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Abstract

Introduction
G-protein-coupled receptor 119 (GPR119) is emerging as a potential therapeutic target against type
2 diabetes with beneficial effects on glucose homeostasis. However, the function of GRP119 in
lipotoxicity induced pancreatic beta cell apoptosis and the molecular mechanism remains largely
unknown.

Material and methods
Impact of GPR119 on pancreatic islet beta cell apoptosis was evaluated in INS-1 cells treated with
palmitate. The subsequent modulation of the MST1-FOXO1-Pdx1 signaling pathway and pro-
apoptotic caspase-3 system were determined by measuring the target protein and mRNA
expression. Dyslipidemia mice with gain and loss of GPR119 function by the application of specific
lenti-viral vector was utilized to evaluate the impact of GPR119 on pancreas function in vivo. Lipid
metabolism, glucose and insulin response, morphological changes as well as activation/inhibition of
MST1-FOXO1-Pdx1 signaling pathway in pancreas were analyzed systematically.

Results
Palmitate treatment stimulated pro-apoptotic response in INS-1 cells, accompanied by inhibition of
GPR119 expression and the subsequent activation of the MST1-FOXO1 combined with inhibition of
Pdx1 signaling cascade. Activation of GPR119 by MBX prevents INS-1 cell from lipotoxicity induced
apoptosis by targeting the MST1-FOXO1-Pdx1 pathway. Moreover, overexpression of GPR119
significantly attenuates the dyslipidemia and dysfunction of the pancreas. In contrast, inactivation of
GPR119 by lentiviral vector in mice results in accelerated pancreas apoptosis and malfunction. The
protective effects of GRP119 on lipotoxicity induced pancreas dysfunction are associated with
modulating the MST1-FOXO1-Pdx1 signaling cascade.

Conclusions
GPR119 alleviates lipotoxicity induced pancreatic beta cell apoptosis and malfunction through
regulating MST1-FOXO1-Pdx1 signaling pathway.
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Abstract 5 

Introduction: G protein-coupled receptor 119 (GPR119) is a potential therapeutic target for 6 

type 2 diabetes (T2D) with beneficial effects on glucose homeostasis. However, the function 7 

and molecular mechanism of GRP119 in lipotoxicity induced pancreatic beta cell apoptosis 8 

remain undetermined. 9 

Material and methods: Effect of GPR119 on pancreatic islet beta cell apoptosis was evaluated 10 

in INS-1 cells treated with palmitate. The subsequent modulation of the MST1-FOXO1-Pdx1 11 

signaling pathway and cell apoptosis were determined. Dyslipidemia mice with overexpression 12 

or knockdown GPR119 were utilized to evaluate the impact of GPR119 on pancreas function 13 

in vivo. Lipid metabolism, glucose and insulin response, morphological changes as well as 14 

activation/inhibition of MST1-FOXO1-Pdx1 signaling pathway in pancreas were analyzed 15 

systematically.   16 

Results: Palmitate treatment stimulated pro-apoptotic response in INS-1 cells, accompanied by 17 

inhibition of GPR119 expression, activation of the MST1-FOXO1 pathway and inhibition of 18 

Pdx1 signaling cascade. Activation of GPR119 by MBX treatment prevented INS-1 cells from 19 

lipotoxicity induced apoptosis by targeting the MST1-FOXO1-Pdx1 pathway. Moreover, 20 

overexpression of GPR119 significantly attenuated dyslipidemia and dysfunction of the 21 

pancreas. In contrast, inactivation of GPR119 in mice resulted in accelerated pancreas apoptosis 22 

and malfunction. The protective effects of GRP119 on lipotoxicity induced pancreas 23 

dysfunction were associated with modulating the MST1-FOXO1-Pdx1 signaling pathway.  24 

Conclusions: GPR119 alleviated lipotoxicity induced pancreatic beta cell apoptosis and 25 

malfunction through regulating MST1-FOXO1-Pdx1 signaling pathway. 26 

Key words: lipotoxicity, apoptosis, GPR119, MST1, FOXO1, Pdx1 pancreas. 27 
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 28 

Introduction: 29 

The dysfunction of pancreatic beta cells is the major cause of type 2 diabetes (T2D) and its 30 

complications [1-3]. Lipotoxicity, frequently results from prolonged exposure to the free fatty 31 

acids (FFA) such as palmitate, impairs the secretion capacity of insulin and induces apoptosis 32 

in beta cell [4,5]. Elevated plasma FFAs levels are observed in obesity and type 2 diabetes, with 33 

subsequent lipid accumulation and insulin resistance in target tissues [6]. A series of G protein-34 

coupled receptors (GPCR), including GPR119, GPR40, GPR41, GPR43, GPR84 and GPR120, 35 

have been identified as FFA specific receptors [7]. FFAs exert different effects on insulin 36 

secretion from beta cells. Acute exposure to FFAs stimulates insulin secretion, whereas chronic 37 

exposure impairs insulin secretion and increase pancreatic beta cell apoptosis. The dual and 38 

opposing effects of FFAs on insulin secretion indicate that FFAs might contribute to both 39 

hyper- and hypo-insulinemia during the development of T2D. Therefore, GPCRs which 40 

recognize fatty acids and activate the intracellular signaling cascades are of particular important 41 

in the treatment of T2D [8].  42 

GPR119 is a deorphanized G protein-coupled receptor that is predominantly expressed in 43 

pancreatic islets [9] and enteroendocrine cells of the gastrointestinal tract [10]. In pancreatic 44 

islets, GPR119 is specifically distributed in beta cells and pancreatic polypeptide cells [11]. 45 

GPR119 can be activated by a variety of endogenous ligands, such as oleoylethanolamide, 46 

lysophosphatidylcholine and palmitoylethanolamine [12]. The activation of GPR119 stimulates 47 

cAMP and Ca2+ release in pancreatic beta cells, enhancing glucose-dependent insulin secretion, 48 

thereby decreasing blood glucose in diabetic mice [13,14].  49 

Recently, mammalian STE20 like protein kinase 1 (MST1), also called serine/threonine protein 50 

kinase 4, has been identified as an essential regulator for pancreatic beta cell differentiation, 51 

proliferation, and apoptosis [15]. MST1 is a core component of the hippo signaling pathway, 52 

which can be triggered by a variety of apoptotic stimuli, including oxidative stress, Fas ligand, 53 

TNF-α, and genotoxic drugs. MST1 is a target and activator of caspases to amplify the apoptotic 54 
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signaling pathway. MST1 promotes cell death through the regulation of multiple downstream 55 

targets such as histone H2B and members of the FOXO family (Forkhead box O) [16].   56 

MST1-FOXO1 signaling pathway is associated with cellular oxidative stress and neuronal 57 

apoptosis [17,18].  FOXO1 is mainly expressed in hepatocytes, adipocytes, pancreatic beta 58 

cells and vascular endothelial cells. FOXO1 directly involves in regulation of physiological 59 

activities such as cell oxidative stress, proliferation, and apoptosis. FOXO1 is closely related to 60 

T2D and cardiovascular disease [19]. It has been reported that activated MST1 results in 61 

phosphorylation of FOXO1 Ser (212) and promotes apoptosis [20]. Meanwhile, pancreatic beta 62 

cell specific FOXO1 transgenic mice were able to maintain beta cell function by increasing the 63 

number of beta cells, glucose tolerance and antioxidant capacity. The expression of FOXO1 64 

mRNA in islet cells of T2D patients was significantly higher than that in non-diabetic controls 65 

subjects [2].  66 

The synergistic effect of MST1 and FOXO1 has been proved to play an essential regulatory 67 

role in lipid metabolism [21]. Previous study has demonstrated that a high concentration of 68 

glucose or fatty acids can cause FOXO1 redistribution in pancreatic beta nuclei [22]. The 69 

activation of MST1 can lead to the phosphorylation of FOXO1 and Caspase-3 cleavage [21], 70 

indicating that the transcription factor FOXO1 is related to the apoptosis of islet beta cells. 71 

However, the specific regulation mechanism still needs further elucidation. 72 

The transcription factor pancreatic duodenal homeobox factor 1 (Pdx1) plays a crucial role in 73 

pancreatic development and mature pancreatic beta cell function [23]. Downregulation of  74 

Pdx1 expression affects insulin production and secretion, and induce beta cells apoptosis 75 

[24,25]. Recent studies indicated that MST1 and FOXO1 signaling molecules can regulate pdx1 76 

in pancreatic beta cells [26,27]. In this study, we aimed to elucidate the molecular mechanism 77 

of GPR119 in lipotoxicity induced beta cell malfunction. A novel signaling cascade of 78 

GPR119/FOXO1/Pdx1 in lipotoxicity induced islet cell apoptosis was identified in both in vitro 79 

and in vivo. Our findings extended the current understanding of the molecular mechanism of 80 

pancreatic beta cell apoptosis, which provided guidance for the development of new diagnostic 81 

and therapeutic drugs against T2D and obesity. 82 

Prep
rin

t



4 

 

 83 

Results 84 

FFA activated the phosphorylation of MST1 and FOXO1 by inhibiting GPR119.  85 

To evaluate the effect of FFA on INS-1 cells, INS-1 cells were stimulated with palmitate. As 86 

shown in Figure 1A and 1B, palmitate treatment induced Caspase-3 cleavage in a time-87 

dependent manner and cell apoptosis. Interestingly, GPR119 agonist MBX inhibited MST1 88 

phosphorylation and expression, caspase-3 cleavage level (Figure 1C), and attenuated the 89 

palmitate-induced INS-1 cell apoptosis and (Figure 1D). Further gene expression analysis 90 

revealed that MBX treatment decreased Bax mRNA levels while stimulated Pdx1 and Insulin 91 

mRNA expression (Figure 1E). Lipid analysis showed that cellular content of TG and FFA 92 

content was significantly decreased in INS-1 cells treated with MBX (Figure 1F and 1G) 93 

(P<0.05). Insulin levels from INS-1 cells was also significantly increased after MBX 94 

intervention (Figure 1H). In addition, the intracellular calcium concentration, was significantly 95 

increased in MBX treated INS-1 cells (Figure 1I).  96 

To investigate effect of MST1 on possible downstream signaling cascade FOXO1 and Pdx1, 97 

INS-1 cells was overexpressed or knocked down MIST. As shown in Figure 2A and 2B, MST1 98 

overexpression stimulated FOXO1 phosphorylation and activation of caspase-3 in palmitate-99 

treated INS-1 cells. As expected, Pdx1 which is negatively regulated by MST1 was 100 

downregulated. Therefore, MST1 overexpression alleviated palmitate induced INS-1 cell injury. 101 

In contrast, knock down of MST1 resulted in inactivation of the MST1-FOXO1 signaling 102 

pathway while upregulation of Pdx1 expression. These findings indicated that FOXO1 and 103 

Pdx1 are downstream molecules of MST1 signaling in islet cells.  104 

 105 

Calmodulin (CaM) inhibitor CPZ activated MST1-FOXO1 signaling pathway. 106 

Previous study demonstrated that treatment of CaM antagonist CPZ in pancreatic cells affects 107 

the secretion of insulin by inhibition of Ca2+ influx [28]. In the current study, increased calcium 108 

concentration was also observed in palmitate treated INS-1 cells with GPR119 activation 109 
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(Figure 1I), accompanied by increased insulin levels. Therefore, the potential involvement of 110 

CaM in palmitate induced signaling alterations was evaluated in CPZ treated INS-1 cells. As 111 

shown in Figure 3A and 3B, intervention of CaM in palmitate treated INS-1 cells increased the 112 

phosphorylation of MST1 and FOXO1, clMST1, activated the apoptotic protein Caspase-3. 113 

These results indicated that palmitate induced MST1-FOXO1 signaling pathway was mediated 114 

through the Ca2+ and Calmodulin messenger systems (Figure 3). 115 

 116 

Overexpression of GPR119 alleviated pancreatic injury in C57BL/6J mice induced by 117 

high-fat diet.  118 

After 18 weeks intervention, mice in high-fat diet (HFD) group showed significantly higher 119 

body weight gain compared with mice in the low-fat diet (LFD) group (Figure 4A). In response 120 

to a bolus of glucose injection, analysis of area under curve indicated that mice in HFD group 121 

demonstrated significant glucose intolerance compared with mice in LFD group (Figure 4B). 122 

Similarly, in response to a bolus of insulin administration, a slower decrease in blood glucose 123 

was observed in HFD group compared with the LFD group, indicating insulin intolerance in 124 

these HFD feeding mice (Figure 4C). The GPR119 overexpression mice showed improved lipid 125 

and glucose homeostasis (Table 1). Immunohistochemical staining showed that the number of 126 

brown granules in GPR119 overexpression group was higher than that in the control group 127 

(Figure 4D). Besides, a substantial decrease in pancreatic islet cell amount was observed in 128 

GPR119 shRNA mice compared with those in GPR119 overexpression group (Figure 4E).  129 

The pathomorphological changes in pancreatic tissues were examined by electron microscopy. 130 

More severe damage was observed in pancreatic islet cells in HFD group compared to the LFD 131 

group (Figure 5A). The expression of GPR119 also impacted the ultrastructure of pancreatic 132 

beta cells. More severe damage was detected in the HFD + GPR119 shRNA group than that in 133 

GPR119 overexpression group. The pancreatic cell damage was characterized by irregular cell 134 

morphology, nuclear condensation, nuclear chromatin condensation, mitochondria swollen, 135 

and a large number of fat droplets with smaller electron density, in which the insulin-secreting 136 
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particles in the islet cells were reduced (Figure 5B). The results of morphological experiments 137 

indicated that GPR119 could protect pancreatic beta cells from damage in response to excess 138 

lipid (Figure 5C). 139 

The impact of GPR119 on pancreatic signaling cascade was evaluated by determination of the 140 

target protein expression. As indicated in Figure 6, HFD induced down-regulation of GPR119 141 

and activation of MST1-FOXO1 signaling. In consistent with results in INS-1 cells, GPR119 142 

overexpression in mice resulted in inhibition of pancreatic MST1 and FOXO1 activation, 143 

reflecting by decreased clMST1, phosphorylated MST1, phosphorylated FOXO1, and cleaved 144 

caspase-3.  145 

 146 

Discussion 147 

Previous studies demonstrated that activation of GPR119 by its specific agonists enhances 148 

intracellular cAMP and GSIS release, and stimulates the secretion of GLP-1 and GIP, and has 149 

a certain inhibitory effect on the apoptosis of pancreatic beta cells [29,30]. Our study extended 150 

the current understanding of the function of GRP119 in islet cell by identifying the novel 151 

downstream MST1-FOXO1-Pdx1 signaling cascade. In palmitate induced lipotoxic INS-1 cell 152 

model, MBX mediated GPR119 activation notably reduced islet cell apoptosis rate compared 153 

with the control group, accompanied by inhibition of MST1 and FOXO1 activation, decreased 154 

Pdx1 expression and caspase-3 cleavage. Subsequent in vivo studies further confirmed that 155 

regulation of beta cell apoptosis by GPR119 was directly associated with the 156 

MST1/FOXO1/Pdx1 cascade. The GPR119 activation plays an important regulatory role in the 157 

survival and function of pancreatic cells through the interaction of MST1-FOXO1-Pdx1. In 158 

consistence with previous studies, our results demonstrated that MST1-FOXO1 signaling 159 

pathway plays an important role in the process of neuronal apoptosis.   160 

Activation of GPR119 has previously been proven to directly stimulate pancreatic beta cell 161 

insulin release and enterocytes incretins secretion [31]. In pancreatic beta cells, insulin secretion 162 

is initiated by rapid increase of intracellular Ca2+ concentration [32], which is regulated by 163 
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Calmodulin (CaM). In accordance with these studies, inhibition of the binding of Ca2+ to CaM 164 

by CPZ in INS-1 cells activated the apoptosis signaling pathway in response to FFA stimulation, 165 

accompanied by activated MST1-FOXO1 signaling cascade and down-regulation of Pdx1 166 

expression. These findings indicated that GRP119 might function through Ca2+ to CaM 167 

pathway in islet cells. However, the direct interaction of GRP119 and the calcium pathway still 168 

needs further verification in the future studies. 169 

More recently, MST1-FOXO1 pathway and endoplasmic reticulum (ER) stress have been 170 

identified to be involved in the pancreatic beta cells malfunction and apoptosis [33,34]. MST1 171 

in pancreases beta cells can be activated by proinflammatory cytokines as well as glucotoxicity 172 

and lipotoxicity [35]. MST1 activation enhanced the impairment of pancreatic beta cells by 173 

stimulating phosphorylation of stress kinase JNK, apoptotic mediator caspase-3 and intrinsic 174 

cell death mediator BIM, and meanwhile inhibiting the predominant pro-survival AKT 175 

signaling cascade [36-38]. In addition, the activation of Pdx1, a vital regulator for insulin 176 

secretion and beta cell survival through interaction with GLUT-2 and glucokinase, was also 177 

inhibited once MST1 activation. 178 

Lipotoxicity activated the MST1 phosphorylation and the downstream signaling cascades such 179 

as FOXO1, caspase-3 and Pdx1. MST1 was essential for the downstream signaling pathways 180 

associated with beta cell apoptosis and malfunction in response to lipotoxicity. In 181 

hyperlipidemia mouse models, the activation of the MST1 signaling in the pancreas was 182 

correlated with impaired glucose and insulin metabolism, reflected with glucose intolerance, 183 

and decreased insulin levels.  184 

Our study extended the current understanding of FFA-MST1-FOXO1-Pdx1-beta cell 185 

malfunction pathway by revealing GRP119 as an essential upstream modulator. In our model, 186 

lipid loading in INS-1 cells decreased GPR119 expression, which subsequently activated the 187 

MST1 signaling pathway. The cleaved MST1 stimulated the caspase-3 cleavage and FOXO1 188 

phosphorylation as well as inhibited Pdx1 expression, resulting in the acceleration of beta cell 189 

death and impaired insulin secretion. The GRP119 modulation might be mediated through the 190 

secondary messenger Ca2+ and CaM systems.  191 

Prep
rin

t



8 

 

The impact of GPR119 in the pancreases function was further confirmed in the hyperlipidemia 192 

mouse model. After 18 weeks of high-fat feeding, mice developed obesity, insulin resistance, 193 

glucose intolerance, and hyperlipidemia. Interestingly, overexpression of GPR119 in these 194 

hyperlipidemia mice resulted in a significant decrease in TG, TC and FFA, and a substantial 195 

increase in the content of insulin and C peptide compared to the control mice. Importantly, 196 

GPR119 overexpression also significantly alleviated hyperlipidemia induced islet damage and 197 

apoptosis, featured by the chromatin condensation, mitochondria swelling and deformation, and 198 

decreased cytoplasmic endocrine granules. The protective effects of GPR119 against pancreas 199 

cell apoptosis in mice were associated with modulation of dysfunctional MST1-FOXO1-Pdx1 200 

signaling cascade induced by prolonged fatty acids exposure.   201 

In summary, the current study demonstrated that activation of GPR119 substantially attenuated 202 

lipotoxicity induced pancreatic beta cell damage. The effects of GPR119 was associated with 203 

Ca2+ - calmodulin pathway and the subsequent modulation of MST1-FoxO1-Pdx1 signaling 204 

cascade, which affected pancreatic beta cell function and apoptosis, and finally impacted the 205 

insulin secretion and glucose metabolism. This study provided an experimental basis for 206 

understanding the mechanism of GPR119 in high-fat induced pancreatic beta cell dysfunction, 207 

laying the foundation for the study of the mechanism of obesity and pancreatic beta cell damage 208 

and malfunction. 209 

 210 

Methods 211 

Cell culture.  212 

INS-1 cells (SCC207, EMD Millipore, Burlington, MA, USA) were cultured in RPMI 1640 213 

medium supplemented with 10% fetal bovine serum (FBS; Gibco), 50 IU/mL penicillin, 50 214 

mg/L streptomycin, 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate and 50 µM 215 

beta-mercaptoethanol. Cells were cultured at 37 °C in a humidified atmosphere with 5% CO2. 216 

For palmitate treatment, INS-1 cells were plated into 12 well plates and cultured for 24 hours, 217 

250 μM PA diluted in fatty acid-free bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, 218 
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MO, USA) was added to the medium and incubated for indicated time points. BSA was used 219 

as vehicle control. In selective studies, following 12 h of PA treatment, INS-1 cells were treated 220 

with GPR119 agonist MBX (4 µM) for 10 minutes or CAM antagonist CPZ (0.5 mM) for 60 221 

minutes. For MST1 overexpression and knockdown, INS-1 cells were treated with PA (250.0 222 

µM) for 12 hours and then transfected with MST1 overexpression plasmid or MST1 silencing 223 

shRNA plasmid for 72 hours. 224 

 225 

Plasmid Constructs.  226 

To generate MIST1 overexpression plasmid, full-length rat MST1 was amplified from 227 

previously constructed plasmid pMD19-MST1 using the following primers: forward: 5′- GCT 228 

GGA TCC GCC ACC ATG GAG ACC GTG CAA CTG AGG AAC-3′; reverse; 5′- ATA GCG 229 

GCC GCT CAG AAG TTC TGT TGC CCC TCT TCT TGG C-3′. The amplicon was inserted 230 

into the pcDNA3.1 vector with the Not I and BamH I recognition sites. To silence MST1, 231 

siRNA against rat MST1 (MST1 siRNA: sense, 5′-GAT CCG CTG GTT CTG TAT CCG ATA 232 

TTC TCG AGA ATA TCG GAT ACA GAA CCA GCT TTT G-3′, anti-sense, 5′-AAT TCA 233 

AAA AGC TGG TTC TGT ATC CGA TAT TCT CGA GAA TAT CGG ATA CAG AAC 234 

CAG CG-3′) was synthesized (Sangon Biotech, Shanghai, China) and inserted into the 235 

pGreenPuro vector. To generate lentiviral transfer plasmids containing GRP119 or shGRP119, 236 

mouse GRP119 was amplified from pMD19-GRP119 plasmid using the following primers: 237 

forward: 5′-GCT CTA GAG CCG CCA TGG AGT CAT CCT TCT CAT TTG GAG TG-3′; 238 

reverse; 5′-CGG GAT CCG CCA TCG AGC TCC GGA TGG CT-3′. GRP 119 shRNA was 239 

annealed (sense, 5′-GCT AGT TAC CTT CCT GTC AGA GTA ACT AGC CCA GAA ATA 240 

GCC TTT TTG-3′; anti-sense, 5′-AAT TCA AAA AGG CTA TTT CTG GGC TAG TTA CTC 241 

TGA CAG GAA GGT AAC TAG CCC AGA AAT AGC CG-3’).  The amplified GRP119 242 

and annealed shGRP119 were inserted into PCDH-CMV-MCS-EF1-GFP and pGreen-CMV-243 

coGFP-T2A-PURO-H1 vectors, respectively. The product was transformed into Stbl3 244 

chemically-competent E.coli cells, and the plasmids were extracted by Plasmid Midiprep Kit 245 

(Qiagen, Germany). 246 
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 247 

Transfection.  248 

To overexpress or silence MST1, INS-1 cells were transfected with overexpression or siRNA 249 

plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the 250 

manufacturer’s instructions. For lentiviral plasmid transfection, constructed lentiviral transfer 251 

plasmid, PLP, PLP2 and PLP/VSVG vectors were transfected into 293T cells using 252 

Lipofectamine 2000. At 8 hours post transfection, the 293T cells were switched to complete 253 

medium and cultured for 48 hrs. The supernatant was then centrifuged at 4000g at 4°C for 10 254 

min to remove cell debris and filtered through a 0.45 um filter membrane. 255 

 256 

Realtime PCR.  257 

Total RNA was isolated by Trizol (Invitrogen, USA) according to the manufacturer’s 258 

instructions. The RNA quality was determined by NanoDrop 2000 (Thermo Fisher, USA). The 259 

first-strand cDNA was synthesized using First Strand cDNA Synthesis Kit (Invitrogen, USA). 260 

Realtime PCR was performed by SYBR Master Mix on the ABI 7500 Realtime PCR system 261 

(Applied Biosystems, USA) as previously described [39]. The relative mRNA expression of 262 

target genes to endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 263 

calculated using the 2-ΔΔCT method. The primer sequences were summarized in Table 2.  264 

 265 

Flow cytometry analysis. 266 

Apoptosis analysis was carried out as previously described [40]. The treated cells were 267 

dissociated by trypsin and washed with PBS. Subsequently, cells were stained with annexin V 268 

FITC (Bio-Rad, USA) and ReadiDrop propidium iodide (Bio-Rad, USA) in binding buffer for 269 

20 mins in the dark. Stained cells were subjected to flow cytometry analysis using the 270 

FACSCalibur system (BD Biosciences, USA).  271 

 272 
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Animal experiments.  273 

All animal experiments were performed following the Guide for the Care and Use of Laboratory 274 

Animals, and all the animal experimental protocols were approved by the Institutional Animal 275 

Care and Use Committee (IACUC) at Ningxia Medical University, Yinchuan, China (approval 276 

No. 2019-011). Mice were housed in laboratory animal center of Ningxia Medical University 277 

with a 12-hour light/dark cycle. The specific-pathogen-free (SPF) male nude C57BL/6 mice (6 278 

week-old; 16 – 19 g; n = 25 for each group) were fed a LFD containing 10% kcal from fat 279 

(MD12031, Mediscience, China) or a HFD containing 60% kcal from fat (MD12033, 280 

Mediscience, China) for 18 weeks. For overexpression of GPR119 in the pancreas, 1.0 × 108 281 

plaque-forming units (PFU) of LV-GFP, LV-GPR119, LV-shctrl and LV-shGPR119 (n = 5 for 282 

each subgroup) were injected into HFD-fed or LFD-fed mice via the tail vein. 283 

 284 

Metabolic measurement.  285 

For the glucose tolerance test (GTT) and insulin tolerance test (ITT), mice were fasted for 4 286 

hours and then were injected with 2g/kg D-glucose or 1IU/kg insulin intraperitoneally. Blood 287 

glucose levels were measured at 15, 30, 60, and 90 mins post-injection using a glucometer. 288 

Mice were euthanized after 19 weeks of animal experiments. Blood was collected from heart 289 

puncture, and plasma was further isolated. Plasma Insulin and C peptide levels were determined 290 

by ELISA kits (Thermofisher, USA). Plasma total cholesterol, triglycerides, free fatty acids 291 

levels were determined by commercial kits (Wako, Japan). 292 

 293 

Immune-histochemistry.  294 

The pancreas was isolated from experimental mice and fixed with formalin for 48 hours. Briefly, 295 

mice were anesthetized with 4% chloral hydrate and transcardially perfused with PBS and 4% 296 

paraformaldehyde, subsequently decapitated. Tissues were then embedded with paraffin and 297 

the tissue blocks were sliced into 5 μm paraffin sections. Immunohistochemical staining of 298 
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tissue section were incubated with 3% H2O2 for 10 minutes to inactivate the endogenous 299 

peroxidase, followed by incubation with primary antibody GPR119 (1:500, AbCam, 300 

Cambridge, UK) for 2 hours and secondary antibody HRP-goat anti-rabbit IgG (1:2,000, 301 

Abcam, Cambridge, UK) for 30 minutes at room temperature. Sections were rinsed in cold PBS 302 

(5 times, 3 minutes per time), incubated in avidin–biotin complex (Vecta stain Elite ABC Kit, 303 

Vector Laboratories) for 1 hour at 20°C and rinsed with PBS (3 times, 10 minutes per time). 304 

Finally, sections were developed in diaminobenzidine substrate for 5 minutes at 25°C and 305 

counterstained with hematoxylin. The sections were further differentiated in 0.1% HCl, 306 

dehydrated in gradient alcohol, cleared by xylene and mounted with resinous media. Images 307 

were obtained with microscope under bright field. 308 

 309 

Western blot.  310 

The protein expression levels were analyzed as previously described [41]. In brief, protein was 311 

extracted from INS-1 cells or pancreas tissues using protein lysis buffer (R0010, Solarbio). 312 

After centrifugation at 12,000rpm for 30 mins, protein was harvested from supernatant and 313 

quantified by bicinchoninic acid (BCA reagents, Thermofisher, USA). 50 µg cell lysates were 314 

re-suspended in SDS sample loading buffer, subjected to 10% SDS-PAGE gel and transferred 315 

onto a PVDF membrane (Millipore, Bedford, MA, USA). After blocking in Tris-buffered saline 316 

with 0.2 % of Tween 20 (TBST) containing 5% w/v non-fat milk for 2 hours at room 317 

temperature, membranes were further incubated with specific primary antibodies overnight at 318 

4 °C. The following primary antibodies were used: Caspase-3, phospho-MST1/ MST1, Pdx1 319 

(Cell Signaling, USA), GRP-119 and β-actin (ab75312, Abcam, USA), phospho-FOXO1 / 320 

FoxO1 (Sata Cruz Biotechnology, Dallas, TX, USA), insulin receptor and BAX (Proteintech, 321 

Chicago,IL,USA). Following incubation with the specific HRP-conjugated antibody, 322 

chemiluminescence signal was detected using ECL (ECL-808-25, Biomiga, USA). The 323 

membranes were developed, and immunoblot bands were subjected to relative densitometric 324 

analysis. Protein expression was quantified by determining the relative density of target protein 325 

band to the internal control band. 326 
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 327 

Statistical analysis.  328 

All results are expressed as the mean ± SEM. Data between groups was analyzed by one-way 329 

or two-way ANOVA, followed by post hoc Tukey’s multiple comparison analysis. Differences 330 

between groups were considered statistically significant at P < 0.05. Analysis was conducted 331 

using GraphPad Prism 6 software.  332 
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 363 

Figure legends: 364 

Figure 1. Palmitate treatment stimulated the phosphorylation of MST1 by inhibiting 365 

GPR119 in INS-1 cells. (A). INS-1 cells were treated with Palmitate (PA) (250 µM) at 366 

indicated time points. The activated caspase-3 expression (cl-Cas 3) was determined by western 367 

blot and quantified by relative density to β-actin. Data are expressed as mean ± SEM (n = 5). *, 368 

P < 0.05 vs. control. (B, D) Detection of apoptosis rate by flow cytometry. *P<0.05, PA vs 369 

control; PA+MBX vs. control+MBX. (C). INS-1 cells were treated with 250 M palmitate for 370 

12 h, followed by treatment of 4 µM MBX for 10 min. The expression of GPR119, MST1, 371 

pMST1, clMST1 and caspase-3 cleavage (clC3) expression were determined by western 372 

blotting and quantified by relative density to β-actin. Data are expressed as mean ± SEM (n = 373 

5). *, P < 0.05 vs. control. (E) Target mRNA expression in INS-1 cells treated with MBX. Data 374 

are expressed as mean ± SEM (n = 5). (F, G) Effects of GPR119 agonist MBX on cellular TG 375 

and FFA contents in INS-1 cells. Data are expressed as the mean ± SEM (n = 5). (H) Insulin 376 

secretion in PA treated INS-1 cells in the presence/absence of MBX at indicated time points. 377 
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(I) Intracellular calcium concentration in INS-1 cells determined by flow cytometry. Data are 378 

expressed as the mean ± SEM (n = 5). *P < 0.05, #P < 0.01 vs. control. Experiments were 379 

repeated three times. 380 

Figure 2. Target protein expression in PA treated INS-1 cells with gain and loss of MST1 381 

expression. (A) INS-1 cells were treated with PA (250 µM) for 12 hrs and then were incubated 382 

MST1 overexpression plasmid MST1 or MST1 shRNA plasmid for 72 hrs. Protein expression 383 

of MST1, pMST1, FOXO1, pFOXO1, clMST1 and caspase-3 cleavage (clC3) was determined 384 

by western blot. (B) Quantification of protein bands by densitometry analyses. Data are 385 

expressed as the mean ± SEM (n = 5). *P < 0.05, #P < 0.01 vs. control. Experiments were 386 

repeated three times. 387 

Figure 3. Target protein expression in INS-1 cells treated with Palmitate in the presence/ 388 

absence of CPZ. INS-1 cells were treated with palmitate (250 µM) for 12 h, followed by 389 

treatment of CPZ (0.5 mM) for 60 min.(A) The protein levels of MST1, pMST1, FOXO1, 390 

pFOXO1, clMST1 and cleaved caspase-3 (clC3) were determined by western blot using 391 

specific antibodies. (B). Quantification of the protein bands by densitometry and normalized to 392 

β-actin. Data are expressed as mean ± SEM (n = 5). *P < 0.05, #P < 0.01; CPZ treated vs. 393 

control. All data were derived from three independent experiments. 394 

Figure 4. Overexpression of GPR119 alleviated pancreatic injury in C57BL/6J mice 395 

induced by high fat feeding. 6-week-old male C57 mice were fed on HFD or LFD for 18 396 

weeks and then were given either LV-GPR119 or LV-shGPR119 by tail vein injection. (A). 397 

Body weight of mice on a LFD or HFD. Body weight of the experimental mice were measured 398 

weekly and shown as the mean ± SEM (n = 25). (B, C). Glucose tolerance and insulin tolerance 399 

test in LFD and HFD mice at 12 weeks feeding. (D). GPR119 protein expression in the pancreas 400 

of mice determined by IHC (400 X). (E). Pancreas tissue morphological changes were 401 

determined by HE staining. Representative images (400X) are shown. Data are expressed as 402 

the mean ± SEM (n = 5). *P < 0.05, #P < 0.01 vs. control.  403 

Figure 5. Pancreas damage of mice on a high fat diet. Mice were fed on HFD or LFD for 18 404 

weeks and then were given either LV-GPR119 or LV-shGPR119 by tail vein injection for 1 405 
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week (n=5) (A). Electron microscope images of pancreatic tissue section of LFD/HFD mice. 406 

(B). Electron microscopy images of pancreas tissue on HFD group with GPR119 407 

overexpressing or GPR119 silencing. (a,d X3000；b,e X5000；c,f X15000). (C). Model of 408 

pancreas GRP119 function in pancreas high fat milieu. Lipid loading in INS-1 cells decreased 409 

GPR119 expression which subsequently activated the MST1 signaling. Active cleaved MST1 410 

then stimulated the caspase-3 cleavage and FOXO1 phosphorylation as well as inhibited Pdx1 411 

activation. Such alteration in the signaling cascade resulted in acceleration of beta cell death 412 

and impaired insulin secretion. In response to lipotoxicity, the function of GPR119 is likely 413 

through affecting intracellular [Ca2+] release.  414 

Figure 6. HFD induced down-regulation of GPR119 and activation of MST1-FOXO1 signaling. 415 

(A) Mice were fed on HFD or LFD for 18 weeks and then were given either LV-GPR119, LV-416 

GFP, LV-shGPR119 or LV-sh Control by tail vein injection for 1 week. Pancreas was isolated, 417 

and protein was extracted. Protein expression of MST1, pMST1, FOXO1, pFOXO1, clMST1 418 

and caspase-3 cleavage (clC3) was determined by western blot. (B, C) Quantification of protein 419 

bands by densitometry analyses. Data are expressed as the mean ± SEM (n = 5). *P < 0.05, #P 420 

< 0.01 vs. control. Experiments were repeated three times. 421 

 422 

Table 1. Detection of insulin, C peptide and FFA in serum of mice. 423 

Group Insulin（IU/mL） C peptide (ug/mL)  FFA (mmol/L) 

LFD  19.95±0.09  0.36±0.03  35±3.68 

LFD-LV+GFP      19.75±0.37  0.32±0.02  16±0.89 

LFD-LV+GPR119   14.00±0.15a  0.27±0.01a   6±0.73a 

LFD-LV+shCtrl 16.63±0.39   0.30±0.007    25±3.13 

LFD-LV+shGPR119  15.63±0.43   0.35±0.007  35±8.02 

HFD   23.52±0.20   0.28±0.007   55±10.6 

HFD-LV+GFP  17.70±0.42  0.20±0.007  15±1.03 

HFD-LV+GPR119     40.1±0.33c  0.70±0.007c   5±0.06c 
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HFD-LV+shCtrl 31.77±0.46  0.58±0.03  13±1.08 

HFD-LV+shGPR119  41.28±0.85  0.57±0.03    11±1.32 

Remarks: a, LFD-LV+GPR119 vs LFD-LV+GFP, P﹤0.05; c, HFD-LV+GPR119 vs HFD-424 

LV+GFP, P﹤0.05.   425 

 426 

 427 

Table 2. Primers used for Realtime PCR. 428 

Primer name Primer Sequence (5’-3’) 

Bax-F GGTTGTCGCCCTTTTCTA 

Bax-R CGGAGGAAGTCCAATGTC 

Bcl2-F GATGTGATGCCTCTGCGAAG 

Bcl2-R CATGCTGATGTCTCTGGAATCT 

Pdx1-F CCACCCCAGTTTACAAGCTC 

Pdx1-R TGTAGGCAGTACGGGTCCTC 

Insulin-F GCGGGCTGCGTCTAGTTGCAGTAG 

Insulin-R ATGGCCCTGTGGATGCGCCTCCTG 

GAPDH-F GCAAAGACTGAACCCACTAATTT 

GAPDH-R TTGCCTCTGTTGTTACTTGGAGAT 

 429 

 430 
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