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ABSTRACT 21 

The fatty-acid receptors FFAR1 (Gpr40) and FFAR4 (Gpr120) are implicated in the regulation 22 

of insulin secretion and insulin sensitivity, respectively. Although the properties of Gpr120 and 23 

Gpr40 converge on glucose homeostasis, few studies have addressed possible interactions 24 

between these two receptors in the control of β cell function. Here we generated mice deficient 25 

in Gpr120 or Gpr40, alone or in combination, and metabolically phenotyped male and female 26 

mice fed a normal chow or high-fat diet. We assessed insulin secretion in isolated mouse islets 27 

exposed to selective Gpr120 and Gpr40 agonists singly or in combination. Following normal 28 

chow feeding, body weight and energy intake were unaffected by deletion of either receptor, 29 

although fat mass increased in Gpr120 knockout (KO) females. Fasting blood glucose levels 30 

increased in Gpr120/40 double KO mice, and in a sex-dependent manner in Gpr120 KO and 31 

Gpr40 KO animals. Oral glucose tolerance was reduced in Gpr120/40 double KO male mice and 32 

in Gpr120 KO females, whereas insulin secretion and insulin sensitivity were unaffected. In 33 

hyperglycemic clamps, the glucose infusion rate and disposition index were lower in Gpr120/40 34 

double KO. In contrast, we did not observe changes in glucose tolerance in either single or 35 

double KO animals under high-fat feeding. In isolated wild-type islets, the combination of 36 

selective Gpr120 and Gpr40 agonists additively increased insulin secretion compared to each 37 

agonist alone. We conclude that Gpr120 and Gpr40 cooperate in an additive manner to regulate 38 

glucose homeostasis and insulin secretion in male mice.  39 
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INTRODUCTION 40 

Insulin resistance and defective insulin secretion are hallmarks of type 2 diabetes (T2D). A 41 

number of G protein-coupled receptors (GPCR) that regulate insulin sensitivity and pancreatic β-42 

cell function are validated targets for the treatment of T2D (1). Among these, the long-chain fatty 43 

acid receptors FFAR1 (Gpr40) and FFAR4 (Gpr120) have been the subject of increasing interest 44 

in recent years as their activation has numerous beneficial effects on glucose and energy 45 

homeostasis in preclinical T2D models. 46 

In rodents, Gpr120 is expressed in several tissues implicated in energy homeostasis including the 47 

central nervous system, enteroendocrine cells, liver, bone, adipose tissue and macrophages (2). 48 

Gpr120 activation in adipocytes and macrophages alleviates obesity-induced insulin resistance 49 

(3-5) in part via interaction with peroxisome proliferator-activated receptor γ (6). Gpr120 also 50 

promotes adipogenesis (7-9) and brown adipose tissue thermogenesis (10,11), regulates food 51 

intake (12) and modulates gut endocrine hormone secretion, including ghrelin (13-15) and the 52 

incretin hormones glucagon-like peptide-1 (GLP-1) (16), gastric inhibitory polypeptide (GIP) 53 

(17) and cholecystokinin (18,19). Gpr120 is also expressed in pancreatic islets where its 54 

activation mitigates β-cell dysfunction (20) and apoptosis (21) and modulates insulin (22-25), 55 

glucagon (26), and somatostatin (27) secretion. Recently, we demonstrated that Gpr120 56 

activation potentiates glucose-stimulated insulin secretion (GSIS) and potentiates arginine-57 

induced glucagon secretion in part through inhibition of somatostatin release (28). Despite the 58 

evidence for a role of Gpr120 in the regulation of islet hormone secretion, Gpr120 deficient mice 59 

have reportedly normal β-cell function (3,5). 60 
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In rodents, Gpr40 is predominantly expressed in enteroendocrine cells and pancreatic β cells 61 

(29,30). Activation of Gpr40 potentiates GSIS (29,31,32) and increases secretion of the incretin 62 

hormones GLP-1, GIP and cholecystokinin (19,33-36) both ex vivo and in vivo. Recent studies 63 

suggest that in the β cell Gpr40 primarily responds to endogenous fatty acids which are released 64 

by the β cell in response to glucose stimulation and act in an autocrine manner to potentiate 65 

insulin secretion (37). Although absence of Gpr40 is largely inconsequential for glucose 66 

tolerance or energy metabolism under normal physiological conditions (31,38,39), high-fat diet 67 

(HFD) fed Gpr40-null mice develop fasting hyperglycemia due to insufficient insulin secretion 68 

(40). 69 

Complementarity between Gpr120 and Gpr40 tissue expression and function prompted us to 70 

investigate their possible interaction in the control of glucose homeostasis and insulin secretion. 71 

Redundancy between Grp120 and Gpr40 has been described in the gut where oral triglyceride-72 

induced increases in plasma GIP and GLP-1 are dramatically reduced in double Gpr120/40 73 

knockout (KO) but not Gpr120 KO or Gpr40 KO mice (36). Furthermore, coactivation of 74 

Grp120 and Gpr40 in vivo with selective synthetic agonists or a dual agonist improves glucose 75 

control in db/db mice compared to activation of each receptor alone (41). However, whether 76 

Gpr120 and Gpr40 cooperate to improve glucose control under physiological and 77 

pathophysiological (HFD) conditions has not been addressed. In this study we investigated 78 

possible functional interactions between these lipid GPCR in the control of glucose homeostasis 79 

with a particular emphasis on β-cell function. We generated single and double Gpr120 and 80 

Gpr40 KO mice and compared metabolic parameters, glucose and insulin tolerance as well as β-81 

cell function in both male and female mice fed a normal chow or HFD.  82 
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MATERIALS AND METHODS 83 

Reagents and solutions 84 

RPMI-1640 and FBS were from Life Technologies Inc. (Burlington, ON, Canada). 85 

Penicillin/Streptomycin was from Multicell Wisent Inc (Saint-Jean-Baptiste, QC, Canada). Fatty-86 

acid-free BSA was from Equitech-Bio (Kerrville, TX, USA). Insulin radioimmunoassay (RIA) 87 

kit was from MilliporeSigma (Billerica, MA, USA). Insulin and C-peptide ELISA kits were from 88 

Alpco Diagnostics (Salem, NH, USA). Insulin (Humulin-R 100U/mL) was from Eli Lilly 89 

(Toronto, ON, Canada). Compound A (Cpd A) was from Cayman Chemical (Ann Arbor, MI, 90 

USA) and TAK-875 was from Selleckchem (Houston, TX, USA).  All other reagents were from 91 

MilliporeSigma unless otherwise specified. 92 

Animals 93 

All procedures involving animals were approved by the Institutional Committee for the 94 

Protection of Animals at the Centre Hospitalier de l’Université de Montréal. All mice were 95 

housed under controlled temperature on a 12h light/dark cycle with unrestricted access to water 96 

and laboratory chow. Mutant Gpr40 (31) and Gpr120 (28) colonies on a C57BL/6N background 97 

were maintained and genotyped as previously described. Male and female wild-type (WT, 98 

Gpr40+/+;Gpr120+/+), Gpr40KO (Gpr40-/-;Gpr120+/+), Gpr120KO (Gpr40+/+;Gpr120-/-) and 99 

Gpr120/40KO (Gpr40-/-;Gpr120-/-) experimental animals were generated in crosses between 100 

double heterozygotes (Gpr40+/-;Gpr120+/-). Animals were born at the expected Mendelian ratio. 101 

Both males and females were used for in vivo experiments and studied in separate cohorts. 102 

Animals were fed ad libitum with normal chow diet (CD; #2018 Teklad Global 18% protein 103 

rodent diet; 58% carbohydrate, 24% protein and 18% fat on a caloric basis; Harlan Teklad, 104 
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Madison, WI) throughout the study or, after 8 weeks of age, switched to a HFD (#D12492; 60% 105 

fat, 20% protein and 20% carbohydrate on a caloric basis; Research Diets Inc., New Brunswick, 106 

NJ). Body weight, food intake and fed blood glucose were monitored weekly from 6-8 weeks of 107 

age.  108 

Metabolic tests 109 

Oral Glucose Tolerance Tests (oGTT) were performed on 4-6 hour fasted mice by measuring tail 110 

blood glucose and plasma insulin levels before (t=0 min) and 15, 30, 45, 60, 90 and 120 min 111 

after oral glucose administration (Dextrose 1g/kg BW). Tail blood glucose was measured using 112 

the hand-held glucometer Accu-Chek (Roche, Indianapolis, IN) and plasma insulin was 113 

measured by ELISA at 0, 15 and 30 min. 114 

Intraperitoneal Insulin Tolerance Tests (ipITT). Insulin (0.5 UI/kg, BW) was administered 115 

intraperitoneally on 4-6 hour fasted mice and tail blood glucose was measured before (t=0 min) 116 

and 15, 30, 45, 60, 90 and 120 min after insulin injection. Fasting insulinemia was measured by 117 

ELISA on plasma samples from tail vein blood collected before insulin injection.  118 

Body weight composition was assessed with the EchoMRI Analyzer-700 (Echo Medical System, 119 

Houston, TX). 120 

Hyperglycemic clamps (HGC). One-step HGC were performed in conscious, ad libitum fed 121 

animals as described (39). Briefly, a 20% dextrose solution (Baxter, Mississauga, ON) was 122 

infused via a jugular catheter. Mice initially received a 90-second bolus (140 mg/kg/minute) and 123 

then the glucose infusion rate (GIR) was adjusted to maintain blood glucose between 14.5 and 124 

17.7 mmol/l in females and between 15.7 and 19.7 mmol/l in males for 80 min. The insulin 125 
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sensitivity index (M/I) was calculated as the glucose infusion rate (M) divided by the average 126 

plasma insulin during the last 30 min (i.e. from 50 to 80 min) of the clamp (I). The disposition 127 

index (DI) was calculated by multiplying the M/I by the average plasma C-peptide during the 128 

last 30 min of the clamp. Blood samples were collected from the tail to measure glucose, and 129 

plasma insulin and C-peptide were measured by ELISA (Alpco Diagnostics, Salem, NH) at the 130 

time points indicated in the Figure legends.  131 

Islet isolation and static incubations for insulin secretion 132 

Islets were isolated from  10-12 week-old male WT mice by collagenase digestion and dextran 133 

density gradient centrifugation as described previously (31) and recovered overnight in RPMI 134 

1640 supplemented with 10% (wt/vol) FBS, 100 U/ml penicillin/streptomycin and 11 mM 135 

glucose. After recovery, triplicate batches of 20 islets each were incubated twice in KRBH (pH 136 

7.4) with 0.1% (w/v) fatty-acid-free BSA and 2.8 mM glucose for 20 min., followed by a 1-hour 137 

static incubation in KRBH in the presence of 2.8 or 16.7 mM glucose. Insulin was measured in 138 

the supernatant by RIA and intracellular insulin content was measured after acid–alcohol 139 

extraction.  140 

Statistical analyses 141 

Data are expressed as mean ± SEM. Significance was tested using ordinary one-way ANOVA or 142 

Brown-Forsythe and Welch ANOVA tests with their correction in cases of variance 143 

heterogeneity, two-way ANOVA with no assumption of sphericity and with post hoc adjustment 144 

for multiple comparisons, as appropriate, using GraphPad Instat (GraphPad Software, San Diego, 145 

CA) or three-way ANOVA. Tukey or Dunnett’s post hoc tests were performed as indicated in 146 

figure legends. P<0.05 was considered significant. Data points considered as outliers were 147 
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excluded based on Grubbs’ test using the online calculator at: 148 

https://www.graphpad.com/quickcalcs/Grubbs1.cfm.  149 

RESULTS 150 

Lean Gpr120/40KO mice are glucose intolerant and exhibit reduced β cell function 151 

In a first cohort of animals, WT, Gpr40KO, Gpr120KO and double Gpr120/40KO male and 152 

female mice were fed CD for 30 weeks. Metabolic parameters were assessed on a weekly basis 153 

and Echo-MRI, glucose and insulin tolerance tests, and HGC were performed as indicated (Fig. 154 

1A). WT, Gpr40KO, Gpr120KO and double Gpr120/40KO male and female mice showed 155 

similar increases in body weight and energy intake over the course of the study (Fig. 1B-E). 156 

Percentages of fat and lean mass as assessed by Echo-MRI at 27-29 weeks of age were 157 

unaffected by genotype in male mice, whereas the proportion of fat to lean mass was slightly 158 

increased in female Gpr120KO compared to WT mice (Fig. 1F and G). Fasting blood glucose 159 

levels were significantly increased at 12 and 20 weeks of age in male and at all time points in 160 

female Gpr120/40KO compared to WT mice (Fig. 2A and B). A significant increase in fasting 161 

blood glucose compared to WT controls was also detected in male Gpr120KO mice at 20 weeks 162 

of age, in female Gpr40KO mice at 16, 20 and 24 weeks of age, and at all time points in female 163 

Gpr120KO mice. Average fed blood glucose levels during the study were significantly increased 164 

in male Gpr40KO vs. WT mice; and in female Gpr40KO and Gpr120/40KO mice vs. their WT 165 

and Gpr120KO littermates (Supplementary Fig. 1 (42)). 166 

oGTT performed at 10-12 weeks of age revealed prolonged glucose excursions in male 167 

Gpr120/40KO mice that were significantly different between 60-120 min post oral glucose load 168 

compared to WT controls and at 120 min compared to Gpr40KO mice (Fig. 2C). In females, 169 
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both single and double Gpr120/40KO mice exhibited reduced glucose tolerance between 45-90 170 

min post oral glucose administration compared to WT mice, but the difference was significant 171 

only for the Gpr120KO mice (Fig. 2D). oGTT performed at 18-20 weeks of age revealed mild 172 

glucose intolerance in male Gpr120/40KO mice at 90 min and in female Gpr120/40KO and 173 

Gpr120KO mice between 90-120 min compared to WT controls (Fig. 2E and F). Plasma insulin 174 

levels determined during the test revealed no significant differences between genotypes in either 175 

male or female mice (Supplementary Fig. 2 (42)). 176 

ipITT performed on male and female mice at 14-16 week of age revealed no significant 177 

difference in insulin tolerance between genotypes (Supplementary Fig. 2 (42)).  178 

We performed HGC at 28-30 weeks of age to assess β cell function in vivo. Blood glucose levels 179 

were within the target range between 50 and 80 min of the clamp (Fig. 3A and B). Although 180 

plasma insulin (Fig. 3C and D) and C-peptide (data not shown) levels were similar in the 4 181 

genotypes, the GIR and DI were significantly lower in male Gpr120/40KO vs. Gpr40KO mice 182 

(Fig. 3E and G). A similar, albeit not statistically significant trend was observed in female mice 183 

(Fig. 3F and H). Taken together these data indicate that the combined deletion of Gpr120 and 184 

Gpr40 leads to glucose intolerance in both sexes and impaired β cell function in male mice. 185 

However, the absence of significant differences between Gpr120/40KO and Gpr120KO mice 186 

suggests that deletion of Gpr120 accounts for the majority of this phenotype. 187 

Absence of differences in glucose tolerance in high-fat fed Gpr120/40KO mice  188 

In a second cohort of animals, WT, Gpr40KO, Gpr120KO and Gpr120/40KO male and female 189 

mice were fed either CD or HFD beginning at 8 weeks of age for a total of 12 weeks. Metabolic 190 

parameters were assessed on a weekly basis. Echo-MRI and oral glucose tolerance tests were 191 
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performed as indicated (Fig. 4A). Both male and female HFD-fed mice accumulated more 192 

weight than CD-fed animals, as expected, but no differences were detected between genotypes 193 

on either feeding regimen (Fig. 4B and C). Male Gpr120/40KO mice fed a HFD exhibited 194 

reduced energy intake compared to Gpr120KO and WT controls (Fig. 4D). In contrast, females 195 

showed no differences in energy intake between genotype following either CD or HFD (Fig. 4E). 196 

Relative fat mass was increased and lean mass decreased in HFD fed compared to CD-fed male 197 

and female animals but no differences were detected between genotypes (Fig. 4F and G).    198 

Average fed blood glucose levels throughout the study were increased in CD-fed male 199 

Gpr120/40KO compared to all other genotypes and in HFD-fed Gpr120/40KO and Gpr120KO 200 

compared to WT mice but unaffected by genotype in female mice (Supplementary Fig. 3 (42)). 201 

oGTT performed at 20 weeks of age revealed reduced glucose tolerance in male Gpr120/40KO 202 

mice fed a CD at 60 and 120 min compared to WT controls (Fig. 5A), similar to our previous 203 

findings (Fig. 2). However, plasma insulin levels determined during the test revealed no 204 

significant differences between genotypes (Fig. 5B). A non-significant trend for reduced glucose 205 

tolerance was observed in Gpr120/40KO females (Fig. 5C), without changes in plasma insulin 206 

levels (Fig. 5D). Following HFD, no significant differences in glucose tolerance or plasma 207 

insulin levels were detected between genotypes in either male (Fig. 5E and F) or female (Fig. 5G 208 

and H) mice. Taken together these data suggest that combined deletion of Gpr120 and Gpr40 209 

does not aggravate glucose intolerance under HFD in either male or female mice.   210 

Gpr120 and Gpr40 agonists additively enhance GSIS in isolated mouse islets  211 

As lean male Gpr120/40KO animals showed reduced β cell function in HGC (Fig. 3), we asked 212 

whether co-stimulation of both Gpr120 and Gpr40 would additively enhance GSIS. Islets were 213 
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isolated from lean male WT mice and insulin secretion was assessed in response to the selective 214 

Gpr40 agonist TAK-875 and Gpr120 agonist Cpd A, singly or in combination (Fig. 6). Glucose 215 

alone increased insulin secretion, as expected, and although neither TAK-875 nor Cpd A alone 216 

significantly potentiated this effect, combined exposure additively increased insulin secretion 217 

(Fig. 6A and B). No significant differences were detected in total insulin content (Fig. 6C). 218 

These data indicate that combined activation of Gpr120 and Gpr40 additively potentiate GSIS. 219 

DISCUSSION 220 

The objective of this study was to assess possible interactions between Gpr120 and Gpr40 in the 221 

control of glucose homeostasis and β cell function under physiological conditions and metabolic 222 

stress. By comparing adult, chow-fed WT and Gpr120 and Gpr40 single and double KO mice we 223 

showed that the combined loss of both genes leads to a reduction in oral glucose tolerance and β 224 

cell function in HGC in male mice, with a similar trend in females. In most cases, the 225 

Gpr120/Gpr40 KO mice phenotype seemed to be mainly related to the loss of Gpr120 and 226 

slightly aggravated by the loss of Gpr40, suggesting that the two receptors signaling pathways 227 

act additively rather than synergistically. In contrast, no significant differences between 228 

genotypes were detected in glucose and energy homeostasis following 12 weeks of high-fat 229 

feeding in either sex. We then showed that selective agonists for Gpr120 and Gpr40 additively 230 

potentiated GSIS in isolated islets ex vivo. Taken together, these data indicated that Gpr120 and 231 

Gpr40 contribute to glucose homeostasis through additive regulation of insulin secretion in male 232 

mice. 233 

Gpr120 KO - Deletion of Gpr120 had no significant impact on body weight in CD-fed male or 234 

female mice, in agreement with a number of previous studies (3,5). In contrast, Suckow et al. 235 
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(26) observed an increase in body mass in Gpr120-null mice following a similar diet regimen. In 236 

our study, fat mass was increased in female Gpr120KO mice which may be accounted for by the 237 

reduced metabolic rate, inhibition of adipocyte lipolysis and increased size of adipocytes 238 

observed previously in Gpr120-null mice (5,41). Fasting glucose levels were elevated in male 239 

and female Gpr120KO mice under CD, but oral glucose tolerance was unaffected in male and 240 

mildly reduced in female Gpr120KO mice, and there were no differences in circulating insulin 241 

levels or insulin tolerance. These findings agree with previous reports (5,23). They do, however, 242 

contrast with some studies which found glucose intolerance (3,26) and elevated plasma insulin 243 

levels (3) in Gpr120-null male mice. Following HFD, body weight, glucose tolerance and insulin 244 

levels were not affected in either male or female Gpr120KO mice, similar to previous findings in 245 

male mice (3,4,43). This is in contrast to the findings of Ichimura et al. (5) who reported that 246 

HFD-fed Gpr120-null male mice gain more weight and are glucose intolerant. Discrepancies in 247 

Gpr120-null metabolic phenotypes may be accounted for by differences in diet composition and 248 

genetic background, such as the mixed C57Bl/6/129 used by Ichimura et al. (5) vs. the pure 249 

C57Bl/6N used by Bjursell et al. (43) and in this study. It should be noted, however, that a role 250 

of Gpr120 signaling has been demonstrated in the context of chronic administration of specific 251 

agonists such as Cpd A (4,6,25) and GSK137647 (25) which attenuate the negative effects of 252 

HFD on energy and glucose homeostasis in WT but not Gpr120-null mice. This suggests that 253 

during metabolic stress and/or chronic feeding with a diet poor in omega-3 fatty acids, levels of 254 

endogenous Gpr120 ligands may be insufficient to confer a protective effect. 255 

Gpr40 KO - Deletion of Gpr40 alone had no significant impact on energy homeostasis in male 256 

or female mice fed either CD or HFD, as shown previously (31,39,40,44). Glucose and insulin 257 

tolerance and insulin secretion in CD-fed Gpr40KO mice were also largely unaffected, as 258 
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previously observed (31). Contrary to our previous findings (40), we did not detect significant 259 

differences in fasting glucose levels in chow-fed, male Gpr40KO mice vs WT. This could be 260 

accounted for by a greater statistical power in our previous study, in which only 2 groups with a 261 

larger sample size were compared,  and/or differences in the age of the mice (7 weeks in (40) vs 262 

12-24 weeks in this study).  In this study, we found however that female Gpr40KO mice had 263 

higher fasting glucose, and male and female mice had higher fed glucose, than WT controls. The 264 

significant reduction in insulin levels previously detected during HGC in Gpr40-null mice (39) 265 

was not seen in the present study, which may be due to difference in the age and/or strain of the 266 

animals. The nicotinamide nucleotide transhydrogenase mutation and other polymorphisms in 267 

the C57Bl/6J background used in our previous study (39) – vs. the C57Bl/6N background used 268 

here - are known to attenuate insulin secretion (45) and may interact with the Gpr40 mutation to 269 

aggravate the secretory defect. In a HFD study by Kebede et al. (40) we observed a precocious 270 

increase in fasting blood glucose levels after 3 weeks of diet in male Gpr40KO mice which 271 

normalized after 8 weeks, similar to our finding after 12 weeks of diet.         272 

Double Gpr120 and Gpr40 KO - In mice fed a CD, we observed an increase in fasting glucose 273 

levels in both male and female Gpr120/40KO and a decrease in glucose tolerance in males. 274 

These changes were not observed in any of the groups under HFD. Glucose intolerance was 275 

more pronounced in double Gpr120/40KO compared to single Gpr120KO or Gpr40KO mice, 276 

indicative of an additive effect. The reduced glucose tolerance in Gpr120/40KO mice was likely 277 

due to deletion of the genes in pancreatic islets, but also possibly reduced incretin hormone 278 

secretion. Along these lines, Ekberg et al. (36) demonstrated that Gpr120 and Gpr40 are highly 279 

expressed in GLP-1 and GIP-secreting cells in the gut, and that the combined loss of the two 280 

receptors leads to a major reduction in GLP-1 and GIP levels following oral triglyceride 281 
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administration, which is not seen in mice deficient in each receptor alone. HGC revealed 282 

impaired β-cell function, as assessed by the DI, in male Gpr120/40KO vs single Gpr40KO, but 283 

this defect seem to be mainly attributable to the deletion of Gpr120 and slightly aggravated by 284 

the additional loss of Gpr40. A non-significant trend was detected in female Gpr120/40KO mice. 285 

Differences between male and female mice in our study may be due to a number of sex-related 286 

factors known to contribute to sex differences in metabolism (46).  Alterations in glucose 287 

homeostasis in Gpr120/40KO mice following CD but not HFD are notable for their similarity to 288 

Gpr120KO, which show the same trend. We surmise that HFD may diminish Gpr120 signaling 289 

thereby limiting the effect of gene loss in single and double Gpr120KO mice compared to 290 

Gpr40KO and WT animals. This could be in part related to lower intake of Gpr120 ligands, since 291 

HFD are poor in ω-3 polyunsaturated FAs compared to CD. 292 

Isolated islets – The stimulatory effects of the Gpr120 agonist Cpd A and the Gpr40 agonist 293 

TAK-875 were additive and not synergistic. This is consistent with our in vivo observations in 294 

double KO mice and suggests that the signaling mechanisms of the two receptors in islets are 295 

independent. Recently, using a δ-cell specific Gpr120 KO mouse we showed that Cpd A 296 

potentiates GSIS via inhibition of somatostatin secretion, alleviating an inhibitory signal that 297 

restricts insulin secretion (28). In contrast, Gpr40 is predominantly expressed in islet β cells 298 

where its activation promotes insulin secretion (32). This model is consistent with our 299 

observation that the stimulatory effects of Gpr120 and Gpr40 on insulin secretion are additive 300 

rather than synergistic.    301 

Conclusion - Our results show that the combined loss of Grp120 and Gpr40 leads to glucose 302 

intolerance and defective β cell function in male mice.  Our data also suggest that the two 303 
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receptors signaling cooperate in an additive rather than in a synergistic manner to regulate insulin 304 

secretion. These finding contribute to our understanding of the role of these fatty-acid GPCR in 305 

the regulation of glucose homeostasis and islet function. 306 
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FIGURE LEGENDS 477 

Figure 1. Energy balance in Gpr40 and Gpr120 single and double knockout (KO) mice 478 

under chow diet (CD). (A) Study plan to assess energy and glucose homeostasis in wild-type 479 

(WT), Gpr40KO (40KO), Gpr120KO (120KO) and Gpr120/40KO (120/40KO) male and female 480 

mice fed CD. (B-G) body weight (B, C), cumulative energy intake (D, E) and fat and lean mass 481 

as a percentage of body weight measured by Echo-MRI at 27-29 weeks of age (F, G) in male (B, 482 

D, F) and female (C, E, G) mice. Data are presented as mean +/- SEM (n=6-8 animals per 483 

group). P-values were calculated by regular 2-way ANOVA or mixed model when some follow-484 

up values were missing with no assumption of sphericity (B-E) or 2-way ANOVA with post-hoc 485 

Tukey’s multiple comparisons test (F, G). *p < 0.05. 486 

Figure 2. Glucose homeostasis in Gpr40 and Gpr120 single and double knockout (KO) 487 

mice under chow diet (CD). (A, B) fasted blood glucose at 12, 16, 20 and 24 weeks of age in 488 

wild-type (WT), Gpr40KO (40KO), Gpr120KO (120KO) and Gpr120/40KO (120/40KO) male 489 

(A) and female (B) mice fed CD. (C-F) Blood glucose during an oGTT (glucose 1g/kg BW at 0 490 

min) at 10-12 (C, D) and at 18-20 (E, F) weeks of age in male (C, E) and female (D, F) mice. 491 

Data are presented as mean +/- SEM (n=7-13 animals per group). P-values were calculated by 492 

regular 2-way ANOVA or mixed model when some values were missing, with no assumption of 493 

sphericity and with Tukey’s multiple comparisons tests. **p<0.01 and *p<0.05, 120/40KO vs 494 

WT; &, p<0.05 120/40KO and 120KO vs WT; £, p<0.01 120/40KO and 120KO vs WT, p<0.05 495 

120/40KO and 120KO vs Gpr40KO; $, at least p<0.05 for 120KO and 40KO vs WT and at least 496 

p<0.005 for the 120/40KO vs WT; #, p<0.05 120/40KO vs 40KO; Φ, at least p<0.05 WT vs 497 

120KO; Σ, at least p<0.05 120/40KO and 120KO vs WT. 498 
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Figure 3. Hyperglycemic clamp analysis of Gpr40 and Gpr120 single and double knockout 499 

mice under chow diet. (A-D) Blood glucose (A, B) and plasma insulin (C, D) during the 500 

hyperglycemic clamp (HGC) in male (A, C) and female mice (B, D). (E-H) Glucose Infusion 501 

Rate (GIR) during the steady state (50-80 min) (E, F) and disposition Index (DI) (G, H) in male 502 

(E, G) and female (F, H) mice. Data are presented as mean +/- SEM (n=8-10 animals per group). 503 

(A-D) P-values were calculated by the mixed model of 2-way ANOVA with Greisser-504 

Greenhouse correction in case of variance heterogeneity (i.e. no assumption of sphericity) and 505 

with Tukey’s post-hoc multiple comparisons tests. No significant effect of genotype on blood 506 

glucose or plasma insulin levels was detected during the steady state (50-80 min) in both males 507 

and females. (E-H) P-values were calculated by Brown-Forsythe and Welch’s ANOVA (E) or 508 

ordinary one-way ANOVA (F-H) with Dunnett’s T3 or Tukey’s post-hoc MCTs, respectively. 509 

**p<0.01, *p<0.05. 510 

Figure 4. Energy balance in Gpr40 and Gpr120 single and double knockout (KO) mice 511 

under chow (CD) or high-fat diet (HFD). (A) Study plan to assess energy and glucose 512 

homeostasis in wild-type (WT), Gpr40KO (40KO), Gpr120KO (120KO) and Gpr120/40KO 513 

(120/40KO) male and female mice fed CD or HFD from 8 to 20 weeks of age. (B-G) body 514 

weight (B, C), total energy intake at 20 weeks of age (D, E) and fat and lean mass as a 515 

percentage of body weight measured by Echo-MRI at 19 weeks of age (F, G) in male (B, D, F) 516 

and female (C, E, G) mice. Data are presented as mean +/- SEM (n=7-10 animals per group). P-517 

values were calculated by regular 2-way ANOVA or mixed model when some follow-up values 518 

were missing with no assumption of sphericity (B, C) or 2-way ANOVA with post-hoc Tukey’s 519 

multiple comparisons test (D-G). *p < 0.05. 520 
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25 

Figure 5. Oral glucose tolerance in Gpr40 and Gpr120 single and double knockout (KO) 521 

mice under chow (CD) or high-fat diet (HFD). (A-H) blood glucose (A, C, E, G) and plasma 522 

insulin (B, D, F, H) levels during an oGTT (glucose 1g/kg BW at 0 min) at 20 weeks of age in 523 

male (A, B, E, F) and female (C, D, G, H) wild-type (WT), Gpr40KO (40KO), Gpr120KO 524 

(120KO) and Gpr120/40KO (120/40KO) mice fed CD (A-D) or HFD (E-H) from 8 to 20 weeks 525 

of age. Data are presented as mean +/- SEM (n=6-8 animals per group). P-values were calculated 526 

by regular 2-way ANOVA or mixed model when some values were missing, with no assumption 527 

of sphericity and with Tukey’s multiple comparisons tests. **p<0.01 and *p<0.05, 120/40KO vs 528 

WT. 529 

Figure 6. Potentiation of GSIS in response to Cpd A and TAK-875 in islets ex vivo. Insulin 530 

secretion was assessed in 1-h static incubations in response to 2.8 or 16.7 mM glucose with or 531 

without the Gpr120 agonists Cpd A (50 µM) and the Gpr40 agonist TAK-875 (5 µM). (A-C) 532 

Insulin secretion presented as a percentage of islet insulin content (A), insulin secretion (B) and 533 

insulin content (C). Data represent individual values and are expressed as mean +/- SEM of 6 534 

independent experiments. P-values were calculated by regular two-way ANOVA with Dunnett’s 535 

or Tukey’s (G-J) post hoc adjustment for multiple comparisons and Welch/Brown-Forsythe 536 

correction when necessary to compensate for SD variances. * p<0.05, ** p<0.005. 537 
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