
The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2024, 79(1), 1–11
https://doi.org/10.1093/gerona/glad206
Advance access publication 25 August 2023
Research Article

Circulating Growth Differentiation Factors 11 and 8, Their 
Antagonists Follistatin and Follistatin-Like-3, and Risk of 
Heart Failure in Elders
Jorge R. Kizer, MD, MSc,1,2,3,* Sheena Patel, MPH,4 Peter Ganz, MD,2,5,   
Anne B. Newman, MD, MPH,6,  Shalender Bhasin, MD,7,  Se-Jin Lee, MD, PhD,8  
Peggy M. Cawthon, PhD,3,4 Nathan K. LeBrasseur, PhD,9 Sanjiv J. Shah, MD,10,   
Bruce M. Psaty, MD, PhD,11 Russell P. Tracy, PhD,12 and Steven R. Cummings, MD3,4

1Cardiology Section, San Francisco Veterans Affairs Health Care System, San Francisco, California, USA.
2Department of Medicine, University of California San Francisco, San Francisco, California, USA.
3Department of Epidemiology and Biostatistics, University of California San Francisco, San Francisco, California, USA
4Research Institute, California Pacific Medical Center, San Francisco, California, USA.
5Cardiology Division, Zuckerberg San Francisco General Hospital, San Francisco, California, USA.
6Department of Epidemiology, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania, USA.
7Research Program in Men’s Health: Aging and Metabolism, Boston Claude D. Pepper Older Americans Independence Center, Brigham and 
Women’s Hospital, Harvard Medical School, Boston, Massachusetts, USA.
8The Jackson Laboratory and University of Connecticut School of Medicine, Farmington, Connecticut, USA.
9Robert and Arlene Kogod Center on Aging, and Department of Physical Medicine and Rehabilitation, Mayo Clinic, Rochester, Minnesota, USA.
10Division of Cardiology, Department of Medicine, Northwestern University School of Medicine, Chicago, Illinois, USA.
11Cardiovascular Health Research Unit, Departments of Medicine, Epidemiology, and Health Systems and Population Health, University of 
Washington, Seattle, Washington, USA.
12Department of Pathology and Laboratory Medicine, University of Vermont Larner College of Medicine, Burlington, Vermont, USA.
*Address correspondence to: Jorge R. Kizer, MD, MSc. E-mail: Jorge.kizer@ucsf.edu

Decision Editor: Roger Fielding, PhD, FGSA (Medical Sciences Section)

Abstract 
Background: Heterochronic parabiosis has identified growth differentiation factor (GDF)-11 as a potential means of cardiac rejuvenation, but 
findings have been inconsistent. A major barrier has been lack of assay specificity for GDF-11 and its homolog GDF-8.
Methods: We tested the hypothesis that GDF-11 and GDF-8, and their major antagonists follistatin and follistatin-like (FSTL)-3, are associated 
with incident heart failure (HF) and its subtypes in elders. Based on validation experiments, we used liquid chromatography–tandem mass 
spectrometry to measure total serum GDF-11 and GDF-8, along with follistatin and FSTL-3 by immunoassay, in 2 longitudinal cohorts of older 
adults.
Results: In 2 599 participants (age 75.2 ± 4.3) followed for 10.8 ± 5.6 years, 721 HF events occurred. After adjustment, neither GDF-11 (HR per 
doubling: 0.93 [0.67, 1.30]) nor GDF-8 (HR: 1.02 per doubling [0.83, 1.27]) was associated with incident HF or its subtypes. Positive associations 
with HF were detected for follistatin (HR: 1.15 [1.00, 1.32]) and FLST-3 (HR: 1.38 [1.03, 1.85]), and with HF with preserved ejection fraction for 
FSTL-3 (HR: 1.77 [1.03, 3.02]). (All HRs per doubling of biomarker.) FSTL-3 associations with HF appeared stronger at higher follistatin levels and 
vice versa, and also for men, Blacks, and lower kidney function.
Conclusions: Among older adults, serum follistatin and FSTL-3, but not GDF-11 or GDF-8, were associated with incident HF. These findings do 
not support the concept that low serum levels of total GDF-11 or GDF-8 contribute to HF late in life, but do implicate transforming growth factor-β 
superfamily pathways as potential therapeutic targets.
Keywords: Follistatin, Follistatin-like 3, Growth and differentiation factor 8, Growth and differentiation factor 11, Heart failure

Heart failure (HF) is a foremost cardiovascular disorder of ag-
ing (1). Its 2 major subtypes, HF with reduced (HFrEF) and 
preserved ejection fraction (HFpEF), portend similarly poor sur-
vival (2). The need for effective therapies remains pressing, espe-
cially for HFpEF (2). Thus, an improved understanding of HF’s 
molecular underpinnings is of major public health importance.

Heterochronic parabiosis raised prospects in this regard, 
showing the reversal of cardiac hypertrophy in older mice 
by humoral factors from younger mice (3). The molecule 
responsible was a member of the transforming growth factor 
(TGF)-β superfamily, growth differentiation factor (GDF)-
11, whose levels were deficient in older rodents. Subsequent 

Received: January 13 2023; Editorial Decision Date: August 1 2023.
© The Author(s) 2023. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved. For permissions, 
please e-mail: journals.permissions@oup.com.

https://orcid.org/0000-0002-0437-8882
https://orcid.org/0000-0002-0106-1150
https://orcid.org/0000-0002-3982-6200
https://orcid.org/0000-0002-5655-8201
mailto:Jorge.kizer@ucsf.edu
journals.permissions@oup.com


2 The Journals of Gerontology Series A: Biological and Medical Sciences, 2024, Vol. 79, No. 1

studies, however, failed to replicate these results. In one report, 
GDF-11 levels increased with age (4). In another, recombi-
nant GDF-11 produced regression of cardiac hypertrophy (5), 
but also caused cachexia (6).

It later became clear that the aptamer technique used in 
the original experiments couldn’t distinguish GDF-11 from 
its homolog, GDF-8 (7). Unlike GDF-11, which is synthe-
sized widely, GDF-8 is chiefly produced by skeletal muscle, 
of which it is a principal negative regulator (7). Nor could 
immunoassays differentiate between the homologs (8) or 
avoid cross-reactivity (9). A longitudinal study associated low 
aptamer-determined GDF-8/11 levels with cardiovascular dis-
ease (CVD), HF, and death (10). Another study using liquid 
chromatography–tandem mass spectrometry (LC-MS/MS), 
however, showed that GDF-8, but not GDF-11, decreased 
with age (11), and related higher GDF-11 to adverse out-
comes in aortic stenosis (11).

Further complicating GDF-11 and GDF-8 assessment is 
that each circulates as a latent complex, wherein the mature 
ligand is inactivated by the noncovalent binding of its pro-
domain, and is only capable of receptor binding upon cleav-
age by proteases (7). Moreover, both GDF-11 and GDF-8 are 
further inactivated by various peptides that bind to their latent 
complexes, including follistatin, follistatin-like (FSTL)-3, and 
GDF-associated serum proteins (GASP)-1 and -2 (7). Another 
LC-MS/MS study demonstrated a positive correlation of the 
GDF-11 prodomain and its mature ligand with age, show-
ing independent (negative) correlations with knee strength 
for follistatin and GASP-2, but not GDF-11 or GDF-8 (12). 
Among these GDF-11 and GDF-8 inhibitors, FSTL-3 seems 
of particular relevance to the heart. Produced by cardiomy-
ocytes, among other cells, FSTL-3 has shown adverse effects 
in rodent models of cardiac injury (13–15), although benefits 
from its inhibition of TGF-β-superfamily ligands have also 
been documented (16).

To circumvent the limitations of aptamer and immunoassay 
techniques, we validated an LC-MS/MS method to measure 
GDF-11 and GDF-8 with high specificity. Using this method, 
together with immunoassay-based measurement of follistatin 
and FSTL-3, we leveraged 2 prospective older cohorts to test 
the hypothesis that these TGF-β-superfamily members, and 
their 2 main circulating antagonists, are associated with inci-
dent HF and its subtypes late in life.

Method
Study Population
Procedures for the Cardiovascular Health Study (CHS) and 
Health Aging and Body Composition (Health ABC) study 
have been described (17–19). CHS is a longitudinal study of 
CVD in community-living adults ≥65 years old. Participants 
were identified from a random sample of Medicare-eligible 
individuals from 4 U.S. communities (17,18). An original 
cohort of 5 201 participants was recruited in 1989–1990, fol-
lowed in 1992–1993 by a supplemental cohort of 687 African 
American participants. In-person examinations were con-
ducted annually from 1989–1990 to 1998–1999, and again 
in 2005–2006. Health ABC was a prospective cohort study 
of risk factors for physical decline in older adults (19). The 
study enrolled 3 075 functionally independent participants 
ages 70–79 years in 1997–1998 selected from Medicare-
eligible White or Black residents near 2 urban centers. Repeat 
in-person evaluation was conducted annually for 5 years and 

biannually thereafter. Clinic examinations in both CHS and 
Health ABC included medical history, physical examination, 
diagnostic testing, and blood collection. Institutional Review 
Boards approved the study protocols for both studies, as well 
as for our assay validation activities. All subjects provided 
written informed consent.

Selection of our epidemiologic sample is detailed in 
Supplementary Figure 1. There were 4 842 participants 
who attended the 1994–1995 CHS examination. A random 
list of 1 600 participants from the original cohort was cre-
ated, of whom 1 051 had available serum. A second random  
list of 650 participants was then generated, of whom 455 had 
available specimens, yielding a total of 1 506 participants for 
biomarker measurement. Of the 3 075 participants in the 
1997–1998 Health ABC examination, a random list of 1 300 
individuals was generated. Among these, 1 237 had available 
serum. After the exclusion of prevalent HF, 1 413 participants 
from CHS and 1 186 participants from Health ABC were 
included in our analytic sample.

Biochemical Profiling
We performed double-blind experiments in native (“neat”) 
and spiked specimens from healthy volunteers to identify 
an assay with maximal recovery and no cross-reactivity for 
serum GDF-11 and GDF-8. The LC-MS/MS method selected 
is described in Supplementary Material. Serum follistatin 
and FSTL-3 were measured by enzyme-linked immunoassay 
(ELISA), also described in Supplementary Material. For epi-
demiologic analyses, all candidate biomarkers were measured 
in specimens from 1994–1995 in CHS and 1997–1998 in 
Health ABC.

Ascertainment of HF
Participants in both CHS and Health ABC were followed 
semiannually through in-person or telephone contacts (20). 
The primary endpoint was incident HF, with HFpEF and 
HFrEF as secondary endpoints. Identification of HF events 
in CHS and Health ABC involved a common protocol (20). 
All potential cases were adjudicated by study investigators 
(18,21). Ascertainment of HF rested on physician diagnosis, 
symptoms and signs, pharmacotherapy, or diagnostic imag-
ing evidence (18,21). Assessment of HF subtypes was based 
on documented left ventricular ejection fraction (LVEF) 
(20). HFrEF was assigned for LVEF < 50%, and HFpEF for 
LVEF ≥ 50%. Event adjudication extended to 2014 (CHS) 
and 2012 (Health ABC).

Cardiac Phenotyping
Methods for the 1994–1995 CHS echocardiographic eval-
uation and subsequent speckle-tracking strain analyses are 
described in Supplementary Material. In CHS, N-terminal 
pro-B-type natriuretic peptide (NT-proBNP) was measured 
by immunoassay in 1992–1993.

Covariates
Assessment of covariates was similar in CHS and Health ABC 
(20). In CHS, covariates came from the 1994–1995 or 1992–
1993 examination, except for urine albumin/creatinine ratio, 
available in 1996–1997. In Health ABC, covariates from the 
1997–1998 visit were used. Diabetes was defined as fasting 
glucose ≥126 mg/dL, nonfasting glucose ≥200 mg/dL, or use 
of antihyperglycemic medication. Health ABC modeled CHS 
approaches for the determination of coronary heart disease 
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(CHD), defined as myocardial infarction or percutaneous/
surgical revascularization; stroke, defined as ischemic and 
hemorrhagic cerebrovascular events; and peripheral arterial 
disease, defined as claudication (18,22). In Health ABC, prev-
alent cases were from study baseline (1997–1998), whereas 
in CHS, they included baseline (1989–1990) through the 
1994–1995 examination (18). In both cohorts, atrial fibril-
lation (AF) was determined by a 12-lead electrocardiogram 
or ICD-9 code. Forced expiratory volume in 1 second (FEV1) 
was obtained by spirometry. Glomerular filtration rate was 
estimated from cystatin C (eGFRcys). C-reactive protein was 
measured by ELISA.

Statistical Analysis
Epidemiologic analyses combined individual-level data from 
CHS and Health ABC. Biochemical markers underwent log2 
transformation to improve normality. Correlations were 
determined by Pearson coefficients, and geometric means 
compared with the Student t test. Cox models were fit to 
evaluate associations of biochemical exposures with HF 
events. All biochemical markers were modeled linearly after 
inspection of generalized additive model plots. Risk estimates 
were expressed per doubling of each biomarker in 4 sequen-
tial models. Model 1 was unadjusted. Model 2 adjusted for 
age, sex, race, and cohort. Model 3 additionally adjusted for 
body mass index (BMI), systolic blood pressure, antihyper-
tensive medication, diabetes, current smoking, heavy alcohol 
use, FEV1, and prevalent CHD, stroke, claudication, and AF. 
Model 4 was further adjusted for eGFRcys. Sensitivity analyses 
additionally adjusted for estrogen replacement therapy, urine 
albumin/creatinine ratio, or C-reactive protein. In addition, 
pairwise interaction terms of biomarkers with one another, 
as well as age, sex, race, cohort, or eGFRcys, were included in 
Model 4. For secondary cross-sectional analyses of biochem-
ical exposures with continuous cardiac phenotypes (echo-
cardiographic measures or NT-proBNP), associations were 
examined with sequential linear regression models including 
the same covariates as above. All analyses were performed 
with SAS version 9.4 (SAS Institute, Cary, NC). Given previ-
ous evidence implicating the 4 candidate biomarkers of inter-
est in relation to the primary endpoint, we did not correct for 
multiple comparisons, defining significance as p < .05.

Results
Validation of GDF-11 and GDF-8 Assays
Concentrations of GDF-11 and GDF-8 in native and spiked 
serum determined by each of the measurement techniques are 
shown in Supplementary Table 1. Serum concentrations were 
~1.5–8-fold higher for GDF-8 than for GDF-11. The highest 
protein concentrations were for the LC-MS/MS method from 
the Bhasin Laboratory (Boston, MA). The latter method also 
showed maximum recovery at both spiked concentrations, 
exceeding 98.1%.

Correlations of GDF-11 and GDF-8 levels recorded in native 
serum by each of the measurement techniques are presented 
in Supplementary Table 2. Correlation coefficients ranged 
from modest (r = 0.29) for the Bhasin LC-MS/MS method 
to strong (r = 0.88) for the updated Somamer GDF-11 and 
GDF-8 assays. As shown in Supplementary Figure 2A, pair-
wise comparison of GDF-11 assays revealed generally weak 
correlations, with the exception of the Bhasin and LeBrasseur 
LC-MS/MS techniques with each other (r2 = 0.76), and each 

with the updated Somascan assay (r2 = 0.78 and r2 = 0.65, 
respectively). The corresponding pairwise correlations across 
GDF-8 assays (Supplementary Figure 2B) were generally mild 
to moderate, except for that between the Bhasin LC-MS/MS 
method and the immunoassay, which was strong (r2 = 0.91). 
Comparison of the updated Somamer assays for GDF-11 and 
GDF-8 in both native serum and serum spiked with GDF-8 
and GDF-11 yielded a similarly high correlation (r2 = 0.92; 
Supplementary Figure 3A) as seen in the unspiked specimens 
only. In turn, the original GDF-8/11 somamer assay showed 
values approximately twofold higher than the updated GDF-
11 and GDF-8 somamers, along with moderate correlations 
with each (r2 = 0.53 and r2 = 0.47, respectively; Supplementary 
Figure 3B). Based on its high recovery and lack of meaningful 
cross-reactivity, the Bhasin LC-MS/MS method was selected 
for use in the epidemiologic cohorts.

Baseline Characteristics of Epidemiologic Sample
Participants from CHS and Health ABC included in our study 
sample were more often White, and exhibited less hyperten-
sion, diabetes, prevalent AF, and lung or kidney disease than 
their excluded counterparts (Supplementary Table 3). Their 
baseline characteristics are presented in Table 1. Compared 
with Health ABC, CHS participants were older and less often 
male or Black; had lower BMI, blood pressure or treatment, 
current smoking, measures of kidney and lung function, prev-
alent stroke, and prevalent claudication; and showed higher 
LDL cholesterol, along with more frequent prevalent CHD 
and AF. CHS participants had higher GDF-8, GDF-11, and 
FSTL-3 levels than Health ABC.

Biomarkers and Covariates
Cross-sectional associations are shown in Table 2. Serum 
GDF-11, GDF-8, follistatin, and FSTL-3 showed negligible or 
no correlations with one another. There were no or minimal 
associations of GDF-11 and GDF-8 with baseline covariates, 
except for GDF-8’s inverse relationship with estrogen replace-
ment therapy and FEV1. Follistatin was positively associated 
with female sex, diabetes, and estrogen replacement therapy. 
FSTL-3 showed positive relationships with age, White race, 
BMI, blood pressure measures, diabetes, prevalent CVD, and 
inverse associations with current smoking, estrogen replace-
ment therapy, and kidney and lung function.

Biomarkers and Incident HF
During the mean follow-up of 10.5 ± 6.2 years in CHS, there 
were 483 HF events (169 [35.0%] HFpEF, 128 [26.5%] 
HFrEF, 186 [31.5%] unclassified). Over the mean follow-up 
of 11.3 ± 4.7 years in Health ABC, 238 HF events occurred 
(81 [34.0%] HFpEF, 91 [38.2%] HFrEF, 66 [27.4%] unclas-
sified). Overall, this resulted in 721 incident HF events (250 
HFpEF and 219 HFrEF) over 10.8 ± 5.6 years. Age-adjusted 
incidence rates of HF were 29.5 (95% confidence interval 
[CI]: 26.6, 32.3) and 17.8 (95% CI: 15.3, 20.3) per 1 000 
person-years in CHS and Health ABC, respectively.

The associations of biomarkers with HF and HF sub-
types are given in Figure 1 and Supplementary Figure 4, 
respectively. Serum levels of GDF-11 or GDF-8 showed no 
significant associations with incident HF or its subtypes in 
any of the models. By contrast, follistatin showed a signifi-
cant association with incident HF in the minimally adjusted 
model (Model 2), which became marginally significant after 
full adjustment. Specifically, each doubling in follistatin level 

http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad206#supplementary-data


4 The Journals of Gerontology Series A: Biological and Medical Sciences, 2024, Vol. 79, No. 1

was associated with a 15% (95% CI, 0%–32%) higher risk 
of HF. There was no significant association, however, with 
HFpEF or HFrEF. FSTL-3 also showed a significant associ-
ation with incident HF, one that was present in both unad-
justed and minimally adjusted models, and was attenuated 
but remained significant after serial adjustment. After full 
adjustment (Model 4), each doubling of FSTL-3 was asso-
ciated with a 38% (95% CI: 3%–85%) increase in risk of 
HF. This significant association extended to HFpEF—but not 
HFrEF—for which there was a 77% (95% CI: 3%–202%) 
higher incidence per doubling of FSTL-3 in the fully adjusted 
model. Associations were not meaningfully altered by addi-
tional adjustment for estrogen replacement therapy, urine 
albumin/creatinine ratio, or C-reactive protein. Concurrent 
inclusion of all 4 exposure biomarkers in Model 4 did not 
alter the relationship of FSTL-3 with incident HF, but that for 
follistatin was attenuated and no longer significant (p = .058).

There was no evidence for the interaction of GDF-11, 
GDF-8, or follistatin with one another or with age, sex, race, 
cohort, or eGFRcys in relation to HF (all p ≥ .065). FSTL-3 
did show evidence of interaction with follistatin (and vice 
versa), as well as sex, race, and eGFRcys. As illustrated in 
Supplementary Table 4, the effect modification of FSTL-3 was 
such that its association with HF was stronger for men, Black 
participants, lower eGFRcys, and higher levels of follistatin. 
The associations for follistatin were also stronger at higher 
levels of FSTL-3.

Cardiac Phenotypes
Cross-sectional relationships of biomarkers with intermediate 
phenotypes in CHS are shown in Table 3. GDF-11 and GDF-8 
were largely unrelated to echocardiographic measures, with the 
exception of a positive association between GDF-8 and medial 
e’ after full adjustment. In the demographically adjusted models 

Table 1. Baseline Characteristics of Study Sample

Characteristics Health ABC, n = 1 186 CHS, n = 1 413 Overall, n = 2 599

Age, y 73.4 ± 2.9 76.7 ± 4.7 75.2 ± 4.3

Male, n (%) 596 (50.3) 567 (40.1) 1 163 (44.8)

White, n (%) 727 (61.3) 1 351 (95.6) 2 078 (80.0)

BMI, kg/m2 27.1 ± 4.6 26.4 ± 4.3 26.7 ± 4.4

Systolic BP, mm Hg 135 ± 19 132 ± 20 134 ± 20

Antihypertensive medication, n (%) 619 (52.5) 678 (48.0) 1 297 (50.0)

Diabetes, n (%) 197 (16.6) 200 (15.2) 397 (15.9)

LDL cholesterol, mg/dL 122 ± 35 129 ± 32 126 ± 34

HDL cholesterol, mg/dL 54 ± 17 53 ± 14 53 ± 15

Triglycerides, mg/dL 139 ± 80 145 ± 85 143 ± 83

Statin use, n (%) 159 (13.5) 107 (7.6) 266 (10.3)

Current smoker, n (%) 118 (10.0) 106 (7.6) 224 (8.7)

Heavy alcohol use, n (%) 41 (3.5) 142 (10.1) 183 (7.1)

Estrogen use (women), n (%) 142 (12.0) 151 (10.7) 293 (11.3)

Prevalent CHD, n (%) 212 (17.9) 297 (21.0) 509 (19.6)

Prevalent stroke, n (%) 105 (8.9) 70 (5.0) 175 (6.3)

Prevalent AF, n (%) 31 (2.6) 108 (7.6) 139 (5.4)

Prevalent claudication, n (%) 56 (4.8) 40 (2.8) 96 (3.7)

eGFRcys, mL/min/1.73 m2 74 ± 18 67 ± 16 70 ± 18

Urine albumin/creatinine ratio, mg/g 33 ± 111 45 ± 237 39 ± 184

FEV1, L 2.22 ± 0.64 2.04 ± 0.63 2.12 ± 0.64

C-reactive protein, mg/L 2.5 ± 3.2 4.4 ± 8.5 3.6 ± 6.6

GDF-11, ng/mL 3.28 ± 0.82 3.39 ± 0.84 3.34 ± 0.83

GDF-8, ng/mL 6.73 ± 1.97 7.55 ± 2.20 7.18 ± 2.14

Follistatin, ng/mL 1.87 ± 0.88 1.81 ± 1.00 1.83 ± 0.96

FSTL-3, ng/mL 8.70 ± 2.29 9.62 ± 2.74 9.21 ± 2.59

Percent predicted LV mass NA 112.7 ± 29.9 NA

LV longitudinal strain*, % NA 13.1 ± 3.5 NA

LV early-diastolic strain rate*, s−1 NA 0.58 ± 0.21 NA

LA longitudinal strain*, % NA 37.3 ± 16.6 NA

Mitral e’, cm/s NA 2.5 ± 0.9 NA

Mitral E/e’ NA 32.6 ± 15.9 NA

NT-proBNP, pg/mL NA 229 ± 360 NA

Notes: Bold type: p < .05. *All strain parameters reported as absolute values. AF = atrial fibrillation; BMI = body mass index; BP = blood pressure; 
CHD = coronary heart disease; GDF = growth differentiation factor; eGFRcys = estimated glomerular filtration rate based on cystatin C; FEV1 = forced 
expiratory volume in 1 s; FSTL-3 = follistatin-like 3; HDL = high density lipoprotein; LA = left atrial; LDL = low density lipoprotein; LV = left ventricular; 
NT-proBNP = N-terminal pro-B-type natriuretic peptide.
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Table 2. Associations of Biomakers with Baseline Characteristics

Characteristic Log2 GDF-11 Log2 GDF-8 Log2 Follistatin Log2 FSTL-3

Pearson Rho or 
Geometric Mean

p Pearson Rho or 
Geometric Mean

p Pearson Rho or 
Geometric Mean

p Pearson Rho or 
Geometric Mean

p

Age 0.04 .024 0.08 <.001 0 .883 0.3 <.001

Sex .494 <.001 <.001 .643

 � Male 1.18 (1.17, 1.19) 1.94 (1.93, 1.95) 7.35 (7.33, 7.38) 9.10 (9.08, 9.11)

 � Female 1.18 (1.17, 1.19) 1.90 (1.88, 1.91) 7.44 (7.42, 7.47) 9.10 (9.09, 9.11)

Race/ethnicity .787 .143 .203 <.001

 � White 1.18 (1.17, 1.19) 1.91 (1.90, 1.92) 7.41 (7.39, 7.43) 9.12 (9.11, 9.13)

 � Black or other 1.18 (1.17, 1.19) 1.93 (1.91, 1.95) 7.38 (7.34, 7.42) 8.99 (8.97, 9.02)

BMI −0.01 .775 0.04 .032 0 .861 0.16 <.001

Systolic BP 0 .850 0.03 .122 0.01 .524 0.10 <.001

Antihypertensive 
medication

.382 .015 .955 <.001

 � Yes 1.18 (1.17, 1.19) 1.90 (1.89, 1.92) 7.40 (7.38, 7.43) 9.14 (9.12, 9.15)

 � No 1.18 (1.17, 1.19) 1.93 (1.92, 1.94) 7.40 (7.38, 7.43) 9.06 (9.04, 9.07)

Diabetes .553 .046 .007 .044

 � Yes 1.18 (1.17, 1.20) 1.94 (1.91, 1.96) 7.45 (7.41, 7.50) 9.12 (9.09, 9.15)

 � No 1.18 (1.17, 1.18) 1.91 (1.90, 1.92) 7.39 (7.37, 7.41) 9.09 (9.08, 9.10)

LDL cholesterol 0.01 .535 0.05 .015 −0.02 .340 −0.02 .252

HDL cholesterol −0.03 .122 −0.05 .010 0.15 <.001 −0.12 <.001

Triglycerides −0.02 .382 -0.07 <.001 0.08 <.001 0.14 <.001

Statin use .340 .029 .651 .062

 � Yes 1.17 (1.15, 1.19) 1.88 (1.85, 1.91) 7.42 (7.36, 7.47) 9.07 (9.04, 9.10)

 � No 1.18 (1.17, 1.19) 1.92 (1.91, 1.93) 7.40 (7.38, 7.42) 9.10 (9.09, 9.11)

Current smoking .422 .047 .839 .001

 � Yes 1.19 (1.17, 1.21) 1.88 (1.85, 1.92) 7.40 (7.34, 7.45) 9.04 (9.00, 9.08)

 � No 1.18 (1.17, 1.18) 1.92 (1.91. 1.93) 7.40 (7.38, 7.42) 9.10 (9.09, 9.11)

Heavy alcohol 
use

.786 .456 .773 .256

 � Yes 1.18 (1.16, 1.20) 1.93 (1.89, 1.97) 7.41 (7.34, 7.48) 9.12 (9.08, 9.16)

 � No 1.18 (1.17, 1.19) 1.92 (1.90, 1.93) 7.40 (7.38, 7.42) 9.10 (9.09, 9.11)

Estrogen replace-
ment (women)

<.001 <.001 <.001 <.001

 � Yes 1.15 (1.3, 1.16) 1.82 (1.79, 1.85) 7.75 (7.69, 7.82) 9.04 (9.02, 9.07)

 � No 1.18 (1.18, 1.19) 1.93 (1.92, 1.94) 7.36 (7.35, 7.38) 9.11 (9.09, 9.12)

Prevalent CHD .114 .942 .093 <.001

 � Yes 1.19 (1.8, 1.20) 1.92 (1.90, 1.94) 7.38 (7.34, 7.41) 9.16 (9.13, 9.18)

 � No 1.18 (1.17, 1.18) 1.92 (1.90, 1.93) 7.41 (7.39. 7.43) 9.08 (9.07, 9.09)

Prevalent stroke .857 .043 .089 .001

 � Yes 1.18 (1.16, 1.20) 1.88 (1.94, 1.92) 7.46 (7.39, 7.52) 9.17 (9.12, 9.21)

 � No 1.18 (1.17, 1.19) 1.92 (1.91, 1.93) 7.40 (7.38, 7.42) 9.09 (9.08, 9.10)

Prevalent AF .488 .746 .800 <.001

 � Yes 1.19 (1.17, 1.21) 1.92 (1.89, 1.96) 7.41 (7.34, 7.48) 9.22 (9.18, 9.26)

 � No 1.18 (1.17, 1.19) 1.92 (1.91, 1.93) 7.40 (7.38, 7.42) 9.09 (9.08, 9.10)

Prevalent claudi-
cation

.461 .919 .578 .050

 � Yes 1.19 (1.16, 1.22) 1.92 (1.86, 1.98) 7.43 (7.34, 7.52) 9.16 (9.10, 9.23)

 � No 1.18 (1.7, 1.19) 1.92 (1.91, 1.93) 7.40 (7.38, 7.42) 9.10 (9.09, 9.11)

eGFR
cys -0.03 .082 -0.02 0.248 -0.04 0.072 -0.64 <.001

Urine albumin/
creatinine ratio

0.04 .054 0.02 .425 0.03 .280 0.18 <0.001

FEV1 −0.08 <.001 −0.20 <.001 0.05 .029 −0.18 <.001

C-reactive 
protein

−0.01 .745 −0.03 .111 0.06 .007 0.11 <.001
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(Model 2), FSTL-3 showed a positive association with E/e’, 
together with inverse associations with LV longitudinal strain, 
LV early-diastolic strain rate, and medial e’—as did follistatin 
for medial e’. These associations were attenuated and ceased to 
be significant after full adjustment. In turn, neither GDF-11 nor 
GDF-8 was associated with NT-proBNP concentration at any 
level of adjustment, but follistatin and FSTL-3 did exhibit pos-
itive associations with this marker of cardiac stretch. The latter 
associations showed attenuation with adjustment, particularly 
in the case of FSTL-3, but both remained significant in Model 
4, such that each doubling of follistatin and FSTL-3 was asso-
ciated with 9.4% (1.0%–18.5%) and 28.4% (7.3%–53.7%) 
increases in plasma NT-proBNP level.

Discussion
Main Findings
Based on comparison of different laboratory techniques for 
the measurement of GDF-11 and GDF-8, we selected an 
LC-MS/MS method demonstrating superior accuracy and 

specificity for the evaluation of these biomarkers in the epide-
miologic setting. In analyses involving 2 prospective studies of 
older adults, we did not find significant associations for serum 
GDF-11 or GDF-8 measured by this LC-MS/MS technique 
with incident HF or its subtypes. Nor did either biomarker 
exhibit consistent cross-sectional associations with cardiac 
phenotypes available in one of the cohorts. Instead, there were 
near-significant or significant associations between serum fol-
listatin and FSTL-3, assessed using standard immunoassays, 
and incident HF. In the case of FSTL-3, this was also seen in 
relation to HFpEF, but not HFrEF, and cross-sectionally with 
circulating NT-proBNP. There was also a suggestion of effect 
modification, such that associations for FSTL-3 and HF were 
stronger at higher follistatin levels (and vice versa), as well as 
in men, Black participants, and at lower eGFRcys.

Findings in Context
Prior investigations of GDF-11 and GDF-8 in relation to HF, 
whether jointly with follistatin and FSTL-3 or not, have relied 
on aptamer-based methods (10,23–25). This technique fails 
to differentiate GDF-11 from GDF-8 (10) and predominantly 
reflects GDF-8, whose blood concentrations are considerably 
higher than GDF-11—findings replicated here for the origi-
nal GDF-8/11 assay, as well as for second-generation GDF-8 
and GDF-11 aptamers. Hence, the findings documented in an 
initial study (10) that GDF-8/11 levels decrease with age, and 
show inverse associations with CVD outcomes, could mostly 
relate to the biology of GDF-8 levels. Accumulating evidence 
from studies with a broad age span, unlike our own, supports 
the concept that GDF-8 levels decline with age in response to, 
and not as a cause of, decreasing skeletal muscle mass (11). 
Accordingly, because skeletal muscle decline is a risk factor 
for adverse events, and particularly HF (26), such findings 
could relate to GDF-8’s serving as a marker of such decline, 
rather than to its, or GDF-11’s, direct contributions to HF or 
CVD pathogenesis.

In aptamer-based proteomic analyses in 2 different prospec-
tive middle-aged to older cohorts (24,25), GDF-8/11 emerged 
as a significant hit for overall HF in the first study of White 
participants (24), with an inverse association consistent with 
the original findings (10). No association of GDF-8/11 with 
overall HF was seen in the second Black population (25), but 
secondary analyses of HF subtypes revealed divergent asso-
ciations—inverse for HFpEF but positive for HFrEF—that 
require replication. In a subsequent study (23) that evaluated 
co-regulated networks in the aptamer-measured blood pro-
teome in relation to cardiometabolic outcomes in elders, a 
protein module containing GDF-8/11 showed no association 

Characteristic Log2 GDF-11 Log2 GDF-8 Log2 Follistatin Log2 FSTL-3

Pearson Rho or 
Geometric Mean

p Pearson Rho or 
Geometric Mean

p Pearson Rho or 
Geometric Mean

p Pearson Rho or 
Geometric Mean

p

Log2 GDF-8 0.10 <.001 — −0.09 <.001 0.04 .027

Log2 GDF-11 — 0.10 <.001 -0.04 .094 0.04 .045

Log2 Follistatin −0.04 .094 −0.09 <.001 — 0.05 .014

Log2 FSTL-3 0.04 .045 0.04 .027 0.05 .014 —

Notes: AF = atrial fibrillation; BMI = body mass index; BP = blood pressure; CHD = coronary heart disease; GDF = growth and differentiation factor; 
eGFRcys = estimated glomerular filtration rate based on cystatin C; FEV1 = forced expiratory volume in 1 s; FSTL-3 = follistatin-like 3; HDL = high density 
lipoprotein; LDL = low density lipoprotein.

Figure 1. Associations of GDF-11, GDF-8, follistatin, and FSTL-3 with incident 
heart failure. *Per doubling. Model 1: unadjusted. Model 2: adjusted for age, 
sex, race and cohort. Model 3: additionally adjusted for BMI, systolic blood 
pressure, antihypertensive medication, diabetes, current smoking, heavy 
alcohol use, FEV1, CHD, stroke, claudication, and atrial fibrillation. Model 4: 
additionally adjusted for eGFRcys. BMI = body mass index CHD = coronary 
heart disease; GDF = growth and differentiation factor; eGFRcys = estimated 
glomerular filtration rate based on cystatin C; FEV1 = forced expiratory 
volume in 1 s; FSTL-3 = follistatin-like 3.

Table 2. Continued
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with HF. Neither did another module containing follistatin, 
but a separate module in which FSTL-3 was identified as a 
hub protein did exhibit a significant relationship with prev-
alent and incident HF. Individually, FSTL-3 showed a posi-
tive association with prevalent HF and mortality (though not 
incident HF), but models were not adjusted for clinical risk 
factors. Another study (27) identified a positive relationship 
between follistatin and incident HF in elders after extensive 
adjustment for covariates, including eGFR.

To our knowledge, this is the first prospective study to 
evaluate serum GDF-11 and GDF-8 in relation to HF and 
its subtypes using a gold-standard technique of LC-MS/MS, 
and to do so alongside immunoassay measurements of their 
major antagonists, follistatin and FSTL-3. The observation 
that neither GDF-11 nor GDF-8 was associated with incident 
HF is consistent with findings from a cross-sectional study of 
skeletal muscle strength in elders (12). Using selective reac-
tion monitoring LC-MS/MS, the latter study failed to detect 

Table 3. Cross-Sectional Associations of GDF-11, GDF-8, FST, and FSTL-3 With Cardiac Phenotypes (CHS Only)

Model 1 Model 2 Model 3 Model 4

β* (95% CI) p β* (95% CI) p β* (95% CI) p β* (95% CI) p

LVLS

 � GDF-11 0.58 (−0.77, 1.38) .436 0.68 (−0.67, 1.45) .32 0.49 (−0.91, 1.38) .57 0.59 (−0.85, 1.46) .47

 � GDF-8 0.43 (−0.67, 1.11) .494 0.58 (−0.52, 1.21) .29 0.52 (−0.63, 1.19) .4 0.52 (−0.62, 1.2) .39

 � FST 0.39 (−0.34, 0.81) .283 0.16 (−0.53, 0.66) .76 0.41 (−0.36, 0.84) .29 0.36 (−0.41, 0.81) .38

 � FSTL-3 −1.37 (−1.81, −0.85) <.001 −1.32 (−1.78, −0.76) <.001 −0.77 (−1.38, 0.35) .14 −0.31 (−1.19, 0.95) .75

LVDSR

 � GDF-11 0.06 (−0.13, 0.18) .631 0.08 (−0.12, 0.19) .479 0.1 (−0.11, 0.22) .38 0.12 (−0.09, 0.24) .25

 � GDF-8 0.04 (−0.11, 0.15) .704 0.06 (−0.09, 0.16) .465 0.05 (−0.11, 0.15) .66 0.05 (−0.11, 0.16) .64

 � FST 0.05 (−0.06, 0.11) .363 0.02 (−0.08, 0.09) .788 0.04 (−0.07, 0.11) .54 0.04 (−0.07, 0.11) .61

 � FSTL-3 −0.17 (−0.24, −0.09) .001 −0.14 (−0.21, −0.03) .024 −0.05 (−0.16, 0.11) .61 0.05 (−0.14, 0.17) .74

LARS

 � GDF-11 −2.03 (−4.34, 2.03) .327 −1.99 (−4.31, 2.06) .339 −2.31 (−4.72, 2) .28 −2.01 (−4.57, 2.37) .39

 � GDF-8 0.91 (−2.28, 3.07) .681 0.91 (−2.29, 3.07) .682 0.51 (−2.62, 2.96) .87 0.65 (−2.57, 3.04) .81

 � FST 0.9 (−1.3, 2.22) .469 1.1 (−1.13, 2.38) .334 0.72 (−1.54, 2.19) .63 0.55 (−1.67, 2.12) .74

 � FSTL-3 −2.17 (−3.8, 0.81) .115 −2.11 (−3.83, 1.04) .15 0.99 (−2.39, 3.26) .67 1.76 (−2.26, 4.14) .42

Medial e’

 � GDF-11 −0.05 (−0.45, 0.42) .929 −0.07 (−0.45, 0.41) .892 −0.07 (−0.48, 0.44) .9 0.05 (−0.45, 0.48) .94

 � GDF-8 0.37 (0.05, 0.58) 0.037 0.34 (−0.05, 0.56) 0.064 0.37 (0.02, 0.59) 0.05 0.38 (0.05, 0.6) 0.04

 � FST −0.24 (−0.38, −0.01) 0.047 −0.18 (−0.34, 0.11) 0.018 −0.17 (−0.34, 0.13) 0.24 −0.17 (−0.34, 0.14) 0.26

 � FSTL-3 −0.46 (−0.64, −0.23) 0.002 −0.44 (−0.63, −0.19) 0.005 −0.31 (−0.55, 0.12) 0.12 0.04 (−0.41, 0.43) 0.95

E/e’

 � GDF-11 −0.23 (−3.26, 3.16) .965 0.07 (−3.16, 3.18) .994 −0.68 (−3.58, 3.11) .85 −1.11 (−3.85, 2.92) .7

 � GDF-8 −1.28 (−3.21, 1.9) .48 −0.84 (−2.91, 2.2) .698 −1.93 (−3.7, 1.3) .21 −2 (−3.77, 1.22) .19

 � FST 1.6 (−0.37, 2.69) .081 1.07 (−1.07, 2.29) .327 1.26 (−0.91, 2.47) .23 1.13 (−1.08, 2.39) .31

 � FSTL-3 4.16 (2.71, 5.41) <.001 3.58 (1.91, 4.94) .001 2.95 (0.73, 4.54) .02 1.84 (−1.95, 4.02) .35

ppLVM

 � GDF-11 3.09 (−3.18, 6.69) 0.337 3.17 (−3.07, 6.72) 0.317 3.19 (−3.33, 6.93) 0.34 2.91 (−3.62, 6.75) 0.41

 � GDF-8 −0.41 (−4.28, 4.08) 0.946 −1.28 (−4.69, 3.64) 0.723 0.58 (−4.24, 4.57) 0.92 0.76 (−4.18, 4.66) 0.88

 � FST −2.64 (−4.27, −0.06) 0.049 −2.24 (−3.96, 0.93) 0.127 −2.67 (−4.43, 0.48) 0.07 −2.59 (−4.39, 0.66) 0.09

 � FSTL-3 3.69 (−0.79, 6.19) 0.077 2.19 (−2.87, 5.2) 0.428 2.21 (−3.26, 5.53) 0.48 2.03 (−4.04, 5.93) 0.6

Ln NT-proBNP†

 � GDF-11 −0.02 (−0.23, 0.19) 0.827 −0.04 (−0.24, 0.16) 0.683 −0.14 (−0.34, 0.07) 0.193 −0.14 (−0.34, 0.05) 0.153

 � GDF-8 −0.02 (−0.18, 0.14) .804 0.02 (−0.13, 0.17) .822 0.06 (−0.09, 0.21) .446 0.07 (−0.08, 0.22) .349

 � FST 0.13 (0.04, 0.21) .004 0.09 (0.01, 0.17) .027 0.09 (0.01, 0.17) .036 0.09 (0.01, 0.17) .031

 � FSTL-3 0.71 (0.57, 0.85) <.001 0.49 (0.35, 0.63) <.001 0.52 (0.36, 0.67) <.001 0.25 (0.07, 0.43) .007

Notes: Model 1: unadjusted. Model 2: adjusted for age, sex, and race. Model 3: adjusted for Model 2 covariates plus body mass index, systolic blood 
pressure, antihypertensive medication, diabetes, current smoking, heavy alcohol use, FEV1, prevalent CHD, prevalent stroke, prevalent PAD, prevalent 
AF. Model 4: adjusted for Model 3 covariates plus eGFRcys. FST = follistatin; FSTL-3 = follistatin-like 3; LARS = left atrial reservoir strain; Ln = natural 
logarithm; LVDSR = left ventricular early-diastolic strain rate; LVLS = left ventricular longitudinal strain; NT-proBNP = N-terminal pro-B-type natriuretic 
peptide; ppLVM = percent predicted left ventricular mass.
*Per doubling.
†To interpret β coefficients for natural-log transformed NT-proBNP, exponentiating of the coefficient gives the ratio of the geometric means of NT-proBNP 
associated with each doubling of the biomarker in question. For example, for the FST effect estimate in Model 4, e0.09 = 1.094, representing a 9.4% increase 
in NT-proBNP per doubling in FST. Similarly, for the FSTL-3 risk estimate in Model 4, e0.25 = 1.284, or a 28.4% increase in NT-proBNP, per doubling in 
FSTL-3.



8 The Journals of Gerontology Series A: Biological and Medical Sciences, 2024, Vol. 79, No. 1

independent relationships of GDF-11 and GDF-8 with quad-
riceps strength.

By contrast, another study employing immunoplexed 
LC-MS/MS found that in patients with severe aortic stenosis, 
GDF-11 levels were associated with greater frailty, diabetes, 
and adverse outcomes (11). The latter technique differs from 
the LC-MS/MS method (28) selected for our epidemiologic 
investigations in its use of antibodies for immunofixation of 
TGF-β-superfamily members and antagonists, whose rec-
ognition of exposed epitopes on the circulating complex of 
GDF-11 and its antagonists is a key determinant of ligand 
measurement. Another distinction is that the immunoplexed 
LC-MS/MS method used acid, and not urea-based, denatur-
ation to achieve dissociations of noncovalent binding antag-
onists, including the prodomain. Thus, detected levels in the 
prior study would have been confined to captured forms of 
GDF-11 and GDF-8 complexes, and not total mature protein 
with and without its prodomain. Indeed, the higher recovery 
demonstrated for the immunofixation-free method, together 
with higher protein concentrations observed in native 
serum, supports the capture of total protein levels instead, 
since recombinant protein was allowed to equilibrate in 
serum to generate all GDF-11 (and GDF-8) forms (inactive 
pro-complex, inactive latent complex, active ligand) before 
measurement.

Notably, native serum concentrations and recovery of 
spiked recombinant protein were also higher for our LC-MS/
MS technique than for the somamer assays. This suggests that, 
apart from their lack of specificity, these somamer assays do 
not capture total mature protein for GDF-11 or GDF-8. Such 
technical differences between assays likely account in large 
measure for differences in results based on the LC-MS/MS 
method used here (28), and those involving immunoplexed 
LC-MS/MS (11) or somamer-based (10,24,25) measurements 
reported previously. Yet earlier studies included distinct pop-
ulations and, in the case of the immunoplexed LC-MS/MS 
method, outcomes, which may have contributed to the dif-
ferent findings. As relates to the inverse associations with HF 
of aptamer-based GDF-8/11 (10,24), these were observed 
in younger populations with a broader age range than ours, 
which may have provided a greater dynamic range of pro-
tein concentrations for their pathobiological consequences 
to become manifest. Because the aptamer GDF-8/11 assay in 
question was not measured in our epidemiologic cohorts, we 
are not able to test the latter premise here.

Potential Mechanisms
Unlike GDF-11 and GDF-8, follistatin and FSTL-3 did show 
positive associations with HF, and NT-proBNP, a marker of 
cardiac stretch. The 2 TGF-β-superfamily antagonists share 
structural and functional homology, but have notable dif-
ferences. FSTL-3 lacks a heparin-binding site, and therefore 
functions to inhibit TGF-β-superfamily ligands in an endo-
crine/paracrine fashion, whereas follistatin can also do this 
in an autocrine fashion (29). Follistatin and FSTL-3 inhibit 
GDF-11, GDF-8, and activin A, though follistatin also inhib-
its certain bone morphogenetic proteins. Their tissue distribu-
tions are wide ranging but do differ, with follistatin expressed 
especially in ovary, pituitary, and kidney, while FSTL-3 is 
expressed particularly in cardiac muscle and testis (30). These 
differences in mode of action, protein ligands, and tissue dis-
tribution could explain the interaction observed between the 
2 factors to amplify HF risk.

As potential explanations for their associations with HF, 
follistatin and FSTL-3 have each been implicated in the reg-
ulation of glucose metabolism and inflammatory responses. 
Knockout of FSLT-3 in mice leads to greater pancreatic islet 
number and size, improved glucose tolerance, and increased 
liver steatosis (31), whereas inactivation of follistatin in 
mouse liver alleviates hyperglycemia (32). In humans, both 
follistatin and FSTL-3 are associated with age and adiposity 
(33), an association seen only for FSTL-3 here. They are also 
associated with inflammation, which upregulates follistatin 
(34) and FSTL-3 (35) levels to counter the pro-inflammatory 
actions of activin. In the case of follistatin, bariatric surgery 
produces a decline in circulating levels, which are associated 
with subsequent improvement in insulin sensitivity (36). In 
our analyses, cross-sectional associations with diabetes and 
C-reactive protein were seen for FSTL-3, but not follistatin. 
Only diabetes attenuated FSTL-3’s association with HF, sug-
gesting a contribution from the latter disorder.

The relationship documented for these molecules, and 
especially FSTL-3, likely also reflects their prominent roles 
in the heart (37). A number of animal models have shown 
deleterious effects of FSTL-3 on cardiac phenotypes (13–15), 
although such studies have not involved detailed assessments 
of cardiac function. More recently, mouse experiments con-
firmed that cardiac FSTL-3 expression is upregulated by 
engagement of the activin type II receptor (ActIIR) by TGF-β-
superfamily ligands, particularly activin A (16). Both activin 
A and GDF-11 stimulation of ActIIR was shown to decrease 
cardiac muscle mass, but, contrary to prior reports, GDF-11 
also adversely affected cardiac function and failed to rescue 
HF phenotypes in different models. Moreover, activin A, 
GDF-11, and GDF-8 binding of ActIIR led to transcriptional 
activation of a range of pathways characteristic of the HF 
phenotype (16). The same study also reported higher activin 
A and FSTL-3 levels, but lower aptamer-based GDF-8/11 lev-
els, with age in a human cohort, and linked higher activin 
A and FSTL-3 to HF severity and frailty in patients with 
aortic stenosis. Together, these findings led to the propostion 
that activation of ActIIR signaling is the operative deleteri-
ous pathway in the heart, whether for activin A or GDF-11 
(16). According to this premise, FSLT-3 increases are second-
ary, and not primary, drivers of cardiac dysfunction. This is 
supported by some (13,14), though not all (15), prior experi-
mental results. Given the lack of corresponding human tissue, 
an additional study will be needed to define the mechanisms 
responsible in the clinical setting.

Another consideration is the role of kidney function. 
Although both follistatin and FSTL-3 are filtered at the 
glomerulus, the former’s binding of cell surface glycosamino-
glycans affords it protection from renal excretion. By con-
trast, FSTL-3 is known to be strongly inversely related to 
eGFR, as seen here (38). Indeed, eGFR substantially atten-
uated the association for FSTL-3, suggesting that the rela-
tionship relates considerably to reduced elimination by the 
kidney. There was also evidence of effect modification, such 
that the association was more pronounced at lower eGFR, 
though this was only of nominal statistical significance. It 
is nonetheless possible that the FSTL-3 relation to HF and 
HFpEF may not solely be a marker of diminished elimina-
tion with CKD, but that higher levels could themselves have 
deleterious effects. Rodent models have shown that in the set-
ting of kidney disease, there is upregulation of FSTL-3 tran-
scription in the liver (38), which could further contribute to 
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the rising concentration and have adverse consequences. The 
pathobiology of FSTL-3 in CKD merits further investigation.

The explanation for observed effect modification of FSTL-3 
by sex and race is uncertain. p values for interaction were 
only nominally significant in the context of multiple testing, 
and similar effect modification was not observed for follista-
tin. The stronger associations suggested for men and Black 
participants could relate to differences in various risk factors 
with which FSTL-3 was associated, other features, or the play 
of chance. Also uncertain is the basis for FSTL-3’s association 
with the HFpEF subtype. The links between FSTL-3 and met-
abolic dysregulation, inflammation, and kidney disease make 
it more likely to reflect or contribute to the pathobiology of 
this subphenotype, which bears an especially close relation-
ship with multiple aging-related comorbidities (2). This sec-
ondary finding will require additional study.

Implications
Our results involving specific measures of GDF-11 and GDF-
8, assessed by a newly developed LC-MS/MS technique that 
achieves superior GDF-11 and GDF-8 recovery and specific-
ity than tested LC-MS/MS, aptamer, and immunoassay meth-
ods, contribute novel and important information. Contrary to 
earlier findings from heterochronic parabiosis (3), they show 
that total circulating levels of neither GDF-11 nor GDF-8 
exhibit meaningful age-related declines in older adults, nor 
are these levels associated with incident HF. Our LC-MS/MS 
technique cannot directly measure the mature proteins or 
their local activity, an assessment that requires direct analysis 
of target tissues. However, the present findings provide solid 
population-level evidence against the concept that circulating 
GDF-11 deficiency, as defined by the aggregate of circulat-
ing GDF-11 forms, is a risk factor for HF incidence in older 
human populations.

By contrast, follistatin and, especially, FSTL-3, major cir-
culating antagonists of TGF-β-superfamily ligands, did show 
positive associations with HF incidence. The finding for fol-
listatin is consistent with the previously reported associa-
tion with HF, while that for FSTL-3 newly shows that this 
extends to incident HF, is independent of potential confound-
ers or putative mediators, and applies particularly to HFpEF. 
Because the functions of follistatin and FSTL-3 do not depend 
on a tissue-level activation step, and because they integrate 
inhibition against a number of TGF-β-superfamily members, 
their circulating levels likely represent a better measure of 
TGF-β superfamily-related pathway activity. We are unable to 
determine here whether these homologs are markers or driv-
ers of adverse effects. As noted, however, animal studies have 
shown that elevated FSTL-3 levels in large measure reflect 
upregulation by activin A, suggesting that FSTL-3 (and, 
likewise, follistatin) primarily indicate activation of TGF-β-
superfamily pathways. This is consistent with lack of correla-
tion of FSTL-3 and follistatin with total GDF-11 or GDF-8 
levels here, although confirmation of this concept in humans 
will require further studies of relevant tissues.

Limitations
The target biomarkers were measured in subsets from CHS 
and Health ABC that were more commonly White and gen-
erally healthier than the remainder of participants in these 
cohorts. As such, our findings are not necessarily generalizable 
to all older adults, nor to younger or race/ethnically distinct 
populations. Because of compelling prior probabilities, we did 

not correct for multiple comparisons, justifying our tradeoff 
of a potentially higher false-positive rate for a lower false- 
negative rate; our findings should be interpreted in this con-
text. Specimen collection in the CHS 1994–1995 exam was 
nonfasting, which may have led to misclassification specifi-
cally for follistatin levels, which are known to be suppressed 
by (post-prandial) insulin. There was no evidence, however, 
that this affected the associations of interest relative to Health 
ABC, where fasting specimens were obtained. There was a 
substantial proportion of HF cases that could not be subphe-
notyped, limiting our secondary analysis. Last, we did not 
measure levels of the GDF-11 and GDF-8 antagonists GASP-1 
or GASP-2, nor of activin A, and cannot assess their roles here.

Conclusion
Among older adults, total serum levels of GDF-11 and GDF-8 
showed no association with incident HF, but their circulat-
ing antagonists, follistatin and FSTL-3, were associated with 
increased risk of this outcome—and, in the case of FSTL-3, 
HFpEF. Based on enhanced measurements by LC-MS/MS, the 
present findings do not support a role for a decline in total 
GDF-11 levels as an important risk factor for HF in elders. 
The positive associations for follistatin and FSTL-3 implicate 
TGF-β-superfamily pathways in the development of HF late 
in life. Whether these are markers or mediators of new-onset 
HF, and the mechanisms involved, will require further study.

Supplementary Material
Supplementary data are available at The Journals of 
Gerontology, Series A: Biological Sciences and Medical 
Sciences online.
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