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INTRODUCTION

ABSTRACT

Aims: Growth differentiation factor-15 (GDF-15) is an inflammatory cytokine that
increases in prediabetes and is known for its anorexigenic effects. This study aims to
evaluate the effects of a 12-week exercise program on GDF-15 in individuals with
prediabetes.

Materials and Methods: In this multicenter, parallel-group, randomized-controlled trial,
64 patients aged 18-60 diagnosed with prediabetes were randomized in a 1:1 ratio into
the exercise group (E) and the control group (C). Additionally, 32 patients who were
planned to start metformin were included in the metformin group (M). Participants in the
exercise group engaged in aerobic exercise at 50-70% of their maximum heart rate for
60 min, 3 days a week. Serum GDF-15 levels were evaluated at the beginning and the
end of the 12th week.

Results: The mean age of the 91 participants who completed the study was

46.13 £ 852 years, and 23.1% were male. Basal GDF-15 levels were similar among the
groups (E = 6686 = 415.1, C = 6518 £ 3525, M = 6036  387.2, P = 047). At the 12th
week, GDF-15 levels were lower in the E compared to the C, while higher in the M
compared to the C (E = 383.1 £ 2156, C = 5564 £ 2856, M = 8108 = 4980, P < 0001).
In inter-group comparisons, no significant change was observed in the C between the
Oth and 12th weeks, while GDF-15 decreased in the E (P < 0.001) and increased in the M
(P < 0001).

Conclusions: It was determined that in individuals with prediabetes, GDF-15, which
serves both as a biomarker of metabolic disorder and has a negative regulatory effect on
appetite, decreased with 12 weeks of aerobic exercise and increased with metformin
administration.

metformin therapy should be considered for individuals with

The global prevalence of prediabetes has increased along with
changing lifestyle factors, significantly elevating the risk of pro-
gression to type 2 diabetes and other metabolic diseases, includ-
ing cardiovascular disease’. Based on data from the Diabetes
Prevention Program study, exercise and dietary changes are
recommended for all patients with prediabetes, while
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prediabetes under 60 years of age” °.

Various cytokines continue to be investigated regarding the
relationship between the positive effects of exercise on meta-
bolic health and changes at the cellular level. Growth differenti-
ation factor-15 (GDF-15) is a dimeric cytokine from the
transforming growth factor-f (TGF-f3) superfamily involved in
the regulation of macrophage activation®. Apoptosis is involved
in signal transduction, cell repair, and cell growth and is lowly
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expressed in organs under physiological conditions™ . When
damage, inflammation, or other stress conditions occur in the
body, GDF-15 expression increases, and it assumes critical roles
in processes such as repair of damaged tissues, modulation of
inflammatory processes, and regulation of cell death’.

Several studies have reported that GDF-15 can be used as a
biomarker in cardiovascular diseases® '°. GDF-15 has been
found to be increased in patients with impaired glucose toler-
ance and positively correlated with insulin resistance'’.

Growth differentiation factor-15 is also an essential adipokine
released in thermogenic activation and increases energy
consumption'’. Metformin decreases body weight by increasing
the secretion of GDF-15, an important cytokine in the
gut-brain axis independent of the insulin pathway". Studies in
the literature have implicated GDF-15 as a therapeutic target in
the treatment of obesity'®. It has been shown that exercise,
especially when it involves intense and continuous physical
activity, can acutely increase the expression of GDF-15".

In light of the information available in the literature, it is
expected that GDF-15 levels are already increased in individuals
with prediabetes. However, considering the increase in GDF-15
with metformin and acute exercise, the effect of guideline-based
aerobic exercise programs on GDF-15 in individuals with pre-
diabetes emerges as an important matter to be examined scien-
tifically. No comparative study examining the effect of exercise
and metformin on GDEF-15 in individuals with prediabetes was
identified in the literature. The present study aimed to deter-
mine the effect of a 12-week aerobic exercise program on
GDF-15 in individuals with prediabetes and to compare the
effects of exercise and metformin on GDF-15 levels.

MATERIALS AND METHODS

Study design

The study was a 12-week, multicenter, statistical analysis-
blinded, parallel-group, randomized controlled trial. A total of
96 participants admitted to the Sultan Abdiilhamid Han II
Training and Research Hospital, Fatih Sultan Mehmet Training
and Research Hospital, and Prof. Dr. Suleyman Yalcin City
Hospital between 08.04.2021 and 07.12.2022 were included in
the study. Participants were informed about the study objec-
tives, procedures, and data confidentiality before participating
in the study, and they were assured that participation was vol-
untary and that they could withdraw from the study at any
time. Participants were fully informed about the risks and bene-
fits of exercise. This cohort study was reported in accordance
with the Consolidated Standards of Reporting Trials (CON-
SORT) reporting guidelines.

Study patients

In the study, patients aged 1860 years who had been newly
diagnosed with prediabetes, evaluated as physically inadeaquate
active according to the International Physical Activity Question-
naire, had sufficient motivation to participate in the exercise
program (assessed through individual interviews conducted by
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researchers), were deemed suitable for participation in the exer-
cise program following a cardiac examination performed by a
cardiologist (including resting electrocardiogram and question-
ing of cardiac symptoms, advanced tests such as exercise elec-
trocardiogram if necessary), and had maintained the same
weight for the last 6 months before the study (+2.5 kg) were
included. The exclusion criteria for the study were as follows:
having a serious medical condition that would prevent the per-
son from participating in the exercise study (e.g, advanced
malignancy or major neurological, psychiatric, or endocrine dis-
ease, respiratory failure, etc.), using metformin for the past
6 months prior to the study, having cardiovascular disease,
heart failure, cancer, BMI <19 kg/m® undergoing hormone
replacement therapy, having a life expectancy of less than
1 year, being HIV positive, substance use, functional depen-
dence, orthopedic diseases that prevent physical activity, cogni-
tive impairment, and other diseases that would affect the
outcome of the study (e.g., respiratory diseases, muscle diseases,
non-alcoholic fatty liver disease, etc.), and the use of medica-
tions or dietary supplements that would affect the outcome of
the study. In addition to all these inclusion and exclusion cri-
teria, individuals who were planned to start metformin by their
physician were recruited and assigned to the metformin group
before starting metformin.

Randomization and masking

A total of 32 patients who were diagnosed with prediabetes
and planned to start metformin by their physicians were
included in the metformin group. Block randomization in a 1:1
ratio was applied to 64 patients who would not be started on
metformin, using computer-generated randomization by “www.
randomizer.org” in blocks of two. All participants were pro-
vided guideline-based standardized lifestyle recommendations.
Participants and practitioners were not blinded to allocation.
Blinding was applied for the study of blood samples and statis-
tical analyses. The flow diagram of the participants is presented
in Figure 1.

Follow-up visits

The socio-demographic characteristics and habits of the partici-
pants who met the inclusion criteria were recorded. All partici-
pants were then invited to the first visit. Weight and body
mass index (BMI) measurements were performed. The Interna-
tional Physical Activity Questionnaire and Mediterranean Diet
Adherence Screener were applied. Blood samples were taken,
and body mass indices were measured. Participants in the exer-
cise group started the exercise program 2448 h after the first
visit. Participants in the metformin group had their first visit
the day after they were prescribed metformin, before taking the
first medication. Intermediate visits were carried out in the
event of any complication or condition that the patient wished
to report upon the patient’s request. At the end of 12 weeks,
second visits were performed. It was performed 2448 h after
the last exercise of the participants in the exercise group. At the
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Figure 1 | The figure shows the flow diagram of participants during the research process.

second visit at the 12th week, all measurements performed at
the first visit were repeated.

Blood samples

At the beginning and end of the study, 6 mL peripheral blood
samples were collected from all prediabetic subjects following
an 8-h overnight fast. GDF-15 level was measured in the serum
sample obtained using a human ELISA kit (BT Lab, Korea,
Shangai). Glucose, insulin, low-density lipoprotein (LDL),
high-density lipoprotein (HDL), triglyceride, c-peptide, and
HbAIC values were also measured in the serum sample.
HOMA-IR (Homeostatic Model Assessment of Insulin Resis-
tance) value was calculated with the formula glucose (mg/dL)
x and insulin (mU/mL)/405.

Exercise intervention

Participants in the intervention group underwent aerobic exer-
cise for 12 weeks at the Fatih Sultan Mehmet Training and
Research Hospital, Diabetes and Obesity Sports Center. Partici-
pants were instructed to perform aerobic exercise at 50-70% of
their maximum heart rate (moderate weight) for 60 min each
3 days a week under the supervision of specialist physicians,
accompanied by a sports trainer and a sports physiotherapist.
Maximum heart rate was calculated with the Karvonen formula
(220-age), pulse was monitored with a fingertip pulse oximeter
during exercise, and the exercise rhythm corresponding to
moderate-weight exercise was determined. Aerobic exercises

were performed at 50% of the maximum heart rate for the first
4 weeks, 60% of the maximum heart rate between weeks 4-8,
and 70% of the maximum heart rate between weeks 8 and 12.
The exercise performed for 30 min on a treadmill and 30 min
on a bicycle ergometer was monitored by physiotherapists, and
the working speeds of the exercise equipment were adjusted.
Heart rate, blood pressure, and saturation measurements were
recorded before and after the exercise sessions. During the
recovery period, participants were monitored until their vital
signs returned to resting values. One day of rest was given
between exercise days, and a 2-day rest was provided after the
third exercise day. Exercise adherence was controlled and moni-
tored by the researchers. The adherence of the metformin
group to the medication was monitored by the number of pills
consumed. To ensure that the physician supervision did not
differ between the intervention, control, and metformin groups,
all participants were offered continuous one-to-one contact with
the attending physician. All patients on metformin were fol-
lowed up 1 week, 1, 2, and 3 months after drug initiation by
questioning symptoms (nausea, vomiting, dyspepsia, constipa-
tion, diarrhea, etc.).

The control group received only standard lifestyle recom-
mendations. These recommendations included dietary and exer-
cise advice typically provided to all individuals with prediabetes
in outpatient clinic settings. Based on the surveys assessing die-
tary and exercise habits recorded at baseline and at the 12th
week, no behavioral changes were observed in the participants,
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except for the expected increase in physical activity levels in the
exercise group.

Statistical analysis

The data obtained in the study were analyzed using the SPSS
(Statistical Package for Social Sciences) for Windows 25.0 soft-
ware. Descriptive statistical methods were used to evaluate the
data. Continuous variables used in the study were tested for
conformity to normal distribution. The normal distribution of
the data used in this study was ensured by checking the
Shapiro-Wilk values.

Parametric and non-parametric tests were used in statistical
evaluations for normally distributed variables. In the compari-
son of quantitative data in normally distributed variables,
ANOVA was used for three-group comparisons, and the
Kruskal-Wallis test was used for non-normally distributed vari-
ables. A multiple comparison test with Bonferroni correction
was performed to identify groups showing differences. The vari-
ation within each group was analyzed using the dependent
sample test. The dependent sample t-test was employed for
groups with a normal distribution, while the Wilcoxon
Signed-Rank test was utilized for groups without a normal dis-
tribution. Moreover, the homogeneity of the groups was ana-
lyzed using the chi-square test. The correlation between the
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change in GDF-15 levels and the change in weight was sepa-
rately analyzed for the exercise and control groups using Pear-
son correlation analysis. Cohen’s d value and 95% confidence
interval (CI) were used to determine the statistical effect size,
presented as a forest plot.

The statistical power analysis of this study was based on
GDF-15, HbA1C, and HOMA-IR parameters. The G-POWER
analysis indicated that with 30 participants in each group, a sta-
tistical power of 86% and a significance level of 5% (o0 = 0.05)
were achieved. These results demonstrate that the sample size
determined for the study has sufficient statistical power to
detect significant differences in the targeted parameters. In case
of data loss, the sample size was increased, and 32 people were
planned to be included in each group.

RESULTS

The mean age of the 91 participants who completed the study
was 46.13 + 8.52 years, with 23.1% being male. Table 1 pre-
sents the distribution of demographic characteristics, weight,
BM]I, and participant habits across the study groups.

Baseline GDF-15 levels were comparable between groups
(exercise [E] = 668.6 & 415.1 ng/L, control [C]
= 651.8 = 352.5 ng/L, metformin [M] = 603.6 = 387.2 ng/L,
P =047). At week 12, GDF-15 levels were significantly lower

Table 1 | Distribution of socio-demographic characteristics, weight, BMI, and habits

Groups Test value P value
Control Metformin Exercise
n % n % n %
Gender Male 7 233 8 258 6 200 029” 086
Female 23 767 23 742 24 800
Smoking status No 23 76.7 23 742 19 633 148" 048
Yes 7 233 8 258 11 367
Alcohol use No 30 1000 30 %38 27 900 3057 022
Yes 0 00 1 32 3 100
Marital status Single 2 67 3 97 3 100 297 058
Married 26 866 23 742 21 700
Widowed 2 6.7 5 16.1 6 200
Educational status (years) Grades 1-5 18 600 18 581 15 500 679 034
Grades 6-8 5 16.7 6 193 2 6.7
Grades 9-12 2 6.7 2 65 9 300
Grades13+ 5 16.7 5 16.1 4 133
Age (years) Mean £ SD 453 £ 91 477 £ 76 452 £ 89 085" 043
BMI (kg/m?) Mean + SD 305+ 56 307 £ 52 296 + 46 040" 067
Weight (kg) Mean + SD 777 £ 156 786 + 140 799 £ 13.1 019 083
IPAQ score (METs-min/week) Mean + SD 8939 + 3568 832.7 £ 3103 9044 + 3422 041" 067
MEDAS score Mean + SD 77+18 77+16 76+ 15 006" 095
Single 2 6.7 3 100 3 100 265 058
Married 26 86.7 2 733 21 700
Widowed 2 67 5 167 6 200

F, One-way ANOVA Test; FE, Fisher Exact Chi-square Test; IPAQ, International Physical Activity Questionnaire; KW, Kruskal Wallis H test; MEDAS, Medi-
terranean Diet Adherence Screener; P, Pearson Chi-square Test.
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Table 2 | Comparison of GDF-15 levels between groups at baseline and the 12th week

Groups Baseline 12 week z/t P value
Mean * SS Med (Q25-Q75) Mean * SS Med (Q25-Q75)
GDF-15 (ng/L) Control (1) 6518 £ 3525 536.0 (455.6-635.0) 5564 + 2856 5054 (372.6-6485) -182° 0.07
Metformin (2) 6036 + 3872 505.8 (396.7-613.5) 8108 £ 4980 6492 (5145-825.8) -4.007 <0.001
Exercise (3) 6686 + 415.1 531.7 (409.2-731.3) 3831+ 2156 3275 (243.3-4054) -4.78% <0.001
F/KW test 153W 28.27"W
P value 047 <0.001
3<1<2

F, One-way ANOVA Test; GDF-15, Growth-Differentiation Factor-15; KW, Kruskal Wallis H Test; t, Dependent Sample t Test; z Wilcoxon Signed

Rank Test.

in the exercise group compared to the control group and signif-
icantly higher in the metformin group compared to the control
group  (E=3831%2156 ng/l, C = 5564 % 2856 ng/L,
M = 810.8 £ 498.0 ng/L, P < 0.001; Table 2).

In intra-group comparisons, no significant changes in GDF-15
levels were observed in the control group between baseline and
week 12. However, GDF-15 levels decreased significantly in the
exercise group (P < 0.001) and increased significantly in the met-
formin group (P < 0.001) from baseline to week 12 (Figure 2).

Table 3 displays the baseline and week 12 blood glucose and
insulin parameters. At baseline, fasting glucose and HbAlc
levels were similar across groups (fasting glucose: E = 95.7 £
82 mg/dL, C=967+76 mg/dL, M =994 * 10.8 mg/dL,
P = 0.25 HbAlc: E =59 0.1%, C =60 0.2%,
M = 6.1+ 02%; P =0.16). By week 12, fasting glucose and

HbAlc levels significantly decreased in the exercise and
metformin groups compared to the control group (fasting
glucose: E = 887 + 83 mg/dL, M = 90.8 £ 102 mg/dL, C =
979 + 120 mg/dL, P =001; HbAlc: E=57%02%,
M =561 04%, C = 6.1 =% 0.2%, P < 0.001).

Table 4 outlines the blood lipid parameters at baseline and
week 12. No significant changes were observed in the control
or metformin groups at week 12 compared to baseline. How-
ever, the exercise group showed significant reductions in total
cholesterol ~ (from 205.6 £ 453 to 191.3 + 41.7 mg/dL,
P=1001), LDL cholesterol (from 127.0+380 to
119.3 + 33.8 mg/dL, P = 0.01), and triglyceride levels (from
138.3 = 91.7 to 110.0 £ 47.7 mg/dL, P = 0.01).

Table 5 summarizes the changes in BMI, weight, and blood
pressure. Both the exercise group (BMI: from 29.6 £ 4.6 to

Median

M Basal GDF-15
W12, week GDF-15

Control Metformin Exercise
Group
Control P =0.069
Metformin P <0.0001
Exercise P <0.0001

Figure 2 | While GDF-15 levels were similar in the control, metformin, and exercise groups at baseline, GDF-15 levels were lower in the exercise
group and higher in the metformin group at week 12 compared to the control group.

660 J Diabetes Investig Vol. 16 No. 4 April 2025

© 2025 The Author(s). Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

11uo//'sdnY) SUORIPUOD PUe SWie L 8UY 88S *[G202/60/62] U0 ARIgITaUIUO AB]IM ‘PIV 80UBPIAT BURIY0D A3 L AQ YOV T IPTTTT'OT/I0p/W00 8| Im ARIq1jBulUO//STRY WO} papeojumoq ‘v ‘5202 ‘#2TTOV0Z

oo e ImA

85UB217 SUOWILOD dAIR1D) 3|geat|dde ay) Aq pausenob afe sajoie O ‘ash Jo sajni Joy Ariqi]auluQ A8|I UO (SUO R} IPUCD-PLR



ORIGINAL ARTICLE
Exercise effect on GDF-15 in prediabetes

http://wileyonlinelibrary.com/journal/jdi

o

g

Table 3 | Comparison of groups in terms of blood glucose and insulin parameters at baseline and the 12th week g

Variables Groups Baseline 12 weeks z/t P value §

B

Mean+SD  Med (Q25-Q75  Mean+SD  Med (Q25-Q75) g

2

Glucose (mg/dL) Control (1) 9%.7 £ 76 95.0 (91.0-101.0) 979 £ 120 974 (88.0-104.0) -093° 035 _§

Metformin (2) 994 + 108 990 (91.0-1080) 908 = 102 910 (84.0-97.0) 421" <0.001 %

Exercise (3) 957 £ 82 96.5 (91.0-101.0) 887+ 83 875 (84.0-92.0) 4.96' <0.001 Ea*

F/KW test 1437 1035 g

P value 025 0.01 =

Post-hoc 1>3=2 —E

Instlin (uU/mL) Control 109 £ 7.1 89 (6.7-139) M7+76 103 (65-17.0) -1.15° 0.25 g

Metformin 136+ 79 115 (87-163) 111 +£63 102 (7.0-147) -3.067 0.01 g

Exercise 109 £ 65 93 (65-12.1) 97+ 82 82 (42-109) -2.13° 0.03 é"

KW test 520 251 o

P value 007 029 %

HOMA-R (mmol/L) Control 26117 21 (15-37) 29+ 200 25 (14-4.0) -131% 0.19 ﬁ“

Metformin 34123 29 (2043) 26116 25 (14-32) -3.23% <0.001 g

Exercise 26117 2.1 (16-30) 19£10 19 (09-24) -3.20° <0.001 H

KW test 486 161 -

P value 089 045 9

C-peptid (ng/mL) Control 24+ 10 22 (19-29) 26%10 25 (19-29) —148 0.15 3

Metformin 28+ 12 26 (20-34) 26+ 09 24 (20-30) -1.117 0.27 g

Exercise 25108 23 (20-27) 23110 23 (1.7-2.7) —-155° 0.12 s

KW test 294 245 z

P value 023 029 8

HbA1c (mmol/mol) Control (1) 411 +£15 410 (399-41.0) 428 + 24 42.1 (41.0-445) -3.93% <0.001 %

Metformin (2) 419+ 24 410 (399-443) 382t 43 377 366-41.0) -4.02% <0.001 z

Exercise (3) 411+ 120 410 (399-413) 383+ 24 3838 (36.6-399) -4.48° <0.001 §

F test 238 21.72 g

P value 0.10 <0.001 g

Post-hoc 2=3<1 g

HbA1c (%) Control (1) 59101 59 (58-59) 61+02 6.0 (5.9-6.2) -3937 <0.001 E

Metformin (2) 60+ 02 59 (58-6.2) 564 £ 039 560 (5.50-5.90) -4.0237 <0.0001 ?3

Exercise (3) 59+ 01 59 (58-59) 57102 57 (55-5.98) -4487 <0.001 i

Ftest 371 2172 E

P degeri 0.16 <0001 :

Post-hoc 2=3<1 8
F, One ANOVA test; HbAlc, Glycated Haemoglobin; HOMA-IR, Homeostatic Model Assessment-Insulin Resistance; KW, Kruskal Wallis H Test; t,

Dependent Sample t Test; z, Wilcoxon Signed Rank Test.

279 + 43 kg/m®, P < 0.001; weight: from 799+ 13.1 to
753 £ 12.0 kg, P <0.001) and the metformin group (BML
from 30.7 + 5.2 to 29.8 + 5.2 kg/m*, P < 0.001; weight: from
78.6 £ 14.0 to 76.1 = 13.7 kg, P < 0.001) experienced signifi-
cant BMI and weight reductions by week 12. Regarding systolic
blood pressure, no changes were observed in the control and
metformin groups, whereas the exercise group demonstrated
a  significant  reduction  (from = 1207 £ 157 to
111.8 £ 10.4 mmHg, P < 0.001).

Table 6 presents the correlation between changes in GDF-15
levels and changes in weight within the exercise and control
groups. A significant correlation was found between the
increase in GDF-15 levels and the decrease in weight in the
metformin group (r = 0.45, P = 0.04), whereas no such correla-
tion was observed in the exercise group.

Figures 3 and 4 illustrate the comparison of the exercise
group with the control group and the metformin group with
the control group, respectively, across all parameters.

DISCUSSION

In this study examining the effect of exercise and metformin
on GDF-15 in individuals with prediabetes, it was determined
that GDF-15 decreased with the implementation of a 12-week
guideline-based aerobic exercise program and increased with
metformin use. It was observed that BMI, weight, HbA1C, glu-
cose, insulin, and HOMA-IR values decreased with exercise
and metformin. It was determined that total cholesterol, LDL,
triglycerides, and systolic blood pressure decreased with exer-
cise, whereas these values did not change with metformin.
These results indicate the beneficial effects of metformin and
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Table 4 | Comparison of groups in terms of blood lipid parameters at baseline and 12 weeks

Variables Groups Baseline 12 week z/t P value
Mean + SD Med (Q25-Q75) Mean + SD Med (Q25-Q75)

Total cholesterol (mg/dL) Metformin 1953 + 386 1970 (1720-211.0) 2019 £+ 400 1925 (181.1-2230) —164' 0
Exercise 1998 + 340 1970 (175.0-2180) 1978 + 352 1883 (172.0-2180) -051% 061
Exercise 2056 + 453 2086 (175.2-236.0) 1913 + 417 1914 (162.1-2130) 292 0.01

F test 051 069

P value 060 0.71

LDL cholesterol (mg/dL) Control 1183 £ 316 1174 (98.0-134.0) 1223 + 284 1176 (1040-1420) —117" 0.25
Metformin 1163 + 264 1180 (95.0-133.0) 1144 £+ 2939 1080 (90.0-131.0) 044" 067
Exercise 1270 = 380 1286 (95.0-157.0) 1193 + 338 1162 (99.0-140.5) 261" 0.01

F test 094 052

P value 040 060

HDL cholesterol (mg/dL) Control 534+ 159 510 (42.0-63.0) 541 £ 176 535 (41.0-620) 0174 087
Metformin 56.1 £ 163 530 (43.0-716) 558 + 164 530 (42.0-67.0) -090° 037
Exercise 514+ 129 515 (415-580) 51.7 £ 144 499 (43.8-593) -129° 0.20

KW test 1.20 0.80

P value 052 067

Triglyceride (mg/dL) Control 1258 + 798 1108 (79.5-137.0) 1257+ 710 1079 (83.0-145.0) -020° 085
Metformin 1333 £ 679 1293 (74.2—-175.2) 133.1 £ 738 1120 (84.0-154.0) —048 063
Exercise 1383 +£ 917 108.7 (89.8-1574) 1100 + 47.7 107.7 (70.0-1287) -3.25% 0.01

KW test 043 1.39

P value 0381 0.50

F, one way aNova test; HDL, high density lipoprotein; KW, Kruskal Wallis H test; LDL, low density lipoprotein; t, dependent sample t test; z Wilcoxon
signed rank test.

Table 5 | Comparison of groups in terms of BMI, weight and blood pressure at baseline and 12 weeks

Variables Groups Baseline 12 week 7/t P value

Mean + SD Med (Q25-Q75) Mean + SD Med (Q25-Q75)

BMI (kg/mz) Control 30556 286 (268-34.0) 304 £ 55 290 (26.8-336) 033f 0.74
Metformin 307 £ 52 30.1 (27.3-3398) 298 £ 52 286 (26.2-320) 6.30" <0.001
Exercise 296 £ 46 290 (266-33.1) 279+ 43 276 (25.1-31.7) 6.99" <0.001

F test 040" 2017

P value 067 0.14

Weight (kg) Control 777 £ 156 76.8 (66.8-86.0) 776 £ 155 755 (69.0-880) 034 0.73
Metformin 786 + 140 759 (729-859) 761 £ 137 746 (66.7-83.3) 6.20° <0.001
Exercise 799 £ 131 770 (71.0-890) 753 £ 120 73.1 (69.0-81.9) 6.75'  <0.001

F test 040 0.19 020

P value 067 083 082

Systolic blood pressure (mmHg) Control (1) 125.1 £ 181 1260 (111.0-139.0) 1274 +£180 1265 (111.0-1430) —083° 042

Metformin 2) 1283 £149 1250 (1170-1420) 1251 £126 1210 (1160-1340) 1.66' (AN
Exercise (3) 1207 £ 157 1200 (111.0-1290) 1118 £ 104 1120 (1050-117.0) 393" <0.001

F test 166 13.92

P value 020 <0.001

Post-hoc 3<1=2

Diastolic blood pressure (mmHg)  Control 789 £ 134 810 (700-91.0) 786+ 117 785 (68.0-87.0) 022 082
Metformin 809 + 83 800 (74.0-880) 786 £ 110 800 (71.0-86.0) 115 0.26
Exercise 761 £ 65 750 (720-80.0) 737173 740 (700-780) -160° 0.11

KW test 518 483

BMI, body mass index; F, one way anova test; KW, Kruskal Wallis H test; t, dependent sample t test; z, Wilcoxon signed rank test.
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Table 6 | The correlation between changes in GDF-15 levels and
weight within the exercise and control groups

Difference of weight (kg)

P r
In metformin group
Difference of GDF-15 (ng/L) 004 045
In exercise group
Difference of GDF-15 (ng/L) 074 006

Spearman correlation analysis was used. r, correlation coefficient.

exercise in the management of prediabetes and emphasize that
exercise has more metabolic benefits compared to metformin.
Our dataset has reached sufficient saturation to obtain statisti-
cally significant results in our analyses, and the study findings
are supported by the current sample size. Nonetheless, further
studies with larger sample groups are anticipated to enhance
the generalizability of our findings and extend these results to
broader populations.

The differing effects of exercise and metformin on GDF-15
are intriguing. The decreasing effect of exercise on GDEF-15 is
consistent with the anti-inflammatory, metabolic regulatory,
and insulin-sensitizing roles of exercise. On the other hand, the
mechanism by which metformin treatment increases GDF-15
levels may be attributed to the drug’s effects on energy homeo-
stasis. The observed differences in GDF-15 levels between exer-
cise and metformin highlight the intricate regulatory pathways
underlying its role in metabolic health. These differences likely

ORIGINAL ARTICLE
Exercise effect on GDF-15 in prediabetes

stem from the distinct cellular mechanisms activated by each
intervention.

Prediabetes is characterized by a chronic low-grade inflam-
matory state, which significantly contributes to its pathophysiol-
ogy and progression to type 2 diabetes'® '®. This inflammatory
burden disrupts glucose metabolism, increases insulin resistance,
and exacerbates metabolic dysfunction. Both aerobic exercise
and metformin, the primary interventions evaluated in this
study, are known to modulate inflammation through distinct
mechanisms. Exercise exerts its anti-inflammatory effects by
reducing pro-inflammatory cytokines and increasing anti-
inflammatory mediators, as well as improving mitochondrial
function and oxidative stress regulation'’. This aligns with our
finding of decreased GDEF-15 levels following the 12-week exer-
cise intervention, suggesting that the resolution of chronic
inflammation may underlie the observed metabolic improve-
ments. Conversely, metformin’s anti-inflammatory actions are
mediated via AMP-activated protein kinase (AMPK) activation
and the integrated stress response (ISR), both of which regulate
cellular energy homeostasis and reduce metabolic stress™” *'.
The increase in GDF-15 levels observed with metformin in this
study likely reflects an adaptive response to inflammatory and
metabolic stress, facilitating appetite regulation and energy bal-
ance through the gut-brain axis. In fact, in our research, an
increase in GDEF-15 was found to be associated with weight
loss. These findings underscore the role of inflammation in the
divergent effects of exercise and metformin on GDEF-15 levels,
highlighting its context-dependent functions as both a bio-
marker and mediator of metabolic adaptation. This perspective

Control Exercise Cohen's d

N Mean SD N Mean SD with 95% ClI
GDF-15 (ng/L) 30 556.42 2856 30 383.06 21563 N B 0.69[ 0.16, 1.21)
BMI (kg/m2) 30 3042 551 30 2791 428 i 0.51[ -0.01, 1.02]
Glucose (mg/dL) 30 9795 12.01 30 88.71 8.3 —— 0.90[ 0.36, 1.43)
HOMA-IR (mmol/L) 30 286 1.96 30 1.91 1.02 —— 0.61[ 0.09, 1.13]
HbA1c (%) 30 6.07 22 30 565 21 —— 195 1.34, 2.57)
Total cholesterol (mg/dL) 30 12226 2837 30 119.25 3338 0.10[ -0.41, 0.60)
LDL (mg/dL) 30 5411 1761 30 51.72 14.4 0.15[ -0.36, 0.66)
HDL (mg/dL) 30 201.88 3998 30 191.34 4174 0.26 [ -0.25, 0.77)
Triglyceride (mg/dL) 30 12571 71.02 30 110.03 477 0.26 [ -0.25, 0.77)
Systolic blood pressure (mmHg) 30 127.37 18.04 30 111.8 10.38 —E— 1.06[ 0.52, 1.60]
Diastolic blood pressure (mmHg) 30 7857 11.75 30 3.7 7.3 0.50[ -0.02, 1.01)

4 0 1 2 3

Figure 3 | According to the comparison of the exercise and control groups at week 12, it is seen that GDF-15, glucose, HbA1c, and systolic blood
pressure levels are higher in the control group compared to the exercise group.

11uo//sdny) SUONIPUOD PLE SWWB | B 385 *[GZ02/60/6Z] U ARiq 1T 8UIIUO 311 ‘P1Y 30UBPIAS BUIR0D) ABXin L Ad $OYT IPI/TTTT OT/I0p/W0Y 8] 1M ATR.q 16U |uo//Sdny W01 papeojumod ‘v

oo e ImA

© 2025 The Author(s). Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

J Diabetes Investig Vol. 16 No. 4 April 2025 663

85UB217 SUoWIL0D aAa1D a|geat|dde ayy Aq pausenob afe sajpie O ‘ash Jo sajni Joy Ariqi]auluO 8|1 UO (SUO R} IPUCD-PLR



ORIGINAL ARTICLE

Yildinm Ayaz et al.

http://wileyonlinelibrary.com/journal/jdi

Control Metformin Cohen's d

N Mean SD N Mean SD e with 95% CI
GDF-15 (ng/L) 30 556.42 2856 31 8108 497.97 —l— -0.62 [ -1.14, -0.11)
BMI (kg/m2) 30 3042 551 31 2977 523 0.12[ -0.38, 0.62]
Glucose (mg/dL) 30 9795 1201 31 90.84 10.18 —il— 064 0.12, 1.195]
HOMA-IR (mmol/L) 30 286 196 31 2.59 1.59 0.15[ -0.35, 0.65)
HbA1c (%) 30 6.07 22 31 5.64 .39 —l—| 1.35[ 0.80, 1.91]
Total cholesterol (mg/dL) 30 12226 2837 31 11439 29.38 027 [ -0.23, 0.78]
LDL (mg/dL) 30 5411 1761 31 558 16.36 -0.10[ -0.60, 0.40]
HDL (mg/dL) 30 201.88 39.98 31 197.75 35.19 0.11[ -0.39, 0.61]
Triglyceride (mg/dL) 30 12571 71.02 31 133.09 73.82 -0.10[ -0.60, 0.40]
Systolic blood pressure (mmHg) 30 127.37 18.04 31 12513 1264 0.14[ -0.36, 0.65]
Diastolic blood pressure (mmHg) 30 7857 11.75 31 78.61 10.97 -0.00[ -0.51, 0.50]

-1 0 1 2

Figure 4 | According to the comparison of the metformin and control groups at week 12, it is seen that GDF-15 levels are lower, glucose, and
HbA1c levels are higher in the control group compared to the metformi group.

suggests that targeting inflammation may enhance the thera-
peutic efficacy of interventions in prediabetes.

Exercise-induced changes in GDF-15 levels

Chronic aerobic exercise reduces GDEF-15 levels, possibly by
attenuating systemic inflammation and improving mitochon-
drial efficiency. Exercise reduces oxidative stress through
enhanced mitochondrial biogenesis and function, which dimin-
ishes the need for adaptive cytokines like GDF-15> This aligns
with findings showing that exercise improves glucose metabo-
lism and insulin sensitivity by increasing GLUT4 translocation
in skeletal muscle and promoting mitochondrial respiration™.
Additionally, exercise may influence GDF-15 via its effects on
anti-inflammatory cytokines and transcriptional regulators. For
instance, regular aerobic exercise has been shown to upregulate
peroxisome proliferator-activated receptor gamma coactivator-1
alpha (PGC-1a), which regulates mitochondrial gene expression
and decreases reactive oxygen species (ROS) production™
These effects likely reduce the activation of stress pathways that
stimulate GDF-15 expression. Interestingly, while acute exercise
induces transient increases in GDF-15 due to mechanical and
oxidative stress on skeletal and cardiac muscle, these elevations
are not sustained with chronic training. Instead, the long-term
effect of exercise appears to downregulate GDEF-15, reflecting
reduced metabolic and inflammatory stress and improved met-
abolic homeostasis™.

Metformin-induced increases in GDF-15 levels

Metformin’s ability to increase GDF-15 is mediated through
the ISR, triggered by mitochondrial dysfunction and activation
of unfolded protein response (UPR) pathways™®. Metformin

induces the transcription of activating transcription factor 4
(ATF4) and C/EBP homologous protein (CHOP), which
together upregulate GDF-15 expression'”. This response is
thought to mitigate mitochondrial stress and maintain cellular
energy balance. In addition to its effects on the ISR, metformin
activates AMPK, a key regulator of energy metabolism. AMPK
enhances lipid oxidation and glucose uptake while reducing
gluconeogenesis. Recent studies suggest that AMPK activation
also plays a role in stimulating GDF-15 production, linking
metformin’s metabolic effects to its modulation of GDF-15""
. GDF-15 acts on the glial-derived neurotrophic factor recep-
tor alpha-like (GFRAL) receptor in the brainstem, a critical
component of the gut-brain axis. Activation of this pathway
suppresses appetite and reduces energy intake, contributing to
the weight loss and improved metabolic outcomes observed
with metformin®.

Context-dependent roles of GDF-15

The divergent effects of exercise and metformin on GDF-15
underscore its context-dependent roles. Exercise-induced reduc-
tions in GDF-15 likely reflect a resolution of metabolic stress
and inflammation, while metformin-induced elevations align
with its therapeutic effects on appetite regulation and weight
control. This duality suggests that GDF-15 serves both as a bio-
marker of metabolic stress and as a functional mediator of met-
abolic adaptation.

Understanding how exercise and metformin interact to influ-
ence GDF-15 could uncover novel therapeutic strategies for
metabolic disorders. For example, combining these interven-
tions may yield complementary benefits, with exercise addres-
sing systemic inflammation and insulin resistance and
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metformin enhancing appetite control and energy balance. Fur-
ther research is needed to delineate the molecular interplay
between these pathways and assess their long-term effects on
GDF-15 dynamics and metabolic outcomes.

In a study conducted by Myong-Won et al., 12 women with
sarcopenia were instructed to perform resistance exercises for
16 weeks, and 10 women were assigned to the control group.
The study revealed an increase in GDF-15 levels in the control
group, whereas no change was observed in the exercise group™’.
GDEF-15 levels are known to increase with aging’'. Although
16 weeks is relatively short to expect this increase, it is possible
that aging occurs more rapidly in individuals with sarcopenia,
and the lack of increase in the exercise group suggests that
exercise slows this increase. In a study involving 10 individuals
with polycystic ovary syndrome and 9 healthy individuals, a
quantitative decrease in GDEF-15 levels was observed with the
implementation of a chronic exercise program; however, this
decrease did not reach statistical significance®. In three patients
who underwent percutaneous coronary intervention, an
increase in GDF-15 was observed at the post-intervention 30th
minute. After these individuals were assigned to the exercise
and control groups, it was determined that GDF-15 levels did
not change with the chronic exercise program™. In our current
study, a decrease in GDF-15 levels was observed with the
chronic exercise program. The lack of such a decrease in these
studies was attributed to the small number of patients included
and the data not reaching statistical significance. In our study,
30 participants each were included in the exercise and control
groups, and the data were subjected to robust analyses. A stan-
dardized exercise program was applied to participants following
detailed assessments, and equality between groups was ensured
for confounding factors such as habits and nutritional status.

In a study conducted on elderly individuals, it was revealed
by the multiple regression analysis method that higher physical
activity levels in 1 year were associated with lower GDF-15
levels in the first year’*. Furthermore, higher levels of GDF-15
were associated with rapid age-related body weight loss™. In
another study conducted on elderly individuals, basal GDF-15
elevation was found to be associated with decreased physical
function®. Hirano et al*® found that GDF-15 was higher in
individuals with chronic obstructive pulmonary disease com-
pared to healthy individuals, that GDF-15 was increased in
individuals with a sedentary lifestyle, and that GDF-15 elevation
was even associated with cognitive loss.

GDF-15 is known to increase in a range of different patholo-
gies and diseases, including chronic inflammatory diseases, pre-
diabetes, diabetes, cardiovascular and kidney diseases, as well as
malignancies, many of which are age-related”’. GDF-15 was
reported to be considered a general disease marker that
increases with advanced disease and is associated with all-cause
mortality”®. Metabolic disorder in individuals with prediabetes
triggers inflammatory processes, and this period, when the first
disturbances in glucose metabolism occur, is a key period to
achieve metabolic regulation. During this period, exercise
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interventions can help individuals return to a healthy metabolic
state, and this is expected to result in the regression of inflam-
matory processes. In the present study, the decrease in GDF-15
levels with exercise in individuals with prediabetes was attrib-
uted to improved metabolic health and regression of inflamma-
tory processes.

Considering the acute effects of exercise, a study involving
seven healthy males found that exercising at 67% of their
VOsmax for 1 h resulted in a 34% increase in GDF-15 immedi-
ately after exercise and a 64% increase compared to baseline
levels at the 2nd hour post-exercise”. It was determined that in
professional rugby players, GDEF-15 levels increased after
35 days of intensive training”. This increase in GDF-15 levels
in healthy athletes may be attributed to cardiac stress. An
important  exercise-induced myokine, GDEF-15, mediates
glucose-stimulated  insulin  secretion in skeletal muscle
contraction®®. Quist et al*' found that GDF-15 increased
acutely with exercise but was unchanged at 6 months, consider-
ing the chronic effect, also associating higher GDF-15 concen-
trations with a more unfavorable cardiometabolic profile. In
marathon runners, GDF-15 was reported to increase acutely
1.8-fold with exercise, and this increase was associated with
muscle damage*”. When all these data were evaluated together
with the data obtained in the present study, it was concluded
that the effects of exercise on GDF-15 may be in different
directions acutely and chronically. While cardiac and
muscular-induced GDEF-15 increases in the short term after
exercise, it is believed to decrease with the improvement of the
metabolic profile in individuals with metabolic disorders due to
its negative effects on the regulation of glucose metabolism.
GDF-15 regulates the peripheral interaction between skeletal
muscle and adipose tissue in multiple ways.

In our study, a correlation was found between the change in
GDF-15 levels and the decrease in weight in the metformin
group. Metformin affects energy balance and weight control by
increasing GDF-15 levels. GDF-15 binds to the GFRAL recep-
tor in the brainstem, activating neural networks that reduce
energy intake and increase feelings of satiety'’. This process
enables metformin to lead to weight loss in both diabetic and
non-diabetic individuals'>. GDF-15 is defined as a metformin
biomarker in the literature™. Approximately 60% of metfor-
min’s effect in reducing the risk of progression to type 2 diabe-
tes has been attributed to weight loss®®. Maintaining weight loss
achieved through lifestyle changes in individuals with prediabe-
tes is challenging due to physiological adaptations that suppress
energy expenditure. In rodents fed a high-fat diet,
metformin-induced GDF-15 was found to suppress food intake
via a GFRAL-dependent mechanism, reducing obesity and
improving glycemic control”®. GDF-15 was discovered to pre-
vent reductions in energy expenditure, thus promoting greater
weight loss and regression of metabolically associated fatty liver
disease compared to caloric restriction alone®. The effect of
GDF-15 is dependent on the GFRAL-beta-adrenergic signaling
axis, which supports energy expenditure by enhancing fatty acid
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oxidation and calcium-mediated energy cycling in skeletal mus-
cle and is induced by metformin®®, These findings suggest that
therapeutically targeting the GDF-15/GFRAL pathway could be
beneficial for maintaining skeletal muscle energy expenditure
during caloric restriction.

The effects of metformin on body weight have been evalu-
ated in two independent randomized controlled clinical trials.
The results of these studies demonstrate that oral administra-
tion of metformin to wild-type mice increases GDF-15 expres-
sion, particularly in the distal intestine and kidneys®. While
metformin prevented weight gain associated with a high-fat diet
in normal mice, this effect was absent in GFRAL-deficient
mice’®. In obese mice, the effects of metformin on weight loss
were suppressed by a GFRAL antagonist antibody”. Although
metformin exerts GDF-15-dependent effects on energy intake
and expenditure, it maintained its capacity to lower blood glu-
cose levels even in the absence of GDF-15 activity”®. Further-
more, a study in obese children found that metformin use at 6
and 12 months was associated with increased GDF-15 levels,
and higher increases in GDF-15 were linked to greater reduc-
tions in body weight and visceral fat*. Consistent with the lit-
erature, our current study in individuals with prediabetes
observed an increase in GDF-15 levels with metformin use.

The association of metformin-induced GDEF-15 elevation
with reduced appetite raises the question of whether
exercise-induced increases in GDF-15 also affect appetite. Klein
et al* found that while pharmacological increases in GDF-15
were associated with appetite suppression, physiological changes
in GDF-15 related to exercise were not associated with feeding
behavior or exercise motivation.

The secretion of GDF-15 by various malignant tumors and
its role in mediating tumor-associated cachexia and weight loss
were first identified in 2007*°. Studies on the potential benefits
of GDF-15 blockade for managing side effects of
platinum-based chemotherapy have shown that GDF-15 neu-
tralization mitigates chemotherapy-induced anorexia and weight
loss in both mice and non-human primates®. In a study by Lu
et al., the effect of ketogenic diets on obesity management was
explained through the critical role of the GDF-15/GFRAL sig-
naling pathway. According to this study, hepatic PPARY (per-
oxisome proliferator-activated receptor gamma) activation
increases GDF-15 production, mediating the effects of ketogenic
diets on obesity, whereas suppression of hepatic PPARy expres-
sion reduces this**. GDF-15 regulates food intake, energy
expenditure, and body weight in response to metabolic and
toxin-induced stress. GFRAL-knockout mice exhibit hyperpha-
gia under stress conditions and are resistant to
chemotherapy-induced anorexia and weight loss*. A newly
developed GLP-1/GDF-15 fusion protein, QL1005, has demon-
strated superior performance compared to semaglutide in
vitro™. Experiments in obese mice and cynomolgus monkeys
have shown that QL1005 leads to dose-dependent reductions in
body weight, food intake, insulin, and glucose levels, with mini-
mal gastrointestinal side effects™.

http://wileyonlinelibrary.com/journal/jdi

High levels of GDF-15 are often used in epidemiologic stud-
ies to predict adverse health outcomes, leading researchers to
speculate that GDF-15 directly affects these adverse outcomes.
However, it should be noted that such studies are only correla-
tional and cannot establish causality. This assumption contra-
dicts studies conducted on animal models, which demonstrate
that overexpression of GDF-15 can improve health outcomes
and that the absence of the gene can worsen outcomes. There-
fore, it may be a more plausible interpretation that elevated
levels of GDF-15 are induced as an adaptive response that can
sometimes be inadequate against physiological stress, disease, or
other harmful stimuli. It was reported that GDF-15, which is
chronically elevated by cell stress, would return to its previous
levels by a feedback mechanism after metabolic recovery”®. The
reduction in GDEF-15 levels observed in our study with a
chronic exercise program, as opposed to its increase during
acute exercise noted in previous studies, is attributed to a
decrease in physiological stress associated with dysglycemia and
a reduction in the adaptive response.

This study examined the impact of lifestyle changes and
pharmacological interventions in the management of prediabe-
tes. The biological foundations of the effects of exercise and
metformin treatment on metabolic health are being elucidated
through the biomarker GDF-15 levels. This approach helps to
understand how therapies work at the molecular level and
identifies the contribution of specific biological pathways to
treatment. Furthermore, this study contributes to the develop-
ment of comprehensive and effective strategies for the manage-
ment of prediabetes. Elucidating the effects of exercise and
metformin at the cellular level provides valuable data for clini-
cal applications and contributes to the literature.

Our study has various limitations. First, the fact that the
sample was limited to only three hospitals in Istanbul, Turkiye,
limits the generalizability of the study results. There is no eth-
nic diversity in the study. Second, blinding is not possible in
exercise interventions. In this study, blinding was applied only
for the study of blood samples and statistical analyses. Third,
the inclusion of relatively healthy prediabetics, excluding those
with diseases such as cardiovascular disease and heart failure,
may have caused healthy selection bias. Fourth, the 12-week
exercise duration limits the ability to observe the long-term
effects of exercise. Fifth, moderate-intensity aerobic exercises
were performed. It is not clear whether greater differences
would be achieved with high-intensity exercise. Sixth, the initial
motivation levels of the participants may have an impact on
the results of the study. Individuals with high levels of motiva-
tion may follow the program more regularly than those with
low levels of motivation, which may affect the results. Seventh,
the limits of sensitivity and specificity of the methods used to
measure biomarkers such as GDF-15 may affect the accuracy
of the results. Furthermore, the lack of standardization of mea-
surements made in different laboratories may also limit the
comparability of data. Eighth, the metformin group was not
randomized but rather observational, which limits the ability to
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make direct comparisons between the metformin group and
the other groups. Another significant limitation of this study is
the relatively small sample size (a total of 91 participants).
Studies with larger sample sizes would allow for subgroup ana-
lyses based on demographic variables such as gender and age.
Although the findings of this study reached sufficient statistical
power within the designated sample, replication of these find-
ings in broader and demographically diverse populations is
essential to confirm the results. Recognizing this limitation,
future research should aim to test the generalizability of these
findings by utilizing larger and more diverse populations. In
this study, the effects of gender, age, and other demographic
factors could not be examined in detail. Future studies employ-
ing larger and more heterogeneous samples for subgroup ana-
lyses may provide a more comprehensive understanding of the
effects on GDF-15 levels. This would enable a more detailed
analysis of the impacts of exercise and metformin on specific
subgroups within prediabetic individuals.

In conclusion, it was determined that in individuals with pre-
diabetes aged 18-60, GDF-15, which serves both as a bio-
marker of metabolic disorder and has a negative regulatory
effect on appetite, decreased with 12 weeks of aerobic exercise
and increased with metformin administration. This study eluci-
dates the mechanisms of GDF-15, a current biomarker, in the
management of prediabetes. Broad, long-term studies are neces-
sary to determine the therapeutic potential of GDF-15.

ACKNOWLEDGMENTS
The authors thank Ziibeyir Sar1 for him valuable support.

FUNDING

This study was supported by the Scientific and Technological
Research Council of Turkey (TUBITAK) under the Grant
Number 222S170. The authors thank TUBITAK for their
support.

DISCLOSURE

The authors declare no conflict of interest.

Approval of the research protocol: Clinical Research Ethics
Committee of Istanbul Medeniyet University Goztepe Training
and Research Hospital (approval number: 2021/0255, date:
07.04.2021).

Informed consent: Approved by the ethics committee and
signed by all participants.

Registry and the registration no. of the study/trial: This study
was registered in the Protocol Registration and Results System
(Clinicaltrials.gov PRS) with registration number NCT04799938
(16.03.2021).

Animal studies: N/A.

AUTHOR CONTRIBUTIONS
All authors contributed significantly and approved the final ver-
sion of the manuscript.

ORIGINAL ARTICLE
Exercise effect on GDF-15 in prediabetes

CONTENT
Content has not been published elsewhere.

ETHICS STATEMENT

The protocol for the research project has been approved. A
detailed informed consent form approved by the ethics com-
mittee was signed by all participants.

DATA AVAILABILITY STATEMENT

The datasets generated during and/or analyzed in the current
study are available from the corresponding author upon reason-
able request.

REFERENCES

1. Echouffo-Tcheugui JB, Perreault L, Ji L, et al. Diagnosis and
management of prediabetes: a review. JAMA 2023; 329:
1206-1216.

2. American Diabetes Association. Facilitating behavior change
and well-being to improve health outcomes: standards of
medical care in diabetes-2020. Diabetes Care 2020; 43
(Supplement 1): S48-S65.

3. Nathan DM, Barret-Connor E, Crandall JPJ, et al. Long-term
effects of lifestyle intervention or metformin on diabetes
development and microvascular complications: the DPP
outcomes study. Lancet Diabetes Endocrinol 2016; 3: 866-875.

4. Liu JY, Dong XX, Lu JN, et al. Utility of GDF-15 as a
diagnostic biomarker in gastric cancer: an investigation
combining GEO, TCGA and meta-analysis. FEBS Open Bio
2019; 9: 35-42.

5. Bootcov MR, Bauskin AR, Valenzuela SM, et al. MIC-1, a novel
macrophage inhibitory cytokine, is a divergent member of
the TGF-B superfamily. Proc Natl Acad Sci USA 1997; 94:
11514-11519.

6. Xu J, Kimball TR, Lorenz JN, et al. GDF15/MIC-1 functions as
a protective and antihypertrophic factor released from the
myocardium in association with SMAD protein activation.
Circ Res 2006; 98: 342—350.

7. Kempf T, Eden M, Strelau J, et al. The transforming growth
factor-B superfamily member growth-differentiation factor-15
protects the heart from ischemia/reperfusion injury. Circ Res
2006; 98: 351-360.

8. LiJ, Cui'Y,Huang A, et al. Additional diagnostic value of
growth differentiation factor-15 (GDF-15) to N-terminal B-type
natriuretic peptide (NT-proBNP) in patients with different
stages of heart failure. Med Sci Monit 2018; 24: 4992-4999.

9. Lind L, Gigante B, Borne Y, et al. The plasma protein profile
and cardiovascular risk differ between intima-media
thickness of the common carotid artery and the bulb: a
meta-analysis and a longitudinal evaluation. Atherosclerosis
2020; 295: 25-30.

10. Tzikas S, Vassilikos V, Keller T. GDF-15 as a risk stratification
biomarker for cardiovascular disease. Int J Cardiol 2019; 292:
246-247.

© 2025 The Author(s). Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

J Diabetes Investig Vol. 16 No. 4 April 2025 667

251907 SUOLLIOD @A1IEBID (D [dde aU) Aq PoLRACS a2 SAILE YO 88N J0'SINI J0J ARG 1T BUIIUO /B |1 UO (SUONIPUOD-PUE-SWBI L0 B | ARe.q)1[BUIUO//StY) SUONIPUOD PUE WL | aU1 295 *[5Z02/60/62] Uo ATIqIT8UIIUO ABIIA ‘PIY 80UBpING BURIL0D A83tin L AQ #0pHT IP/TTTT 0T/10p00 Ao | AzeIqiipulJUo//'sdny WOl papeojumog


http://clinicaltrials.gov

ORIGINAL ARTICLE

Yildinm Ayaz et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hong JH, Chung HK, Park HY, et al. GDF15 is a novel
biomarker for impaired fasting glucose. Diabetes Metab J
2014; 38: 472-479.

Campderrés L, Moure R, Cairé M, et al. Brown adipocytes
secrete GDF15 in response to thermogenic activation.
Obesity 2019; 27: 1606-1616.

Ouyang J, Isnard S, Lin J, et al. GDF-15 as a weight watcher
for diabetic and non-diabetic people treated with
metformin. Front Endocrinol (Lausanne) 2020; 11: 581839.
Hale C, Véniant MM. Growth differentiation factor 15 as a
potential therapeutic for treating obesity. Mol Metab 2020;
46: 101117.

Keihanian A, Arazi H, Kargarfard M. Effects of aerobic versus
resistance training on serum fetuin-a, fetuin-B, and fibroblast
growth factor-21 levels in male diabetic patients. Physiol Int
2019; 106: 70-80.

Yousef H, Khandoker AH, Feng SF, et al. Inflammation,
oxidative stress and mitochondrial dysfunction in the
progression of type Il diabetes mellitus with coexisting
hypertension. Front Endocrinol (Lausanne) 2023; 14: 1173402.
Balci SB, Tel BMA, Duman T, et al. A novel marker for
prediabetic conditions: uric acid-to-HDL cholesterol ratio.
Bratislava Med J 2024; 125: 145-148.

Balci B, Tekce BK, Aktas G. Evaluation of serum oxidative
stress levels and antioxidant capacity in prediabetes. Adv
Redox Res 2024: 12: 100106.

Metsios GS, Moe RH, Kitas GD. Exercise and inflammation.
Best Pract Res Clin Rheumatol 2020; 34: 101504.

Feng YY, Wang Z, Pang H. Role of metformin in
inflammation. Mol Biol Rep 2023; 50: 789—798.

Adeshara KA, Bangar NS, Doshi PR, et al. Action of
metformin therapy against advanced glycation, oxidative
stress and inflammation in type 2 diabetes patients: 3
months follow-up study. Diabetes Metab Syndr Clin Res Rev
2020; 14: 1449-1458.

Zhao M, Xiao M, Tan Q, et al. The effect of aerobic exercise
on oxidative stress in patients with chronic kidney disease:
a systematic review and meta-analysis with trial sequential
analysis. Ren Fail 2023; 45: 2252093.

Borghouts LB, Keizer HA. Exercise and insulin sensitivity: a
review. Int J Sports Med 2000; 21: 1-12.

Fan D, Pan K, Guo J, et al. Exercise ameliorates fine
particulate matter-induced metabolic damage through the
SIRT1/AMPKo/PGC1-0/NRF1 signaling pathway. Environ Res
2024; 245: 117973.

Kleinert M, Clemmensen C, Sjgberg KA, et al. Exercise
increases circulating GDF15 in humans. Mol Metab 2018; 9.
187-191.

Coll AP, Chen M, Taskar P, et al. GDF15 mediates the effects
of metformin on body weight and energy balance. Nature
2020; 578: 444-448.

Lawton LN, Bonaldo MDF, Jelenc PC, et al. Identification of
a novel member of the TGF-beta superfamily highly
expressed in human placenta. Gene 1997; 203: 17-26.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

http://wileyonlinelibrary.com/journal/jdi

Wang D, Townsend LK, DesOrmeaux GJ, et al. GDF15
promotes weight loss by enhancing energy expenditure in
muscle. Nature 2023; 619: 143—150.

Day EA, Ford RJ, Smith BK, et al. Metformin-induced
increases in GDF15 are important for suppressing appetite
and promoting weight loss. Nat Metab 2019; 1: 1202—
1208.

Seo MW, Jung SW, Kim SW, et al. Effects of 16 weeks of
resistance training on muscle quality and muscle growth
factors in older adult women with sarcopenia: a
randomized controlled trial. Int J Environ Res Public Health
2021; 18: 6762.

Johnson AA, Shokhirev MN, Wyss-Coray T, et al. Systematic
review and analysis of human proteomics aging studies
unveils a novel proteomic aging clock and identifies key
processes that change with age. Ageing Res Rev 2020; 60:
101070.

Jerobin J, Ramanjaneya M, Bettahi |, et al. Regulation of
circulating CTRP-2/CTRP-9 and GDF-8/GDF-15 by intralipids
and insulin in healthy control and polycystic ovary
syndrome women following chronic exercise training. Lipids
Health Dis 2021; 20: 1-11.

Munk PS, Valborgland T, Butt N, et al. Response of growth
differentiation factor-15 to percutaneous coronary
intervention and regular exercise training. Scand Cardiovasc
J2011; 45: 27-32.

Raffin J, Rolland Y, Parini A, et al. Association between
physical activity, growth differentiation factor 15 and
bodyweight in older adults: a longitudinal mediation
analysis. J Cachexia Sarcopenia Muscle 2023; 14: 771-780.
Barma M, Khan F, Price RJG, et al. Association between
GDF-15 levels and changes in vascular and physical
function in older patients with hypertension. Aging Clin Exp
Res 2017; 29: 1055—-1059.

Hirano T, Doi K, Matsunaga K, et al. A novel role of growth
differentiation factor (GDF)-15 in overlap with sedentary
lifestyle and cognitive risk in COPD. J Clin Med 2020; 9: 1—
11.

Johann K, Kleinert M, Klaus S. The role of GDF15 as a
myomitokine. Cells 2021; 10: 2990.

Breit SN, Brown DA, Tsai VWW. The GDF15-GFRAL pathway
in health and metabolic disease: friend or foe? Annu Rev
Physiol 2021; 83: 127-151.

Galliera E, Lombardi G, Marazzi MG, et al. Acute exercise in
elite rugby players increases the circulating level of the
cardiovascular biomarker GDF-15. Scand J Clin Lab Invest
2014; 74: 492-499.

Zhang H, Mulya A, Nieuwoudt S, et al. GDF15 mediates the
effect of skeletal muscle contraction on glucose-stimulated
insulin secretion. Diabetes 2023; 72: 1070-1082.

Quist JS, Klein AB, Feerch K; et al. Effects of acute exercise
and exercise training on plasma GDF15 concentrations and
associations with appetite and cardiometabolic health in
individuals with overweight or obesity — a secondary

668

J Diabetes Investig Vol. 16 No. 4 April 2025

© 2025 The Author(s). Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

11uo//'sdnY) SUORIPUOD PUe SWie L 8UY 88S *[G202/60/62] U0 ARIgITaUIUO AB]IM ‘PIV 80UBPIAT BURIY0D A3 L AQ YOV T IPTTTT'OT/I0p/W00 8| Im ARIq1jBulUO//STRY WO} papeojumoq ‘v ‘5202 ‘#2TTOV0Z

oo e ImA

85UB217 SUOWILOD dAIR1D) 3|geat|dde ay) Aq pausenob afe sajoie O ‘ash Jo sajni Joy Ariqi]auluQ A8|I UO (SUO R} IPUCD-PLR



http://wileyonlinelibrary.com/journal/jdi

42.

43.

45.

analysis of a randomized controlled trial. Appetite 2023; 182:
106423.

de Sousa CAZ, Sierra APR, Martinez Galan BS, et al. Time
course and role of exercise-induced cytokines in muscle
damage and repair after a Marathon race. Front Physiol
2021; 12: 752144,

Wang Y, Yao P, Li K, et al. GDF-15 (a biomarker for
metformin) and the risk of COVID-19: a two-sample
mendelian randomization study. Medicine (Baltimore) 2023;
102: E34675.

. Carreras-Badosa G, Gdmez-Vilarrubla A, Mas-Parés B, et al. A

24-month metformin treatment study of children with
obesity: changes in circulating GDF-15 and associations with
changes in body weight and visceral fat. Pediatr Obes 2022;
17: €12845.

Klein AB, Nicolaisen TS, @rtenblad N, et al. Pharmacological
but not physiological GDF15 suppresses feeding and the
motivation to exercise. Nat Commun 2021; 12: 1041.

46.

47.

48.

49.

50.

ORIGINAL ARTICLE
Exercise effect on GDF-15 in prediabetes

Johnen H, Lin S, Kuffner T, et al. Tumor-induced anorexia
and weight loss are mediated by the TGF-beta superfamily
cytokine MIC-1. Nat Med 2007; 13: 1333—1340.

Breen DM, Kim H, Bennett D, et al. GDF-15 neutralization
alleviates platinum-based chemotherapy-induced emesis,
anorexia, and weight loss in mice and nonhuman primates.
Cell Metab 2020; 32: 938-950.€6.

Lu JF, Zhu MQ, Xia B, et al. GDF15 is a major determinant
of ketogenic diet-induced weight loss. Cell Metab 2023; 35:
2165-2182¢€7.

Hsu JY, Crawley S, Chen M, et al. Non-homeostatic body
weight regulation through a brainstem-restricted receptor
for GDF15. Nature 2017; 550: 255-259.

Zhang Y, Zhao X, Dong X, et al. Activity-balanced GLP-1/
GDF15 dual agonist reduces body weight and metabolic
disorder in mice and non-human primates. Cell Metab 2023;
35: 287-298.e4.

11uo//sdny) SUONIPUOD PLE SWWB | B 385 *[GZ02/60/6Z] U ARiq 1T 8UIIUO 311 ‘P1Y 30UBPIAS BUIR0D) ABXin L Ad $OYT IPI/TTTT OT/I0p/W0Y 8] 1M ATR.q 16U |uo//Sdny W01 papeojumod ‘v

oo e ImA

© 2025 The Author(s). Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

669

J Diabetes Investig Vol. 16 No. 4 April 2025

85UB217 SUoWIL0D aAa1D a|geat|dde ayy Aq pausenob afe sajpie O ‘ash Jo sajni Joy Ariqi]auluO 8|1 UO (SUO R} IPUCD-PLR



	Outline placeholder
	 ABSTRACT
	 INTRODUCTION
	 MATERIALS AND METHODS
	 Study design
	 Study patients
	 Randomization and masking
	 Follow-up visits
	 Blood samples
	 Exercise intervention
	 Statistical analysis

	 RESULTS
	 DISCUSSION
	 Exercise-induced changes in GDF-15 levels
	 Metformin-induced increases in GDF-15 levels
	 Context-dependent roles of GDF-15

	 ACKNOWLEDGMENTS
	 FUNDING
	 DISCLOSURE
	 AUTHOR CONTRIBUTIONS
	 CONTENT
	 ETHICS STATEMENT
	 DATA AVAILABILITY STATEMENT
	 REFERENCES


