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Abstract

Rationale & Objective—Inflammation, cardiac remodeling, and fibrosis may explain, in part, 

the excess risk of cardiovascular disease (CVD) in patients with chronic kidney disease (CKD). 

Growth differentiation factor 15 (GDF-15), galectin 3 (Gal-3), and soluble ST2 (sST2) are 

possible biomarkers of these pathways in patients with CKD.

Study Design—Nonconcurrent observational cohort study
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Setting and Participants—Individuals with CKD enrolled in either of two multi-center CKD 

cohort studies; the Seattle Kidney Study or the C-PROBE (Clinical Phenotyping and Resource 

Biobank Study).

Exposures—Circulating GDF-15, Gal-3, and sST-2 measured at baseline.

Outcomes—Primary outcome was all-cause mortality. Secondary outcomes included 

hospitalization for physician-adjudicated heart failure (HF) and the atherosclerotic CVD events of 

myocardial infarction and cerebrovascular accident.

Analytic Approach—Cox proportional hazards models used to test association of each 

biomarker with each outcome, adjusting for demographics, CVD risk factors, and renal function.

Results—Among 883 participants, the mean eGFR was 49 +/− 19 mL/min/1.73 m2. Higher 

GDF-15 (aHR per 1-SD higher, 1.87; 95% CI, 1.53–2.29), gal-3 (aHR per 1-SD higher, 1.51; 95% 

CI, 1.36–1.78), and sST-2 (aHR per 1-SD higher, 1.36; 95% CI, 1.17–1.58) concentrations were 

significantly associated with mortality. Only GDF-15 was also associated with HF events (HR per 

1-SD higher, 1.56; 95% CI, 1.12–2.16). There were no detectable associations between GDF-15, 

gal-3, or sST-2 and atherosclerotic CVD events.

Limitations—Event rates for HF and atherosclerotic CVD were low.

Conclusions—Adults with CKD and higher circulating levels of GDF-15, gal-3, and sST-2 

experienced greater mortality. Elevated GDF-15 was also associated with an increased rate of HF. 

Further work is needed to elucidate the mechanisms linking these circulating biomarkers with 

CVD in patients with CKD.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of mortality in patients with chronic 

kidney disease (CKD) and accounts for significant morbidity, including recurrent 

hospitalizations, debilitating symptoms, and low reported health-related quality of life.1–4 

Substantial cardiovascular risk persists in CKD patients despite treatment of established 

cardiovascular risk factors, such as hypertension and dyslipidemia. Identifying new 

pathways of CVD is an important step toward developing potentially effective therapies.

Inflammation, cardiac remodeling, and fibrosis are potentially important pathways in the 

pathogenesis of cardiovascular disease. While there are numerous candidate biomarkers that 

may reflect alterations in these biological pathways, growth differentiation factor 15 

(GDF-15), galectin 3 (Gal-3), and soluble ST2 (sST2) have emerged as some of the 

strongest predictors of CVD in the general population and two (galectin-3 and sST2) of 

these biomarkers have been approved by the FDA for clinical use.5
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GDF-15 is a member of the transforming growth factor β (TGFβ) cytokine family that is 

widely distributed in mammalian tissues (including the prostate, intestinal mucosa, and 

kidney) and has been shown to play multiple roles in various pathologies, including 

cardiovascular disease inflammation, cancer, obesity and kidney disease.6, 7 One study found 

that GDF-15 plays a role in cardiomyocyte repair in response to tissue inflammation, 

oxidative stress and injury and is anti-apoptotic and anti-hypertrophic.8 However, in the 

general population and in patients with heart disease, higher concentrations of GDF-15 have 

been associated with all-cause mortality and increased cardiovascular events independent of 

traditional biomarkers and other CVD risk factors.9–21 Thus the role of GDF-15 remains 

controversial.

Gal-3 belongs to the β-galactoside-binding protein family. It is a ubiquitous protein 

expressed in epithelial cells, endothelial cells, and macrophages. It plays a role in embryonic 

development, and is both proinflammatory and profibrotic. It has been shown to be involved 

in initiating cardiac fibrosis and ventricular remodeling.22, 23 Among European populations, 

higher concentrations of gal-3 have been associated with increased all-cause and 

cardiovascular mortality.24–26 ST-2 is a member of the interleukin 1 (IL-1) receptor family. It 

has two forms, soluble ST2 (sST-2) and transmembrane ST-2 (ST-2L). ST-2 is a marker of 

cardiac stress that is upregulated with myocyte stretch similar to brain natriuretic peptide 

(BNP). In the large Framingham Offspring Study, elevated sST-2 was significantly 

associated with increased risk of death, heart failure, and major cardiovascular events.9

Circulating GDF-15, gal-3, and sST-2 concentrations are higher among people who have 

CKD and are associated with CVD in the general population, raising the question of whether 

these biomarkers are associated with mortality and CVD in CKD. Few studies have 

evaluated the association of GDF-15 or sST-2 with moratlity and CVD in an exclusive CKD 

population. Prior studies of gal-3 in CKD cohorts have had conflicting results and may not 

be generalizable to a U.S. CKD population.26, 27 Herein, we evaluated all three novel cardiac 

biomarkers for associations with mortality, heart failure, and atherosclerotic cardiovascular 

events in two large prospective cohort studies of CKD in the United States.

METHODS

Study Populations

The Seattle Kidney Study (SKS)—The SKS is a nephrology clinic-based cohort study 

of people with CKD, which began recruitment in 2004. Participants were recruited from 

outpatient nephrology clinics at the University of Washington Medical Center, Harborview 

Medical Center, and the Veterans Affairs Puget Sound Health Care Center in Seattle, 

Washington. Inclusion criteria are age >18 years and any stage of CKD (eGFR <90ml/min/

1.73m2 or a urinary albumin-creatinine ratio of >30 mg/g). Exclusion criteria are current 

dialysis, current or previous kidney transplant, inability to provide informed consent, or 

expectation of dialysis initiation within 3 months. SKS personnel conducted annual in-

person study visits, including blood collections and ascertainment of interim events. A total 

of 530 participants met inclusion criteria and were enrolled in the SKS. For this study, we 

also excluded participants who did not have follow up beyond the baseline study visit or 
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who did not have available bio-samples at the time of study initiation date, leaving a final 

analytic sample of n= 304.

The Clinical Phenotyping and Resource Biobank Study (C-PROBE)—C-PROBE, 

the CKD cohort of the George M. O’Brien Michigan Kidney Translational Core Center at 

the University of Michigan, is an ongoing multicenter prospective observational cohort study 

that began recruitment in March 2009. Adults and children with CKD stage 1–4 are 

recruited from six sites in the United States, including: John H. Stroger Hospital, Chicago; 

Renaissance Renal Research Institute, Detroit; University of Michigan Nephrology Program, 

Ann Arbor; Wayne State University Nephrology Program, Detroit; Temple University 

Nephrology Program, Philadelphia; and Carolinas Medical Center, Levin Children’s 

Hospital, Charlotte. Patient demographics, socioeconomic variables, clinical information, 

and bio-samples are collected at enrollment and annually thereafter. Adult C-PROBE 

participants with polycystic kidney disease and those who underwent dialysis or 

transplantation are excluded. Inclusion criteria for this study were age >18 years and 

baseline eGFR <90ml/min/1.73m2. Participants also needed to have baseline bio-samples 

available including serum or plasma samples at study entry to be included in our study. We 

also excluded participants who did not have follow-up beyond the baseline study visit, 

leaving a final sample of n= 579 for analyses which included gal-3 and sST2. Of the 579 C-

PROBE participants, 314 also had GDF-15 measured as part of a second ancillary study.

Our study did not require additional IRB approval at either site since no new additional data 

or biospeciman collection was required.

Biomarker (GDF-15, Gal-3, sST-2) Measurements in SKS and C-PROBE

Three cardiac biomarkers of interest were evaluated in both SKS and C-PROBE: GDF-15, 

gal-3, and sST-2. Blood samples from SKS and C-PROBE participants were stored at −80°C 

until shipment to the University of Washington. All samples were first thaw serum/plasma 

concentrations measured by ELISA (R&D Systems for GDF-15 and gal-3 [Minneapolis, 

MN] and Critical Diagnostics for sST-2 [San Diego, CA]). The absorbances for each analyte 

were measured by spectrophotometry (450 nm) and unknown concentrations determined 

through a 4-parameter logistic curve fit. The inter-assay coefficients of variation were 3.58% 

for GDF-15, 9.80% for galectin-3, and 9.58% for sST-2. We performed duplicate measures 

of each biomarker in 44 participants in our study which showed good repeatability (intra-

assay Pearson’s correlation coefficients: 0.8381 for GDF-15, 0.9407 for gal-3, and 0.9588 

for sST-2).

Outcomes

The primary outcomes was all-cause mortality. Deaths were identified from report by next of 

kin, retrieval of death certificates or obituaries, review of hospital records, and the Social 

Security Death Master File.

Secondary outcomes included heart failure events, and atherosclerotic CVD events (defined 

as acute myocardial infarction or acute ischemic stroke). In the SKS and the C-PROBE, 

hospitalized events and procedures were ascertained via telephone contacts and at in-person 
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study examinations every 12 months. Identified hospitalized events and procedures 

prompted the collection of relevant medical records, which were reviewed by two physician 

investigators. The physicians had to agree and resolve any discordances. Adjudication of 

heart failure events was based on the Framingham and ALLHAT (Antihypertensive and 

Lipid-Lowering Treatment to Prevent Heart Attack Trial) criteria.28, 29 Diagnosis of 

probable or definite myocardial infarction was based on symptoms consistent with acute 

ischemia, cardiac biomarker levels, and electrocardiograms as recommended by a consensus 

statement on the universal definition of myocardial infarction.30 Ischemic stroke outcomes 

included both probable and definite ischemic stroke. The latter was determined based on 

sudden onset of neurologic symptoms supported with computed tomography or magnetic 

resonance imaging demonstration of infarction in a territory where an injury or infarction 

would be expected to create those symptoms. The former was defined as sudden or rapid 

onset of 1 major or 2 minor neurologic signs or symptoms lasting for more than 24 hours or 

until the patient died with no evidence of hemorrhage or infarction on computed tomography 

or magnetic resonance imaging performed within 24 hours of the onset of symptoms.31

Covariates

The SKS determined demographic data, prevalent medical conditions, height, and weight via 

in-person questionnaires and examinations. Current medications were assessed using 

medication inventories. Blood and urine measurements of standard chemistries were 

performed at in-person study examinations.

CPROBE determined demographic data and prevalent medical conditions by physician 

diagnosis in the medical record. Medications were ascertained from the patients’ medical 

records.

Diabetes in both cohorts was defined by use of an oral hypoglycemic medication or insulin, 

fasting blood sugar ≥126 mg/dl, non-fasting blood sugar ≥200 mg/dl, or hemoglobin A1c 

≥6.5%. Urine albumin and creatinine were measured in spot morning or overnight urine 

collections, by a timed endpoint method and with the modified rate Jaffe method.

Statistical Analysis

We performed a pooled analysis of the SKS and the C-PROBE cohorts. We tabulated 

baseline participant characteristics for each cohort and overall. We compared baseline 

characteristics of the study population across quartiles of each biomarker. A multivariable 

linear regression analysis was performed to test the associations of these baseline 

characteristics with GDF-15, gal-3, and sST2 concentrations. We used unadjusted Spearman 

correlations and scatterplots to determine correlations among the cardiac biomarkers, eGFR, 

and urine albumin-creatinine ratio (UACR). Kaplan-Meier curves were generated to examine 

the probabilities of the primary and secondary outcomes in participants above and below the 

median level of GDF-15, gal-3, and sST2. Unadjusted incidence rates for each outcome 

across quartiles of each biomarker were calculated as the number of events divided by 

person-years at risk. We assessed the functional forms of associations of GDF-15, gal-3, and 

sST-2 levels with each outcome (mortality, heart failure, and atherosclerotic CVD) using 

cubic spline models. There was no evidence of departure from linearity; therefore, we 
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assessed these markers as continuous linear exposures. Cox proportional hazards regression 

were used to test the association of each biomarker level (modeled continuously per standard 

deviation increase) at baseline and time until first occurrence of mortality, heart failure, or 

atherosclerotic CVD. Covariates for adjustment were selected a priori based on previous 

literature regarding potential confounders as well as examining the covariates that differed 

greatly across quartiles of each biomarker. Nested models were used to progressively 

explore the confounding effects of demographics, known cardiovascular risk factors, and 

kidney function. The first model adjusted for baseline age, gender, race, and study cohort. 

The second model additionally adjusted for prevalent cardiovascular disease, current 

smoking status, diabetes, eGFR and urine albumin-creatinine ratio. Participants were 

censored at first event, death, or end of study period (July 31, 2013 for SKS and July 29, 

2016 for C-PROBE). Two-sided probability values ≤ 0.05 were considered statistically 

significant. All analyses were performed using Stata version 13.1 (College Station, TX) and 

IBM SPSS Statistics for Windows version 23.0 (Armonk, NY).

RESULTS

Characteristics of Study Populations

The pooled study population included 883 participants with gal-3 and sST2 measures and 

618 participants with GDF-15 measures. Baseline characteristics of the study population are 

listed in Table 1. Participants were a mean age of 57 years old, predominantly white and 

male. Overall, 87% of participants had prevalent hypertension, 43% had prevalent diabetes, 

and 40% had prevalent CVD. The mean eGFR was 49 mL/min/1.73 m2 (CKD stage 3a) and 

median UACR was 160 mg/g. Compared to SKS, participants in C-PROBE were younger, 

more racially diverse, and had lower prevalence of comorbid hypertension, diabetes, and 

CVD. C-PROBE participants also had higher urine albumin excretion and eGFR compared 

to SKS participants.

History of cardiovascular disease and diabetes was greater across quartiles of each 

biomarker (Table S1). Furthermore, eGFR was lower and UACR was higher across higher 

quartiles of GDF-15, gal-3 and sST-2.

Associations of GDF-15, Gal-3, and sST-2 with Baseline Characteristics and Kidney 
Function

In multivariable analysis, female sex, older age, current smoking, and prevalent diabetes 

were each independently associated with higher levels of GDF-15. Black race was inversely 

associated with GDF-15 concentration. Male sex and antihypertensive medication use were 

associated with higher levels of gal-3, and prevalent diabetes and CVD were associated with 

higher levels of sST-2 (Table S2).

Gal-3 and sST-2 were modestly correlated with GDF-15. Gal-3 and sST-2 were weakly 

correlated with each other. GDF-15, gal-3, and to a lesser extent sST-2 were inversely 

correlated with eGFR and modestly correlated with ACR. (Table 2 and Figure S1).
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Overall Incidence of Mortality, Heart Failure, and Atherosclerotic Cardiovascular Disease

In our pooled cohort, there were 98 total deaths (mortality rate of 3.3% per year), 41 heart 

failure events (incidence rate of 1.42% per year), and 29 atherosclerotic cardiovascular 

events (incidence rate of 1% per year) over a median time of 3.10 years.

Association of GDF-15 with Mortality, Heart Failure, and Atherosclerotic Cardiovascular 
Disease

Higher circulating GDF-15 concentration was associated with greater unadjusted risk of 

mortality (Table 3; Figure 1a). After adjustment,. each 1-SD higher GDF-15 concentration 

was associated with an estimated 87% greater risk of mortality (95% confidence interval, 

53%–129%).

In unadjusted models, the rates of heart failure and atherosclerotic CVD were greater across 

higher categories of GDF-15 (Table 3; Figure 1a). After multivariable adjustment, every 1-

SD higher GDF-15 was associated with 56% greater risk of heart failure (95% CI, 12%–

116%). GDF-15 was not significantly associated with increased atherosclerotic CVD risk 

(Table 3).

Association of Gal-3 with Mortality, Heart Failure, and Atherosclerotic Cardiovascular 
Disease

Participants with high gal-3 levels had a lower probability of overall survival compared to 

low gal-3 levels (Figure 1b). Higher quartiles of serum gal-3 were associated with 

progressively greater rates of mortality (Figure S2). For every 1-SD higher level of gal-3, 

there was a 51% increase in mortality after adjusting for confounders (95% CI, 36%–78%) 

(Table 3).

There was no significant difference in rates of heart failure or atherosclerotic CVD across 

higher categories of gal-3 (Figure 1b and Figure S2). In multivariable models, gal-3 was not 

associated with risk of heart failure or atherosclerotic CVD (Table 3).

Association of sST-2 with Mortality, Heart Failure, and Atherosclerotic Cardiovascular 
Disease

Participants with higher sST-2 levels had lower probability of overall survival compared to 

participants with low sST-2 levels (Figure 1c). All-cause mortality rates were higher across 

sST-2 quartiles, (Figure S2). When fully adjusted, higher sST-2 levels were significantly 

associated with a 36% increase in mortality (95% CI, 17%–58%). (Table 3).

Heart failure and atherosclerotic CVD event rates were higher across sST-2 quartiles (Figure 

S2). However, in multivariable models, there was no association of sST2 with heart failure 

or atherosclerotic CVD (Table 3).

DISCUSSION

In this pooled multi-center cohort of 883 CKD patients, we found strong associations 

between GDF-15, gal-3, and sST-2 with all-cause mortality. We also found a significant 
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association of GDF-15 with risk of heart failure. Our findings both support and differ from 

prior studies in the general population and may indicate that pathways of inflammation and 

cardiac stress marked by elevations in GDF-15, gal-3, and sST-2 behave uniquely in the 

setting of CKD.

We observed an association of higher GDF-15 with risk of mortality and heart failure. 

Previous studies of GDF-15 in patients with normal eGFR have shown associations with 

atrial fibrillation, myocardial infarction, stroke, and heart failure.9, 10 Furthermore, GDF-15 

levels have been shown to be chronically elevated in individuals with CVD, specifically in 

individuals with a history of myocardial infarction or heart failure.11, 12, 32 In heart failure, 

higher GDF-15 levels correlate with more advanced New York Heart Association (NYHA) 

class13 and elevations in GDF-15 are associated with more heart failure hospitalizations.
14,15, 16 The mechanisms of inflammation marked by GDF-15 have not been fully 

elucidated, but its expression is upregulated in tissue injury. It is unknown whether GDF-15 

expression is a compensatory or putative response to injury. Recent in vivo mouse studies 

have shown that GDF-15 interferes with chemokine-triggered integrin activation, preventing 

inflammatory cell extravasation at sites of cardiac injury and subsequent inflammatory 

damage.33, 34 Another study of mice who were exposed to coronary artery ligation, 

myocardial GDF-15 mRNA expression increased in the area at risk for ischemic injury. 

GDF-15 deficient mice developed greater infarct sizes and displayed more cardiomyocyte 

apoptosis in the infarct border zone, suggesting the endogenous GDF-15 limits myocardial 

damage in vivo.8

Our results also suggest an association between GDF-15 and heart failure events, however, 

we did not find an association of GDF-15 with atherosclerotic CVD in those with kidney 

disease (though we may have been underpowered to detect an association). Prior literature 

has shown that GDF-15 is expressed in various tissues beyond the kidey and heart. For 

example, recent data from animal models has shown that GDF-15 binds to GFRAL (GDNF 

family receptor α-like), which is primarily located in the central nervous system.35 GDF-15/

GFRAL expression regulates food intake and body weight in mice. In animal models, 

overexpression of GDF-15 leads to a lean phenotype, hypophagia and improvements in 

metabolic parameters.36 Our study provides further data on the association of GDF-15 with 

cardiac outcomes in patients with kidney disease.

In our study, elevations of gal-3 were significantly associated with greater risk of mortality. 

Previous studies of gal-3 in patients with normal kidney function have shown that higher 

gal-3 levels predict all-cause mortality37, 38 and cardiovascular events. In particular, studies 

have shown that gal-3 is associated with heart failure,39 including new diagnosis and 

prognosis of both acute and chronic heart failure in the general population.40–42,43 The US 

Food and Drug Administration (FDA) approved clinical gal-3 testing to aid in prognosis for 

patients with chronic heart failure in 2010, but since then our knowledge of gal-3 has 

continued to evolve.44 Gal-3likely acts in a variety of different pathways, including in 

embryogenesis, cell proliferation, cell adhesion, and inflammation. At the molecular level, 

gal-3 crosslinks with glycoproteins to promote cellcell and cell-matrix interactions, 

ultimately leading to fibrosis and extracellular matrix stiffening.45 In the heart, gal-3 is 

highly expressed by cardiac macrophages and promotes cardiac fibrosis.46 Similarly, gal-3 is 
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also present in the kidney, where it promotes tubulointerstitial fibrosis45 and its levels rise 

with advancing CKD and end stage renal disease (ESRD).26 In the Atherosclerosis Risk in 

Communities (ARIC) Study, participants free of CKD and heart failure in the highest 

quartile of galectin-3 had a twofold greater risk of developing incident CKD.47 Small studies 

of patients with moderate CKD and ESRD have shown that gal-3 levels are inversely 

associated with kidney function in both the presence and absence of heart failure.48–50. 

There have been a few studies that have examined the association of gal-3 with clinical 

outcomes in patients with CKD, where the pathophysiology of CVD may differ. A 2014 

study of ambulatory heart failure patients in Spain showed that the prognostic value of gal-3 

for CVD declined after adjusting for participant kidney function (participants had an average 

eGFR of 43 mL/min/1.73m2).51 In contrast, an analysis of the LURIC (LUdwigshafen RIsk 

and Cardiovascular Health) and 4D (Die Deutsche Diabetes Dialyse Studie) cohorts found a 

statistically significant increase in fatal and nonfatal combined cardiovascular endpoints 

(sudden cardiac death, myocardial infarction, stroke, and death due to heart failure) among 

those with CKD and elevated gal-3.26 Our study extends the literature by studying gal-3 in a 

a U.S. based racially diverse CKD cohort and demonstrating an association of galectin-3 

with mortality. Further work is needed to investigate associations with heart failure and 

atherosclerosis in this population.

In our pooled cohort, sST-2 elevation was found to be significantly associated with increased 

mortality. sST-2 has also been previously studied in the general population and, to a limited 

extent, in those with kidney disease where it was associated with all-cause mortality, severity 

of heart failure, and adverse heart failure outcomes.52–56 It has also shown promise in 

predicting adverse cardiac remodeling in patients after myocardial infarction.57, 58 In 

PROTECT (Placebo-Controlled Randomized Study of the Selective A1 Adenosine Receptor 

Antagonist Rolofylline for Patients Hospitalized with Acute Decompensated Heart Failure 

and Volume Overload to Assess Treatment Effect on Congestion and Renal Function), a 

European multicenter randomized placebo-controlled study of over 2,300 participants 

analyzing 44 novel cardiac biomarkers in heart failure, sST-2 was one of the strongest 

independent predictors of 30-day and 180-day all-cause mortality and cardiovascular or 

renal rehospitalization.59 Spanish investigators also demonstrated this increased mortality 

risk in those with elevated sST-2 and heart failure, which was still strong even in the subset 

of their cohort with eGFR <60mL/min/1.73m2.60 sST-2 was also approved by the FDA for 

use clinically, and has been subsequently studied in head to head comparison with gal-3 in 

chronic heart failure patients, where only sST-2 was predictive of five-year cardiovascular 

death, superior to gal-3.27 ST-2 has two forms, soluble ST2 (sST-2) and transmembrane ST-2 

(ST-2L). Mechanistically, IL-33 binds as a ligand to ST-2L, providing cardioprotection in 

vivo. The interaction of ST-2L/IL-33 reduces cardiomyocyte apoptosis and prevents the 

adverse cardiac remodeling seen after cardiac ischemia.61 The soluble form of ST2, 

however, acts as a decoy and disrupts binding of ST-2L and IL-33, preventing its cardio-

protective effects.62 Our study supports and extends the prior literature in that we examined 

sST2 and associations with clinical outcomes in a relatively large population of patients with 

moderate to advanced CKD.

Our study adds to the growing body of literature on GDF-15, gal-3, and sST-2 and their 

associations with CVD by focusing on patients with CKD, who have a disproportionate risk 
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of CVD. While some of our findings in this unique population mirrored those results seen in 

the general population, some did not. For instance, gal-3 in the general population has been 

strongly associated with heart failure, we found that this may not be true in the kidney 

disease population. Likewise, GDF-15, gal-3, and sST-2 have all been associated with 

atherosclerotic CVD in general populations, which we did not see in our CKD cohort (which 

may have been affected by limited power). CKD patients have unique CVD risk factors, 

such as metabolic imbalances, abnormalities in mineral metabolism and accumulation of 

uremic solutes, which may alter the expression of these biomarkers and their underlying 

pathways. Our study highlights the need for more research to elucidate the pathways 

reflected by elevations in GDF-15, gal-3, and sST-2 specifically in the vulnerable CKD 

population. These biomarkers and their respective biological pathways may be future targets 

for therapeutic intervention to mitigate mortality and heart failure risk in CKD populations.

Our study has several strengths. It is a large multi-center study pooling two racially diverse 

cohorts from diverse geographic regions in the United States. Participants had a variety of 

kidney disease etiologies, making our results generalizable to the CKD population at large. 

All study outcomes were adjudicated by the same experienced physicians to ensure 

diagnostic accuracy, and all biomarker measurements were performed in the same laboratory 

to ensure measurement consistency across the pooled cohort. We also included a set of well-

recognized and well-defined confounders in our study.

The limitations of our study should also be acknowledged. Overall, our event rate for heart 

failure and atherosclerotic CVD was low and thus we may have been underpowered to detect 

an association between GDF-15, gal-2 and sST-2 levels with heart failure and atherosclerotic 

CVD. Another limitation to our study is that we were not able to distinguish between 

preserved or reduced ejection fraction heart failure events, which likely have different 

biological mechanisms. We were not able to look at combinations of biomarkers or 

prediction models given the limited power in the analysis. We also did not measure tissue-

specific biomarker levels; it is therefore possible that elevations in local biomarker levels in 

the heart or kidneys were clinically significant, but not detected in our study. However, our 

prior studies reported a strong positive correlation between tissue GDF-15 and circulating 

GDF-15.7 The molecular weight of these proteins are lower than that albumin and is likely 

that they are filtered in the glomerulus. While we adjusted for eGFR in our models, it is 

possible that elevated concentrations of GDF-15, gal-3 and sST2 reflect decreased kidney 

function in this population of CKD patients. Finally, this was an observational study thus we 

cannot establish causality.

In conclusion, elevations in GDF-15, gal-3, and sST-2 are associated with greater risk of 

mortality among the CKD population. Furthermore, GDF-15 may also be associated with 

greater heart failure risk in this population. Further studies are needed to determine whether 

the pathways reflected by GDF-15, gal-3 and sST-2 are possible therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a: Unadjsuted Kaplan Meier estimates of disease-free survival according to high (above the 

median) or low (below the median) GDF-15 levels

b: Unadjsuted Kaplan Meier estimates of disease-free survival according to high (above the 

median) or low (below the median) galectin-3 levels

c: Unadjsuted Kaplan Meier estimates of disease-free survival according to high (above the 

median) or low (below the median) sST2 levels
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Table 1

Baseline characteristics of the study population

SKS C-PROBE Pooled

No. of participants 304 579 883

Age, years 62 (13) 55 (16) 57 (15)

Male 250 (82) 240 (42) 490 (56)

Race

  White 198 (65) 289 (50) 487 (55)

  Black 76 (25) 227 (39) 303 (34)

  Other 30 (10) 62 (11) 92 (10)

Education

  Less than High school 11 (4) 79 (14) 90 (11)

  Completed high school 179 (64) 292 (51) 471 (55)

  Completed college or more 90 (32) 203 (35) 293 (34)

Current smoker 49 (17) 67 (12) 116 (13)

Cardiovascular Disease 177 (58) 178 (31) 355 (40)

Heart Failure 86 (28) 44 (8) 130 (15)

Myocardial Infarction 62 (20) 80 (14) 142 (16)

Ischemic Stroke 46 (15) 49(8) 95 (11)

Cardiac Arrhythmia 26 (9) 71 (12)

Diabetes 171 (56) 206 (35) 377 (43)

Hypertension 295 (97) 469 (81) 764 (87)

Antihypertensive use 283 (93) 440 (76) 723 (82)

Statin use 191 (63) 182 (32) 373 (42)

Systolic Blood Pressure, mmHg 133 (20) 132 (20) 132 (20)

Diastolic Blood Pressure, mmHg 75 (13) 74 (11) 74 (12)

Body Mass Index, kg/m2 31.4 (7.3) 31.8 (8.1) 31.7 (7.8)

eGFR, mL/min/1.73 m2 40 (19) 55 (31) 49 (28)

UACR, mg/g 136 [16, 757] 234 [16, 885] 160 [16, 776]

Data are displayed as mean +/− SD or median [Q1, Q3] for continuous variables and N(%) for categorical variables unless noted otherwise.
UACR, urinary albumin-creatinine ratio; eGFR, estimated glomerular filtration rate; SKS, ______; C-PROBE, ________; Q, quartile.
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Table 3

Multivariable association of circulating GDF-15, Gal-3, and sST2 levels with mortality, heart failure, and 

atherosclerotic CVD

SD HR (95% CI)

Unadjusted Model 1 Model 2

Mortality (N= 98)

GDF-15, per 1-SD greater 1607pg/mL 2.06 (1.78, 2.38) 1.97 (1.66, 2.34) 1.87 (1.53, 2.29)

Gal-3, per 1-SD greater 7.87ng/mL 1.21 (1.12, 1.30) 1.45 (1.30, 1.63) 1.51 (1.36, 1.78)

sST2, per 1-SD greater 17.49ng/mL 1.41 (1.26, 1.58) 1.41 (1.22, 1.63) 1.36 (1.17, 1.58)

Heart Failure (N= 41)

GDF-15, per 1-SD greater 1607pg/mL 1.71 (1.36, 2.14) 1.60 (1.22, 2.10) 1.56 (1.12, 2.16)

Gal-3, per 1-SD greater 7.87ng/mL 1.09 (0.89, 1.34) 1.15 (0.84, 1.56) 1.11 (0.77, 1.38)

sST2, per 1-SD greater 17.49ng/mL 1.30 (1.07, 1.56) 1.23 (0.97, 1.56) 1.22 (0.94, 1.60)

Atherosclerotic CVD (N= 29)

GDF-15, per 1-SD greater 1607pg/mL 1.60 (1.21, 2.12) 1.39 (0.99, 1.95) 1.19 (0.77, 1.55)

Gal-3, per 1-SD greater 7.87ng/mL 1.10 (0.86, 1.39) 1.21 (0.84, 1.74) 1.16 (0.75, 1.78)

sST2, per 1-SD greater 17.49ng/mL 1.20 (0.92, 1.57) 0.92 (0.60, 1.41) 0.67 (0.36, 1.27)

Hazard ratios are calculated based on per standard deviation elevation in biomarker level
Model 1: adjusted for age, gender, race, and study cohort
Model 2: Model 1 + prevalent cardiovascular disease, diabetes, current smoking status, eGFR and UACR
UACR, urinary albumin-creatinine ratio; eGFR, estimated glomerular filtration rate; Gal-3, ____; GDF-15, _____; sST2, _____; Scr, serum 
creatinine. HR, _____; CI, _______; CVD, cardiovascular dsiease.
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