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Abstract

Objectives: To assess the influences of growth differentiation factor 15 (GDF15) on the
reduction in glycated hemoglobin (∆HbA1c) induced by exenatide in type 2 diabetes
mellitus (T2DM). Methods: This analysis included 166 participants with T2DM who
received exenatide as add-on therapy for 16 weeks. The effect of baseline GDF15 on
∆HbA1c was evaluated using univariate, multivariate, and bidirectional stepwise linear
regression models. Baseline GDF15 was categorized into tertiles with the lowest tertile
(tertile 1) serving as reference. A subgroup analysis was performed in the participants
aged >35 years to investigate whether age influenced the effect of GDF15 on ∆HbA1c.
Results: GDF15 levels were significantly increased from baseline following 16 weeks of
exenatide treatment [721.9 (513.6, 997.8) pg/mL vs. 741.4 (510.0, 1203.4) pg/mL, p = 0.031].
Univariate linear regression analysis revealed a positive association between baseline
GDF15 (tertile 3: β = 0.553, 95% CI 0.115 to 0.991, p = 0.014) and ∆HbA1c. However, no
significant relationship was found between GDF15 (tertile 2: p = 0.403; tertile 3: p = 0.217)
and ∆HbA1c after adjusting for age and diabetes duration. Further stepwise regression
analysis indicated a non-robust association for GDF15 in the absence of age as GDF15 was
excluded from the model. Among the participants >35 years old, GDF15 (tertile 3: β = 0.383,
95% CI 0.002 to 0.764, p = 0.049) remained positively associated with ∆HbA1c, even after
adjusting for age. Conclusions: Elevated GDF15 might potentially diminish the reduction
in HbA1c following 16-week exenatide treatment, with this effect moderated by age.

Keywords: type 2 diabetes mellitus; growth differentiation factor 15; glucagon-like
peptide-1 agonists; glycated hemoglobin

1. Introduction
Diabetes has become an important health issue worldwide, especially in China. The

prevalence of diabetes continues to increase, having risen from 10.9% in 2013 to 12.4% in
2018–2019 in China [1,2]. In 2024, it is estimated that 148.0 million people have diabetes
in Chinese adults, and this number is projected to reach 168.3 million by 2050 [3]. Poor
glycemic control is prevalent in type 2 diabetes mellitus (T2DM), failing to meet the World
Health Organization (WHO) objective that 80% of diagnosed diabetes patients achieve
optimal glycemic management [4]. Thus, precise blood glucose control is an urgent goal
that needs to be addressed.
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Metformin remains the standard of monotherapy for T2DM, since it is favored for its
global accessibility, efficacy, safety, and cost-effectiveness. In T2DM patients with atheroscle-
rotic cardiovascular disease or high cardiovascular risk, glucagon-like peptide-1 receptor
agonists (GLP-1RAs) were recommended as an important option [5]. Moreover, GLP-1RAs
could benefit T2DM patients by reducing caloric intake and body weight, together with en-
hancing glucose-dependent insulin secretion, suppressing glucagon secretion, and slowing
gastric emptying [6].

In addition to their effects on glycemic control, either GLP-1RAs or metformin can also
regulate the production of cytokines and chemokines [7]. Our previous study showed that
serum fibroblast growth factor 21 (FGF21) levels were elevated in T2DM patients after the
GLP-1RA exenatide treatment, and FGF21 mediated the hepatic glucose output inhibition
function of GLP-1RA [8]. Moreover, recent studies found that metformin elevated the levels
of circulating growth differentiation factor 15 (GDF15), which was crucial for exerting its
benefits on energy balance and body weight [9], as well as achieving full AMPK activation,
the primary mechanism mediating its antidiabetic effects [10].

GDF15, also known as macrophage inhibitory cytokine 1, belongs to the transforming
growth factor-β superfamily [11]. GDF15, which is induced by macrophage activation,
has emerged as a stress factor closely linked to metabolic dysfunction, including obe-
sity, cardiovascular disease, metabolic dysfunction-associated steatotic liver disease, and
T2DM [12–16]. However, the role of GDF15 in the hypoglycemic function of GLP-1RAs has
not been fully explored.

Therefore, this study aimed to investigate changes in GDF15 levels in T2DM patients
treated with exenatide for 16 weeks, and whether baseline GDF15 levels influenced the
magnitude of HbA1c reduction following exenatide treatment.

2. Materials and Methods
2.1. Study Design

The multicenter interventional trial was conducted at seven tertiary hospitals in
China and registered with the Chinese Clinical Trial Registry (www.chictr.org.cn; number:
ChiCTR-IPR-15006558; date: 27 May 2015). The Medical Ethics Committee of Peking
University Third Hospital approved the study protocol (Approval Code: 11-69-II-NFM;
date: 14 September 2011). Written informed consent was obtained from all participants
before enrollment.

2.2. Participants

The detailed inclusion and exclusion criteria for this trial have been reported else-
where [17]. Briefly, eligible adults with T2DM (1999 WHO definition) aged 20~70 years,
who were treated with metformin and insulin secretagogues alone or in combination,
received subcutaneous exenatide for 16 weeks. Exenatide was initiated at 5 µg twice daily
for the first 4 weeks and then increased to 10 µg twice daily for the subsequent 12 weeks
(or continued the lower dose if tolerance issues arose). Between July 2011 and June 2013,
240 patients were randomly enrolled, of whom 203 completed the intervention. Nineteen
individuals with incomplete GDF15 data at baseline or follow-up were excluded, and
18 participants without a background metformin therapy were also excluded, given the
influence of metformin on GDF15 levels [9]. Ultimately, 166 individuals were included in
this post hoc secondary analysis (Figure 1).
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Figure 1. The flowchart of this study. Abbreviation: GDF15, growth differentiation factor 15.

2.3. Anthropometric Measurement and Biochemical Examination

Anthropometric measurement and biochemical examination of participants at baseline
and post-treatment time points were collected. The term “baseline” refers to the screening
period when patients had not yet started exenatide treatment, and “post-treatment” refers
to the follow-up period at the end of the 16-week exenatide treatment. Information on age,
gender, diabetes duration, and background therapies (metformin, insulin secretagogues)
was obtained from medical records. Height and weight were measured without shoes and
outerwear. Body mass index (BMI) was calculated as weight in kilograms divided by height
in meters squared (kg/m2). Systolic and diastolic blood pressures were measured three
times in the same arm after at least 5 min of rest on each occasion, and the mean value was
utilized for analysis. Fasting blood glucose, 2 h postprandial glucose, glycated hemoglobin
(HbA1c), serum triglycerides, total cholesterol, low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), alanine aminotransferase, aspartate amino-
transferase, alkaline phosphatase, total bilirubin, blood urea nitrogen, serum creatinine,
uric acid, amylase, and lipase were measured. The post-treatment HbA1c level minus its
baseline level yields the reduction from baseline in HbA1c level (∆HbA1c). The fasting
leftover serum at baseline and post-treatment were collected and stored in −80 ◦C. The
serum GDF15 levels were detected by using a human GDF15 enzyme-linked immunosor-
bent assay kit (Cat: DGD150, R&D Systems, Minneapolis, MN, USA). The detection of
GDF15 was performed on the same day by the same operator.
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2.4. Statistical Analysis

Continuous variables with normal distributions are described as mean ± standard
deviation, while data that were not normally distributed are presented as median (in-
terquartile range). The differences between baseline and post-treatment parameters were
examined using a paired t-test or a Wilcoxon test. The correlation between the two variables
was illustrated using scatter plots. Correlation analyses were conducted using Spearman’s
rank method. In cases where ties were present, Kendall’s tau correlation coefficient was em-
ployed to assess the correlation [18]. Univariate and multivariate linear regression analyses
were performed to examine the association between baseline variables and ∆HbA1c. Con-
sidering the relatively small sample size in this study, we further performed a bidirectional
stepwise regression analysis to simplify the model and identify the strongly correlated vari-
ables. The stepping criteria employed for entry and removal were based on the significance
level of the F-value and set at 0.05 [19]. Stepwise regression analysis was employed solely
as an exploratory tool to understand potentially important variables. The coefficient β and
its 95% confidence interval (CI) were reported. Baseline GDF15 levels were categorized into
tertiles in the model, corresponding to the 33rd and 67th percentiles with the lowest tertile
(tertile 1) serving as reference. All statistical analyses were performed using R software
(version 4.3.3). The plots were generated using the forestploter (version 1.1.3), ggplot2
(version 4.0.1) and ggpubr (version 0.6.1) packages. p < 0.05 was considered significant.

3. Results
3.1. Characteristics of the Participants at Baseline and After the Exenatide Treatment

The comparison of baseline characteristics between the 166 included participants and
37 excluded participants is shown in Table S1. Most parameters were similar between
the two groups, indicating that the selection bias might not affect the results of this post
hoc analysis.

The anthropometric and biochemical characteristics of the study participants at base-
line and post-treatment are shown in Table 1. The average age of the participants was
49.8 ± 10.0 years, and the median diabetes duration was 4.79 years (interquartile
range 2.33 to 8.58). Among 166 participants, 101 were male, accounting for 60.8%. In
addition to the significant improvements in glucose metabolism parameters, including
fasting blood glucose, 2 h postprandial glucose and HbA1c (all p < 0.001), weight, BMI,
serum HDL-C and total bilirubin levels were also significantly decreased after 16 weeks of
exenatide treatment (all p < 0.05). In contrast, serum amylase and lipase levels were remark-
ably increased after the exenatide treatment (both p < 0.001). Two participants had serum
amylase values slightly above the laboratory upper limit of normal (ULN) of 135 U/L (an in-
crease of less than 13.2 U/L), and four participants exhibited lipase values marginally above
the ULN of 300 U/L (an increase of less than 50 U/L). However, none reported the related
abdominal symptoms, and no participants met the clinical diagnostic criteria for pancreati-
tis. It was notable that GDF15 levels were markedly elevated after the exenatide treatment
(721.9 [513.6, 997.8] pg/mL vs. 741.4 [510.0, 1203.4] pg/mL, p = 0.032). Moreover, the
Kendall’s test showed no significant associations between the change in GDF15 and change
in serum amylase (tau = 0.051, p = 0.334; Figure S1A) or lipase (tau = 0.056, p = 0.289;
Figure S1B). Thus, the safety of exenatide treatment was acceptable.
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Table 1. Characteristics of T2DM patients at baseline and post-treatment (n = 166).

Variables Baseline Post-Treatment p-Value

Age, year 49.8 ± 10.0 — —
Sex—male, n (%) 101 (60.8%) — —
Diabetes duration, year 4.79 (2.33, 8.58) — —
Weight, kg 80.3 ± 14.7 78.3 ± 14.5 <0.001
Body mass index, kg/m2 28.6 ± 4.14 27.8 ± 4.03 <0.001
Heart rate, bpm 76.5 ± 7.90 77.5 ± 8.23 0.110
Systolic blood pressure, mmHg 126.1 ± 12.6 126.0 ± 11.6 0.814
Diastolic blood pressure, mmHg 78.8 ± 8.24 77.5 ± 7.31 0.058
Fasting blood glucose, mmol/L 9.29 ± 1.77 8.00 ± 2.05 <0.001
2 h postprandial glucose, mmol/L 16.3 ± 3.34 13.2 ± 4.01 <0.001
HbA1c, % 8.23 ± 0.91 7.00 ± 1.02 <0.001
Triglycerides, mmol/L 1.67 (1.21, 2.77) 1.62 (1.23, 2.64) 0.455
Total cholesterol, mmol/L 4.88 ± 0.97 4.80 ± 0.92 0.456
LDL-C, mmol/L 2.95 ± 0.87 2.92 ± 0.84 0.536
HDL-C, mmol/L 1.26 ± 0.39 1.22 ± 0.33 0.034
Alanine aminotransferase, U/L 25.6 (17.4, 40.5) 24.2 (17.3, 36.0) 0.141
Aspartate aminotransferase, U/L 24.7 (18.0, 32.2) 23.1 (18.0, 30.0) 0.327
Alkaline phosphatase, U/L 68.3 (57.0, 81.0) 66.5 (56.0, 82.0) 0.059
Total bilirubin, µmol/L 13.0 ± 5.22 12.2 ± 5.26 0.003
Blood urea nitrogen, mmol/L 4.92 ± 1.32 4.85 ± 1.34 0.536
Serum creatinine, µmol/L 64.5 ± 14.5 65.8 ± 14.8 0.067
Uric acid, µmol/L 324.4 ± 86.4 329.4 ± 87.3 0.147
Serum amylase, U/L 51.1 (43.0, 62.0) 56.8 (47.0, 72.9) <0.001
Serum lipase, U/L 64.0 (37.1, 100.8) 77.0 (42.4, 141.0) <0.001
GDF15, pg/mL 721.9 (513.6, 997.8) 741.4 (510.0, 1203.4) 0.031

Data are presented as mean ± standard deviation, median (interquartile range), or n (%). Abbreviations: T2DM,
type 2 diabetes mellitus; HbA1c, glycated hemoglobin; LDL-C, low-density lipoprotein cholesterol; HDL-C,
high-density lipoprotein cholesterol; GDF15, growth differentiation factor 15.

3.2. Baseline GDF15 Is Positively Associated with ∆HbA1c in Univariate Linear Regression
Analysis

To better capture effects of baseline GDF15 and improve the robustness of our analysis,
we categorized baseline GDF15 into tertiles for inclusion in the model, and the baseline
characteristics are shown in Table 2. Age (p = 0.002) and diabetes duration (p = 0.001)
increased with higher baseline GDF15 tertiles. The mean baseline HDL-C levels rose to
1.31 mmol/L in the second tertile before declining to 1.20 mmol/L in the highest tertile
versus 1.26 mmol/L in the lowest tertile (p = 0.047). Although the baseline HbA1c levels
did not differ significantly among the tertile groups, smaller reduction from baseline in
HbA1c levels as indicated by higher ∆HbA1c was found in higher baseline GDF15 tertiles
(p = 0.046).

Table 2. Baseline characteristics and ∆HbA1c according to the baseline GDF15 tertiles.

Variables Tertile 1
(n = 56)

Tertile 2
(n = 59)

Tertile 3
(n = 51) p-Value

GDF15, pg/mL 463.2 (386.0, 513.6) 738.1 (647.8, 791.8) 1341.9 (1010.5, 1477.0) <0.001
Age, year 46.0 ± 9.75 51.4 ± 10.5 52.1 ± 8.74 0.002
Sex—male, n (%) 33 (58.9%) 41 (69.5%) 27 (52.9%) 0.195
Diabetes duration, year 3.17 (2.06, 6.12) 5.08 (3.12, 10.1) 6.25 (3.38, 10.3) 0.001
Weight, kg 81.3 ± 13.7 80.4 ± 16.6 79.2 ± 13.8 0.777
Body mass index, kg/m2 28.8 ± 4.10 28.2 ± 4.20 28.8 ± 4.14 0.550
Heart rate, bpm 75.2 ± 8.40 78.7 ± 8.21 75.6 ± 6.47 0.051
Systolic blood pressure, mmHg 123.1 ± 12.4 128.1 ± 12.9 127.1 ± 11.9 0.130
Diastolic blood pressure, mmHg 78.2 ± 8.83 79.5 ± 8.74 78.7 ± 6.97 0.713
Fasting blood glucose, mmol/L 9.38 ± 1.94 9.29 ± 1.80 9.19 ± 1.57 0.997
2 h postprandial glucose, mmol/L 15.5 ± 3.84 16.6 ± 3.19 16.7 ± 2.79 0.071
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Table 2. Cont.

Variables Tertile 1
(n = 56)

Tertile 2
(n = 59)

Tertile 3
(n = 51) p-Value

HbA1c, % 8.27 ± 0.87 8.36 ± 0.94 8.03 ± 0.88 0.141
Triglycerides, mmol/L 1.78 (1.28, 3.03) 1.47 (0.96, 2.20) 1.72 (1.33, 2.82) 0.174
Total cholesterol, mmol/L 4.98 ± 1.00 4.82 ± 0.98 4.84 ± 0.94 0.722
LDL-C, mmol/L 3.06 ± 0.83 2.85 ± 0.90 2.93 ± 0.88 0.542
HDL-C, mmol/L 1.26 ± 0.33 1.31 ± 0.37 1.20 ± 0.45 0.047
Alanine aminotransferase, U/L 24.1 (18.4, 34.7) 22.5 (13.6, 37.9) 30.3 (20.3, 44.0) 0.102
Aspartate aminotransferase, U/L 23.0 (18.8, 30.0) 23.0 (16.4, 32.7) 25.2 (20.9, 35.7) 0.173
Alkaline phosphatase, U/L 67.3 (57.8, 81.0) 66.0 (55.1, 86.5) 72.0 (57.2, 79.5) 0.794
Total bilirubin, µmol/L 13.5 ± 5.34 13.1 ± 4.92 12.5 ± 5.48 0.496
Blood urea nitrogen, mmol/L 4.61 ± 1.03 5.02 ± 1.43 5.14 ± 1.43 0.085
Serum creatinine, µmol/L 61.8 ± 13.7 63.9 ± 15.5 68.4 ± 13.5 0.057
Uric acid, µmol/L 308.9 ± 84.5 329.4 ± 92.5 335.7 ± 80.0 0.188
Serum amylase, U/L 51.4 (40.8, 58.1) 51.0 (41.5, 62.5) 52.0 (44.5, 63.8) 0.678
Serum lipase, U/L 56.0 (34.4, 86.3) 70.0 (38.6, 106.6) 88.0 (35.6, 126.2) 0.120
∆HbA1c, % −1.48 ± 1.05 −1.25 ± 1.31 −0.93 ± 1.03 0.046

Data are presented as mean ± standard deviation, median (interquartile range) or n (%). ∆ means the post-
treatment level minus its baseline level. Abbreviations: HbA1c, glycated hemoglobin; GDF15, growth differentia-
tion factor 15; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.

The univariate linear regression analysis of ∆HbA1c and baseline variables is
shown in Table 3. Age (β = 0.032, 95% CI 0.015 to 0.049, p < 0.001), total choles-
terol (β = 0.243, 95% CI 0.062 to 0.424, p = 0.009), LDL-C (β = 0.246, 95% CI 0.044 to
0.447, p = 0.017), and third tertile of baseline GDF15 (β = 0.553, 95% CI 0.115 to 0.991,
p = 0.014) were positively associated with ∆HbA1c, whereas baseline HbA1c showed a
negative association (β = −0.679, 95% CI −0.846 to −0.512, p < 0.001). The diabetes dura-
tion (β = 0.033, 95% CI −0.004 to 0.070, p = 0.079) and systolic blood pressure (β = 0.014,
95% CI −0.0003 to 0.028, p = 0.056) were in borderline association with ∆HbA1c. Consider-
ing the strong correlation between baseline total cholesterol and LDL-C (ρ = 0.879, p < 0.001;
Figure S2), only total cholesterol was included in the subsequent multivariate linear regres-
sion model, as it exhibited a smaller p-value.

Table 3. Univariate linear regression analysis of ∆HbA1c and baseline variables (n = 166).

Variables β (95% CI) p-Value R2

Age, year 0.032 (0.015, 0.049) <0.001 0.076
Sex, male −0.181 (−0.545, 0.183) 0.328 0.006
Diabetes duration, year 0.033 (−0.004, 0.070) 0.079 0.019
Weight, kg −0.003 (−0.015, 0.010) 0.672 0.001
Body mass index, kg/m2 0.006 (−0.037, 0.050) 0.775 0.001
Heart rate, bpm 0.005 (−0.018, 0.027) 0.689 0.001
Systolic blood pressure, mmHg 0.014 (−0.0003, 0.028) 0.056 0.022
Diastolic blood pressure, mmHg 0.010 (−0.011, 0.032) 0.343 0.005
Fasting blood glucose, mmol/L −0.043 (−0.144, 0.057) 0.398 0.004
2 h postprandial glucose,
mmol/L 0.005 (−0.048, 0.059) 0.845 0.0002

HbA1c, % −0.679 (−0.846, −0.512) <0.001 0.282
Triglycerides, mmol/L 0.057 (−0.095, 0.209) 0.461 0.003
Total cholesterol, mmol/L 0.243 (0.062, 0.424) 0.009 0.041
LDL-C, mmol/L 0.246 (0.044, 0.447) 0.017 0.034
HDL-C, mmol/L 0.230 (−0.232, 0.693) 0.327 0.006
Alanine aminotransferase, U/L −0.002 (−0.009, 0.006) 0.689 0.001
Aspartate aminotransferase, U/L 0.002 (−0.012, 0.017) 0.778 0.0005
Alkaline phosphatase, U/L 0.002 (−0.006, 0.011) 0.553 0.002
Total bilirubin, µmol/L −0.015 (−0.049, 0.020) 0.404 0.004
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Table 3. Cont.

Variables β (95% CI) p-Value R2

Blood urea nitrogen, mmol/L 0.100 (−0.034, 0.235) 0.143 0.013
Serum creatinine, µmol/L 0.0003 (−0.012, 0.013) 0.957 0.0002
Uric acid, µmol/L −0.0005 (−0.002, 0.002) 0.649 0.001
Serum amylase, U/L 0.001 (−0.008, 0.010) 0.859 0.0002
Serum lipase, U/L 0.002 (−0.002, 0.005) 0.305 0.006
GDF15, pg/mL 0.037

Tertile 1 Reference —
Tertile 2 0.226 (−0.196, 0.648) 0.291
Tertile 3 0.553 (0.115, 0.991) 0.014

∆ means the post-treatment level minus its baseline level. Abbreviations: HbA1c, glycated hemoglobin; LDL-C,
low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; GDF15, growth differentiation
factor 15.

3.3. Multivariate and Bidirectional Stepwise Linear Regression Analyses of ∆HbA1c
and Baseline Variables

As shown in Figure 2, after adjusting for baseline HbA1c, total cholesterol, systolic
blood pressure, and BMI, third tertile of baseline GDF15 (Model 2: β = 0.404, 95% CI 0.033
to 0.774, p = 0.032) remained positively correlated with ∆HbA1c. However, when age and
diabetes duration were included in the model, third tertile of baseline GDF15 (Model 3:
β = 0.238, 95% CI −0.141 to 0.616, p = 0.217) was no longer associated with ∆HbA1c. In
a further bidirectional stepwise regression analysis, baseline GDF15 was excluded from
the model, and age (β = 0.018, 95% CI 0.002 to 0.035, p = 0.024), total cholesterol (β = 0.205,
95% CI 0.056 to 0.354, p = 0.007), and baseline HbA1c (β = −0.658, 95% CI −0.819 to −0.496,
p < 0.001) were the most important factors influencing ∆HbA1c (Table S2).

Figure 2. Forest plot for multivariate regression analysis of ∆HbA1c with baseline GDF15 tertiles
adjusted for different baseline variables. Model 1 was adjusted for baseline HbA1c and total choles-
terol. Model 2 was adjusted for baseline HbA1c, total cholesterol, systolic blood pressure, and BMI.
Model 3 was adjusted for age, diabetes duration, baseline HbA1c, total cholesterol, systolic blood
pressure, and BMI. ∆ means the post-treatment level minus its baseline level. Abbreviations: HbA1c,
glycated hemoglobin; GDF15, growth differentiation factor 15; BMI, body mass index.
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3.4. Multivariate and Bidirectional Stepwise Linear Regression Analyses of ∆HbA1c and Baseline
Variables Among the Participants >35 Years Old

Age may act as a confounding factor influencing the effect of baseline GDF15 on
∆HbA1c. According to the “Youth in the Medium- and Long-term Youth Development
Plan (2016–2025)” in China [20], 35 years is the cut-off for classifying younger and older
adults. The baseline characteristics of both groups are presented in Table S3. Higher
age and longer diabetes duration, and higher baseline GDF15 levels were observed in
the participants >35 years old. In the participants aged >35 years (n = 148), baseline
GDF15 exhibited a borderline positive correlation with ∆HbA1c (ρ = 0.139, p = 0.093;
Figure S3A), whereas in the participants aged ≤35 years (n = 18), baseline GDF15 appeared
to be negatively correlated with ∆HbA1c (ρ = −0.448, p = 0.062; Figure S3B).

We conducted a univariate linear regression analysis of ∆HbA1c in the participants
aged >35 years. Similar to the findings from the overall participants, age (p = 0.004), systolic
blood pressure (p = 0.037), total cholesterol (p = 0.004), LDL-C (p = 0.009), baseline HbA1c
(p < 0.001), and third tertile of baseline GDF15 (p = 0.012) were significantly associated
with ∆HbA1c (Table S4). After adjusting for baseline HbA1c, total cholesterol, systolic
blood pressure, and BMI, both second tertile (Model 2: β = 0.397, 95% CI 0.016 to 0.777,
p = 0.041) and third tertile (Model 2: β = 0.418, 95% CI 0.038 to 0.798, p = 0.031) of base-
line GDF15 remained significantly correlated with ∆HbA1c (Figure 3). However, this
correlation disappeared after further adjustment for age and diabetes duration (Model 3;
Figure 3). Moreover, subsequent stepwise regression analysis identified baseline GDF15,
age, total cholesterol, and baseline HbA1c as influencing factors. Notably, third tertile of
baseline GDF15 remained positively associated with ∆HbA1c, even after adjusting for age
(Model 4: β = 0.383, 95% CI 0.002 to 0.764, p = 0.049; Figure 3). The detailed results of
stepwise regression analysis are provided in Table S5. Thus, although age might be a co-
founding factor obscuring the effects of GDF15, baseline GDF15 continues to be a potential
factor positively associated with the magnitude of HbA1c reduction in T2DM participants
>35 years old.

Figure 3. Forest plot for multivariate regression analysis of ∆HbA1c with baseline GDF15 tertiles
adjusted for different baseline variables. Model 1 was adjusted for baseline HbA1c and total choles-
terol. Model 2 was adjusted for baseline HbA1c, total cholesterol, systolic blood pressure, and BMI.
Model 3 was adjusted for age, diabetes duration, baseline HbA1c, total cholesterol, systolic blood
pressure, and BMI. Model 4 was bidirectional stepwise regression analysis for Model 3. ∆ means the
post-treatment level minus its baseline level. Abbreviations: HbA1c, glycated hemoglobin; GDF15,
growth differentiation factor 15; BMI, body mass index.
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For the participants ≤35 years old, since the sample size is quite small, continuous
GDF15 level, instead of tertile-based stratification, was exploited in the linear regression
model. To avoid overfitting due to the small sample size, the multivariable model was
restricted to baseline GDF15 and baseline HbA1c, and neither of these two variables was
significantly associated with ∆HbA1c (GDF15: p = 0.264, and HbA1c: p = 0.067; Table S6).

4. Discussion
Our post hoc secondary analysis found that circulating GDF15 levels were signifi-

cantly increased after 16 weeks of the GLP-1RA exenatide treatment in T2DM patients
who were treated with metformin alone or in combination with insulin secretagogues.
Although the baseline HbA1c levels were not significantly different among the baseline
GDF15 tertiles, smaller reduction from baseline in HbA1c levels was observed in higher
baseline GDF15 tertiles. Furthermore, multivariate linear regression analysis indicated that
age and diabetes duration moderated the effect of baseline GDF15 on HbA1c reduction.
The age-stratified subgroup analysis showed that among the participants >35 years old,
baseline GDF15 remained a positive association with HbA1c reduction, even after adjust-
ing for age. By contrast, the participants ≤35 years old appeared to exhibit a negative
relationship between baseline GDF15 and HbA1c reduction. Therefore, age might be an
important factor influencing the effect of GDF15 on HbA1c reduction, albeit baseline GDF15
continued to be a potential factor positively associated with HbA1c reduction in T2DM
participants >35 years old. However, these age-specific observations are exploratory and
require further confirmation in larger cohorts.

Studies showed that GLP-1RAs could reduce the levels of pro-inflammatory cy-
tokines and chemokines [7,21]. Our previous study found that FGF21, a liver-derived
cytokine, was elevated after a 16-week exenatide treatment [8]. In this study, we re-
vealed that GDF15 was also increased after a 16-week exenatide treatment, even in the
background of metformin usage. Unfortunately, due to the absence of a non-exenatide
control group, we could not establish a causal link between GLP-1RA use and increased
circulating GDF15 levels. According to our knowledge, there are currently no studies
reporting the impact of exenatide alone on GDF15 levels. By contrast, other studies
indicated no relationship between GLP-1RA treatment and circulating GDF15 levels.
Valenzuela-Vallejo et al. [22] found that the levels of total and intact GDF15 remained
unchanged after 5 weeks of liraglutide treatment. For a 180-day liraglutide treatment,
GDF15 levels also remained relatively stable among patients with heart failure [23] as well
as individuals with overweight or obesity [24]. Possible reasons for those findings that
differed from ours might include differences in the types of GLP-1RA or in disease status.
In addition, GLP-1RA was an add-on therapy to the background therapy of metformin
alone or in combination with insulin secretagogues in our study, which may also have an
impact on the GDF15 levels.

Circulating GDF15 levels are dynamically regulated and increased with age, pregnancy,
smoking, physical exercise, adiposity, and various disease states, as well as metformin
intervention [12]. It has been shown that individuals with higher GDF15 levels tend to have
worse metabolic conditions. Cohort studies found that GDF15 levels were significantly ele-
vated in individuals with impaired glucose tolerance [25,26] and T2DM [27]. Furthermore,
multi-omics studies revealed that the circulating GDF15 level was significantly associated
with a higher risk of T2DM development and progression [28,29]. In line with the findings
from previous studies, our study indicated that higher baseline GDF15 levels are associated
with a poorer metabolic condition, as evidenced by a smaller reduction in HbA1c levels
among the individuals with higher GDF15 tertiles. However, our results also found that
among T2DM patients ≤35 years old, baseline GDF15 appeared to be negatively associated
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with HbA1c reduction. To the best of our knowledge, our study is the first to investigate
the association between baseline GDF15 and HbA1c reduction in the GLP-1RA-treated
T2DM patients. Consequently, these results imply that higher GDF15 levels are linked to a
poorer metabolic condition and a less favorable response to exenatide in T2DM patients
aged >35 years.

Notably, the relationship between baseline GDF15 and HbA1c reduction was influ-
enced by age and diabetes duration in our study. Compared to first tertile group of baseline
GDF15, second and third tertile groups whose average ages were over 50 years old showed
a significant positive association with both older age and longer diabetes duration. A previ-
ous study indicated that GDF15 levels increased with advancing age, exhibiting a more
rapid rise in individuals over the age of 50 [30]. This observation suggests that elevated
GDF15 levels may, in part, stem from increasing age, and that age along with diabetes
duration exerts a more pronounced effect on HbA1c reduction. Given the relatively small
sample size in our study, future studies are warranted to validate the associations of GDF15
level with HbA1c reduction, and to clarify the role of age in this relationship.

Recently, it has been demonstrated that GDF15 may also hold potential as a therapeutic
target for T2DM. Zhang et al. [31] found that elevated GDF15 levels in prediabetes and
T2DM individuals were positively correlated with increased C-peptide levels, implying a
compensatory mechanism by which GDF15 might support β-cell function under metabolic
stress. Metformin is known to exert weight loss and appetite inhibition effects by ele-
vating GDF15 levels [9,32]. Moreover, exogenous administration of long-acting GDF15
molecules could reduce food intake and body weight, and improve glycemic and lipid
metabolism parameters [33]. Mechanisms of the pancreatic β-cell protection by GDF15
might include activating the canonical insulin secretion signaling pathway [31], increasing
macrophage oxidative function and driving it toward an M2-like phenotype [34], and
protecting against glucotoxicity-mediated defects in glucose-stimulated insulin secretion
and β-cell viability [35].

The apparent contradiction regarding the role of GDF15 may arise because physi-
ological or slight elevations in its circulating concentration, in the context of metabolic
dysfunction, are insufficient to exert a therapeutic benefit. Unlike other cytokines, GDF15 is
present at relatively high concentrations, ranging from approximately 200 to 1200 pg/mL in
circulation [36]. A previous study indicated that the circulating GDF15 level was elevated
to about 300 pg/mL in high-fat diet-induced obese mice, a modest three-fold rise compared
to lean controls, while therapeutic efficacy for appetite suppression required peak plasma
levels of recombinant GDF15 around 50,000 pg/mL [37]. Engelbeen et al. [38] also found
that the physiological loss of endogenous GDF15 and FGF21 has little impact on weight
regulation or glycemic homeostasis in mice. By contrast, the pharmacological dosage of
long-acting GDF15 analogs could achieve a significant 8~10% weight loss in obese mice.
Thus, the moderate elevation of GDF15 levels in people with obesity and T2DM might
remain a compensatory response that attempts to counteract the metabolic dysfunction.
In line with those findings, the GDF15 levels observed in our study remained within a
physiological range. This suggested that the GDF15 elevation might serve primarily as a
compensatory mechanism reflecting the advancing age and adverse metabolic outcomes,
compromising the therapeutic effect of exenatide on HbA1c reduction.

This secondary analysis is based on data from a multicenter study, suggesting that our
results are somewhat robust. Apart from the elevation of GDF15 levels, which represented
a metabolic dysfunction reported by previous studies [27–29], our analysis also indicated
that higher baseline GDF15 levels were associated with a smaller HbA1c-lowering effect of
exenatide. Several limitations of our analysis should be acknowledged. First, all partici-
pants in our study are Chinese, making the findings hard to be generalized to a wide-range
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population. Second, the lack of non-exenatide controls limits this study to investigate
the causal relationship between GLP-1RA administration and circulating GDF15 levels.
Additionally, the influence of metformin on GDF15 levels further restricts the ability to
assess the association between exenatide treatment and GDF15 levels. Third, the sample
size of this study was relatively small, and the exclusion of 37 participants further reduced
the sample size and might introduce selective bias. In addition, the lack of analysis of
participants with background therapy of insulin secretagogue alone would also introduce
treatment-related confounding. Therefore, whether elevated GDF15 levels compromise
the hypoglycemic effect of GLP-1RA treatments requires verification in larger cohorts,
particularly through prospective studies to investigate the association between GDF15
levels and therapeutic effect parameters.

5. Conclusions
Our study shows that circulating GDF15 levels are significantly increased in T2DM

patients who are treated for 16 weeks with the GLP-1RA exenatide as an add-on therapy to
metformin alone or in combination with insulin secretagogues. Importantly, higher baseline
GDF15 levels are associated with a smaller reduction in HbA1c, potentially influenced by
age. Therefore, our study provides a new perspective wherein T2DM patients with lower
GDF15 levels may respond more favorably to GLP-1RA treatment.
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age, diabetes duration, baseline HbA1c, total cholesterol, systolic blood pressure, and body mass
index in the participants >35 years old (n = 148); Table S6: Linear regression analysis of ∆HbA1c and
baseline GDF15 in the participants ≤35 years old (n = 18).

Author Contributions: Conceptualization, J.Y. and T.H.; methodology, Q.W., K.Y. and H.W.; valida-
tion, X.L., S.Z. and X.Z.; formal analysis, Q.W.; writing—original draft preparation, Q.W.; writing—
review and editing, K.Y., J.Y. and T.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Noncommunicable Chronic Diseases—National Science
and Technology Major Project, grant number 2023ZD0506901; the National Key Research and Devel-
opment Program of China, grant number 2024YFA1802902; the National Natural Science Foundation
of China, grant numbers 82371588 and 82271611; and the special fund of the National Clinical Key
Specialty Construction Program, P.R, China (2023).

Institutional Review Board Statement: This multicenter interventional trial was conducted at seven
tertiary hospitals in China and registered with the Chinese Clinical Trial Registry (ChiCTR-IPR-
15006558, www.chictr.org.cn). The Medical Ethics Committee of Peking University Third Hospital
approved the research protocol (Approval Code: 11-69-II-NFM; date: 14 September 2011).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

https://doi.org/10.3390/biomedicines14030572

https://www.mdpi.com/article/10.3390/biomedicines14030572/s1
https://www.mdpi.com/article/10.3390/biomedicines14030572/s1
www.chictr.org.cn
https://doi.org/10.3390/biomedicines14030572


Biomedicines 2026, 14, 572 12 of 14

Data Availability Statement: The datasets generated during the current study are available from the
corresponding authors upon reasonable request.

Acknowledgments: We sincerely thank all the investigators from Beijing Hospital; PLA Rocket
Forces Characteristic Medical Center; Beijing Tiantan Hospital, Capital Medical University; Beijing
Tongren Hospital, Capital Medical University; the First Hospital of Shanxi Medical University;
People’s Hospital of Hainan Province; and Peking University Third Hospital. We thank Lin Zhuo
(Research Center of Clinical Epidemiology, Peking University Third Hospital) for her guidance on
data processing. We also thank all the patients who participated in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

BMI Body mass index
CI Confidence interval
FGF21 Fibroblast growth factor 21
GDF15 Growth differentiation factor 15
GLP-1RAs Glucagon-like peptide-1 receptor agonists
HbA1c Glycated hemoglobin
HDL-C High-density lipoprotein cholesterol
LDL-C Low-density lipoprotein cholesterol
T2DM Type 2 diabetes mellitus
WHO World Health Organization

References
1. Wang, L.; Gao, P.; Zhang, M.; Huang, Z.; Zhang, D.; Deng, Q.; Li, Y.; Zhao, Z.; Qin, X.; Jin, D.; et al. Prevalence and Ethnic Pattern

of Diabetes and Prediabetes in China in 2013. JAMA 2017, 317, 2515–2523. [CrossRef] [PubMed]
2. Li, Y.; Teng, D.; Shi, X.; Qin, G.; Qin, Y.; Quan, H.; Shi, B.; Sun, H.; Ba, J.; Chen, B.; et al. Prevalence of diabetes recorded in

mainland China using 2018 diagnostic criteria from the American Diabetes Association: National cross sectional study. BMJ 2020,
369, m997. [CrossRef]

3. Genitsaridi, I.; Salpea, P.; Salim, A.; Sajjadi, S.F.; Tomic, D.; James, S.; Thirunavukkarasu, S.; Issaka, A.; Chen, L.; Basit, A.; et al.
11th edition of the IDF Diabetes Atlas: Global, regional, and national diabetes prevalence estimates for 2024 and projections for
2050. Lancet Diabetes Endocrinol. 2026, 14, 149–156. [CrossRef]

4. World Health Organization. First-Ever Global Coverage Targets for Diabetes Adopted at the 75th World Health Assembly; World Health
Organization: Geneva, Switzerland, 2025.

5. Davies, M.J.; Aroda, V.R.; Collins, B.S.; Gabbay, R.A.; Green, J.; Maruthur, N.M.; Rosas, S.E.; Del Prato, S.; Mathieu, C.; Mingrone,
G.; et al. Management of Hyperglycemia in Type 2 Diabetes, 2022. A Consensus Report by the American Diabetes Association
(ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2022, 45, 2753–2786. [CrossRef] [PubMed]

6. Nauck, M.A.; Quast, D.R.; Wefers, J.; Meier, J.J. GLP-1 receptor agonists in the treatment of type 2 diabetes—State-of-the-art. Mol.
Metab. 2021, 46, 101102. [CrossRef] [PubMed]

7. Ullah, A.; Shen, B. Immunomodulatory effects of anti-diabetic therapies: Cytokine and chemokine modulation by metformin,
sodium-glucose cotransporter 2 inhibitors, and glucagon-like peptide-1 receptor agonists (2013–2025). Eur. J. Med. Chem. 2025,
299, 118065. [CrossRef]

8. Liu, J.; Yang, K.; Yang, J.; Xiao, W.; Le, Y.; Yu, F.; Gu, L.; Lang, S.; Tian, Q.; Jin, T.; et al. Liver-derived fibroblast growth factor 21
mediates effects of glucagon-like peptide-1 in attenuating hepatic glucose output. EBioMedicine 2019, 41, 73–84. [CrossRef]

9. Coll, A.P.; Chen, M.; Taskar, P.; Rimmington, D.; Patel, S.; Tadross, J.A.; Cimino, I.; Yang, M.; Welsh, P.; Virtue, S.; et al. GDF15
mediates the effects of metformin on body weight and energy balance. Nature 2020, 578, 444–448. [CrossRef]

10. Aguilar-Recarte, D.; Barroso, E.; Zhang, M.; Rada, P.; Pizarro-Delgado, J.; Pena, L.; Palomer, X.; Valverde, A.M.; Wahli, W.;
Vazquez-Carrera, M. A positive feedback loop between AMPK and GDF15 promotes metformin antidiabetic effects. Pharmacol.
Res. 2023, 187, 106578. [CrossRef]

11. Bootcov, M.R.; Bauskin, A.R.; Valenzuela, S.M.; Moore, A.G.; Bansal, M.; He, X.Y.; Zhang, H.P.; Donnellan, M.; Mahler, S.; Pryor,
K.; et al. MIC-1, a novel macrophage inhibitory cytokine, is a divergent member of the TGF-beta superfamily. Proc. Natl. Acad.
Sci. USA 1997, 94, 11514–11519. [CrossRef]

https://doi.org/10.3390/biomedicines14030572

https://doi.org/10.1001/jama.2017.7596
https://www.ncbi.nlm.nih.gov/pubmed/28655017
https://doi.org/10.1136/bmj.m997
http://doi.org/10.1016/S2213-8587(25)00299-2
https://doi.org/10.2337/dci22-0034
https://www.ncbi.nlm.nih.gov/pubmed/36148880
https://doi.org/10.1016/j.molmet.2020.101102
https://www.ncbi.nlm.nih.gov/pubmed/33068776
https://doi.org/10.1016/j.ejmech.2025.118065
https://doi.org/10.1016/j.ebiom.2019.02.037
https://doi.org/10.1038/s41586-019-1911-y
https://doi.org/10.1016/j.phrs.2022.106578
https://doi.org/10.1073/pnas.94.21.11514
https://doi.org/10.3390/biomedicines14030572


Biomedicines 2026, 14, 572 13 of 14

12. Yang, C.; Chen, H.; Huang, X.; Zhou, L.; Yuan, X. GDF15: An emerging disease target and biomarker of metabolic diseases. J.
Endocrinol. Investig. 2025, 48, 2563–2576. [CrossRef]

13. Vila, G.; Riedl, M.; Anderwald, C.; Resl, M.; Handisurya, A.; Clodi, M.; Prager, G.; Ludvik, B.; Krebs, M.; Luger, A. The relationship
between insulin resistance and the cardiovascular biomarker growth differentiation factor-15 in obese patients. Clin. Chem. 2011,
57, 309–316. [CrossRef] [PubMed]

14. Wollert, K.C.; Kempf, T.; Wallentin, L. Growth Differentiation Factor 15 as a Biomarker in Cardiovascular Disease. Clin. Chem.
2017, 63, 140–151. [CrossRef]

15. Boutari, C.; Stefanakis, K.; Simati, S.; Guatibonza-Garcia, V.; Valenzuela-Vallejo, L.; Anastasiou, I.A.; Connelly, M.A.; Kokkinos, A.;
Mantzoros, C.S. Circulating total and H-specific GDF15 levels are elevated in subjects with MASLD but not in hyperlipidemic but
otherwise metabolically healthy subjects with obesity. Cardiovasc. Diabetol. 2024, 23, 174. [CrossRef]

16. Bilson, J.; Scorletti, E.; Bindels, L.B.; Afolabi, P.R.; Targher, G.; Calder, P.C.; Sethi, J.K.; Byrne, C.D. Growth differentiation factor-15
and the association between type 2 diabetes and liver fibrosis in NAFLD. Nutr. Diabetes 2021, 11, 32. [CrossRef]

17. Yang, J.; Xiao, W.; Guo, L.; Li, Q.; Zhong, L.; Yang, J.; Yang, J.; Gao, Y.; Tian, Q.; Hong, T. Efficacy and safety of generic exenatide
injection in Chinese patients with type 2 diabetes: A multicenter, randomized, controlled, non-inferiority trial. Acta Diabetol. 2020,
57, 991–1000. [CrossRef]

18. Schaeffer, M.S.; Levitt, E.E. Concerning Kendall’s tau, a nonparametric correlation coefficient. Psychol. Bull. 1956, 53, 338–346.
[CrossRef]

19. Zhan, X.; Liang, X.; Xu, G.; Zhou, L. Influence of plant root morphology and tissue composition on phenanthrene uptake:
Stepwise multiple linear regression analysis. Environ. Pollut. 2013, 179, 294–300. [CrossRef] [PubMed]

20. Deng, X. Research on the Age Definition of Youth in the Medium- and Long-term Youth Development Plan (2016–2025). In
Proceedings of the 13th China Youth Development Forum, Nanjing, China, 6 December 2017.

21. Mokou, M.; Yang, S.; Zhan, B.; Geng, S.; Li, K.; Yang, M.; Yang, G.; Deng, W.; Liu, H.; Liu, D.; et al. Elevated Circulating Fetuin-B
Levels Are Associated with Insulin Resistance and Reduced by GLP-1RA in Newly Diagnosed PCOS Women. Mediat. Inflamm.
2020, 2020, 2483435. [CrossRef] [PubMed]

22. Valenzuela-Vallejo, L.; Chrysafi, P.; Bello-Ramos, J.; Bsata, S.; Mantzoros, C.S. Circulating total and intact GDF-15 levels are not
altered in response to weight loss induced by liraglutide or lorcaserin treatment in humans with obesity. Metabolism 2022, 133,
155237. [CrossRef]

23. Sharma, A.; Greene, S.; Vaduganathan, M.; Fudim, M.; Ambrosy, A.P.; Sun, J.L.; McNulty, S.E.; Hernandez, A.F.; Borlaug, B.A.;
Velazquez, E.J.; et al. Growth differentiation factor-15, treatment with liraglutide, and clinical outcomes among patients with
heart failure. ESC Heart Fail. 2021, 8, 2608–2616. [CrossRef]

24. Konstantinidou, S.K.; Argyrakopoulou, G.; Simati, S.; Stefanakis, K.; Kokkinos, A.; Analitis, A.; Mantzoros, C.S. Total and
H-specific growth/differentiation factor 15 levels are unaffected by liraglutide or naltrexone/bupropion administration. Diabetes
Obes. Metab. 2024, 26, 3147–3154. [CrossRef]

25. Hong, J.H.; Chung, H.K.; Park, H.Y.; Joung, K.H.; Lee, J.H.; Jung, J.G.; Kim, K.S.; Kim, H.J.; Ku, B.J.; Shong, M. GDF15 Is a Novel
Biomarker for Impaired Fasting Glucose. Diabetes Metab. J. 2014, 38, 472–479. [CrossRef]

26. Yalcin, M.M.; Altinova, A.E.; Akturk, M.; Gulbahar, O.; Arslan, E.; Ors Sendogan, D.; Yetkin, I.; Toruner, F.B. GDF-15 and Hepcidin
Levels in Nonanemic Patients with Impaired Glucose Tolerance. J. Diabetes Res. 2016, 2016, 1240843. [CrossRef]

27. Lu, J.; Zhang, Y.; Dong, X.; Lu, J.; Zhang, C.; Liu, J.; Yu, Q.; Teng, H.; Yao, Q.; Yin, J.; et al. Association between MIC-1 and Type 2
Diabetes: A Combined Analysis. Dis. Markers 2019, 2019, 7284691. [CrossRef]

28. Slieker, R.C.; Donnelly, L.A.; Akalestou, E.; Lopez-Noriega, L.; Melhem, R.; Gunes, A.; Abou Azar, F.; Efanov, A.; Georgiadou, E.;
Muniangi-Muhitu, H.; et al. Identification of biomarkers for glycaemic deterioration in type 2 diabetes. Nat. Commun. 2023, 14,
2533. [CrossRef]

29. Liu, Q.; Qin, L.; Liang, Y.; Xu, M.; Zhang, J.; Mo, X.; Tang, X.; Lu, Y.; Wang, X.; Cao, J.; et al. Correlations between growth
differentiation factor 15 (GDF-15) serum levels and gene polymorphism with type 2 diabetes mellitus. Heliyon 2024, 10, e33044.
[CrossRef] [PubMed]

30. Welsh, P.; Kimenai, D.M.; Marioni, R.E.; Hayward, C.; Campbell, A.; Porteous, D.; Mills, N.L.; O’Rahilly, S.; Sattar, N. Reference
ranges for GDF-15, and risk factors associated with GDF-15, in a large general population cohort. Clin. Chem. Lab. Med. 2022, 60,
1820–1829. [CrossRef] [PubMed]

31. Zhang, H.; Mulya, A.; Nieuwoudt, S.; Vandanmagsar, B.; McDowell, R.; Heintz, E.C.; Zunica, E.R.M.; Collier, J.J.; Bozadjieva-
Kramer, N.; Seeley, R.J.; et al. GDF15 Mediates the Effect of Skeletal Muscle Contraction on Glucose-Stimulated Insulin Secretion.
Diabetes 2023, 72, 1070–1082. [CrossRef]

32. Day, E.A.; Ford, R.J.; Smith, B.K.; Mohammadi-Shemirani, P.; Morrow, M.R.; Gutgesell, R.M.; Lu, R.; Raphenya, A.R.; Kabiri, M.;
McArthur, A.G.; et al. Metformin-induced increases in GDF15 are important for suppressing appetite and promoting weight loss.
Nat. Metab. 2019, 1, 1202–1208. [CrossRef]

https://doi.org/10.3390/biomedicines14030572

https://doi.org/10.1007/s40618-025-02636-y
https://doi.org/10.1373/clinchem.2010.153726
https://www.ncbi.nlm.nih.gov/pubmed/21164037
https://doi.org/10.1373/clinchem.2016.255174
https://doi.org/10.1186/s12933-024-02264-5
https://doi.org/10.1038/s41387-021-00170-3
https://doi.org/10.1007/s00592-020-01510-y
https://doi.org/10.1037/h0045013
https://doi.org/10.1016/j.envpol.2013.04.033
https://www.ncbi.nlm.nih.gov/pubmed/23708267
https://doi.org/10.1155/2020/2483435
https://www.ncbi.nlm.nih.gov/pubmed/33061822
https://doi.org/10.1016/j.metabol.2022.155237
https://doi.org/10.1002/ehf2.13348
https://doi.org/10.1111/dom.15642
https://doi.org/10.4093/dmj.2014.38.6.472
https://doi.org/10.1155/2016/1240843
https://doi.org/10.1155/2019/7284691
https://doi.org/10.1038/s41467-023-38148-7
https://doi.org/10.1016/j.heliyon.2024.e33044
https://www.ncbi.nlm.nih.gov/pubmed/38988547
https://doi.org/10.1515/cclm-2022-0135
https://www.ncbi.nlm.nih.gov/pubmed/35976089
https://doi.org/10.2337/db22-0019
https://doi.org/10.1038/s42255-019-0146-4
https://doi.org/10.3390/biomedicines14030572


Biomedicines 2026, 14, 572 14 of 14

33. Xiong, Y.; Walker, K.; Min, X.; Hale, C.; Tran, T.; Komorowski, R.; Yang, J.; Davda, J.; Nuanmanee, N.; Kemp, D.; et al. Long-acting
MIC-1/GDF15 molecules to treat obesity: Evidence from mice to monkeys. Sci. Transl. Med. 2017, 9, eaan8732. Erratum in Sci.
Transl. Med. 2018, 10, eaav1069. https://doi.org/10.1126/scitranslmed.aav1069. [CrossRef] [PubMed]

34. Jung, S.B.; Choi, M.J.; Ryu, D.; Yi, H.S.; Lee, S.E.; Chang, J.Y.; Chung, H.K.; Kim, Y.K.; Kang, S.G.; Lee, J.H.; et al. Reduced
oxidative capacity in macrophages results in systemic insulin resistance. Nat. Commun. 2018, 9, 1551. [CrossRef]

35. Asrih, M.; Dusaulcy, R.; Gosmain, Y.; Philippe, J.; Somm, E.; Jornayvaz, F.R.; Kang, B.E.; Jo, Y.; Choi, M.J.; Yi, H.S.; et al. Growth
differentiation factor-15 prevents glucotoxicity and connexin-36 downregulation in pancreatic beta-cells. Mol. Cell. Endocrinol.
2022, 541, 111503. [CrossRef]

36. Brown, D.A.; Bauskin, A.R.; Fairlie, W.D.; Smith, M.D.; Liu, T.; Xu, N.; Breit, S.N. Antibody-based approach to high-volume
genotyping for MIC-1 polymorphism. BioTechniques 2002, 33, 118–126. [CrossRef] [PubMed]

37. Patel, S.; Alvarez-Guaita, A.; Melvin, A.; Rimmington, D.; Dattilo, A.; Miedzybrodzka, E.L.; Cimino, I.; Maurin, A.C.; Roberts,
G.P.; Meek, C.L.; et al. GDF15 Provides an Endocrine Signal of Nutritional Stress in Mice and Humans. Cell Metab. 2019, 29,
707–718.e8. [CrossRef] [PubMed]

38. Engelbeen, S.; Jacobsen, J.M.; Deisen, L.; Parsche, E.; Buch-Ramussen, A.; Clemmensen, C.; Kuhre, R.E.; Johann, K.; Kleinert, M.
Pharmacological but Not Physiological Levels of GDF15 and FGF21 Regulate Body Weight and Glycemic Control in Obese Mice.
FASEB J. 2025, 39, e70918. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biomedicines14030572

https://doi.org/10.1126/scitranslmed.aav1069
https://doi.org/10.1126/scitranslmed.aan8732
https://www.ncbi.nlm.nih.gov/pubmed/29046435
https://doi.org/10.1038/s41467-018-03998-z
https://doi.org/10.1016/j.mce.2021.111503
https://doi.org/10.2144/02331rr03
https://www.ncbi.nlm.nih.gov/pubmed/12139236
https://doi.org/10.1016/j.cmet.2018.12.016
https://www.ncbi.nlm.nih.gov/pubmed/30639358
https://doi.org/10.1096/fj.202501350R
https://www.ncbi.nlm.nih.gov/pubmed/40787810
https://doi.org/10.3390/biomedicines14030572

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Anthropometric Measurement and Biochemical Examination 
	Statistical Analysis 

	Results 
	Characteristics of the Participants at Baseline and After the Exenatide Treatment 
	Baseline GDF15 Is Positively Associated with HbA1c in Univariate Linear Regression Analysis 
	Multivariate and Bidirectional Stepwise Linear Regression Analyses of HbA1c and Baseline Variables 
	Multivariate and Bidirectional Stepwise Linear Regression Analyses of HbA1c and Baseline Variables Among the Participants >35 Years Old 

	Discussion 
	Conclusions 
	References

