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GDF-15 as a proxy for epigenetic aging: associations
with biological age markers, and physical function

Margalida Torrens-Mas - Cayetano Navas-Enamorado -

Aina Galmes-Panades - Luis Masmiquel - Andrés Sanchez-Polo -

Xavier Capo - Marta Gonzalez-Freire

Received: 17 October 2024 / Accepted: 28 November 2024
© The Author(s) 2024

Abstract Growth differentiation factor 15 (GDF-
15) has emerged as a significant biomarker of aging,
linked to various physiological and pathological
processes. This study investigates circulating GDF-
15 levels in a cohort of healthy individuals from
the Balearic Islands, exploring its associations with
biological age markers, including multiple DNA
methylation (DNAm) clocks, physical performance,
and other age-related biomarkers. Seventy-two
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participants were assessed for general health, body
composition, and physical function, with GDF-15 lev-
els quantified using ELISA. Our results indicate that
GDF-15 levels significantly increase with age, par-
ticularly in individuals over 60. Strong positive cor-
relations were observed between GDF-15 levels and
DNAm GrimAge, DNAm PhenoAge, Hannum, and
Zhang clocks, suggesting that GDF-15 could serve as
a proxy for epigenetic aging. Additionally, GDF-15
levels were linked to markers of impaired glycemic
control, systemic inflammation, and physical decline,
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including decreased lung function and grip strength,
especially in men. These findings highlight the use
of GDF-15 as a biomarker for aging and age-related
functional decline. Given that GDF-15 is easier to
measure than DNA methylation, it has the potential to
be more readily implemented in clinical settings for
broader health assessment and management.

Keywords GDF-15 - Aging - Biological aging -
Epigenetic clocks - Physical performance -
Inflammation

Introduction

Growth differentiation factor 15 (GDF-15) is a stress-
induced cytokine that belongs to the transforming
growth factor beta (TGF-f) family (Candia et al.
2021). Circulating GDF-15 levels are relatively low
under physiological conditions, although they rap-
idly increase in response to other cytokines, such as
interleukin 1 or tumor necrosis factor alpha (TNFa)
(Iglesias et al. 2023), tissue injury, or hypoxia, among
others (Candia et al. 2021; Wischhusen et al. 2020).
GDF-15 is believed to contribute to resolving inflam-
mation and protect cells from apoptosis (Candia et al.
2021; Iglesias et al. 2023; Pence 2022). As its recep-
tor has been found in the brainstem, evidence sug-
gest that GDF-15 also regulates energy homeostasis
through the control of appetite and body weight (Igle-
sias et al. 2023; Miyake et al. 2021).

Furthermore, GDF-15 levels have been positively
associated with the aging process. In fact, Tanaka
et al. (Tanaka et al. 2018) showed that this cytokine
had the strongest positive correlation with age in
humans, and several reports describe higher levels
of GDF-15 in older individuals (Semba et al. 2020;
Doerstling et al. 2018; Liu et al. 2020). Aging is char-
acterized by a decline in physiological function and
changes in body composition, being a major risk fac-
tor for a variety of chronic diseases. As such, GDF-15
is also associated with several age-related diseases,
including cardiovascular disease (Echouffo-Tcheugui
et al. 2021), cancer (Wischhusen et al. 2020), meta-
bolic syndrome (Ho et al. 2023; Carballo-Casla et al.
2022), or diabetes (Ouyang et al. 2020; Merchant
et al. 2023), among others (Candia et al. 2021; Igle-
sias et al. 2023). In addition, it has been proposed
as a biomarker for the risk of death in patients with
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cardiovascular conditions and an accurate all-cause
mortality marker (Candia et al. 2021; Iglesias et al.
2023; Nopp et al. 2021). GDF-15 has also been posi-
tively associated with deteriorated muscle function
and sarcopenia (Semba et al. 2020; Kim et al. 2022,
2020; Nakajima et al. 2019; Lee et al. 2022), a highly
prevalent condition among the elderly that increases
the risk of frailty (Picca et al. 2020).

It is widely accepted that human aging may be
influenced by epigenetic alterations (Lopez-Otin
et al. 2023). In this sense, age biomarkers based on
DNA methylation have proven useful in predicting
the risk of age-related diseases and mortality (Fran-
squet et al. 2019). Among several developed epige-
netic clocks, DNAm GrimAge has shown a higher
prediction capacity of mortality and morbidity risk
(Lu et al. 2022). Notably, GDF-15 is one of the mark-
ers included for the calculation of this clock (Lu et al.
2019). Thus, understanding the interplay between
GDF-15 and aging can be crucial for improving the
assessment of and management of age-associated
conditions.

For all this, the aim of this study was to charac-
terize the changes in circulating GDF-15 levels with
age in a population of healthy individuals from the
Balearic Islands and investigate its potential asso-
ciations with different epigenetic and biological
clocks, physical performance and other age-related
biomarkers.

Methods
Participant recruitment

The study included 72 participants from the Balearic
Islands Study of Aging (BILSA Study) recruited
from February 2022 to October 2022 in the Hospital
Universitari Son Espases. All individuals were sub-
jected to different physical tests and questionaries to
evaluate their general health status and physical per-
formance. The study was conducted according to the
“World Medical Association Declaration of Helsinki”
for research involving humans and was approved by
the ethics committee of the Balearic Islands (Com-
itt d’Etica de la Investigaci6 de les Illes Balears, IB
4337/20 PI). All individuals were properly informed
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about the study and its risks and signed the informed
consent.

The exclusion criteria included cognitive impair-
ment, muscle or neuromuscular diseases, and a his-
tory of cancer within the previous ten years. Con-
trolled diseases such as hypertension, diabetes, or
hypercholesterolemia were included, as well as for-
mer smokers or light smokers. To avoid any increase
in inflammatory markers in the blood that might have
an impact on the outcomes, participants were also
told not to exercise 24 h before to the study. All indi-
viduals were properly informed about the study and
its risks and signed the informed consent.

Blood and buffy coat samples were obtained from
each participant and stored at -80 °C at the Biobank
Unit until use. Clinical data of the individuals
included in this study include age, gender, smoking
habit, comorbidities, and a general blood test in fast-
ing conditions.

Health questionnaires

Self-perceived health was assessed using a standard-
ized questionnaire with a single-item measure, asking
participants to rate their overall health on a five-point
Likert scale (Excellent, Very good, Good, Fair, Poor)
(ref) The data collection was conducted via [method],
ensuring anonymity and confidentiality. Frailty status
was evaluated using the Clinical Frailty Scale (CFS),
a nine-point scale ranging from 1 (Very Fit) to 9 (Ter-
minally Ill), based on clinical judgment and partici-
pant interviews (ref). Trained researchers assessed the
CFS, considering factors such as physical activity,
functional dependence, and the presence of comor-
bidities. Participants were categorized according to
their frailty status.

Physical performance tests

All individuals underwent a series of common physi-
cal performance tests, including the 4-m walking
speed, grip strength, and the 5-times sit-to-stand test.
A demonstration for every test was given to acquaint
the participants with the process. For the 4-m walk-
ing speed, there were marks on the floor that served
as the beginning and end marks, and each individual
was asked to walk this distance at their usual and fast
pace (Peel et al. 2013). Muscle strength was evalu-
ated using a hand dynamometer (KERN MAP 80 K1,

KERN, Germany), which was adjusted with known
weights for appropriate fit and comfort. Participants
were told to maintain a comfortable, still posture with
their arms, and both hands were used to complete the
test for a maximum of three tries. Then, the mean of
each arm was recorded as the grip strength (Carson
2018). Finally, for the chair test, the participants were
asked to rise five times from a seated position with
their back against a chair without using their arms
(Millor et al. 2013). They were told to move as quick
as possible, without moving their arms and without
stopping in between repeats. Each stand was counted
aloud to keep the participants focused.

Spirometry

A spirometer model Medi soft-5000 (Medi soft,
Sorinnes, Belgium) was used for forced spirometry,
and a disposable Lilly type transducer was used. The
accuracy of the device was checked every day. Focus-
ing on the lung function measures FEV1 (forced
expiratory volume in the first second), FVC (forced
vital capacity), and their ratio (FEVI1/FVC), the
spirometry parameters were measured as a percentage
of the expected values (Catalin et al. 2023).

Body composition

Body composition was analyzed for each participant
with the InBody 770 bioelectrical impedance analy-
sis (BIA) system (InBody Co. Ltd. In Korea). Prior
to the exam, participants were given instructions to
dress comfortably, not to wear any metal objects or
electronic medical devices, to abstain from drinking
at least two hours before the test and to fast for twelve
hours. Subjects lined up with the back foot electrode
while standing barefoot on the BIA equipment. They
were told to maintain their arms away from their sides
and to grip the hand electrodes until the exam was
concluded.

Determination of GDF-15 circulating levels

GDF-15 levels were measured using the Human
GDF-15 Quantikine® ELISA Kit (#DGD150, R&D
Systems) in plasma samples obtained from the 72
participants. Samples were diluted 1:4 with the
Calibrator Diluent according to the manufacturer’s
instructions and the protocol was followed as detailed
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in Torrens-Mas et al. (2022). All samples were run in
duplicate.

DNA methylation and epigenetic clock analysis

Using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) and the Zymo EZ DNA Methyla-
tion Kit (Zymo Research, Irvine, CA), genomic DNA
was isolated from blood samples and bisulfite con-
verted in accordance with the manufacturer’s instruc-
tions. Using the internal controls included in the
kit, the bisulfite conversion efficiency was assessed.
The Illumina Infinium MethylationEPIC BeadChip
array was used to assess the samples’ DNA meth-
ylation state (Illumina, San Diego, CA, USA). At
the Clock Foundation UK, hybridization, cleaning,
staining, and scanning of the arrays were carried out
in accordance with the manufacturer’s instructions.
Quality control (QC) steps included inspection of
sample-dependent and sample-independent control
probes, checking for sex mismatches, and filtering out
poor-quality samples and probes. Probes with detec-
tion p-values>0.01, non-CpG probes, and probes
located on the sex chromosomes were excluded from
the analysis. The specific epigenetic “clocks” chosen
for use in this study were those derived by Horvath
et al. (DNAm age and the Skin Blood clock) (Horvath
2013; Horvath et al. 2018), Hannum et al. (DNAm
age H) (Hannum et al. 2013), Levine et al. (DNAm
PhenoAge) (Levine et al. 2018), Zhang et al. (Zhang
etal. 2019), and Lu et al. (DNAm age G or GrimAge)
(Lu et al. 2019).

Measurement of plasma metabolites

Liquid chromatography tandem mass spectrometry
(LC-MS/MS) was used to quantify the metabolites
found in plasma samples. Following the manufactur-
er’s instructions, the absoluteIDQ p180 kit (Biocrates
Life Science AG, Innsbruck, Austria) was used to
extract metabolites and measure their concentrations
using a 6500 QTrap instrument (AB Sciex, Framing-
ham, MA, USA) connected to an Agilent 1290 infin-
ity UHPLC system (Agilent, Santa Clara, CA, USA).
The analysis did not include metabolites that were
detected below the limit of detection.
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Statistical analysis

Descriptive characteristics of the participants are
reported as the mean+the standard error of the
mean (SEM) or as percentages. Distribution of all
variables were examined through histograms and
boxplots. Normality was checked with the Shap-
iro-Wilk test. Non-normally distributed continu-
ous data were compared using the Kruskal-Wallis
test and the Dunn test for pairwise comparison. The
relationships between variables were studied using
Spearman or Pearson correlations. Multivariate
linear regression models were used to test the rela-
tionships and potential interactions between various
independent variables (GDF-15, age, and gender)
and the dependent variable of interest (body com-
position parameters and amino acids). All analyses
and plots were performed using RStudio 2024.04.1
(R Foundation for Statistical Computing, Vienna,
Austria).

Results
Study population

Table 1 shows a summary of the main character-
istics of the studied population. Of the 72 par-
ticipants, 37 (51%) were male and 35 (49%) were
female. The average age was similar between men
(48.7 years, range 23-79) and women (46.0 years,
range 20-85). There were no significant gender
differences in comorbidities such as hypertension,
hypercholesterolemia, obesity, or asthma.
Regarding body composition, a significant BMI
difference of 2.2 points was observed between men
and women (25.7 kg/m? vs. 23.5 kg/m?, p=0.007).
Soft lean mass and fat-free mass were also higher in
men (p<0.001), while women showed an increase
in fat percentage (p<0.001). No differences were
found in body fat mass (p=0.19), visceral fat area
(p=0.23), or waist-hip ratio (0=0.90). Finally,
muscle quality, as measured by the 50 kHz phase
angle, was higher in men than in women (p <0.001).
In terms of physical performance, women
showed a faster gait speed at a fast pace (2.30 m/s)
compared to men (2.12 m/s; p=0.009). Contrarily,
men exhibited significantly higher grip strength
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Table 1 Main

o Participants characteristics
characteristics of the

participants of the study Total Male Female p
N 72 37 35
Age (years) 47.4+1.68 48.7+2.32 46.0+2.46 0.422
Comorbidities
Hypertension 5 (6.94%) 3(8.11%) 2 (5.71%) 0.527
Hypercholesterolemia 9 (12.0%) 6 (16.2%) 3 (8.57%) 0.268
Obesity 4 (5.56%) 3(8.11%) 1(2.86%) 0.328
Asthma 5 (6.94%) 3(8.11%) 2 (5.71%) 0.527
Body composition
BMI (kg/m?) 24.7+0.42 25.7+0.53 23.5+0.61* 0.007
Body fat mass (kg) 16.8+0.82 15.7+1.08 179+1.23 0.191
Soft lean mass (kg) 51.2+1.33 59.1+1.38 42.6+1.13* <0.001
Fat free mass (kg) 54.3+1.40 62.6+1.45 45.2 +1.20% <0.001
Fat percentage (%) 23.6+1.00 19.8+1.11 27.7+1.41% <0.001
Visceral fat area (cm?) 772+4.41 71.1+£5.33 84.0+7.06 0.225
Waist Hip Ratio 0.90+0.01 0.90+0.01 0.90+0.01 0.895
50 kHz body phase angle 5.73+0.09 6.16+0.10 5.27 +0.09* <0.001
Physical performance
4-m gait speed, usual pace (m/s) 3.40+0.06 3.32+0.08 3.47+0.08 0.196
4-m gait speed, fast pace (m/s) 2.21+0.03 2.12+0.04 2.30+0.05% 0.009
Significant results are Chair test (s) 8.68+0.25 8.30+0.31 9.12+0.38 0.071
highlighted in bold Grip Strength (kg) 321+1.29 40.1+1.09 23.0 +1.12% <0.001
Student’s t-test: * statistical GDF-15 levels
difference between men and GDF-15 (pg/mL) 451+25.1 4644383 4394324 0.648

women (p-value <0.05)

(40.1 kg) than women (23.0 kg, p<0.001). There
were no differences in the gait speed at usual pace
or in the chair test.

GDF-15 levels increase with age and are associated
with different proxies of biological age

We first determined the levels of circulating GDF-
15 in the serum samples of all participants, analyz-
ing the differences between gender and various age
groups. GDF-15 levels significantly increased with
age, with individuals over 60 showing the highest
levels (Fig. 1a). Particularly, the 60 and above group
had greater levels of GDF-15 compared to the 20-29,
30-39, and 40-49 age groups, while no changes
were found with the 50-59 age group. Additionally,
there were no global differences between men and
women (Fig. 1b), only in the group of individuals
over 60 years men showed higher levels of GDF-15
than women (p=0.04). A positive correlation was
observed between age and GDF-15 levels (r=0.475,

p<0.001; Fig. 1c). This correlation was stronger in
men (r=0.622, p<0.001), while in women, it did not
reach statistical significance (r=0.319, p=0.062).
Next, we evaluated the association of circulating
GDF-15 levels with different established epigenetic
clocks. As shown in Fig. 2, GDF-15 was positively
associated with the biological age estimated with
different methods. Specifically, the stronger correla-
tion was seen with the DNAm PhenoAge (r=0.569,
p<0.001; Fig. 2a). The significance was maintained
in both genders, although the correlation was higher
in men (r=0.681, p<0.001) than in women (r=0.44,
p=0.008). We also found a strong -correlation
between GDF-15 levels and the aging rate (r=0.502,
p<0.001), calculated as the ratio between the Phe-
noAge and the chronological age (data not shown).
The epigenetic clocks defined by Horvath, Hannun,
and Zhang also showed a significant overall correla-
tion with GDF-15 (r=0.439, r=0.508, and r=0.514,
respectively, p<0.001; Fig. 2b, c, d). However, when
analyzed by gender, this association was only seen in

@ Springer
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Fig. 1 GDF-15 increase with age. a Boxplots showing
the GDF-15 levels in different age groups: 20-29 years,
30-39 years, 40-49 years, 50-59 years, and 60 and above
years. b GDF-15 levels in both genders. ¢ Scatterplot showing

our male cohort (r=0.565, r=0.660, and r=0.670,
respectively, p<0.001). Similarly, the GrimAge
and the Skin Blood Clock also showed a significant
global correlation with GDF-15 levels (»=0.502 and
r=0.522, p<0.001, respectively). Taking gender into
account, these correlations were only found in men
(r=0.631 and r=0.658), whereas in women they
were not statistically significant (r=0.349, p=0.068,
and r=0.339, p=0.078, respectively). No associa-
tions were found with other proxies of biological age,
such as the extrinsic epigenetic age acceleration or
the age acceleration residual. These results highlight
the association between GDF-15 circulating levels
and different measures of biological age, especially in
men.

We further explored the relationship between
GDF-15 levels and several epigenetically estimated
biomarkers, such as telomere length, GDF-15, FGF-
21, HGF, which have been previously associated with
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the correlation of log GDF-15 and age in both genders. A lin-
ear regression line has been adjusted globally. ns =not signifi-
cant

aging (Table 2). The levels of GDF-15 measured in
our cohort and the estimated levels of GDF-15 based
on DNA methylation showed a significant positive
correlation (r=0.534, p<0.001). Additionally, a
negative correlation was found between the levels of
circulating GDF-15 and telomere length (r=—0.476,
p<0.001). Unfortunately, we were only able to meas-
ure telomere length in half of the participants of our
cohort and did not observe the same trend. Serum
GDF-15 also correlated with the estimated levels of
FGF21 (r=0.456, p<0.001) and weakly with the
estimated levels of HGF (r=0.251, p=0.035).
Finally, we also analyzed the association of GDF-
15 levels with other proxies of biological age, includ-
ing self-perceived health and the frailty category
(Fig. 3). Interestingly, the self-perceived health cat-
egory, rated from 1 (fair) to 4 (excellent), showed a
slight but significant negative correlation with the
levels of GDF-15 (r=-0.265, p=0.024). In this line,



Biogerontology (2025) 26:22 Page 7of 14 22
a) b) c)
L ]
L
-
% 3 s
4 £
é g 3. Gender
£ o o -
a 4 w » Men
E s £ ® Women
g §
4 g g
=, B
B a o
. r=0.57 ° ®e r=0.51
p<0.001* #p <0.007*
" log GDF-15 " log GDF-15
d) e) f)
| A © )
L ]
. >
— z
< 5 2,
g z £
gv G 2]
o £ )
g 2. E
S %“
. S r=0.51 r=0.50 B . ,r=0.52
oo *p<0.007* ® p<0.001* " ° p<0.007*
“log GDF-15 " log GDF-15 *og GDF-15

Fig. 2 GDF-15 association with different epigenetic clocks.
Scatterplots showing the correlation of log GDF-15 with a
DNAm PhenoAge; b Horvath’s clock; ¢ Hannum’s clock;

Table 2 Correlation coefficients between GDF-15 levels (log-
transformed) and epigenetically estimated biomarkers

GDF-15 vs r p

Estimated GDF-15 0.534 <0.001*
Estimated Telomere length —0.476 <0.001*
Estimated FGF21 0.456 <0.001*
Estimated HGF 0.251 0.035*

Significant results are highlighted in bold

Pearson’s correlation: * significant correlation between vari-
ables (p-value <0.05)

the frailty category, ranging in our cohort from 1 (fit)
to 4 (living with very mild frailty), was positively
correlated with circulating GDF-15 levels (r=0.261,
p=0.027).

GDF-15 is related to pulmonary function and
physical function tests

To evaluate the connection of GDF-15 with func-
tional parameters, we tested whether its levels are
associated with pulmonary and physical function

d Zhang’s clock; e DNAmGrimAge estimation; and f Hor-
vath’s skin and blood clock. A linear regression line has been
adjusted globally

tests. A significant negative correlation was observed
between GDF-15 and the forced vital capacity
(r=-0.346, p=0.003, Fig. 4a) and the forced expira-
tory volume (r=-0.367, p=0.002, Fig. 4b). When
analyzed by gender, these associations were slightly
higher in men (r=-0.534, p<0.001; r=-0.533,
p<0.001, respectively) than in women (r=-0.456,
p=0.006; r=-0.392, p=022, respectively). We also
found an overall negative correlation with the grip
strength normalized by body weight (r=-0.366,
p=0.002, Fig. 4c), that was only significant in men
(r=-0.608, p<0.001).

Additionally, we found a positive correlation
between the 4-m gait speed at a fast pace with the lev-
els of GDF-15 (r=0.308, p=0.009, Fig. 4d). Again,
this association was only observed in men when tak-
ing gender into account (r=0.389, p=0.017).

GDF-15 levels are associated with body fat mass and
muscle quality

Table 3 shows the correlations between the levels
of GDF-15 and some measurements assessing body

@ Springer
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from 1 (fair) to 4 (excellent); and b Frailty category, ranging in
our cohort from 1 (fit) to 3 (living with very mild frailty)
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ume (FEV1); ¢ Grip strength normalized by body weight; d)
4-m gait speed at a fast pace. A linear regression line has been
adjusted globally
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Table 3 Correlation
coefficients between GDF-

Total (N=72)

Males (N=37)

Females (N=35)

15 levels (log-transformed) R p r p r p

and parameters of body

composition BMI 0.267 0.024* 0.386 0.018* 0.152 0.392
Waist-hip ratio 0.267 0.024* 0.429 0.008* 0.090 0.614
Body fat mass (kg) 0.349 0.003* 0.500 0.002* 0.198 0.262

Significant results are Body fat (%) 0.302 0.010* 0.460 0.004* 0.258 0.141

highlighted in bold Visceral fat area (cm?) 0.341 0.004* 0.512 0.001* 0.203 0.250

Pearson’s correlation: * Fat mass index 0.310 0.008* 0.472 0.003* 0.205 0.245

significant correlation Obesity degree 0.261 0.028* 0362  0.027* 0.161 0.363

between variables 50 kHz body phase angle ~ -0.256  0.031*  -0.500  0.001*  —0.128  0.472

(p-value <0.05)

composition. We found a significant positive associa-
tion between GDF-15 and several parameters related
to the fat mass and cardiovascular risk, including the
body mass index (r=0.267, p=0.024), the waist-
hip ratio(r=0.267, p=0.024), the body fat mass
(r=0.349, p=0.003), and the percentage of body fat
(r=0.302, p=0.010), the visceral fat area (r=0.341,
p=0.004), the fat mass index (r=0.310, p=0.008)
and the obesity degree (r=0.261, p=0.028). Inter-
estingly, these correlations were stronger in men, but
were not observed in women. Other parameters of
body composition, such as soft lean mass or fat free
mass, showed no correlation with the levels of GDF-
15. As parameters of body composition are strongly
affected by gender and age, Supplemental Table 1
summarizes the lineal model adjusted for these vari-
ables. After adjusting for gender and age, GDF-15
levels do not show any significant associations with
body composition, suggesting these variables are
confounding factors. However, age is positively cor-
related with increased body fat mas and percentage,
visceral fat area, and fat mass index, and negatively
associated with fat free mass, soft lean mass, skeletal
muscle index, and muscle quality. On the other hand,
females show lower BMI, fat free mass, soft lean
mass, skeletal muscle index, and muscle quality, but
higher body fat percentage, visceral fat area, and fat
mass index when compared to males.

Finally, we observed a negative correlation
between GDF-15 and muscle quality as estimated
with InBody 50 kHz, which was greater in men
(r=-0.500, p=0.001) and non-significant in women
(r=-0.128, p=0.472). However, no association was
found between GDF-15 and the skeletal muscle index
or creatinine levels (shown in Supplemental Table 2).
Interestingly, certain amino acids that contribute to

muscle function also correlated with GDF-15 levels
(Supplemental Table 2), particularly branched-chain
amino acids (BCAAs, r=0.256, p=0.032), glutamate
(r=0.331, p=0.009), lysine (r=0.282, p=0.028),
proline (r=0.286, p=0.026), and taurine (r=0.287,
p=0.025). These associations were stronger in men,
except for taurine, which showed a strong correlation
with GDF-15 only in women (r=0.458, p=0.014).
After adjusting for gender and age, BCAAs, leu-
cine, proline, and valine were the only amino acids
remained significantly correlated with GDF-15 (Sup-
plemental Table 3).

GDF-15 is associated with circulating metabolic and
inflammatory markers

Next, we analyzed the correlations between GDF-15
and parameters of glycemic control (Table 3). There
was a significant association with the blood glucose
levels (r=0.311, p=0.008), and when examined by
gender, this correlation was only observed in men
(r=0.474, p=0.003). Additionally, a significant
correlation between glycosylated hemoglobin and
GDF-15 levels was found in both genders (r=0.536,
p<0.001 for men, and r=0.371, p=0.028, for
women).

Lastly, as GDF-15 has been linked to systemic
inflammation, we tested whether its levels are asso-
ciated with circulating inflammatory markers. First,
we observed a positive correlation between the lev-
els of C-reactive protein (r=0.243, p=0.041) and
the C-reactive protein-to-albumin ratio (r=0.252,
p=0.034). Interestingly, these associations were not
found in men, only in women (r=0.357, p=0.035;
r=0.356, p=0.036, respectively). Other markers
of inflammation, including D-dimer, plasminogen
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activity, urate, or the platelet-lymphocyte and neutro-
phil-lymphocyte ratios did not show any associations
with serum GDF-15.

On the other hand, we calculated the kynurenine-
tryptophan ratio in plasma to estimate the activity of
2,3-dioxygenase (IDO). This ratio revealed a posi-
tive correlation with the levels of GDF-15 (r=0.235,
p=0.049), particularly in men (r=0.385, p=0.027).
Lastly, phospholipase 2 activity in plasma, esti-
mated by the ratio of lysophosphatidylcolines to total
phosphatidylcolines, showed a significant negative
correlation with GDF-15 only in men (r=-0.438,
p=0.011) (Table 4).

Finally, we also analyzed the correlation of GDF-
15 levels with some inflammation-related mark-
ers that were predicted through DNA methylation
patterns. Table 5 summarizes the main significant
associations found in our cohort. We found an over-
all correlation between GDF-15 and the estimated
count of naive CDS8 cells (r=-0.318, p=0.008),

the estimated levels of PAI-1 (r=0.420, p<0.001),
TIMP-1 (r=0.443, p<0.001), CCL11 (r=0.269,
p=0.034), and IL-6 (r=0.289, p=0.023). When
taken gender into account, women only showed the
correlation between GDF-15 and the estimated levels
of PAI-1 (r=0.451, p=0.010), while in men GDF-15
levels were associated with the estimated number of
naive CDS cells (r=-0.384, p=0.021), the estimated
levels of PAI-1 (r=0.414, p=0.011), and TIMP-1
(r=0.613, p<0.001).

Discussion

In this study, we explored the associations of serum
GDF-15 levels with biological age, functional param-
eters, body composition, and inflammation-related
markers to better understand its significance as a bio-
marker of the healthy aging process. Our results show

Table 4 Correlation
coefficients between

Total (N=72) Males (N=37) Females (N =35)

GDF-15 levels (log- r P r P r P

transformed) and circulating

inflammatory markers Glucose (mg/dL) 0.311 0.008* 0.474 0.003* 0.024 0.892
HbAlc (mmol/mol) 0.462 <0.001*%  0.536 <0.001* 0371 0.028*
CRP (mg/dL) 0.243 0.041* 0.248 0.145 0.357  0.035%
CRP-albumin ratio 0.252 0.034*  0.249 0.143 0.356  0.036*
D-dimer (ng/mL) 0.147 0.248 0.226 0205 -0.115 0.538

L Plasminogen activity (%) -0.006 0973  -0.096 0.670 0.119 0.639

Significant results are

highlighted in bold Urate (mg/dL) 0.095 0429  0.083 0.627 0.117  0.504

Pearson’s correlation: * Platelet-lymphocyte ratio -0.121 0.313 -0.074 0.664 -0.157 0.369

significant correlation Neutrophil-lymphocyte ratio 0.039 0.744 0.076 0.657 0.025 0.888

between variables IDO activity (Kyn/Trp) 0.253 0.049*  0.385 0.027* 0.096 0.627

(p-value <0.05). CRP: Phospholipase 2 activity -0.179 0.167 -0.438 0.011%* -0278 0.153

C-reactive protein

Table 5 Correlation coefficients between GDF-15 levels (log-transformed) and estimated inflammatory markers

Total (N=72)

Males (N=37) Females (N =35)

r p r p r p
Estimated naive CD8 -0.318 0.008* -0.384 0.021* -0.238 0.190
Estimated PAI-1 0.420 <0.001* 0.416 0.011* 0.451 0.010*
Estimated TIMP-1 0.443 <0.001* 0.613 <0.001* 0.242 0.181
Estimated CCL11 0.269 0.034* 0.259 0.139 0.285 0.142
Estimated IL-6 0.289 0.023* 0.274 0.117 0.310 0.108

Significant results are highlighted in bold

Pearson’s correlation: * significant correlation between variables (p-value <0.05)
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that GDF-15 levels positively correlate with both
chronological and biological age, as well as some
inflammatory markers, while there was a negative
correlation with pulmonary and physical function, as
evidenced by the FVC and FEV1, grip strength, and
gait speed. Notably, GDF-15 levels were not associ-
ated with body composition after adjusting for gender
and age.

Previous research has shown that GDF-15 levels
could serve as a biomarker for aging and some age-
related conditions (Semba et al. 2020; Liu et al. 2021;
Welsh et al. 2022). Consistent with this, our cohort’s
plasma GDF-15 levels clearly increased with age.
Furthermore, GDF-15 levels in our cohort fall within
the range described for this cytokine (Welsh et al.
2022), corroborating the applicability and the valid-
ity of our measurements. In line with other reports,
we only found a gender difference for GDF-15 levels
when analyzing the 60 and above age group, in which
men showed higher levels of this marker than women
(Alcazar et al. 2021; Herpich et al. 2021; Mattia et al.
2023). This gender difference cannot be attributed to
hormonal changes, any observed lifestyle differences,
or the prevalence of age-related comorbidities, which
is similar in both genders in our cohort. A greater
rate of increase in plasma GDF-15 levels in men
compared to woman throughout adulthood has been
described (Alcazar et al. 2021), which could explain
the gender difference in the older groups.

On the other hand, our results indicate that GDF-
15 may also serve as a biomarker for biological aging
and aging rate, as evidenced by its correlations with
several biological clocks. Although these epigenetic
clocks are currently considered the best predictors
of biological age, a recent report showed a weak
inter-correlation, suggesting that they capture differ-
ent aspects of the aging process (Kuiper et al. 2023).
Interestingly, the authors proposed that clocks trained
on longitudinal or biophysiological data better reflect
biological age, with DNAm GrimAge showing one of
the best performances regarding frailty and mortality
risk. In this line, we found the strongest correlation
between GDF-15 and PhenoAge, which integrates
clinical parameters to estimate biological age (Lev-
ine et al. 2018). Although these results need further
validation, they highlight the relevance of GDF-15 in
the context of aging research and its utility to comple-
ment markers of biological age.

Using blood methylation data, we also estimated
the levels of some age biomarkers (Hillary and Mari-
oni 2021) which we were unable to directly quan-
tify in our cohort. As previously reported (Liu et al.
2021), GDF-15 levels negatively correlated telomere
length. Telomere shortening has been described as
a significant contributor to the aging process (Niu
et al. 2024). GDF-15 was also associated with the
estimated levels of FGF21. Previous studies have
shown that these two cytokines are usually induced
simultaneously and cooperate to regulate metabolism
(Keipert and Ost 2021). Even though the levels of
these markers are estimated, they further support the
role of GDF-15 as an aging biomarker.

Additionally, our findings suggest that GDF-15
could serve as a marker of functional decline during
the aging process, particularly in men, as evidenced
by the negative correlation observed with lung and
physical function measures. GDF-15 was found
to be negatively correlated with FVC and FEVI,
both indicators of lung function. Reduced FVC and
FEV1 have been previously associated with higher
GDF-15 levels, specifically in some diseases such
as COPD (Husebg et al. 2017) or COVID-19 (Alser-
awan et al. 2021). Furthermore, GDF-15 also corre-
lated with lower speed gait and grip strength. These
functional parameters are widely used as indicators
of muscle function and mobility, as well as predictors
of frailty (Schrack et al. 2012; Vaishya et al. 2024).
Thus, our results align with previous research show-
ing that GDF-15 is associated with muscle wasting
and increased frailty in the older population (Semba
et al. 2020; Kim et al. 2022). Although after adjusting
for confounding variables GDF-15 was not associated
with muscle quality as measured with the 50 kHz
body phase angle, we still observed a correlation
of GDF-15 levels with lower grip strength and gait
speed, as well as increased levels of BCAA in blood,
which are involved in muscle metabolism and func-
tion (Dai et al. 2021; Caballero et al. 2023). Interest-
ingly, when analyzed by gender, these associations
disappeared in women, consistent with other reports
(Herpich et al. 2021). Furthermore, we also found a
positive correlation between GDF-15 levels and both
self-perceived health and the frailty score. Altogether,
these results suggest that GDF-15 could be used as
a marker of an overall decline in lung and physical
function during the aging process.
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Finally, we found that GDF-15 levels correlated
with impaired glycemia control and several inflam-
matory markers. GDF-15 has been linked before
with glycosylated hemoglobin and poor blood glu-
cose control in individuals with and without diabetes,
suggesting a role in regulating metabolism (Kempf
et al. 2012; Asrih et al. 2022). On the other hand,
our results also support the link between GDF-15
and inflammation, as GDF-15 has been described as
a cytokine induced by mitochondrial dysfunction and
systemic inflammation (Moon et al. 2020), which are
hallmarks of aging. Interestingly,

In conclusion, our study suggests GDF-15 as a
useful biomarker for both healthy aging and func-
tional decline, with gender-specific differences. Given
that GDF-15 is easier to measure than DNA methyl-
ation, it has the potential to be more readily imple-
mented in clinical settings. The significant associa-
tions with multiple physical performance parameters
highlight the potential application of GDF-15 in age-
related health assessment. However, the underlying
mechanisms driving these associations and the role of
GDF-15 in aging require further research, particularly
through longitudinal studies.
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