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Background: Previous observational studies have suggested that associations exist
between growth differentiation factor 15 (GDF-15) and neurodegenerative diseases. We
aimed to investigate the causal relationships between GDF-15 and Alzheimer’s disease
(AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS).

Methods: Using summary-level datasets from genome-wide association studies of
European ancestry, we performed a two-sample Mendelian randomization (MR) study.
Genetic variants significantly associated (p < 5 × 10−8) with GDF-15 were selected as
instrumental variables (n = 5). An inverse-variance weighted method was implemented
as the primary MR approach, while weighted median, MR–Egger, leave-one-out
analysis, and Cochran’s Q-test were conducted as sensitivity analyses. All analyses were
performed using R 3.6.1 with relevant packages.

Results: MR provided evidence for the association of elevated GDF-15 levels with a
higher risk of AD (odds ratio = 1.14; 95% confidence interval, 1.04–1.24; p = 0.004). In
the reverse direction, Mendelian randomization suggested no causal effect of genetically
proxied risk of AD on circulating GDF-15 (p = 0.450). The causal effects of GDF-15 on
PD (p = 0.597) or ALS (p = 0.120) were not identified, and the MR results likewise did not
support the association of genetic liability to PD or ALS with genetically predicted levels
of GDF-15. No evident heterogeneity or horizontal pleiotropy was revealed by multiple
sensitivity analyses.

Conclusion: We highlighted the role of GDF-15 in AD as altogether a promising
diagnostic marker and a therapeutic target.

Keywords: Alzheimer’s disease, growth differentiation factor 15, Parkinson’s disease, amyotrophic lateral
sclerosis, mendelian randomization, genetic epidemiology
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INTRODUCTION

Alzheimer’s disease (AD), Parkinson’s disease (PD),
and amyotrophic lateral sclerosis (ALS) are common
neurodegenerative diseases of aging populations, which lead to
the growing healthcare burden worldwide. Most clinical trials
targeting potential biochemical pathways in AD, PD, and ALS or
modifiable lifestyle factors have failed, leaving merely a handful
of medications to ease patient suffering partially or transiently
so far (Dorst et al., 2018; Piton et al., 2018; de Bie et al., 2020).
Researchers are dedicated to seeking treatments to slow the
progression or prevent the onset of these diseases. Identifying
causal factors, especially biomarkers, provides promising hints at
the possibility of effective and efficient intervention targets.

Growth differentiation factor 15 (GDF-15) belongs to the
transforming growth factor-β superfamily (Bootcov et al., 1997).
GDF-15 is a cytokine produced in response to inflammatory
stressors and has been postulated to associate with healthy aging
(Conte et al., 2019, 2020a) and age-related diseases (Ban et al.,
2017; Nohara et al., 2019; McGrath et al., 2020; Miyaue et al.,
2020; Yue et al., 2020). In the central nervous system, GDF-15
can be produced by lesioned neurons and microglial cells and
plays regulatory roles in inflammation (Unsicker et al., 2013).
Notably, the role of microglial cells and neuroinflammation in
neurodegenerative diseases, especially AD, has been extensively
reported (Bartels et al., 2020; Leng and Edison, 2021). Several
functional studies (Kim et al., 2015, 2018) reported that GDF-
15 was implicated in the Aβ clearance ability of microglial cells.
GDF-15 might be linked with neurodegeneration and affects the
risk of neurodegenerative diseases.

Previous clinical studies (Chai et al., 2016; McGrath et al.,
2020) have also suggested the association of circulating GDF-15
with AD. From a recent prospective study (McGrath et al., 2020),
higher circulating GDF-15 was associated with an increased risk
of incident AD (hazard ratio = 1.37; p = 0.03), but it should
be noted that prior smaller cohorts were prone to confounding
bias (i.e., healthy conditions and socioeconomic status), and
validation of their findings in a larger sample size is required.
Studies exploring the relationship between GDF-15 and PD
(Davis et al., 2020; Miyaue et al., 2020) and ALS (Ban et al.,
2017; Nohara et al., 2019; Yue et al., 2020) likewise failed to draw
concrete conclusions. Triangulating evidence across studies with
different designs and an augmented sample size is essential to
elucidate the role of GDF-15 in AD, PD, and ALS.

Mendelian randomization (MR) is emergingly utilized as
an efficient tool to explore the causal relationships between
a wide spectrum of exposures, including serum biomarkers,
and diseases of interest (Hemani et al., 2018; Liu et al., 2019;
He et al., 2020; Zhang et al., 2020). MR is not susceptible to
unmeasured confounding factors as traditional observational
studies are and has the advantage of overcoming issues of reverse
causation (Walker et al., 2019). Single-nucleotide polymorphisms
(SNPs) associated with serum GDF-15 levels reaching genome-
wide significance (P < 5 × 10−8) have been reported
(Jiang et al., 2018). These SNPs can be employed as genetic
instruments, and corresponding association data from genome-
wide association studies (GWAS) of AD (Kunkle et al., 2019), PD

(Nalls et al., 2019), and ALS (Nicolas et al., 2018) are accessible.
Here we conducted a two-sample MR study to explore the causal
relationship between GDF-15 and AD, PD, and ALS.

MATERIALS AND METHODS

This study was based on publicly accessible datasets, with the
informed consent from the participants having been completed
by the original study investigators. A schematic of the MR design
is presented in Figure 1.

Instrumental Variables for GDF-15
Summary association statistics for GDF-15 serum concentrations
were retrieved from one GWAS (Jiang et al., 2018) conducted
in a European population. Four original cohorts underlying the
meta-analysis incorporated the Framingham Offspring Cohort
(Ho et al., 2012), the Vasculature in Uppsala Seniors Study
(Lind et al., 2009), the Northern Sweden Population Health
Study (Ek et al., 2016), and the Sydney Memory and Aging
Study (Sachdev et al., 2010). About half of the sample of the
GWAS (Jiang et al., 2018) consisted of participants from the
Framingham Offspring Cohort (n = 2,796). The other three
cohorts were comprised of randomly recruited community-
dwelling participants (∼900 in each cohort). In total, the
meta-analysis comprised 5,440 participants with a mean age of
62.1 years, among which 53.1% were female (Supplementary
Table 1). The inverse normal transformation was applied,
and one standard deviation (SD) of GDF-15 blood levels was
approximated as 625.0 pg/ml using immunoassays as previously
described (Jiang et al., 2015). Five SNPs reaching genome-wide
significance (P < 5 × 10−8) were kept as instrumental variables
(Supplementary Table 2). The effect size (Beta) was presented
in a unit of SD change in GDF-15 levels per additional effect
allele. In the reverse MR investigating whether there were causal
effects of neurodegenerative diseases on circulating GDF-15
levels (Sinnott-Armstrong et al., 2021), genetic association data
were summarized in Supplementary Table 3.

Summary Statistics of AD
Genetic associations with AD were retrieved from the recent
GWAS by the International Genomics of Alzheimer’s Project
(Kunkle et al., 2019). This study included 46 case–control
cohorts into the discovery sample, which consisted of 21,982
clinically diagnosed cases and 41,944 controls. The mean ages
of cases and controls were 72.9 and 72.4 years, respectively,
while the percentages of females were 61.3 and 57.1%,
respectively. All participants were non-Hispanic Whites. After
quality control and imputation with the European reference
panel, 1,000 Genomes Project (Genomes Project Consortium,
Auton et al., 2015), the meta-analysis incorporated 9,456,058
common variants (minor allele frequency ≥ 0.01) and 2,024,574
rare variants. The cases were restricted to late-onset AD
(onset age > 65 years) as diagnosed by neurologists. The
controls were all cognitively normal, excluding mild cognitive
impairment. In total, 21 genome-wide significant variants
(P≤5× 10−8) were reported and further utilized as instrumental
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FIGURE 1 | Schematic of the Mendelian randomization study. Three key assumptions underlie the MR study. For illustration, when exploring the causal effect of
GDF-15 on AD, genome-wide significant SNPs (P < 5 × 10–8) associated with GDF-15 were firstly collected, namely, the relevance assumption. Second, the
independence assumption is inherently met given the MR design. Randomized allocation of risk alleles occurs in gamete formation, which far precedes the onset of
AD, and is not susceptible to intervening factors in later life as commonly exist in the traditional observational studies. Third, instrumental variables exert their
influence on AD only via the GDF-15 pathway, known as the exclusion–restriction assumption. MR sensitivity analyses were performed to examine horizontal
pleiotropic effects and validate the robustness of the overall estimate. AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; GDF-15, growth differentiation
factor 15; MR, Mendelian randomization; PD, Parkinson’s disease; SNP, single-nucleotide polymorphism.

SNPs (Supplementary Table 3) when examining the effect of
genetically determined liability to AD on circulating GDF-
15 levels.

Summary Statistics of PD
The summary-level association data for PD were obtained from
the largest GWAS by the International Parkinson’s Disease
Genomics Consortium (Nalls et al., 2019). There were 17
datasets in the European ancestry meta-analysis, among which
summary statistics for 33,674 cases and 449,056 controls were
publicly accessible (excluding the 23andMe cohort). The PD cases
incorporated both clinically ascertained cases and parental proxy
cases from the UK Biobank since self-reported parental history
for case ascertainment has been shown as a valid proxy for genetic
studies PD in the UK Biobank (Liu et al., 2017). The discovery
stage included ∼7.8 million SNPs after routine quality control,
from which we retrieved corresponding genetic association data
for instrumental SNPs of GDF-15 (Supplementary Table 2) and
selected 23 independent SNPs (P≤ 5× 10−8) as proxies for PD in
the MR analysis of genetically predicted risk of PD on circulating
GDF-15 (Supplementary Table 3).

Summary Statistics of ALS
Summary statistics were obtained from a large-scale
GWAS involving 20,806 ALS cases and 59,804 controls

(Nicolas et al., 2018). The dataset was downloaded from ALS
Variant Server.1 The mean ages of cases and controls were 59.8
and 63.4 years, respectively, while the percentages of females
were 41.7 and 69.6%, respectively. The cases were confirmed
according to the El Escorial criteria (Hardiman, 2021) by
neurologists specializing in ALS, whereas neurologically normal
controls were of non-Hispanic white ethnicity mainly from
the database of genotypes and phenotypes of NCBI (73.6%).
From the final meta-analysis, with 10,031,630 variants included,
we obtained six instrumental SNPs associated with ALS at a
genome-wide significance level (P ≤ 5 × 10−8) to investigate
the effect of genetically proxied liability to ALS on circulating
GDF-15 (Supplementary Table 3).

Statistical Analysis
MR analyses were implemented using the R language, version
3.6.1 (R Foundation for Statistical Computing, Vienna, Austria),
with the TwoSampleMR (version 0.5.3) package (Hemani et al.,
2018; Walker et al., 2019) and the MendelianRandomization
(version 0.5.0) package (Broadbent et al., 2020). For each
instrumental variable, the Wald ratio was calculated by dividing
the SNP outcome association by the SNP exposure coefficient.
Given the SNP exposure effect size Xk and its standard

1http://als.umassmed.edu/
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error σXk and the SNP outcome statistics Yk and σYk , the
MR estimate can be derived by the Wald ratio Yk/Xk with
its standard error σYk/Xk. Then, the primary MR method,
the inverse-variance weighted (IVW) model (Burgess et al.,
2013), gave an overall estimate β̂MR and its standard error
σ̂MR using the formula: β̂MR and σ̂MR =

√
1/

∑
X2
kσ
−2
Yk . The

r-value matrix which measured the=
∑

XkYkσ
−2
Yk /

∑
X2
kσ
−2
Yk

linkage disequilibrium between instrumental SNPs for GDF-15
(Supplementary Table 4) was input into the modified IVW
model (Burgess et al., 2016) to generate a causal estimate
adjusted for correlations between instrumental SNPs. The
IVW estimates would be biased if not all variants are valid
or if an unbalanced pleiotropy exists (Burgess et al., 2019),
and hence additional MR methods were also implemented.
The weighted median estimator pooled effects of individual
variants efficiently under the prerequisite that more than
50% of the weight came from valid instrumental variables
(Bowden et al., 2016). MR–Egger methods were capable of
identifying pleiotropic effects and yielding overall estimates
(MR–Egger slope) adjusted for them (Bowden et al., 2015),
whereas the MR–Egger intercept could be used to measure
the unbalanced horizontal pleiotropy. We further performed
leave-one-out analysis, and I2 statistics given by Cochran’s
Q-test were employed to evaluate heterogeneous effects within
instrumental variants (Greco et al., 2015; Bowden et al., 2018).
A posterior power calculation was performed using mRnd
(Brion et al., 2013) at the given significance level of 0.05 and
statistical power of 80%. Forest plots and scatter plots were
generated to visualize overall causal estimates, where the odds
ratio (OR) and 95% confidence interval (CI) represented the
risk of AD, PD, or ALS per one SD increase in circulating
GDF-15 concentrations, and the Beta and 95% CI represented
a change in GDF-15 per one-unit increase in the log-OR
of neurodegenerative diseases in the bidirectional MR. The
significance threshold was P < 0.05/6, corrected by the
Bonferroni method.

RESULTS

Primary MR Investigating the Effect of
GDF-15 on AD
Overall, The MR results suggested that elevated serum GDF-
15 levels were associated with a higher AD risk. By the IVW
method (Figure 2), the OR of AD was 1.14 (95% CI, 1.04–
1.24; p = 0.004) per one SD increment in genetically predicted
concentrations of GDF-15. The weighted median estimator also
provided suggestive evidence for the relationship (OR = 1.12;
95% CI, 1.02–1.23; p = 0.023) but failed to reach Bonferroni
significance. Notably, Cochran’s Q-test (I2 = 32.5%, p = 0.205)
and MR–Egger regression (intercept = −0.045, p = 0.323)
indicated no existence of pleiotropic or outlying variant which
would drive the overall estimate disproportionately. In this case,
weighted median and MR–Egger regression were not likely to
generate as precise estimates as the IVW approach. According to
our power estimation, given the variance of GDF-15 explained by

instrumental variables of 21.5%, the MR analysis has sufficient
power (> 80%) to detect a large effect size (OR > 1.057
or OR < 0.945). Although no heterogenous variants were
revealed in the scatter plot (Figure 3) and leave-one-out analysis
(Figure 4), the causal estimates given by Wald ratios from
both rs3195944 (OR = 1.25; 95% CI, 1.06–1.48; p = 0.007) and
rs1227731 (OR = 1.26; 95% CI, 1.08–1.46; p = 0.003) were notably
nominally significant (p < 0.05) when examining the effect of
GDF-15 on AD mediated by individual SNP (Supplementary
Table 5). After searching the Ensemble and dbSNP databases,
rs3195944 (chr19:18476711) was located in the last exon (3′
UTR) of PGPEP1 (transcript NM_017712, c.∗2318A > G), and
rs1227731 (chr19:18497903) was located in the intron between
the only two exons of GDF15 (transcript NM_004864, 627 bp
downstream of exon 1 and 1,192 bp upstream of exon 2). Albeit
in non-coding regions, given the proximity and the specificity
of their locations (Supplementary Figure 1), both variants were
candidates to regulate the transcription of the closest genes and
hence contribute to the mechanism of effect for circulating GDF-
15 on AD risk.

Reverse MR Exploring the Association of
AD With GDF-15
In the reverse direction, MR analyses (Supplementary Figure 2)
did not support the causal effect of the genetically determined
risk of AD on circulating levels of GDF-15. A one-unit increase in
log-OR of AD was associated with 0.011 SD change in circulating
GDF-15 (95% CI,−0.018to 0.041; p = 0.450) by the IVW method.
Scatter plots (Supplementary Figure 3) and leave-one-out plots
(Supplementary Figure 4) suggested that no specific variant
drove the overall estimate disproportionately. The MR–Egger
intercept (intercept = 0.006, p = 0.202) and Cochran’s Q-test
(I2 = 21.3%, p = 0.186) indicated no existence of horizontal
pleiotropy or obvious heterogeneity.

GDF-15 in Relation to PD and ALS
The MR analyses did not support the relationship between GDF-
15 and PD or ALS (Figure 2). A change in the concentrations of
serum GDF-15 was not associated with the risk of PD (OR = 1.02;
95% CI, 0.94–1.11), as the estimate was not statistically significant
(p = 0.597). There was likewise no causal effect of GDF-15 on
the risk of ALS (OR = 0.96; 95% CI, 0.90–1.01; p = 0.120)
per one-SD increase in GDF-15 levels. Additional MR methods
provided consistent results. Furthermore, no heterogeneity was
identified in the MR analysis on PD (Q = 2.27, p = 0.685) or
ALS (Q = 0.16, p = 0.997), and no pleiotropy was detected for
PD (intercept = 0.016, p = 0.683) or ALS (intercept = −0.005,
p = 0.849). Nevertheless, this study would be underpowered
to detect the OR intervals of 0.966–1.034 for PD and 0.952–
1.049 for ALS.

The reverse MR exploring the effect of genetically predicted
liability to PD or ALS on circulating GDF-15 (Supplementary
Figure 2) did not provide statistically significant evidence for
the causal relationships. The change in circulating GDF-
15 was 0.028 SD (95% CI, −0.001 to 0.058; p = 0.062)
per one-unit increase in log-OR of PD, whereas it was
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FIGURE 2 | Association of genetically predicted GDF-15 with three neurodegenerative diseases by Mendelian randomization approaches. Elevated levels of
circulating GDF-15 were associated with a higher AD risk (OR = 1.14; 95% CI, 1.04–1.24; P = 0.004) per one SD increase in GDF-15, whereas there were no causal
effects of GDF-15 on PD and ALS. AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CI, confidence interval; GDF-15, growth differentiation factor 15; IVW,
inverse-variance weighted model; OR, odds ratio; PD, Parkinson’s disease.

FIGURE 3 | Scatter plots showing the effects of GDF-15 on three neurodegenerative diseases. No evident outlier SNPs were present in the Mendelian randomization
analyses of GDF-15 on the risk of Alzheimer’s disease (A), Parkinson’s disease (B), and amyotrophic lateral sclerosis (C). As delineated by fitted lines, overall causal
estimates were given by the IVW method (red solid line), weighted median (blue dotted line), and MR–Egger slope (green dashed lines). Individual SNP (black point)
with its effect on the risk of neurodegenerative diseases (vertical line) against its effect on circulating levels of GDF-15 (horizontal line) was depicted in the
background. AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; CI, confidence interval; GDF-15, growth differentiation factor 15; IVW, inverse-variance
weighted model; PD, Parkinson’s disease; SNP, single-nucleotide polymorphism.

−0.002 SD (95% CI, −0.078 to 0.075; p = 0.966) for ALS.
Multiple sensitivity analyses (Supplementary Figures 3,
4 and Supplementary Table 6) demonstrated no evident
heterogeneity or pleiotropy and suggested the general
robustness of IVW estimates for the association of PD and
ALS with GDF-15.

DISCUSSION

Our study found that genetically predicted circulating GDF-
15 was associated with the risk of AD, but not PD or
ALS. To the best of our knowledge, no studies before
have employed MR to investigate the association of GDF-15
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FIGURE 4 | Leave-one-out plots in the Mendelian randomization sensitivity analyses of GDF-15 on three neurodegenerative diseases. There was no evidence of
obvious heterogeneity, indicating that no specific SNP alone accounted for the association of GDF-15 with Alzheimer’s disease (A), Parkinson’s disease (B), and
amyotrophic lateral sclerosis (C). The IVW causal estimate and how the overall estimate (red horizontal line) was disproportionately driven, which is influenced by the
removal of a single variant (black horizontal line), were visualized. AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; GDF-15, growth differentiation factor
15; IVW, inverse-variance weighted model; PD, Parkinson’s disease.

with neurodegenerative diseases. Several observational studies
(Kim et al., 2015; Conte et al., 2020b; McGrath et al., 2020) have
tried to establish the relationship between serum GDF-15 and
AD. One study conducted in a dementia-free Framingham
cohort, among 1,603 participants of European ancestry with a
median of 11.8-year follow-up (McGrath et al., 2020), suggested
that elevated GDF-15 was associated with a higher risk of AD
(hazard ratio = 1.37 per SD increase in natural log-transformed
value; 95% CI, 1.03–1.81; p = 0.03), implicating its predictive
value as a novel AD biomarker. Another recent study (Conte
et al., 2020b) among 120 Italian AD patients did not observe
a difference in the plasma levels of GDF-15 in comparison to
healthy aging controls; nevertheless, this study confirmed its
positive correlation with age in healthy participants, indicating
a possible role of GDF-15 in normal aging. Studies in other
populations are scarce. Chai et al. (2016) identified an association
of GDF-15 with AD in Southeast Asians. To be specific, using a
tertile categorization with two cut-points of 902 and 1,563 pg/ml,
the relationship between GDF-15 and AD (OR = 4.93; 95% CI,
1.31–18.61) in the highest (third) tertile was reported with the
lowest tertile as the reference group. These cohort or case–control

studies are notably prone to confounding bias and limited by
sample size and cannot establish the causal role of GDF-15 in
AD convincingly.

In addition to clinical studies, researchers (Kim et al., 2015,
2018) have explored the potential mechanism implicated in the
effect of GDF-15 on AD. Using human umbilical cord blood-
derived mesenchymal stem cells (Kim et al., 2015), GDF-15 was
found to be associated with the proliferation of neural stem
cells and neuronal differentiation and involved in hippocampal
neurogenesis. Furthermore, using the 5XFAD mouse model
(Kim et al., 2018), GDF-15 was implicated in Aβ clearance
by microglia cells, and GDF-15 affected the expression of
IDE (encoding the protein Insulin-Degrading Enzyme, IDE).
TGFβRII (TGFβ receptor type II), which is mainly expressed
in microglia and neurons, serves as the mediator and receptor
and bridges the effect of GDF-15 on IDE. IDE is required
downstream for Aβ degradation in neurons and microglial
cells (Pivovarova et al., 2016) and hence plays a role in the
pathogenesis of AD. The pathway from GDF-15 to TGFβRII
to IDE as a potential therapeutic target for AD warrants
further investigation.
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As for the relationship between GDF-15 and PD, elevated
levels of GDF-15 were observed in PD patients compared to
age-matched controls (1,472 vs. 1,093 pg/ml, p = 0.034) in a
Japanese cohort (Miyaue et al., 2020). Similarly, in Chinese Han
populations, an earlier study (Yao et al., 2017) reported the
difference and found that GDF-15 was an independent risk factor
for the Unified PD Rating Scale-III score, further suggesting
its association with disease severity. As for the participants of
European ancestry, however, one recent study (Davis et al.,
2020) failed to identify GDF-15 as a biomarker for PD. One
reason may be that these studies had relatively small sample sizes
of participants. Another reason is that population differences
between Europeans and Asians might exist.

There have not been enough studies (Nohara et al., 2019;
Straub et al., 2021) exploring the association of GDF-15 with
ALS so far. In a Japanese cohort (Nohara et al., 2019) aimed at
studying the effect of GDF-15 on mitochondrial diseases, GDF-
15 was positively correlated with age (r = 0.72, p < 0.001) in
ALS patients. One recent study (Straub et al., 2021) investigating
the function of CHCHD10 in ALS demonstrated that GDF-15
was involved in the activation of the mitochondrial unfolded
protein response, which might contribute to the selective
vulnerability of motor neurons in the pathogenesis of ALS. More
studies are necessary to elucidate the relationship between GDF-
15 and PD and ALS.

The primary strength of this study lies in the application of
two-sample MR, which has benefits in circumventing residual
confounding, avoiding reverse causation, and enhancing power
by a large sample size. There are several limitations as well.
Firstly, genetic variant-proxied GDF-15 levels represent overall
serum levels across the lifespan. We should be cautious with
the effect estimate in regards to translational medicine and
pharmaceutical development, even if GDF-15 has the potential
to be a target, since drug treatment generally takes effect in
a smooth and transient fashion. The finding was also based
on European-ancestry datasets, and the participants in the
GWAS of GDF-15 were from four community-based cohorts,
whereas the participants in the GWAS of AD were from a
much larger population; great caution should be exercised in the
interpretation and generalization.

In conclusion, we highlighted the role of GDF-15 in AD
as a promising diagnostic marker and therapeutic target.

Triangulating evidence across clinical observational, genetic
epidemiological, and biological mechanistic studies is warranted
to shed light on whether targeting GDF-15 is an effective
treatment for AD, PD, and ALS.
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