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A B S T R A C T   

Pancreatic beta cell dysfunction is a hallmark of type 2 diabetes. Growth differentiation factor 15 (GDF15), 
which is an energy homeostasis regulator, has been shown to improve several metabolic parameters in the 
context of diabetes. However, its effects on pancreatic beta-cell remain to be identified. We, therefore, performed 
experiments using cell models and histological sectioning of wild-type and knock-out GDF15 mice to determine 
the effect of GDF15 on insulin secretion and cell viability. A bioinformatics analysis was performed to identify 
GDF15-correlated genes. GDF15 prevents glucotoxicity-mediated altered glucose-stimulated insulin secretion 
(GSIS) and connexin-36 downregulation. Inhibition of endogenous GDF15 reduced GSIS in cultured mouse beta- 
cells under standard conditions while it had no impact on GSIS in cells exposed to glucolipotoxicity, which is a 
diabetogenic condition. Furthermore, this inhibition exacerbated glucolipotoxicity-reduced cell survival. This 
suggests that endogenous GDF15 in beta-cell is required for cell survival but not GSIS in the context of 
glucolipotoxicity.   

1. Introduction 

Obesity is a major public health concern that is predicted to affect 
more than 30% of the global population by 2025 (Collaboration, 2016). 
Being overweight is a critical risk factor for developing cardiovascular 
diseases and type 2 diabetes (Collaborators et al., 2017). Lifestyle 
changes are the first-line therapeutic approach to prevent 
life-threatening events of metabolic disorders. Indeed, to date efficient 
pharmacological treatments are lacking. There is, therefore, a need for 
the development of pharmacologically efficient and safe therapies. 
Recently, growth differentiation factor-15 (GDF15), which is a member 
of the transforming growth factor-beta (TGF-beta) superfamily has 
emerged as a potential candidate for the treatment of obesity and 

diabetes (Xiong et al., 2017). 
GDF15 is a secreted protein that is widely expressed in mammalian 

tissues (Mullican and Rangwala, 2018; Chung et al., 2017). Its expres
sion and secretion are dramatically enhanced upon injury, physical ex
ercise, and several disease states including obesity and diabetes 
(Mullican and Rangwala, 2018; Galliera et al., 2014; Dostalova et al., 
2009). Administration of GDF15 to obese mice, rats and monkeys 
significantly improves multiple metabolic parameters and reduces body 
weight (Xiong et al., 2017). Furthermore, transgenic mice over
expressing Gdf15 exhibit obesity resistance and improved insulin 
sensitivity (Macia et al., 2012; Chrysovergis et al., 2014). In contrast, 
Gdf15 knock-out mice exhibit increased food intake, body weight and 
adipose tissues development (Tsai et al., 2013). Together, these studies 

* Corresponding author. Service of Endocrinology, Diabetes, Nutrition and Patient Therapeutic Education, Geneva University Hospitals, Rue Gabrielle-Perret-Gentil 
4, 1205, Geneva, Switzerland. 

E-mail address: karim.gariani@hcuge.ch (K. Gariani).  

Contents lists available at ScienceDirect 

Molecular and Cellular Endocrinology 

journal homepage: www.elsevier.com/locate/mce 

https://doi.org/10.1016/j.mce.2021.111503 
Received 22 February 2021; Received in revised form 26 October 2021; Accepted 29 October 2021   

mailto:karim.gariani@hcuge.ch
www.sciencedirect.com/science/journal/03037207
https://www.elsevier.com/locate/mce
https://doi.org/10.1016/j.mce.2021.111503
https://doi.org/10.1016/j.mce.2021.111503
https://doi.org/10.1016/j.mce.2021.111503
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mce.2021.111503&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Molecular and Cellular Endocrinology 541 (2022) 111503

2

provide evidence for a major role of GDF15 in the regulation of body 
weight and energy balance. Therefore, GDF15 could be a potential 
therapeutic target for type 2 diabetes although the underlying mecha
nisms remain unclear. Indeed, even though GDF15 was discovered 
twenty years ago, its receptor has only been recently identified (Mulli
can et al., 2017; Yang et al., 2017). 

Type 2 diabetes is a chronic multifactorial disease characterized by 
high blood glucose level, insulin resistance and impaired insulin secre
tion due to pancreatic beta-cell dysfunction (van Greevenbroek et al., 
2013). Furthermore, chronic exposure of pancreatic beta-cells to 
increased levels of glucose and lipids, a condition defined as glucoli
potoxicity, appears to be a deleterious event in diabetes that contributes 
to and accelerates the loss of beta-cell mass and function (Poitout et al., 
2010). In this context palmitate induces connexin-36 (CX-36) down
regulation and beta-cell uncoupling while CX-36 overexpression pro
tects against cell uncoupling (Allagnat et al., 2008; Carvalho et al., 2012; 
Klee et al., 2011). 

Although GDF15 has been shown to protect against diet-induced 
obesity and insulin resistance, the effect of this cytokine on pancreatic 
beta-cell function and cell viability in the context of glucolipotoxicity 
has not been investigated to date. Therefore, we aimed to 1) evaluate the 
impact of GDF15 on INS-1E and isolated mouse pancreatic beta-cell 
function; 2) assess the effect of endogenous Gdf15 depletion on islets 
using pancreatic histological sections from wild-type and Gdf15 knock- 
out mice; 3) test whether the effect of GDF15 could be mediated by CX- 
36 modulation and identify a correlation between Gdf15 and various 
genes involved in metabolism, inflammation and pancreatic cell 
viability through a bioinformatics analysis. 

2. Materials and methods 

2.1. Animals 

Ten to Twelve weeks-olds transgenic C57Bl/6J-Tgv (GLU-Venus and 
INS-Cherry) mice that express the Venus and mCherry fluorochromes 
driven by glucagon (Gcg) and insulin (Ins2) gene promoters respectively 
were bred in conventional housing with a 12h/12h light/dark cycle and 
subjected to experimental procedures. The ethics committee of the 
Geneva University School of Medicine and the Geneva State Veterinary 
Office approved the study protocol, which conforms to the Guide for the 
Care and Use of Laboratory Animals published by the National Institutes 
of Health (NIH Publication No. 85–23, revised 1996). Gdf15 mice were 
housed in a controlled environment (12h/12h light/dark cycle; hu
midity: 50%–60%; ambient temperature: 22± 2◦C) and fed a normal 
chow diet in a specific pathogen-free animal facility at the Chungnam 
National University Hospital (CNUH) Preclinical Research Center, South 
Korea. All of the Gdf15 mice were handled according to institutional 
guidelines, and all of the experiments were approved by the Institutional 
Review Board of CNUH (CNUH-017-A0048). 

2.2. Primary mouse beta-cells sorting and culture 

Islets were isolated by collagenase digestion of pancreas from male 
adult mice using standard procedures as previously described (Gosmain 
et al., 2007). Beta-cells were separated from non-beta-cells by 
fluorescence-activated cell sorting (FACS) (Dusaulcy et al., 2019), after 
which the cells were cultured in 804G ECM-coated plates (Parnaud 
et al., 2008) in DMEM supplemented with 11 mM glucose, 0.05 mg/ml 
gentamicin, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 mM 
HEPES, 2 mM L-glutamine, 1 mM sodium-pyruvate, and 10% fetal 
bovine serum (FBS), at 37◦C in 5% CO2. The cells were allowed to 
adhere for 24h, after which they were incubated in FBS-deprived me
dium (11 mM glucose, 0.05 mg/ml gentamicin, 100 U/ml penicillin, 
100 μg/ml streptomycin, 10 mM HEPES, 1 mM sodium-pyruvate, and 
1% FBS) with 0.5% BSA or 0.5 mM palmitate/BSA complex and 20 mM 
glucose for 72h. 

2.3. INS-1E cell culture 

INS-1E cells, were cultured in RPMI-1640 containing 5% FBS, 11 mM 
glucose, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 mM HEPES, 2 
mM L-glutamine, 1 mM sodium pyruvate, and 50 μM mercaptoethanol, 
at 37◦C in 5% CO2. The cells were left allowed to adhere for 24h before 
initiating experiments. For cells treatments, INS-1E cells were incubated 
in normal growth medium with 0.5% BSA or 0.5 mM palmitate/BSA 
complex and 20 mM glucose for 24, 48, or 72h. 

2.4. Cell viability 

Cell viability was determined using PrestoBlue reagent (Thermo 
Fisher Scientific). INS-1E cells or pancreatic mouse beta-cells cultured in 
standard media containing 20 mM glucose were exposed either to 0.5% 
BSA or 0.5 mM palmitate/BSA in the presence of increased human re
combinant GDF15 (R&D) doses (1, 10, and 100 nM) for 72h after which 
50 μL of PrestoBlue reagent was added. The plates were incubated for a 
further 2h at 37◦C and absorbance was measured at 570 nm with a 
reference wavelength of 600 nm. 

2.5. RNA extraction and quantitative real-time PCR 

Total RNA from cultured INS-1E cells or mouse pancreatic beta-cells 
was isolated according to the manufacturer’s instructions using a Qiagen 
RNeasy mini kit (#74104; Qiagen, Hilden, Germany). Reverse tran
scription of RNA was performed with a PrimeScript™ RT reagent Kit 
(Takara Bio Inc., France), according to the manufacturer’s instructions. 
Quantitative real-time PCR was performed with a total reaction volume 
of 20 μL using SYBR Green Master Mix (Roche, Rotkreuz, Switzerland) 
and run on a Roche Light Cycler LC480 Sequence Detection System. Rps 
29 was used as the reference gene for both the INE-1E and the primary 
beta-cells. The data were analyzed using the ΔΔCt method. The primer 
sequences are listed in Table 1 (Supplementary data). 

2.6. ELISA 

GDF15 protein levels in the supernatant as well as in the cell lysate 
were measured using a mouse/rat ELISA kit (R&D MGD150) according 
to the manufacturer’s instructions. 

2.7. Glucose-stimulated insulin secretion 

Glucose-stimulated insulin secretion (GSIS) was assayed as previ
ously described (Ward et al., 2017). Briefly, INS-1E or mouse pancreatic 
beta-cells were exposed to palmitate/BSA (0.5 mM) and glucose (20 
mM) in the presence or absence of human recombinant GDF15 (100 nM) 
for 72h prior to the GSIS experiments. The cells were then preincubated 
in Krebs–Ringer bicarbonate HEPES buffer, 0.5% BSA (KRBH) contain
ing 2.8 mM glucose for 2h, followed by successive 1-h incubations in 
KRBH containing 2.8 mM glucose and KRBH containing 16.7 mM 
glucose. Total insulin was extracted with an acid/ethanol mixture to 
determine the insulin content. Insulin was measured with an ELISA kit 
(Mercodia AB). 

2.8. Immunofluorescence and immunohistochemical staining 

For immunofluorescent staining, INS-1E cells were cultured for 72h 
on glass coverslips without treatment or in the presence of either GDF15 
(100 nM) or palmitate (0.5 mM) and glucose (20 mM) or combination of 
all three treatments, after which cells were fixed for 20min in 70% 
ethanol at -20◦C, rinsed in PBS, and permeabilized for 15 min in PBS 
containing 3% bovine serum albumin (BSA) and 0.1% Triton X-100. The 
coverslips were incubated overnight at 4◦C in the presence of a poly
clonal rabbit antibody against rat CX-36 (#36–4600, 1:100, Thermo 
Fischer Scientific). After repeated washes, the cells were counterstained 
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with goat anti-rabbit Alexa Fluor 488 antibody (#A-11008 1:500, 
Thermo Fischer Scientific). DNA was labeled with TO-PRO-3 iodide 
(Invitrogen). Confocal images of the fluorescence staining were obtained 
with a Carl Zeiss LSM800 microscope. The image luminosity and 
contrast were digitally enhanced with ImageJ, taking care to apply the 
same linear adjustments to images from different experimental groups 
(Asrih et al., 2011). Quantification of the fluorescence intensity and the 
total CX-36 granule area per cell was analyzed using algorithms devised 
for MetaMorph® Software (Molecular Devices) at the Geneva University 
School of Medicine Bioimaging Facility. 

Pancreatic tissue samples from three wild-type (WT) and three Gdf15 
knockout (Gdf15− /− ) mice were excised and fixed in 10% PBS-buffered 
formalin for 24h. After paraffin embedding and sectioning (5 μm), the 
tissues were either stained with hematoxylin and eosin (H&E) as pre
viously described (Wakae-Takada et al., 2013), or subjected to 
double-label immunohistochemistry for insulin and glucagon staining 
similarly to previous methods (Kushner et al., 2002). Section images 
were obtained with AxioScanZ.1; Zen3 and ImageJ software were used 
to analyze islet parameters including the mean cell number per islet, the 
cell number per islet corrected for the surface area expressed as μm2, the 
mean islet size expressed as μm2, and the mean islet number per mm2 of 
pancreas. Each analysis was performed on three different islets per 
sections per animal of three animals per group, thus resulting in nine 
islets per group. 

2.9. GDF15 silencing via si-RNA transfection 

A specific si-RNA sequence was designed for Gdf15 to target mouse 
mRNA sequences (Silencer Select Predesigned siRNA numbers s202691; 
Ambion) as well as universal scrambled si-RNA (Silencer Control 
Negative Control 1; Ambion). Pancreatic mouse beta-cells were trans
fected with either 100 nM of Gdf15 or scrambled si-RNAs using Lip
ofectamine RNAiMax (Invitrogen) according to the manufacturer’s 
instructions. After 72h of treatment, samples were subjected to qPCR, 
determination of cell viability and measurement of glucose-stimulated 
insulin secretion. 

3. Identification of GDF15-correlated genes involved in 
metabolism, inflammation and cell viability 

The transcriptomic datasets of human pancreatic islets were ob
tained from the NCBI GEO database (https://www.ncbi.nlm.nih. 
gov/geo/). For the correlation analysis, expression data from 
GSE53949 were log10 transformed (Cheadle et al., 2003) and data from 
GSE118230 were log2 transformed and normalized as described previ
ously (Zwiener et al., 2014). The pre-processed expression data was then 
converted into a Z-score (Cheadle et al., 2003; Zwiener et al., 2014). To 
evaluate the correlations between GDF15 and genes involved in meta
bolism, inflammation, and cell survival in human pancreatic islet, we 
computed Pearson’s correlation and visualized in scatter plot using 
RStudio (4.0.2) with R package ggplot2, ggpubr, ggscatter, and ggExtra. 

4. Statistical analysis 

The data are presented as means ± the SEM. The statistical calcu
lations were carried out with GraphPad Prism 6 software (Prism 6; 
GraphPad Software, Inc, La Jolla, USA). The statistical significance of 
differences was determined by unpaired Student’s t-tests, and one-way 

or two-way ANOVA. A p-value < 0.05 was considered statistically 
significant. 

5. Results 

5.1. Glucolipotoxicity upregulates GDF15 in INS-1E and primary 
pancreatic beta-cells 

INS-1E and primary mouse beta-cells were exposed to high levels of 
glucose and palmitate to evaluate the impact on Gdf15 gene expression 
and protein levels. This treatment significantly increased GDF15 levels 
in cell culture supernatants of INS-1E cells (Fig. 1a). The intracellular 
GDF15 content was also measured (Fig. 1b) and the amount of GDF15 
released was estimated as the percentage of the GDF15 content (Fig. 1c). 
We observed that high levels of glucose and palmitate enhanced both the 
GDF15 content and release (Fig. 1b and c). In parallel, we isolated mouse 
beta-cells and subjected them to similar conditions. Palmitate and high 
glucose treatment increased GDF15 protein release (Fig. 1d). However, 
the intracellular GDF15 content was not altered in mouse beta-cells that 
has been subjected to glucolipotoxicity (Fig. 1e) although it did increase 
GDF15 release (Fig. 1f). To determine whether this discrepancy with 
INS-1E cells could be due to differential regulation at the RNA level, we 
measured the Gdf15 gene expression level in INS-1E and pancreatic 
mouse beta-cells exposed to palmitate and high glucose. This treatment 
enhanced the Gdf15 mRNA level in both cellular models compared to 
their control counterparts (Fig. 1g and h). Importantly, glucolipotoxicity 
has been shown to contribute to pancreatic beta-cell dysfunction (Poit
out et al., 2010). This effect was assessed on INS-1E cells by evaluation 
of the cell viability. Reduced cell viability was observed in treated 
compared to untreated cells at 48 and 72h (Fig. 1i). 

5.2. GDF 15 does not prevent glucolipotoxicity-reduced cell viability 

The potential effect of GDF15 on cell survival was assessed using 
PrestoBlue reagent. After exposure to palmitate (0.5 mM) and high 
glucose (20 mM), the cell viability was significantly reduced compared 
to that of unexposed cells. This reduction in cell viability was observed 
in INS-1E and isolated mouse beta-cells (Fig. 2a and b). Additionally, 
when cells were concomitantly exposed to high glucose and palmitate 
and treated with increasing doses of GDF15 (1, 10, and 100 nM) no 
protective or additive deleterious effect of GDF15 was observed on INS- 
1E (Fig. 2a) as well as on isolated primary mouse beta-cells (Fig. 2b). 

5.3. GDF15 prevents the adverse effects of glucolipotoxicity on glucose- 
stimulated insulin secretion 

In addition to inducing a pro-apoptotic effect, prolonged exposure to 
glucolipotoxicity alters the secretory function of pancreatic beta-cells 
(Kim and Yoon, 2011). To investigate whether GDF15 can prevent the 
glucolipotoxicity effect on GSIS, INS-1E cells were concomitantly 
exposed to palmitate (0.5 mM) and high glucose (20 mM) in the absence 
and presence of recombinant GDF15 (100 nM), followed by assessment 
of glucose-stimulated insulin secretion. We found that GDF15 treatment 
attenuated the glucolipotoxicity-induced decrease in insulin secretion 
(Fig. 3a), while the insulin content remained unaffected (Fig. 3b). 
Although INS-1E cells are a valuable model to study insulin secretion, 
they exhibit a number of differences in their responsiveness compared to 
isolated primary beta-cells (Skelin et al., 2010). Therefore, primary 

Table 1 
Primer sequences used for the Light Cycler ® PCR assays.  

Target Species Forward Reverse 

GDF15 Rat CCAGCTGTCCGGATACTCAG GGTAGGCTTCGGGGAGACC 
GDF15 Mouse ATACTCAGTCCAGAGGTGAGATTGGG TCGGTGCACGCGGTAGGCTT 
RPS 29 Mouse/Rat GCCAGGGTTCTCGCTCTTG GGCACATGTTCAGCCCGTAT  
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Fig. 1. GDF15 expression and release is upregulated in INS-1E and mouse pancreatic beta-cells exposed to high levels of glucose and palmitate. INS-1E and 
primary isolated mouse beta-cells were cultured in the absence (C) or the presence of palmitate (0.5 mM) and high glucose (20 mM) for 24, 48 and 72h. A) GDF15 
protein level in the supernatant. B) GDF15 intracellular protein level. C) GDF15 release, expressed as the percentage of the total GDF15 content, was measured in INS- 
1E cells cultured for 24 and 48h. D) GDF15 protein level in the supernatant. E) GDF15 intracellular protein level in primary mouse beta-cells. F) GDF15 release from 
primary cells, expressed as the percentage of the total content, was measured in primary mouse beta-cells cultured for 72h. G) GDF15 mRNA level in INS-1E cells 
cultured for 24 and 48h. H) GDF15 mRNA level in mouse primary beta-cells exposed for 72h. A) Relative cell viability at 24, 48 and 72h in INS-1E cells. The statistical 
analyze were performed using an unpaired Student’s t-test or two-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. The data are expressed as 
the means ± the SEM of n = 4 experiments. *p < 0.05, ***p < 0.001. 

Fig. 2. GDF15 does not prevent 
glucotoxicity-mediated altered 
viability of INS-1E and mouse 
pancreatic beta-cells. INS-1E and pri
mary mouse beta-cells were concomi
tantly cultured with palmitate (0.5 mM) 
and high glucose (20 mM) in the 
absence or presence of increasing doses 
of GDF15. After 72h of treatment, the 
cells were exposed 2h to the PrestoBlue 
cell viability reagent and the absorbance 
was measured at 570 and 600 nm. A) 
Relative cell viability of INS-1E cells. B) 
Relative cell viability of primary mouse 
beta-cells. The statistical analyses were 
performed using an unpaired Student’s 
t-test for each GDF15 concentration. The 
data are expressed as means ± the SEM 

of n = 4 experiments. *p < 0.05.   
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mouse pancreatic beta-cells were exposed to similar conditions (i.e., 
untreated or exposed to palmitate and high glucose). Similar, to its effect 
on INS1-E cells, GDF15 could counteract the adverse effect of glucoli
potoxicity on GSIS (Fig. 3c). As observed for INS-1E cells, the insulin 
content of primary beta-cells was not affected by GDF15 treatment 
(Fig. 3d). 

5.4. Endogenous GDF15 is involved in glucose-stimulated insulin secretion 
in beta-cells 

GDF15 is likely to have a major role in glucolipid metabolism, which 
is known to influence pancreatic beta-cell function and survival (Poitout 
et al., 2010). Therefore, we examined the role of endogenous GDF15 on 
GSIS and cell viability. Endogenous Gdf15 expression was down
regulated using an si-RNA approach in mouse pancreatic beta-cells. The 
effectiveness of the Gdf15 si-RNA was validated by qPCR. The designed 
Gdf15 si-RNA significantly reduced Gdf15 gene expression (Fig. 4a). 
Gdf15 inhibition exacerbated the reduction in cell viability caused by 
glucolipotoxicity without affecting basal cell survival (Fig. 4b). In 
addition to altering cell survival, chronic exposure of beta-cells to glu
colipotoxicity also increased Gdf15 gene expression and release, in 
addition to reducing GSIS. Furthermore, pancreatic beta-cells exposed to 
recombinant GDF15 exhibited an improved GSIS response under high 
palmitate and glucose conditions. In light of these results, we investi
gated the role of endogenous Gdf15 on GSIS. We found that inhibition of 
Gdf15 reduced GSIS in primary beta-cells cultured under standard 
conditions (Fig. 4c). Surprisingly, inhibition of endogenous Gdf15 in 
mouse beta-cells concomitantly exposed to high glucose and palmitate 
did not further reduce GSIS due to glucotoxicity (Fig. 4c). Moreover, 
inhibition of the endogenous Gdf15 had no impact on the total insulin 

content (Fig. 4d). 

5.5. GDF15 prevents glucolipotoxicity induced connexin-36 
downregulation 

Cellular communication and coupling represent key processes in 
insulin secretion (Benninger and Piston, 2014). Connexins are important 
mediators of cell coupling. Therefore, we evaluated the effect of GDF15 
on CX-36 levels. We compared immunolabelling of CX-36 in INS-1E cells 
exposed to GDF15 in the presence or absence of palmitate and glucose 
versus untreated cells. Immunofluorescence staining revealed a punc
tate/granular pattern of CX-36 in INS-1E cell (Fig. 5a). The CX-36 
fluorescence signal intensity and the total granule area were similar in 
cells whether or not they had been exposed to GDF15 (Fig. 5b and c). 
However, palmitate and glucose treatment significantly decreased the 
CX-36 signal compared to untreated cells. This effect was abrogated 
when the cells were concomitantly exposed to palmitate, glucose and 
GDF15. 

5.6. GDF15 deficient mice display neither islet hypertrophy nor 
hyperplasia 

To test whether a lack of Gdf15 (Gdf15-KO) could influence the cell 
number per islet, the islet size or the islet number per pancreatic section, 
the pancreas from wild-type (WT) and Gdf15-knock-out (Gdf15-KO) 
male mice were stained with hematoxylin-eosin (HE) and analyzed. 
Gdf15-KO mice displayed a slight and statistically insignificant increase 
in the total cell number per islet (Fig. 6a lower panel and Fig. 6b). Of 
note, when corrected for surface area, this difference became negligible 
(Fig. 6a lower panel and Fig. 6c). Moreover, Gdf15-KO islets were 

Fig. 3. GDF15 abrogates altered 
glucose-stimulated insulin secretion 
in INS-1E and mouse pancreatic beta- 
cells exposed to high levels of palmi
tate and glucose. INS-1E and primary 
mouse beta-cells were left untreated or 
treated concomitantly with palmitate 
(0.5 mM) and high glucose (20 mM) in 
the absence or presence of recombinant 
GDF15 (100 nM). After 72h of treat
ment, the cells were exposed for 1 h to 
2.8 mM glucose (open bars) followed by 
1 h in 16.7 mM glucose (grey bars). The 
level of insulin was then measured by 
ELISA. A) Glucose-stimulated insulin 
secretion (GSIS) in INS-1E. B) Total in
sulin content in INS-1E cells. C) GSIS 
and D) Total insulin content in primary 
mouse beta-cells. The statistical analyses 
were performed using two-way ANOVA 
followed by Tukey’s post hoc multiple 
comparisons. The data are expressed as 
means ± the SEM of n = 4 experiments. 
***p < 0.001; **p < 0.01 for basal 
glucose stimulation (2.8 mM) versus 
high glucose (16.7 mM); §p < 0.05 for 
unexposed (C) versus exposure to 
palmitate/glucose; †p < 0.05 for palmi
tate/glucose (open bars) versus palmi
tate/glucose and GDF15 followed by 1 h 
of exposure to 16.7 mM glucose (grey 
bars).   
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moderately larger than those of WT mice (Fig. 6a lower panel and 
Fig. 6d). Together these data suggest that depletion of Gdf15 does not 
promote islets hyperplasia or hypertrophy under basal conditions. In 
addition, Gdf15 deficiency did not affect the mean islets number per unit 
of surface area (Fig. 6e), as indicated by representative HE images 
(Fig. 6a upper panel). Although no differences were observed in the total 
cell number per islet, we assessed whether depletion of Gdf15 could 
selectively affect a specific cell type number or size, e.g., only alpha- or 
beta-cells. As shown in Fig. 7a, the number of either alpha- or beta-cells 
was relatively similar in WT and Gdf15-KO mice. This observation was 
confirmed by a quantitative analysis (Fig. 7b, d). Because the size of the 
considered islets for our analysis could introduce a degree of bias, for 
instance, a large islet contains more cells, the cell number was reported 
per unit of islet surface area. This approach revealed that Gdf15-KO mice 
exhibited a slightly lower but not significantly different number of 
alpha- and beta-cells per islet (Fig. 7c, e). 

5.7. Analysis of GDF15 correlation using transcriptome datasets from 
pancreatic islets 

We next sought to investigate the relationship between GDF15, and 
other candidate genes involved in either metabolic, inflammatory 
response, or cell viability. This analysis was performed at the 

transcriptome level using GSE53949 and GSE118230 datasets from 
pancreatic islets. The data were collected from a control group and from 
palmitate-treated pancreatic islets. The results indicate that the 
expression levels of ABCC8 and GLP1-R, which play an important role in 
insulin secretion, negatively correlated with GDF15 in pancreatic islets 
cultured under control and palmitate conditions (Fig. 8 I a, b and II a, b). 
On the other hand, P2RX1, which is also involved in insulin secretion 
exhibited a stronger positive correlation with GDF15 in the palmitate 
group compared to the control group (Fig. 8 II c). SIRT1, which is a 
major metabolic sensor and effector, positively correlated with GDF15 
in the control group, while in the palmitate group the correlation was 
negative (Fig. 8 II d). 

FOXO3, which has an anti-oxidative function and BCL-2, which is an 
anti-apoptotic factor, were downregulated in the palmitate group 
compared to the control group. Additionally, a positive correlation be
tween FOXO3, BCL-2 and GDF15 was observed, albeit only in the 
palmitate group (Fig. 8 Id, e). Interestingly, BAX, which is a key 
component in the induction of apoptosis, was not correlated with GDF15 
in the control or in the palmitate group (Fig. 8 Ic). SOD1, which exerts an 
anti-oxidative action, was downregulated in the palmitate group and 
exhibited a strong negative correlation with GDF15 in both groups, 
although it was not the case in the control group (Fig. 8 II e). S100A8 and 
TNF, which are two modulators of inflammation, were positively 

Fig. 4. Gdf15 downregulation by si-RNA affects cell viability and GSIS in mouse pancreatic beta-cells. Isolated primary mouse beta-cells were left untreated or 
treated with control siRNA or Gdf15 siRNA or concomitantly cultured with high glucose (20 mM) and palmitate (0.5 mM) in the absence or presence of Gdf15 siRNA. 
A) After 72h of treatment, inhibition of Gdf15 was confirmed by qPCR; The mean ± the SEM of n = 4 experiments using one-way ANOVA followed by Brown- 
Forsythe’s post hoc test for multiple comparisons. *p < 0.05 for Gdf15 siRNA versus control, ‡p < 0.05 for palmitate/glucose versus untreated; §p < 0.05 for 
palmitate/glucose in the absence or the presence of Gdf15 siRNA. B) Another sample of cells was also treated for 72h and the cell viability was determined. The mean 
± the SEM of n = 4 experiments using one-way ANOVA followed by Brown-Forsythe’s post hoc test for multiple comparisons. *p < 0.05 for palmitate/glucose in the 
presence or absence of GDF15 siRNA versus untreated in the presence or absence of GDF15 siRNA; §p < 0.05 for palmitate/glucose versus palmitate/glucose and 
GDF15 siRNA. C-D) In parallel, an additional sample of cells, subjected to similar treatments for 72h, was exposed 1h to 2.8 mM glucose followed by 1h at 16.7 mM 
glucose. Insulin secretion and the total insulin content were measured by ELISA. The mean ± the SEM of n = 4 experiments using two-way ANOVA followed by 
Tukey’s post hoc test for multiple comparisons. *p < 0.05, ***p < 0.001 for basal glucose stimulation (2.8 mM) versus high glucose (16.7 mM); §p < 0.05 for 
untreated versus treated with GDF15 siRNA followed by 1h exposure to 16.7 mM glucose (black bars). ‡p < 0.05 for the presence versus the absence of palmitate/ 
glucose treatment followed by 1h exposure to 16.7 mM glucose. 
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correlated with GDF15 (Fig. 8 I f, II f). 

6. Discussion 

GDF15, which has recently been reclassified as a member of the glial 
cell-derived neurotrophic factor (GDNF) family, exerts pleiotropic ef
fects. These comprise regulation of body weight and energy homeosta
sis, as shown by several studies in animals and humans (Xiong et al., 
2017; Macia et al., 2012; Chrysovergis et al., 2014; Baek and Eling, 
2019). It has been reported that mice overexpressing Gdf15 exhibit 
increased expression of genes that regulate lipolysis and oxidative 
metabolism (Chrysovergis et al., 2014). Furthermore, elevated GDF15 
has been associated with increased insulin and glucose levels (Adela and 
Banerjee, 2015). It has therefore, been proposed that GDF15 can act as a 
marker of insulin resistance and glucose intolerance. This has led to 
several studies focused on the effect that GDF15 exerts on insulin target 
organs such as skeletal muscle and adipose tissue (Tsai et al., 2018). The 
role of GDF15 on the pancreas, which is the organ that secretes insulin, 
was recently investigated (Schernthaner-Reiter et al., 2019). These au
thors have shown that beta-cell function is an independent predictor of 
GDF15 concentration in obese patients (Schernthaner-Reiter et al., 
2019). In another recent study, GDF15 was shown to protect from 
cytokines-induced islets dysfunction in-vitro, in addition to preserving 
pancreatic function in-vivo (Nakayasu et al., 2020). However, the impact 
of GDF15 on beta-cell function and survival in the context of glucotox
icity has not been extensively investigated to date. Here, we show that a 
pharmacological dose of GDF15 improves GSIS in the context of chronic 
exposure to palmitate and high glucose without preventing the delete
rious effect of glucolipotoxicity on cell viability. Furthermore, endoge
nous Gdf15 downregulation by si-RNA exacerbated 

glucolipotoxicity-reduced cell viability. However, no effects on GSIS 
were observed in primary mouse beta-cells pre-exposed to glucolipo
toxicity conditions. On the other hand, Gdf15 inhibition resulted in 
reduced GSIS in mouse beta-cells under standard conditions. 

In patients with type 2 diabetes, insulin resistance and circulating 
GDF15 are correlated (Vila et al., 2011). Moreover, a high glucose and 
free fatty acid environment represent a risk factor for the development 
of insulin resistance and altered beta-cell function. Together, these re
sults suggest that glucolipotoxicity may induce GDF15. We, therefore, 
examined the impact of palmitate and high glucose on GDF15 release 
and content in INS-1E and mouse pancreatic beta-cells. Although INS-1E 
cells have the advantage of unlimited growth in cell culture, they exhibit 
differences in their insulin-secretory responsiveness to glucose 
compared to normal beta-cells (Skelin et al., 2010). Therefore, these two 
cellular models were selected to perform our study. We observed that 
exposure to glucolipotoxicity elevated the Gdf15 mRNA level and its 
release in both cellular models. Our in-vitro results are in line with data 
showing an increased level of GDF15 in diabetic and obese patients with 
high levels of circulating lipids and glucose (Baek and Eling, 2019). In 
addition to increasing the level of GDF15, concomitant chronic exposure 
to palmitate and glucose had a cytotoxic effect. It decreased the viability 
of both cell types (INS-1E and pancreatic mouse beta-cells). This effect 
has already been described as a glucolipotoxicity phenomenon (Li et al., 
2018). 

Resistance to growth factors could arise in the context of altered 
metabolism, although pharmacological doses of this factor may induce 
an effect, as it has been observed in the case of fibroblast growth factor 
21 (FGF21) (Fisher et al., 2010). Therefore, we postulated that despite 
potential resistance to the endogenous GDF15 under our conditions, 
pharmacological doses of GDF15 may prevent altered cell viability due 

Fig. 5. GDF15 treatment prevents glucose- and palmitate-induced connexin-36 downregulation in INS-1E cells. A) Representative images of connexin-36 
(CX-36) immunostaining in INS-1E cells left untreated or exposed to either GDF15 (100 nM) or palmitate (0.5 mM) and glucose (20 mM) or a combination of 
palmitate, glucose and GDF15 for 72h. B–C) Morphometric analysis of confocal images of CX-36 immunolabeling of INS-1E cells. B) Fluorescence intensity of the CX- 
36 signal expressed as arbitrary units (A.U). C) Relative area of CX-36 labeling per image. The statistical analyses were performed using one-way ANOVA followed by 
Tukey’s multiple comparisons. The data are expressed as means ± the SEM of n = 4 experiments. *p < 0.05 palmitate/glucose versus untreated; §p < 0.05 exposure 
to palmitate/glucose versus exposure to palmitate/glucose/GDF15. 
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to glucolipotoxicity. However, GDF15 was unable to prevent altered cell 
viability induced by glucolipotoxicity in both INS-1E cells and in mouse 
pancreatic beta-cells. In contrast, inhibition of endogenous Gdf15 by 
si-RNA in mouse pancreatic beta-cells exacerbated the glucolipotoxicity 
effects on cell survival. On the other hand, this downregulation had no 
effect on cell survival under standard culture conditions. These results 
were confirmed by analysis of the cell number on histological sections of 
wild-type and Gdf15-KO mice. Altogether, our results suggest that 
endogenous Gdf15 is necessary to prevent reduction of cell survival 
under conditions of high glucose and palmitate-induced stress, while 
exposure of these cell types to a pharmacological dose of GDF15 failed to 
abrogate the adverse effects of glucotoxicity on cell viability. This 
discrepancy could be due to differential intracellular pathways involved 
in the mechanism of action for endogenous versus exogeneous GDF15. 
For instance, it has been suggested that pro-GDF15, which is an imma
ture form of native GDF15, may exhibit biological activities that differ 
from those of the GDF15 receptor-mediated effects (Min et al., 2016). 
Nevertheless, additional experiments are required to further elucidate 
our observations and the hypothesis proposed by Min et al. (2016). 

In addition to altered cell survival, glucotoxicity perturbs the secre
tory function of beta-cells (Kim and Yoon, 2011). We, therefore, inves
tigated whether GDF15 could prevent such dysfunction. We showed that 
a pharmacological dose of GDF15 prevented reduction of high 
glucose-stimulated insulin secretion in primary beta-cells under condi
tions of glucolipotoxicity. This effect was also seen in INS-1E cells. 
Moreover, GDF15 did not impact the total insulin content in both cell 
models. Thus, GDF15 prevented a reduction of GSIS in cells pre-exposed 
to high glucose and palmitate. Interestingly, the gap junction protein 
CX-36 contributes to cell coupling and control of insulin secretion 
(Allagnat et al., 2008). In addition, its downregulation has been 
involved in the pathogenesis of beta-cell dysfunction, thereby leading to 
type 2 diabetes (Carvalho et al., 2012). Furthermore, the development of 
type 2 diabetes is associated with deleterious effects of cytokines and 
hyperlipidemia on islets. In this context, palmitate and cytokines 
downregulate CX-36 levels, potentially leading to beta-cell uncoupling 
(Allagnat et al., 2008; Klee et al., 2011) while CX-36 overexpression 
protects against cytokine-driven adverse effects (Klee et al., 2011). 
Therefore, we tested whether GDF15 could prevent reduction of GSIS 

Fig. 6. Quantitative islet histomorphometry of eosin-hematoxylin-stained pancreatic sections of wild-type (WT) and Gdf15 knockout (GDF15¡/¡) mice. 
A) Representative images of islet cells and pancreatic sections of wild-type (WT) and Gdf15 knockout (GDF15− /− ) mice stained with eosin-hematoxylin. Arrows 
indicate islets in sections. B-E) Morphometric analysis of eosin-hematoxylin-stained pancreas sections, three sections of three wild-type and three Gdf15 knockout 
mice were examined. B) Mean cell number per islet. C) Mean cell number per square micrometer of islet. D) Mean islet size per square micrometer of pancreatic 
section. E) Mean islet number per square millimeter of pancreatic section. The statistical analyses were performed using an unpaired Student’s t-test. The data are 
reported as means ± the SEM of n = 3 sections per group. 
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under palmitate/glucose conditions through an increase in CX-36 
expression. Our data indicate that palmitate/glucose reduced CX-36 
level in INS-1E cells compared to untreated cells. However, when 
concomitantly exposed to palmitate and glucose as well as GDF15, the 
level of CX-36 was not reduced. Altogether, these results suggest that 
GDF15 may prevent the deleterious effects of palmitate and glucose on 
GSIS through modulation of CX-36 expression. 

Using two distinct transcriptomic datasets we sought to investigate 
the relationship between GDF15, and other candidates involved in 
either metabolism, inflammatory responses, or viability. We found that 
there was a positive correlation between GDF15 and inflammatory genes 
such as TNF and S100A8. BCL-2 and FOXO3, which are two anti- 
apoptotic modulators also positively correlated with GDF15. There
fore, one could speculate that GDF15 expression increases in the context 
of palmitate-induced inflammation to protect cells from apoptosis by 
elevation of BCL-2 and FOXO3 levels. This hypothesis is supported by 
recent data (Luan et al., 2019). 

Additionally, GDF15 expression in islets exposed to palmitate 
negatively correlated with metabolic effectors such as SIRT1, GLP1R, 
ABCC8, and P2RX. This suggests a link between these genes and GDF15. 
Although GDF15 has been implicated in metabolic functions, the 
signaling pathway and mechanism of action remain poorly understood 
(Mullican et al., 2017; Yang et al., 2017; Tsai et al., 2018). In this 

context, our analysis provides new candidates that could be involved in 
the action of GDF15 on metabolism. 

Interestingly, the profile of GSIS in cells depleted of Gdf15 was 
different relative to GDF15 treated cells. Indeed, inhibition of endoge
nous Gdf15 in mouse beta-cells pre-exposed to high glucose and 
palmitate had no effect on GSIS. However, when the cells were cultured 
under standard conditions, we observed a reduction in high glucose- 
stimulated insulin secretion when Gdf15 was downregulated. These re
sults suggest that endogenous Gdf15 is involved in the mechanism of 
GSIS under control conditions, while it might not be required for GSIS in 
cells that under conditions of glucolipotoxicity. Another explanation 
could be the fact that palmitate and high glucose treatment may have 
blunted the effect of GDF15-downregulation on GSIS. 

In summary, concomitant exposure of beta-cells to palmitate and 
glucose appears to result in an increase in GDF15 expression and release. 
Pharmacological treatment of beta-cells with recombinant GDF15 pre
vents reduction of GSIS glucose and palmitate, while it does not affect 
cell survival. This protective effect may be mediated by an increase in 
CX-36. Interestingly, downregulation of GDF15 by si-RNA decreased 
high glucose-stimulated insulin secretion, while exacerbation of reduced 
GSIS in the presence of glucose and palmitate was not observed. In 
addition, endogenous GDF15 inhibition exacerbated decreased -beta- 
cell viability. These findings, suggest differential roles of endogenous 

Fig. 7. Immunofluorescence staining of alpha-cells (green) and beta-cells (red) on pancreatic sections of wild-type (WT) and Gdf15 knockout (GDF15¡/ 
¡) mice. A) Representative images of islets from wild-type (WT) and Gdf15 knockout (GDF15− /− ) mice; alpha-cells and beta-cells were stained green and red, 
respectively. B-E) Morphometric analysis of pancreatic section, three sections of three wild-types and three Gdf15 knockout mice were examined. B) Mean beta-cell 
number per islet. C) Mean beta-cell number per square micrometer of islet. C) Mean alpha-cell number per islet. D) Mean alpha-cell number per square micrometer of 
islet. Statistical analyses were performed using an unpaired Student’s t-test. The data are reported as means ± the SEM of n = 3 sections per group. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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and exogenous GDF15 on GSIS and cell survival. 

CRediT authorship contribution statement 

Mohamed Asrih: Conceptualization, Methodology, Data curation, 
Formal analysis, Writing – original draft, Approval of the version. 
Rodolphe Dusaulcy: Formal analysis. Yvan Gosmain: Approval of the 
version. Jacques Philippe: Writing – review & editing, Approval of the 
version. Emmanuel Somm: Writing – review & editing, Approval of the 
version. François R. Jornayvaz: Writing – review & editing, Approval 
of the version. Baeki E. Kang: Data curation, Formal analysis. Yunju Jo: 
Data curation, Approval of the version. Min Jeong Choi: Data curation, 
Formal analysis, Approval of the version. Hyon-Seung Yi: Data cura
tion, Formal analysis, Approval of the version. Dongryeol Ryu: Data 
curation, Formal analysis, Writing – review & editing, Approval of the 
version. Karim Gariani: Conceptualization, Methodology, Data cura
tion, Formal analysis, Writing – original draft, Approval of the version. 

Acknowledgment 

This project was supported by the Helmut Horten Foundation 
(Lugano, Switzerland), the Raymond Berger Foundation (Lausanne, 
Switzerland), the Hejlt Foundation (Geneva, Switzerland) and the de 
Reuter Foundation to Karim Gariani (Geneva, Switzerland). François 
Jornayvaz is supported by a grant from SNSF Swiss National Science 
Foundation (#189003). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mce.2021.111503. 

Declaration of interests and contributions 

The authors declare that they have no conflicts of interest with the 
subject matter that could prejudice the impartiality of the findings 
presented here. Mohamed Asrih and Karim Gariani performed the ex
periments, analyzed the data, prepared the figures and wrote the 
manuscript. Baeki E. Kang, Min Jeong Choi, Hyon-Seung Yi, Yunju Jo, 
and Dongryeol Ryu were involved in the bioinformatics analysis, and 
they generated the data for Fig. 8. Rodolphe Dusaulcy and Yvan Gos
main provided technical support and they proofread the manuscript. 
Emmanuel Somm, François Jornayvaz, and Jacques Philippe contrib
uted to discussions, and they reviewed the manuscript. 

Data availability 

The data are available from the corresponding author upon reason
able request. 

References 

Adela, R., Banerjee, S.K., 2015. GDF-15 as a target and biomarker for diabetes and 
cardiovascular diseases: a translational prospective. J. Diabetes Res. 2015, 490842. 

Fig. 8. Correlation between GDF15 and transcripts related to metabolism, inflammation and cell viability. Scatter plots describing correlations of GDF15 
with genes involved in metabolism, inflammation, and cell survival in human pancreatic islets treated either with vehicle (Ctl in red) or palmitate (Pal in blue) from 
GSE118230 (left panel, n = 24) and GSE53949 (right panel, n = 10). All the expression levels of GDF15 and other genes were represented as Z-scores (arbitrary unit). 
All correlations (95% CI in red and blue shade) were evaluated by Pearson’s correlation. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

M. Asrih et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.mce.2021.111503
https://doi.org/10.1016/j.mce.2021.111503
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref1
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref1


Molecular and Cellular Endocrinology 541 (2022) 111503

11

Allagnat, F., Alonso, F., Martin, D., Abderrahmani, A., Waeber, G., Haefliger, J.A., 2008. 
ICER-1gamma overexpression drives palmitate-mediated connexin36 down- 
regulation in insulin-secreting cells. J. Biol. Chem. 283, 5226–5234. 

Asrih, M., Pellieux, C., Papageorgiou, I., Lerch, R., Montessuit, C., 2011. Role of ERK1/2 
activation in microtubule stabilization and glucose transport in cardiomyocytes. Am. 
J. Physiol. Endocrinol. Metab. 301, E836–E843. 

Baek, S.J., Eling, T., 2019. Growth differentiation factor 15 (GDF15): a survival protein 
with therapeutic potential in metabolic diseases. Pharmacol. Ther. 198, 46–58. 

Benninger, R.K., Piston, D.W., 2014. Cellular communication and heterogeneity in 
pancreatic islet insulin secretion dynamics. Trends Endocrinol. Metabol. 25, 
399–406. 

Carvalho, C.P., Oliveira, R.B., Britan, A., Santos-Silva, J.C., Boschero, A.C., Meda, P., 
Collares-Buzato, C.B., 2012. Impaired beta-cell-beta-cell coupling mediated by Cx36 
gap junctions in prediabetic mice. Am. J. Physiol. Endocrinol. Metab. 303, 
E144–E151. 

Cheadle, C., Vawter, M.P., Freed, W.J., Becker, K.G., 2003. Analysis of microarray data 
using Z score transformation. J. Mol. Diagn. 5, 73–81. 

Chrysovergis, K., Wang, X., Kosak, J., Lee, S.H., Kim, J.S., Foley, J.F., Travlos, G., 
Singh, S., Baek, S.J., Eling, T.E., 2014. NAG-1/GDF-15 prevents obesity by increasing 
thermogenesis, lipolysis and oxidative metabolism. Int J Obes (Lond). 38, 
1555–1564. 

Chung, H.K., Ryu, D., Kim, K.S., Chang, J.Y., Kim, Y.K., Yi, H.-S., Kang, S.G., Choi, M.J., 
Lee, S.E., Jung, S.-B., Ryu, M.J., Kim, S.J., Kweon, G.R., Kim, H., Hwang, J.H., 
Lee, C.-H., Lee, S.-J., Wall, C.E., Downes, M., Evans, R.M., Auwerx, J., Shong, M., 
2017. Growth differentiation factor 15 is a myomitokine governing systemic energy 
homeostasis. J. Cell Biol. 216, 149–165. 

Collaboration, N.C.D.R.F., 2016. Trends in adult body-mass index in 200 countries from 
1975 to 2014: a pooled analysis of 1698 population-based measurement studies with 
19.2 million participants. Lancet 387, 1377–1396. 

Collaborators, G.B.D.O., Afshin, A., Forouzanfar, M.H., Reitsma, M.B., Sur, P., Estep, K., 
Lee, A., Marczak, L., Mokdad, A.H., Moradi-Lakeh, M., Naghavi, M., Salama, J.S., 
Vos, T., Abate, K.H., Abbafati, C., Ahmed, M.B., Al-Aly, Z., Alkerwi, A., Al- 
Raddadi, R., Amare, A.T., Amberbir, A., Amegah, A.K., Amini, E., Amrock, S.M., 
Anjana, R.M., Arnlov, J., Asayesh, H., Banerjee, A., Barac, A., Baye, E., Bennett, D.A., 
Beyene, A.S., Biadgilign, S., Biryukov, S., Bjertness, E., Boneya, D.J., Campos- 
Nonato, I., Carrero, J.J., Cecilio, P., Cercy, K., Ciobanu, L.G., Cornaby, L., Damtew, S. 
A., Dandona, L., Dandona, R., Dharmaratne, S.D., Duncan, B.B., Eshrati, B., 
Esteghamati, A., Feigin, V.L., Fernandes, J.C., Furst, T., Gebrehiwot, T.T., Gold, A., 
Gona, P.N., Goto, A., Habtewold, T.D., Hadush, K.T., Hafezi-Nejad, N., Hay, S.I., 
Horino, M., Islami, F., Kamal, R., Kasaeian, A., Katikireddi, S.V., Kengne, A.P., 
Kesavachandran, C.N., Khader, Y.S., Khang, Y.H., Khubchandani, J., Kim, D., Kim, Y. 
J., Kinfu, Y., Kosen, S., Ku, T., Defo, B.K., Kumar, G.A., Larson, H.J., Leinsalu, M., 
Liang, X., Lim, S.S., Liu, P., Lopez, A.D., Lozano, R., Majeed, A., Malekzadeh, R., 
Malta, D.C., Mazidi, M., McAlinden, C., McGarvey, S.T., Mengistu, D.T., Mensah, G. 
A., Mensink, G.B.M., Mezgebe, H.B., Mirrakhimov, E.M., Mueller, U.O., Noubiap, J. 
J., Obermeyer, C.M., Ogbo, F.A., Owolabi, M.O., et al., 2017. Health effects of 
overweight and obesity in 195 countries over 25 years. N. Engl. J. Med. 377, 13–27. 

Dostalova, I., Roubicek, T., Bartlova, M., Mraz, M., Lacinova, Z., Haluzikova, D., 
Kavalkova, P., Matoulek, M., Kasalicky, M., Haluzik, M., 2009. Increased serum 
concentrations of macrophage inhibitory cytokine-1 in patients with obesity and 
type 2 diabetes mellitus: the influence of very low calorie diet. Eur. J. Endocrinol. 
161, 397–404. 

Dusaulcy, R., Handgraaf, S., Visentin, F., Howald, C., Dermitzakis, E.T., Philippe, J., 
Gosmain, Y., 2019. High-fat diet impacts more changes in beta-cell compared to 
alpha-cell transcriptome. PLoS One 14, e0213299. 

Fisher, F.M., Chui, P.C., Antonellis, P.J., Bina, H.A., Kharitonenkov, A., Flier, J.S., 
Maratos-Flier, E., 2010. Obesity is a fibroblast growth factor 21 (FGF21)-resistant 
state. Diabetes 59, 2781–2789. 

Galliera, E., Lombardi, G., Marazzi, M.G., Grasso, D., Vianello, E., Pozzoni, R., Banfi, G., 
Corsi Romanelli, M.M., 2014. Acute exercise in elite rugby players increases the 
circulating level of the cardiovascular biomarker GDF-15. Scand. J. Clin. Lab. Invest. 
74, 492–499. 

Gosmain, Y., Avril, I., Mamin, A., Philippe, J., 2007. Pax-6 and c-Maf functionally 
interact with the alpha-cell-specific DNA element G1 in vivo to promote glucagon 
gene expression. J. Biol. Chem. 282, 35024–35034. 

Kim, J.W., Yoon, K.H., 2011. Glucolipotoxicity in pancreatic beta-cells. Diabetes Metab. J 
35, 444–450. 

Klee, P., Allagnat, F., Pontes, H., Cederroth, M., Charollais, A., Caille, D., Britan, A., 
Haefliger, J.A., Meda, P., 2011. Connexins protect mouse pancreatic beta cells 
against apoptosis. J. Clin. Invest. 121, 4870–4879. 

Kushner, J.A., Ye, J., Schubert, M., Burks, D.J., Dow, M.A., Flint, C.L., Dutta, S., 
Wright, C.V., Montminy, M.R., White, M.F., 2002. Pdx1 restores beta cell function in 
Irs2 knockout mice. J. Clin. Invest. 109, 1193–1201. 

Li, Z., Liu, H., Niu, Z., Zhong, W., Xue, M., Wang, J., Yang, F., Zhou, Y., Zhou, Y., Xu, T., 
Hou, J., 2018. Temporal proteomic analysis of pancreatic beta-cells in response to 
lipotoxicity and glucolipotoxicity. Mol. Cell. Proteomics 17, 2119–2131. 

Luan, H.H., Wang, A., Hilliard, B.K., Carvalho, F., Rosen, C.E., Ahasic, A.M., Herzog, E.L., 
Kang, I., Pisani, M.A., Yu, S., Zhang, C., Ring, A.M., Young, L.H., Medzhitov, R., 
2019. GDF15 is an inflammation-induced central mediator of tissue tolerance. Cell 
178, 1231–1244 e11. 

Macia, L., Tsai, V.W., Nguyen, A.D., Johnen, H., Kuffner, T., Shi, Y.C., Lin, S., Herzog, H., 
Brown, D.A., Breit, S.N., Sainsbury, A., 2012. Macrophage inhibitory cytokine 1 
(MIC-1/GDF15) decreases food intake, body weight and improves glucose tolerance 
in mice on normal & obesogenic diets. PLoS One 7, e34868. 

Min, K.W., Liggett, J.L., Silva, G., Wu, W.W., Wang, R., Shen, R.F., Eling, T.E., Baek, S.J., 
2016. NAG-1/GDF15 accumulates in the nucleus and modulates transcriptional 
regulation of the Smad pathway. Oncogene 35, 377–388. 

Mullican, S.E., Rangwala, S.M., 2018. Uniting GDF15 and GFRAL: therapeutic 
opportunities in obesity and beyond. Trends Endocrinol. Metabol. 29, 560–570. 

Mullican, S.E., Lin-Schmidt, X., Chin, C.N., Chavez, J.A., Furman, J.L., Armstrong, A.A., 
Beck, S.C., South, V.J., Dinh, T.Q., Cash-Mason, T.D., Cavanaugh, C.R., Nelson, S., 
Huang, C., Hunter, M.J., Rangwala, S.M., 2017. GFRAL is the receptor for GDF15 
and the ligand promotes weight loss in mice and nonhuman primates. Nat. Med. 23, 
1150–1157. 

Nakayasu, E.S., Syed, F., Tersey, S.A., Gritsenko, M.A., Mitchell, H.D., Chan, C.Y., 
Dirice, E., Turatsinze, J.V., Cui, Y., Kulkarni, R.N., Eizirik, D.L., Qian, W.J., Webb- 
Robertson, B.M., Evans-Molina, C., Mirmira, R.G., Metz, T.O., 2020. Comprehensive 
proteomics analysis of stressed human islets identifies GDF15 as a target for type 1 
diabetes intervention. Cell Metabol. 31, 363–374 e6. 

Parnaud, G., Bosco, D., Berney, T., Pattou, F., Kerr-Conte, J., Donath, M.Y., Bruun, C., 
Mandrup-Poulsen, T., Billestrup, N., Halban, P.A., 2008. Proliferation of sorted 
human and rat beta cells. Diabetologia 51, 91–100. 

Poitout, V., Amyot, J., Semache, M., Zarrouki, B., Hagman, D., Fontes, G., 2010. 
Glucolipotoxicity of the pancreatic beta cell. Biochim. Biophys. Acta 1801, 289–298. 

Schernthaner-Reiter, M.H., Itariu, B.K., Krebs, M., Promintzer-Schifferl, M., Stulnig, T.M., 
Tura, A., Anderwald, C.H., Clodi, M., Ludvik, B., Pacini, G., Luger, A., Vila, G., 2019. 
GDF15 reflects beta cell function in obese patients independently of the grade of 
impairment of glucose metabolism. Nutr. Metabol. Cardiovasc. Dis. 29, 334–342. 

Skelin, M., Rupnik, M., Cencic, A., 2010. Pancreatic beta cell lines and their applications 
in diabetes mellitus research. ALTEX 27, 105–113. 

Tsai, V.W., Macia, L., Johnen, H., Kuffner, T., Manadhar, R., Jorgensen, S.B., Lee-Ng, K. 
K., Zhang, H.P., Wu, L., Marquis, C.P., Jiang, L., Husaini, Y., Lin, S., Herzog, H., 
Brown, D.A., Sainsbury, A., Breit, S.N., 2013. TGF-b superfamily cytokine MIC-1/ 
GDF15 is a physiological appetite and body weight regulator. PLoS One 8, e55174. 

Tsai, V.W.W., Husaini, Y., Sainsbury, A., Brown, D.A., Breit, S.N., 2018. The MIC-1/ 
GDF15-GFRAL pathway in energy homeostasis: implications for obesity, cachexia, 
and other associated diseases. Cell Metabol. 28, 353–368. 

van Greevenbroek, M.M., Schalkwijk, C.G., Stehouwer, C.D., 2013. Obesity-associated 
low-grade inflammation in type 2 diabetes mellitus: causes and consequences. Neth. 
J. Med. 71, 174–187. 

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

Wakae-Takada, N., Xuan, S., Watanabe, K., Meda, P., Leibel, R.L., 2013. Molecular basis 
for the regulation of islet beta cell mass in mice: the role of E-cadherin. Diabetologia 
56, 856–866. 

Ward, M.G., Li, G., Barbosa-Lorenzi, V.C., Hao, M., 2017. Stigmasterol prevents 
glucolipotoxicity induced defects in glucose-stimulated insulin secretion. Sci. Rep. 7, 
9536. 

Xiong, Y., Walker, K., Min, X., Hale, C., Tran, T., Komorowski, R., Yang, J., Davda, J., 
Nuanmanee, N., Kemp, D., Wang, X., Liu, H., Miller, S., Lee, K.J., Wang, Z., 
Veniant, M.M., 2017. Long-acting MIC-1/GDF15 molecules to treat obesity: evidence 
from mice to monkeys. Sci. Transl. Med. 9. 

Yang, L., Chang, C.C., Sun, Z., Madsen, D., Zhu, H., Padkjaer, S.B., Wu, X., Huang, T., 
Hultman, K., Paulsen, S.J., Wang, J., Bugge, A., Frantzen, J.B., Norgaard, P., 
Jeppesen, J.F., Yang, Z., Secher, A., Chen, H., Li, X., John, L.M., Shan, B., He, Z., 
Gao, X., Su, J., Hansen, K.T., Yang, W., Jorgensen, S.B., 2017. GFRAL is the receptor 
for GDF15 and is required for the anti-obesity effects of the ligand. Nat. Med. 23, 
1158–1166. 

Zwiener, I., Frisch, B., Binder, H., 2014. Transforming RNA-Seq data to improve the 
performance of prognostic gene signatures. PLoS One 9, e85150. 

M. Asrih et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0303-7207(21)00347-6/sref2
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref2
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref2
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref3
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref3
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref3
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref4
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref4
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref5
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref5
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref5
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref6
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref6
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref6
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref6
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref7
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref7
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref8
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref8
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref8
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref8
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref9
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref9
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref9
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref9
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref9
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref10
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref10
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref10
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref11
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref12
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref12
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref12
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref12
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref12
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref13
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref13
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref13
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref14
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref14
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref14
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref15
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref15
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref15
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref15
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref16
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref16
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref16
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref17
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref17
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref18
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref18
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref18
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref19
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref19
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref19
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref20
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref20
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref20
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref21
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref21
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref21
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref21
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref22
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref22
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref22
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref22
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref23
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref23
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref23
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref24
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref24
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref25
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref25
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref25
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref25
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref25
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref26
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref26
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref26
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref26
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref26
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref27
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref27
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref27
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref28
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref28
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref29
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref29
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref29
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref29
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref30
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref30
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref31
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref31
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref31
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref31
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref32
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref32
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref32
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref33
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref33
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref33
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref34
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref34
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref34
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref34
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref35
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref35
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref35
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref36
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref36
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref36
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref37
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref37
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref37
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref37
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref38
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref38
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref38
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref38
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref38
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref38
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref39
http://refhub.elsevier.com/S0303-7207(21)00347-6/sref39

	Growth differentiation factor-15 prevents glucotoxicity and connexin-36 downregulation in pancreatic beta-cells
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Primary mouse beta-cells sorting and culture
	2.3 INS-1E cell culture
	2.4 Cell viability
	2.5 RNA extraction and quantitative real-time PCR
	2.6 ELISA
	2.7 Glucose-stimulated insulin secretion
	2.8 Immunofluorescence and immunohistochemical staining
	2.9 GDF15 silencing via si-RNA transfection

	3 Identification of GDF15-correlated genes involved in metabolism, inflammation and cell viability
	4 Statistical analysis
	5 Results
	5.1 Glucolipotoxicity upregulates GDF15 in INS-1E and primary pancreatic beta-cells
	5.2 GDF 15 does not prevent glucolipotoxicity-reduced cell viability
	5.3 GDF15 prevents the adverse effects of glucolipotoxicity on glucose-stimulated insulin secretion
	5.4 Endogenous GDF15 is involved in glucose-stimulated insulin secretion in beta-cells
	5.5 GDF15 prevents glucolipotoxicity induced connexin-36 downregulation
	5.6 GDF15 deficient mice display neither islet hypertrophy nor hyperplasia
	5.7 Analysis of GDF15 correlation using transcriptome datasets from pancreatic islets

	6 Discussion
	CRediT authorship contribution statement
	Acknowledgment
	Appendix A Supplementary data
	Declaration of interests and contributions
	Data availability
	References


