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ARTICLE INFO ABSTRACT
Keywords: Serum GDF15 levels are correlated with multiple neurodegenerative diseases. Few studies have tested this
GDF15 marker’s association with middle-aged cognitive performance over time, and whether race affects this associa-

Cognitive decline
Aging

Race

Health disparities

tion is unknown. We examined associations of initial serum GDF15 concentrations with longitudinal cognitive
performance, spanning domains of global mental status, visual and verbal memory, attention, fluency, and ex-
ecutive function in a sub-sample of adults participating in the Healthy Aging in Neighborhoods of Diversity
across the Life Span (HANDLS) study (n = 776, Age,1:30-66y, 45.6 % male, 57.0 % African American, 43.0 %
below poverty). This analysis consisted of mixed-effects regression models applied to the total selected sample,
while also stratifying the analyses by race in the main analyses and further stratifying by sex, age group and
poverty status in an exploratory analysis. Our main findings, which passed multiple testing and covariate-
adjustment, indicated that GDF15 was associated with poorer baseline performance on several cognitive tests,
including animal fluency [overall sample: (Model 1: yo + SE: —0.664 + 0.208, P < 0.001; Model 2, yo + SE:
—0.498 + 0.217, P < 0.05)]. Among White adults, GDF15 was linked to poorer performance on a brief test of
attention (Model 1: yo + SE: —0.426 + 0.126, P < 0.001; Model 2, yo + SE: —0.281 + 0.139, P < 0.05); and
Trailmaking test, part B (Model 1: yo & SE: +0.129 + 0.040, P < 0.001; Model 2, yo + SE: +0.089 + 0.041, P <
0.05), the latter being also linked to higher GDF15 among individuals living below poverty. Among women,
GDF15 was associated with poor global mental status (Normalized MMSE: Model 1: yo + SE: —2.617 + 0.746, P
< 0.001; Model 2: yo & SE: —1.729 + 0.709, P < 0.05). GDF15 was not associated with decline on any of the 11
cognitive test scores considered in ~ 4 years of follow-up. In sum, we detected cross-sectional associations be-
tween GDF15 and cognition, although GDF15 did not predict rate of change in cognitive performance over time
among a sample of middle-aged adults. More longitudinal studies are needed to address the clinical utility of this
biomarker for early cognitive defects.

Abbreviations: AD, Alzheimer’s disease; AF, Animal Fluency; APOE, Apolipoprotein E genotype; BVRT, Benton Visual Retention Test; BMI, Body Mass Index; BTA,
Brief Test of Attention; CVLT-DFR, California Verbal Learning Test-Delayed Free Recall; CVLT-List A, California Verbal Learning Test-List A; CES-D, Center for
Epidemiologic Studies-Depression; CSF, Cerebrospinal fluid; CDT, Clock Drawing Test; DS-B, Digits Span-Backward; DS-F, Digits Span-Forward; GDF15, Plasma
growth/differentiation factor 15; HANDLS, Healthy Aging in Neighborhoods of Diversity across the Life Span; HEI-2010, Healthy Eating Index 2010 version; HS,
High school; HIV, Human Immunodeficiency Virus; IMR, Inverse Mills Ratio; IRB, Institutional Review Board; MRI, Magnetic Resonance Imaging; MRV, Medical
Research Vehicles; MMSE, Mini-Mental State Examination; OLS, Ordinary least squares; SD, Standard Deviation; SE, Standard Error; TRAILS A, Trailmaking Test Part
A; TRAILS B, Trailmaking Test Part B; US, United States; WRAT-3, Wide Range Achievement Test 3rd revision.
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1. Introduction

Alzheimer’s disease and related dementias (ADRD) is projected to
affect 13.9 million individuals in the United States by 2060 (Matthews
et al., 2019). Substantial race and ethnicity disparities exist for ADRD.
For example, ADRD is most prevalent in African American adults over 65
and the disproportionate burden of ADRD in minority populations will
be further exacerbated with the expected growth of the aging population
(Matthews et al., 2019; Mayeda et al., 2016; Steenland et al., 2016).
Therefore, it is important to develop non-invasive biomarkers that
identify individuals at risk for ADRD earlier in their lifespan prior to
cognitive decline.

Emerging evidence indicates that inflammation plays a role in
cognitive decline and Alzheimer’s Disease AD (Boyd et al., 2022).
Therefore, there has been substantial interest in identifying inflamma-
tory biomarkers that are associated with cognitive decline and demen-
tia. Recent data has shown a link between the stress response protein
growth differentiation factor 15 (GDF15), also known as MIC-1, and
cognition (Fuchs et al., 2013; McGrath et al., 2020). GDF15 is a secreted
protein originally described as a member of the TGF- p superfamily and
has recently been shown to share functional homology with glial cell-
derived neurotrophic factors (GDNFs) through binding with GDNF re-
ceptor a-like (GFRAL) (Emmerson et al., 2017; Hsu et al., 2017; Mullican
et al., 2017; Yang et al., 2017). GDF15 is a pleiotropic factor that has a
variety of functions both beneficial and deleterious depending on
cellular context (Mullican and Rangwala, 2018). Circulating levels are
elevated in response to stress, injury and inflammation and in homeo-
static settings including energy and body-weight regulation in addition
to pathological contexts such as cancer, cardiovascular disease and other
age-associated diseases (Mullican and Rangwala, 2018; Tsai et al., 2018;
Wang et al., 2021). Higher levels of GDF15 are also associated with all-
cause mortality in community-dwelling white elderly populations
(Daniels et al., 2011; Desmedt et al., 2019; Eggers et al., 2013; Wiklund
etal., 2010; Xie et al., 2019) and also in diverse middle-aged populations
(Freeman et al., 2020).

A few studies have shown a relationship between plasma/serum
GDF15 and cognition. In a subset of the Sydney Memory and Aging
Study (MAS) cohort of older White adults (mean age 78.5 yrs) con-
taining cognitively normal participants and those with mild cognitive
impairment (MCI), cross sectional analyses found that GDF15 was
negatively associated with global cognition and cognitive domains at
baseline and was associated with processing speed, memory, and exec-
utive function at a two-year follow-up. (Fuchs et al., 2013). Interest-
ingly, participants with MCI at either timepoint had higher levels of
GDF15. Prospective analysis revealed that higher GDF15 at baseline was
significantly associated with a change in cognition from normal to MCI/
dementia at follow-up. In a study in Singapore of older adults (mean age
72.8 yrs), GDF15 was associated with white matter hyperintensities and
with individuals with both cerebrovascular disease and cognitive
impairment no dementia and cerebrovascular disease and AD (Chai
et al., 2016). In patients (mean age 61.8 yrs) admitted with acute
decompensated heart failure, GDF15 was associated with cognitive
impairment (Tung et al., 2022). GDF15 was associated with an MRI-
based Alzheimer’s disease score (AD-PS) in an older (mean age 76.4
yrs) cohort of cognitively normal, mild cognitive impairment, and de-
mentia participants in the Atherosclerosis Risk in Communities (ARIC)
study cohort (Casanova et al., 2022). GDF15 was also associated with
the AD-PS score when the analysis was restricted only to cognitively
normal individuals. Higher GDF15 was associated with an increased risk
for all-cause and AD dementia in adults > 60 yrs in the Framingham
Offspring cohort (McGrath et al., 2020). These studies indicate a po-
tential relationship between circulating GDF15 levels and cognitive
decline in older Asian or White cohorts. However, it is not known
whether GDF15 is associated with cognition in younger middle-aged
cohorts, which is a critical time to identify individuals at risk in pre-
clinical stages prior to AD onset. In addition, little is known about
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GDF15 and cognition in the context of race, sex, or poverty status.

Thus, our study (i) Examined baseline GDF15 in relation to baseline
and change in cognitive performance over time; (ii) Tested racial dif-
ferentials in those main associations; as well as exploring those associ-
ations across sex, age group and poverty status.

2. Materials and methods
2.1. Database

In this study, we selected participants from the Healthy Aging in
Neighborhoods of Diversity across the Life Span (HANDLS) study.
HANDLS was initiated in 2004 and is a longitudinal, interdisciplinary,
prospective study of socioeconomically diverse White and African
American adults residing in Baltimore, MD. Baseline data (visit 1; v1)
were collected between 2004 and 2009 through home visits and physical
examination including a cognitive test battery on the medical research
vehicles (MRV). Participants visited the MRV for a follow-up in-person
visit (vo) between 2009 and 2013. All participants provided written
informed consent. The Institutional Review Board of the National In-
stitutes of Health, National Institute of Environmental Health Sciences
approved the HANDLS study protocol.

2.2. Study sample

In our present study, up to two repeats on cognitive test scores were
available from v; or vo. Among the sub-set with complete v, follow-up
data, mean + SD follow-up time (n = 2,468 participants) was 4.66 +
0.95y. Exposure data on plasma GDF15 concentrations were made
available at v; for a sub-sample of White and African American HANDLS
participants, after excluding those who did not survive beyond one year
of follow-up from baseline. Fig. 1 depicts a study participant flowchart,
with 3,720 HANDLS participants initially recruited, out of whom 1,036
had GDF15 concentration data at vy. Of those participants, N = 776 had
data on v; or vq for all 11 cognitive test scores, with an average number
of observations/participant k = 1.6-1.8, indicating 10-20 % missing-
ness on cognitive test performance outcomes at either visit. Method S1
shows in detail how the sample was selected with respect to the GDF15
exposure. Compared to the initial sample with incomplete data for our
analysis, the final sample was significantly older (Agey;: 49.2 + 0.33y vs
47.9 £ 0.17, P = 0.001), with no other differences detected by sex, race
or poverty status.

2.3. Cognitive assessment

Trained clinical staff administered a series of cognitive tests,
including: the Mini-Mental State Examination (MMSE), the California
Verbal Learning Test (CVLT) immediate (List A) and Delayed Free Recall
(DFR), the Benton Visual Retention Test (BVRT, # of errors), Brief Test
of Attention (BTA), Animal Fluency test (AF), the Digit Span Forward
and Backwards tests (DS-F and DS-B), the Clock Drawing Test (CDT),
Trailmaking test parts A and B (TRAILS A and B, in seconds), (described
in detail in Method S2). From these tests, a total of 11 cognitive tests
scores were derived spanning the cognitive domains of global mental
status, verbal memory, verbal fluency, attention, visual memory, visuo-
spatial abilities and executive function, which includes working mem-
ory. Test scores with higher values reflected better cognitive perfor-
mance with the exceptions of BVRT, Trails A, and Trails B.

2.4. Measurement of serum GDF15 protein levels

At visit 1, blood samples were collected in vials with no additives,
centrifuged and serum was aliquoted and immediately frozen at —80 °C
until use. The Quantikine ELISA kit (R&D Systems, Cat#SGD150, Min-
neapolis, MN) was used to quantify serum GDF15 (pg/mL) according to
the manufacturer’s instructions. Calibrator diluent RD5-20 was used to
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dilute serum 1:4 and 50 pl was used for the assay. Pooled serum samples
from 6 individuals were run in triplicate on each plate as controls. These
triplicate pooled serum samples were used to calculate both the within
plate (intra-assay) and between plates (inter-assay) coefficient of vari-
ation (CV). The intra-assay CV was 4.78 %. and the inter-assay CV was
9.95 %. GDF concentration was calculated based on internal standards.
Assays were performed blind.

3. Covariates

We included additional covariates selected for their prior association
with cognitive performance or decline. We included baseline measures
of age (continuous, years), sex (male, female), race (White, African
American), poverty status (below vs above 125 % the federal poverty
line), educational attainment (less than high school, high school, more
than high school), and literacy (Wide Range Achievement Test, third
edition [WRAT-3]). We computed time between the first and second
visits by subtracting age at v1 from age at v1. In addition, we included a
wide range of health and behavioral characteristics including current
smoking status (0 = No vs 1 = Yes), illicit drug use (0 = No vs 1 = Yes,
using any of marijuana, opiates, and cocaine), body mass index (BMI,
weight/height?, kg.m~2, continuous), self-rated health status catego-
rized as 0 = poor/average (referent), 1 = good and 2 = very good/
excellent, the Healthy Eating Index 2010 (HEI-2010) (Beydoun et al.,
2020), measuring overall diet quality based on food and macronutrient-
related guidelines for Americans, total energy intake (kcal/d), and
depression symptomatology assessed using the 20-item CES-D. Finally,
we included an index of morbidities which included hypertension, dia-
betes (0 = non-diabetic, 1 = pre-diabetic, 2 = diabetic), dyslipidemia or
statin use, and self-reported history of any cardiovascular disease (atrial
fibrillation, angina, coronary artery disease, congestive heart failure,
and myocardial infarction) resulting in an unweighted index ranging
from O to 5. Baseline use of anti-hypertensives, statins and diabetes
medications were considered for a sensitivity analysis.

4. Statistical methods

All analyses were completed using Stata release 17 (STATA, 2019).
First, we described the study sample’s characteristics overall and across
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racial groups, comparing means and proportions with bivariate linear,
logistic and multinomial logit models. Second, we adjusted those models
by adding age, sex and poverty status to determine whether the net ef-
fect of race remained statistically significant at a type I error of 0.05.
Third, to test our key hypotheses, we conducted several mixed-effects
linear regression models (See Method S3 for details). Main effect of
GDF15 reflected the association of this exposure with baseline cognitive
performance, while its interaction with time on study (i.e. GDF15 x
TIME) could be interpreted as the adjusted effect of GDF15 on annual-
ized rate of cognitive change. Those analyses were carried out separately
on 11 cognitive test scores as outcomes, with main exposure being z-
scores of GDF15 (Log. transformed), and covariates entered in an in-
cremental manner as follows: Model 1 or the reduced model: only socio-
demographic variables (i.e. age at vl, sex, race and poverty status);
Model 2, or the fully adjusted model: socio-demographics + all other
lifestyle and health-related covariates. To preserve the sample size
across those models, and given that covariates had individually < 5 %
missing on average, we carried out multiple imputations (5 imputations,
10 iterations), by utilizing the chained equations method, with all
covariates entered simultaneously in the estimation process as was done
in previous studies(Beydoun et al., 2019; Beydoun et al., 2016a). In the
mixed-effects linear regression models, and to allow for better inter-
pretation of the intercept and time parameter, continuous covariates
were centered at their means. Therefore, in our main analyses, Models 1
and 2 were applied to 1 exposure (GDF15), 11 cognitive test scores with
up to 2 repeats (i.e. effect of GDF15 on v; cognitive performance (CPy;)
and cognitive performance change over time (5CP)), one key stratifying
variable (race), and 3 other stratifying variables that were explored (sex,
age group and poverty status). GDF15 was Log. transformed in all main
analyses. Z-scoring of this exposure was carried out on the final eligible
sample (N = 776), was done in previous studies (e.g.(Mielke et al.,
2019)). Heterogeneity in the association between v1 exposure and v1
cognitive performance outcome by race was tested by adding the GDF15
x Race interaction term in separate models, while that of the relation-
ship between GDF15 and cognitive change was tested with GDF15 x
TIME x Race term included within the same model. In the unstratified
models, those differences were also tested by age group, sex and poverty
status in an exploratory analysis.

Furthermore, missingness in exposure and outcome data, resulting in

HANDLS study initial cohort, v1:
N=3,720
Agev1: meantSD: 48.3 * 1.0; 45.3% men; 59.1% African American; 41.3% Below Poverty

Missing GDF-15 exposure
N=2,684

HANDLS study initial cohort, v1,
complete GDF15 data
atvil:
N=1,036

Missing cognitive performance data
for any test
at v1 and v2 and/or survived 1y
beyond v1:
N=260

HANDLS study initial cohort, v1, with GDF15 information at v1, complete
cognitive performance data (v1 or v2) for all test scores, and survived >1y
beyond v1:

N=776, k=1.6-1.8 observations/participant

Fig. 1. Participant flowchart Abbreviations: GDF15 = Plasma growth/differentiation factor 15; HANDLS = Healthy Aging in Neighborhoods of Diversity across the

Life Span; k=# of observations/participant; v; = Visit 1; v, = Visit 2.
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Table 1
Study sample characteristics, overall and by race in final analytic sample with imputed covariates (N = 776), HANDLS 2004-2013.?

Overall White adults African American adults

(X + SE), % (X + SE), % (X + SE), %

(N = 776) (N = 334) (N = 442)
X + SE or %=+SE
GDF15 at vy, pg/mL
Log, transformed +6.49 + 0.020 +6.481 + 0.035 +6.503 + 0.032
Baseline socio-demographic, SES and health-related variables
Sex, % male 45.6 + 1.8 45.9 + 2.7 45.5 + 2.4
Age at vy, yrs. 49.20 £+ 0.33 49.2 4+ 0.51 49.2 + 0.44
African American, % 57.0 +1.8 0.00 100.0
Poverty status, % <125 % of the 2004 federal poverty guidelines 43.0+1.8 36.5+2.6 48.0 + 2.4
Education, Completed, %
<HS 6.0 £ 0.9 89+1.67" 3.8+1.0
HS 59.7 £ 1.8 53.4 + 2.8 64.5 + 2.3
>HS 343+18 37.7 £ 2.7* 31.7 £ 22
Literacy, WRAT-3 score 42.6 + 0.3 45.0 + 0.4 40.8 + 0.4
Baseline drug and tobacco use
Any drug, current user, % 187+ 1.4 125 +£1.8 23.3+21
Tobacco, current user, % 47.2+1.8 40.1 + 2.6 525+ 2.4
BMI, kg/m2 30.1 £0.3 30.3 + 0.4 29.9 + 0.4
Self-rated health, %
Poor/Average, 28.9 +1.6 323+26""° 26.2 + 2.0
Good 38.0 £1.7 30.8 +£ 2.5 43.3 + 2.4
Very good/Excellent 33.2+ 1.7 36.8+2.6 ¢ 30.4 + 2.2
HEI-2010 total score at v; 42.4+ 0.4 42.5 £ 0.7 42.2 +£ 0.6
Total energy intake, kcal/day 2,014 + 39.7 2,028 + 55 2,003 + 61.8
CES-D total score 155+ 0.4 16.26 + 0.70"¢ 14.86 + 0.52
Hypertension®, % 484+ 1.8 43.7 + 2.8 51.8 + 2.4
Diabetes®, %
No 629+ 1.8 60.1 + 2.7 65.1 + 2.3
Pre-diabetic 18.7 £ 1.4 21.4 £ 2.3* 16.6 £ 1.8
Diabetic 18.4+1.4 184 +21 18.3+1.9
Dyslipidemia®, % 28.8 + 1.7 34.0 £2.77"¢ 24.9 + 2.1
Cardiovascular disease®, % 20.3 +1.4 18.6 + 2.2 21.6 + 2.0
Co-morbidity index” 2.53 £ 0.05 2.56 £ 0.09 2.51 £0.07
Cognitive performance at v;, unadjusted®
MMSE, normalized 75.9 + 0.6 73.0 £ 0.7
CVLT-List A 24.34 +£ 0.25 23.4+0.3
CVLT-DFR 7.09 £ 0.12 7.87 £0.1977"¢ 6.53 + 0.15
BVRT 6.50 + 0.18 6.32 £ 0.26 6.64 + 0.25
BTA 6.57 + 0.08 3 6.11 £ 0.11
AF 18.6 + 0.20 19.65 + 0.3 17.89 + 0.24
DS-F 7.28 + 0.08 7.75 + 0.13" 6.93 £ 0.10
DS-B 5.59 + 0.08 6.23 +0.137"" 5.11 £ 0.09
CDT 8.74 £ 0.04 8.90 + 0.06" ¢ 8.63 £ 0.06
Log. (TRAILS A) 3.51 + 0.01 3.40 + 0.02""¢ 3.60 + 0.02
Loge(TRAILS B) 4.68 + 0.03 4.41 £0.047" 4.87 + 0.04
Annualized change in cognitive performance estimated between v; and v,, unadjusted®
MMSE, normalized ~0.32 +0.13" ~0.41 + 0.20T —0.20 + 0.17
CVLT-List A ~1.46 + 0.07T ~1.45 + 0.101 ~1.46 + 0.08T
CVLT-DFR —0.47 + 0.03" —0.49 + 0.05T —0.46 + 0.03%
BVRT +0.50 + 0.04T 40.33 + 0,057 40.64 + 0.06T
BTA —0.085 + 0.019T -0.108 + 0.0311 ~0.065 + 0.025T
AF —0.030 £ 0.037 +0.001 £ 0.062 —0.038 £ 0.046
DS-F —0.018 £ 0.016 +0.001 £ 0.027 —0.025 £ 0.020
DS-B +0.025 + 0.015 —0.015 + 0.024 —0.025 + 0.020
CDT —0.010 + 0.012 —0.021 + 0.019 —0.001 + 0.015
Log. (TRAILS A) +0.0098 + 0.00411 +0.0050 + 0.0059 +0.011 £ 0.006
Log.(TRAILS B) +0.0237 + ().005+ +0.0255 + 0.008Jr +0.021 + 0.007

Abbreviations: AF = Animal Fluency; BMI = Body Mass Index; BTA = Brief Test of Attention; BVRT = Benton Visual Retention Test; CDT = Clock Drawing Test; CES-D
= Center for Epidemiologic Studies-Depression; CVLT-DFR = California Verbal Learning Test-Delayed Free Recall; CVLT-List A = California Verbal Learning Test-List
A; DS-B = Digits Span-Backward; DS-F = Digits Span-Forward; GDF15 = Plasma growth/differentiation factor 15; HANDLS = Healthy Aging in Neighborhood of
Diversity across the Lifespan; HEI-2010 = Healthy Eating Index, 2010 version; HS = High school; MMSE = Mini-Mental State Examination; SE = Standard Error;
TRAILS A = Trailmaking Test, Part A; TRAILS B = Trailmaking Test, Part B; WRAT-3 = Wide Range Achievement Test, 3rd revision; X = mean.
*p < 0.10; ** p < 0.05; *** p < 0.010; ****p < 0.001, t-test for null hypothesis of no between-race differences.
“Values are means (X) + SE for continuous variables and % for categorical variables. The sample selected has complete data on 11 cognitive test scores at visits 1 and/or
2 and complete data on GDF15 at visit 1. Other covariates were multiple imputed (5 imputations with 10 iterations), using chained equations. All cognitive test scores
are in the direction of higher score — better performance with the exception of BVRT (# of errors) and TRAILS A and B (# of sec. to complete).
YThe co-morbidity index was calculated as the sum of hypertension, diabetes and dyslipidemia (or statin use), and self-reported history of cardiovascular disease
included atrial fibrillation, angina, coronary artery disease, congestive heart failure, or myocardial infarction, ranging from O to 5.
‘Crude baseline cognitive test score. Sample sizes varied between 675 and 775 for overall sample.
dCrude estimated annual rate of change in cognitive performance based on mixed-effects linear regression model with TIME as the only covariate. Difference by race
was determined by interacting TIME with race.
p < 0.05 upon further adjustment for age, sex and poverty status in multiple linear, logistic, multinomial logit and mixed-effects linear regression models with race
entered as the main predictor.
+p < 0.05, t-test for null hypothesis of y; = 0 (fixed effects coefficient for TIME) in mixed-effects linear regression models with TIME as the only variable.

343




M.A. Beydoun et al.

sample selectivity relative to the initially recruited sample, was
addressed by using a two-stage Heckman selection strategy, as was done
in other previous studies, through the inclusion of an inverse mills ratio
into all mixed-effects linear regression models, both as a main effect and
interacted with TIME (e.g. (Beydoun et al., 2013)).

Type I error rate for this study was set a priori for main and inter-
active effects before correcting for multiple testing to 0.05 and 0.10,
respectively (Selvin, 2004). To correct for multiplicity in outcomes (i.e.,
11 cognitive test scores), we used the familywise Bonferroni correction
(Hochberg and Tamhane, 1987) approach, specifically for Model 1.
Subsequent fully adjusted models (Model 2) for each outcome and in the
stratified analyses were considered a sensitivity model that included
both potentially confounding and mediating factors. Thus, for Model 1,
significance levels were adjusted for main effects to p < 0.00455 (0.05/
11), and for two-way interaction terms to 0.10/11 = 0.00910, as done in
previous work (Beydoun et al., 2016b). In our exploratory stratified
analysis, all main hypotheses were tested across sex, age group (<50y,
>50y, with 50y approximating median age) and poverty status (above
vs below poverty), separately, using the same modeling approach,
applying the same type of familywise Bonferroni correction within
stratum. Predictive margins (with 95 % CI) obtained from mixed models
(both reduced and fully adjusted models), were used to illustrated key
findings. A partial sensitivity analysis was carried out whereby mixed-
effects linear regression models were extended for the overall sample
by including baseline use of selected medication, namely statins, anti-
hypertensive and diabetes drugs. Findings were compared with Model
2. The code used in data analyses can be available to readers, in part o or
in full, and obtained directly from the corresponding author.

5. Results

Table 1 describes the study sample characteristics in the selected
sample and across racial groups. Overall, participants were on average
~ 48y old at visit 1 (y1), with proportion living below poverty being
significantly greater among African American adults compared to White
adults (48 % vs 36.5 %, P < 0.010). In contrast, a significantly higher
proportion of White adults had < HS education (8.9 % vs 3.8 %, p <
0.010), compared with African American adults in the sample, with a
marginally greater proportion having > HS education (37.7 % vs 31.7 %,
p < 0.010). Importantly, mean literacy was significantly higher among
White adults compared to their African American counterparts (WRAT-3
total score: 45.0 vs 40.8, p < 0.001). The main exposure, GDF15 did not
differ across racial groups. However, most cognitive test scores
measured at 7 indicated better cognitive performance among White
adults compared to their African American counterparts. This difference
was only marginally attenuated with the addition of age, sex, and
poverty status in the linear model. In contrast, annual rate of change
indicated a net decline in performance overall in several cognitive test
scores including memory, attention and executive function. Neverthe-
less, only BVRT, a measure of visual memory, indicated differential
decline over time across race, with faster decline observed among Af-
rican American adults. Among other covariates of interest, both poor/
average (32.3 % vs 26.2 %, p < 0.010) and very good/excellent (36.8 %
vs 30.4 %, p < 0.010) self-rated health had a significantly greater pro-
portion among White adults compared to African American adults.
Hypertension was more prevalent at baseline among African American
adults (51.8 % vs 43.7 %, p < 0.05), while the reverse was true for
dyslipidemia (24.9 % vs 34.0 %, p < 0.010).

Time dependent cognitive performance outcomes were modeled
against GDF15 serum concentration measured at the baseline visit, using
a series of mixed-effects linear regression models (Tables 2, S1-53). Main
findings are depicted in Figs. 2-3 in the overall sample. GDF15 at v, was
found to be associated with poorer baseline performance on tests
reflecting attention (BTA), verbal fluency (AF) and executive function
(Trailmaking test, part B). These associations passed correction for
multiple testing in Model 1. However, only the association between
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Table 2

Baseline (v;) GDF15 and its association with cognitive performance at v; and
change over time: overall and race-specific mixed-effects linear regression
models: HANDLS 2004-2013.2

GDF15, pg/mL, (v; Log. transformed, z-

scored)
Model 1 Model 2
y = SE y = SE
Overall (N=776,k = (N=776,k =
1.6-1.8) 1.6-1.8)
Outcome = Cognitive performance
test score
Normalized MMSE
Exposure, ygq —1.28 + 0.57** —0.134 £+ 0.540
Exposure x TIME, y14 +0.26 + 0.15* +0.272 £ 0.160*
CVLT-List A
Exposure, ygq —0.40 £+ 0.27 +0.134 £+ 0.272
Exposure x TIME, y14 +0.05 + 0.08 +0.045 + 0.084
CVLT-DFR
Exposure, ygq -0.16 £ 0.12 +0.094 + 0.128
Exposure x TIME, y14 +0.01 + 0.03 +0.010 £ 0.035
BVRT
Exposure, ygq +0.12 + 0.19 —0.242 £+ 0.197
Exposure x TIME, y14 —0.003 £ 0.051 —0.027 + 0.054
BTA
Exposure, ygq —0.296 + —0.158 + 0.090*
0.086%****

Exposure x TIME, y4 +0.018 + 0.023 +0.008 + 0.025
AF

Exposure, ygq —0.664 +
0.208****

+0.063 + 0.045

—0.498 + 0.217**
Exposure x TIME, y4 +0.049 + 0.049
DS-F

Exposure, ypq
Exposure x TIME, y14
DS-B

Exposure, ypq
Exposure x TIME, y;,4
CDT

Exposure, ygq

—0.040 £ 0.085
—0.002 + 0.020¢

—0.027 + 0.009
+0.003 + 0.021

—0.087 + 0.081
+0.013 £ 0.020

—0.194 + 0.083**
-+0.028 + 0.032

+0.008 + 0.050 -+0.011 £ 0.053

Exposure x TIME, y14 —0.011 £+ 0.014 —0.008 + 0.015
Log.(TRAILS A)
Exposure, yoq +0.020 £ 0.016 —0.004 + 0.017

Exposure x TIME, y;4 +0.0002 + 0.0052
Log.(TRAILS B)

Exposure, ygq

-+0.0002 + 0.0040

+0.085 + 0.027*** +0.038 + 0.028

Exposure x TIME, y14 —0.004 + 0.006 —0.006 + 0.007
White adults (N=334,k = (N=334,k =
1.6-1.8) 1.6-1.8)
Outcome = Cognitive performance
test score
Normalized MMSE
Exposure, yoq —2.165 + 0.915** —0.676 + 0.865

Exposure x TIME, y;4
CVLT-List A
Exposure, ygq
Exposure x TIME, y14
CVLT-DFR

Exposure, ygq
Exposure x TIME, y14
BVRT

Exposure, ygq
Exposure x TIME, 714
BTA

Exposure, ygq

+0.534 + 0.249** +0.644 + 0.275**

—0.428 + 0.443
+0.014 £ 0.129

—0.101 + 0.463
+0.083 + 0.144

—0.1159 £ 0.2019
—0.0196 + 0.0568

+0.068 £ 0.219
+0.031 £ 0.063

0.3219 + 0.2814
—0.0295 £ 0.0642

—0.279 £ 0.271
—0.086 + 0.072

—0.281 + 0.139**

Exposure x TIME, y;4 +0.0093 + 0.0397 +0.014 £+ 0.045
AF

Exposure, ygq —0.7927 +
0.3357**

-+0.0849 + 0.0783

—0.4920 + 0.3630
Exposure x TIME, y14 +0.0420 + 0.0890
DS-F

Exposure, ygq
Exposure x TIME, y;4
DS-B

Exposure, ygq

—0.1148 + 0.1382
0.0202 + 0.0353

—0.005 + 0.1360
-+0.0230 + 0.0400

—0.3589 +
0.1413**

—0.237 4+ 0.141*

(continued on next page)



M.A. Beydoun et al.

Table 2 (continued)

GDF15, pg/mL, (v; Log. transformed, z-

scored)
Model 1

Model 2

Exposure x TIME, y;,
CDT

Exposure, ygq
Exposure x TIME, y;4
Log.(TRAILS A)
Exposure, yoq
Exposure x TIME, y;4
Log.(TRAILS B)
Exposure, ygq

Exposure x TIME, y;4
African American adults

Outcome = Cognitive performance
test score
Normalized MMSE
Exposure, yoq
Exposure x TIME, y;,
CVLT-List A
Exposure, ygq
Exposure x TIME, y;4
CVLT-DFR
Exposure, ygq
Exposure x TIME, y;4
BVRT
Exposure, yoq
Exposure x TIME, yi4
BTA
Exposure, yoq
Exposure x TIME, yi4
AF
Exposure, ygq

Exposure x TIME, y;4
DS-F

Exposure, ygq
Exposure x TIME, y;4
DS-B

Exposure, ygq
Exposure x TIME, yi4
CDT

Exposure, yoq
Exposure x TIME, yi4
Log.(TRAILS A)
Exposure, yoq
Exposure x TIME, y;4
Log.(TRAILS B)
Exposure, yoq
Exposure x TIME, y;,

+0.0349 £ 0.0306

—0.0290 + 0.0753
—0.0221 £ 0.0237

0.0533 + 0.0224**
—0.0021 £ 0.0073

+0.1291 +
0.0396%%**
40.0263 + 0.0136
(N =442,k =
1.6-1.8)

—0.6277 + 0.7425
+0.0968 + 0.2028

—0.4792 £ 0.3324
+0.0849 + 0.0995

—0.2128 + 0.1586
+0.0239 =+ 0.0406

—0.0955 + 0.2655
0.0282 £ 0.0740

—0.2018 £ 0.1185*
+0.0174 &+ 0.0294

—0.6346 +
0.2687**
+0.0454 £ 0.0560

+0.0291 + 0.1102
—0.0040 £ 0.0237

—0.0723 £ 0.1011
+0.0318 £ 0.0249

0.0291 + 0.0684
—0.00214 £ 0.0178

—0.0073 + 0.0220
+0.0030 £ 0.0065

+0.0505 =+ 0.0380
—0.0010 + 0.0083

+0.044 + 0.035

+0.031 £ 0.081
—0.011 £ 0.027

+0.0320 + 0.0250
—0.007 £ 0.009

+0.089 + 0.041**
-+0.019 £ 0.011*

(N=442,k =
1.6-1.8)

—0.0820 + 0.6980
+0.1020 £ 0.2070

—0.0780 £ 0.3330
+0.0550 + 0.1060

+0.0310 £ 0.1590
—0.0050 + 0.0430

—0.3000 + 0.2720
+0.0230 + 0.0780

—0.108 + 0.122
+0.005 £ 0.031

—0.625 + 0.268**
+0.032 £ 0.091

—0.030 £+ 0.111
+0.003 £ 0.026

—0.0120 £ 0.1000
+0.0120 £ 0.0260

—0.0120 + 0.0710
+0.004 £ 0.019

—0.0270 + 0.0220
+0.002 + 0.007

+0.0140 £ 0.0380
—0.0030 + 0.0090

Abbreviations: AF = Animal Fluency; BTA = Brief Test of Attention; BVRT =
Benton Visual Retention Test; CDT = Clock Drawing Test; CES-D = Center for
Epidemiologic Studies-Depression; CVLT-DFR = California Verbal Learning
Test-Delayed Free Recall; CVLT-List A = California Verbal Learning Test-List A;
DS-B = Digits Span-Backward; DS-F = Digits Span-Forward; GDF15 = Plasma
growth/differentiation factor 15; HANDLS = Healthy Aging in Neighborhood of
Diversity across the Lifespan; HEI-2010 = Healthy Eating Index, 2010 version; k
= number of observations/participant; MMSE = Mini-Mental State Examination;
SD = Standard Deviation; SE = Standard Error; TRAILS A = Trailmaking Test,
Part A; TRAILS B = Trailmaking Test, Part B; WRAT-3 = Wide Range Achieve-
ment Test, 3rd revision; X = mean.

*p < 0.10; ** p < 0.05; *** p < 0.010; ****p < 0.001, test for null hypothesis of y
= 0. Shaded values passed q < 0.05 correction for multiple testing in Model 1.
@ Models 1A.1-1 K.2 included GDF15 (Log. transformed, z-scored) as the main
predictor for v1 cognitive performance and cognitive change over time (11 test
scores), using a series of mixed-effects linear regression models, carried out in
the overall population, and stratified by race. These models adjusted only for
age, sex, race, poverty status, and the inverse mills ratio. Models 2A.1-2 K.2
followed a similar approach but adjusted further for selected socio-
demographic, lifestyle and health-related factors, namely educational attain-
ment, the WRAT-3 score, current drug use, current tobacco use, body mass
index, self-rated health, co-morbidity index, HEI-2010, total energy intake, and
the CES-D total score. 1 SD of baseline Log.(GDF15) is estimated at 0.70; Mean
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= 6.55.

bp < 0.05 for Race x GDF15 in models that are unstratified by race to which this
2-way interaction was included.

¢ p < 0.05 for Race x GDF15 x TIME in models that are unstratified by race to
which this 3-way interaction was included.

GDF15 and AF remained statistically significant after further adjustment
for other socio-demographic, lifestyle and health-related factors (Model
1: yo6 = SE: —0.664 + 0.208, P < 0.001; Model 2, y¢ + SE: —0.498 +
0.217, P < 0.05), including literacy and educational attainment.
Extension of Model 2 with the addition of select medication use at
baseline did not alter this finding.

In models stratified by race, several additional findings emerged.
Among White adults, a higher GDF15 concentration was linked to
poorer performance in the domain of Attention (BTA), an association
that passed correction for multiple testing and remained statistically
significant at a type I error of 0.05 in the fully adjusted model (Model 1:
Yos + SE: —0.426 & 0.126, P < 0.001; Model 2, yo5 = SE: —0.281 +
0.139, P < 0.05), despite marked attenuation. This pattern of poorer
performance at baseline with higher GDF15 was also observed among
White adults for the executive function domain as represented by
Trailmaking test B, measured in seconds, Log, transformed (Model 1:
Yo11 SE: +0.129 + 0.040, P < 0.001; Model 2, Yo11 + SE: +0.089 +
0.041, P < 0.05). In other exploratory analyses, stratified separately by
sex, age group and poverty status, we found that, upon correction for
multiple testing in model 1 and further covariate adjustment in model 2,
GDF15 was associated with poorer baseline performance among women
in the case of global mental status (Normalized MMSE: Model 1: yo; +
SE: —2.617 + 0.746, P < 0.001; Model 2: y¢; + SE: —1.729 + 0.709, P <
0.05), and among participants living below poverty in the case of BTA
(Model 1: y9s + SE: —0.399 + 0.128, P < 0.001; Model 2, y¢5 + SE:
—0.319 + 0.134, P < 0.05). All other findings did not satisfy both
conditions. Nevertheless, most of these findings suggested homogeneous
effects of GDF15 across race, sex, age group and poverty status on both
baseline performance and annualized rate of changes, with only few
exceptions. The key results in the overall sample are depicted in Figs. 2
and 3. Fig. 2 shows the main baseline performance finding with AF and
GDF15, while Fig. 3 shows all the results in the overall sample, indi-
cating that most of these findings involved baseline GDF15 vs poorer
performance on several cognitive performance tests at baseline. In fact,
GDF15 was not associated with cognitive decline over time, particularly
upon correction for multiple testing.

6. Discussion
6.1. Main findings

This study is one of just a few to investigate serum GDF15 baseline
concentration in relation to cognitive performance over time, among
middle-aged adults. It is also the first to do so in a bi-racial urban cohort
of middle-aged men and women. Cognitive performance was measured
up to two times over a period of 4.3 years, with an average of 85 %
having complete data on both visits. The cognitive tests reflected global
mental status, as well as domains of visual and verbal memory, atten-
tion, and executive function. Our main findings indicated that higher
GDF15 was associated with poorer baseline performance on several
cognitive tests, including animal fluency (overall sample and women), a
brief test of attention (among White adults, women, and individuals
living below poverty), and Trailmaking test, part B (among White adults
and women), and global mental status in women, upon correction for
multiple testing and further adjustment for key covariates. We did not
detect an association between GDF15 and decline in cognitive perfor-
mance over time in this sample of middle-aged adults.
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Model 1

Predictive margins with 95% Cls

Model 2

Predictive margins with 95% Cls
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Fig. 2. Predictive margins of GDF15 vs cognitive
performance over time, Animal Fluency, overall ?
GDF15v; values are Log. transformed and z-scored.
Levels of exposure are —1: mean — 1SD; 0: at mean;

IS 1 +1: mean + 1SD. 1 SD of baseline Log.(GDF15) is
estimated at 0.70; Mean = 6.55. All test scores pre-
sented in these figures are coded in the direction of

© © higher score — better performance. Abbreviations: AF

- = = Animal Fluency; GDF15,; = Plasma GDF15 levels,
Log. transformed, z-scored at v;.
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Fig. 3. Summary of mixed-effect linear regression
models, reduced model (i.e. Model 1), overall Ab-
breviations: AF = Animal Fluency; BTA = Brief Test of
Attention; BVRT = Benton Visual Retention Test; CDT
= Clock Drawing Test; CVLT-DFR = California Verbal
Learning Test-Delayed Free Recall; CVLT-List A =
California Verbal Learning Test-List A; DS-B = Digits
Span-Backward; DS-F = Digits Span-Forward; FC =
Follow-up cognition; GDF15,; Plasma GDF15
levels, Log, transformed, z-scored at vi; TRAILS A =
Trailmaking Test, Part A; TRAILS B = Trailmaking
Test, part B. 1 SD of baseline Log.(GDF15) is esti-
mated at 0.70; Mean = 6.55.. BVRT, TRAILS A and B
are coded in the direction of higher score — poorer
performance. All other test scores are in the direction
of higher score — better performance. "Cognitive tests

+—3 were: 1. Normalized MMSE; 2.CVLT-List A; 3.CVLT-
DFR;4.BVRT;5.BTA;6.AF;7.DS-F;8.DS-B;9.CDT;10.
TRAILS A;11.TRAILS B.
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6.2. Previous studies and biological mechanisms

Our baseline findings agree with a previous study that reported in a
cross-sectional analysis that GDF15 was associated with cognition at
Wave 1 and processing speed, memory, and executive function in cross-
sectional analyses at Wave 2 (Fuchs et al., 2013). In this previous study,
participants were White, older (mean age 78.5) and were both cogni-
tively normal and diagnosed with MCI (Fuchs et al., 2013). The
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longitudinal analyses from this cohort were consistent with our longi-
tudinal analysis in finding only a trend in higher GDF15 at baseline with
global cognition, executive function, and processing speed. However, a
comparison of the extreme tertiles of GDF15 from the previous study
revealed that participants in the GDF15 upper tertile had lower memory
and executive function compared to participants in the lower tertile.
Importantly, Fuchs et al. showed participants with MCI, as well as those
who declined cognitively over 2 years from normal to MCI, had elevated
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levels of circulating GDF15. As this earlier cohort was older (mean age
78.5 at Wave 1) this data shows that GDF15 may have predictive value
for future cognitive decline in older at-risk adults. Concordantly, higher
GDF15 was recently reported to be associated with an elevated risk for
all-cause and AD dementia after a ~ 12 year follow up in older > 60 yrs
adults in the Framingham Offspring cohort (McGrath et al., 2020).

GDF15 plays a role in a variety of normal physiologic and pathologic
processes, however, the association of GDF15 and brain health is still
unclear. Circulating levels of GDF15 increase with age (Tanaka et al.,
2018), may be indicative of brain aging (Casanova et al., 2022), and are
associated with all-cause mortality (Desmedt et al., 2019; Xie et al.,
2019). Therefore, it may be that GDF15 orchestrates systemic age-
related inflammation, or is involved in a compensatory response in the
setting of tissue injury and cellular stress. Several lines of evidence
indicate that GDF15 may reflect subclinical brain injury or damage. For
example, GDF15 levels are associated with white matter hyper-
intensities (WMH) in the Framingham Offspring cohort (Andersson
et al.,, 2015; McGrath et al., 2020), and was a marker of cognitive
impairment and AD in patients with WMH (Chai et al., 2016). GDF15
and 6 other inflammatory markers were used to make an inflammatory
compositive score, which was found in the MarkVCID cohort of cogni-
tively normal and MCI participants to be associated with WMH (Alten-
dahl et al., 2020). However, GDF15 was not associated with WMH in the
MAS study (Jiang et al., 2015a) but was associated with atrophy in
subcortical and cortical gray matter (Jiang et al., 2015b). Higher GDF15
was also related to lower total brain and hippocampal volumes in
another study of adults > 60 yrs (McGrath et al., 2020). Therefore, it
may be that elevated GDF15 reflects subclinical brain injury or damage,
but more studies are warranted to fully understand.

Studies in rodents point to a beneficial role of GDF15 in promoting
brain health, which may reflect its recent discovery as a ligand of the
putative neuroprotective receptor GFRAL (Emmerson et al., 2017).
Specifically, GDF15 knock-out mice have defects in migration and pro-
liferation of hippocampal precursor cells and progressive loss of moto-
neurons (Carrillo-Garcia et al., 2014; Strelau et al., 2009). GDF15 has
also been posited to be a protective factor against neuronal injury,
promote regeneration of neurons and axonal elongation (Jiang et al.,
2021; Schindowski et al., 2011; Strelau et al., 2009). Recently, it was
reported GDF15 can enhance the ability of microglial cells to clear
amyloid beta both in vitro in cultured microglial cells and in vivo in an AD
mouse model (Kim et al., 2018). Collectively, these data point to a
pivotal and complex neuroprotective role for GDF15. Yet, we still do not
fully understand if higher systemic levels of GDF15 may reflect a caus-
ative or compensatory response in the setting of neurodegenerative
disorders. Nevertheless, it is important to examine the relationship be-
tween GDF15 and cognition at midlife since quantifying GDF15 may be
an attractive non-invasive biomarker of cognitive decline. This would
aid in identifying individuals at risk for AD, ADRD and other neurode-
generative diseases.

A recent review suggests that in rodent models elevated GDF15 has a
net effect of reducing food intake and BMI, by binding to GFRAL and
recruitment of the RET tyrosine kinase receptor in the hindbrain (Wang
et al., 2021). The association of GDF15 with BMI was shown to be in-
dependent of appetite-regulating hormones, such as leptin and ghrelin,
making it an important target for human obesity and many associated
metabolic disorders (Wang et al., 2021). The association of BMI with
age-related cognitive decline has been shown to be a complex rela-
tionship as well, depending on the age group of individuals who are
followed up over time. At mid-life, obesity is generally shown to be
directly related to cognitive impairment with age, while at older ages,
underweight is shown to predict future risk of cognitive impairment,
including incidence of dementia (Beydoun et al., 2008; Beydoun and
Kivimaki, 2020). Thus, the role of GDF15 in cognition may be modu-
lated by baseline BMI. In our present study, we have accounted for BMI,
which was weakly and inversely related to GDF15 (Pearson’s r = -0.06
between Log, transformed GDF15 and BMI, p = 0.07). Nevertheless, it is
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worth noting that the average BMI in our study sample is markedly
greater than the mean BMI observed in other national studies of middle-
aged adults, including the more recent National Health and Nutrition
Examination Surveys (Wang et al., 2020). Therefore, our results may
only be generalizable to similar populations of ethnically and socio-
economically diverse urban adults.

6.3. Strengths and limitations

There are several notable strengths to our study. First, GDF15 was
measured in relation to cognition in a community-based population and
was among the first to do so in a cohort of middle-aged adults. In
addition, serum GDF15 was detected and quantified in non-demented
individuals, most studies thus far have examined GDF15 in cognitively
normal and patients with MCIL. Therefore, our data add value to utilizing
this biomarker as an early marker to monitor cognitive decline over
time. Second, we included in our analysis an extensive battery of
cognitive tests that spanned many aspects of cognition as well as
measuring global mental status. Additionally, we had access to test
scores at up to two visits, approximately 4 years apart. Third, the well-
balanced sampling of HANDLS allowed for stratification of our analyses
by race, sex, and poverty status. Fourth, we used advanced statistical
techniques, including mixed-effects linear regression models, multiple
imputation, and 2-stage Heckman selection to test our key hypotheses,
while reducing confounding and selection biases. Both a strength and
limitation to our study is that our sample is younger compared to pre-
vious studies that examined these questions in older adults. In our
younger cohort cognitive decline was limited and was only evident
above the age of 50y. This may have reduced our ability to detect an
association between GDF15 at v; and change in cognitive function in the
overall population. The short follow-up in this younger cohort and the
small number of repeats, may also have reduced the ability to utilize
GDF15 as a predictor of cognitive decline in this cohort. However, our
results do indicate that GDF15 may correlate with decreased cognitive
performance at a single point in time, indicating a potential acute as-
sociation with performance rather than an effect on change over time. A
larger number of repeats may have yielded a different result with respect
to the association between GDF15 and cognitive change in this study
population. Finally, residual confounding in an observational study such
as ours is a major limitation, especially that we were unable to control
for physical exercise, which was not measured at the baseline HANDLS
visit. In fact, previous studies have shown that physical exercise tended
to increase circulating GDF15 concentrations, while markedly reducing
the rate of age-related cognitive decline (Beydoun et al., 2014; Kleinert
et al., 2018). Other factors such as psychotropic medications were also
not readily available at the baseline visit, while still others including
supplement use were only made available at the follow-up visit.

7. Conclusions

In sum, we detected cross-sectional associations between higher
GDF15 and poorer cognition. In a short-term follow-up (~4 yrs), GDF15
did not predict rate of change in cognitive performance over time among
a sample of middle-aged adults. More longitudinal studies with longer
follow-up times are needed to address the clinical utility of this
biomarker for early cognitive defects.
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