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Aim: Growth differentiation factor 15 (GDF15) is closely related to obesity. This study 
aimed to explore the influence of weight loss intervention on serum GDF15 levels and the 
relationship between GDF15 and metabolism.
Materials and Methods: Forty-four overweight and obese adults either adopted a low- 
carbohydrate diet or performed moderate-to-vigorous exercise for 3 weeks. Weekly follow-ups 
were conducted to measure body composition, glucose and lipid metabolism and serum GDF15 
levels.
Results: After 3 weeks of intervention, body weight, fat mass and waist circumference in both 
groups decreased (P < 0.05). No significant change in GDF15 levels was observed in the two 
groups. Among all the subjects, 10 of them (22.7%, group of Down) showed a decrease in GDF15 
and 34 (77.3%, group of Up) showed an increase in GDF15 after the intervention. We found that 
GDF15 increased significantly with the follow-up time in the UP group and waist circumference, 
fasting serum insulin (FINS), homeostasis model assessment of insulin resistance (HOMA-IR) and 
triglycerides (TG) decreased (P for trend <0.05). However, no significant differences in all 
parameters were detected in Down group. In addition, GDF15 was elevated between 30 mins and 
120 mins in a 75-g oral glucose tolerance test. Its trend was negatively correlated with plasma 
glucose and serum insulin.
Conclusion: Increased serum GDF15 was associated with improvement in metabolism by 
lifestyle intervention among young overweight and obese adults. The increase of GDF15 
could be an indicator to evaluate metabolic improvements in overweight and obese people.
Clinical Trial Registration: www.chictr.org.cn, registration number ChiCTR1800016786.
Keywords: growth differentiation factor 15, obesity, metabolism, low-carbohydrate diet, 
exercise

Introduction
Obesity has become one of the most important issues of global public health. 
Lifestyle adaptations including dietary adjustments and physical exercises are 
basic methods for weight loss,1 which can reduce both subcutaneous and visceral 
fat and improve metabolism.2,3 It has been reported that the occurrence of obesity 
and obesity-associated diseases are closely related to many hormones and 
cytokines.4,5 For example, inflammatory factors like interleukin 6 and tumor necro
sis factor α were found elevated in obese people, while anti-inflammatory cytokines 
like adiponectin decreased.6–8 Diets and regular exercise are able to affect the 
production of these cytokines.9,10
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Growth differentiation factor 15 (GDF15), also known as 
macrophage inhibitory cytokine-1, is a member of the trans
forming growth factor-β superfamily. It is expressed in various 
cells including adipocytes.11,12 Previous studies have con
firmed its close relationship with obesity,12 establishing its 
new role as a factor that regulates energy metabolism and 
homeostasis. In addition, GDF15 knockout mice were more 
prone to high fat diet-induced obesity with aberrant glucose 
tolerance, lowered locomotor activity and metabolic rate.13

At present, the influence of weight loss intervention on 
circulating levels of GDF15 in obese people was rarely 
investigated. To further explore the associations between 
GDF15 and obesity, the study enrolled overweight and 
obese adults and measured their serum GDF15 concentra
tions during a 3-week lifestyle intervention, assessing the 
changes of GDF15 levels and metabolism status.

Materials and Methods
Study Subjects
All subjects provided written informed consent before enroll
ment. The study was approved by the Ethics Committees of 
Shanghai Jiao Tong University Affiliated Sixth People’s 
Hospital and complied with the Declaration of Helsinki. This 
trial was registered at www.chictr.org.cn with clinical trial 
registration number ChiCTR1800016786.

The study recruited overweight or obese subjects from the 
outpatient clinic at the Department of Endocrinology and 
Metabolism of Shanghai Jiao Tong University Affiliated 
Sixth People’s Hospital from July 2018 to January 2019. The 
inclusion criteria were defined as follows: (i) aged from 18 to 
40 years old; (ii) Body mass index (BMI) ≥24 kg/m2 and waist 
circumference of males ≥90 cm or female ≥85 cm.14 Fifty-one 
subjects were prescreened by phone or message. None of the 
subjects had diabetes, severe liver, kidney or thyroid dysfunc
tion, malignant tumor, infectious disease, pregnancy or lacta
tion, history of medicine that might influence metabolism. 
None of the subjects had a history of cardiovascular disease. 
None of them had taken weight loss interventions within 1 
month before the study. All the subjects were of Chinese Han 
nationality. Among them, two subjects were excluded due to 
not within the BMI range; two subjects were excluded due to 
a history of thyroid surgery and lack of time to participate, 
respectively; two subjects were excluded for other reasons. 
None of the subjects was diagnosed with diabetes after a 75- 
g oral glucose tolerance test (OGTT). The diagnosis of diabetes 
is according to the 2010 American diabetes association 

criteria.15 Finally, 45 overweight or obese subjects aged from 
20 to 34 years were enrolled.

Study Protocol
All subjects underwent an OGTT and completed standardized 
questionnaires in the first visit (Visit 1, Day 0). Eligible sub
jects were randomly divided into the low-carbohydrate diet 
group (LC) or the exercise group (EX) by randomized digital 
table. Subjects in each group received detailed instructions 
about intervention measures by an investigator before they 
started.

Subjects in the LC were not prescribed a specific diet with 
exact composition. Restricted carbohydrate intake <50 g/day 
for 3 weeks was required and there was no restriction of 
calories, proportion of fat and protein, water or black coffee 
intake. Fruits, vegetables, processed foods or drinks with high 
sugar content or high-glycemic index were also restricted. No 
additional exercise was needed. Subjects in the EX were 
required to maintain their usual diet and take moderate-to- 
vigorous exercise ≥30 mins/day for 3 weeks. Heart rate was 
required to reach 60% to 70% of their maximum predicted 
heart rate, which was calculated as 220 (210 for females) minus 
the subject’s age per minute. No restriction of exercise types, 
but jogging, trotting, skipping and cycling were recommended. 
Interventions were conducted by participants themselves in 
free living.

All subjects were required to record their daily diet or 
exercise conditions by taking photos and filling in record 
forms assigned by investigators and upload photos to 
investigators every day. The follow-ups were conducted 
at the end of week 1 (Visit 2, day 8), week 2 (Visit 3, day 
15) and week 3 (Visit 4, day 22).

Anthropometric and Biochemical 
Measurements
Anthropometric parameters and fasting venous blood samples 
were collected in each clinical follow-up (except an OGTT in 
Visit 1). Body composition was assessed by the Tanita TBF- 
418 body composition analyzer (Tanita Cooperation, Tokyo, 
Japan). Height was measured by a metric tape at baseline. 
Waist circumference was measured over the midpoint between 
the inferior margin of the last rib and the iliac crest by a flexible 
non-elastic metric tape. BMI = weight (kg)/squared 
height (m2).

Venous blood samples were collected after an over
night fast (≥10 hours) and were used to measure fasting 
plasma glucose (PG0min or FPG), fasting serum insulin 
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(INS0min or FINS), fasting serum GDF15 (GDF150min), 
glycated haemoglobin A1c (HbA1c), total cholesterol 
(TC), triglycerides (TG), high-density lipoprotein choles
terol (HDL-c) and low-density lipoprotein cholesterol 
(LDL-c). All subjects underwent a 75-g OGTT to measure 
30-min plasma glucose (PG30min), 30-min serum insulin 
(INS30min), 30-min serum GDF15 (GDF1530min), 120-min 
plasma glucose (PG120min), 120-min serum insulin 
(INS120min) and 120-min serum GDF15 (GDF15120min).

Plasma glucose and serum lipids were measured by 
a biochemical analyzer (Hitachi 7600–120, Tokyo, Japan). 
HbA1c was measured by using high-performance liquid chro
matography with a VARIANT II Hemoglobin A1c analyzer 
(Bio-Rad Laboratories, Hercules, CA). Serum insulin was 
measured by an electrochemiluminescence immunoassay on 
a Cobas e601 analyzer (Roche Diagnostics GmbH, Mannheim, 
Germany). Serum GDF15 levels were determined by quanti
tative sandwich enzyme-linked immunosorbent assay (R&D 
Systems, Minneapolis, USA) with intra- and inter-assay coef
ficients of variation (CV) 0.46%-4.08% and 5.77%-9.24%, 
respectively. The CVs were determined at the concentrations 
of 100 pg/mL, 200 pg/mL, 400 pg/mL, 800 pg/mL and 1200 
pg/mL (supplementary Table 1). The limit of quantitation 
(LoQ) of GDF15 ranged from 0.0 to 4.4 pg/mL and the mean 
LoQ was 2.0 pg/mL. The assay measuring range was 0-1500 
pg/mL and the expected range in health was 337-1060 pg/mL 
in this assay. The homeostasis model assessment-insulin resis
tance (HOMA-IR) = FPG (mmol/L) × FINS (mU/L)/22.5.

Statistical Analysis
Statistical analyses were carried out using the SPSS 20.0 soft
ware (SPSS Inc., Chicago, IL, USA). The Kolmogorov– 
Smirnov test was performed to determine the normality of 
the data distribution. Data with a normal distribution were 
expressed as the mean ± standard error, and data with skewed 
distribution were expressed as median with interquartile range. 
Categorical variables were expressed as numbers with percen
tages. Comparisons between the two groups were carried out 
using the Student’s t test (normal distribution) or the Mann– 
Whitney U-test (skewed distribution). One-way repeated- 
measure ANOVA (Bonferroni correction included) was used 
to analyze differences from time 0 min to time 30 min and time 
120 min in OGTT and differences from baseline to the 8-day, 
15-day and 22-day follow-ups in the same group. Pearson 
correlation analysis was used to determine the relationship 
between the change of GDF15 and other metabolic para
meters. Multivariate stepwise regression analysis was used to 
evaluate influential factors on change of GDF15. Cohen’s 

d was used to calculate the effect size (d ¼ X1� X2
Spooled

, 

Spooled ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1� 1ð ÞS2

1þ n2� 1ð ÞS2
2

n1þn2� 2

q

). A multivariate generalized esti

mating equation model adjusted for gender, age, follow-up 
visits, obesity status, family history of obesity, diabetes melli
tus and other confounding factors was used to evaluate influ
ential factors on GDF15. A P value (two sides) <0.05 was 
considered statistically significant.

Results
Basic Characteristics of the Study 
Subjects
Overall, 22 subjects in the LC and 22 subjects in the EX (Total 
45 subjects, 1 subject quit due to lack of time) finished the 
study and none of them had a smoking history. All the baseline 

Table 1 Baseline Characteristics of Study Participants

Variable LC EX P

Male/female 13/9 16/6 0.526

Age (years) 25.36 ± 0.75 24.27 ± 0.43 0.213

Weight (kg) 83.76 ± 3.18 80.62 ± 2.75 0.460

BMI (kg/m2) 27.85 ± 0.75 27.33 ± 0.69 0.619

Fat mass (kg) 25.60 ± 1.39 23.08 ± 1.40 0.208

W (cm) 96.00 ± 2.39 94.59 ± 1.87 0.644

TC (mmol/L) 4.67 ± 0.22 4.72 ± 0.14 0.858

TG (mmol/L) 1.16 ± 0.13 1.10 ± 0.10 0.706

HDL-c (mmol/L) 1.23 ± 0.08 1.14 ± 0.05 0.347

LDL-c (mmol/L) 2.68 ± 0.19 2.95 ± 0.14 0.266

CRP (mg/L) 0.65 (0.39–1.42) 0.65 (0.29–2.48) 0.778

HbA1c (%) 5.30 ± 0.06 5.25 ± 0.07 0.590

PG0min (mmol/L) 5.04 ± 0.09 5.08 ± 0.12 0.805

PG30min (mmol/L) 8.33 ± 0.44 8.76 ± 0.28 0.417

PG120min (mmol/L) 6.02 ± 0.31 5.98 ± 0.36 0.938

INS0min (μU/mL) 13.88 ± 1.36 16.41 ± 1.98 0.297

INS30min (μU/mL) 140.22 ± 15.09 133.68 ± 13.99 0.752

INS120min (μU/mL) 61.99 ± 9.32 86.76 ± 14.23 0.153

Notes: Data are presented as mean ± SEM or median (interquartile range). 
Analyzed by Independent-samples t test and chi-square test. 
Abbreviations: LC, low-carbohydrate diet group; EX, exercise group; BMI, body mass 
index; W, waist circumference; TC, total cholesterol; TG, triglycerides; HDL-c, high- 
density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; CRP, c-reac
tive protein; HbA1c, glycated hemoglobin A1c; PG0min, fasting plasma glucose; PG30min, 30- 
min plasma glucose; PG120min, 120-min plasma glucose; INS0min, fasting serum insulin; 
INS30min, 30-min serum insulin; INS120min, 120-min serum insulin.
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characteristics had no significant difference between the two 
groups (Table 1).

Serum GDF15 Levels in OGTT
During OGTT (n = 44), plasma glucose and serum insulin 
sharply increased first and then decreased (Figure 1A and 
B). GDF1530min (294.02±14.33 pg/mL) showed a slight 
decrease, not significantly different from GDF150min 

(301.80±15.93 pg/mL). After 120 mins’ high glucose load
ing, GDF15120min (309.84±13.90 pg/mL) rebounded to base
line level, significantly higher than GDF1530min (P < 0.05, 
Figure 1C). The differences between the GDF15120min and 
GDF1530min, PG120min and PG30min, INS120min and INS30min 

were represented as ΔGDF15120min-30min, ΔPG120min-30min 

and ΔINS120min-30min, respectively. Pearson correlation ana
lysis showed that ΔGDF15120min-30min was negatively corre
lated with ΔPG120min-30min (r = −0.358, P < 0.05) and 
ΔINS120min-30min (r = −0.496, P < 0.05).

Serum GDF15 Levels During 
Interventions
After 3-week interventions, body weight, fat mass and 
waist circumference in both groups decreased compared 
to baseline (P < 0.05, Figure 2A–C). However, no signifi
cant change in serum GDF15 levels was observed in the 
two groups (Figure 2D). The baseline and endpoint levels 
of GDF15 in LC and EX groups were in supplementary 
Table 2. GDF15 levels of each subjects in week 1, week2 

Figure 1 (A) Plasma glucose (B) serum insulin and (C) GDF15 concentrations over 120 min in response to a 75 g oral glucose tolerance test (OGTT). Data are expressed 
as mean ± SEM. ***P < 0.001 compared to time 0 min and ###P < 0.001 compared to time 30 min.

Figure 2 (A) Body weight (B) Fat mass and (C) Waist circumference and (D) serum fasting GDF15 concentrations during the follow-ups in low-carbohydrate group (n = 
22) and exercise group (n = 22). Data are expressed as mean ± SEM. *P < 0.05, ***P < 0.001 compared to baseline (Day 0).
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and week 3 were in supplementary Table 3. All the para
meters between the two groups had no significant differ
ence during the study.

Relationship of GDF15 with Studied 
Parameters
To evaluate the association between ΔGDF15 and the 
intervention means, we performed a stepwise regression 
analysis with ΔGDF15 as the dependent variable (Table 2). 
We found that after adjusting for confounding factors 
including gender, age, Δweight, ΔBMI, Δfat mass, 
Δwaist circumference, ΔFPG, ΔFINS, ΔHOMA-IR, ΔTC, 
ΔTG, ΔHDL and ΔLDL, intervention means was not an 
influential factor for GDF15 (P = 0.373).

Therefore, data of 44 subjects were further analyzed 
together. Mean serum GDF15 levels of 44 subjects 
increased compared to baseline (V4: 339.79±17.86 pg/ 
mL vs V1: 301.80±15.93 pg/mL, P < 0.05). Pearson 
correlation analysis was used to analyze the relationship 
between ΔGDF15 and Δweight, ΔBMI, Δwaist circumfer
ence, ΔFBG, ΔFIN, Δlipid. The results showed that 
ΔGDF15 was negatively correlated with Δwaist circum
ference (r = −0.414, P < 0.05) and ΔFPG (r = −0.318, P < 
0.05), which indicated that increased GDF15 might be 
associated with improvement in metabolism.

Among all the participants, 10 subjects’ GDF15 (22.7%) 
decreased and 34 subjects’ GDF15 (77.3%) increased 

compared to their baseline levels (Figure 3A and B). 
Subjects were then divided into another two groups accord
ing to their changes of GDF15 (Down: n = 10 and Up: n = 
34, Table 3). Changes of parameters between baseline and 
endpoint in UP and DOWN groups were presented in sup 
plementary Table 4. A multivariate generalized estimating 
equation model was used to analyze changes in the GDF15 
and other metabolic parameters with adjustments for con
founding factors including gender, age, obesity status, 
family history of obesity and diabetes mellitus. The results 
showed that in the Up group, GDF15 tended to increase 
significantly with the follow-up time (P for trend <0.05) 
along with the decreased trend of waist circumference, 
FINS, HOMA-IR and TG (P for trend <0.05). However, in 
the Down group, all comparisons were nonsignificant.

Discussion
It has been reported that GDF15 is implicated in multiple 
biological processes, including inflammatory response, oxida
tive stress and energy homeostasis,11 susceptible to metabolic 
alternations. Previous studies also found that diets and exercise 
could affect GDF15 levels,16–18 but no comparative study has 
been conducted before and the influence of low-carbohydrate 
diets (LCD) on GDF15 is not clear yet. Patal et al17 found 
GDF15 levels of obese people were elevated after taking low- 
calorie meals and reduced during overeating. Furthermore, 
regular aerobic exercises (12 weeks) increased circulating 
GDF15 levels in obese people and the elevation in plasma 
GDF15 was associated with the loss of fat mass.18 Our study 
first investigated the effect of LCD on serum GDF15 and 
compared it with the effect of exercise. We found that lifestyle 
intervention could increase serum GDF15 and the changes of 
GDF15 had no connection with the means of intervention.

In accordance with the results of the present study, GDF15 
was elevated as well in other conditions of weight loss such as 
anorexia nervosa and bariatric surgery.19–21 The mechanisms 
underlying the role of GDF15 in metabolic regulation are 

Table 2 Multivariate Linear Regression Analysis of ΔGDF15

β t P

Intervention means 0.138 0.901 0.373

Δweight 0.117 0.667 0.509

Δwaist circumference −14.257 −2.947 0.005

Note: The variables included were the intervention means, gender, age, Δweight, 
ΔBMI, Δfat mass, Δwaist circumference, ΔFPG, ΔFINS, ΔHOMA-IR, ΔTC, ΔTG, 
ΔHDL and ΔLDL.

Figure 3 (A) The downtrend (n = 10) and (B) uptrend (n = 34) of fasting serum GDF15 concentrations before and after interventions.
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complicated. Glial cell line-derived neurotrophic factor family 
receptor α-like (GFRAL) was identified as the neuronal brain
stem receptor responsible for mediating the anorectic actions 
of GDF15.22,23 Besides, GDF15 prevents obesity by increasing 
the expression of key thermogenic and lipolytic genes to 
promote thermogenesis, lipolysis and oxidative 
metabolism.24 Furthermore, GDF15 can mediate its effects 
by central mechanisms like hypothalamic transforming growth 
factor-beta receptor II, neuropeptide Y and so on.21 The latest 
study has revealed that the effects of metformin on body weight 
and energy balance are also mediated by GDF15.25

We found that lifestyle intervention could increase serum 
GDF15 in overweight and obese people. A previous study also 
showed that a two-week very low-calorie diet (VLCD) signifi
cantly increased serum GDF15 levels, reduced body weight 
and improved metabolism in obese people.16 However, they 
also found that GDF15 in diabetic patients did not change after 
VLCD in spite of a similar reduction of body weight and 
metabolic parameters. Therefore, they concluded that 
increased GDF15 levels in obese patients and diabetic patients 
do not induce weight loss. In combination with their conclu
sions and our results, we did not consider the increase of 
GDF15 as the cause of weight loss or improvement in meta
bolism. The possible association between them suggested 
GDF15 as a biomarker to assess the validity of obesity 
intervention.

The study showed GDF15 slightly descended first and then 
significantly increased during high glucose load which was 
contrary to the variation trend of blood glucose and insulin. 
One study had consistent findings that GDF15 decreased first 
and increased back to baseline levels at 120 min in OGTT.26 

Although Patal17 et al suggested that GDF15 levels were 
unchanged following glucose ingestion, their data showed 
circulating GDF15 levels briefly fell at 60 min time point 
after the mixed meal. This variation trend was also similar to 
our results. So far studies about the response of GDF15 to 
glucose load are rare and the exact mechanism remains to be 
further investigated. Our data suggest whether the acute change 
of GDF15 under high glucose load or the chronic change after 
lifestyle intervention, the changes of GDF15 are opposite to 
that of glucose and insulin. Moreover, the increase of GDF15 
may be associated with improved metabolism and the relation
ship was independent of weight loss since body weight 
remained stable during OGTT.

This study has some limitations. First, the study period was 
relatively short so that the evaluation of metabolic levels and 
cytokines might be inadequate. Additionally, it was a single- 
center open study with a small sample size. Therefore, further 

long-term large-scale randomized clinical trials are needed to 
explore the relation among GDF15, obesity and metabolism.

Conclusion
In summary, this study found increased serum GDF15 was 
associated with improvement in metabolism by lifestyle 
intervention among young overweight and obese adults. 
The increase of GDF15 could be an indicator to evaluate 
metabolic improvements in overweight and obese people.
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