UCSF
UC San Francisco Previously Published Works

Title

Evaluation of Associations of Growth Differentiation Factor-11, Growth Differentiation
Factor-8, and Their Binding Proteins Follistatin and Follistatin-Like Protein-3 With

Dementia and Cognition.

Permalink

|https://escholarship.org/uc/item/ngOx‘Ijﬁ

Journal

Journal of Gerontology Series A: Biological Sciences and Medical Sciences, 78(11)

Authors

Newman, Anne
Patel, Sheena

Kizer, Jorge

Publication Date
2023-10-28

DOI
10.1093/ gerona/glad019

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/0gz0x4jt
https://escholarship.org/uc/item/0gz0x4jt#author
https://escholarship.org
http://www.cdlib.org/

Journals of Gerontology: Medical Sciences
THE cite as: J Gerontol A Biol Sci Med Sci, 2023, Vol. 78, No. 11, 2039-2047

https://doi.org/10.1093/ /glad019
S%EERTQOI\FI Il\% II;?N@G I CA L Advancet;pcscesslp(;rljication J:iLoar:/ SOG,3 2023 OXFORD

X,

Research Article

Evaluation of Associations of Growth Differentiation
Factor-11, Growth Differentiation Factor-8, and Their
Binding Proteins Follistatin and Follistatin-Like Protein-3
With Dementia and Cognition

Anne B. Newman, MD, MPH,'* Sheena Patel, MPH,?® Jorge R. Kizer, MD,** Se-Jin Lee,
MD, PhD,® Shalinder Bhasin, MD,”* Peggy Cawthon, PhD, MPH,?3° Nathan LeBrasseur,
PhD,? Russel P. Tracy, PhD,® Peter Ganz, MD,"* and Steven R. Cummings, MD?3

'Department of Epidemiology, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania, USA. ?Research
Institute, California Pacific Medical Center, University of California, San Francisco, San Francisco, California, USA. Department of
Epidemiology and Biostatistics, University of California, San Francisco, San Francisco, California, USA. *Cardiology Section, San Francisco
Veterans Affairs Health Care System, San Francisco, California, USA.Departments of Medicine, Epidemiology and Biostatistics, University
of California, San Francisco, San Francisco, California, USA. 8Jackson Laboratory and University of Connecticut School of Medicine,
Farmington, Connecticut, USA. 'Research 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. ®Department of Physical
Medicine and Rehabilitation, Mayo Clinic, Rochester, Minnesota, USA. *Department of Biochemistry, University of Vermont, Burlington,
Vermont, USA. Division of Cardiology, Department of Medicine, University of California, San Francisco, San Francisco, California, USA.

*Address correspondence to: Anne B. Newman, MD, MPH, Graduate School of Public Health, University of Pittsburgh, 130 N. Bellefield Avenue,
#310, Pittsburgh, PA 15261, USA. E-mail: anewmana@pitt.edu

Received: August 17, 2022; Editorial Decision Date: January 11, 2023

Decision Editor: Lewis A. Lipsitz, MD, FGSA

Abstract

Background: Studies using heterochronic parabiosis discovered that circulating factors mediate brain aging in animal models.

Methods: We assessed growth differentiation factors (GDF)-11 and GDF-8 using mass spectrometry and inhibitors follistatin and follistatin-
like protein-3 (FSTL-3) with ELISA in the Cardiovascular Health Study (CHS; N = 1 506) and the Health, Aging and Body Composition
(Health ABC) Study (N =1 237). CLL-11 and beta-2 microglobulin (32M) were measured with ELISA in a subset of 400 individuals in Health
ABC. Associations were assessed with cognitive function, brain magnetic resonance imaging (MRI) findings (CHS only), and incident dementia
using correlations, linear regression, and Cox proportional hazards models.

Results: In CHS, levels of GDF-11, GDF-8, and follistatin were not correlated cross-sectionally with the 3MSE or DSST, brain MRI findings
of white matter hyperintensity, atrophy, or small infarcts, nor were they associated with incident dementia. FSTL-3 was modestly correlated
with poorer cognitive function, greater white matter hyperintensities, and atrophy on MRI, as well as with incident dementia with an adjusted
hazard ratio (HR) of 1.72 (95% CI = 1.13, 2.61) per doubling of FSTL-3. FSTL-3 was not associated with cognition or dementia in Health
ABC, but GDF-8 was associated with both. The adjusted HR for incident dementia was 1.50 (95% CI = 1.07, 2.10) per doubling of GDF-8.
Conclusions: Total GDF-11 level was not related to cognition or dementia in older adults. Associations of GDF-8 with cognitive outcomes in
Health ABC were not expected, but consistent with animal models. Associations of FSTL-3 with cognition, brain abnormalities, and incident
dementia in CHS implicate TGFf superfamily inhibition in the pathogenesis of dementia.
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Dementia is one of the most feared diseases accompanying the
advancing age. Prevention of dementia should consider opportunities
to optimize neurological health. Several proteins have been identified
in mouse models of heterochronic parabiosis that regulate central
nervous system development and health. The term “geroproteins”
refers to proteins that may explain the age-accelerating or -reju-
venating effects seen in parabiosis. Of these, growth differentiation
factor-11 (GDF-11) has been extensively tested throughout the life
course for its effects on the central nervous system including devel-
opment, maturation, and disease. GDF-11 is a member of the TGFf
family and is broadly expressed in the brain (1). In older mice, ad-
ministration increases blood vessel density and neurogenesis in the
brain (2,3). The peripheral administration of recombinant GDF-11
can influence cognition, perhaps through an effect on the vascula-
ture (2,4).

Initially, higher levels of GDF-11 appeared to be protective
in other tissues, especially cardiac and skeletal muscle. In mouse
studies, GDF-11 reversed cardiac hypertrophy and promoted
muscle regeneration following injury (5-7). However, conflicting
findings of deleterious effects on cardiac and skeletal muscle health
and function have since been reported (5,8-10). The initial finding
that suggested GDF-11 declines with advancing age may be due to
cross-reactivity between GDF-11 and GDF-8 as they have >90%
homology and these may not be adequately distinguished in earlier
assays or with an aptamer approach (10). The activity of GDF-11
and GDF-8 is controlled through complex mechanisms of cleavage
of the pro-domain and subsequent activation, with binding to recep-
tors inhibited by follistatin and follistatin-like protein-3 (FSTL-3).
Follistatin is widely expressed in the brain (11), potentially altering
the hypothesized beneficial effect of GDF-11 on the brain and re-
sulting in greater neurodegeneration.

In addition to potential neurotropic effects, GDF-11 or GDF-8
could enhance neurogenic function by rejuvenating vascular net-
works (12). Given the strong contribution of vascular disease to
dementia (11), we hypothesized that GDF-11, possibly GDF-8,
follistatin and FSTL-3 might show associations with dementia in hu-
mans through a vascular pathway.

Other possible geroproteins include C-C motif chemokine
11 (CCL-11 or eotaxin), a protein involved in inflammatory re-
sponses and beta-2 microglobulin (§2M), a component of major
histocompatibility complex i (human leukocyte antigen in hu-
mans) which is associated with reduced neurogenesis and lessened
memory in young mice (13,14). Higher levels of these proteins are
also candidates for impairing cognition or promoting dementia in
older people.

To further resolve the associations of geroproteins with cogni-
tion in human populations, the Comprehensive Evaluation of Aging-
Related Clinical Outcomes and GerOproteins (CARGO) study
assessed the levels of GDF-8 and 11 with mass spectrometry. We
assessed associations of GDF-11, GDF-8, follistatin, and Follistatin-
related gene 3 with cognitive function, brain magnetic resonance
imaging (MRI), and incident dementia in the Cardiovascular Health
Study (CHS) cohort. We hypothesized that GDF-11 would be asso-
ciated with better cognition and a lower rate of dementia and that
its inhibitors, follistatin and FSTL-3, would be associated with a
poorer cognition and a higher risk of dementia. We examined the
Health, Aging and Body Composition Study (Health ABC) cohort
for replication and, in a subset of 400 Health ABC participants
with CCL-11 and 82M, we explored associations with additional
cognitive testing, hypothesizing that they would be associated with
poorer cognition.

Method

We conducted a cross-sectional and longitudinal study of cogni-
tion and dementia in all cases of dementia (7 = 154) and a random
sample (7 = 1 352, total # = 1 506) of individuals with stored serum
from the CHS from the 1994-1995 examination (Supplementary
Figure 1). The CARGO project was designed to test the associations
of these putative markers of aging with a variety of health outcomes:
dementia and cognitive function, as reported in this paper; as well
as physical function and mobility limitation; and cardiovascular
disease outcomes. The size of the random sample was determined
by the size of the minimally detectable effect for these outcomes and
the number of different biomarkers that we could test in the sample
within the funding constraints.

The CHS began in 1989 to determine the natural history of car-
diovascular diseases in older adults and enrolled 5 201 men and
women (15) at 4 U.S. field centers with 687 Black participants en-
rolled in 1992-1993 for a total of 5 888 participants. Informed con-
sent was obtained from all participants and studies were approved by
IRBs at all participating sites (Universities of Pittsburgh, Tennessee,
California (Davis), Johns Hopkins, and Wake Forest.)

In 1992-1994, a brain MRI was obtained in 3 602 participants
to assess cerebrovascular disease and, subsequently, dementia was
added as an endpoint that was adjudicated by a committee of ex-
perts using all follow-up data and standard criteria described later
(16). Annual exams including several cognitive tests were conducted
between 1992-1993 and 1998-1999, with follow-up every 6 months
by phone alternating with annual visits to assess all hospitalizations
and self- or proxy report of cardiovascular events. Since 1998-1999,
semiannual telephone contact has continued for hospitalizations,
medication, and physical function. In 2005-2006, about 1 000 sur-
vivors were examined for physical and cognitive function via mostly
in-home examinations and followed by phone for function, health
events, and mortality. A large repository of serum and plasma is main-
tained at —-80°C at the CHS Core Lab, University of Vermont. Samples
had been depleted among the later-enrolled Black cohort, thus we
were only able to include a small percentage of the Black participants.

Health ABC was considered as a replication cohort because de-
mentia was determined algorithmically rather than by case-by-case
adjudication as was done in the CHS cohort, thus we did not com-
bine the cohorts and endpoints. Health ABC was established in
1997-1998 to study how changes in body composition influenced
incident disability and mortality and this was used as the baseline
year for this project. Participants were aged 70-79 with no difficulty
walking % mile or going up a flight of stairs, and 3 075 men and
women (42% Black) were enrolled. Examinations were conducted
yearly for the first 6 years of the study, and then in years 8, 10, and
11. The main outcome of Health ABC was incidence of mobility
disability. Participants were contacted every 6 months for 17 years
for all hospitalizations, and medical records were collected. A reposi-
tory of serum and plasma, stored at -70°C, is now located in the
National Institute on Aging (NIA) Repository in Baltimore. As for
the CHS, we evaluated associations in all cases of dementia (7 = 245)
and a random sample of the noncases (7 = 992, total 7 =1237).in a
nested case-cohort design.

Assay Methods

We first conducted a double-blind, spiked experiment to select an
assay with optimal recovery and no cross-reactivity for the simul-
taneous measurement of GDF-8 and GDF-11. The details of the
Liquid Chromatography with tandem mass spectrometry (LC-MS/
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MS) method have been described previously (17). Briefly, serum
samples were denatured and reduced in 6 M urea and 20 mM
dithiothreitol, alkylated, and after solid phase extraction subjected
to tryptic digestion. The tryptic digests were further purified and
subjected to LC-MS. The MS consists of a Shimadzu UPLC system
with an Aeris Peptide 3.6 pm XB-C18 column, and an ABSciex
(Framingham, MA) QTRAP 5500 hybrid triple quadrupole/liner
ion trap mass spectrometer operated in positive electrospray ioniza-
tion mode. Isotope-labeled IP)GMVVD”R and NLGLDEHSSES"R
peptides were added as internal standards. The standard curve
was linear from 0 to 50 ng/mL for GDF-11 and from 0 to
100 ng/mL for GDF-8. The lower limit of quantitation was 0.5 ng/
mL for both GDF-8 and GDF-11. The inter-assay coefficient of vari-
ation in quality control pools with GDF-11 concentrations of 3.4,
7.4,12.5, and 52.0 ng/mL were 8.7%, 13.0%, 14.2%, and 12.8%,
respectively; inter-assay coefficients of variation at 8.7, 14.1, 17.3,
and 51.1 ng/mL of GDF-8 were 15.1%, 12.5%, 16.4%, and 12.0%,
respectively. Neither GDF-8 nor IgG1 had detectable cross-reactivity
in the GDF-11 assay; similarly, neither GDF-11 nor IgG1 had detect-
able cross-reactivity in the GDF-8 assay. The accuracy of the assay,
determined as the percent recovery in human plasma spiked with 5,
10, and 50 ng/mL of GDF-11 and GDF-8 ranged from 80% to 116 %
for GDF-11, and 81% to 111% for GDF-8. Follistatin was meas-
ured using an Enzyme — Linked Immunosorbent Assay (ELISA) kit
(R&D Systems). The detectable range of the assay is ~250-16 000
pg/mL, and the inter-assay CV on pooled serum controls was 6.05%.
Follistatin-like 3 was measured using an ELISA kit (R&D Systems,
Minneapolis, MN). The detectable range of the assay is ~313-24 622
pg/mL, and the inter-assay CV on pooled serum controls is 2.56%.
Beta-2 microglobulin (32M) was measured using nephlelomtery on
the BNII system (Siemens, Malvern, PA). The detectable range of the
assay is ~0.68-22.0 mg/L, and the inter-assay CV on pooled serum
controls was 4.1%. CCL-11 (also known as eotaxin) was measured
using an ELISA kit (R&D Systems). The detectable range of the
assay is ~15-1 000 pg/mL, and the inter-assay CV on pooled serum
controls was 2.75%. These assays were completed at the Laboratory
for Clinical Biochemistry Research, University of Vermont.

Cognitive Function Tests

Cognitive function was regularly assessed in both cohorts with the
3MSE and Digit Symbol Substitution Test (DSST) at baseline and an-
nually or semiannually (18,19). We examined associations between
GDF-11, GDF-8, follistatin and FSTL-3, and baseline cognitive func-
tion for each test in each cohort.

Additional testing was done as part of each cohort study’s neuro-
psychological batteries and these differed between CHS and Health
ABC. In CHS, these tests included the California Verbal Learning
Test (20) and Rey-Osterreith complex figure task (21). In Health
ABC, these included the Buschke Selective Reminding Test of verbal
learning and memory (22), a speed battery consisting of the Boxes
and Digit Copying Test to assess motor speed, and the Pattern
Comparison and Letter Comparison to assess perceptual speed (23)

Brain MRI

In the CHS cohort, we considered 3 aspects of brain MRI as markers
of dementia: the grade of white matter hyperintensity (0-9), the
grade of global cerebral atrophy (0-9), and the presence or absence
of any small infarcts (<3 mm). Brain MRIs were conducted between
1992 and 1994 using 3 Tesla scanners and read using a standard
atlas at a central reading center (24).

Dementia

Incident dementia was examined in each cohort. In CHS, the base-
line for these analyses was $ years after enrollment, and we excluded
100 cases of prevalent dementia from the incidence analysis. At each
site, participants in the CHS MRI cohort (7 = 3 602) who had a
S-point drop in Modified Mini-Mental State Examination (3MSE),
had low education or stroke, all minorities, and a random sample
of the remainder had a neurological physical examination, neuro-
psychological test battery and review of all medical records, brain
images from medical records, and medication use. Additionally, all
participants at 1 site (Pittsburgh), all of the small number of Black
participants, and all participants who had died since the MRI were
evaluated. A proxy interview for dementia was used to ascertain
functional status and behavior. A dementia adjudication committee
of dementia neurologists reviewed this evidence along with the prior
annual 3MSE and DSST scores to retrospectively determine the
onset of dementia, the date of onset, and subtype (16,25).

In Health ABC, prevalent dementia was an exclusion at enroll-
ment, which was the baseline for these analyses. Incident dementia
was determined by an algorithm including any of the following:
prescribed dementia medications (galantamine, rivastigmine,
memantine, donepezil, and tacrine), hospital records with dementia
as a discharge diagnosis, or a decline in 3MS score of more than 1.5
SD (race-stratified) from baseline (26).

Cases were defined as reaching the dementia endpoint by the end
of the ascertainment period (the year 2000 for CHS and 2015 for
Health ABC). The remaining random cohort was followed until the
date of death or the last follow-up contact through the end of the
ascertainment period.

Potential Confounders

Race and Hispanic ethnicity were ascertained by self-report of one
or more of the U.S. census designations in use at the time of en-
rollment and grouped as White versus Black. Fewer than 1% were
other race or Hispanic ethnicity and were included with the Black
participants. Education was assessed as years of education, smoking
as self-reported past, current or never smoking, and diabetes was
assessed by fasting blood sugar >126 mg/dL or by medication use.
Systolic blood pressure and antihypertensive medications were each
included to adjust for hypertension. Body mass index was calculated
from measured weight and height in kg/m?. History of myocardial
infarction (MI), angina, and stroke at baseline was determined using
self-reported data as well as medication use in Health ABC; in CHS,
MI, angina, and stroke prevalence at the 1994-1995 exam was up-
dated from adjudicated events since study inception. ApoE4 allele
status was determined using genomic DNA extracted from whole-
blood samples and amplified by using polymerase chain reaction.
After cleaving and electrophoresis on agarose gels, restriction pat-
terns were determined (27). Apolipoprotein E (APOE) genotypes
were grouped as APOE €4 carriers (e2/e4, €3/e4, e4/e4 genotypes)
and noncarriers (e2/e2, €2/¢3, €3/e3 genotypes).

Analysis

Cross-sectional associations between protein levels and cognitive
tests were examined using spearman correlations and linear re-
gression. Since several cognitive tests, especially the 3MSE, could
not be easily transformed to normality, we present the spearman
correlations for ease of interpretation. Potential confounders as-
sessed included education (years), Apo e4 (1 or 2 e4 alleles vs none),
smoking, hypertension, diabetes, stroke, and coronary heart disease
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(CHD) and estimated glomerular filtration rate (¢GFR). Interactions
were tested for age, gender, and race with p values reported for the
significance of the interaction. The subset of 400 in Health ABC
with CCL-11 and f2M was analyzed similarly. Analyses of this
subset and the cognitive tests other than the 3MSE and DSST were
exploratory.

Cross-sectional associations between protein levels and brain
MRI scores were examined using Spearman correlations and linear
regression. Associations between proteins and the presence of small
infarcts were examined using logistic regression.

Each protein was examined for differences in the time to de-
mentia event in Cox models with minimal adjustment for age, sex,
race, and then also with potential confounders including education,
study site, Apo e4 carrier status, smoking, hypertension, diabetes,
stroke, MI, and CHD. Models were stratified by cohort. Because of
its potential influence on protein clearance, we conducted an add-
itional analysis using eGFR based on cystatin C (28) as a potential
confounder or mediator. Interactions were tested for age, gender, and
race with p values reported for the significance of the interaction.
For these analyses, levels of GDF-11, GDF-8, follistatin, and FSTL-3
were each log transformed to improve normality. Results (beta es-
timates or odds ratios) are reported per doubling in concentration
in protein. All analyses were completed in SAS version 9.4 (SAS
Institute, Cary, NC).

Results

There were 1 506 participants from the CHS cohort and 1 237
participants from Health ABC included in the cross-sectional
analysis (Table 1). The mean age = SD of CHS participants was
76.85 + 4.76 years, 40.97% were men, and 95.75% were white.
The Health ABC group was somewhat younger and more diverse
with mean age 73.44 = 2.87 years; 50.85% were men, 61.36% were
White, and 38.64% were Black. They had a similar mean 3MSE
scores, whereas Health ABC participants had slightly lower DSST
score. Mean levels of GDF-11, GDF-8, and FSTL-3 were slightly
higher in CHS. After excluding prevalent dementia, there were 154
incident dementia cases in CHS (7 = 1 406, 11%) over 11.35 me-
dian years of follow-up and 245 incident dementia cases in Health
ABC (n=1237,19.8%) over 12.5 median years of follow-up. Age-
adjusted incidence of dementia was 8.2 per 1 000 person years (95%
CI=6.7,9.8)in CHS and 17.4 (95% CI = 15.0,19.7) in Health ABC.

Cognitive Tests

In CHS, levels of GDF-11, GDF-8, and follistatin were not cor-
related cross-sectionally with either the 3MSE or DSST (Table 2).
FSTL-3 was modestly negatively correlated with both cognitive tests
in CHS as well as with almost all of the additional cognitive tests
administered in a subset (Supplementary Table 1 and Supplementary
Figure 2). In linear regression models (not tabulated), FSTL-3 was

Table 1. Characteristics of the Study Populations Sampled From CHS and Health ABC Cohorts

Characteristic CHS Health ABC
(N=1506) (N=1237)

Age, years, mean = SD 76.85 +4.76 73.44 £ 2.87
Male, 1 (%) 617 (40.97) 629 (50.85)
White race, 7 (%) 1442 (95.75) 759 (61.36)
Body mass index, kg/m?, mean = SD 26.37 = 4.25 27.18 = 4.55
High school graduate, 7 (%) 1167 (77.59) 948 (76.76)
Current smoker, 7 (%) 108 (7.24) 123 (9.95)
Systolic blood pressure, mean = SD 132.55 = 20.05 135.04 = 19.41
Hypertension medication, 7 (%) 761 (50.56) 663 (53.86)
Coronary heart disease history, 7 (%) 361 (23.97) 244 (19.73)
Diabetes history, 7 (%) 228 (16.27) 210 (16.98)
Stroke history, 7 (%) 7 (5.78) 115 (9.3)
APOE &4 allele positive, 72 (%) 326 (23.66) 356 (30.2)
Dementia

Incident dementia, 7 (%) 154 (10.95) 245 (19.81)

Incident dementia rate per 1 000 person years
Brain magnetic resonance imaging
Global brain atrophy-ventricles (0-9), median (IQR)
White matter hyperintensity, grade (0-9), median (IQR)
Small infarcts, yes, 7 (%)
Biomarker levels
GDF-11, ng/mL, mean = SD
GDF-8, ng/mL, mean = SD
Follistatin, pg/mL, mean = SD
FSTL-3, pg/mL, mean = SD
CCL-11 (Eotaxin), pg/mL, mean = SD
Beta-2 microglobulin ($2M), mg/L, mean = SD
Cognitive tests
Teng Modified Mini-Mental State Examination score, mean = SD
Digit Symbol Substitution Test score, mean = SD

8.2 (95% Cl =6.7,9.8) 17.4 (95% CI =15.0,19.7)

3(3,4) n/a

2(1,3) n/a

233 (15.53) /a
3.4+0.83 3.28 =+ 0.81
7.56 £-2.22 6.73 = 1.96

1817.02 = 1 004.89
9 747.76 =+ 2 858.7

1868.21 + 874.88
8 744.62 = 2334.71

139.2 £ 61.27%

2.74 £2.77*
91.52 + 8.54 90.77 + 7.66
41.28 = 13.04 36.57 = 14.14

Notes: APOE €4 = apolipoprotein E4; CHS = Cardiovascular Health Study; CCL-11 = C-C motif chemokine ligand 11; FSTL-3: follistatin-like 3; GDF-

8 = growth differentiation factor-8; GDF-11 = growth differentiation factor-11; Health ABC = Health, Aging and Body Composition Study; IQR =

range; SD = standard deviation.

*CCL-11 and B2M tests were conducted in a subsample of 400 participants.

interquartile
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significantly negatively associated with DSST in adjusted models,
such that for every doubling in FSTL-3 concentration, there was a
3.09 (95% CI = 1.96, -4.06) lower DSST score.

Brain MRI

Among the brain MRI measures examined in CHS (Table 3), levels
of GDF-11, GDF-8, and follistatin were not associated with atrophy
or white matter grade. However, FSTL-3 was moderately associated

Table 2. Spearman Correlations Between Geroproteins and
Baseline Modified Mini-Mental State Examination and Digit
Symbol Substitutions Tests Scores in CHS and Health ABC

CHS GDF-11  GDF-8 Follistatin ~ FSTL-3
Modified Mini- -0.016 -0.024 0.018 -0.167*
Mental State score

n 1506 1506 1506 1497
Digit Symbol -0.045 0.012 -0.008 -0.213*
Substitution Test

score

n 1456 1456 1456 1447
Health ABC GDEF-11 GDF-8 Follistatin FSTL-3
Modified Mini- -0.024 -0.073* -0.010 0.057
Mental State score

n 1237 1237 814 1162
Digit Symbol -0.039 -0.058* 0.014 0.038
Substitution Test

score

n 1229 1229 808 1155

Notes: CHS = Cardiovascular Health Study; FSTL-3 = follistatin-like 3;
GDF-11 = growth differentiation factor-11; GDF-8 = growth differentiation
factor-8.

*p <.0S.

with both atrophy and white matter grade, although after adjust-
ment for confounders, this was significant only for white matter
hyperintensities, where higher FSTL-3 was significantly positively
related to greater white matter hyperintensities; every doubling in
FSTL-3 concentration, white matter hyperintensity grade was 0.63
(95% CI = 0.35,-0.87) higher after multivariate adjustment. There
was a significant positive association of GDF-8 with the presence of
small infarcts, OR: 1.66 (95% CI = 1.06, 2.60, Table 3, Model 3).
This was attenuated to nonsignificance after further adjustment for
eGFR using cystatin C (Table 3, Model 4), based on previous ana-
lyses showing significant correlations between several of these assays
and eGFR (Supplementary Table 3). Levels of GDF-11, follistatin,
and FSTL-3 were not associated with the presence of small infarcts.

Incident Dementia

When examining the incidence of dementia in CHS, we considered
a doubling in the concentration of GDF-11 and risk for incident de-
mentia, adjusting for age, sex, race, and clinic site. The adjusted HR
for incident dementia per doubling GDF-11 was not significantly
lower: HR = 0.93 (95% CI = 0.45, 1.91) (Table 4, Model 3). GDE-8
and follistatin were not associated with incident dementia in CHS in
either men or women, whereas FSTL-3 was associated. Per doubling
of FSTL-3 concentration, the HR for incident dementia in CHS, ad-
justed for age, sex, race, and clinic site was 1.72 (95% CI = 1.13,
2.61, Model 2) and remained significant after full adjustment with
HR of 2.16 (95% CI = 1.17, 3.99, Model 4). The association ap-
peared to be stronger in women (HR = 2.39 [95% CI = 1.46, 3.92])
compared to men (HR = 0.84 [95% CI = 0.38, 1.82]), although the
interaction term in the group of men and women combined was not
statistically significant (p, = .422), so these data were not tabulated.
Statistical interactions between GDF-8 and GDF-11 and their inhibi-
tors FST and FSTL-3 were tested and were not significant.

Table 3. Associations Per Doubling in Concentration of GDF-11, GDF-8, Follistatin and FSTL-3 With Global Atrophy Grade (score 0-9), White
Matter Hyperintensity Grade (score 0-9), and Presence of Small Infarcts on Brain MRl in CHS, n=1 492

Model 1 Model 2

Beta (95% CI)

Beta (95% CI)

Model 3 Model 4

Beta (95% CI) Beta (95% CI)

Global brain atrophy, score 0-9

GDEF-11 -0.36 (-0.68, 0.24) -0.41 (-0.71,0.11) -0.43 (-0.75, 0.15) -0.4 (-0.73,0.21)
GDEF-8 -0.09 (-0.43, 0.36) -0.18 (-0.47,0.28) -0. 31 (-0.57,0.16) -0.31 (-0.57,0.17)
Follistatin 0.06 (-0.23, 0.28) 0.18 (-0.12, 0.35) 2 (-0.12,0.37) 0.19 (-0.13, 0.37)
FSTL-3 0.77 (0.58, 0.94)* 0.38 (0.06, 0.6)* 0. 32 (-0.14,0.57) 0.36 (-0.17,0.65)
White matter hyper-intensity, score 0-9
GDF-11 0.04 (-0.52, 0.54) -0.01 (-0.51, 0.51) -0.21 (-0.65, 0.46) -0.07 (-0.59, 0.54)
GDEF-8 0.11 (-0.39,0.47) 0.08 (-0.39,0.45) 0.09 (-0.41, 0.48) 0.15 (-0.38,0.51)
Follistatin 0.16 (<0.19, 0.36) ~0.07 (-0.3,0.25) ~0.11 (<0.34, 0.24) ~0.14 (~0.36, 0.22)
FSTL-3 0.96 (0.77,1.14) 0.68 (0.43, 0.88)* 0.63 (0.35,0.87)* 0.56 (0.15,0.85)*
Small infarcts, yes
R (95% CI) R (95% CI) R (95% CI) R (95% CI)
GDF-11 O 85 (0.49, 1.48) 0 84 (0.48,1.47) O 87 (0.46, 1.65) 0 83 (0.43,1.61)
GDEF-8 1.71 (1.2, 2.44)* 1.71 (1.17,2.51)* 1.66 (1.06,2.6)* 1.14 (0.65, 1.98)
Follistatin 1.16 (0.78, 1.72) 1.17 (0.78, 1.76) 1.21 (0.77, 1.89) 1.21 (0.76, 1.92)
FSTL-3 0.96 (0.77,1.19) 0.97(0.78,1.22) 0.92 (0.71, 1.18) 0.87 (0.68,1.13)

Notes: APOE €4 = apolipoprotein E4; CHS = Cardiovascular Health Study; CI = confidence interval; FSTL-3 = follistatin-like 3; GDF-11 = growth differenti-
ation factor-11; GDF-8 = growth differentiation factor-8; MRI = magnetic resonance imaging; OR = odds ratio. Model 1 is unadjusted; Model 2 adjusted for age,

sex, race, and clinic site; Model 3 adjusted for covariates in Model 2 as well as myocardial infarction history, education, smoking status, body mass index, systolic

blood pressure, hypertensive medication use, CHD history, diabetes history, stroke history and APOE €4 carrier; Model 4 is additionally adjusted for estimated

glomerular filtration rate using cystatin C.
*p <.0S.
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Table 4. Incident Dementia: Hazard Ratio (95% Cl) Per Doubling in Concentration of GDF-11, GDF-8, Follistatin, and FSTL-3 in CHS and Health

ABC.
Model 1 Model 2 Model 3 Model 4
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
CHS cohort
GDEF-11 8 (0.42, 1.52) 0. 76 (0.4, 1.44) 0.93 (0.45, 1.91) 0.96 (0.46, 1.98)
GDF-8 0. 59 (0.37,0.96)* 7(0.44,1.13) 0.81 (0.47, 1.41) 0.88 (0.5, 1.53)
Follistatin 0.91 (0.72, 1.16) 0. 87 (0.68,1.13) 0.77 (0.57,1.03) 0.76 (0.56,1.02)
Follistatin-like 3 2.66 (1.79, 3.96)* 1.72 (1.13,2.61)* 2.41 (1.47,3.93)* 2.16 (1.17, 3.99)*
Health ABC cohort
GDF-11 1.47 (0.88, 2.46) 1.48 (0.85, 2.56) 1.44 (0.84,2.47) 1. 44 (0.84, 2.46)
GDEF-8 1.41 (1.03,1.91)* 1.38 (1, 1.9) 1.5 (1.07,2.11)* 5(1.07,2.1)*
Follistatin 1.17 (0.89, 1.53) 1.16 (0.88, 1.53) 1.03 (0.78, 1.36) 1. 03 (0.78,1.36)
Follistatin-like 3 1.37 (0.94, 1.99) 1.27 (0.86, 1.88) 1.3 (0.85, 1.98) 1.51 (0.91,2.51)

Notes: APOE ¢4 = apolipoprotein E4; CHS = Cardiovascular Health Study; CI = confidence interval; FSTL-3 = follistatin-like 3; GDF-11 = growth differenti-
ation factor-11; GDF-8 = growth differentiation factor-8; HR = hazard ratio. Model 1 is unadjusted; Model 2 adjusted for age, sex, race, and clinic site; Model

3 adjusted for covariates in Model 2 as well as myocardial infarction history, education, smoking status, body mass index, systolic blood pressure, hypertensive

medication use, CHD history, diabetes history, stroke history and APOE €4 carrier; Model 4 is additionally adjusted for estimated glomerular filtration rate using

cystatin C.
*95% confidence interval excludes 1.

In Health ABC, no associations between GDEF-11, follistatin
and FSTL-3, and incident dementia were found. GDF-8 was asso-
ciated with incident dementia in the Health ABC cohort after full
multivariate adjustment, including for renal function, with an HR
of 1.50 (95% CI =1.07,2.10). In Health ABC, levels of GDF-8 were
weakly correlated with the 3MSE and DSST (Table 2) as well as
with additional cognitive tests assessed in a subset, such that higher
GDF-8 was related to poorer cognitive function for most tests
(Supplementary Table 2).

CCL-11 and 2M Subset

Of the proteins evaluated in 400 Health ABC participants, 32M was
significantly associated with incident dementia with an overall HR
for the multivariate-adjusted model of 2.38 (95% CI = 1.36, 4.17).
This association was stronger in women with an HR of 3.17 (95%
CI =1.31, 7.64) compared to men (HR =2.03 [0.90, 4.61]), but the
interaction term was not significant (p, =.423). However, after add-
itionally adjusting for eGFR, these relationships were not significant.
In this subset, CCL-11 was positively correlated with the perform-
ance on the 3MSE and the DSST as well as two of the additional
cognitive tests (digit copy and pattern comparison tests). f2M was
unrelated to the 3MSE and DSST or any of the additional cognitive
tests performed in Health ABC (Supplementary Table 2).

Discussion

Contrary to our hypothesis based on the studies of heterochronic
parabiosis, we did not see an association of higher GDF-11 with
better cognitive function, fewer brain MRI abnormalities, or lower
rates of incident dementia in the CHS cohort. In addition, there also
were no associations with GDF-8 or follistatin with cognitive func-
tion, brain MRI abnormalities, or incident dementia, except for an
association of GDF-8 with small infarcts on brain MRI. In CHS,
FSTL-3 was related to poorer cognitive function on multiple tests,
brain MRI white matter hyperintensities, as well as incident de-
mentia. The association of FSTL-3 with dementia appeared to be
more pronounced in women, though this was not significantly dif-
ferent from the estimate in men.

The associations of FSTL-3 with cognitive outcomes were not
replicated in the Health ABC cohort. Although the lack of an asso-
ciation of FSTL-3 with dementia in Health ABC could be due to a
less specific definition of dementia, the other associations found with
the cognitive tests, 3 MSE and DSST, should be less biased, yet no
association was found. Unexpectedly, GDF-8 was positively related
to cognitive test performance and incident dementia in Health ABC,
with a higher GDF-8 related to poorer performance on the 3MSE
and DSST in all as well as with additional tests from the neuro-
psychological battery in a subset.

Our results cast doubt on the ability of boosting peripheral blood
levels of GDF-11 in humans to enhance central nervous system func-
tion. Circulating peripheral blood levels of GDF-11 may well be un-
related to tissue levels in the central nervous system. Expression of
GDF-11 in cerebrospinal fluid or brain tissue might be more inform-
ative of its biological role but may not be in equilibrium across the
blood-brain barrier to assess this peripherally. It is also possible that
previous studies measuring GDF-11 in animal models are flawed by
cross-reactivity with GDF-8. However, we saw no evidence of this
in our study as we were able to look at both GDF-8 and GDF-11
simultaneously with no associations of cognition with GDF-11 or
GDF-8 in CHS.

The associations of higher FSTL-3 with poorer cognition, greater
white matter hyperintensity on MRI, and incident dementia in CHS
were quite robust. Taken together, these associations are consistent
with a vascular pathway. White matter hyperintensities are related
to hypertension and other cardiovascular risk factors (29,30). The
association between FSTL-3 and white matter hyperintensity was
partly attenuated by poorer kidney function, suggesting either that
FSTL-3 is elevated when a clearance by the kidney is reduced or
that FSTL-3 is related causally to both renal vascular disease and
cerebrovascular disease. Since kidney function and FSTL-3 were as-
sessed concurrently, we cannot tease out the causal pathway to know
whether the loss of kidney function is a cause, consequence, or par-
allel process to the elevation of FSTL-3. This attenuation was not
prominent in the associations of FSTL-3 with cognition or dementia,
which suggests that elevation of FSTL-3 is not due solely to a reduc-
tion in renal clearance and implicates a causal pathway.


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad019#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad019#supplementary-data

Journals of Gerontology: MEDICAL SCIENCES, 2023, Vol. 78, No. 11 2045

Unexpectedly, GDF-8 was related to poorer cognitive function
and incident dementia in Health ABC, with higher GDF-8 related to
poorer performance on the 3MSE and DSST in all subjects as well as
with additional tests from the neuropsychological battery in a subset.
These findings contrast with those recently reported by Tanaka et al.
(31) who found an inverse relationship between GDF-8 levels and
cognitive impairment or dementia. By using 1 322 SOMAmers to
analyze proteomic profiles of plasma samples from 997 adults in the
InCHIANTI study, these investigators identified GDF-8 as one of only
2 plasma proteins associated with decreased odds of baseline cognitive
impairment or dementia. Moreover, higher GDF-8 levels were also
associated with a slower decline in performance on the Mini-Mental
State Examination as well as larger brain volume and slower brain
atrophy as assessed by imaging. A similar association was seen in the
ARIC cohort. In 4 110 older adults followed for incident dementia,
38 proteins were associated with dementia. Among the top associ-
ations was GDF-11/8, with an HR of 0.39 (95% CI = 0.24, 0.61) (32).
Although differences in subject population and/or functional assess-
ments could explain the discrepant findings between our study and
those of Tanaka et al. (31) and Walker et al. (32), a major difference
between the studies was the assay used to measure GDF-8 levels. In
particular, Tanaka et al. and Walker et al. (32) used the SOMAscan
assay, which relies on the detection of specific exposed epitopes by
individual SOMAmers, whereas our assay is LC-MS based and does
not include a capture step dependent on epitope accessibility. An im-
portant distinction in this regard is that recognition of aptamers to a
given epitope could be influenced by the presence of binding proteins,
whereas our assay is agnostic to other proteins that may be bound to
the target. Hence, certain protein complexes may be excluded from
detection in the SOMAscan assay, whereas our LC-MS assay likely
measures total protein, irrespective of whether they exist in complexes
with other proteins. This issue is certainly relevant in the case of GDF-
8, as it is known that GDF-8 circulates in the blood in complexes with
multiple binding partners (33-35).

Given that our study as well as that of Tanaka et al. (31) and
Walker et al. (32) only describe associations betweenf circulating
GDF-8 levels and cognitive outcomes, it is important to consider
2 issues in attempting to interpret these findings. First, circulating
levels of GDF-8 are almost certainly correlated with total skeletal
muscle mass throughout the body, as skeletal muscle is by far the
primary site of GDF-8 expression (36) and the primary source of
circulating GDF-8 protein, at least in mice (37). Hence, associations
between functional parameters and GDF-8 levels may actually be
reflecting associations between these functional parameters and
overall muscle mass. Second, studies in mice have shown that GDF-8
expression is increased in a mouse model of Alzheimer’s and that
GDF-8 knockdown in the gastrocnemius muscle could mitigate the
cognitive deficits in these mice (38). Our finding of higher levels of
GDF-8 being associated with poorer cognitive outcomes is certainly
consistent with these mouse studies.

The lack of replication of the association of FSTL-3 with de-
mentia found in CHS in the Health ABC cohort may be due to a
lower specificity in the diagnosis. Health ABC had an age-adjusted
rate of dementia of 17.4 per 1 000 person years that were more than
twice that of CHS (8.2 per 1 000 person years) and was higher than
reported for this age group in other cohorts, suggesting that the al-
gorithm was overly sensitive and not adequately specific. Discharge
codes from hospital admissions may be detecting cases of delirium,
perhaps reflecting overall multimorbidity and being less specific for
dementia than the full clinical dementia evaluation that was done
in CHS. It may also be biased in detecting dementia in hospitalized

patients who have greater multimorbidity than in those without in-
patient admissions. These issues do not explain the finding in Health
ABC of an association of GDF-8 with dementia as GDF-8 was also
associated with cognitive tests. These tests were administered to al-
most everyone, missing only a small percentage who were unable to
return to the research clinic for testing. Thus, the consistency of the
GDF-8 association with dementia as well as cognition strengthens
this finding.

The direct associations of CCL-11 with some cognitive func-
tion tests were opposite of the hypothesized direction as CCL-11 is
thought to promote cognitive impairment (10,12). The elevation of
beta-2 microglobulinemia with incident dementia in Health ABC is
consistent with other reports of inflammatory markers in dementia
and dementia subtypes (39,40).

Our study leverages 2 large, longstanding, well-characterized co-
horts with detailed outcome assessments and well-curated biologic
specimens, well-validated assays for total GDF-11 and 8, and part-
nerships between bench and population scientists. The difference in
the findings between the two cohorts calls for additional replication
in other studies where the outcomes assessments are more directly
comparable. In addition to the difference in the dementia outcome
assessment, there are many other differences between the Health ABC
and CHS cohorts that could affect the findings. CHS was recruited
almost 10 years earlier, were younger (65 and older compared to 70
and older), and had higher indicators of socioeconomic status such
as education than Health ABC participants. The proportion of mi-
norities was higher in Health ABC. Health ABC excluded people re-
porting any difficulty walking % mile or climbing 10 steps, so while
they were on average older, they were more highly functional. We
considered these factors as potential confounders or effect modifiers,
but they do not explain the difference in the findings for GDF-8.

In summary, GDF-11 was not related to better cognition or a
lower risk of dementia in older adults in either the CHS or Health
ABC cohorts. This suggests that results from heterochronic parabi-
osis in mice should be confirmed in prospective human studies to test
their applicability to people and that boosting the level of GDF-11 in
the peripheral circulation would not have central effects. The associ-
ation of GDF-8 with cognition and dementia in Health ABC was not
expected, but consistent with an animal model. The association of
FSTL-3 with cognition, brain abnormalities, and incident dementia
in CHS implicates TGFf superfamily inhibition in the pathogenesis
of dementia, but more mechanistic work is needed along with add-
itional replication in cohorts with a prospective dementia diagnosis.
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Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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