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ABSTRACT 57 

Type 2 diabetes affects more than 38 million people in the US, and a major complication is 58 

kidney disease. During the analysis of lipotoxicity in diabetic kidney disease, global fatty acid 59 

transport protein-2 (FATP2) gene deletion was noted to markedly reduce plasma glucose in 60 

db/db mice due to sustained insulin secretion. To identify the mechanism, we observed that 61 

islet FATP2 expression was restricted to α-cells, and α-cell FATP2 was functional. Basal glucagon 62 

and alanine-stimulated gluconeogenesis were reduced in FATP2KO db/db compared to db/db 63 

mice. Direct evidence of FATP2KO-induced α-cell-mediated glucagon-like peptide-1 (GLP-1) 64 

secretion included increased GLP-1-positive α-cell mass in FATP2KO db/db mice, small molecule 65 

FATP2 inhibitor enhancement of GLP-1 secretion in αTC1-6 cells and human islets, and 66 

exendin[9-39]-inhibitable insulin secretion in FATP2 inhibitor-treated human islets. FATP2-67 

dependent enteroendocrine GLP-1 secretion was excluded by demonstration of similar glucose 68 

tolerance and plasma GLP-1 concentrations in db/db FATP2KO mice following oral versus 69 

intraperitoneal glucose loading, non-overlapping FATP2 and preproglucagon mRNA expression, 70 

and lack of FATP2/GLP-1 co-immunolocalization in intestine. We conclude that FATP2 deletion 71 

or inhibition exerts glucose-lowering effects through α-cell-mediated GLP-1 secretion and 72 

paracrine β-cell insulin release.   73 
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INTRODUCTION 74 

Type 2 diabetes affects more than 38 million people in the US (830 million worldwide) 75 

and is a major public health problem due to morbidity and mortality from microvascular (kidney 76 

disease, retinopathy, neuropathy) and macrovascular (myocardial infarction, stroke, peripheral 77 

vascular) complications. The pathophysiologic mechanisms are complex, with substantial 78 

contributions from altered glucose and lipid metabolism (1, 2).  79 

The lipid abnormalities in diabetes include increased plasma fatty acid concentrations 80 

(3). Fatty acids circulate predominantly as non-covalently bound complexes with albumin or as 81 

covalently-linked esters with glycerol to form triglycerides. Cellular fatty acid uptake is facilitated 82 

by a family of six evolutionarily conserved plasma membrane fatty acid transport proteins 83 

(FATP1-6), which are expressed in a tissue-specific fashion (4).  84 

FATP2 is a major fatty acid transporter in liver and kidney, and has been implicated in the 85 

pathophysiology of metabolic dysfunction-associated steatotic liver disease (MASLD) and 86 

diabetic kidney disease (5). Modest reduction of fasting plasma glucose was observed in mice 87 

with liver-specific FATP2 gene (Slc27a2) deletion (6). Inhibition of FATP2 by shRNA tail vein 88 

injection in high fat diet-induced diabetic mice also resulted in mild plasma glucose reduction, 89 

as well as improved insulin sensitivity (7). Because tail vein-injected siRNA uptake is primarily by 90 

liver (8), it was assumed that the hypoglycemic effect of FATP2 inhibition was mediated by 91 

enhanced hepatic glucose metabolism. However, tail vein-injected reporter siRNAs are 92 

detectable in other FATP2-expressing organs, including intestine and pancreas (9, 10), which 93 

raises the possibility that extrahepatic FATP2 inhibition contributes to the glucose-lowering 94 

phenotype. 95 
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In contrast to the modest glucose reduction with liver FATP2 inhibition (6, 7), global 96 

FATP2 deletion was associated with profoundly lower plasma glucose in genetic and inducible 97 

mouse models of type 2 diabetes (11). Furthermore, diabetic mice with intact FATP2 developed 98 

reduced plasma insulin, whereas diabetic mice with FATP2 deletion demonstrated islet 99 

hypertrophy and sustained hyperinsulinemia (11). These observations suggest that FATP2 100 

inhibition enhances pancreatic β-cell mass and function. Localization of FATP2 to specific 101 

pancreatic cells, and assignment of FATP2 inhibition to pancreatic endocrine functions, have 102 

not been previously described.   103 

Glucose-stimulated insulin secretion (GSIS) is augmented by glucagon-like peptide (GLP)-104 

1 in diabetes (12). Following a glucose- or fat-containing meal, GLP-1 is secreted into the 105 

circulation by enteroendocrine L-cells in the distal ileum and proximal colon, and ultimately 106 

binds to GLP-1 receptors on pancreatic β-cells to stimulate insulin secretion (13). Fatty acids can 107 

also directly stimulate GSIS through binding to free fatty acid receptor 1 (FFAR1), which is 108 

expressed at low levels on β-cells (14, 15). The insulinotropic effects of fatty acids in acute 109 

models are counterbalanced by chronic fatty acid-induced α- and/or β-cell desensitization and 110 

decreased insulin secretion (16), which may be mediated by specific fatty acid receptors.  111 

Pancreatic α-cells also secrete GLP-1, which enhances GSIS through paracrine activation 112 

of the β-cell GLP-1 receptor (12, 15, 17), particularly under conditions of β-cell stress (18). The 113 

primacy of paracrine GLP-1 is supported by observations that GLP-1 secreted by 114 

enteroendocrine cells has a half-life of only two minutes (19), due to proteolysis by local 115 

dipeptidyl peptidase (DPP)-4. It has therefore been postulated that gut-derived GLP-1 may not 116 

achieve sufficient concentration to stimulate distant β-cell GLP-1 receptors, and an α-cell, 117 
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rather than enteroendocrine source of GLP-1, regulates insulin secretion under diabetic 118 

conditions (18).  119 

With the emergence of GLP-1 receptor agonists as weight loss drugs, there is intense 120 

recent interest regarding GLP-1 regulation of lipid metabolism. However, the effect of fatty 121 

acids on GLP-1 biology is much less well understood, and the influence of FATP2 inhibition on 122 

GLP-1 pathways has not been investigated. In this report we describe the mechanisms of 123 

insulinotropic activity by FATP2 inhibition, through augmentation of α-cell-mediated GLP-1 124 

secretion.   125 
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RESULTS 126 

Diabetic mice with global FATP2 gene deletion (FATP2KO) developed markedly reduced 127 

fasting plasma glucose (11). FATP2 is most abundantly expressed in kidney, and within kidney, 128 

exclusively in the apical proximal tubule membrane (20, 21). The proximal tubule contributes to 129 

gluconeogenesis, particularly in the pathogenesis of diabetes (22). However, deletion of 130 

proximal tubule FATP2 (Supplemental Figure 1) in an inducible model of diabetes did not alter 131 

fasting plasma glucose concentrations (Supplemental Figure 2). These data suggest that the 132 

glucose-lowering effect in global FATP2KO mice is not due to proximal tubule FATP2 gene 133 

deletion, but rather by an extrarenal mechanism. 134 

Pancreatic islet FATP2 protein expression is upregulated in the setting of elevated 135 

glucose concentration (23), and global FATP2 gene deletion in diabetic mice was associated 136 

with increased islet area and sustained plasma insulin (11), suggesting that inhibition of FATP2 137 

mediates protection of pancreatic islet function. Compared to diabetic Leprdb/db (db/db) mice 138 

with intact FATP2, FATP2KO db/db mice demonstrated islet hypertrophy (Figures 1A and 1B, 139 

respectively) and increased β-cell mass (Figure 1C). These data are consistent with FATP2 140 

deletion causing rescue of β-cell failure in db/db mice (11, 24). 141 

FATP2 mRNA is expressed in pancreas (11), and variably in α- and β-cells from scRNAseq 142 

databases (25-30). Figure 2 demonstrates that FATP2 protein co-localized exclusively with α-, 143 

but not β- or δ-cells in mice. Figure 3A demonstrates similar co-localization of FATP2 with α-144 

cells in human pancreas, and is consistent with correlation between FATP2 and GCG 145 

(preproglucagon gene encoding glucagon and GLP-1) mRNA expression (Figure 3B). FATP2 146 

mRNA is expressed in mouse and human pancreas tissue and α-cells (Figures 4A and 4B), but is 147 
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undetectable in INS-1 β-cells (not shown). Mouse pancreas and αTC1-6 cells predominantly 148 

express the Fatp2a variant (Supplemental Figure 3), which contains acyl CoA synthetase activity 149 

within the cytosolic domain (31), and in a plasma membrane distribution (Supplemental Figure 150 

4). FATP2 mRNA expression was increased in islets from db/db compared to wild-type mice, 151 

though the difference was not significant (Supplemental Figure 5). To determine whether α-cell 152 

FATP2 is functional, long-chain fatty acid transport was measured in αTC1-6 cells. Fatty acid 153 

uptake was blocked by the FATP2 inhibitor, Lipofermata (Figure 4C). The IC50 value (5.4 µM) is in 154 

agreement with other epithelial cells (32, 33). The conclusion from these experiments is that α-155 

cells express functional FATP2, which is sustained with diabetes. 156 

 We next focused on the mechanism by which α-cell FATP2 deletion regulates insulin 157 

secretion. GLP-1 and glucagon bind with high and low affinity, respectively, to the GLP-1 158 

receptor on the β-cell, which facilitates GSIS (12). Random (non-fasting) plasma glucagon levels 159 

were increased in db/db mice with intact FATP2, decreased in FATP2KO db/db mice, and not 160 

significantly different compared to wild-type (Figure 5A), suggesting that glucagon is not the 161 

stimulus for sustained insulin secretion in FATP2KO db/db mice. To address the effects of FATP2 162 

deletion on glucagon-induced hepatic gluconeogenesis, alanine tolerance tests were conducted 163 

in fasted db/db versus FATP2KO db/db mice. Figure 5B demonstrates transient alanine-164 

stimulated glucose increases in wild-type and FATP2 KO db/db mice, whereas db/db mice 165 

experienced sustained hyperglycemia (>600 mg/dl) from 30 to 120 minutes. The data suggest 166 

that the relatively modest effect on glucose in FATP2KO db/db mice reflects reduced glucagon-167 

stimulated gluconeogenesis. 168 
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We focused next on the effect of FATP2 gene deletion on GLP-1. The relative 169 

contribution of enteroendocrine L-cell- versus α-cell-derived GLP-1 on β-cell insulin secretion 170 

has been debated (34). To investigate whether enteroendocrine cells are the GLP-1 source in 171 

FATP2KO db/db mice, OGTT and IPGTT were conducted in db/db mice with or without FATP2 172 

gene deletion. The rationale is if the major GLP-1 source is enteroendocrine, oral glucose would 173 

stimulate a greater increase in plasma GLP-1 and superior glucose tolerance compared to IP 174 

glucose (35). Four-month-old db/db and FATP2KO db/db mice were obese, though baseline 175 

weights (45 ± 9 g and 54 ± 10 g, respectively), were similar (P >0.05). Figure 6A shows markedly 176 

lower fasting plasma glucose concentrations in FATP2KO db/db compared to db/db mice, 177 

consistent with previous reports (11). Plasma glucose values were >600 mg/dL in all db/db mice 178 

during OGTT and IPGTT at 30-120 min. Figures 6A and 6B show no difference between OGTT 179 

and IPGTT in FATP2KO db/db mice. Glucose disposal was also similar following OGTT vs. IPGTT 180 

in non-diabetic FATP2KO mice (Supplemental Figure 6). Importantly, plasma GLP-1 increases 181 

were similar in FATP2KO db/db mice after oral and IP glucose loading (Figure 6C). The lack of 182 

enhanced glucose tolerance and GLP-1 concentration with oral glucose suggest that α-cells, 183 

rather than enteroendocrine L-cells, are the source of GLP-1 in mice with global FATP2 gene 184 

deletion.  185 

To further address the possibility of FATP2 effects on enteroendocrine GLP-1 secretion, 186 

FATP2 and GCG mRNA expression was evaluated in intestine segments by qPCR. Both 187 

transcripts were detected throughout the mouse GI tract, but with distinct patterns, and 188 

minimal overlap (Figure 7A and 7B). Protein expression in human distal ileum (Figure 7C and 189 

7D) and duodenum (Figure 7E and 7F) demonstrated no FATP2/GLP-1 co-localization. Taken 190 
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together, the data suggest that FATP2 deletion does not directly influence GLP-1 synthesis or 191 

secretion by enteroendocrine cells. 192 

 The next set of experiments tested the direct effects of FATP2 inhibition on α-cell GLP-1 193 

secretion. Both α-cell mass and % of GLP-1-positive α-cells were increased in FATP2KO db/db 194 

islets (Supplemental Figure 7). Consequently, the product of α-cell mass and % of GLP-1-195 

positive α-cells (GLP-1-positive α-cell mass) was markedly greater in FATP2KO db/db compared 196 

to db/db mice (Figure 8A). FATP2 inhibition in human islets enhanced glucose-stimulated GLP-1 197 

secretion, particularly under high glucose conditions (Figure 8B). Prolonged high glucose plus 198 

palmitate has previously been shown to inhibit GLP-1 secretion, due to glucolipotoxicity (36). To 199 

assess whether FATP2 inhibition preserves GLP-1 secretion, glucose-stimulated GLP-1 release 200 

was tested in αTC1-6 cells (37, 38), in response to palmitate with or without Lipofermata pre-201 

incubation (32, 33). Figure 8C demonstrates that under low and high glucose conditions, 202 

palmitate decreased αTC1-6 cell GLP-1 secretion, which was rescued by Lipofermata pre-203 

incubation. Taken together, the data indicate that FATP2 inhibition or deletion preserves α-cell 204 

GLP-1 secretion.   205 

Regulation of GLP-1 and glucagon expression is primarily post-transcriptional, with 206 

differential cleavage of proglucagon by PC1/3 (encoded by proprotein convertase 207 

subtilisin/kexin type 1, PCSK1) generating GLP-1, and by PC2 (encoded by PCSK2) to produce 208 

glucagon. Adult α-cells express scant PC1/3 and secrete very little basal GLP-1, but in vivo 209 

stresses, such as diabetes and aging cause α-cell hyperplasia and shift from PC2 to PC1/3 210 

expression (39-42). Inhibition of FATP2 was associated with increased expression of Pcsk1 and 211 

increased ratio of Pcsk1:Pcsk2 mRNA in mouse αTC1-6 cells (Figure 8D).  212 
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To investigate whether FATP2 inhibition regulates α-cell GLP-1-dependent insulin 213 

secretion, GSIS was examined in human islets pretreated with palmitate, Lipofermata and/or 214 

the GLP-1 receptor inhibitor exendin[9-39]. Figure 8E demonstrates that Lipofermata enhanced 215 

insulin secretion (particularly under high glucose concentration conditions). Importantly, a large 216 

proportion of the increase was exendin[9-39]-inhibitable, indicating that FATP2 inhibition 217 

enhanced α-cell secretion of GLP-1, which acts in a paracrine manner to enhance GSIS.    218 
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DISCUSSION 219 

 Type 2 diabetes is characterized by initial hyperinsulinemia, and subsequent β-cell 220 

dedifferentiation and insulin deficiency (43). We previously showed that global FATP2 deletion 221 

in genetic and inducible mouse models of type 2 diabetes was associated with markedly 222 

decreased plasma glucose and increased plasma insulin (11). Using in vivo, ex vivo and in vitro 223 

models, we now show that the mechanism of sustained hyperinsulinemia in the setting of 224 

FATP2 inhibition or deletion is α-cell-mediated GLP-1 secretion, with paracrine stimulation of β-225 

cell insulin secretion (graphical abstract).  226 

The conventional dogma is that intestinal L-cells are the major source of GLP-1, which 227 

exerts potent insulinotropic effects. This mechanism has been questioned, though, due to the 228 

short half-life, and potentially insufficient GLP-1 concentration to stimulate GLP-1 receptors on 229 

distant β-cells. Additionally, deletion of α-cell Pcsk1, which encodes the enzyme that catalyzes 230 

the cleavage of proglucagon to GLP-1, worsens (39), and overexpression improves glucose 231 

tolerance (44). We provide substantial evidence against an enteroendocrine source of GLP-1 as 232 

the mechanism for increased plasma insulin in FATP2KO mice, including (a) no difference 233 

between plasma GLP-1 or glucose tolerance in db/db FATP2KO mice following oral vs. i.p. 234 

glucose loading, (b) non-overlapping FATP2 and GCG mRNA expression in intestine, and (c) lack 235 

of FATP2 and GLP-1 protein co-localization in intestinal cells. Additional evidence against 236 

FATP2KO regulation of enteroendocrine GLP-1 is the lack of weight loss in diabetic FATP2KO 237 

mice. The mechanism of GLP-1-mediated weight reduction is complex, but at least partly 238 

involves gut-derived GLP-1 stimulation of the vagus nerve, which leads to anorexia and delayed 239 

gastric emptying (45). FATP2KO db/db mice were slightly heavier than db/db mice, which 240 
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mitigates against an enteroendocrine GLP-1 mechanism. Furthermore, the lack of weight loss in 241 

FATP2KO db/db mice was accompanied by no difference in food intake (11), which argues 242 

against a FATPKO effect on GLP-1-mediated satiety through stimulation of hypothalamic POMC 243 

neurons. However, db/db mice harbor a leptin receptor mutation, which causes hyperphagia, 244 

and may confound interpretation of GLP-1-regulated satiety and feeding behavior in this mouse 245 

model. 246 

Direct evidence to support α-cell-mediated GLP-1 secretion as the mechanism of 247 

FATP2KO-associated hyperinsulinemia included (a) co-localization of FATP2 with human and 248 

mouse islet α-, but not β- cells, (b) FATP2 mRNA expression in human and mouse α-, but not β-249 

cells, (c) inhibition of fatty acid uptake by FATP2 inhibitors in α-cells, (d) increased GLP-1-250 

positive α-cell mass in FATP2KO db/db mice, (e) increased Pcsk1:Pcsk2 mRNA ratio in αTC1-6 251 

cells treated with Lipofermata, and (f) enhanced GLP-1 secretion and exendin[9-39]-inhibitable 252 

GSIS in FATP2 inhibitor-treated human islets.  253 

The contribution of glucagon to glucose homeostasis in FATP2KO db/db mice is 254 

relatively minor.  In the non-fasting, fed state, when β-cells are active, plasma glucagon was 255 

decreased in FATP2KO db/db compared to db/db mice, suggesting that glucagon is not the 256 

insulin stimulus. To address the glucagon effect more carefully, alanine tolerance tests were 257 

conducted in fasting mice, which maximally stimulates glucagon, but not insulin secretion (46). 258 

The blunted effect on glucose in FATP2KO db/db compared to db/db mice indicates that some 259 

of the glucose-lowering effect of FATP2 deletion could be due to suppressed glucagon-260 

stimulated hepatic gluconeogenesis. While the relatively modest plasma glucose increases in 261 

FATP2KO db/db compared to wild-type mice could result in some glucagon-stimulated insulin 262 
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release, synthesis of the data from all metabolic studies most strongly support that the 263 

predominant FATP2 gene deletion effect on glycemia is the paracrine effect of GLP-1 secretion 264 

by α-cells.             265 

Prior investigation of fatty acid effects on GLP-1 secretion is limited. Incubation of a fatty 266 

acid mixture with αTC1-6 cells stimulated GLP-1 secretion at low glucose, and suppressed GLP-1 267 

in high glucose conditions (36). Similar results were observed in L-cells, with palmitate inhibition 268 

of GLP-1 secretion (47). The stimulation of GLP-1 is primarily by unsaturated fatty acids (36, 48), 269 

and is presumed to be mediated by the G-protein coupled FFAR4 in α-cells (49) and FATP4 or 270 

FFAR1 in L-cells (48, 50). 271 

 FATP2 inhibition was associated with an increased Pcsk1:Pcsk2 mRNA ratio. These data 272 

are consistent with palmitate-induced inhibition of islet and L-cell PC1/3 (51-53), which 273 

catalyzes the conversion of proglucagon to GLP-1, and proinsulin to insulin (54). Although 274 

previous islet studies focused on PC1/3 effects on proinsulin cleavage in β-cells (51-53), it is 275 

plausible that FATP2 inhibition also enhances GLP-1 by blocking palmitate-induced PC1/3 276 

suppression in α-cells. Future studies will be required to explore other potential mechanisms of 277 

enhanced α-cell GLP-1 secretion, including inhibition of lipotoxicity (36, 47) and reciprocal 278 

stimulation of GLP-1 by insulin. While a feed-forward (insulin stimulating GLP-1) mechanism has 279 

been proposed for intestinal L-cells (55), similar results in α-cells have not been described.   280 

 The insulinotropic effect of GLP-1 on β-cells is due primarily to GLP-1 receptor-mediated 281 

augmentation of GSIS. However, sustained hyperinsulinemia in FATP2KO db/db mice was also 282 

facilitated by increased β-cell mass and islet hypertrophy, which is a predominately GLP-1-283 

independent process. GLP-1 exerts cytoprotective effects in β-cell lines (56, 57), but in human 284 
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islets GLP-1 does not stimulate β-cell mitogenesis or affect islet size (57, 58). Identification of 285 

the FATP2KO-regulated factors that stimulate islet hypertrophy will require further 286 

investigation.    287 

 The effects of fatty acids on insulin secretion depend on many factors, including fatty 288 

acid carbon chain length and saturation, chronicity of exposure, fasting state, and concomitant 289 

glucose concentration (16, 59). While palmitate suppressed GLP-1 secretion in αTC1-6 cells, we 290 

observed a more modest effect of palmitate on insulin secretion in human islets. However, 291 

even in the absence of fatty acids, GSIS was enhanced in Lipofermata-treated islets, suggesting 292 

that FATP2 inhibition may mediate insulinotropic effects independent of fatty acid uptake. To 293 

date, FATP2 has been linked primarily to lipid metabolism, particularly PPARα-regulated genes 294 

(6), which have no effect on pancreatic insulin release (60). Downstream pathways from FATP2 295 

are largely unexplored, and identification of additional FATP2-directed events, which may 296 

regulate GLP-1-dependent GSIS, are therefore warranted.           297 

We conclude that FATP2 deletion or inhibition exerts glucose-lowering effects through 298 

α-cell-mediated GLP-1 secretion and paracrine β-cell insulin release. One potential clinical 299 

implication is that in contrast to diabetes treatment with GLP-1 receptor agonists, which 300 

ostensibly mimic the effect of endogenous GLP-1, FATP2 inhibition may represent a more 301 

natural stimulus of α-cell GLP-1 augmentation. Moreover, FATP2 inhibition could represent a 302 

potential adjunctive glucose-lowering therapy, and/or a means to delay onset of type 2 303 

diabetes.   304 
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METHODS 305 

Sex as a biological variable. With the exception of high fat diet experiments, where only male 306 

mice develop obesity, no differences were noted between male and female mice for any 307 

parameters. Therefore, equal numbers of male and female mice were used in all other 308 

experiment. 309 

Mice. Conditional proximal tubule FATP2KO mice were generated from intercrosses between 310 

GGT1-Cre (JaxLabs) and Slc27a2-floxed mice [gift from Dr. Dmitry Gabrilovich (61)] on a 311 

congenic C57BL-KS/J background. Genotyping by PCR from toe samples was done by 312 

Transnetyx. Type 2 diabetes was induced as previously described (11). Briefly, at six weeks of 313 

age, male mice were fed a high fat diet (Harlan, Teklad TD.06414, 60.3% fat, 21.3% 314 

carbohydrate, 18.4% protein) for six months. After three months of high fat diet, mice were 315 

administered low dose intraperitoneal streptozotocin (45 μg/g) daily for three consecutive days. 316 

Diabetes was defined by fasting glucose greater than 200 mg/dL. Glucose and GLP-1 were 317 

assayed after fasting from 6:00-10:00 AM. Tail vein blood glucose was assayed by glucometer, as 318 

previously described (11).  319 

Immunohistochemistry. Paraffin-embedded human ileum and duodenum slides were 320 

purchased from Zyagen. De-paraffinized sections were treated with sodium citrate (10 mM, pH 321 

6.0) for antigen retrieval. Mouse pancreas samples were fixed in paraformaldehyde (4%, 24 hrs, 322 

room temp), cryopreserved in sucrose (30% in PBS overnight) and frozen at -80o C. Frozen 323 

sections (5 µm by cryostat) were permeabilized with Triton X-100 (Millipore Sigma; 0.2% in PBS, 324 

10 minutes, room temp) and blocked with donkey serum (5% in PBS, 1 hour, room temp). 325 

Primary antibodies are listed in Supplemental Table 1. Sections were mounted in SlowFade 326 
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Diamond Antifade Mountant with DAPI (Invitrogen) and viewed with a Leica or Olympus 327 

confocal microscope. 328 

β-cell and GLP-1-positive α-cell mass. α- and β-cell mass were calculated using published 329 

methods (62). Mouse pancreas was fixed in paraformaldehyde (4%, 24 hrs, room temp), 330 

weighed, cryopreserved in sucrose (30% in PBS overnight) and frozen at -80o C. Three 5 µm 331 

frozen sections, cut 200 µm apart, were analyzed. α- and β-cells were labeled with glucagon and 332 

insulin antibodies, respectively, as previously described (11). α- and β-cell areas were 333 

normalized to total pancreatic area, and these values were then multiplied by pancreas weight 334 

to obtain α- and β-cell mass. GLP-1-positive α-cell mass was determined by multiplying the α-335 

cell mass and the percentage of glucagon-positive cells that co-labeled with GLP-1 antibodies.  336 

Reverse transcriptase polymerase chain reaction (RT-PCR). Methods have previously been 337 

described in detail (11). Briefly, total RNA was extracted from whole mouse organs, the mouse 338 

αTC1-6 pancreatic α-cell line (ATCC) or the rat INS-1 pancreatic β-cell line (gift from Dr. Yisheng 339 

Yang, Case Western Reserve University) using RNeasy Mini Kit (Qiagen). RNA concentrations 340 

were determined using the NanoDrop 2000 Spectrophotometer (Thermo Scientific). RT was 341 

performed using 5 µg total RNA, and cDNA was generated using SuperScript III First-Strand 342 

Synthesis System (Invitrogen). Human α-cell cDNA was purchased from Celprogen. PCR 343 

reactions from 1.5 µg cDNA were conducted in 20 µl volume using EmeraldAmp Max PCR 344 

Master Mix 2X premix (Takara Bio Inc.), according to recommended protocol and PCR cycling 345 

conditions, for 30 cycles (35 cycles for INS-1 cell PCR). Primers were purchased from Eurofins 346 

Genomics and sequences are shown in Supplemental Table 2. PCR products underwent 2% 347 

agarose gel electrophoresis and bands were identified by ethidium bromide (Invitrogen) staining 348 
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and photographed. Quantitative PCR (qPCR) was conducted as previously described (63). Briefly, 349 

cDNA was generated using SuperScript III First-Strand, and amplified using the Radiant SYBR 350 

Green 2x Master Mix (Alkali Scientific) and QuantStudio 3 System (Applied Biosystems). 351 

Quantification was determined by the comparative CT (ΔΔCT) method.  352 

FA uptake in αTC1-6 cells. Experiments were conducted according to previously described 353 

methods (20), using a QBT assay (Molecular Devices). Briefly, αTC1-6 cells (ATCC), which were 354 

originally derived from mouse pancreatic α-cells (64), were seeded in 96-well plates, and 355 

cultured to confluence over 24 h. Wells were washed with serum-free, phenol-free media for 2 356 

h at 37o C; Lipofermata (5-bromo-5ʹ-phenylspiro[ 357 

3H-1,3,4-thiadiazole-2,3ʹ-indoline]-2-one) (MedChemExpress) was robotically incubated for the 358 

final hour. BODIPY-conjugated C18 fatty acids (Molecular Devices QBT assay, 2.5 μM complexed 359 

with 0.2 % fatty acid-free albumin carrier + FATP2 inhibitors in QBT loading buffer that contains a 360 

proprietary external quenching dye) were robotically added at time = 0. Excitation λ = 490 nm 361 

pulses were delivered, and emission λ = 510 nm was recorded at 15-sec intervals for 10 min. 362 

BODIPY-labeled fatty acid uptake was determined from fluorescence values obtained at 60 363 

seconds, which is the static time point that most highly correlated with maximum velocity 364 

(Supplemental Figure 8). Plates were imaged on the Synergy Neo2 HTX Multi-Mode Microplate 365 

reader (BioTek) and averaged from six fields captured from each well using Gen5 software. IC50 366 

values were calculated using GraphPad Prism 7 software. 367 

Hormone assays. Glucagon (10-I271-01), GLP-1 (10-I278-01), and human insulin (10-1113-01) 368 

were assayed from mouse plasma or culture media by ELISA (Mercodia).  369 
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In vivo metabolic analyses. To facilitate multiple blood samples for GLP-1 assays, a carotid 370 

artery catheter was placed the day prior to experiments. Mice were fasted for four hours (6:00 371 

AM-10:00 AM) prior to oral (OGTT, 2 g/kg by gavage) or intraperitoneal (IPGTT, 2 g/kg i.p.) 372 

glucose tolerance tests (65). Arterial blood was drawn at baseline and then one hr after glucose 373 

administration, and plasma was saved at -80o C in tubes containing linagliptin 374 

(MedChemExpress; 100 nM) for GLP-1 assays later. Glucometer readings were obtained at 375 

baseline, 30, 60, 90 and 120 min. For alanine tolerance tests, fasted mice were administered L-376 

alanine (2 g/kg i.p.), and glucometer readings were obtained at baseline, 10, 30, 45, 60 and 120 377 

min. Non-fasting blood samples for glucagon were obtained in mice by cardiac puncture at the 378 

time of sacrifice.     379 

Glucose-stimulated GLP-1 and insulin secretion. Human islets (ProdoLabs) were cultured 380 

according to established methods (66). Islets were identified under a dissecting microscope and 381 

suspended in RPMI 1640 + 15% FBS for at least 16 hr prior to experimentation. Islets were 382 

equilibrated in petri dishes containing modified Krebs buffer (2 mM NaHCO3, 10 mM HEPES, pH 383 

7.4, 37o C, 1 hr). Ten islets were selected and deposited in cell culture wells, with quintuplicate 384 

wells for each condition. Initial incubations included modified Krebs buffer supplemented with 385 

2.8 mM glucose (37o C, 1 hr) plus linagliptin (MedChemExpress; 100 nM) ± palmitate (Avanti; 386 

100-400 µM complexed with 0.2% delipidated albumin), Lipofermata (MedChemExpress; 50387 

µM), or exendin[9-39] (MedChemExpress; 100 nM). After 1 hour, minimum volumes of media 388 

for GLP-1 or insulin ELISA assays in duplicate were saved at -80o C. Identical conditions were 389 

then repeated for an additional hour in Krebs buffer with high glucose (16.8 mM, 37o C, one 390 

hour). Islets were pelleted by centrifugation, lysed in SDS-PAGE buffer, and assayed for protein 391 
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content (Nanodrop; absorption at λ = 280 nm). A similar protocol was followed for glucose-392 

stimulated GLP-1 secretion in αTC1-6 cells, except for incubations in 5 mM and 25 mM glucose, 393 

to conform with established methods for these cells (37, 38). 394 

Data availability. Data in the manuscript are available in the .xls file within the Supporting data 395 

values. 396 

Statistics. Graphical data are presented as mean ± SEM and analyzed using GraphPad Prism 7 397 

software. Data from multiple groups were analyzed by one-way ANOVA and Tukey’s post-hoc 398 

test for multiple comparisons. Data from two groups were analyzed by unpaired two-tailed t 399 

test. Statistical significance for all analyses is defined as a P value <0.05.  400 

Study approval. All studies were conducted in accordance with protocols approved by the 401 

Institutional Animal Care and Use Committee of Case Western Reserve University School of 402 

Medicine.  403 
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588 

Figure 1. Islet hypertrophy and increased β-cell mass in FATP2KO db/db mice. Representative 589 

immunohistochemistry images of pancreatic islets from db/db (A) and FATP2KO db/db (B) mice. 590 

α- and β-cells were labeled with glucagon and insulin antibodies, respectively, as described in 591 

Methods. (C) β-cell mass was calculated as described in Methods for db/db and FATP2KO db/db 592 

mice. *P <0.01 by Student’s t-test. 593 

Figure 2. FATP2 expression localizes to pancreatic α-cells in mouse islets. Wild-type mouse 594 

pancreas islets were immunohistochemically labeled for FATP2 expression in α-, β- and δ-cells 595 

as described in Methods. Merged images, representing cell-specific FATP2 expression are shown 596 

in yellow. Micrometer scale bars are shown at the bottom right of each merged image. 597 

Figure 3. FATP2 expression localizes to pancreatic α-cells in human islets. (A) Paraffin sections 598 

of human pancreas were immunohistochemically labeled for FATP2 expression in α- and β-cells 599 

as described in Methods. Merged images, representing cell-specific FATP2 expression are shown 600 

in yellow. Micrometer scale bars are shown at the bottom of each image. (B) Gene expression 601 

correlation between preproglucagon (GCG) and FATP2 (SLC27A2) from two public normal 602 

human islet transcriptome datasets (GSE38642 and GSE50397) using online software 603 

(http://r2.amc.nl). Data were analyzed by linear regression and Pearson correlation. 604 

Figure 4. FATP2 expression and function in α-cells. (A and B) FATP2 and loading control GAPDH 605 

mRNA expression were determined in human and mouse pancreatic tissue and α-cell lines by 606 

RT-PCR (as described in Methods). Data are representative of three experiments per condition.  607 

(C) Mouse αTC1-6 cells were pre-incubated with Lipofermata (1 hr, 37o C, 0–50 μM) in triplicate.608 

http://r2.amc.nl/
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BODIPY-labeled fatty acid uptake velocity was then determined, as described in Methods. 609 

Results are mean ± SEM from four experiments. 610 

Figure 5. Effects of FATP2 deletion on glucagon. (A) Random (non-fasting) plasma glucagon 611 

concentrations in four to six months old wild-type and db/db mice ± FATP2 gene deletion. Each 612 

symbol in the scatter bars represents mean from one sample assayed in duplicate. Therefore, N 613 

= glucagon concentrations from 9-17 mice per genotype. *P <0.05 compared to wild-type by 614 

ANOVA with Tukey’s post-hoc test for multiple comparisons. (B) Serial glucose measurements in 615 

four to six month old wild-type and db/db mice ± FATP2 gene deletion (N = 3 mice per group) 616 

following alanine administration (2 g/kg i.p.). 617 

Figure 6. Blood glucose and plasma GLP-1 concentrations following oral (OGTT) and 618 

intraperitoneal (IPGTT) glucose tolerance tests. (A) OGTT and IPGTT were conducted in db/db 619 

and FATP2KO db/db mice, as described in Methods. Blood glucose was determined at the 620 

indicated times in five mice per group. (B) As an index of glucose disposal, the area under the 621 

curve (AUC) corresponding to FATP2KO db/db experiments in (A) was integrated using GraphPad 622 

Prism 7 software. (C) Plasma was obtained at baseline and at the one hr time point during OGTT 623 

or IPTGG in FATP2KO db/db mice. 624 

Figure 7. FATP2 and GLP-1 localization in intestine. FATP2 (A) and preproglucagon (B) mRNA 625 

expression were determined in mouse gut segments by qPCR, as described in Methods. Data 626 

are normalized to stomach expression, which is defined as 1.0. Immunohistochemical labeling 627 

of FATP2 and GLP-1 in human distal ileum (C and D, note that FATP2 is red and GLP-1 is green) 628 

and duodenum (E and F, note that FATP2 is green and GLP-1 is red) are representative from five 629 

mice. 630 



28 

Figure 8. FATP2KO/deletion effect on glucose-stimulated GLP-1 and insulin secretion. (A) 631 

Pancreas GLP-1-positive α-cell mass was determined as described in Methods in db/db and 632 

FATP2KO db/db mice. * P <0.01 compared to db/db group by t-test. (B) Human islets were pre-633 

incubated with or without Lipofermata (LF), then tested for glucose-stimulated GLP-1 secretion 634 

as described in Methods. * P <0.01 compared to all other groups by ANOVA. (C) αTC1-6 cells 635 

were pre-incubated with or without Lipofermata (LF) or palmitate (Palm) as indicated. Glucose-636 

stimulated GLP-1 secretion was then measured as described in Methods. Each symbol in the B 637 

and C scatter bars represents one sample that was assayed in duplicate. Therefore, N = 3-6 638 

samples per condition. * P <0.05 compared LF + Palm by ANOVA. (D) αTC1-6 cells co-incubated 639 

in 5 mM or 25 mM glucose ± 400 µM palmitate (Palm) ± 50 µM Lipofermata (LF) for 16 hrs were 640 

analyzed for Pcsk1 and Pcsk2 mRNA expression by qPCR, and expressed as the ratio relative to 5 641 

mM glucose only condition. *P <0.05 compared to other groups by ANOVA. (E) Glucose-642 

stimulated insulin secretion was measured in human islets, which were pre-incubated with 643 

Lipofermata (LF) and then exposed to exendin[9-39] (Ex) or palmitate (Palm), as described in 644 

Methods. Each symbol in the scatter bars represents one sample that was assayed in duplicate. 645 

Therefore, N = 3 samples per condition.  * P <0.01 compared to 16.8 mM glucose + LF group by 646 

ANOVA. 647 

648 



29 

Figure 1 649 

650 



30 

Figure 2 651 

652 



31 

Figure 3 653 

654 



32 

Figure 4 655 

656 



33 

Figure 5 657 

658 



34 

Figure 6 659 

660 



35 
 

Figure 7 661 

   662 



36 
 

Figure 8   663 

      664 


	Graphical abstract

