10.5 15.0 0.09 14.0 15.0 0.73

Renal/ neuro-hormonal biomarkers

Creatinine 4.1 5.0 0.20 5.5 5.0 0.63

Plasma Renin Concentration 30.1 32.6 0.62 36.6 32.6 0.43

Aldosterone 36.6 27.7 0.033 48.2 27.7 <0.001

Phosphate 6.9 10.7 0.021 9.2 10.7 0.39

PTH 16.7 22.5 0.019 19.6 22.5 0.25

electrolytes

Calcium 1.7 1.6 0.45 2.4 1.6 0.003

Sodium 1.9 0.8 <0.01 2.0 0.8 <0.001
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supplemental Table s2B. The reference change value (RCV) of the original study and the sensitivity 
analysis

Reference Change Value 
(RCV)

original: 5 sample time 
points

Reference Change Value 
(RCV)

sensitivity: 3 sample time 
points

Controls CHf P-value Controls CHf P-value

established biomarkers

NT-proBNP 70.7 61.7 0.37 80.9 61.7 0.07

hsTnT 44.9 31.4 0.13 78.9 31.4 0.23

novel biomarkers

Galectin-3 24.6 25.0 0.92 33.5 25.0 0.05

GDF-15 69.9 64.3 0.44 73.4 64.3 0.17

ST2 31.9 42.9 0.13 42.2 42.9 0.93

Renal/ neuro-hormonal biomarkers

Creatinine 12.4 15.0 0.18 16.1 15.0 0.62

Plasma Renin Concentration 83.8 90.8 0.61 102.0 90.8 0.43

Aldosterone 104.2 80.2 0.031 135.8 80.2 <0.001

Phosphate 19.8 30.0 0.024 26.1 30.0 0.40

PTH 46.3 62.4 0.019 54.3 62.4 0.25

electrolytes

Calcium 6.6 6.3 0.53 7.6 6.3 0.04

Sodium 5.9 3.1 <0.01 5.9 3.1 <0.001
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supplemental Table  s3. Biomarker values of the healthy subjects; all subjects and separately for 
males and females

nT-proBnP hsTnT

established biomarkers Median [IQR] Median [IQR]

All subjects 39 [18-57] 3.2 [3.0-4.2]

Female 54 [41-63] 3.1 [3.0-4.2]

Male 21 [13-36] 3.4 [3.0-4.9]

Diff. sex P<0.001 P=0.42

novel biomarkers Galectin-3 GDf-15 sT2

Median [IQR] Median [IQR] Median [IQR]

All subjects 10.7 [9.3-12.5] 356 [292-533] 22.0 [19.6-27.4]

Female 11.1 [9.6-12.9] 405 [320-566] 20.9 [17.7-28.4]

Male 10.0 [9.0-12.2] 326 [287-500] 22.0 [20.6-25.7]

Diff. sex P=0.55 P=0.49 P=0.36

Renal/ neuro-hormonal 
biomarkers

Creatinine Plasma Renin 
Concentration

aldosterone

Median [IQR] Median [IQR] Median [IQR]

All subjects 74 [67-83] 17.0 [12.7-21.7] 0.22 [0.18-0.30]

Female 68 [66-74] 13.2 [10.6-17.7] 0.22 [0.18-0.30]

Male 81 [75-92] 20.1 [14.3-25.0] 0.23 [0.19-0.29]

Diff. sex P<0.001 P=0.013 P=0.68

Phosphate PTH Creatinine

Median [IQR] Median [IQR] Median [IQR]

All subjects 1.2 [1.1-1.3] 4.7 [3.2-6.2] 74 [67-83]

Female 1.3 [1.2-1.3] 5.0 [3.2-6.2] 68 [66-74]

Male 1.2 [1.1-1.3] 4.7 [3.3-6.2] 81 [75-92]

Diff. sex P=0.30 P=0.69 P<0.001

electrolytes Calcium sodium

Median [IQR] Median [IQR]

All subjects 2.4 [2.4-2.4] 145 [143-147]

Female 2.4 [2.4-2.4] 145 [142-147]

Male 2.4 [2.3-2.4] 146 [144-148]

Diff. sex P=0.46 P=0.56
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supplemental Table s4. Biomarker values of the chronic heart failure patients; all subjects and sep-
arately for males and females

nT-proBnP hsTnT

established biomarkers Median [IQR] Median [IQR]

All subjects 377 [223-777] 5.8 [3.0-12.9]

Female 571 [429-1130] 3.0 [3.0-8.0]

Male 343 [211-777] 6.1 [3.0-12.9]

Diff. sex P=0.19 P=0.14

novel biomarkers Galectin-3 GDf-15 sT2

Median [IQR] Median [IQR] Median [IQR]

All subjects 16.1 [14.4-18.8] 923 [687-1441] 27.5 [21.9-33.6]

Female 17.0 [14.7-25.2] 932 [428-1418] 14.9 [14.3-20.2]

Male 16.1 [14.4-18.7] 923 [709-1441] 27.2 [21.9-33.3]

Diff. sex P=0.58 P=0.47 P=0.008

Renal/ neuro-hormonal 
biomarkers

Creatinine Plasma Renin 
Concentration

aldosterone

Median [IQR] Median [IQR] Median [IQR]

All subjects 89 [80-98] 74 [18-200] 0.3 [0.1-0.4]

Female 73 [69-74] 44 [14-136] 0.1 [0.1-0.3]

Male 90 [81-98] 75 [20-213] 0.3 [0.1-0.4]

Diff. sex P=0.006 P=0.50 P=0.24

Phosphate PTH

Median [IQR] Median [IQR]

All subjects 1.0 [0.9-1.1] 6.5 [5.0-9.3]

Female 1.2 [1.1-1.2] 7.7 [6.7-8.4]

Male 0.9 [0.9-1.0] 6.5 [4.9-9.4]

Diff. sex P=0.01 P=0.98

electrolytes Calcium sodium

Median [IQR] Median [IQR]

All subjects 2.3 [2.2-2.3] 141 [140-142]

Female 2.3 [2.2-2.3] 141 [139-142]

Male 2.3 [2.2-2.3] 141 [139-142]

Diff. sex P=0.59 P=0.69
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supplemental figure s1. scatter plot with regression line of the intraindividual coefficient of varia-
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figure s2. study design







Chapter 8
Galectin-3 activation and inhibition in heart 
failure and cardiovascular disease: an update

Navin Suthahar, Wouter C. Meijers, Herman H.W. Silljé,  
Jennifer E. Ho, Fu-Tong Liu, Rudolf A. de Boer

Theranostics. 2018;8:593-609.



188 Chapter 8

aBsTRaCT

Galectin-3 is a versatile protein orchestrating several physiological and pathophysiologi-
cal processes in the human body. In the last decade, considerable interest in galectin-3 
has emerged because of its potential role as a biotarget. Galectin-3 is differentially 
expressed depending on the tissue type, however its expression can be induced under 
conditions of tissue injury or stress. Galectin-3 overexpression and secretion is associ-
ated with several diseases and is extensively studied in the context of fibrosis, heart fail-
ure, atherosclerosis and diabetes mellitus. Monomeric (extracellular) galectin-3 usually 
undergoes further “activation” which significantly broadens the spectrum of biological 
activity mainly by modifying its carbohydrate-binding properties. Self-interactions of 
this protein appear to play a crucial role in regulating the extracellular activities of this 
protein, however there is limited and controversial data on the mechanisms involved. 
We therefore summarize (recent) literature in this area and describe galectin-3 from a 
binding perspective providing novel insights into mechanisms by which galectin-3 is 
known to be “activated” and how such activation may be regulated in pathophysiologi-
cal scenarios.
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InTRoDUCTIon

Lectins are carbohydrate-binding proteins found in plants and animals that are specific 
for sugar moieties, and were initially defined as “sugar-binding proteins of non-immune 
origin that have the ability to agglutinate cells and precipitate glycoconjugates”.1 
Galectins belong to the family of animal-lectins and are a group of water soluble, 
non-glycosylated globular proteins that can interact with carbohydrates in a divalent 
cation-independent manner.2 Two characteristic properties distinguish them from 
other animal-lectins: affinity for β-galactoside derivatives and consensus amino-acid 
sequences.3,4 Galectins are synthesized in the cytoplasm and function in both nuclear 
and cytoplasmic compartments. They are also secreted to the outer plasma membrane 
and the extracellular matrix (ECM), and are present in the circulation. Fifteen different 
galectins have been identified and characterized in humans, and are classified into three 
groups: proto-, chimera-, and tandem-repeat types based on their structure. The biologi-
cal significance of galectins is paramount due to their vital role in several developmental 
and defence processes. The role of galectins as decipherers of glycocode has also been 
acknowledged for more than twenty years.5

As the only chimeric galectin member of the vertebrate family, galectin-3 has a very 
interesting physico-chemical and biological profile: it exhibits sequence similarity to the 
protein, B-cell lymphoma-2 (Bcl-2) and is the only galectin containing a C-terminal anti-
death NWGR motif.6 Galectin-3 orchestrates several physiological processes and has also 
been identified as a “culprit-molecule” in the pathogenesis of various diseases, especially 
fibrosis, cardiovascular disease and cancer.

In this review, we summarize the function of galectin-3 in physiology and focus on its 
role in pathophysiological scenarios involving fibrosis, heart failure (HF), atherosclerosis 
and diabetes mellitus (DM). As galectin-3 is an emerging biotarget, we also describe 
its structure from a binding perspective paying special attention to the carbohydrate-
recognition domain (CRD). Monomeric (extracellular) galectin-3 usually undergoes 
further “activation” which significantly broadens the spectrum of biological activity of 
this protein. However, precise knowledge in this direction is inadequate and the main 
aim of this article is to provide a deeper insight into mechanisms by which galectin-3 is 
known to be “activated”, and how such “activation” may be regulated in pathophysiologi-
cal scenarios.

Galectin-3: one protein with different names

Galectin-3 was previously known by several names including Mac-2 antigen,7 IgE-bind-
ing protein,8 L-29 9,10 and CBP30.11 Galectin-3 was first identified by Ho and Springer as a 
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macrophage sub-population specifi c marker (Mac-2 antigen) that was distributed in the 
cytosol, extracellular medium and also in membrane fractions of these cells.7 Galectin-3 
was also independently described as IgE-binding protein (eBP),12 and analysis of eBP 
revealed two important constituent domains: CRD and amino domain carrying potential 
recognition sites for collagenase cleavage (N-terminal).8 Interactions of L-29 (galectin-3) 
with laminin and requirement of N-terminal in positive co-operative binding to lam-
inin and other glycoconjugates were reported by Massa et al.,9 while in experiments 
involving baby hamster kidney cell extracts, the name carbohydrate binding protein-30 
(CBP30) was frequently used (Figure 1).11

lGals3: The galectin-3 gene and its regulation

LGALS3 is the single gene coding for galectin-3 in the human genome and is situated on 
chromosome 14, locus q21-22, and is composed of six exons and fi ve introns spanning 
about 17 kilobases. Promoter methylation status of LGALS3, and elements such as CRE 
motifs, nuclear factor- κB (NF-κB) like sites and GC boxes located within the galectin-3 
promoter regulate galectin-3 expression.13 Galectin-3 also contains a special regula-

 
Galectin-3 

Others 

Galectin

 
L-29 

 
Laminin interactions, 
Extracellular Matrix 

 
 
 

Carbohydrate-
binding Protein 

 
Nephrogenesis, 

Kidney Cyst 
 

3

 
 
 

IgE-binding Protein 
 

Leukaemia,  
Mast cells, Allergy 

 

IgE

Mac-2 Antigen 
 

Macrophage lineage,  
Epithelial cells 

figure 1. nomenclature
Galectin-3 was previously known by several names including Mac-2 antigen, IgE-binding protein, carbohy-
drate-binding protein and L-29. Although the historical nomenclature is obsolete, it highlights the various 
fi elds in which galectin-3 research has evolved.
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tory element called galig (galectin-3 internal gene) located within the second intron 
of LGALS3 gene.14 The transcripts of galectin-3 and the internal promoter galig share 
common coding sequences but use alternative reading frames. Galig is a cell death gene 
coding for two proteins: a cytoplasmic protein, cytogaligin and a mitochondrial protein, 
mitogaligin. The interaction of mitogaligin with cardiolipin is believed to disrupt the 
mitochondrial membrane, and cell death induced by galig can be opposed by overex-
pression of myeloid cell leukaemia sequence 1 protein (MCL-1), which belongs to the 
anti-apoptotic Bcl-2 family.15 Galectin-3 transcription can also be repressed by proteins 
such as Krüppel-like factor 3 (KLF-3), which belongs to the family of zinc fi nger tran-
scription factors,16 or up-regulated by other transcription factors such as runt-related 
transcription factor 2 (RUNX2).17

Temporospatial expression of galectin-3 is variable and complex

In adults, galectin-3 is ubiquitously distributed in hematopoietic tissue, thymus, lymph 
nodes, skin, respiratory tract, digestive tract, reproductive tract and urinary tract,18,19 
and baseline galectin-3 expression varies depending on tissue-type and tissue-maturity 
(Figure 2).20 Even within a tissue, diff erent cell types express galectin-3 diff erentially: 
within the hematopoietic tissue, monocytes express galectin-3, and a higher amount is 
expressed in macrophages.18,21 However, galectin-3 is virtually undetectable in human 
peripheral blood lymphocytes.6,22
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figure 2. Western blot analysis of diff erent tissues, adapted from Kim et al. 20. 
This fi gure illustrates the variability of galectin-3 in diff erent murine tissues with the highest expression in 
lung, spleen, stomach, colon, uterus and ovary. While liver, kidney and adrenal gland display a moderate 
galectin-3 expression, baseline expression in the heart, pancreas and ileum are very low.
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Although baseline galectin-3 expression is variable in different tissues, its expression 
is inducible. For instance, healthy cardiac tissue has a very low baseline galectin-3 
expression, but during cardiac injury its expression is rapidly induced. Galectin-3 up-
regulation plays a crucial role in the initial phases of tissue repair; however, sustained 
over-expression results in fibrosis of the heart.23,24 Increased galectin-3 expression can 
also be induced in other tissues after injury, and this is significantly associated with 
organ fibrosis.25-27

secretion and translocation of galectin-3

Galectin-3 bypasses the classical “endoplasmic reticulum-Golgi apparatus” pathway 
and is secreted via a non-classical mechanism.28 Although many factors are known 
to influence galectin-3 secretion, e.g., heat shock, calcium ionophores, acylation and 
phosphorylation,29-31 the exact mechanisms remain to be elucidated. Intracellularly, 
phosphorylation and importin-mediated mechanisms appear to be involved in nucleo-
cytoplasmic shuttling of galectin-3,32-35 while synexin-mediated mechanisms are indi-
cated in galectin-3 translocation to the mitochondria.36

Intracellular galectin-3

Galectin-3 interacts with various ligands within the cell to elicit several biological 
processes. Potential intracellular binding partners include anti-apoptotic molecules 
such as Bcl-2,6 and signalling molecules such as Gemin4 37 and β-catenin.38 Intracellular 
binding usually occurs via protein-protein interactions utilizing either N-terminal or 
CRD without involving sugar moieties, i.e., no protein-sugar interactions. However, in in 
vitro experiments, certain protein-to-protein interactions (e.g., galectin-3-Bcl-2 interac-
tion, galectin-3-β-catenin interaction) can also be inhibited by lactose;6,38 this could be 
explained by the involvement of CRD in protein-protein interactions or conformational 
changes induced by lactose.

Physiological functions

Intracellular galectin-3 has several biological functions related to growth and devel-
opment such as implantation of the embryo and renal morphogenesis.39-41 Increased 
galectin-3 expression is also found in the notochord, cartilage and bone during 
development,42 and appears to play a regulatory role in cellular fusion (e.g., osteoclast 
differentiation),43 and cellular longevity (e.g., chondrocyte survival).44,45 However, most 
of this knowledge is obtained from murine experimental models.

Pathophysiological functions

Sustained galectin-3 expression, e.g., after tissue injury, could result in organ fibrosis. In 
vitro studies demonstrate that galectin-3-mediated fibrosis could be due to galectin-3 
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overexpression in several cell types: when murine and human hepatic stellate cells 
(HSCs) were activated by culturing on tissue culture plastic, a significant up-regulation of 
intracellular galectin-3 was observed. However, protein expression of α-smooth muscle 
actin (α-SMA, marker of HSC activation) in galectin-3-/- HSCs was insignificant compared 
to wild type (WT) HSCs.25 This was also validated in an in vivo hepatic fibrosis model: 
liver sections from animals exposed to chronic chemical injury with CCl4 (8 weeks) dis-
played an intense signal for galectin-3, while controls expressed virtually no galectin-3. 
Furthermore, galectin-3 knockout (KO) mice treated with CCl4 also displayed a very low 
amount of collagen and α-SMA in hepatic tissue, while the WT mice demonstrated a 
significant increase in expression of these proteins.25 Galectin-3 overexpression is also a 
characteristic feature of “profibrotic” M2 macrophages: naïve macrophages stimulated 
with interleukin-4 (IL-4) and IL-13 express higher levels of galectin-3, together with 
other markers of collagen turnover such as mannose receptors.46 Although intracellular 
galectin-3 levels correlate with tissue repair and subside over time,47,48 uncontrolled ga-
lectin-3 expression could result in sustained myofibroblast and macrophage activation 
leading to tissue fibrosis, possibly through intracellular and also extracellular signalling 
pathways.

Intracellular galectin-3 levels are also known to affect the inflammatory response 
through various mechanisms.49 However, there is limited data regarding the function of 
intracellular galectin-3 in neutrophil apoptosis. A recent study performed in a galectin-3 
KO mouse model indicates that there is reduced apoptosis of neutrophils and also 
reduced neutrophil clearance by macrophages,50 suggesting that galectin-3 might be 
an important player in resolving the “neutrophil-phase” of inflammation. It is speculated 
that when exported to the neutrophil surface, galectin-3 could act as an opsonin and 
initiate clearance by promoting macrophage efferocytosis.51 Macrophage galectin-3 
expression also appears to have a crucial role in phagocytosis of apoptotic bodies.52

Recent studies also suggest that intracellular galectin-3 could have a greater role in the 
pathophysiology of DM type 1 by inducing β-cell apoptosis: β-cells from galectin-3 KO 
mice were resistant to inflammation-induced cell death by counteracting mitochondrial 
apoptotic pathways.53 This is in contrast to previous research that demonstrated that 
intracellular galectin-3 supresses mitochondrial apoptotic pathways by preserving 
mitochondrial integrity.36

In summary, the final outcome of the fibro-inflammatory response is determined by a 
dynamic balance between neutrophil apoptosis, macrophage and T-cell responses, fi-
broblast activation and myofibroblast persistence, and intracellular galectin-3 seems to 
be involved in many of these responses (Figure 3). However, our current understanding 
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of galectin-3-mediated apoptotic mechanisms is limited and further studies are war-
ranted to characterize the role of intracellular galectin-3 in apoptosis of diff erent cell 
types, especially in immune-cells and collagen-producing cells.

extracellular galectin-3

Galectin-3 can be secreted to the cell surface where it binds to glycan-rich molecules in 
cell-surface glycoproteins and glycolipids. When exported to the ECM, it interacts with 
various glycosylated matricellular binding partners such as laminin, tenascin and fi bro-
nectin.54-56 Extracellular galectin-3-binding usually occurs through protein-carbohydrate 
interactions, orchestrated by the galectin-3 CRD; this results in lectin-saccharide bonds, 
typically inhibited by lactose.57

INFLAMMATION 
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Myofibroblast Activation  

Alternative Macrophage 
Activation 

SYNDECANS 

Neutrophil Persistence 

Alternative

TGF-β independent 
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SYNDECANS

TGF-β dependent pathway 
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figure 3. The role of galectin-3 in infl ammation. 
Some studies suggest that apoptosis of neutrophils and their clearance by macrophages is reduced in ga-
lectin-3 KO mouse models. However, further research needs to be conducted as increased intracellular 
galectin-3 levels are usually associated with cellular longevity. The role of galectin-3 in fi brosis is well-es-
tablished, and increased galectin-3 levels contribute to (myo)fi broblast activation through a TGF-β inde-
pendent pathway and also through a TGF-β dependent pathway. Syndecans also play an important role, 
especially by aff ecting profi brotic signalling in cardiac fi broblasts, and possibly also by interacting with 
galectin-3. Furthermore, galectin-3 can also aff ect the fi brotic pathway by inducing alternative (M2) activa-
tion in macrophages.
KO: knockout; TGF- β: transforming growth factor β
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Physiological functions

Extracellular galectin-3 plays an important role in embryogenesis, growth and devel-
opment, and also in maintaining homeostasis.58,59 For instance, CD98 heavy chain is a 
glycosylated transmembrane protein expressed in developing human trophoblasts. 
In in vitro conditions, galectin-3 associates with CD98 heavy-chain, possibly through 
lectin-glycan interactions, and facilitates placental (BeWo) cell fusion;58 blocking ga-
lectin-3 CRD with lactose reduces cell fusion in these cells. Extracellular galectin-3 also 
appears to be an indispensable player in cartilage and bone-matrix remodelling in and 
around the period of endochondral ossification.60 Furthermore, association of extracel-
lular galectin-3 with glycoproteins such as von Willebrand factor (vWF),61 factor VII 62 and 
hensin is believed to regulate homeostatic mechanisms, i.e., galectin-3-vWF interaction 
modulates thrombus formation and galectin-3-hensin interaction is shown to promote 
hensin oligomerization, which is considered to be essential for renal adaptation during 
metabolic acidosis.63

Interaction of galectin-3 with heavily glycosylated CD13 has been shown to aggregate 
monocytes and this process can be inhibited by lactose and anti-galectin-3 antibodies;64 
galectin-3 binding to other glycosylated partners such as CD98 has also been reported, 
and this mechanism is indicated in alternative activation of macrophages during wound 
healing.46 Extracellular galectin-3 is also believed to facilitate monocyte migration by 
functioning as a chemotactic factor.65 However, many of these extracellular functions 
were demonstrated by using recombinant protein added to cultured cells; whether 
these represent functions of endogenous galectin-3 remains to be established.

Extracellular galectin-3 also acts as an interpreter of glycocodes.5 The sugar molecules 
from glycoproteins and glycolipids form the glycocalyx; unlike codes encrypted in ami-
no-acids and nucleotides, these glycocodes (saccharides) are highly heterogeneous sec-
ondary gene products escaping direct control of genes. Due to the structural variability 
and complexity of carbohydrates, glycocodes carry a substantial amount of information 
and are able to influence a broad spectrum of biological activities by regulating various 
cellular processes.66 They are also hypothesised to influence cell-survival by regulating 
entry of biological agents such as T-lymphocytes and viruses.67-69

Pathophysiological functions

Galectin-3 is a “culprit” protein associated with several diseases. Herein, we focus on the 
role of extracellular galectin-3 in the pathogenesis of fibrosis, HF, atherosclerosis and 
DM type 2.
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Organ Fibrosis
Genetic disruption of galectin-3 reduces or abolishes the development of fibrosis in 
various organs, e.g., heart, vessels, lung, liver and kidney.24-27,70,71 Although profibrotic 
properties of galectin-3 can be studied using genetic KO models, it is not possible to 
conclude if it is intracellular or extracellular blockade (or both) that has resulted in reduc-
tion or loss of fibrosis. Other methods by which fibrotic effects of extracellular galectin-3 
can be characterized is by adding recombinant galectin-3 to cells in in vitro experiments 
or through in vivo experiments involving pharmacological galectin-3 blockade; several 
existing galectin-3 inhibitors appear to reduce fibrosis by acting extracellularly and can 
therefore be utilized to understand galectin-3 function at the cellular membrane and in 
the extracellular matrix.

There are various mechanisms by which extracellular galectin-3 contributes to tissue 
fibrosis. Galectin-3 secreted by several cells, including monocytes and macrophages, 
can activate quiescent fibroblasts to myofibroblasts,26 which is the hallmark event in 
tissue fibrosis. Alternative macrophage activation (M2), implicated in tissue fibrosis also 
results in increased expression and secretion of galectin-3, and a positive feedback loop 
involving extracellular galectin-3 is thought to be responsible for sustained M2 activa-
tion of macrophages.46 Galectin-3 could also promote fibrosis by modulating immuno-
inflammatory responses and angiogenesis.72,73 Furthermore, galectin-3 is hypothesized 
to form lectin-saccharide lattices on cell surfaces and transforming growth factor-β 
(TGF-β) receptor entrapment within the lattices could amplify profibrotic signalling.74

Galectin-3 modulates TGF-β function and also appears to be a crucial regulator of 
pulmonary fibrosis by activating macrophages and fibroblasts. Both genetic inhibition 
and treatment with galectin-3 inhibitor TD-139 reduced TGF-β-induced and bleomycin-
induced pulmonary fibrosis by reducing myofibroblast activation and collagen secre-
tion.75 In a hepatic fibrosis model, galectin-3 was required for TGF-β-mediated myofibro-
blast activation and matrix production, and galectin-3 inhibition through in vivo siRNA 
knockdown prevented myofibroblast activation and hepatic injury.25 In another model, 
disruption of galectin-3 gene resulted in reduced hepatic fibrosis although TGF-β ex-
pression levels were not affected, suggesting that TGF-β-mediated myofibroblast pro-
duction and subsequent hepatic fibrosis required galectin-3, and galectin-3 could cause 
“TGF-β-independent fibrosis” under certain circumstances (Figure 3).25,76

Galectin-3 secretion from macrophages appears to be a main driver of renal fibrosis in 
animal models of kidney injury.26,77 In a unilateral ureteral obstruction (UUO) model, 
galectin-3 KO mice developed reduced interstitial fibrosis compared to sham-operated 
WT mice: staining of kidney tissue using picrosirius red displayed increased collagen-
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deposition in WT mice with UUO compared to galectin-3 KO counterparts, and immuno-
histological staining for α-SMA was markedly reduced in galectin-3-KO mice.26 In chronic 
allograft injury models, there was also a marked reduction of renal interstitial fibrosis 
(reduced collagen I and α-SMA) in galectin-3 KO mice compared to WT mice: although 
the number of infiltrating leukocytes in the renal tissue were comparable between WT 
and KO mice, alternative macrophage (M2) activation and CD4+ T cells were significantly 
reduced in galectin-3 KO mice suggesting that galectin-3 may promote M2 macrophage 
activation and renal fibrosis post-transplantation.78 The study conducted by Frenay and 
colleagues on REN2 rats added further evidence to the macrophage-galectin-3-fibrosis 
axis, and also highlighted the potential of pharmacological galectin-3 inhibition in 
ameliorating fibrosis: compared to untreated controls, inhibition of galectin-3 with 
N-acetyllactosamine (LacNAc) attenuated proteinuria, improved kidney function and 
reduced renal damage by significantly reducing macrophage infiltration, galectin-3 
expression and α-SMA expression in this hypertensive nephropathy / HF model.79

Cardiac fibrosis and heart failure
Several studies performed in the last decade in healthy population as well as in HF 
patients demonstrate the close relationship between galectin-3, cardiac fibrosis and 
HF.80-84 Galectin-3 has a class II recommendation in HF management according to ACCF/
AHA 2013 guidelines.85 Furthermore, it is an emerging target in the treatment of cardiac 
fibrosis and HF,86 and in the following sections we summarize the role of galectin-3 as a 
biotarget.

animal models of cardiac injury:

In a pioneering study, Sharma et al. observed that some hypertensive rats that over-
expressed murine renin gene (REN-2 rats) developed overt HF after about 4 months, 
while others did not decompensate. Analysis of decompensated hearts revealed that 
galectin-3 was the strongest upregulated gene and its expression was about 5x higher 
compared to compensated hearts. Causality was tested by infusion of galectin-3 in peri-
cardial sacs of normal rats; this resulted in increased collagen I/III ratio and also led to 
cardiac remodelling and dysfunction.23 Following studies by Liu et al. also yielded similar 
results: galectin-3 infusion into pericardial sac resulted in inflammation, ventricular re-
modelling and cardiac dysfunction in male adult rats.87 Conclusive evidence for the role 
of galectin-3 in cardiac remodelling and fibrosis was accrued in the study conducted 
by Yu and colleagues.24 Cardiac remodelling in mice was induced pharmacologically 
using angiotensin II infusion, or surgically through transverse aortic constriction (TAC); 
although galectin-3 KO mice developed left ventricular (LV) hypertrophy, they displayed 
no LV dysfunction and fibrosis. Pharmacological inhibition of galectin-3 with LacNAc 
also attenuated LV dysfunction and fibrosis in WT mice. On the other hand, untreated 
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WT mice developed LV hypertrophy, fibrosis and adverse remodelling, highlighting 
that galectin-3 was not only a culprit protein but also a potential therapeutic target to 
counteract adverse cardiac remodelling.

Other models of HF are also useful to further understand galectin-3-mediated mecha-
nisms of cardiac dysfunction. In a murine angiotensin II-induced hypertension model, 
genetic deletion of galectin-3 reduced cardiac inflammation (decreased macrophage 
infiltration) and fibrosis while WT mice exhibited severe myocardial fibrosis. However, 
myocyte cross-sectional area, an indicator of cardiac hypertrophy, was significantly in-
creased in both the WT and galectin-3 KO groups suggesting that angiotensin II induced 
cardiac hypertrophy in both groups, but reduced fibrosis only in galectin-3 KO groups. 
LV function was also well preserved in galectin-3 KO mice while WT mice exhibited a 
decline in LV systolic function (ejection fraction, EF reduced from 84% ± 1% to 61% ± 
3% and systolic function reduced from 71% ± 0.3% to 57% ± 2%).88 Some reports sug-
gest that galectin-3 could also be associated with cardiac injury and fibrosis in a non-
hypertensive setting: when WT and galectin-3 KO mice were treated with aldosterone (1 
mg/kg/day using osmotic minipump) for 3 weeks, galectin-3 KO mice displayed virtually 
no cardiac fibrosis. Similar effects were also elicited when aldosterone exposed WT mice 
were treated with a galectin-3 inhibitor, modified citrus pectin (MCP).89

Recently, in a canine model of HF with preserved ejection fraction (HFpEF) induced by 
aortic banding, myocardial galectin-3 was significantly upregulated after two weeks. 
Increase in galectin-3 expression positively correlated to the severity of diastolic dys-
function assessed with the echocardiographic diastolic parameter – early transmitral 
flow velocity to early diastolic tissue velocity (E/Em) ratio.90 Although it is evident that 
galectin-3 plays a crucial role in cardiac fibrosis and in HF, some studies have demon-
strated the significance of galectin-3 in maintaining the integrity of cardiac tissue after 
necrosis. In a mouse model of myocardial infarction (MI), galectin-3 KO displayed an 
increased trend towards mortality, chiefly due to ventricular rupture,48 emphasizing that 
galectin-3 is necessary for normal wound healing, especially during the initial phases of 
cardiac repair.

In vitro studies

Cardiac fibroblasts exposed to recombinant galectin-3 resulted in proliferation, differ-
entiation and increased production of collagen; this was blocked by galectin-3 knock-
down.91 Recent studies suggest that transmembrane proteoglycans such as syndecans 
are also involved in cardiac fibrosis: syndecans have several heparan sulphate GAG 
chains that could potentially interact with galectin-3 and affect profibrotic syndecan 
signalling in cardiac fibroblasts (Figure 3).92,93
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Although not directly involved in collagen production, M2 macrophages have an impor-
tant role in collagen turnover affecting wound remodelling, and increased galectin-3 ex-
pression in activated macrophages has been observed in several in vitro studies.26,46,94-96 
Furthermore, galectin-3 also co-localized with activated macrophages in myocardial 
biopsies from failure-prone rats, suggesting that macrophage-derived galectin-3 could 
be an important player in cardiac remodelling.23

Current studies indicate that galectin-3 can also be secreted by cardiomyocytes: 
mechanical stretching of cardiomyocytes in a cellular model of HFpEF resulted in 
increased galectin-3 expression in these cells, and also a significant increase in galec-
tin-3 secretion.90 In a different study investigating effects of protein kinase C (PKC) in 
cardiac hypertrophy, exposure of rat cardiomyocytes (HL-1 cells) to the PKC activator, 
phorbol dibutyrate (PDBu), resulted in hypertrophy and increased galectin-3 protein 
expression and collagen production;97 pretreatment of HL-1 cells with galectin-3 inhibi-
tor (β-lactose) blocked collagen production, indicating that galectin-3 expression and 
collagen secretion may be closely associated in cardiomyocytes.

In conclusion, although galectin-3 is a fibrogenic protein necessary for normal healing, 
sustained expression and secretion of galectin-3 within the cardiac tissue leads to ad-
verse cardiac remodelling resulting in progressive fibrosis and HF. Genetic and pharma-
cological inhibition of galectin-3 reduces cardiac fibrosis in several animal models, and 
specific inhibitors that target galectin-3 mediated fibrosis appear to be quite promising 
in HF management.

Atherosclerosis and Diabetes Mellitus type 2
Atherosclerosis is a major cause of cardiovascular disease and galectin-3 levels are gen-
erally increased in atherosclerotic lesions. Foam cells, which are fat-laden macrophages, 
are abundantly present within atherosclerotic lesions and actively secrete galectin-3.21 
This local increase in galectin-3 concentration could potentially be responsible for en-
hanced recruitment of monocytes and macrophages to the artery wall,65 exacerbating 
the pro-inflammatory state in atherosclerotic lesions.98 However, galectin-3 might also 
contribute to pathogenesis through other mechanisms,99 including amplification of 
inflammatory pathways by intracellular mechanisms in macrophages.100 Both genetic 
and pharmacological inhibition of galectin-3 resulted in reduced atherosclerotic lesions 
and slowed atherosclerotic plaque-progression in apolipoprotein E-KO mice.101,102

The role of galectin-3 in DM type 2 is ambiguous: some studies claim that galectin-3 
deficiency is associated with insulin resistance, and galectin-3 elicits a protective effect 
in DM type 2 by acting as a receptor for advanced glycation end products (AGEs).103,104 
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However, a very recent study demonstrated that knocking out galectin-3 gene in mice 
fed with a high-fat diet significantly reduced the development of insulin resistance. 
Furthermore, this study also provides preliminary evidence that extracellular galectin-3 
binds the insulin receptor directly and attenuates downstream pathways, suggesting 
galectin-3 to be a novel targetable link in insulin resistance and DM type 2.105

Galectin-3 activation
Monomeric galectin-3 undergoes further physicochemical modifications that increase 
its range of biological functionality, especially extracellular activity. The most important 
mechanisms leading to “bio-activation” of galectin-3 are self-associations (multimeriza-
tion) and formation of galectin-3 lattices.

self-associations of Galectin-3

Self-association increases the spectrum of biological activity of galectin-3, and can 
be divided into intra-molecular associations, within one galectin-3 molecule, and 
inter-molecular associations, between different galectin-3 molecules. Galectin-3 self-
association usually depends upon protein concentration and interaction with binding 
partners (ligands). Before delving into bio-activation of galectin-3 by such mechanisms, 
it is imperative to develop a general understanding of its structure and binding sites.

Galectin-3 structure: A binding perspective
Galectin-3 molecule has a globular head with a diameter of about 3-4 nm attached to a 
slender 45-50 nm long tail that has great conformational flexibility.106 The globular head 
harbours the carbohydrate recognition domain (CRD); the long tail contains the col-
lagenase cleavable H-domain and culminates as the amino N-terminal (NT). Although 
some authors prefer to use “collagen-like” domain, galectin-3 does not have the Gly-X-Y 
characteristic of collagens.

From a chemical point of view, CRD is divided into five subsites (A-E): subsites C and 
D are responsible for binding β-galactosides and the other subsites A, B and E are 
poorly characterized.107 The CRD binds carbohydrate ligands, plays a role in C-type self-
interactions 108 and is usually responsible for interactions occurring in the extracellular 
milieu.8,13 The CRD is also known to interact with protein ligands such as β-catenin.38 
Galectin-3-functions are also modulated by the NT through various mechanisms includ-
ing phosphorylation and self-interactions involving the NT region, e.g., NT-NT interac-
tions and NT-CRD interactions.106,109 Although the amino-terminal interacts with many 
ligands, it displays no carbohydrate-binding activity. The H-domain is the site of action 
of matrix metalloproteinases (MMPs) such as MMP 9 and MMP 2, and other proteases 
resulting in galectin-3 cleavage.110
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The classical β-galactoside-binding region of galectin-3 CRD, called the canonical bind-
ing site or S-face, binds saccharides such as lactose. The other frequently described 
site is the non-canonical sugar binding site, also called the F-face.111 The non-canonical 
site is reported to bind “sugars” with a larger carbohydrate foot-print such as MCPs and 
galactomannans (GMs) (Figure 4). These two diff erent carbohydrate binding sites are 
not mutually “ligand” exclusive: this implies that binding of a ligand to the canonical site 
does not exclude the binding of a ligand to the non-canonical F site and vice versa.108,112 
However, data suggest that ligand-binding to the canonical site weakens the affi  nity of a 
ligand to the non-canonical site and conversely, binding of a ligand to the non-canonical 
site weakens ligand affi  nity to the canonical-site.111

Non-Canonical F-face 
Canonical S-face 

CRD

H-domain of the N-tail 

N-terminal 

figure 4. a simplifi ed depiction of galectin-3 structure indicating the carbohydrate recognition do-
main (CRD), H-domain and the amino-terminal (n-terminal). 
The CRD is globular and consists of several carbohydrate binding-grooves. The most frequently de-
scribed carbohydrate-binding sites are the canonical S-face and the non-canonical F-face. S-face binds 
β-galactosides such as lactose, while larger carbohydrates such as MCPs and GMs are reported to bind to 
the F-face. The CRD continues as a long and slender tail which ends in the N-terminal; the N-terminal does 
not exhibit carbohydrate-binding activity.
CRD: carbohydrate recognition domain; N-terminal: amino terminal; MCP: modifi ed citrus pectin; GM: ga-
lactomannan
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Galectin-3 self-interactions: Role in activation
Galectin-3 self-interactions can be classified into intra-molecular interactions involving 
NT-CRD interactions and intermolecular interactions involving NT-NT and CRD-CRD 
interactions, and are usually modulated by various ligands.108,113 Intra-molecular inter-
actions lead to a relatively biologically inert galectin-3 molecule and inter-molecular 
interactions result in bio-activation of galectin-3 by the formation of multimers.

nT-CRD interactions

Recent studies provide experimental evidence on intra-molecular interactions of galec-
tin-3 resulting in a “closed conformer” and an “open conformer”. In the closed conformer, 
intra-molecular interactions occur between NT and F-face of the galectin-3 CRD resulting 
in stabilization of the molecule, rendering it relatively inert:114 the NT effectively shields 
the CRD F-face in the closed conformation and could potentially block various interac-
tions occurring in the non-canonical carbohydrate binding site. The canonical site is, 
however, open for interaction with classic β-galactoside ligands such as lactose.115 The 
liberation of NT from the CRD results in “opening-up” of (CRD) F-face to various binding 
partners. This “open conformer” also appears to be a prerequisite for intermolecular as-
sociations of galectin-3 resulting in dimerization and oligomerization (Figure 5).

High resolution nuclear magnetic resonance (NMR) studies showed that there are 
significant intra-molecular interactions between N-terminal domain and CRD. This 
was based on reduction in movement of NT and shielding of nuclei in intact hamster 
galectin-3 molecule.106 A previous modelling study done by Barboni et al. proposed two 
different models for NT-CRD intra-molecular interactions.116 Recently, Halimi et al. also 
demonstrated the interactions between NT and CRD of human galectin-3 using NMR.109 
Further evidence for NT-CRD association was obtained from the study conducted by 
Berbis et al: they worked on peptides derived from human galectin-3 N-terminal and 
their interactions with galectin-3 CRD, and elegantly demonstrated the role of N-ter-
minal phosphorylation in NT-CRD interactions. Phosphorylation of N-terminal peptides 
elicited resonance shifts in that part of the lectin that was opposite to the canonical 
β-galactoside binding site, providing preliminary proof that NT interacts with the non-
canonical CRD binding site (NT-CRD F-face interaction). It was also demonstrated that 
the canonical β-galactoside binding site was left open for interaction with sugars such 
as lactose.115

NT-CRD interactions could have functional consequences for galectin-3 CRD interac-
tions. Ochieng et al. observed that cleaved galectin-3 CRD terminal binds laminin 
more tightly,117 suggesting a regulatory role of the N-terminal in CRD-glycoconjugate 
interactions. However, it is still to be elucidated if it is the open N-tail (open-conformer) 
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that is responsible for this regulatory role or if it is the NT-CRD F-face interaction (closed-
conformer) that contributes to such an eff ect.

nT-nT interactions

Early evidence for NT-NT interactions was obtained from experiments utilizing monoclo-
nal antibodies to target the amino region of the intact galectin-3 molecule: binding of 
antibodies to NT modulated the lectin activities of galectin-3. Certain antibodies such as 
MAb B2C10 inhibited galectin-3-IgE interaction, galectin-3-induced hemagglutination 
activity and also galectin-3-mediated superoxide production by human neutrophils, 
while other antibodies such as MAb A3A12 potentiated these activities. Facilitation or 
inhibition of dimerization (oligomerization) by the NT or direct self-association of galec-
tin-3 via the amino terminal was held responsible for such eff ects.118

Closed and Open 
Conformers

Dimers

N-type
polymeriza�on

C-type 
polymeriza�on

Closed and Open 
Conformers

C-type 
polymeriza�on

N-type
polymeriza�on

Dimers

abc
figure 5. The role of self-interactions in galectin-3 bioactivation. 
Intramolecular interactions between the carbohydrate recognition domain (CRD) and the N-terminal ren-
der the galectin-3 molecule relatively inert in the closed conformer state; the galectin-3 molecule can still 
bind S-face ligands such as lactose in this state. Release of the N-terminal from the F-face results in the 
open conformer which is biologically more active. The open conformer can bind to various ligands (both 
S-face ligands and F-face ligands) and can also undergo dimerization or oligomerization. Two types of in-
termolecular interactions, N-terminal interactions and CRD-CRD interactions, are usually observed during 
multimerization and this results in increased biological activity of galectin-3.
CRD: carbohydrate recognition domain
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Electron microscopy of NT fragments showed that their structure was fibrillar. Two types 
of N-terminal interactions were observed: side-side associations with “thickening” of fi-
brils suggesting oligomerization, and head-to-tail interactions resulting in considerable 
variation in fibril length.106 Direct analysis of galectin-3 self-association using a solid-
phase radioligand binding assay revealed that homophilic interactions of galectin-3 are 
mediated by the CRD in addition to the amino terminal. Moreover, these homophilic 
interactions could be potentiated by asialofetuin (ASF), which is a multivalent glycopro-
tein, and inhibited by lactose.119

The existence of galectin-3 as a pentamer formed by N-terminal association has been 
described in the seminal paper by Ahmad et al. They also reported that galectin-3 
shuttles rapidly between the monomeric and pentameric forms (equilibrium state) 
and precipitates as a pentamer with a series of divalent pentasaccharides with terminal 
LacNac residues.113 A monomer-pentamer model thus emerged and several articles 
have adopted the N-terminal pentameric form as the classical (and only) form of oligo-
merization. Further experimental evidence for NT-NT oligomerization in the biological 
setting was accumulated by Fermino et al.. Fluorescein isothiocyanate (FITC)-labelled 
full length galectin-3, unlike truncated galectin-3 (Gal-3C), exhibited a non-saturable 
binding to neutrophils and enhanced neutrophil activation, indicating that galectin-3 
oligomerization induced by its interaction with lipopolysaccharide (LPS) was mediated 
by N-terminal during neutrophil activation.120

Evidence for galectin-3 self-association utilizing NT-NT interactions induced by the CRD-
ligand LNnT (lacto-N-neoTetraose) was accrued by Halimi and colleagues.109 Pentamers 
and oligomers were observed using dynamic light scattering (DLS), and LNnT induced 
such effects only in full length protein, but not in recombinant CRD: LNnT, a neo-glycan, 
associates with galectin-3-CRD and probably releases the N-terminal domain from the 
CRD-F face, facilitating the formation of the “open” from of galectin-3. The free N-termi-
nals in the “open conformer” could then interact with each other and form multimers 
through NT-NT interactions.

Although in many of the above-mentioned experiments, NT self-interactions required 
(CRD) ligands, a very recent NMR-based study evaluating the intrinsic propensity of (hu-
man) galectin-3 to self-associate reported that NT-NT interactions could also occur in 
a ligand-independent, concentration-dependent manner, through fuzzy interactions.121 
An earlier NMR study performed by Ippel et al. on (human) galectin-3 did not observe 
such NT-NT interactions, but concluded that intermolecular interactions occurred be-
tween F-faces of CRD, and NT facilitated such interactions.114
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CRD-CRD interactions

It has been generally accepted that NT is responsible for galectin-3 oligomerization, and 
ligand-binding to CRD could potentiate this effect. However, several studies including 
a recent study by Lepur et al. indicate that direct CRD-CRD interactions can also lead to 
galectin-3 oligomerization.

Yang et al. demonstrated, for the first time, self-association of galectin-3 utilizing CRD in 
the absence of saccharide ligands.122 Further evidence for CRD-CRD interactions was ac-
crued from the study conducted by Birdsall et al. in which intact hamster galectin-3 and 
also the CRD fragments were visualized in monomeric, dimeric and trimeric forms using 
electron microscopy.106 A recent study by Lepur et al. using fluorescence anisotropy 
assay demonstrates the role of ASF (ligand / nucleating agent) in inducing galectin-3 
multimerization through its CRD, and this has been named as C-type association. Effi-
cient C-type oligomerization was not observed in solution previously and this would be 
the first study to describe such an effect. A monovalent or divalent LacNAc containing 
glycan was able to induce this C-type association, emphasizing that for efficient C-type 
self-association, a step of initiation or nucleation is necessary.108 Precipitation also oc-
curred with a divalent LacNAc containing ligand at very high concentrations (>50 µM) 
and this could be due to N-type association.

Thus, it appears that galectin-3 self-aggregation occurs either due to NT-NT interac-
tions,106,113 CRD-CRD interactions 108,109 or a mixture of both depending on galectin-3 
concentration and availability of ligands and nucleating agents.

Galectin-3 lattice: a higher level of activation

Although galectin-3 can influence a variety of biological processes through self-
interactions, a higher level of biological functionality is achieved through the formation 
of three dimensional frameworks consisting of galectin-3 in its different forms and 
several types of saccharide ligands.68 This multi-dimensional organization, together 
with other components of the cell surface, is usually referred to as the cell surface 
“galectin-glycoprotein lattice” (Figure 6).123 As self-interaction(s) of galectin-3 and also 
surface expression of glycosylated proteins and lipids keep changing continuously, this 
lattice is envisioned to be a highly dynamic structure similar to the cell membrane, and 
it has been described as an additional layer of membrane organization on extracellular 
surfaces of cell membranes.74 The lattice formed by galectin-3 is also perceived to be 
stable, and the stability of these lattices at the surface of endothelial cells was visually 
demonstrated by Nieminen and colleagues while studying galectin-3 oligomerization; 
stability of galectin-3 lattice was further tested using fluorescence recovery after photo-
bleaching (FRAP) technique.123
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Galectin-3 self-association and its interaction with various surface glycoproteins and 
glycolipids are important in the formation and maintenance of the lattice structure, 
and also in the regulation and distribution of glycoproteins at the cell-surface.74 For 
cross-linking by galectin-3, glycoproteins and glycolipids should have appropriate 
glycosylation patterns. For instance, if the end terminal is sialic acid, the formation 
of a cross-linked lattice is disrupted.68 Affinity of N-glycans for galectins in this lattice 
also increases with branching and poly-N-acetyllactosamine extensions. Uridine 
diphosphate-N-acetylglucosamine (UDP-GlcNac) is essential for these processes, and as 
glucose, glutamine and acetyl-CoA are necessary for the biosynthesis of UDP-GlcNAc, 
and N-glycan branching is dependent on UDP-GlcNac, such factors could potentially 
regulate glycoprotein retention in the lattice.124 Receptors with five or more glycosylated 
sites are largely associated within the lattice.125

Galectin lattice acts as a physical barrier and a biological sensor by regulating the entry 
of various pathogens by constantly surveying the extracellular milieu. It also associates 
with various receptor kinases (which are usually glycosylated) to bring about changes in 
intracellular biological processes.125 Moreover, galectin lattice could potentially regulate 

Illustra�on by Medvisuals/Maartje Kunen
figure 6. Galectin-3 lattice
Galectin-3 lattices are focal, three-dimensional frameworks consisting of galectin-3 in its different forms 
and multimerization states, and is envisioned to be an additional layer of membrane organization. Galec-
tin-3 interacts with various binding partners, usually carbohydrate molecules that project from glycopro-
teins and glycolipids, regulating several important biological processes. Galectin-3 lattices are a part of the 
larger “lectin-saccharide” lattices.
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metabolic homeostasis by changing the number and activity of cell surface receptors 
such as glucagon receptors and solute transporters.124 It is also speculated to critically 
regulate T-cell receptor sensitivity, which can have a crucial role in the development of 
autoimmune diseases and cancer.67,69 Galectin-3 lattice could also have a role in TGF-β 
receptor entrapment, especially those receptors with N-linked glycosylation patterns 126 
and this could possibly amplify TGF-β mediated profibrotic signalling.125 Thus galectin-3 
through its self-associating, lattice-forming behaviour could influence innumerable 
biological processes, many of which still remain to be elucidated.

Galectin-3 inhibition

As the carbohydrate recognition region of (extracellular) galectin-3 is responsible for 
several pathological effects orchestrated by this protein, pharmacological inhibition of 
galectin-3 has almost exclusively targeted the CRD for inhibiting (extracellular) activi-
ties of this protein. The CRD can be inhibited using carbohydrates that compete for the 
binding site or allosterically modulate it so as to render the CRD incapable of binding to 
ligands. Steric hindrance offered by high-molecular-weight compounds has also been 
exploited to confer additional galectin-3 inhibiting properties. Heparin-based inhibitors, 
truncated galectin-3 and peptide inhibitor G3-C12 have only been evaluated in cancer 
setting; however, we also discuss them briefly as they could evolve as promising candi-
dates in the therapy of organ fibrosis and HF.

Carbohydrate-based compounds

Simple Sugars
Pharmacological inhibition of galectin-3 with LacNAc prevented LV dysfunction in 
failure-prone REN2 rats and also had a protective effect against hypertensive nephropa-
thy in REN2 rats.24,79 Low-molecular-weight sugars such as lactose or LacNAc, however, 
cannot be used as “drugs” as they are rapidly absorbed and metabolized.

Galactomannans and Modified Citrus Pectin
Galactomannans (GMs) are galectin antagonists derived from plants. GM-CT-01, known 
by its trade name Davanat® is a GM (MW ~50kDa) with a half-life between 12 h and 18 
h.128 The safety profile of GM-CT-01 has been established, and half-life of Davanat® is 
much higher than that of LacNAc, making it more suitable for clinical use. Experimen-
tal evidence from Demotte et al. demonstrates that Davanat® is able to improve the 
activity of human tumour infiltrating lymphocytes, and disrupts galectin-glycoprotein 
lattices;127,128 however, the exact mechanism of action remains unclear. In another study 
by Traber et al., two complex carbohydrate anti-galectin-3 drugs (GM-CT-01 and GR-
MD-02) were used to treat nonalcoholic steatohepatitis (NASH) and fibrosis in a murine 
model. GM-CT-01 is a GM polysaccharide while GR-MD-02 is a galactoarabinorhamno-
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galacturonan polysaccharide polymer; GR-MD-02 performed better than GM-CT-01 in 
reducing hepatocellular damage, inflammation and fibrosis in the experimental NASH 
mouse model and both drugs reduced galectin-3 expression in macrophages.129

Different types of MCPs (MW > 1000 kDa), e.g., GCS-100 and PectaSol-C®, are available 
commercially and several experiments performed in the past years successfully em-
ploy MCPs for targeting fibrosis. The galectin-3 inhibitory effects of MCPs have been 
investigated in various cellular and animal models: these include inhibition of galectin-
3-mediated hemagglutination, reduction of cardiac inflammation, attenuation of organ 
fibrosis and reduction of atherosclerosis in apolipoprotein E-deficient mice.70,89,101,130-134 
Furthermore, MCPs have an acceptable human safety profile and have been evaluated 
as a cancer therapeutic agent.127,134

Although not clearly established, it was assumed that inhibition of galectin-3 at the 
classical β-galactoside binding site was responsible for anti-galectin-3 effects elicited by 
GMs and MCPs. However, a recent study by Miller et al. suggests that MCPs and polysac-
charides with a larger carbohydrate foot print such as GMs bind to the non-canonical 
site in the CRD (F-face) instead of the canonical S-face.111 This is also in line with the 
study conducted by Stegmayr et al. who demonstrated that the biological inhibitory 
effects of several different MCPs and GMs could not be due to inhibition of the canonical 
carbohydrate binding site.112 If the established biological inhibitory effects of pectins 
and GMs can be conclusively attributed to the inhibition of the non-canonical binding 
site as suggested by Miller and colleagues, it would emerge as an attractive target for 
designing novel galectin-3 inhibitors.

Several studies claim that GMs and MCPs inhibit hemagglutination mediated by ga-
lectin-3;70,132,133 however, Stegmayr and colleagues demonstrated for the first time that 
Davanat® and MCPs including Pectasol-C® did not block galectin-3-induced hemagglu-
tination.112 Compounds inhibiting hemagglutination could block galectin-3 activation 
by disrupting the lattice-forming behaviour of this protein, and hence it is necessary to 
carry out further studies to precisely understand the mode of action of antifibrotic MCPs 
and GMs. It should also be noted that in many in vivo studies, the specificity of MCPs 
was not established and the possibility that their inhibitory activity was due to effects 
on targets other than galectin-3 also needs to be addressed.

Thiodigalactosides
Recently, thiodigalactoside derivatives targeting novel CRD sites other than the canoni-
cal binding site have emerged. TD-139 is a thiodigalactoside analogue that has been ap-
proved by the US-FDA for the treatment of idiopathic pulmonary fibrosis as an inhaled 
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powder, and is speculated to antagonize galectin-3 by binding to subsites B and E.107 It 
is a small molecule (C28H30F2N6O8S) with a molecular weight of approximately 648 
g/mol and can bind with high affinity to both galectin-3 and galectin-1. Although the 
mechanism of action is unclear, it is possible that this molecule allosterically modulates 
galectin-3 CRD. Some research groups also demonstrate that thiodigalactosides could 
be preferentially “tuned” to create more specific galectin-3 inhibitors.135

Heparin-based inhibitors
They are a relatively new and attractive group of galectin-3 inhibitors that are sulphated 
or acetylated derivatives of heparin. In vitro results demonstrated that they were non-
cytotoxic and galectin-3 selective (i.e., did not inhibit galectin-1, -4 and -8), and in in 
vivo experiments with nude mice these compounds significantly reduced galectin-3-
mediated lung metastasis of human melanoma and colon cancer cells. Furthermore, 
these compounds exhibited no detectable anticoagulant activity, and appear to be 
promising therapeutic agents.136 However, they have been tested only in in vivo models 
of metastasis and future studies need to be conducted to evaluate their potential as 
antifibrotic agents.

Neoglycoconjugates
Galectin-3 binds to branched-chain sugars with increased avidity and large lactose func-
tionalized dendrimers provide an “excess of ligands” for galectin-3 binding. Michel and 
colleagues studied the effects of different types of lactose-functionalized dendrimers 
on cancer-cell aggregation and found that smaller dendrimers inhibited homotypic 
cellular aggregation, probably through competitive inhibition, while larger dendrimers 
with several lactose end groups enhanced aggregation by providing multiple galectin-3 
binding sites.137 Other chemically engineered glycoproteins (neoglycoproteins) have 
also been developed recently and have the potential to be used as novel therapeutic 
molecules against fibrosis by effectively targeting galectin-3. They not only serve as high 
affinity ligands but can also be modulated to achieve selectivity to galectin-3 over other 
galectins. Their use in the clinical setting is yet to be evaluated.138

Peptide-Based Compounds

NH2 terminally truncated galectin-3 (Gal-3C) has been evaluated in the therapy of 
galectin-3 related-tumours and it appears to be a promising agent with a low-toxicity 
profile.139-141 However, there are no studies evaluating its potential in treating other 
galectin-3 related pathologies.

Recently, Sun and colleagues utilized galectin-3 binding peptide, G3-C12 to inhibit 
intracellular galectin-3 in cancer cells. As G3-C12 has a high selectivity to galectin-3 over 
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other galectins, it functions as a selective galectin-3 targeting ligand. When this pep-
tide is conjugated to a drug using a versatile drug carrier such as N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymer, the resulting G3-C12-HPMA-drug conjugate could 
easily internalize into galectin-3 overexpressing cells. This highly galectin-3 selective 
intracellular delivery concept could possibly also find utility in other galectin-3 related 
disease scenarios such as organ fibrosis and HF.

ConClUsIon

Activation of monomeric galectin-3 increases the spectrum of biological activity of 
this pleiotropic protein in various physiological and patho-physiological processes. It 
is however essential to understand that there could be more components to galectin-3 
activation. It remains unclear how galectin-3 function might be modulated by other 
galectin members, signalling molecules such as syndecans and other biologically ac-
tive molecules. Current understanding of various binding partners of galectin-3 is also 
incomplete. Further characterization and visualization of the galectin-3 lattice utilizing 
advanced (optical) techniques is necessary to understand the exact mechanisms by 
which this regulatory protein influences various (extra)cellular processes.

Although galectin-3 has been implicated in several debilitating disorders, only a few 
galectin-3 inhibitors have been developed that are of clinical relevance. There is an 
urgent need to develop galectin-3 inhibitors that have a high oral bioavailability and a 
low toxicity profile to combat progressive tissue fibrosis and galectin-3-related HF. While 
treating such disorders, it is necessary to pay attention to the “window of opportunity” 
as overexpression of galectin-3 could be protective in certain scenarios, especially dur-
ing initial stages of wound healing after injury, and galectin-3 inhibition during this 
phase may result in loss of tissue integrity. Finally, galectin-3 is a pleiotropic protein 
with several physiological functions, and galectin-3 blockade could also inhibit such 
functions resulting in off-target side-effects. Thus, the timing of treatment, eligibility of 
patients and their genetics must be carefully considered before initiating therapies with 
galectin-3 inhibitors.
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aBsTRaCT

Background

Heart failure (HF) survival has improved, and nowadays many patients with HF die from 
noncardiac causes, including cancer. Our aim was to investigate whether a causal rela-
tionship exists between HF and the development of cancer.

Methods

HF was induced by inflicting large anterior myocardial infarction in APCmin mice, which are 
prone to developing precancerous intestinal tumors, and tumor growth was measured. 
In addition, to rule out hemodynamic impairment, a heterotopic heart transplantation 
model was used in which an infarcted or sham-operated heart was transplanted into a 
recipient mouse while the native heart was left in situ. After 6 weeks, tumor number, 
volume, and proliferation were quantified. Candidate secreted proteins were selected 
because they were previously associated both with (colon) tumor growth and with myo-
cardial production in post-myocardial infarction proteomic studies. Myocardial gene ex-
pression levels of these selected candidates were analyzed, as well as their proliferative 
effects on HT-29 (colon cancer) cells. We validated these candidates by measuring them 
in plasma of healthy subjects and patients with HF. Finally, we associated the relation 
between cardiac specific and inflammatory biomarkers and new-onset cancer in a large 
prospective general population cohort.

Results

The presence of failing hearts, both native and heterotopically transplanted, resulted in 
significantly increased intestinal tumor load of 2.4-fold in APCmin mice (all P < 0.0001). The 
severity of left ventricular dysfunction and fibrotic scar strongly correlated with tumor 
growth (P = 0.002 and P = 0.016, respectively). We identified several proteins (including 
serpinA3 and A1, fibronectin, ceruloplasmin, and paraoxonase 1) that were elevated in 
human patients with chronic HF (n = 101) compared with healthy subjects (n = 180, P 
< 0.001). Functionally, serpinA3 resulted in marked proliferation effects in human colon 
cancer (HT-29) cells, associated with Akt-S6 phosphorylation. Finally, elevated cardiac 
and inflammation biomarkers in apparently healthy humans (n = 8319) were predictive 
for new-onset cancer (n = 1124) independently of risk factors for cancer (age, smoking 
status, and body mass index).

Conclusion

We demonstrate that the presence of HF is associated with enhanced tumor growth and that 
this is independent from hemodynamic impairment and could be caused by cardiac excreted 
factors. A diagnosis of HF may therefore be considered a risk factor for incident cancer.
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InTRoDUCTIon

Heart failure (HF) is associated with substantial morbidity and high mortality.1 In the last 
decade, it has become increasingly apparent that mortality in HF is caused not only by 
cardiac complications and events. It is well known that HF is characterized by the pres-
ence of multimorbidity, and the extent of co-morbid diseases strongly affects mortality.2 
Indeed, recent registries and clinical trials observed that, compared with earlier trials, a 
larger percentage of patients with HF die of noncardiac causes.3,4 However, most atten-
tion has been on renal disease, diabetes mellitus, and atrial fibrillation; little attention 
has been paid to cancer, despite the fact that it is a common disease and an important 
cause of death in patients with HF.

HF as a consequence of cancer treatment has received considerable attention, and the 
cardio-oncology field is gaining interest at a rapid pace. Furthermore, cancer might af-
fect the heart directly, and cardiac atrophy and apoptosis have been described in the 
setting of prevalent cancer.5 However, the converse, that is, cancer development as a 
consequence of HF, has not been studied at all. Although a substantial proportion of 
patients with HF develop and die of cancer, in the contemporary treatment and work-up 
for HF, surveillance for cancer has no role whatsoever.

Although commonly thought of as two separate disease entities, cardiovascular dis-
ease (including HF) and cancer possess various similarities and possible interactions, 
including a number of shared risk factors, suggesting common trigger mechanisms.6 
Inflammation, obesity, oxidative stress, diabetes mellitus, hypertension, smoking, diet, 
and physical inactivity are all contributors to the development of both cardiovascular 
disease and cancer.

In line with this hypothesis, recent epidemiological and case-control studies showed 
that patients with prevalent HF were more prone to develop incident cancer.7–9 In an-
other community-based cohort, subjects with HF had an increased risk of developing 
cancer that was independent of age and sex.10 However, these studies are associative 
and cannot prove causality of the observed relation between prevalent HF and new-
onset cancer. We therefore aimed to explore this possible causal relationship between 
HF and cancer development.
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MeTHoDs

The data, analytic methods, and study materials will be made available to other research-
ers for purposes of reproducing the results or replicating the procedure for the in vitro 
and in vivo study. A request for the PREVEND data can be made by www.prevend.org.

Mouse model

All animal experiments have been conducted with the C57BL/6J-ApcMin/J (APCmin) 
mouse strain purchased from The Jackson Laboratory (Bar Harbor, ME). This strain is 
highly susceptible to spontaneous intestinal adenoma formation.11 Further details on 
the strain can be found in the Supplemental methods. All experimental procedures were 
performed in accordance with the European Union guidelines (DEC 6844, the Nether-
lands) and with the protocol established by the Austrian Federal Ministry of Science, 
Research and Economy (Austria) for the care and use of animals. Experiments were ap-
proved by the Austrian Ministry of Education, Science, and Culture (BMWF-66011_0063-
II_10b_2010).

in vivo study design
In this study, we used two different mouse models. The first model included mice in 
which a myocardial infarction (MI) was induced (n = 22) and the corresponding control 
sham-operated mice (n = 10). Cardiac magnetic resonance imaging was performed as 
reported12 1 week after operation to assess cardiac function. The second model was 
mice receiving either an MI or sham donor heart implanted into the cervical (neck) area. 
Donor mice (providing the donor heart) were subjected to an MI (n = 17) or sham (n = 7) 
operation 1 week before transplantation. Just before transplantation, cardiac function 
of the to-be-transplanted heart was assessed (in the donor mice) using echocardiogra-
phy.13 During a follow-up period of 6 weeks after heart transplantation (HTx) surgery, 
no mice were euthanized, excluding bias. Detailed methods are in the Supplemental 
methods.

in vitro study design
The human colorectal carcinoma cell line HT29 was grown and tested under various 
conditions. Detailed methods are in the Supplemental methods.

General population (PReVenD study)

The Prevention of REnal and Vascular ENd-stage Disease (PREVEND) study is a prospec-
tive, observational cohort study derived from the general population and comprises 
8592 participants. This study was designed to monitor long-term development of car-
diac, renal and peripheral vascular end-stage disease. More details have been described 
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previously.14 The study protocol conforms to the ethical guidelines of the 1975 Declara-
tion of Helsinki, and was approved by the institutional review board of the University 
of Groningen. Informed consent was obtained from all PREVEND participants. In this 
study, we measured the 5 candidate genes in 180 subjects (serving as control for HF 
patients); furthermore in 8319 PREVEND subjects, we measured cardiac markers N-
terminal pro-B-type natriuretic peptide (NT-proBNP), an established biomarker of HF, 
high-sensitivity troponin T (hs-TnT), and MR-pro-atrial natriuretic peptide (MR-proANP), 
inflammation markers C-terminal proendothelin-1 (CT-proET-1), MR-pro-adrenomedul-
lin (MR-proADM), high-sensitivity C-reactive Protein (hs-CRP) and procalcitonin (PCT), 
and neuro-endocrine markers aldosterone, renin and galectin-3.

Chronic heart failure (VitD-CHf trial)

We used banked plasma from 101 patients with chronic HF who were enrolled in a 
previously published study (VitD-CHF; Clinical Trial identifier: NCT01092130).15,16 These 
patients were ≥18 years of age, had a left ventricular ejection fraction (LVEF) <45%, and 
were treated with optimal HF medication. The study was approved by the institutional 
review board and all patients provided written informed consent. Further details are in 
the Supplemental methods section.

statistical analyses

Mouse studies
Normally distributed variables are presented as means±SD. Non-normally distributed 
variables are expressed as medians (interquartile ranges). Experimental, clinical and 
biochemical characteristics were compared across two groups with the two-sample 
t-test for continuous, normally distributed variables, and the Wilcoxon rank-sum test 
for continuous, non-normally distributed variables. We performed linear regression 
analyses to demonstrate the association between tumor load and either the amount of 
fibrosis or left ventricular function.

Analyses in PREVEND
The PREVEND study was set up to overselect participants with increased urinary albumin 
excretion (>10 mg/L). A design-based statistical weighting was used to adjust for this 
overselection, allowing conclusions to be made for the general population. As a first as-
sessment, we performed cumulative hazard plots with log-rank test after stratifying the 
population in tertiles based upon NT-proBNP level. To study the association more deeply 
and including all the markers measured in the PREVEND study related to cardiac tissue, 
neuro-endocrine and inflammation, we used Cox proportional hazards regression mod-
els, first unadjusted and then adjusted for age, smoking and body mass index. These 
covariates are selected because shared risk factors might bias our findings. Furthermore, 



228 Chapter 9a

we calculated the risk for developing incident cancer for those who developed HF or 
not before and after the age of 55 years. Values of P < 0.05 (two-sided) was considered 
statistical significant.

All analyses were performed using Stata/MP (StataCorp LP, College Station, TX) and 
GraphPad (La Jolla, CA).

ResUlTs

assessment of cardiac function and remodeling in mice with Hf after MI

To study the interaction between HF and tumor growth, we induced a large anterior 
MI to provoke HF. We studied APCmin mice, which are prone to developing intestinal 
polyps and tumors.11 One week after surgery, we performed cardiac magnetic resonance 
imaging (Fig. 1a) to assess cardiac function. LVEF was markedly decreased after MI com-
pared to sham-operated animals: 61% vs. 32% (P < 0.001; Fig. 1b). Functional cardiac 
parameters in both groups are presented in Supplemental tables 1 and 2. MI-induced 
HF was associated with lower systolic blood pressure and elevated left ventricular end-
diastolic pressure accompanied by increases in atrial and liver weights. Cardiac fibrosis 
was determined by Masson trichrome staining on cardiac tissue slides and quantified 
(Fig. 1a) and was increased 3.2-fold in mice with HF (P < 0.0001; Fig. 1c). Related to the 
latter, genes associated with inflammation and fibrosis were significantly up-regulated 
in HF on the mRNA, protein and plasma levels (Fig. 1e through 1h and supplemental 
figure 1a through 1k), with the most prominent increase for interleukin-6 (on both the 
mRNA and plasma levels). NPPA, the gene encoding atrial natriuretic peptide (ANP), an 
established surrogate HF marker, was > 20-fold increased in HF compared with sham 
mice (P < 0.0001; Fig. 1d).

assessment of tumor growth in MI-induced Hf

After six weeks, mice were euthanized and intestinal tissue were harvested. The 
intestines were pinned down directly after euthanasia, and polyps were counted and 
measured. Significantly more (n = 57 vs. n = 34; P < 0.001; Fig. 2a) and larger (1.69 mm 
vs. 1.44 mm; P < 0.001; Fig. 2b) polyps were observed in APCmin mice with HF compared 
to sham-operated animals. We calculated overall tumor load, assuming a spherical 
morphology of the polyps, and demonstrate a 2.4-fold increase in HF mice (P < 0.0001; 
Fig. 2c). To further study the increased growth, we performed KI-67 staining, and found 
increased numbers of KI-67-positive cells (54% in HF vs. 44% in sham; P < 0.05; Fig. 2e). 
A well- described feature of this model is intestinal blood loss caused by polyp bleeding, 
resulting in anemia and splenomegaly and in a significantly higher spleen weight in HF 
mice compared to sham mice (P = 0.038; Fig. 2d).
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association between cardiac remodeling and tumor growth

To relate the changes in tumor growth to parameters of severity of HF, we performed lin-
ear regression analyses between tumor load and indices of cardiac remodeling: fi brosis 
and LVEF. Both indices were associated with tumor load (fi brosis: β=0.51, P = 0.016; Fig. 
2g; and LVEF: β=-0.63, P = 0.002; Fig. 2h).

Heterotopic HTx to rule out hemodynamic causes of Hf-induced tumor growth

To rule out if hemodynamic impairment such as hypoperfusion (resulting from decreased 
systolic blood pressure and forward failure) or congestion (backward failure) in response 
to elevated fi lling pressures (with liver and/or gut congestion) would explain our initial 
observations, we conducted a second experiment. Here, we again infl icted MI in APCmin 
mice (donors), but this time, after 1 week, we performed heterotopic HTx, transplant-
ing the (extra) infarcted heart (or sham-operated heart) into the cervical region of the 
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figure 1. Cardiac phenotype of the failing heart compared to the sham operated animals 
a. MRI scan (sagittal & ventral view) of the heart, both sham and MI operated, and the Masson’s trichome 
staining. b. Left ventricular (LV) ejection fraction of mice with and without HF. c. The abundance of cardiac 
fi brosis present in mice with and without HF. d-h. Represent the fold change of expression levels of diff erent 
genes in the myocardial tissue d. NPPA, e. Interleukin-6, f. Collagen 3a1, g. Cluster of Diff erentiation 68, h. 
Galectin-3. Data are presented as mean ± SEM ***, P<0.001; ****, P<0.0001.
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recipient APCmin mice. This resulted in APCmin mice (receivers) with a normal native 
heart in situ, ensuring normal circulation, but with an additional heart, either with or 
without HF (according to whether the donor was subjected to MI or to sham operation). 
To assess the severity of MI, prior to transplantation, cardiac function was measured 
using echocardiography (Supplemental Fig. 2a); cardiac parameters are presented in 
Supplemental table 3. Donor mice with HF exhibited severely impaired cardiac function 
before transplantation (LVEF 61% vs. 27%; P < 0.0001; Supplemental Fig. 2b), which was 
comparable to our fi rst experiments.

Six weeks after transplantation, we performed cardiac phenotyping of the transplanted 
(failing) heart, as described in the initial experiment. We again observed signifi cant dif-
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figure 2. eff ect of a failing heart or sham after 6 weeks regarding intestinal tumorigenesis 
a. Crude number of intestinal polyps. b. The average size of the tumors (smallest diameter was measured) 
c. Calculated tumor load d. spleen mass measured in milligram and corrected for tibia length e. KI-67 posi-
tive cell count f. Representative depiction of KI-67 staining g. Association between tumor and load fi brosis 
h. Association between tumor load and LVEF. Data are presented as means ± SEM *, P<0.05; **, P<0.01; ***, 
P<0.001; ****, P<0.0001. Associations are presented as β.
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ferences regarding fi brosis and infl ammation (Supplemental Fig. 2c & Fig. 2e through 
2h). In addition, an increased expression of NPPA (2.4-fold increase; P < 0.05; sham-op-
erated transplanted hearts vs. HF transplanted hearts). Although the changes between 
the initial and HTx experiments were both directionally comparable and signifi cant 
for all tested markers, the overall changes were clearly less strong in the HTx model as 
compared to the initial model. For instance, the changes in ANP were ~10-fold less. This 
led us to assume that the transplanted hearts must be considered as unloaded hearts 
and as a result produce and secrete less remodeling factors. The endogenous hearts of 
the recipient mice demonstrated no loss of function, as shown in Supplemental table 3, 
proving that our experimental design ensured normal systemic circulation.
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figure 3. eff ect of a failing heart (or sham-operated heart) 6 weeks after transplantation on intesti-
nal tumor growth 
a. Crude number of intestinal polyps. b. The average size of the tumors (smallest diameter was measured) 
c. Calculated tumor load d. Spleen mass measured in milligram and corrected for tibia length e. Represen-
tative depiction of KI-67 staining f. Representative overview of the KI-67 staining g. Association between 
tumor load and fi brosis h. Association between tumor load and LVEF. Data are presented as means ± SEM *, 
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. Associations are presented as β.
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assessment of tumor growth in mice with transplanted hearts with Hf

A similar sacrifice protocol as described before was performed, and intestinal polyps 
were counted and measured. Significantly more (55 vs. 39; P < 0.01; Fig. 3a) and larger 
(1.97 mm vs. 1.51 mm; P < 0.01; Fig. 3b) polyps were observed in mice receiving an 
HF heart transplant compared with mice receiving a sham-operated heart transplant. 
Again, the tumor load was calculated, and in this model, we also observed a significant 
2.4-fold increase (P < 0.0001; Fig. 3c), comparable to the initial experiment. To further 
validate our findings we again showed increased numbers of KI-67 positive cells (54% 
vs. 44%; P < 0.05, Fig. 3e). Finally, we also observed a significantly larger spleen (1.4 fold 
increase; P < 0.05; Fig. 3d) in mice that received an HF heart transplant compared with 
sham. The other organs did not differ in weight between groups (Supplemental table 4).

association between cardiac remodeling and tumor growth

Also in this experimental model, we performed linear regression analyses to determine 
the association between tumor load and indices of cardiac remodeling. Here, we found 
comparable associations between tumor load and fibrosis (β=0.89, P < 0.01; Fig. 3g), and 
between tumor load and LVEF (β=-0.60, P = 0.002; Fig. 3h).

exploration strategy to identify Hf-specific secreted proteins capable of 
enhancing tumor growth

Our findings from the initial and HTx experiments suggest that the enhanced tumor 
formation in mice with HF is independent from hemodynamic factors and may be 
explained by secreted factors from the failing hearts. We present our hypothesis based 
on the in vivo findings in Figure 4, proposing that proteins may be excreted from fail-
ing hearts into the bloodstream and affect peripheral organs, here in particularly the 
intestines, resulting in enhanced tumor development and growth.

We made use of the abundant biomedical literature that is available and set out to 
identify proteins secreted into the bloodstream in response to MI, focusing on articles 
reporting ‘shotgun proteomic’ approaches of plasma samples after MI. Second, we 
ascertained which epitopes exist on intestinal tissue that theoretically can be bound or 
activated by these ‘cardiac’ proteins. A detailed description of this methodology is pro-
vided in the Supplemental methods. Supplemental figure 3 summarizes our literature 
findings. We identified 5 proteins with potential importance: α-1-antitrypsin (SerpinA1), 
α-1-antichymotrypsin (SerpinA3), fibronectin (FN), cerulopasmin (CP) and paraoxonase 
1 (PON1).
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Validation of myocardial gene expression of identifi ed secreted factors

First, to validate whether the identifi ed candidates are upregulated in the left ventricular 
tissue of mice with HF (compared to sham), we performed quantitative polymerase 
chain reaction for both our initial and for the HTx studies. In our discovery study, we 
demonstrated a signifi cantly increased left ventricular expression for all fi ve genes 
(sham vs. HF; all P < 0.05). Then, we assayed the same genes in the HTx study, validating 
3 out of the 5 genes: SerpinA3, FN, and PON1 (Supplemental Fig. 4).

Proliferation of HT-29 cells due to addition of the secreted proteins

To investigate whether the identifi ed proteins actually exert proliferative eff ects on 
colorectal cells, we performed in vitro experiments with HT-29 cells, which is commonly 
used cell type of colorectal cancer. HT29 cells were grown and seeded in DMEM medium 
and, before the experiment, starved and co-treated with Suramin to halt cell prolifera-
tion. After 48 hours, cells were treated with 0.1% FCS (negative control), 10% FCS (posi-
tive control), or the identifi ed candidate proteins. To assess proliferation, we used three 
assays: We measured PNCA, a gene indicative of cell proliferation, and expressed the 
results as ratio to the positive and negative controls, and we performed staining with 
5-ethynyl-2’-deoxyuridine EdU+ and KI-67+. SerpinA3 and SerpinA1 resulted in increased 
proliferation (33% and 21%, respectively). The other proteins provoked no signifi cant 
diff erences in proliferation rate compared to low FCS concentrations (Supplemental 
Fig. 5a). We confi rmed the proliferative eff ects of SerpinA3 by showing increased PCNA 
expression and EdU+ and Ki67 staining after addition of diff erent SerpinA3 concentra-
tion to HT-29 cells. Serpina3 consistently demonstrated proliferation evidenced by these 
diff erent assays (Supplemental Fig.5b through 5d).

1 Myocardial
Infarction

2 Cardiac factors excreted
into the bloodstream

Promotes
tumorigenesis3

figure 4. Graphical depiction of the hypothesis of ‘secreted proteins by the failing heart that en-
hance tumorigenesis’
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activation of growth pathways in colon cells in response to serpina3

To further elucidate potential cellular mechanisms by which SerpinA3 results in pro-
liferation, we stimulated HT-29 cells with SerpinA3 as described above and performed 
Western blot analyses for the Erk1/2 and Akt signal transduction pathways that have 
been linked to SerpinA3 stimulation.17 Akt phosphorylation and a downstream target, 
ribosomal protein S6 (rpS6), which marks cell growth, were both signifi cantly phos-
phorylated on SerpinA3 stimulation, whereas Erk1/2 was not targeted (Western blots 
and a simplifi ed graphical scheme are displayed in Figure 5), suggesting that SerpinA3 
provokes tumor growth via the Akt pathway.

Cardiac secreted proteins are elevated in plasma of human patients with Hf

To explore whether we could translate our in vivo and in vitro fi ndings to the human situ-
ation, we measured all fi ve candidate proteins in 180 healthy subjects, enrolled in the 
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figure 5. Growth pathways in colon cells in response to serpina3 
a. Western blot analysis of total and phosphorylated Akt, rpS6 and Erk1/2. b. Quantifi cation of Akt, rpS6 
and ERK 1/2 phosphorylation Data are presented as means ± SEM *, p<0.05; c. Scheme of Akt and rpS6 
phosphorylation that marks cell growth, due to SerpinA3 stimulation in HT-29 cells, whereas Erk1/2 was 
not targeted.
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PREVEND study14 and in 101 patients with chronic HF.15 We used human ELISAs that have 
been validated (Supplemental methods section). Baseline characteristics are presented 
in Table 1. Indeed, we demonstrated that plasma levels of all 5 proteins were 30 to 100% 
upregulated (all P < 0.001) in patients with HF, which underscores that these proteins 
indeed are related to the presence of HF (Fig. 6).

Table 1. Baseline characteristics of the Hf patients and healthy subjects (PReVenD)

Variables Hf Patients (n=101) PReVenD (n=8319)

Age, years (mean, SD) 64±10 49±13

Male, n (%) 93 (93) 4127 (50)

NYHA class, II/III 89/11 NA

Diabetes mellitus, n (%) 14 (14) 131 (2)

Current smoking, n (%) 22 (22) 3686 (45)

LVEF, % (mean, SD) 35±8 NA

Systolic blood pressure, mm Hg (mean, SD) 118±18 129±20

Diastolic blood pressure, mm Hg (mean, SD) 72±12 74±10

Serum creatinine, μmol/L (mean, SD) 90±18 84±20
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figure 6. Human plasma levels of the identifi ed candidate proteins. 
Plasma concentration of candidate factors in plasma from healthy subjects and in plasma from patients 
with HF. Data are presented as means ± SEM. ****, p<0.0001.
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Cardiac and inflammatory markers are associated with new-onset cancer

In 8319 subjects of the PREVEND, a community-based cohort study with middle-aged 
participants, we evaluated the predictive value of cardiac markers, including NT-proBNP, 
an established biomarker of HF, hs-TnT, and MR-proANP. We previously have shown that 
NT-proBNP in this cohort strongly predicts new onset HF.18 In addition to these mark-
ers we investigated inflammation related proteins including CT-proET-1, MR-proADM, 
hs-CRP and PCT. Further neuro-endocrine markers such as aldosterone, renin and ga-
lectin-3 were analyzed. New-onset cancer cases were provided through the nationwide 
network and registry of histopathology and cytopathology in the Netherlands (PALGA)19, 
and were reviewed and adjudicated by an independent committee. During a median 
follow-up of 11.5 years, 1132 (13.1%) subjects were diagnosed with cancer, 132 (11.7%) 
with colorectal cancer. We performed Kaplan Meier analysis for both all-cause cancer 
and colorectal cancer according to tertiles of NT-proBNP levels. Compared to subjects 
in tertile 1 (low NT-proBNP), subjects in tertiles 2 and 3 (higher and highest NT-proBNP) 
had an increased risk of developing all-cause cancer, and also colorectal cancer (both P 
< 0.0001) (Fig. 7). Next, we performed Cox proportional hazard regression analyses to 
adjust for common risk factors of new-onset cancer. These data show that the associa-
tion of cardiac and inflammatory biomarkers with all-cause cancer remains, also after 
adjustment for age, sex, smoking status and body mass index (Table 2), whereas the 
significant association for colorectal cancer was lost after correction, possibly because of 
limited power (Supplemental table 5). The neuro-endocrine biomarkers were not associ-
ated with all-cause cancer or colon cancer, except for galectin-3 (only unadjusted). To 
extrapolate these findings to other types of cancer, we repeated these analyses regard-
ing breast, lung, skin, urological, hematological, male and female reproductive system 
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figure 7. Cumulative incidence of cancer per nT-proBnP level (tertiles)
a. Cumulative incidence curves showing new-onset cancer in patients stratified by NT-proBNP tertiles. b. 
Cumulative incidence curves showing new-onset colorectal cancer in patients stratified
by NT-proBNP tertiles. Log-rank test for both plots: P <0.0001.
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cancers (Supplemental Table 6 through 12). Both cardiac and inflammation biomarkers 
were (unadjusted and adjusted) associated with new-onset lung and male reproductive 
system cancer, and cardiac biomarkers only for female reproductive system cancers. It is 
clear that these associations are exploratory, but provide additional suggestions for the 
relation between HF and incident cancer.

DIsCUssIon

We demonstrate for the first time a causal relationship between HF and tumor growth. 
First, we explored this novel paradigm by creating MI-induced HF in a murine model 
of precancerous polyps, and experimental HF resulted in increased tumor formation 
and accelerated tumor growth. Second, we corroborated our results in an independent 
model in an independent laboratory using a heterotopic murine HTx model, and we 
validated our initial results while ruling out hemodynamic impairment as a cause. To 
probe our hypothesis that cardiac secreted factors of the failing heart could be re-
sponsible, we conducted a literature search from databases from myocardial secreted 
proteins and connected the candidates to databases of proteins previously associated 
with new-onset colorectal cancer. We then validated the candidate secreted proteins 

Table 2. Hazard ratio for new onset cancer per biomarker doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset cancer

Cardiac markers

NT-proBNP 1.39 1.32-1.46 <0.001 1.06 1.00-1.12 0.046

hs-TnT 1.61 1.52-1.69 <0.001 1.10 1.02-1.19 0.018

MR-proANP 1.80 1.66-1.95 <0.001 1.11 1.01-1.22 0.027

neuro-endocrine

Aldosterone 0.94 0.85-1.05 0.277

Renin 1.05 0.99-1.10 0.075

Galectin-3 1.69 1.50-1.90 <0.001 1.05 0.91-1.21 0.534

Inflammation

CT proET-1 1.51 1.37-1.68 <0.001 1.11 1.00-1.23 0.040

MR-proADM 2.47 2.17-2.81 <0.001 1.22 1.06-1.39 0.004

hs-CRP 1.19 1.14-1.23 <0.001 1.08 1.04-1.13 <0.001

PCT 1.40 1.29-1.53 <0.001 1.07 0.96-1.21 0.228

Model 1: adjustment for age, smoking and BMI
Cox proportional hazard analyses of doubling per biomarker level and the risk for new-onset cancer
HR = Hazard ratio; CI = Confidence interval; BMI = Body mass index.
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in vitro, in vivo, and in human studies, and we identified SerpinA3 as the most robust 
and promising culprit. We explored the potentially contributory involvement of inflam-
matory factors. Finally, we provide human validation by showing that cardiac markers 
including NT-proBNP and inflammatory markers including hs-CRP were associated with 
prediction of new-onset cancer.

In the past decade, significant progress has been made in the understanding of HF 
development in cancer patients. Recent position statements of the American Heart As-
sociation20 and the European Society of Cardiology21 have described this field in large 
detail. However, the reverse, that is, cancer in the setting of HF received far less attention. 
Lately, epidemiological data have emerged that HF patients are at higher risk to be diag-
nosed with and/or to die of cancer compared to age-matched subjects without HF.8 This 
fits the modern face of HF in that mortality is no longer caused solely by cardiovascular 
death3 but is largely due to other causes. In a study with nearly 800 patients with HF 
who were prospectively followed up for 5 years, cancer (next to stroke) was the second 
most important predictor of mortality, with a 2.5-fold increased risk in patients with HF 
with preserved ejection fraction.4 Comparable results were observed in another study 
comprising 2843 patients with HF with preserved ejection fraction and 6599 with HF 
with reduced ejection fraction with 2-year follow-up.7 In a case-control study pairing 961 
patients with incident HF and subjects without HF, patients with HF had a 68% higher 
risk for incident cancer, which appeared to progressively increase over time.8 Supporting 
evidence comes from another study that described that circulating levels of NT-proBNP 
and hs-TnT, markers of cardiac stretch and injury, were elevated in patients with cancer, 
already before the induction of any cardiotoxic anticancer therapy. These markers were 
related to all-cause mortality, suggesting that subclinical myocardial damage may be 
present in patients with cancer.22 Before this report, one small prospective study re-
ported that NT-proBNP predicts future cancer development in patients with coronary 
artery disease.23 Independent, circumstantial evidence that strengthens our hypothesis 
was provided by large randomized clinical trials with HF medication, the Studies of Left 
Ventricular Dysfunction (SOLVD)24 trial of enalapril vs. placebo and the Candesartan in 
Heart failure - Assessment of Mortality and Morbidity (CHARM)25 trial of candesartan 
vs. placebo, in which a signal toward more cancer was observed in patients on active 
treatment. However, the excess incidence of cancer in this setting was suggested to be 
the potential consequence of competing risk, that is, if one reduces HF-related mortality, 
it has been assumed cancer will have risen and that cancer-related mortality ‘takes over’ 
from HF.26

Our data suggest something different: The presence of a failing heart per se might 
contribute to tumor progression and formation. It is clear that tumorigenesis is a 
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complex, multistage process characterized by several features, including resistance to 
growth inhibitors, autonomous proliferation independent from normal growth factor 
control, replication without limit, evasion of apoptosis, tissue invasion, and formation 
of metastases, with supportive growth of matrix and enhanced angiogenesis.27 These 
different biological processes are influenced by numerous different signal transduction 
pathways. Our identified proteins are involved in many of these processes, as discussed 
later, but given the complexity of this process, additional factors associated with HF 
likely play a role in this process. In addition we also speculate that indirect effects, for 
example, via changes in the immune system, may also play a role.

Of our panel of candidate proteins, SerpinA3 emerged consistently as a factor that is 
increased in HF, with proliferative effects in vitro. SerpinA3, known to be associated with 
cardiac remodeling and matrix turnover, has also been investigated in relation with car-
diac disease in a study consisting of 20 healthy individuals and 224 chronic HF patients. 
SerpinA3 levels were comparable to our study, were significantly elevated in patients with 
HF compared with controls, and were associated with long-term mortality.28 In another 
study, using explanted human hearts comparing patients with HF and donor humans, 
SerpinA3 was also identified as one of strongest regulated genes.29 Furthermore, several 
studies link mineralocorticoid receptor antagonists (MRAs) to SerpinA3. Early treatment 
with the MRA spironolactone improved skeletal muscle pathology in mouse models. In 
a comparison of the mineralocorticoid receptor signaling with global gene expression 
analyses in these skeletal muscles from mice with or without MRA, SerpinA3 was one of 
the genes that were > 2-fold downregulated with MRA treatment.30 In a murine model 
of mineralocorticoid receptor cardiac overexpression, SerpinA3 was upregulated, and in 
in vitro studies in which H9C2 cells were treated for 24 hours with aldosterone SerpinA3 
also increased.31 SerpinA3 has been identified as a marker of colorectal metastasis.32 
Furthermore, elevated SerpinA3 is associated with a worse prognosis and increased mi-
gration and invasion in melanoma.33 Finally, both SerpinA3 and A1 have been proposed 
as markers of tumor progression of adenoma into carcinoma34 are also linked to breast, 
prostate and liver cancer. Collectively, SerpinA3 could directly link HF and cancer via its 
pleiotropic effects because it acts as an acute-phase protein and is related to systemic 
inflammation.35,36 We now extend these previous findings by showing that SerpinA3 
is produced in murine HF, is elevated in the plasma of human patients with HF, and 
stimulates proliferation of colon tumor cells via an Akt-dependent pathway.

FN is an established central player in the cardiac extracellular matrix during cardiac re-
modelling and other physiological circumstances and is strictly regulated, for example, 
by the renin-angiotensin-aldosterone system. As in HF, extracellular matrix is important 
for tumor integrity and growth. FN has been implicated as a pro-angiogenic factor. 
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FN acts on tumor-associated fibroblasts and enhances tumor growth and vasculature, 
stimulating expression of pro-angiogenic factors.37 Indeed, FN has been proposed as a 
possible target to prevent angiogenesis because of its interaction with integrin recep-
tors.38 Circulating FN levels have been significantly elevated in patients with colorectal 
cancer compared with controls, and serum FN levels rose further with cancer progres-
sion.39

PON1 expression and secretion in lung cancer has been shown pro-oncogenic and 
supported metastatic progression by decreasing G1/S ratio and cell senescence.40 
Serum PON1 activity is increased in patients with colon cancer compared with control 
subjects.41

In a large Finnish registry of nearly 40.000 subjects, the overall incidence of cancer was 
positively associated with serum CP levels. The strongest association was observed in 
patients with lung cancer and in males.42 In breast cancer studies, it was hypothesized 
that it can be used as a biomarker of disease progression or as a marker for response to 
therapy.43 Recently, SARI, a direct CP target has been studied in colon cancer and inhibits 
angiogenesis and tumor growth.44

In addition to the 5 proteins that were discovered using our bio-informatic approach, 
the importance of inflammation as shared pathway in HF and cancer must be consid-
ered, especially since the interleukin-1β antibody canakinumab was recently shown to 
decrease new-onset cancer in the Canakinumab Anti-inflammatory Trombosis Outcome 
Study (CANTOS).45 In our mouse studies, we also observed clear increases in interleu-
kin-6 levels and strong associations between the inflammatory markers hs-CRP and 
MR-proADM and incident cancer in the human (PREVEND) study.

The relation between cardiac secreted markers and the levels that can be measured 
systemically is complex. We show that for cardio-specific proteins such as ANP, this is 
straightforward: Increased cardiac production is reflected by increases in plasma levels 
(Supplemental Fig. 1f through 1h). There are no well-validated ELISAs for mouse plasma 
for our candidate proteins. We have measured the HF marker NT-proANP, the fibrosis 
marker tissue inhibitor of metalloproteinases-1 (TIMP1), and the inflammatory marker 
interleukin-6 for which validated mouse ELISA assays are available. The relations ap-
pear straightforward, although we cannot claim that this will also be true for the other 
proteins.

We acknowledge this as a limitation of our study, and although these results support 
the idea that elevated cardiac expression can confer effects on distant organs and tu-



Heart failure stimulates tumor growth 241

mors via plasma proteins, further research is required to solve this complex inter-tissue 
interaction.

Further, in this study, we studied a post-MI model of HF, which is characterized by 
ischemia, cell death, and a large fibrotic scar, which likely are associated with a distinct 
proteomic signature. HF caused by other (non-ischemic) pathogeneses will likely be 
characterized by another set of secreted proteins, which may cause differential effects 
on tumor growth. Future studies should address whether the pathogenesis of HF is 
important in this regard.

Another form of (acute) HF is stress cardiomyopathy (also called Takotsubo). An in-
creased prevalence of malignancies has been observed by Sattler K et al.46 in patients 
with Takotsubo cardiomyopathy, both at the initial diagnosis and during follow-up. It 
has been hypothesized that this may originate from a common pathway of the two con-
ditions, especially the catecholamine excess in cardiovascular disease and cancer. Yalta 
and Yalta47 proposed that malignant diseases (or as-yet undiagnosed malignancy) might 
be the trigger for Takotsubo. However, no molecular pathways have yet been discovered 
to definitely link these two disease modalities to each other.

Clearly, cancer as a co-morbid condition in HF is very serious, and not surprisingly, cancer 
increases the mortality in HF.6 Do our data imply that cancer surveillance might be incor-
porated in the management of patients with HF? In an additional exploratory analysis 
of the screening for new-onset cancer, we investigated whether subjects enrolled in the 
PREVEND study who developed HF before 55 years of age (which in the Netherlands is 
the age where surveillance for colon cancer starts) were in fact at higher risk for develop-
ing cancer, compared to patients who develop HF after 55 years of age. We observed 
that patients who developed HF before the age of 55 have a significantly higher risk of 
developing cancer compared with those without HF (hazard ratio 2.43 [95% confidence 
interval 1.33-4.43]; P = 0.004), whereas there was no difference between patients with or 
without HF after the age of 55 (hazard ratio 1.05 [95% confidence interval 0.84-1.33]; P = 
0.636). This observation suggests (but does by no means prove) that people who are not 
yet eligible for screening because of ‘young age’ might benefit from early screening for 
colorectal cancer once they develop HF.

In summary, our data show that the presence of HF is associated with increased forma-
tion and accelerated tumor growth in a mouse model of colon polyps. We identify several 
myocardial markers with established effects on tumor growth that we demonstrate are 
chronically elevated in human HF. One of our most promising candidate proteins might 
also be targeted for therapy, for example, with MRAs. Our preclinical and clinical data 
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strengthen the link between HF and incident cancer. We propose that this might have 
implications for screening programs for new-onset cancer.

strengths and limitations

We conducted two independent laboratory studies with mice using different operat-
ing techniques and in different laboratories. All analyses were done blinded, and we 
did not exclude animals. Thus, this study confirms to the Animal Research: Reporting 
of In Vivo Experiments criteria for stringent methodology in animal studies.48 Clearly, 
the mouse APCmin model is a model of colon cancer formation, with all limitations, and 
does not allow extrapolation to other tumor types. Our current proteomic approach was 
not based upon the in vivo models used in this study but rather on post-MI proteomic 
studies published by others. Since the effects of the initial study and the HTx study were 
comparable with respect to tumor growth, additional proteomic analyses might be 
instrumental in identifying which proteins exert the strongest effects on tumor growth.
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supplemental methods

Mouse model
C57BL/6J-ApcMin/J (APCmin) heterozygous mice develop ~30 adenomas throughout the 
intestinal tract and most die by 120 days of age because of colon obstruction. Hetero-
zygous mice also develop anemia, due to bleeding polyps, which causes splenomegaly. 
All animals were single caged and had bedding material in a temperature-controlled 
environment. The animal facility was maintained on a 12:12 light:dark cycle. Mice were 
provided standard rodent chow and water ad libitum. Body weights were measured 
weekly.

In vivo study design
Animals were observed for 6 weeks after surgery or transplantation, then euthanized, 
and hearts as well as colons were harvested. Retrieved hearts were immediately snap 
frozen in liquid nitrogen and stored at -80°C or embedded in paraffin, whereas retrieved 
colons had to be additionally weighed and their colon polyps quantified before snap 
frozing the specimen in liquid nitrogen or embedding it in paraffin.

Myocardial infarction model

MI was performed on APCmin mice when they reached the age of 6 weeks. Mice were 
randomized to receiving either MI or no MI (Sham) surgery. Surgery was performed 
as previously published.1 Mice were intubated and mechanically ventilated with a 2% 
isoflurane/oxygen mixture using a rodent ventilator (Harvard Midivent). Body tempera-
ture was maintained at 37°C. MI was inflicted by permanent ligation of the left anterior 
descending coronary artery using 6.0 prolene suture, through an incision in the fourth 
intercostal space. After tying the ligature the heart was inspected for paleness indicative 
for impaired blood flow. Muscle and skin layers were sutured with 5.0 vicryl. Sham-
operated animals underwent the same procedure, except the placement of the ligature. 
Post-operatively, all mice received carprofen (5.0 mg/kg) for analgesic purposes. Ani-
mals were euthanized after 6 weeks after MI under isoflurane anaesthesia by excising 
the heart, and tissues were collected according to previous published protocol.2,3 The 
animal facilities at the UMC Groningen and the University of Innsbruck, are ISO-certified 
and conform to all local and EU regulations. The work has been performed according to 
ARRIVE guidelines for all animal procedures.4

Heterotopic heart transplantation (HTx) model

Cervical heart transplantation was performed using a non-suturing cuff technique as 
previously described5. We used the same strain of animals for our HTx transplantations 
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to prevent graft vs host responses that would result in early human endpoints and 
termination of the study. Further, this design allows to compare the different groups 
from different study protocols. Animals were anesthetised with an intramuscular (i.m.) 
injection of xylazine (5 mg/kg b.w.) and ketamine (100 mg/kg b.w.). In order to prevent 
postoperative pain, buprenorphin (0.1 mg/kg b.w.) was administered twice daily s.c. for 
the first 5 days and carprofen (Rimadyl®) 4 mg/kg b.w. twice daily s.c. for the first 7 days. 
Break-off criteria included a weight loss of more than 10–15% compared to weight at 
surgery date, apathy, crippling or a very bent back. If one of these criteria was met they 
were sacrificed using terminal isoflurane inhalation before reaching the clinical end 
point. In the recipient mouse, an incision in the right jugular area was performed, and 
the external jugular vein as well as the common carotid artery were prepared. Each of 
these vessels was passed through a polyethylene cuff, everted over and fixed on it with a 
8.0 loop-tie. In donor animals, the heart was exposed through sternotomy, perfused with 
perfusion solution Custodiol® (HTK, Dr. Franz Köhler Chemie GmbH, Alsbach– Hähnlein, 
Germany) and the aorta, the pulmonary arteries, the caval veins, and the pulmonary 
veins are isolated and ligated using 8.0 ties. The heart was then excised, and transferred 
into the recipient mouse. Next, the graft was placed in the right recipient neck region 
in an upside-down position, and venous anastomosis was performed by pulling the 
pulmonary trunk of the heart over the previously prepared external jugular vein and 
fixed with an 8.0 loop-tie. The arterial anastomosis between the aorta of the graft and 
the common carotid artery of the recipient was performed in the same manner. Finally, 
the venous and arterial clamps were removed and the heart was reperfused, and beat-
ing started immediately. During reperfusion, the heart was moistened with warm (35° C) 
saline. The surgical wound was closed with 6-0 continuous sutures.

Cardiac MRI

Non-invasive imaging using cardiac MRI (cMRI) was performed one week after surgery 
to determine cardiac dimensions and ejection fraction (% EF) cMRI was performed in 
a 9.4 T 400 MR system (Bruker BioSpin, Ellingen, Germany) as previously described.6,7 
ParaVision 4.0 and IntraGate software (Bruker BioSpin GmBH, Germany) were used for 
cine-MR acquisition and reconstruction. Short-axis slices were obtained to determine 
the end-systolic and end-diastolic dimensions of the left ventricle (QMass, version MR 
6.1.5, Medis Medical Imaging Systems, The Netherlands).

echocardiography

One week after surgery, in vivo cardiac dimensions were assessed with M-mode and 2D 
transthoracic echocardiography (Vivid 7 equipped with 14-MHz linear array transducer; 
GE Healthcare, Chalfont St. Giles, UK). Mice were anesthetized (2% isoflurane in O2), and 
body temperature was maintained by placing the mouse on a heating pad. Parasternal 
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long axis views were used to record M-mode tracings at left ventricular mid-papillary 
level to measure left ventricular dimensions (interventricular septum (IVS), left ven-
tricular posterior wall (LVPW), left ventricular internal diameter (LVID)) and % ejection 
fraction (EF).

In vitro study design

The human colorectal carcinoma cell line HT29 was grown in Dulbecco’s Modified Eagle 
Medium (DMEM) containing 4.5 g/L glucose and 2 mM L-glutamine (Lonza) supple-
mented with 10% fetal calf serum (FCS) (Invitrogen) and 1% penicillin/streptomycin 
(Lonza) at 37 ˚C in a 5% CO2 atmosphere.

addition of candidate proteins to HT29 cells

HT29 cells were seeded in 6 or 12-well plates at a density of approximately 30.000 cells/
cm2. After 3 days cells were washed with PBS and incubated in serum free DMEM me-
dium containing 200 µg/mL suramin sodium salt (suramin) (Sigma Aldrich) to halt cell 
proliferation. Suramin disrupts certain peptide hormone-receptor interactions and has 
been used to show that HT29 cells use an autocrine mechanism allowing proliferation 
under serum starved conditions. This medium was refreshed after one day incubation. 
After 48h of suramin treatment cells were washed with PBS and treated with either 
serum starved DMEM containing 0.1 µM CP, 20 µg/mL fibronectin, 10 mM, PON1, 50 ng/
mL Serpina1 or 10 ng/mL Serpina3. To perform pathway analyses cell were stimulated 
for respectively 5, 10, 15 and 30minutes with Serpina3.

Rna isolation and cDna synthesis

Total RNA was extracted from snap frozen biopsies of the left ventricle using TRI reagent 
(Sigma-Aldrich, St Louis, MO) according to the manufacturer’s instructions. Quantity 
and purity of the RNA was determined using a spectrophotometer (NanoDrop 2000, 
Thermo Scientific, USA) at 230, 260 and 280 nm wavelength. For reverse transcription 
equal amounts of RNA were used for complementary DNA (cDNA) synthesis using the 
QuantiTect® Reverse Transcription Kit (Qiagen, Germany) according to the manufacturer’s 
protocol. cDNA was used for quantification of gene expression by real-time polymerase 
chain reaction (RT-PCR).

Real-Time PCR

Relative gene expressions were determined using a Bio-Rad CFX384 Real-Time PCR 
system (Bio-Rad, CA, USA) using SYBR Green dye. Gene expression was determined by 
correcting for reference gene (36B4) values and the calculated values were expressed as 
fold changes relative to the control group.
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Immunohistochemistry

In vivo: The number of Ki-67 positive cells in mouse intestine were determined by im-
munohistochemical analyses. Briefly, tissues were fixed in 10% formaldehyde for 24 h, 
routinely embedded in paraffin, and cut into 5-µm sections. Immunohistochemistry was 
performed according to the manufacturer’s instructions, using Streptavidin-Peroxidase 
(SP-9000) kit, anti-Ki67 (ZM0166), all from Zymed laboratories (San Francisco, CA, USA) 
with antigen retrieval performed according to the manufacturer’s instruction. Counter 
staining with hematoxyline eosine was performed.

In vitro: For proliferation analyses stimulation was for 24hours and EdU+ and KI-67 stain-
ing was performed according to the manufactures protocol (Click-iT EdU+, USA).

The slides were scored by counting the number of positive cells regardless of the stain-
ing intensity versus the total number of cells and calculating the percentage of positive 
cells (positive cells/total cells in one field), multiple fields were counted and averaged 
and expressed as the ratio of positive cells per field.

elIsa measurements

The following commercial enzyme-linked immunosorbent assays (ELISA) were used to 
determine protein levels in murine plasma: inflammation marker IL-6 (DY406-05, R&D, 
USA), fibrosis marker TIMP-1 (MTM100, R&D, USA); HF-marker NT-proANP (BI-20892, BIO-
MEDICA, Austria), and in human plasma: Fibronectin (ab108848), SerpinA3 (ab157707), 
Ceruloplasmin (ab108818), SerpinA1 (DY1268) and PON1 (DYC5816-2) all from R&D, 
USA, according to the manufacturer’s instructions.

Western blot

Protein was isolated from frozen homogenized organs or from cells washed ones with 
PBS in ice-cold lysis buffer (50 mM TrispH8.0, 1% NP40, 0,5% deoxycholate, 0,1% SDS, 
150 mM NaCl, 1 mM PMSF, 15 mM sodium vanadate) supplemented with protease and 
phosphatase inhibitor cocktails (Sigma-Aldrich, USA).

Protein was loaded on 5-12% SDS-PAGE gels and transferred onto nitrocellulose mem-
branes (Bio-Rad, USA). The following commercial primary and secondary antibodies were 
used for immunoblotting: anti-ANP (ab91250, Abcam, UK) and anti-GAPDH (10R-G109A, 
Fitzgerald, USA). For our pathway analysis, we used anti-phosphorylated-AktSer473, 
anti-total-Akt, anti-total-ERK1/2, anti-phosphorylated-rpS6Ser235/236 and anti-total-
rpS6, all from Cell Signaling Technology, and anti-phosphorylated-ERK1/2Tyr204/187 
from SantaCruz (Dallas, TX, USA). Signals were detected by ECL (PerkinElmer, USA), and 
intensities of bands were quantified with ImageQuant LAS 4000 (GE Healthcare Eurpe 
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GmbH, Belgium). Protein levels were corrected by GAPDH reference protein levels. Fold 
changes relative to internal control are calculated and shown.

Chronic heart failure (VitD-CHf trial)

In the period of March 2010 to November 2011, 101 stable CHF patients presenting at 
the outpatient clinic of the University Medical Center Groningen, in Groningen, The 
Netherlands were included in this trial (NCT NCT01092130). These patients were ≥18 
years of age, had a left ventricular ejection fraction (LVEF) <45%, and were treated with 
optimal HF medication [i.e., angiotensin-converting enzyme inhibitors (ACEi) or angio-
tensin receptor blockers (ARBs), β-blockers, and mineralocorticoid-receptor antagonists 
(MRAs) when indicated]. Study participants have previously been described in more 
detail.8 Patients were randomized to receive either a daily dose of 2,000 IU of vitamin D3 
(vitD) or no extra medication for 6 weeks. For the current analysis baseline samples were 
used, which were taken before the start of vitD treatment.
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supplemental Table 1. Cardiac phenotype of control mice and mice with Hf due to myocardial in-
farction.

Control Heart failure P-value

MRI parameters

LV ejection fraction (%) 61.1 (5.7) 32.1 (9.1) <0.001

LV end systolic diameter (mm) 1.9 (0.3) 3.3 (0.6) <0.001

LV end diastolic diameter (mm) 3.4 (0.3) 4.2 (0.6) <0.001

Fractional shortening (%) 0.45 (0.06) 0.21 (0.07) <0.001

LV end diastolic volume (µL) 46.8 (8.9) 79.3 (21.9) <0.001

LV end systolic volume (µL) 18.5 (5.7) 55.2 (21.2) <0.001

Invasive hemodynamics

Aorta

Systolic Blood Pressure (mmHg) 99.2 (2.9) 91.1 (3.7) 0.005

Diastolic Blood Pressure (mm Hg) 61.9 (3.2) 58.3 (1.5) 0.056

Left Ventricle

dP/dt max (mmHg/sec) 9410 (1913) 7205 (1202) 0.033

dP/dt min (mmHg/sec) -8625 (902) -6131 (1035) 0.001

LV end-diastolic pressure (mmHg) 3.3 (2.8) 8.4 (3.3) 0.033

LV: left ventricular

supplemental Table 2. Weights of organs / cardiac compartments compared between both groups 
(corrected for tibia length).

Control Heart failure P-value

lung weight 12.4 (2.3) 13.3 (2.7) 0.38

liver weight 90.4 (8.2) 98.4 (10.5) 0.045

spleen weight 8.9 (3.2) 11.9 (4.3) 0.038

atria weight 0.27 (0.04) 0.38 (0.09) <0.001

left Kidney weight 12.0 (1.6) 12.3 (1.5) 0.60

Right Kidney weight 13.4 (1.3) 12.9 (1.6) 0.41

supplemental Table 3. Cardiac echo-graphic parameters of control mice and mice with a Hf due to 
myocardial infarction of both the donor and recipient heart.

Control Heart failure P-value

Donor heart

LV ejection fraction (%) 61.0 (6.3) 27.2 (9.8) <0.001

LV end systolic diameter (mm) 2.2 (0.2) 3.0 (0.5) <0.001

LV end diastolic diameter (mm) 3.5 (0.3) 3.6 (0.4) 0.40

Fractional shortening (%) 0.37 (0.05) 0.15 (0.06) <0.001

Recipient heart

LV ejection fraction (%) 64.2 (5.2) 61.7 (5.9) 0.34

LV: left ventricular
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supplemental Table 4. Weights of organs / cardiac compartments compared between both groups 
of the HTx model (corrected for tibia length).

Control Heart failure P-value

lung weight 9.6 (0.9) 9.9 (0.7) 0.38

liver weight 73.4 (8.3) 71.0 (16.7) 0.72

spleen weight 8.0 (1.7) 10.8 (0.9) <0.001

atria weight 0.48 (0.01) 0.47 (0.02) 0.88

left Kidney weight 8.1 (1.2) 7.9 (0.9) 0.78

Right Kidney weight 8.7 (1.4) 9.0 (0.8) 0.47

supplemental Table 5. Hazard ratio for new onset colon cancer per biomarker doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset colon cancer

Cardiac markers

NT-proBNP 1.39 1.20-1.60 <0.001 1.01 0.90-1.13 0.862

hs-TnT 1.57 1.38-1.78 <0.001 1.07 0.87-1.32 0.529

MR-proANP 1.88 1.50-2.37 <0.001 1.08 0.83-1.39 0.580

neuro-endocrine

Aldosterone 1.06 0.79-1.41 0.702

Renin 0.94 0.81-1.09 0.382

Galectin-3 1.67 1.20-2.33 0.003 0.92 0.61-1.39 0.697

Inflammation

CT proET-1 1.48 1.11-1.98 0.007 1.05 0.80-1.38 0.736

MR-proADM 2.73 1.89-3.94 <0.001 1.24 0.85-1.82 0.266

hs-CRP 1.23 1.11-1.36 <0.001 1.12 0.99-1.26 0.063

PCT 1.41 1.13-1.75 0.002 1.08 0.79-1.46 0.629
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supplemental Table 6. Hazard ratio for new onset breast cancer per biomarker doubling.

Unadjusted

HR 95% CI P-value

new onset breast cancer

Cardiac markers

NT-proBNP 1.12 0.97-1.29 0.120

hs-TnT 1.26 0.92-1.74 0.156

MR-proANP 1.09 0.78-1.52 0.607

neuro-endocrine

Aldosterone 0.91 0.66-1.26 0.569

Renin 0.97 0.85-1.10 0.599

Galectin-3 1.48 0.99-2.19 0.052

Inflammation

CT proET-1 1.02 0.76-1.34 0.918

MR-proADM 1.05 0.71-1.57 0.800

hs-CRP 1.06 0.95-1.18 0.308

PCT 0.94 0.60-1.49 0.800

supplemental Table 7. Hazard ratio for new onset lung cancer per biomarker doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset lung cancer

Cardiac markers

NT-proBNP 1.32 1.19-1.47 <0.001 1.08 0.95-1.22 0.248

hs-TnT 1.76 1.56-2.00 <0.001 1.30 1.06-1.60 0.013

MR-proANP 1.74 1.34-2.25 <0.001 1.00 0.74-1.35 0.994

neuro-endocrine

Aldosterone 0.86 0.63-1.16 0.315

Renin 1.05 0.89-1.24 0.565

Galectin-3 1.76 1.24-2.52 0.002 1.03 0.66-1.59 0.907

Inflammation

CT proET-1 2.01 1.41-2.88 <0.001 1.28 0.90-1.81 0.165

MR-proADM 3.03 2.00-4.58 <0.001 1.16 0.75-1.80 0.497

hs-CRP 1.44 1.29-1.61 <0.001 1.31 1.15-1.50 <0.001

PCT 1.45 1.15-1.82 0.002 1.13 0.79-1.61 0.518
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supplemental Table 8. Hazard ratio for new onset skin cancer per biomarker doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset skin cancer

Cardiac markers

NT-proBNP 1.27 1.20-1.35 <0.001 1.03 0.97-1.11 0.340

hs-TnT 1.48 1.36-1.62 <0.001 0.99 0.87-1.13 0.901

MR-proANP 1.87 1.63-2.14 <0.001 1.04 0.89-1.21 0.596

neuro-endocrine

Aldosterone 0.99 0.84-1.19 0.970

Renin 0.97 0.88-1.06 0.474

Galectin-3 1.77 1.46-2.16 <0.001 1.13 0.88-1.44 0.339

Inflammation

CT proET-1 1.43 1.20-1.69 <0.001 1.04 0.88-1.23 0.632

MR-proADM 2.20 1.77-2.73 <0.001 1.09 0.88-1.37 0.430

hs-CRP 1.12 1.05-1.19 <0.001 1.05 0.98-1.13 0.185

PCT 1.33 1.15-1.53 <0.001 1.02 0.84-1.24 0.824

supplemental Table 9. Hazard ratio for new onset urological cancer per biomarker doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset urological cancer

Cardiac markers

NT-proBNP 1.13 1.02-1.24 0.016 1.05 0.95-1.16 0.339

hs-TnT 1.25 1.02-1.53 0.028 1.03 0.81-1.31 0.809

MR-proANP 1.26 1.02-1.55 0.028 1.10 0.89-1.37 0.363

neuro-endocrine

Aldosterone 0.97 0.74-1.27 0.844

Renin 1.04 0.91-1.18 0.588

Galectin-3 1.34 0.89-2.04 0.165

Inflammation

CT proET-1 1.08 0.84-1.40 0.534

MR-proADM 1.24 0.94-1.63 0.136

hs-CRP 1.05 0.93-1.19 0.392

PCT 1.33 0.99-1.80 0.063
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supplemental Table 10. Hazard ratio for new onset hematological cancer per biomarker doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset hematological cancer

Cardiac markers

NT-proBNP 1.22 1.05-1.41 0.011 1.03 0.87-1.21 0.746

hs-TnT 1.63 1.37-1.93 <0.001 1.29 0.98-1.71 0.071

MR-proANP 1.81 1.28-2.57 0.001 1.26 0.85-1.86 0.252

neuro-endocrine

Aldosterone 0.76 0.51-1.12 0.163

Renin 0.95 0.76-1.18 0.640

Galectin-3 1.90 1.21-2.99 0.005 1.28 0.73-2.24 0.383

Inflammation

CT proET-1 1.76 1.11-2.79 0.017 1.29 0.83-2.02 0.257

MR-proADM 2.07 1.19-3.59 0.010 1.02 0.59-1.78 0.937

hs-CRP 1.06 0.91-1.23 0.477

PCT 1.37 0.96-1.94 0.080

supplemental Table 11. Hazard ratio for new onset male reproductive system cancer per biomarker 
doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset male reproductive system cancer

Cardiac markers

NT-proBNP 1.17 1.05-1.30 0.005 0.87 0.77-0.98 0.026

hs-TnT 1.83 1.66-2.01 <0.001 1.47 1.23-1.77 <0.001

MR-proANP 1.87 1.45-2.41 <0.001 0.99 0.74-1.31 0.918

neuro-endocrine

Aldosterone 0.95 0.71-1.29 0.757

Renin 1.05 0.90-1.23 0.508

Galectin-3 1.76 1.25-2.47 0.001 0.79 0.52-1.22 0.296

Inflammation

CT proET-1 2.36 1.64-3.41 <0.001 1.47 1.04-2.09 0.031

MR-proADM 4.07 2.69-6.15 <0.001 1.53 0.97-2.40 0.066

hs-CRP 1.27 1.14-1.41 <0.001 1.15 1.01-1.31 0.032

PCT 1.63 1.38-1.93 <0.001 1.34 1.07-1.68 0.011
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supplemental Table 12. Hazard ratio for new onset female reproductive system cancer per biomark-
er doubling.

Unadjusted adjusted for model 1

HR 95% CI P-value HR 95% CI P-value

new onset female reproductive system cancer

Cardiac markers

NT-proBNP 1.31 1.11-1.55 0.001 1.30 1.08-1.56 0.005

hs-TnT 0.77 0.48-1.26 0.305

MR-proANP 1.77 1.19-2.62 0.005 1.69 1.09-2.62 0.020

neuro-endocrine

Aldosterone 0.80 0.49-1.28 0.348

Renin 0.80 0.62-1.03 0.086

Galectin-3 1.49 0.81-2.74 0.194

Inflammation

CT proET-1 1.15 0.74-1.80 0.531

MR-proADM 2.45 1.31-4.57 0.005 1.48 0.76-2.87 0.246

hs-CRP 1.22 1.02-1.46 0.029 1.03 0.83-1.27 0.817

PCT 0.78 0.41-1.51 0.470
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supplemental figure 1. Cardiac phenotype of the failing heart compared to the sham operated ani-
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Total of identified excreted proteins post myocardial infarction
N=480

Proteins
of

interest

Cheow, 2016
de Castro Brás, 2012

Anderson, 2016

Validated proteins post MI
N=13

Validated epitopes
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Hartmans, 2017 Surinova, 2015

Total of identified epitopes of intestinal tissue
N=5579

SerpinA3
SerpinA1
FN
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PON1

supplemental figure 3. literature strategy to identify possible proteins involved in both post myo-
cardial infarction and tumorigenesis.
We identified gene lists of post myocardial infarction (3 studies) studies, next to lists of epitopes that have 
been described to be present on colorectal cells (2 studies), and merged the lists, in an effort to identify 
possible factors that could explain the relationship between HF and cancer development. The full derived 
datasheet is presented in the supplemental material.
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supplemental figure 4. The mRna expression levels of the candidate genes in the myocardium
Gene expression of the candidate genes of a. the non-transplanted mice study and b. the transplanted mice 
study. Data are presented as means ± SEM *, P<0.05; ***, P<0.001.
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supplemental figure 4. The mRna expression levels of the candidate genes in the myocardium
Gene expression of the candidate genes of a. the non-transplanted mice study and b. the transplanted mice 
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supplemental figure 5. Proliferation assays of HT-29 cells
a. PCNA gene expression in response to stimulation by the candidate proteins b-c. PCNA expression and 
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eDIToRIal CoMMenT

This chapter refers to ‘Heart failure stimulates Tumor Growth by Circulating 
factors’, by W.C. Meijers et al., Chapter 9a of this thesis.

Noncommunicable diseases kill 40 million people each year, accounting for 70% of 
all deaths globally. In this context, 17.7 million people die annually as a consequence 
of cardiovascular diseases, whereas cancer accounts for 8.8 million deaths per year.1 
Evidence linking cardiovascular diseases with a higher incidence of cancer has been 
suggested previously in community-based observational trials.2 In 2013, Hasin et al.3 
found an interconnection between heart failure and consequent cancer diagnosis. These 
findings were reproduced in a prospective cohort study of patients with myocardial 
infarction–induced heart failure.4 Banke et al.5 observed similar results in a large Danish 
heart failure cohort. It is important to note, however, that these epidemiological studies 
do not differentiate between heart failure with preserved or reduced ejection fraction, 
which may be relevant because these conditions appear distinct.

Shared risk factors and biological mechanisms possibly explain this relationship. Indeed, 
cardiovascular risk factors such as unhealthy diet, tobacco smoking, obesity, diabetes 
mellitus, and hypertension have been found to be associated with an increased cancer 
risk.6 Moreover, it has been speculated that cardiovascular drugs (ie, angiotensin-
converting enzyme inhibitors and β-blockers), radiation during diagnostic assessment, 
epigenetic mechanisms, and regenerative signaling are all potential links connecting 
both illnesses.2,6 With regard to common molecular pathways, chronic inflammation and 
oxidative stress are likely candidates, because they play central roles in the pathophysi-
ology of both cardiovascular diseases and cancer.6

Nonetheless, despite the evidence described in the aforementioned population studies 
and shared risk factors/biological mechanisms, the possibility that other comorbidities 
may explain the association between cardiovascular disease and cancer cannot be ruled 
out.7 Moreover, inasmuch as the clinical assessment of patients with heart failure occurs 
regularly, an apparent higher risk of cancer may reflect merely earlier diagnosis rather 
than a higher incidence.7

The study by Meijers et al.8 in chapter 9a of this thesis presents new evidence suggesting 
that heart failure promotes intestinal precancerous polyp growth. The authors report 
compelling data using the APCmin mouse strain, which harbors a nonsense mutation in 
APC leading to persistence of β-catenin and a susceptibility to spontaneous intestinal 
adenoma formation.9–11 Six weeks after the induction of myocardial infarction with sub-
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sequent heart failure (left ventricular ejection fraction ~32% one week after myocardial 
infarction), these mice developed an increased number and size of intestinal polyps in 
comparison with the sham-operated control. Moreover, the authors found an association 
between polyp growth and left ventricular ejection fraction and cardiac fi brosis, both of 
which correlate with the magnitude of heart failure–induced myocardial remodeling.

To exclude alterations in hemodynamics as the cause of their fi ndings, Meijers et al. 
transplanted hearts from APCmin mice subjected 1 week earlier to myocardial infarction 
or sham operation heterotopically into the cervical region of other APCmin mice (HTx 
model). In this procedure, the external jugular vein and common carotid artery of the 
recipient mouse were anastomosed with the pulmonary trunk and aorta, respectively, of 
the transplanted heart. The performance of the recipient native heart was unaltered. It is 
interesting to note that 6 weeks after the procedure, APCmin mice that were transplanted 
with infarcted hearts manifested elevated numbers and size of polyps in comparison 
with mice receiving sham-operated hearts (Figure 1).

Important questions arise from these novel fi ndings. Can these observations be extrapo-
lated to other precancerous or cancerous lesions? Would heart failure of non-ischemic 
origin elicit the same response? Does heart failure also promote metastasis?

Sham
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TUMOR GROWTH
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figure 1. failing heart stimulates intestinal polyp growth.
Experimental models (Left) showed that myocardial infarction–induced heart failure (MI-HF) stimulates 
precancerous intestinal polyp growth in APCmin mice. Left ventricular ejection fraction was markedly de-
creased after myocardial infarction in MI-HF mice in comparison with sham-operated mice (Sham). MI-HF 
mice also developed more and larger intestinal polyps than Sham mice. Failing hearts heterotopically (HTx) 
transplanted to APCmin recipient mice trigger the same polyp growth. In silico studies (Middle). Explora-
tion strategy identifi ed SerpinA1 (alpha-1-antitrypsin), SerpinA3 (alpha-1-antichymotrypsin), FN (fi bronec-
tin), CP (ceruloplasmin), and PON1 (paraoxonase 1) as potential circulating factors responsible for promot-
ing polyp growth. In vitro studies (Middle) showed that Serpin A1/A3 elicited proliferation of the HT-29 
cancer cell line. Population studies (Right) showed that plasma levels of SerpinA1, SerpinA3, FN, CP, and 
PON1 were increased in patients with chronic heart failure (CHF) in comparison with healthy patients.
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Pursuing mechanism, Meijers et al. reviewed the literature concerning proteins released 
after myocardial infarction and identified 5 proteins of potential relevance: SerpinA1 
(alpha-1-antitrypsin), SerpinA3 (alpha-1-antichymotrypsin), FN (fibronectin), CP (ce-
ruloplasmin), and PON1(paraoxonase 1). The mRNA levels of all these proteins were 
elevated in the left ventricles of failing APCmin mice, but this result was replicated only for 
SerpinA3, FN, and Pon1 in the HTx model (Figure 1). The authors went on to show that 
the addition of SerpinA1 and SerpinA3 to the cell culture media promoted proliferation 
of the colorectal cell line HT-29 (Figure 1). These findings would have been strengthened 
by the demonstration of increases in the protein abundance of these candidate media-
tors in the heart and blood. In addition, such measurements would have allowed the 
investigators to probe whether levels of these mediators correlate with tumor load. This 
limitation notwithstanding, these data are quite provocative.

Finally, this study provides evidence for the translational value of the reported results 
by showing increased plasma levels of their 5 candidate proteins in the plasma of 101 
patients with chronic heart failure in comparison with 180 healthy patients enrolled in 
the PREVEND study (Prevention of Renal and Vascular End-stage Disease)12,13 (Figure 1). 
Also, they observed that augmented heart failure biomarkers, and inflammation-related 
proteins, as well, were predictive of incident cancer independent of cancer risk factors.

Although the authors’ findings shed light on possible molecules mediating the observed 
effects, a more comprehensive mechanistic assessment will be required to definitively 
delineate links between heart disease and cancer (Figure 2). Moreover, an unbiased 
proteomics approach, rather than a candidate approach, would likely be better suited 
to reveal the most important mediators connecting the failing heart with tumor growth. 
Ultimately, however, multifaceted experimental approaches to alter the abundance of 
these mediators will be required to prove cause and effect.

Although further research is needed to confirm and deepen these findings, these are 
potentially groundbreaking results that will stimulate further delineation of the connec-
tions between heart disease and cancer. This study highlights how heart disease may 
impact cancer just as other work has demonstrated the important effects of cancers14 
and cancer treatments15 on cardiac structure and function. We may be at the gates of a 
new scientific research field.
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figure 2. Proposed model, whereby post-MI–induced Hf promotes tumor growth. 
Shared risk factors, such as unhealthy diet, tobacco smoking, obesity, diabetes mellitus, and hypertension 
are potential links between both diseases. Mechanistically, chronic inflammation, oxidative stress, cyto-
kines, angiotensin II, and catecholamines are all plausible mediators contributing to this connection be-
cause they play a role in both cancer and cardiovascular diseases.
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aBsTRaCT

Emerging evidence supports that cancer incidence is increased in patients with heart 
failure (HF). Recently, data is provided that a causal relationship exists between both 
diseases. Circulating factors due to HF have shown to promote tumor growth and 
development in murine models. Common pathophysiological mechanisms linking HF 
and cancer are inflammation, neuro-hormonal activation, oxidative stress and a dys-
functional immune system. These shared mechanisms and risk factors further support 
the hypothesis that patients with HF are prone to develop cancer. Clinical awareness is 
essential to optimize treatment strategies of patients having developed cancer with a 
history of HF. Investigating new insights that could link HF and malignancy is an exciting 
new field of research and will be discussed in this review.
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InTRoDUCTIon

Cardiovascular (CV) disease and cancer are the two major causes of death worldwide. 
In Europe, CV mortality accounts for nearly 4 million deaths (45%) among men and 
women.1 At the same time, more than one quarter of all people in Europe die of cancer, 
and cancer accounts for an even higher share (~30%) of deaths among men than among 
women (~25%).2

Thanks to better prevention, smoking ban, dietary measures but also improvement in 
treatment, with combinatorial medication and early percutaneous cardiac interven-
tion, CV mortality has declined in recent decades. But at the same time, cancer-related 
mortality appears to have risen.3 Historically, in epidemiological studies, mortality was 
often categorised as being either due to CV disease, cancer, or ‘other’. Yet, a sizeable 
proportion of patients will develop both CV disease and cancer. Indeed, the field of 
cardio-oncology has attracted increasing interest, as cancer survivors might develop CV 
disease as a result of chemotherapy, radiotherapy, and immunotherapy, often in combi-
nation.4,5 As a result, it is now advocated that in cancer patients, their CV risk factors must 
be assessed (preferably at baseline, i.e before cardio-toxic treatment), and also that such 
patients should be monitored long term for development of CV disease and be treated 
aggressively, if needed .6,7

In recent years, some epidemiological studies have reported that the reverse may also 
be true, i.e. that the incidence of cancer in some patients with heart failure (HF) is elevat-
ed.8–15 These data show that cancer development and related mortality are substantial in 
patients with CV disease, in particular HF. However, no attention or (CV disease related) 
guidelines or recommendations currently exist with regards how best to identify or treat 
cancer in patients with prevalent CV disease. Furthermore, these studies only point to an 
association between HF and cancer, but the pathophysiological mechanisms underlying 
this association, ie. the mechanisms involved, have remained unclear.

Recently our group has shown that in an animal model of HF, in mice that were prone to 
the develop colorectal cancer, the presence of HF was associated with increased tumor 
development and growth.16 In an accompanying editorial it was discussed that these 
results will stimulate further delineation of the connections between heart failure and 
cancer.17 In addition, in the same issue of the journal, this line of research was further 
emphasized by a review focused on possible underlying mechanisms like inflammation 
and neuro-hormonal activation by Bertero and colleagues.18 These new data provide 
some first evidence, that the condition of HF per se may lead to an environment of 
increased susceptibility to cancer development of growth. In the present review we will 
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discuss this possible relation between HF and in addition, we will try to dissect the po-
tential mechanisms to explain this phenomenon, including circulating factors but also 
other mechanisms such as inflammation, neuro-hormonal activation, oxidative stress, 
and the influence of CV risk factors and of common CV medication. We propose the 
term “Onco-Cardiology” for this novel field, and position current knowledge and discuss 
controversies and knowledge gaps. We will focus on heart failure (HF), as this is the most 
fatal form of CV disease and represents a final common pathway in CV disease. As such, 
it encapsulates all forms of CV disease at an advanced stage.

epidemiology of incident cancer in heart failure

Heart failure: a disease of co-morbidities
HF is the most deadly disease in the CV disease domain, characterised by abnormal car-
diac structure and/or function, with typical signs and symptoms and a negative impact 
on quality of life.19 The prognosis of patients with HF is poor, with a five-year and ten-
year survival rate of only ~50% and ~25%, respectively. This accounts for both patients 
with HF with reduced (HFrEF) and preserved (HFpEF) ejection fraction.20,21

The presentation of HF has evolved in recent decades. Classically, HF affected middle-
aged men following a significant myocardial infarction (MI), but today a large propor-
tion of incident HF occurs in the elderly (and especially women), with primary drivers 
including hypertension, ageing and diabetes. This “modern face” of HF appears to have 
a better prognosis, yet it is associated with an extreme burden of co-morbidities, such 
as hypertension, atrial fibrillation, kidney disease, diabetes, iron deficiency and chronic 
obstructive pulmonary disease.22,23

Historically, cardiologists assumed that most patients with HF will die either from HF 
itself or from other CV causes, especially in HFrEF.24 However, many patients with HF 
currently die from non-CV causes.25,26 In fact, depending on age and etiology, non-CV 
mortality rate ranges between 20 and 50%. Figure 1 displays the mode of non-CV deaths 
of three recent large randomized clinical trials (RCTs) in HFpEF and HFrEF, which reveal 
that 34-39% of all non-CV deaths were related to cancer. Of note, mortality was much 
more often due to cancer than for instance renal function, stroke, infection/sepsis or 
COPD,27 which all are co-morbidities that have been studied in detail, and are well ac-
cepted as relevant prognostic factors in the setting of HF.

As described, it has been acknowledged that HF and cancer may coincide. However, lit-
erature has almost exclusively focused on HF as a consequence of cancer and its related 
therapies, such as chemotherapy and radiation.
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Heart failure and cancer development
One of the first studies examining the association between HF and the development of 
cancer investigated 961 subjects with HF incidence and compared them to 961 matched 
controls. In order to explore the incidence of cancer among HF patients, all patients 
with a prior cancer diagnosis were excluded. During an average follow up of 7.7 +/- 6.4 
years, HF patients had 60% higher risk of developing cancer (HR 1.60 [CI 1.14-2.26]). This 
elevated risk was maintained following adjustments for body mass index (BMI), Charlson 
comorbidity index and smoking. No statistically significant difference in sex and age in-
teraction was observed. A time-dependent interaction was found, with an increased risk 
of cancer in a later time period, suggestive that cancer development had not yet begun 
at the time of HF diagnosis, but may be provoked by new onset HF. Cancer incidence 
in HF patients resulted in an elevated risk of death (HF 1.68 [CI 1.33-2.14]).8 A post-hoc 
study of the same cohort which only included those who developed HF following an 
MI revealed that post-MI HF was also associated with an increased risk for cancer. 12% 
of the individuals developed cancer compared to 8% who did not develop HF after MI 
during a follow-up period of 4.9 +/- 3.0 years (HR 2.16 [CI 1.39-3.35].9 In a large general 
cohort (>28.000 subjects) in which cancer incidence and MI was reported, increased 
cancer incidence was also observed in those who had a prior MI. This effect was more 
pronounced among women than men.10

A second study used data from the Danish National Register to evaluate the risk of HF 
with respect to new onset cancer among over 9,000 subjects with HF but without a 
prior cancer diagnosis. In comparison to the general population, the incidence rate of 
cancer increased in those with HF (HR 1.24 [CI 1.15-1.33]). Importantly, this observa-
tion persisted in the first year following the diagnosis of HF.11 This finding was recently 
confirmed in a non-Caucasian population: a large retrospective study of over 5,000 
Japanese HF patients concluded that cancer incidence occurred four times more often 
than in the controls.12

In order to shed further light on the interaction between CV disease and incidence of 
cancer, another study reported on abnormal wall motion during stress echocardiography 
(SE) as a proxy for CV disease. It was demonstrated that in addition to CV mortality (HR 
1.19 [CI1.03-1.35]), abnormal SE also predicted new onset cancer (HR 1.19 [CI 1.16-1.73]).13

In contrast, a recently published post-hoc analysis of the Physicians’ Health Study did 
not confirm the association between HF and all-cancer incidence or site-specific cancer 
incidence.14 This study differed in that it only included males, and more importantly, HF 
was primarily recorded through self-reporting instead of clinical or echocardiographic 
findings, as has been discussed previously.28
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Clearly, the presence of a second lethal disease in the setting of HF has strong prognostic 
implications. Indeed, in HF patients, an increasing number of non-cardiac comorbidi-
ties is associated with a higher risk for all-cause hospital admissions (p < 0.001). These 
comorbidities, including cancer, had similar impacts on mortality in patients with 
HFpEF compared with those with HFrEF.29 A recent position statement from the Heart 
Failure Association (HFA) called for greater attention to cancer incidence in patients with 
prevalent HF, and provides suggestions for monitoring and treatment.30 Recent evidence 
highlights a direct interaction between HF and cancer development

Circulating factors

In HF, numerous proteins are secreted by the heart and affected organs, which has 
sparked interest in their use as biomarkers to facilitate diagnosis, to risk-stratify patients 
or to target treatments. However, a substantial number of these circulating factors are 
in fact biologically active proteins that may exert effects on peripheral organs, including 
tumors.31,32 Examples of known pro-cancerous factors that are elevated in HF and are 
secreted are TNF-alpha, IL-6, IL-1 and VEGF.33 However, whether the heart itself behaves 
as a true endocrine organ remains unclear.

Recent work from our group has demonstrated direct and causal proof that these 
circulating factors may play a role, sharing new insights regarding the relationship be-
tween HF and cancer incidence in a translational study.16 The first level of evidence was 
provided by studying if HF in model susceptible to cancer would provoke tumor growth. 
It was demonstrated that post-MI HF in a murine model of genetic pre-cancerous colon 
adenomas (APCmin mice) resulted in enhanced tumor growth. Compared to sham-oper-
ated mice, mice with HF demonstrated an increased amount and size of tumors, which 
resulted in a 2 to 3-fold increase in tumor load in the intestine (Figure 2). Excess tumor 
progression was correlated with markers of cardiac remodeling, such as left ventricular 
ejection fraction (LVEF) and myocardial fibrosis. To further extend and validate these 
findings, a second model without hemodynamic impairment was investigated and 
again the presence of a failing heart accelerated tumor growth. It was postulated that 
cardiac-derived proteins might exert exocrine effects on tumor cells.

Using existing proteomic databases, several candidate proteins that are demonstrated 
as to be secreted by the failing heart into the blood stream, ánd that have proven effects 
on colon tissue, were identified and further investigated in vitro. One of the factors – al-
pha 1-antichymotrypsin (SERPINA3/ACT)– dose-dependently accelerated tumor growth 
via phosphorylation of Akt and rpS6 in vitro.
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Corroborating evidence was obtained by mapping new onset cancer in a community-
based cohort study with 8,592 subjects, and a mean follow-up of 12 years. During this 
period, 1132 subjects (13.1%) were diagnosed with cancer, 132 (11.7%) with colorectal 
cancer. At baseline, a large panel of biomarkers was measured. Strikingly, N-terminal pro 
B-type (NT-proBNP), known for its established diagnostic and prognostic performance 
in HF independently predicted new onset cancer.34 When patients were stratified based 
upon their NT-proBNP levels at baseline, patients with the highest tertile of NT-proBNP 
clearly demonstrated a higher incidence of all cause cancer (Figure 3) and also for colon 
cancer. These data suggest that cardiac production and the secretion of certain (bio)
markers not only signals myocardial damage, but also affects distant tumor growth, 
possibly via exocrine effects.

other pathophysiological mechanisms link heart failure and cancer

Besides the above mentioned direct link between HF and cancer, chronic activation of 
several systemic systems may - at least in part - explain the interplay between the heart 
and the function or dysfunction of peripheral organs, including cancer. In this paragraph 
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we discuss the role of inflammation, neuro-hormonal activation, oxidative stress and the 
immune system.

Inflammation
Inflammation is closely related to HF, although the degree of inflammation is generally 
regarded as low intensive.35 Numerous pro-inflammatory cytokines are elevated in HF, 
especially during the progression of the disease, supporting the hypothesis that inflam-
mation contributes to HF development.36 Enhanced inflammation in HF for example 
leads to bone marrow dysfunction.37 However, no direct proof exists that the release of 
pro-inflammatory cytokines or certain inflammatory cells from the heart affect tumor 
cells or tumors. Nevertheless, it is plausible that cardiac-derived inflammatory factors 
can exert downstream effects due to the well-described role they play in tumor growth.38 
Furthermore, the study of Meijers et al. also investigated inflammatory factors such as 
high sensitivity C-reactive protein (hs-CRP) and mid regional pro-adrenomedullin (MR-
proADM) and demonstrated that these were predictive of new onset cancer.

Supportive evidence that inflammation is at the crossroads of CV disease and cancer was 
provided by the recently published CANTOS trial. In this phase III trial, the interleukin-
1β blocker canakinumab was investigated in patients who had experienced MI, with 
the aim to test the hypothesis that IL-1β inhibition attenuated future coronary events. 
The treatment with canakinumab resulted in a 25% reduction in major adverse CV 
events in comparison to the placebo (HR 0.75 [CI 0.66-0.85]).39 Yet strikingly, the same 
intervention, significantly and dose-dependently, reduced lung cancer incidence and 
lung cancer mortality ((highest dose (300mg) HR 0.33 [CI 0.18–0.59]; p<0.0001 and HR 
0.23 [CI 0.10–0.54]; p=0.0002, respectively).40 Thus, this study links CV disease to cancer, 
positioning inflammation as a central player.

Neuro-hormonal
Activation of the renin-angiotensin-aldosterone system (RAAS) is one of the central 
compensatory homeostatic responses in HF. RAAS activation initially aims to uphold 
blood pressure and cardiac output by vasoconstriction and cardiac hypertrophy; 
however, chronic activation triggers detrimental effects to the heart, kidneys and blood 
vessels.41 Besides a systemic RAAS, most target organs are equipped with a local RAAS 
with a differential expression of RAAS hormones and receptors in the heart, blood ves-
sels and kidneys, as well as in different forms of cancer.42 For instance, the increased 
expression of AT1R in cancer biology is associated with more advanced tumors and a 
worse prognosis.43 On the other hand, the modulation of the RAAS may affect tumor 
growth, although data are inconsistent. Overall, the ANG II/AT1R axis is deemed to 
enhance tumor growth, whereas AngII/AT2R signaling exerts the opposite effect.42 The 
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measurement of RAAS hormones plays no role in daily HF care, but RAAS inhibition, e.g. 
by angiotensin converting enzyme inhibitors (ACEi) or angiotensin II receptor blockers 
(ARBs) is the cornerstone of treatment. These therapies will be discussed in the following 
paragraphs.

Oxidative stress
One of the major contributors of oxidative stress is the reactive oxygen species (ROS) 
family of molecules. ROS plays an important role in both HF and cancer.44,45 It is known 
that the heart is a high energy consumer that primarily relies on mitochondrial oxidative 
phosphorylation, which also plays an essential role in cancer progression.46 Experimen-
tal research provides evidence that dietary fibre supplementation has beneficial effects 
on oxidative stress in cardiac tissue47 and reduces the incidence of cancer.48 Further, 
increased glycolysis occurs in HF, and glucose oxidation is impaired, resulting in the 
production of lactate. One of the characteristics of cancer is altered mitochondrial oxida-
tive metabolism, resulting in increased glycolysis. This is associated with cells that rap-
idly proliferate, such as tumor cells. Key players and modulators in this process include 
pyruvate dehydrogenase (PDH) and PDH kinases (PDK). PDH limits the rate of glucose 
oxidation and is responsible for the mitochondrial decarboxylation of pyruvate to acetyl 
CoA.49 PDK can phosphorylate and inhibit PDH. In HF, PDK is up-regulated and PDH is 
phosphorylated and inhibited.49 A similar up-regulation of PDK and inhibition of PDH 
also occurs in tumor cells.50 Dichloro-acetate, a PDK inhibitor that results in enhanced 
PDH activity, has demonstrated in HF studies to lower ischemic injury and improved 
cardiac function,51 while also reducing cancer development.50 Although these observa-
tions are intriguing, there is no convincing proof for causation and additional research 
will be required to provide robust evidence if targeting this pathway might benefit both 
HF and cancer development.

Immune system
Dysfunction of the immune system is linked to the development of both cancer and 
heart failure.52,53 Proper function of the immune system is essential when acute injury 
occurs to the myocardium, such as MI. Influx of different immune cells is a necessity in 
the early response to injury, in an effort to limit and repair initial damage, but chronic 
activation seems to exert adverse effects.54 The immune system is extremely complex, 
and the nature, length and magnitude of injury will dictate the immune response. A 
complete overview of the immune system (dys)function and HF has recently been pub-
lished by the working group on myocardial function of the ESC.55

In cancer, an inadequate immune system is correlated with cancer development and the 
occurrence of metastases.56 Several aspects and elements of the immune system may 
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be viable targets for therapy. In fact, currently, the use of immune therapy in cancer is 
a booming business, and spectular results have been observed for immune checkpoint 
inhibitors.57 With the more wide use of these drugs however, it has emerged their use 
may be limited by life threatening cases of myocarditis, which furthermore suggest that 
interference with the tumor immune system may go at the expense of the well-regulated 
myocardial immune system.58 With the ever-expanding use of immunotherapy in cancer 
there is a clear need for data registries to monitor unexpected and rare myocardial 
complications of such therapies.59

Thus, essential systemic regulatory systems such as inflammation, neuro-hormonal, oxi-
dative stress and the immune system share pathophysiological mechanisms between 
HF and cancer. In line with this, several co-morbidities, particularly chronic inflammatory 
diseases, have been linked to both HF and cancer incidence.60,61 These will be discussed 
in the next paragraph.

shared risk factors between heart failure and cancer

Hypertension, obesity, smoking, diabetes and poor lifestyle are all associated with both 
CVD and cancer incidence.62–65 Table 1 summarises the meta-analysed hazard ratios of 
shared risk factors for HF and cancer incidence. The associations suggest that modifica-
tions of risk factors, usually with the aim of lowering the risk of CV disease, might help 
reduce susceptibility to cancer as well.

Hypertension
Hypertension is a silent yet extremely prevalent risk factor that represents a significant 
contributor to CV disease,66 especially for HF.67 In men, a 10mmHg increment was related 
to an increased risk of cancer incidence (HR 1.07 [CI 1.04-1.09]). Further, a 10 mmHg 
increment in blood pressure both in men and women was associated with cancer-
related mortality (HR 1.12 [CI 1.08-1.15]) and (HR 1.06 [CI 1.02-1.11]), respectively.68 

Table 1. Hazard ratio of different risk factors in association with either heart failure or cancer inci-
dence

Risk factor Incidence Heart failure – HR (CI)** Incidence Cancer – HR (CI)

BMI*, per kg/m2 1.03 (1.01-1.06) 1.08 (1.06-1.10)

smoking 1.84 (1.46-2.32) 1.68 (1.65-1.72)

Diabetes mellitus 1.41 (1.12-1.79) 1.10 (1.03-1.18)

Hypertension 1.65 (1.33-2.06) 1.03 (0.98-1.09)

Heart rate* 1.02 (1.01-1.03) 1.09 (1.01-1.18)***

*Hazard ratios are expressed per 1-unit increase in continuous risk factors
**Study Population (Health ABC, PREDICTOR, PROSPER)
*** per 10 beats increase
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Mechanistically, the interaction between hypertension and cancer do not appear very 
straightforward. Vascular endothelial growth factor (VEGF) might play a role due to the 
promotion of vascular formation, a key phenomenon in tumorigenesis.69,70 The effects 
of antihypertensive medication related to cancer incidence is discussed in further detail 
below.

Obesity
Obesity is also connected to both HF and cancer. Today it is estimated that one out of 
five types of cancer is related to obesity.71 It has been established that obesity is a state 
of chronic and low-level inflammation, which may lead to DNA damage and increase the 
likelihood of malignant mutations and cancer incidence.72

Furthermore, fatty tissue is thought to function as a large endocrine organ that produces 
large amounts of estrogen, rendering women more vulnerable to hormone-driven 
cancers including ovarian and breast cancer.73 In addition to hormones, numerous 
adipokines are secreted by adipose tissue, resulting in a very complex and deleterious 
secretome.74 Several studies are investigating the effects of epicardial fat.75 These fac-
tors can either stimulate or inhibit cell growth. One of the best studied adipokines is 
leptin, which has cell-proliferative effects.76 This effect contrasts with another adipokine, 
adiponectin, which is less abundant in obese people than in those of average weight, 
and is reported to have anti-proliferative effects.76

In addition, obese subjects have increased insulin levels and insulin-like growth fac-
tor-1 (IGF-1). This often precedes the development of type 2 diabetes. High levels of 
IGF-1 have been associated with the development of cancer.77 Subjects who have lower 
weight gain during adulthood experience a reduced risk of colon cancer.78

Evidence that weight loss might reduce cancer risk has also been derived from bariatric 
surgery cohorts: obese people who have bariatric surgery appear to have a lower risk 
of obesity-related cancers compared to obese people who did not have bariatric sur-
gery.79 Akin to cancer, the relationship between obesity and HF is complex. While the 
risk of developing HF has been shown to be higher in patients who are obese, a survival 
advantage exists for overweight/obese patients in comparison to average weight pa-
tients. This phenomenon is called the obesity paradox80 and is also being investigated 
in patients with cancer.81

Smoking-and-air-pollution
Smoking sets off multiple damaging mechanisms, one key component of which is 
nicotine, which has also been implicated in the pathogenesis of both CV disease and 
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cancer.82,83 It is associated with the development of atherosclerotic disease and acute 
MI.84 Given the overwhelming evidence that smoking causes cancer and CV disease, it is 
highly likely that smoking-related cancer is also prevalent in patients with CV disease.85 
Among post-MI patients, exposure to nitrogen oxides, a proxy measure for traffic-relat-
ed air pollution, was associated with increased cancer incidence (HR 1.06 [CI 0.96-1.18]) 
and cancer mortality (HR 1.08 [CI 0.93-1.26]).86 

Diabetes mellitus
Given the current availability of strict glycemic control and high-quality insulin therapy, 
diabetes mellitus (DM) rarely leads to severe cardiac dysfunction on its own.87 The insu-
lin-cancer hypothesis postulates a central role played by elevated levels of IGF, which 
promote cell proliferation.88 Meta-analyses have indicated an increased risk of colorectal 
cancer, prostate cancer and premenopausal breast cancer associated with high serum 
levels of IGF.89 A large Italian registry (over 400,000 subjects) compared those with and 
without DM. During a follow-up of 10 years, the cancer incidence rate ratio was 1.22 [CI 
1.15-1.29]. This risk already existed two years after the DM diagnosis.90

Healthy lifestyle
Lifestyle modification is a powerful tool in combatting CV disease, but reducing CV risk 
factors may also reduce cancer incidence. In a study including over 13,000 participants 
and 17-19 years of follow-up, healthy behaviours such as smoking cessation, increased 
physical activity, weight loss, healthy diet, reductions to total cholesterol and blood 
pressure and adequate blood sugar control were shown to facilitate a lower incidence 
of CV disease as well as a lower incidence of cancer.91 These findings supplement the 
growing literature that cancer may be amenable to improvements regarding CV risk 
factors and the treatment of CV disease.92 Indeed, participants who met their personal 
targets regarding six of these goals demonstrated a 51% lower risk of cancer incidence 
than controls who did not alter their lifestyle.

Another large, recent prospective cohort study of over 400,000 subjects showed that 
chronic disease burden was independently associated with incidence cancer. A chronic 
risk score was assembled, comprising CV disease, diabetes, chronic kidney disease, 
pulmonary disease and gouty arthritis, all of which were individually associated with 
incident cancer or cancer death risk.65 However, the accumulative score of chronic dis-
eases was most strongly associated (in a dose-response manner) with an increased risk 
of cancer incidence and cancer death. The same study reported that increased physical 
activity was associated with a 40% reduction in cancer incidence and cancer-related 
death. 93
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Cardiovascular drug; inducer or repressor of incidence cancer?

Causality is difficult to prove given the complexity of the intertwining pathways and the 
lack of targeted intervention trials. Nevertheless, a large number of HF trials exist, and 
in the event that specific drugs counteract risk factors associated with cancer develop-
ment, or when they attenuate LV remodeling, one could hypothesise that such treat-
ments should reduce cancer onset as well, assuming HF causes cancer. However, since 
CV drugs generally are aimed to reduce CV related mortality, one can also assume that 
cancer related mortality will increase due to competing risks. So, a priori hypothesizing 
that CV drugs would affect cancer, in either way, is troublesome.

To date, three large meta-analyses have been published that investigate the effects of 
anti-hypertensive drugs in light of new onset cancer. In a large meta-analysis in which 
all classes of anti-hypertensive drugs were studied, it was observed that a 5.0-10.0% 
relative increase in the risk of cancer or cancer-related death existed in those using ARBs, 
ACEi, β-blockers, diuretics and calcium channel blockers (CCBs).94 However, two other 
meta-analyses that were published subsequently did not confirm these data.95,96 Clearly, 
the data for antihypertensive agents are not straightforward and the importance of 
hypertension for cancer development has yet to be fully established.

Another established treatment in preventing adverse events in patients with CV disease 
is aspirin. The recent published ARRIVE trial, which investigated low-dose aspirin and 
vascular events in a low-medium risk population did not demonstrate a lower incidence 
of cancer. It has to be noted that this population also demonstrated less than expected 
CV endpoints.97 The mechanism behind the beneficial effects of aspirin in both diseases 
might be different. In CV disease it owes to antiplatelet effects, whereas in cancer it may 
be due to cyclooxygenase (COX)-dependent and COX-independent mechanisms.98 It has 
been demonstrated that using low-dose aspirin compared with no aspirin was associ-
ated with a markedly higher sensitivity for detecting advanced colorectal neoplasms.99

Lastly, statins, one of the most prescribed drugs in CV disease, reduce CV-related mor-
bidity and mortality. The use of a statin is not associated with reduced cancer incidence 
(short-term effect for cancer risk) but the evidence is inconclusive.100

Gaps of evidence and future suggestions

Awareness of the onco-cardiology and cardio-oncology field is growing, but several 
questions remain unanswered and additional pre-clinical and clinical studies are dearly 
needed.
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At present, few pre-clinical models of CV disease are studied in the setting of cancer 
development, which could help to unravel the emerging relationship in a scientific, 
systematic, and temporal manner. We lack data regarding specific circulating factors 
or pathophysiological mechanisms linked to specific forms of cancer. In clinical trials, 
both the cardiologist and oncologist, but especially the multimorbid patient, would be 
served with precise phenotyping of both CV as cancer history, risk factors, and treatment 
regimens, and to precisely define CV and cancer endpoints, to more effectively study the 
interplay between the diseases. We thus advocate to more systematically record cancer 
related end-points in CV trials, and CV end-points in oncology trials.

In addition to these research aspects, clinical awareness and expertise are essential in 
optimal treatment of patients having developed cancer with a history of CV disease, 
or who develop CV disease with a history of cancer. With the growing prevalence of 
CV disease in western society, the number of these patients will further increase. We 
advocate awareness of cancer detection in patients with HF (Table 2).

Conclusion

Cancer is a frequent co-morbidity in patients with HF, and the existing data suggest that 
a pathophysiological connection exists between the two. Circulating factors directly link 
both diseases, and shared pathophysiological mechanisms may explain the interactions, 

but the relation is very complex. Comprehensive and detailed studies will be needed 
to elucidate the connection between CV disease in general, HF and cancer. Clearly, the 
knowledge of CV disease and cancer (onco-cardiology) is not as progressed as in the 
field of cardio-oncology (Figure 4).

Table 2. factors that may explain (early) cancer detection in patients with heart failure

Heart failure management events Detection of cancer by

HF related hospital visits
(outpatient and/or admission)

Physical, biochemical and radiological examinations

Use of oral anticoagulants Blood loss from tumor prone to bleeding; more sensitive 
oncological testing

Cardiovascular risk factor Shared risk factors - Relevance for cancer detection
Regular visits to cardiologist and/or general practitioner

Shared pathophysiological mechanisms Knowledge exchange and research may improve cancer 
awareness in heart failure patients among cardiologists and 
oncologists; to date unclear if this is amenable

Trial inclusion and execution Cardiovascular and oncologic endpoints; end point 
adjudication
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A new research agenda will provide insights, proposals for surveillance strategies, and 
are eagerly awaited.

Onco-Cardiology
Circulating factors, shared mechanism and cardiac medication

Shared riskfactors 
Modifiable & Non-Modifiable

Shared pathways 
Inflammation, immunology, neuro-hormonal and oxidative stress

Cardio-Oncology 
Chemo-, radio- and immune therapy

figure 4. The counterplay between the fi elds of cardio-oncology and onco-cardiology
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Biomarker standard

Heart failure (HF) is a complex syndrome that is associated with substantial morbidity 
and mortality. There is a clear need to improve treatment for HF patients, to ensure a 
lower burden of disease and increase life expectancy in HF.

HF is a systemic disease, and is characterized by cardiac dysfunction, but also by sev-
eral systemic manifestations and co-morbidities. Numerous circulating factors can be 
detected in plasma and urine from HF patients, that reflect a pathophysiogical change 
in the heart, or in one of the HF-associated neurohormonal systems, or other affected 
organs. In this thesis, we study such markers, and construed three layers. The first layer 
addresses the potential new roles biomarkers may play in patient management. The 
second part describes several pertinent issues that must be addressed in proper and 
correct interpretation of biomarkers, their levels, and relation with co-morbidities. The 
last part embarks on an entirely novel potential role of HF-derived circulating factors, i.e. 
if such factors may be endocrine proteins affecting or causing other diseases.

Biomarkers may be helpful in clinical decision making. As first stated by Morrow and de 
Lemos, a biomarker needs to fulfill a certain set of criteria to be clinically useful: “First, 
accurate, repeated measurements must be available to the clinician at a reasonable 
cost and with short turnaround times; second, the biomarker must provide information 
that is not already available from a careful clinical assessment; and finally, knowing the 
measured level should aid in medical decision making.”1 These criteria were discussed 
in different chapters of this thesis. Nevertheless, some criteria might be worthwhile 
considering, in an effort to better integrate biomarkers into modern day medicine.

First, biomarkers are measured at different stages of a patients’ disease; therefore, sim-
ply comparing one biomarker result to another is usually impossible; interpretation by 
specialized and experienced clinicians is needed. Furthermore, it could be argued that a 
selection of biomarkers that reflect different classes (stretch, injury, remodeling, inflam-
mation, renal dysfunction, neuro-hormonal and oxidative stress), measured at different 
time points, would better phenotype patients and allow better clinical decision making. 
To extend the last criterion, clinicians should be familiar with the indices of biological 
variation. Lastly, if a biomarker of a non-organ specific disease domain is elevated, and 
no clear cardiac phenotype is defined, other organ specialists may be consulted for the 
assessment of extra-cardiac disease. In this thesis, these criteria (Figure 1) are discussed 
within the framework of the various chapters.
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examples of utilities of biomarkers in patients with heart failure

Biomarkers – clinically important?
In Chapter 2, we addressed the difficulty to predict near term hospitalization after an 
HF hospitalization. In particular, the potential of galectin-3 with respect to predicting 
near-term clinical outcomes is described, defined as HF rehospitalisation (30, 60, 90, 120 
days) and/or all-cause mortality. Since the incidence of acute HF readmission is as high 
as 25 to 30% within the 30- to 90-day post-discharge period, awareness is needed for 
those at high risk for near-term events.2,3

We pooled data from three independent clinical cohorts of acute HF patients that were 
enrolled at discharge, collectively comprising 902 HF patients, and assessed the value 
of galectin-3 in predicting at 30, 60, 90, and 120 days post-discharge. The main finding 
in this chapter was that galectin-3 independently and strongly predicted near-term HF 
rehospitalisation and mortality. A significant number of patients was adequately reclas-
sified on top of a clinical model, from low to high risk and vice versa. Since physicians 
seek more accurate risk stratification tools, with a goal to potentially reduce near-term 
HF rehospitalisation, these data provide a rationale to use galectin-3 to this aim.

In Chapter 3a, we examined a broad spectrum of biomarkers as a tool to predict low 
risk of an adverse event for HF patients. Risk prediction generally focuses on high risk 
patients, but these generally are already optimally treated, or cannot tolerate all medica-
tion, so clinical equipoise of targeting this subgroup is minimal. We focused on patients 
at low risk, a category of which we have very few data. Out of this large panel biomark-
ers, galectin-3 proved to yield the best prognostic value regarding low risk compared 
to biomarkers that reflect other classes, such as hemodynamic loading (NT-proBNP) 
and inflammation (interleukin-6, C-reactive protein). Galectin-3 accurately identified 
those patients who did not suffer from mortal events after 30 or 180 days, were not 

Biomarker - criteria

Repeated measurements available at reasonable cost/short turn-around;
Provide information not available from clinical assessment;
Aid in medical decision making;

Interpretation by specialised clinicians;
Measure biomarkers from different classes;
Take indices of biological variation into account;
Consult other specialist(s) if changes in biomarker levels seem non-cardiac related.

figure 1. Biomarker criteria discussed in this thesis.
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rehospitalised within 30 days and had maximally one rehospitalisation 180 days after 
discharge. We postulate that these findings can be explained as cardiac remodeling in 
these patients likely will not (yet) have progressed to a state associated with elevated 
galectin-3, as seen in irreversible remodeling. Therefore, patients with reversible disease 
may be identified by low galectin-3 levels. Alternatively, a high galectin-3 level may not 
only be a signal, but rather a “phenotype” that should prompt doctors to request ad-
ditional tests (renal function, albuminuria and liver tests for steatosis), and to possibly 
act on these results. Natriuretic peptides performed less well in this respect. The data in 
this chapter could be directly helpful in daily care for HF patients by assessing low risk 
with galectin-3 levels, and an editorial by Prof. Richards provides additional thoughts 
and perspectives on our findings in Chapter 3b. He describes overlap with our findings 
in the management of patients with chest pain at the emergency department, using 
troponins in ruling out acute coronary syndrome. Biomarkers may serve as a strategy 
to identify patients at low risk for adverse events who are admitted with a suspicion for 
HF, to identify those suitable for early discharge. Biomarkers could be implemented in 
future algorithms to this aim.

To further explore the value of low biomarker levels, we studied if low levels compared 
to high levels of natriuretic peptides in patients with HF with preserved ejection (HF-
pEF) fraction would be associated with differential clinical characteristics in Chapter 
4. We assessed baseline characteristics, HF symptoms, biomarker levels, quality of life 
measurements, and outcome parameters. It appeared that both groups (low and high) 
had similar clinical characteristics, an equal number and frequency of co-morbidities, 
equally severe HF symptoms with impaired quality of life and the same poor outcome. 
The only difference between the groups was a higher body mass index in those with low 
natriuretic peptide levels. We conclude that these patients still suffer from HFpEF de-
spite their (pseudo) lower biomarker levels. Of note, the European Society of Cardiology 
- Heart Failure Guidelines require an elevated natriuretic peptide level for diagnosing 
HF, in addition to the presence of HF symptoms.4 Thus, we describe a patient pool where 
diagnosis of HF is a challenge for daily practice. We believe that these patients may likely 
benefit from exercise treatment and referral to a rehabilitation center. Weight loss may 
paradoxically lead to an increase in natriuretic peptide levels yet a better clinical out-
come. These chapters demonstrate that biomarkers may be useful in the setting of low 
risk, but also highlight the challenges - low biomarker levels do not always correspond 
with low risk.

In the first part of this thesis, multiple potential clinical applications in which biomarkers 
may be important were demonstrated. There is a need to design prospective clinical 
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studies using biomarker algorithms and to prospectively test hypotheses generated by 
these studies.

Biomarkers – Interpretation is key
Galectin-3 is strongly linked to renal dysfunction, and this connection confounds the 
relation with adverse prognosis. In several post-hoc studies in HF cohorts, the predictive 
value of galectin-3 was shown to diminish when adjusted for renal function.5–7 However, 
the precise relation remained obscure, and we investigated the renal handling of galec-
tin-3 in Chapter 5. Our translational study investigated whether galectin-3 was excreted 
by the kidneys, and whether patients without kidney function had higher levels. Using 
recombinant human galectin-3, we endeavored to achieve a steady state with continu-
ous infusion in rats. From the experiments we concluded that galectin-3 can be cleared 
by the kidney, albeit incompletely. In selected human cohorts (healthy controls, HF and 
hemodialysis patients), we observed an impressive increase in galectin-3 plasma levels 
in patient samples. The lowest galectin-3 levels were found in controls, while extremely 
high levels were observed in hemodialysis patients (individuals with no renal clearance). 
We assessed renal handling of galectin-3 and showed that HF patients had a reduced 
galectin-3 excretion rate compared to controls. Therefore, hemodialysis patients might 
have extreme levels of galectin-3 because - at least in part - of an inability to filter the 
blood and clear galectin-3 in the urine.

In Chapter 6, we studied various assays for measuring galectin-3. Several galectin-3-
related publications are difficult to interpret and compare because they used different 
assays in which the crude levels differ. We believe automated assays will open up a new 
era of biomarker testing. They will allow for quick, easy and reliable measurement of 
plasma and/or serum biomarker levels. Chapter 7 described the biological variation of 
markers in patients with HF. For prognostic purposes, it has been postulated that serial 
measures provide superior power over a single measurement.8,9 Ideally, changes over 
time should reflect clinical improvement or disease progression. However, proper inter-
pretation as to whether these temporal changes are clinically relevant is complex, and 
published data were restricted to healthy controls or small series. In this study, we aimed 
to assess the conjoint analytical and biological variation of clinically established, novel 
and neuro-hormonal biomarkers and to compare these levels with healthy controls. 
Although the crude levels of the biomarkers significantly differed between healthy sub-
jects and stable patients with HF, we observed a clearly comparable biological variation. 
We propose that certain indices of biological variation should be used in any clinical 
study with serial biomarker measurements. These indices include the reference change 
value and the coefficient of variation within an individual. These indices are more suit-
able for biomarker-targeted strategy programs.
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Biomarker targeted therapy might be another tool to treat patients with HF. In chapter 8 
we reviewed the current literature about galectin-3 activation and inhibition. Further re-
search is needed to unravel the complete interplay of galectin-3 and its binding agents. 
Nevertheless, studies are emerging of anti-galectin-3 agents which result in reduced 
fibrosis in different organs.10,11 Anti-fibrotic treatment might become a new pillar in 
treating patients with HF.

Heart failure and cancer… does the heart speak to tumors?
Circulating factor may be biomarkers (signaling disease), but they might also confer 
deleterious signals to peripheral organs. Co-morbidities have received wide attention 
in the study of HF, but the most lethal co-morbidity, cancer, has received very little at-
tention. In Chapter 9a, we investigated a new paradigm in HF, namely whether a causal 
relationship between HF and cancer development exists.

First, we observed that a substantial proportion of patients with HF developed cancer 
and died from the consequences. In the contemporary treatment and work-up for HF, 
cancer surveillance plays no role as currently, HF and cancer are seen as two different 
diseases. However, both consist of similarities and possible interactions. Recent epide-
miological and case-control studies showed that patients with prevalent HF were more 
prone to develop incident cancer.12,13 In this study, we explored our hypothesis by com-
bining a murine cancer model, prone to develop precancerous polyps, and a cardiology 
model of MI-induced HF. This combination resulted in increased tumor formation and 
accelerated tumor growth in mice with HF. To further corroborate our findings, we used 
a heterotopic murine heart transplantation model and validated our initial results while 
ruling out hemodynamic impairment as a cause. To pin down which factors could be 
responsible for these observations, we conducted a literature search for targets excreted 
by the heart and previously associated with new-onset colorectal cancer. These possible 
targets were tested in vitro, in vivo and in human studies, and we identified alpha-1-
antichymotrypsin (SERPINA3) as the most robust and promising target. In addition, 
we provided human validation by showing that cardiac markers, including natriuretic 
peptides and inflammatory markers, were associated with prediction of new-onset can-
cer. Chapter 9b is the editorial comment written by Prof. Kitsis and colleagues. In this 
comment, he states that compelling data are shown in chapter 9a with regards to the 
hypothesis that HF might be considered as a risk factor for new-onset cancer, a finding 
that could open the gates of a new scientific research field. He also raises important 
questions that arise from our novel findings. Can these observations be extrapolated 
to other precancerous or cancerous lesions? Would HF of non-ischemic origin elicit the 
same response? Does HF also promote metastasis? At this point we cannot answer these 
questions, but future research will provide further insights. In Chapter 10, we discussed 
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possible mechanisms and knowledge gaps in the field of onco-cardiology. We described 
epidemiology of incident cancer in HF and provided an explanation for excess risk for 
cancer in HF. This hazard could be due to shared risk factors, shared pathophysiology 
or possibly cardiovascular drug interventions. Lastly, we propose that the heart ‘com-
municates’ with different organs via plasma factors, including biomarkers. Chapter 9a is 
a prime example of this hypothesis.

future perspective

The position of biomarkers in HF is changing over time. The first evidence of the useful-
ness of biomarkers is mostly derived from diagnostic studies. Almost immediately after 
these publications prognostic studies emerged to further strengthen the importance 
of biomarkers in clinical practice. Nevertheless, implementation in daily practice has 
proven to be challenging. Supported by pre-clinical evidence, and insights into the 
pathophysiogical mechanisms, biomarkers could be better placed in different classes 
and implemented in different clinical settings. Biomarker-guided therapy is currently 
conduced for example with NT-proBNP. Furthermore, prospective studies are designed 
to investigate inhibitors of certain biomarkers, like galectin-3, to investigate the effects 
on cardiac function.

Further studies should focus on pathway analyses and biomarker interactions with dif-
ferent organs, diseases and with specific interest in cancer. HF related biomarkers might 
orchestrate downstream effects in a different set of organs. Vice versa would also be 
a possibility. In this perspective, new biomarkers need to be used as a tool to assess 
the disease state in patients with HF. For example, what is the cardiac status, which co-
morbidities are present and is an interaction with other organs expected. Proteomics 
analyses of the cardiac secretome of different HF etiologies and in the presence of differ-
ent co-morbidities will be needed to answer which biomarkers are important in which 
patient. Further, pharmaceutical investigations to directly target biomarkers are needed 
to take biomarker research from bench to bedside. Table 1 summarizes the tool-set to 
determine a patients’ disease status based upon biomarkers.

Early identification of those at risk to develop HF should be a main goal to reduce the 
burden of HF. Asymptomatic patients should be treated based upon their cardiovascular 
risk and biomarkers might be the key to identify those at risk. Proper phenotyping of a 
patient starts with integration of biomarker measurements early in the disease process. 
Background information, supported by biomarker data, could result in better tailored 
medicine. We could select certain subjects at risk, based upon the biomarker profile, and 
start treatment earlier, and therefore even prevent the initial cardiac event, which may 
prevent HF development.
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Currently, HF specialists are given the difficult task to integrate biomarkers in an end-stage 
disease. Multiple aspects, like age, co-morbidities and disease progression influence the 
biomarker levels measured. Therefore, it is challenging to correctly interpret biomarker 
levels and changes over time. Future biomarker studies, focused on algorithms, targeted 
therapy and unravelling of the pathophysiological mechanisms are needed. In the com-
ing years, we will work hard to solve the heart failure puzzle using biomarkers to reduce 
the burden of heart failure in people we all work so hard to help – patients.

Table 1. Biomarkers as a tool-set to determine a patients’ disease status

Heart failure status Heart failure &
peripheral organ Interaction

Diagnostic -  Cardiac specific
-  Not influenced by, age, sex and co-

morbidities

-  Determine which co-morbidity/ other diseases are 
likely to develop

-  Determine which diagnostic test to order

Prognostic -  Independent predictor of outcome in heart failure or in heart failure with organ interactions

Therapeutic -  Target for therapy
-  Reflects current treatment strategy

-  Target to prevent peripheral organ deterioration

Monitoring Outpatient:
-  Tailor therapy
-  Indicates improvement/ deterioration 

over time
In hospital:
-  Determines when admission is 

needed; and discharge is safe to 
prevent near-term rehospitalization

-  Monitoring by other medical specialists depending 
on organ interaction
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De laatste jaren is er groeiend bewijs dat het hart, naast interacties met zichzelf, ook 
interacties aangaat met andere organen. Het observeren van dit fenomeen, en mogelijk 
zelfs de wisselwerking ervan, geeft ons inzicht in de pathofysiologie en stelt medici in 
staat hier in de toekomst op te anticiperen. 

Hartfalen

Hartfalen is een zeer ernstige aandoening van het hart, waarbij het hart niet meer in 
staat is om voldoende bloed het lichaam rond te pompen. Dit gaat gepaard met een 
scala aan klachten, waaronder vermoeidheid, kortademigheid en oedeem. Dagelijks 
overlijden meer dan 100 patiënten in Nederland aan de gevolgen van cardiovasculaire 
ziekten en sterven er jaarlijks meer dan 7.500 patiënten aan hartfalen. De kans dat ie-
mand boven de 40 jaar hartfalen ontwikkelt is ongeveer 20%. Naast deze indrukwek-
kende mortaliteitscijfers leidt hartfalen ook tot een grote ziektelast die gepaard gaat 
met vele ziekenhuisopnames en hoge medische kosten. Mede door de vergrijzing en de 
verwachting dat dit jaar meer dan de helft van de Nederlandse bevolking zal bestaan uit 
mensen boven de 50 jaar, is het aannemelijk dat het aantal patiënten met hartfalen de 
komende jaren alleen maar zal toenemen.

Cardiologen, ondersteund door Europese richtlijnen, hebben de complexe taak om 
patiënten met deze ernstige aandoening te diagnosticeren en te behandelen. De diag-
nostische uitdaging komt voort uit het feit dat de “typische” hartfalen symptomen ook 
door andere ziekteprocessen kunnen worden verklaard. Hoewel kortademigheid past 
bij het beeld van hartfalen, kan het ook gerelateerd zijn aan longziekten, vaatziekten of 
boezemfibrilleren. Daarnaast is de typische presentatie van een patiënt met hartfalen 
veranderd in de afgelopen jaren. Hoewel een hartfalen patiënt zich 20 jaar geleden 
presenteerde als man van middelbare leeftijd na het doormaken van een groot hartin-
farct, worden tegenwoordig steeds vaker oudere vrouwen gezien met hypertensie en 
diabetes mellitus.

Ondanks deze grote heterogeniteit binnen het hartfalen spectrum, wordt elke patiënt 
identiek behandeld. Therapie bestaat uit ACE-remmers, β-blokkers, mineralocorti-
coïd receptor antagonisten, diuretica en in specifieke gevallen ivabradine, sacubitril/
valsartan of pacemaker/cardiale resynchronisatie therapie. Deze "one size fits all" aan-
pak blijkt echter steevast te falen bij patiënten met een behouden systolische functie en 
een verminderde diastolische functie. Betere fenotypering van patiënten en inzichten 
in de pathofysiologie zijn nodig om deze patiënten in de toekomst wel goed te kunnen 
behandelen. 
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Cardiale remodeling

Eén van de belangrijkste pathofysiologische processen bij de ontwikkeling van hartfalen 
is cardiale remodeling. Hierbij ondergaat het hartweefsel veranderingen ten nadele van 
de functie en structuur. Dit is een primaire reactie van het hart om zich aan te passen 
aan een nieuwe situatie, bijvoorbeeld na een hartinfarct of bij hypertensie. Chronische 
stress leidt echter uiteindelijk tot maladaptieve veranderingen, waarbij de hartcellen 
vaak groter worden, of zelfs helemaal afsterven. Daarnaast zijn er de fibroblasten, be-
langrijke cellen in het extracellulaire milieu, die een overmaat aan collagenen vormen, 
leidend tot verstijving en verlittekening van het hartspierweefsel. Circulerende factoren, 
die vrijkomen tijdens deze processen, ook wel biomarkers genoemd, kunnen door ons 
worden gemeten en kunnen inzicht geven in het ontstaansmechanisme van hartfalen. 
Eventueel kunnen de gemeten veranderingen uiteindelijk worden gebruikt voor het 
kiezen van een specifieke therapie volledig gericht op een individuele patiënt. 

Biomarkers

Omdat biomarkers een goed beeld geven van de onderliggende pathologie van ziektes 
worden ze binnen de cardiovasculaire geneeskunde vaak gebruikt ter ondersteuning 
van diagnose, prognose, monitoring, risico stratificatie en het bepalen van behandelef-
fecten. Biomarkers vanuit verschillende domeinen betrokken bij cardiale remodeling, 
waaronder inflammatie, oxidatieve stress, extracellulaire remodeling, neuro-hormonale 
veranderingen en cardiale infarcering, zijn wisselend toe- en afgenomen gedurende het 
ziekteproces. Dit kan de behandelend arts een veel gedetailleerder inzicht geven in de 
huidige ziektesituatie van de patiënt. 

De afgelopen jaren is een tsunami aan data beschikbaar gekomen over verschillende 
biomarkers die betrekking hebben op hartfalen. Alleen al in de laatste 10 jaar zijn er meer 
dan 6.500 studies gepubliceerd in het veld van biomarkers in hartfalen. Helaas kunnen 
er veel vraagtekens worden gezet bij de methodologie van veel studies en daardoor 
ook bij de bruikbaarheid. Verder is de onderzochte studiepopulatie vaak heterogeen, 
waardoor de klinische vertaalslag een uitdaging is. 

Om artsen, en in het specifiek cardiologen, te helpen biomarkers te interpreteren in de 
dagelijkse praktijk hebben wij in dit proefschrift biomarkers gemeten op belangrijke 
momenten in het ziekteproces van patiënten. Deze momenten zijn onder andere net 
voor ontslag uit het ziekenhuis na een opname in verband met hartfalen en gedurende 
een stabiele chronische periode. Om dit doel te bewerkstelligen, hebben we voorname-
lijk gebruik gemaakt van natriuretische peptides (NPs; (BNP en NT-proBNP)), specifieke 
cardiale biomarkers, en daarnaast galectine-3, een pleiotrope en fibrotische marker, die 
ook gelinkt is aan hartfalen. 
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NPs komen vrij uit cardiomyocyten, als reactie op een verhoogde druk of toegenomen 
volume in de ventrikels. NPs zijn cardio-specifiek, wat inhoudt dat alles dat in het bloed 
wordt gemeten, ook daadwerkelijk vanuit het hart komt. Fysiologisch zorgen NPs voor 
een daling van de systemische vasculaire weerstand en centraal veneuze druk en daar-
naast voor een verhoogde natriurese. Tezamen leidt dit tot een daling van de bloeddruk, 
en daardoor tot reductie van de afterload van het hart. Mede doordat NPs een goede 
weergave zijn van de vullingsstatus van een patiënt zijn ze betrokken bij het diagnos-
ticeren van hartfalen. In de Europese richtlijnen staan afkapwaarden beschreven voor 
deze biomarker in zowel de chronische als acute situatie om hartfalen uit te sluiten. Op 
deze manier kan, bij patiënten met benauwdheid, beter worden gedifferentieerd tussen 
hartfalen en andere ziekteprocessen. Daarnaast hebben NPs ook een prognostische 
waarde. Naast NPs zijn er andere biomarkers, waaronder galectine-3, die een toege-
voegde waarde hebben bij het bepalen van de prognose bij een patiënt met hartfalen.

Galectine-3 is geassocieerd met fibrosevorming en inflammatie. Ondanks dat galectine-3 
in vele organen buiten het hart wordt geproduceerd (onder andere nieren, vet, lever, 
long), is het duidelijk betrokken met hartfalen en orgaan-orgaan interactie. Galectine-3 
is verhoogd als reactie op hypertensie, inflammatie en wondgenezing. Deze marker is 
voorspellend voor het ontwikkelen van hartfalen en ook cardiovasculaire mortaliteit. 
Daarnaast is galectine-3 zelf ook een therapeutisch doel. Anti-fibrotische modaliteiten 
zouden gebruikt kunnen worden als een nieuwe klasse van hartfalenmedicatie en -ma-
nagement. Reeds verrichte studies, gericht op anti-galectine-3 therapie bij longfibrose, 
leiden tot veelbelovende resultaten.

Om de communicatie tussen organen via biomarkers te bestuderen hebben we een 
studie opgezet en uitgevoerd om de relatie tussen hartfalen en kankerontwikkeling 
te onderzoeken. Dit nieuwe veld, de onco-cardiologie, leidt tot de ontdekking van 
nieuwe (bio)markers. Markers, betrokken bij de vele processen die plaats vinden in 
beide ziekteprocessen, kunnen de link zijn tussen fysiologie en pathofysiologie. Alpha-
1-antichymotrypsin (SERPINA3) is geïdentificeerd als een belangrijke biomarker bij deze 
processen. Deze nieuwe markers zijn ook van belang in de communicatie tussen het 
hart en andere organen, waaronder de nier, long en lever. 

Doel van dit proefschrift

Hartfalen is een heterogeen en complex syndroom en biomarkers kunnen artsen on-
dersteunen bij het stellen van de juiste diagnose en het opstellen van een specifiek en 
individueel behandelplan. Met een focus op NPs en galectine-3 wordt in dit proefschrift 
het volgende onderzocht:
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Deel 1: Praktisch en klinisch gebruik van biomarkers in hartfalen
- De waarde van NPs en galectine-3 voor ontslag na een opname in verband met 

hartfalen 
- De waarde van NPs en galectine-3 bij het identificeren van patiënten met een laag 

risico op heropname voor hartfalen of overlijden

Deel 2: Mechanisme en interpretatie van circulerende factoren
- De renale invloed op de galectine-3 waarde
- Seriële biomarker interpretatie met behulp van biologische variatie 
- Overzicht van galectine-3 activatie en inhibitie 

Deel 3: Circulerende factoren met de focus op hartfalen en kanker
- De causale relatie tussen hartfalen en kanker
- Een overzicht van mogelijke raakvlakken tussen hartfalen en kanker

In hoofdstuk 2 onderzoeken we een van de meest kwetsbare fases in het hartfalentra-
ject, namelijk de periode direct na ontslag uit het ziekenhuis. Veel patiënten met hart-
falen worden kort na ontslag weer heropgenomen en artsen kunnen momenteel nog 
niet goed voorspellen welke patiënt juist wel of niet heropgenomen zal gaan worden. 
Naast ongemak voor de patiënt, zorgt dit voor een grote druk op het zorgsysteem. In dit 
onderzoek, waarin we drie grote acute hartfalen studies combineren, bestuderen we of 
door het meten van galectine-3, potentiële patiënten kunnen worden geïdentificeerd, 
die een verhoogd risico hebben om heropgenomen te worden. Uit onze studie komt 
naar voren dat patiënten met een galectine-3 waarde boven de 17.8 ng/mL een 2 tot 3 
keer verhoogd risico hebben om op korte termijn heropgenomen te worden. Dit effect is 
onafhankelijk van bekende klinische voorspellers van heropnames voor hartfalen. Deze 
uitkomst is voor heropnames zowel binnen een termijn van 30, 60, 90 als 120 dagen.

In hoofdstuk 3a wordt een breder palet van verschillende biomarkers onderzocht en met 
elkaar vergeleken. In dit hoofdstuk ligt de focus juist op het identificeren van patiënten 
met hartfalen die een laag risico hebben op een heropname of overlijden. Dit onderzoek 
staat in groot contrast met de reeds eerdere publicaties op het gebied van hartfalen die 
zich voornamelijk richten op het identificeren van patiënten met een hoog risico op het 
krijgen van een van deze eindpunten. In deze studie komt galectine-3 naar voren als de 
meest betrouwbare biomarker voor het identificeren van patiënten die daadwerkelijk 
een laag risico hebben. Deze mate van betrouwbaarheid is bijvoorbeeld hoger dan die 
van NPs en andere biomarkers gerelateerd aan inflammatie, waaronder interleukine-6. 
Deze uitkomsten zijn toepasbaar op zowel heropnames door hartfalen als overlijden. 
Om dit te verklaren, speculeren we dat de cardiale remodeling in patiënten met een 
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laag galectine-3 level (nog) niet zo ver is gevorderd dat het leidt tot permanente en 
onomkeerbare remodeling. Omgekeerd, hoge galectine-3 levels zouden gezien kunnen 
worden als een fenotype van patiënten, waarbij additionele diagnostische onderzoeken 
verricht moeten worden om de oorzaak te achterhalen (renaal, hepatisch) en waarbij er 
eventueel op deze uitslagen moet worden gehandeld. Onze resultaten zijn becommen-
tarieerd door prof. Richards, beschreven in hoofdstuk 3b. Daarbij legt hij de vertaalslag 
van onze onderzoekspopulatie naar de populatie van patiënten met pijn op de borst op 
de spoedeisende hulp. Hierbij wordt een andere cardiale biomarker, namelijk troponine, 
gebruikt om een hartinfarct uit te sluiten. Deze mensen kunnen hierdoor vlot ontslagen 
worden uit het ziekenhuis. Ditzelfde zou kunnen gelden voor hartfalen patiënten met 
een lage galectine-3 waarde die zich presenteren in het ziekenhuis. Een doel voor de 
toekomst is dan ook zeker om biomarkers te integreren in verschillende algoritmes.

Om verder de bruikbaarheid van lage biomarker waardes te onderzoeken, en voorna-
melijk die van NPs, hebben we een vervolgstudie verricht bij patiënten met hartfalen 
met een behouden kamerfunctie. Deze studie wordt beschreven in hoofdstuk 4. Hierin 
vergelijken we patiënten met hoge en lage NP waarden met elkaar, waarbij verschillende 
facetten van de populaties met elkaar zijn vergeleken, waaronder patiëntkenmerken, 
hartfalensymptomen, biomarkerprofiel, kwaliteit van leven en het voorkomen van her-
opnames door hartfalen en overlijden. Een zeer opvallende uitkomst is dat alle karakte-
ristieken identiek zijn in beide groepen. Het enige verschil is dat de groep met een lage 
NP waarde een hoger BMI heeft. Gebaseerd op deze data en uitkomsten verwachten 
wij dat patiënten met een lage NP waarde nog steeds lijden aan hartfalen, echter met 
een pseudo-lage biomarker waarde. De Europese richtlijn vereist echter verhoogde 
NP waarden voor de diagnose van hartfalen. Dit resulteert in een groep patiënten die 
volgens ons wel lijdt aan hartfalen maar buiten het officiële kader valt. Deze patiënten 
zouden mogelijk het risico lopen niet adequaat behandeld te worden. 

Deze studies laten zien dat biomarkers bruikbaar zijn in de klinische praktijk, voor zowel 
het inschatten van de kans op een heropname als voor het identificeren van patiënten 
met een laag risico. Daarnaast worden ook de valkuilen van biomarkers duidelijk. De 
resultaten uit deze post-hoc analyses moeten in de toekomst worden gevalideerd in 
prospectieve studies waarbij algoritmes worden gebruikt waarin biomarkers zijn ver-
werkt. 

Interpretatie is essentieel

Galectine-3 is sterk geassocieerd met renale dysfunctie, en uit klinische studies blijkt dat 
nierfunctie een grote interfererende factor is bij het voorspellen van de prognose van 
patiënten. Dit leidt ertoe dat in sommige post-hoc studies galectine-3 levels niet meer 
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geassocieerd zijn met uitkomst na correctie voor nierfunctie. Om deze relatie beter 
te begrijpen hebben we een translationele studie opgezet in hoofdstuk 5. In in vivo 
modellen hebben we recombinant humaan galectine-3 geïnfundeerd, dat vervolgens 
gedeeltelijk weer kon worden gemeten in de urine. Verder zijn gezonde controle sub-
jecten, patiënten met hartfalen en patiënten die hemodialyse ondergingen, met elkaar 
vergeleken. De laagste galectine-3 waarden zijn gevonden in de controle populatie en 
juist extreem hoge waarden in patiënten onder hemodialyse. Wij speculeren dat dit 
tenminste gedeeltelijk veroorzaakt wordt door een verminderde renale uitscheiding 
van galectine-3. 

Voor het meten van biomarker levels worden verschillende assays gebruikt. In hoofd-
stuk 6 zetten we de momenteel beschikbare galectine-3 assays op een rijtje. We be-
spreken de verschillen tussen de assays en beschrijven dat een automatische assay met 
korte wachttijd ideaal is wanneer men biomarkers wil implementeren in de klinische 
praktijk en wanneer routine metingen verkregen moeten worden. Vanuit een prognos-
tisch perspectief blijkt dat seriële biomarker metingen superieur zijn aan een enkele 
meting. Idealiter zouden verschillen in biomarker levels over tijd klinische verbetering 
of ziekteprogressie moeten weergeven. Het goed interpreteren van verschillende me-
tingen blijft echter een uitdaging, want de vraag die daarbij gesteld moet worden is: 
“Is een verandering over tijd van klinische relevantie?”. Data hierover zijn meestal alleen 
beschikbaar uit kleine studies met een uitsluitend gezonde populatie. Daarom hebben 
wij de analytische en biologische variatie onderzocht in een cohort van patiënten met 
chronisch hartfalen in hoofdstuk 7. In deze studie hebben we zowel bekende, nieuwe 
als neuro-hormonale biomarkers op een rijtje gezet. Ondanks het feit dat de absolute 
waarde significant anders is tussen controle subjecten en patiënten met hartfalen, blijft 
de biologische variatie gelijk. Een belangrijke biologische variatie maat is de ‘reference 
change value’, die aangeeft wanneer het gemeten verschil een klinisch relevant verschil 
is voor de patiënt. Het hiervan gebruikmaken bij het opzetten van een klinische studie 
met seriële metingen zou het toepasbaar maken van biomarkers in de klinische praktijk 
vergroten. 

Het ontwikkelen van medicijnen, die een interactie aangaan met specifieke biomarkers 
is een andere manier om een pathway te stimuleren of te inhiberen. Daarnaast zou op 
deze manier ook een geactiveerde biomarker gedeactiveerd kunnen worden. Deze “tar-
get-for-therapy” en activatie/remming wordt in hoofdstuk 8 beschreven aan de hand 
van galectine-3. Anti-galectine-3 therapie in in vivo modellen heeft op verschillende or-
gaansystemen laten zien dat het leidt tot verminderde fibrosevorming. Anti-fibrotische 
therapie zou een nieuwe tak van hartfalentherapie kunnen zijn. Een belangrijk aspect 
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hierbij is de timing van het toedienen van het medicament in het ziekteproces. Daar-
naast zullen toekomstige studies de effecten hiervan moeten aantonen. 

Hartfalen en kanker

Biomarkers worden voornamelijk gebruikt als meetinstrument in de voorgaande 
hoofdstukken. Naast hun functie als meetinstrument, kunnen zij buiten het hart ook 
invloed hebben op andere pathofysiologische processen, bijvoorbeeld op perifere 
organen en verschillende ziekten. Bij patiënten met hartfalen wordt er tegenwoordig 
ook nadruk gelegd op management van de verschillende co-morbiditeiten.  Een van de 
co-morbiditeiten die het vaakst leidt tot overlijden, kanker, heeft echter juist weinig aan-
dacht gekregen. In hoofdstuk 9a onderzoeken we een nieuw paradigma in hartfalen, 
namelijk de mogelijkheid van een causale relatie tussen hartfalen en de ontwikkeling 
van kanker.

Vanuit epidemiologische studies wordt het steeds duidelijker dat een substantieel deel 
van de patiënten met hartfalen vervolgens kanker ontwikkelt en aan de gevolgen over-
lijdt. Op dit moment is hier binnen de hartfalenbehandeling en follow-up geen aandacht 
voor en geen toezicht op. Beide desastreuze ziektebeelden worden als twee verschillen-
de identiteiten beschouwd. Desalniettemin bestaan tussen beide toch overeenkomsten 
en mogelijke interacties. Daarom hebben wij een studie opgezet om de hypothese te 
bevestigen dat er een causaal verband bestaat tussen hartfalen en kankerontwikkeling, 
beginnend met een in vivo model, waarbij oncologie en cardiologie zijn gecombineerd. 
Het gebruikte muismodel is vatbaar voor het ontwikkelen van darmpoliepen. Door een 
hartinfarct te induceren, ontwikkelen de muizen uiteindelijk hartfalen. De combinatie 
van hartfalen en darmtumoren laat  na 6 weken een toename zien in aantal en grootte 
van darmpoliepen. Om deze data te bevestigen en om hemodynamische beïnvloeding 
uit te sluiten, hebben we gebruik gemaakt van het heterotopische harttransplantatie 
model. Deze studie, verricht in een specialistisch transplantatielaboratorium, heeft 
initieel dezelfde opzet. Na 1 week hebben we deze harten echter getransplanteerd 
in “gezonde” muizen, leidend tot een model met 2 harten in situ (gezond/gezond of 
gezond/infarct). Deze studie heeft onze resultaten uit de eerste studie bevestigd, 
waardoor hemodynamiek als interfererende factor kan worden uitgesloten. Om te kun-
nen bepalen welke factoren in dit proces een rol spelen hebben we gebruik gemaakt 
van gepubliceerde proteomic databases van patiënten met hartfalen en hebben dan 
voornamelijk gekeken naar gesecreteerde factoren in het bloed. Deze factoren hebben 
we vergeleken met epitopen op de darmwand, die geassocieerd zijn met darmkanker. 
Hieruit zijn vijf mogelijke kandidaateiwitten geselecteerd die een belangrijke rol spelen 
in deze inter-orgaan bevinding. Deze kandidaten hebben we zowel in vitro, in vivo als in 
humaan plasma getest en gevalideerd. Alpha-1-antichymotrypsin (SERPINA3) blijkt de 
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meest veelbelovende factor. Naast ditgeen hebben we in een grote algemene gezonde 
onderzoekspopulatie de effecten van cardiale biomarkers en inflammatoire biomarkers 
onderzocht. Deze studie is gericht op het voorspellen van het ontwikkelen van kanker in 
de toekomst. Zowel cardiale als inflammatoire biomarkers zijn in staat om verschillende 
soorten kankers over een periode van 12 jaar te voorspellen.

In hoofdstuk 9b wordt de visie van prof. Kitsis en collega’s gedeeld over onze studieresul-
taten uit hoofdstuk 9a. Zij stellen, op basis van onze onderzoeksresultaten, dat hartfalen 
als risicofactor moet worden overwogen voor het ontwikkelen van kanker. Verder delen 
ze dat deze nieuwe inzichten kunnen leiden tot een compleet nieuw onderzoeksgebied. 
Deze nieuwe inzichten geven ook voeding aan nieuwe onderzoeksvragen, waaronder: 
“Kunnen deze resultaten geëxtrapoleerd worden naar andere soorten van kanker? Geldt 
dit alleen voor ischemisch hartfalen of ook voor hartfalen met een andere etiologie? 
Heeft het ook effect op metastase vorming?”. Op dit moment is het nog te vroeg om op 
al deze vragen antwoord te geven en vervolgstudies zijn nodig om een onderbouwde 
respons te leveren. 

Om een overzicht te geven van de verschillende interacties binnen dit nieuwe veld, de 
onco-cardiologie, hebben we hoofdstuk 10 geschreven. Hierin beschrijven we uitvoe-
rig epidemiologische data, met daarbij de mogelijke verklaringen voor het toegenomen 
risico op kankerontwikkeling bij patiënten met hartfalen. Onderwerpen zoals gedeelde 
risicofactoren, gedeelde pathofysiologische achtergronden en medicatie passeren de 
revue. Daarnaast wordt hierin ook onze nieuwe hypothese beschreven, namelijk de 
gedachte dat er communicatie bestaat tussen het hart en andere organen, door middel 
van biomarkers.

Criteria waaraan biomarkers moeten voldoen

Zoals hiervoor beschreven kunnen biomarkers zeer behulpzaam zijn bij het maken van 
klinische beslissingen. Morrow en de Lemos hebben als eerste verschillende criteria 
opgesteld waaraan een biomarker moet voldoen om klinisch bruikbaar te zijn. Namelijk: 
1. Accuraat, en metingen moeten beschikbaar zijn voor artsen binnen redelijke kosten 
en zonder vertraging; 2. De biomarker moet informatie geven die niet al te behalen is uit 
andere diagnostiek; 3. De metingen geven toegevoegde waarde aan het behandelplan. 
Naar aanleiding van dit proefschrift zou ik aan deze 3 criteria een aantal criteria willen 
toevoegen. 4. Biomarkers moeten door een hartfalenexpert worden beoordeeld, omdat 
ze vaak op verschillende momenten in een ziekteproces worden gemeten, waardoor 
ze lastig met elkaar te vergelijken zijn. 5. Betere fenotypering middels biomarkers van 
patiënten met hartfalen is nodig. Het meten van biomarkers uit verschillende domeinen 
(inflammatie, infarct, remodeling, renale dysfunctie, neuro-hormonaal, oxidatieve stress) 
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kan hierbij ondersteunen. 6. Om een biomarker over tijd goed te kunnen interpreteren is 
kennis nodig van de biologische variatie van een biomarker. Deze kennis moet worden 
meegenomen om klinische relevantie te kunnen duiden. Tenslotte, 7. bij verhoging van 
een niet-orgaanspecifieke biomarkers zonder duidelijk cardiaal fenotype, kan worden 
overwogen andere orgaanspecialisten te consulteren, om zo ziektebeelden buiten het 
hart aan te tonen of uit te sluiten. 

Toekomst perspectief

De positie van biomarkers in hartfalen verandert voortdurend. De eerste bewijsvoering 
komt voort uit de diagnostische kracht van biomarkers. Kort hierna werden studies 
gepubliceerd die de prognostische waarde van biomarkers lieten zien, en hiermee zijn 
biomarkers alleen maar belangrijker voor de klinische praktijk geworden. Steeds meer 
algoritmes beginnen gebruik te maken van biomarkers en worden constant kritisch 
herschreven. Desondanks blijkt implementatie van nieuwe biomarkers in de dagelijkse 
praktijk een uitdaging. Gesteund door pre-klinisch bewijs en nieuwe pathofysiologische 
inzichten, kunnen biomarkers beter geclusterd worden op basis van domeinen en kun-
nen beter geïmplementeerd worden in de kliniek. Momenteel wordt de mogelijkheid 
onderzocht voor NP’s in het kader biomarker-gestuurde therapie, wat erg belangrijk gaat 
worden in de toekomst. Verder zullen er prospectieve studies worden opgezet, waarin 
remmers van specifieke biomarkers worden ingezet, zoals bijvoorbeeld galectine-3. 
Zo kan onder andere worden beoordeeld welke effecten deze therapieën hebben op 
cardiale functie.

Een belangrijke stap gaat zijn om de juiste pathways en biomarker interacties in verschil-
lende organen en ziektebeelden in kaart te brengen. Vanuit het hart, en met name ten 
tijde van hartfalen, zullen de vrijgekomen factoren effect hebben op andere organen. 
Omgekeerd is uiteraard ook een mogelijkheid. Met dit perspectief in ons achterhoofd, 
zullen biomarkers in de toekomst beter gebruikt kunnen worden, onder andere om ver-
schillende fenotypes in kaart te brengen. Deze fenotypes omvatten de cardiale status, 
de aanwezigheid van co-morbiditeiten en eventuele interacties die kunnen worden 
verwacht. Proteomic analyses van het cardiale secretoom van verschillende ethologiën 
van hartfalen, in de aanwezigheid van verschillende co-morbiditeiten, gaan nodig zijn 
om een goed inzicht te krijgen in specifieke patiënten. Farmacologische interventies, 
die volgen vanuit pre-klinisch onderzoek en gericht zijn op deze biomarkers, zullen zo 
leiden tot hopelijk positieve effecten in de klinische praktijk. 

Een zeer belangrijk doel als arts is het verlagen van de ziektelast van patiënten met 
hartfalen. Het vroeg identificeren van patiënten met een verhoogd risico op het ontwik-
kelen van hartfalen is daarvoor belangrijk. Deze asymptomatische patiënten zouden 
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behandeld kunnen worden op basis van hun cardiovasculair risico en biomarker profiel. 
De bovenstaande beschreven fenotypering kan dan al starten bij asymptomatische 
patiënten en kan over de tijd worden vervolgd. Deze veranderingen kunnen dan beter 
inzicht geven in de best passende therapie per patiënt. Deze strategie zal eventueel 
in de toekomst het initiële cardiale event kunnen verhinderen, waarop de kans op het 
ontwikkelen van hartfalen wordt verkleind.

Momenteel hebben hartfalen specialisten de lastige taak om biomarkers te integreren 
aan het einde van het ziektetraject van hartfalen. Verschillende aspecten, waaronder 
leeftijd, co-morbiditeiten en ziekteprogressie, hebben invloed op de waarden van de 
gemeten biomarker. Dit maakt de interpretatie voor iedere patiënt specifiek een uitda-
ging. Vandaar dat toekomstige biomarker studies nodig zijn, gefocust op algoritmes, 
biomarkergerichte therapie en verdere ontrafeling van de onderliggende pathofysiolo-
gie. De komende jaren zullen we hard gaan werken aan het oplossen van (een deel van) 
de hartfalenpuzzel om zo de ziektelast te verlagen van diegene met hartfalen die we zo 
graag willen helpen - de patiënt.
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