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Abstract  57 

Objective: Glucagon-like peptide-1 receptor (GLP-1R) agonists (GLP-1RA) and fibroblast growth 58 

factor-21 (FGF21) confer similar metabolic benefits. GLP-1RA induce FGF21, leading us to 59 

investigate mechanisms engaged by the GLP-1RA liraglutide to increase FGF21 levels and the 60 

metabolic relevance of liraglutide -induced FGF21.  61 

Methods: Circulating FGF21 levels were measured in fasted male C57BL/6J, neuronal GLP-1R 62 

knockout, -cell GLP-1R knockout, and liver peroxisome proliferator-activated receptor alpha 63 

knockout mice treated acutely with liraglutide. To test the metabolic relevance of liver FGF21 in 64 

response to liraglutide, chow-fed control and liver Fgf21 knockout (LivFgf21-/-) mice were treated 65 

with vehicle or liraglutide in metabolic chambers. Body weight and composition, food intake, and 66 

energy expenditure were measured. Since FGF21 reduces carbohydrate intake, we measured 67 

body weight in mice fed matched diets with low- (LC) or high-carbohydrate (HC) content and in 68 

mice fed a high-fat, high-sugar (HFHS) diet. This was done in control and LivFgf21-/- mice and in 69 

mice lacking neuronal -klotho (Klb) expression to disrupt brain FGF21 signaling.  70 

Results: Liraglutide increases FGF21 levels independently of decreased food intake via neuronal 71 

GLP-1R activation. Lack of liver Fgf21 expression confers resistance to liraglutide-induced weight 72 

loss due to attenuated reduction of food intake in chow-fed mice. liraglutide-induced weight loss 73 

was impaired in LivFgf21-/- mice when fed HC and HFHS diets but not when fed a LC diet. Loss of 74 

neuronal Klb also attenuated liraglutide -induced weight loss in mice fed HC or HFHS diets. 75 

Conclusions: Our findings support a novel role for a GLP-1R-FGF21 axis in regulating body 76 

weight in a dietary carbohydrate-dependent manner.  77 
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1. Introduction 78 

Obesity is one of the largest health challenges in recent decades. Nearly 1 in 3 U.S. adults are 79 

overweight and more than 2 in 5 have obesity [1,2]. In addition to their direct action in the pancreas 80 

to stimulate insulin secretion, glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) agonists (GLP-81 

1RA) comprise a class of drugs that also promote weight loss [3–9]. This weight loss effect is 82 

primarily due to a reduction in food intake resulting from GLP-1RA acting on several regions of 83 

the brain [10–14]. The mechanisms by which brain GLP-1R activation promotes weight loss 84 

remain unclear. 85 

Fibroblast growth factor-21 (FGF21) is a hormone produced mainly by the liver in response to 86 

metabolic challenges including low protein and high carbohydrate consumption [15–20]. 87 

Interestingly, metabolic effects of FGF21 overlap with many of those associated with GLP-1R 88 

activation such as improved glycemic control [21–24], weight reduction [21,25–27], and 89 

suppression of carbohydrate intake [28–30]. Indeed, GLP-1R activation induces FGF21 90 

production [31–36]. However, since GLP-1RA reduce caloric intake, and reduced caloric intake 91 

stimulates FGF21 production [37–39], GLP-1RA-induced stimulation of FGF21 production could 92 

just be secondary to reduced food intake. Furthermore, the contribution of FGF21 to the metabolic 93 

benefits of GLP-1RA has not been thoroughly addressed. Given the clinical benefits of GLP-1RA 94 

and FGF21, the therapeutic implications of a GLP-1R-FGF21 axis merit investigation.  95 

Here we demonstrate that the therapeutic GLP-1RA liraglutide acts on neuronal GLP-1R to 96 

increase circulating FGF21 levels in a food intake-independent manner. We also show that 97 

liraglutide-induced FGF21 is required for the full weight-lowering effect of GLP-1R activation in 98 

chow-fed mice. Since FGF21 is a feedback inhibitor of carbohydrate intake [28,29], we 99 

hypothesized that FGF21 specifically reduces the intake of carbohydrates in response to GLP-100 

1RA treatment. We support this by showing that mice lacking liver Fgf21 (LivFgf21-/-) are resistant 101 

to liraglutide-induced weight loss only when fed high-carbohydrate diets and not when fed low-102 
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carbohydrate diets. Lastly, we show that central FGF21 signaling is required for FGF21 to mediate 103 

the weight loss action of liraglutide.  104 

 105 

2. Materials and Methods 106 

2.1. Animal models and husbandry. Only male mice were studied. C57BL/6J mice (The Jackson 107 

Laboratory, Inc.) were used in FGF21 measurement studies. Mice lacking Glp1r in glutamatergic 108 

(Vglut2Glp1r-/-)  and Wnt1-expressing (Wnt1Glp1r-/-) neurons were generated by crossing vGlut2-Cre 109 

or Wnt1-Cre mice, respectively, with floxed-Glp1r mice as described previously [13,14]. β-cellGlp1r-110 

/- mice were generated by crossing MIP-CreERT with floxed-Glp1r mice as previously described 111 

[40]. Liver peroxisome proliferator-activated receptor alpha (PPAR; LivPpar-/-) mice were 112 

generated by crossing Alb-Cre mice with floxed-Pppara mice (a generous gift from Dr. Dan Kelly, 113 

University of Pennsylvania). LivFgf21-/- mice were generated by crossing Alb-Cre mice with floxed-114 

Fgf21 mice (The Jackson Laboratory, Inc.). Mice lacking -klotho (Klb) in forebrain (Camk2aKlb-/-) 115 

or glutamatergic (Vglut2Klb-/-) neurons were generated by crossing Camk2a-Cre and vGlut2-Cre 116 

mice, respectively with floxed-Klb mice (Camk2a-Cre and floxed-Klb mice were a generous gift 117 

from Dr. Steven Kliewer, University of Texas Southwestern, and were provided by Dr. Christopher 118 

Morrison, Pennington Biomedical Research Center), as previously described [41,42]. MGI 119 

identification numbers for all mice are provided in Table 1. Mice were housed on a 12 h/12 h 120 

light/dark cycle (0600-1800h). They had ad libitum access to distilled water and were maintained 121 

on a chow diet (57.9% calories provided by carbohydrates, 28.7% protein, 13.4% fat; 3.36 kcal/g; 122 

5L0D, LabDiet, St. Louis, MO) from the time of weaning unless specified otherwise.  123 

2.2. Acute GLP-1RA administration. Weight-matched C57BL/6J, Vglut2Glp1r-/-, β-cellGlp1r-/-, LivPpar-/-124 

, and Wnt1Glp1r-/- mice and respective background-matched control mice were fasted for 4 h at the 125 

start of the light cycle and randomly assigned to receive either vehicle (0.9% saline), liraglutide 126 

(400 µg/kg, SubQ), exendin-4 (10 g/kg, IP), or semaglutide (120 µg/kg). Body weight and tail 127 
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blood were collected at 0 and 7 h following treatment. Separate cohorts of C57BL/6J mice 128 

underwent this protocol following 7 days of treatment with exendin-4 (10 µg/kg, b.i.d.) or liraglutide 129 

(200 µg/kg, b.i.d.). Mice were fasted for 4h prior to an acute injection of vehicle or the respective 130 

GLP-1R agonist and collection of tail blood immediately prior to and 7 h post injection as described 131 

above.       132 

2.3. Pair-feeding studies. Weight-matched C57BL/6J mice were randomly assigned to receive 133 

either vehicle (0.9% saline) or liraglutide (200 µg/kg, b.i.d.) while having ad libitum access to food 134 

or while being pair-fed to weight-matched liraglutide-treated mice for 48 h. Access to food for pair 135 

feeding was based on average feeding patterns of liraglutide-treated mice determined by prior 136 

metabolic cage experiments. For the dark cycle, mice were given access to 0.2 g of food at 1800h 137 

(lights off), 0.2 g at 0000h, and 0.4 g at 0500h (1h before lights on). For the light cycle, mice were 138 

given 0.4 g at 0800h. Food intake and body weight were monitored throughout the study period. 139 

Tail blood was collected at 0 and 48 h following treatment.   140 

2.4. Metabolic chamber experiments with chronic liraglutide administration. 15-17-week-old 141 

weight-matched control and LivFgf21-/- mice fed a chow diet were individually housed for 5-7 days 142 

before being placed in a Promethion metabolic system (Sable Systems, Inc.). Following a 5-7 day 143 

acclimation period, mice were randomly assigned to receive vehicle (0.9% saline) or liraglutide 144 

(200 µg/kq b.i.d.) for 11 days. Food intake, energy expenditure were continuously recorded. Daily 145 

body weight was measured manually. Body composition measurements were obtained by NMR 146 

(Minispec 235 LF90II-TD NMR Analyzer, Bruker) at the start and end of the treatment period.  147 

2.5. Low and high carbohydrate diet experiments. 10-12-week-old control and LivFgf21-/- mice were 148 

placed on a low fat, low carbohydrate or low fat, high carbohydrate diet (D08091802 or D12450J, 149 

Research Diets, Inc., respectively) for 4 weeks or a high fat, high sugar diet (D12451, Research 150 

Diets, Inc.) for 4 weeks or 1 week. Mice were randomly assigned to receive vehicle (0.9% saline) 151 

or liraglutide (200 µg/kg b.i.d.) for 14 days while being maintained on their respective diet. Some 152 

mice were dosed with liraglutide following feeding on a 60% high fat, low carbohydrate diet 153 
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(D12492, Research Diets, Inc.) for 4 weeks starting at 10-12 weeks of age. Body weight was 154 

measured daily. Body composition was measured at the start and end of the treatment period. 155 

2.6. Central Klb knockout studies. 10-12-week-old control and Camk2aKlb-/- male mice were placed 156 

on the low fat, high carbohydrate diet for 4 weeks. 14-15-week-old control and Vglut2Klb-/- were 157 

placed on the high fat, high sugar diet for 1 week. Mice were randomly assigned to receive vehicle 158 

(0.9% saline) or liraglutide (200 µg/kg b.i.d.) for 14 days while being maintained on their respective 159 

diet. Body weight was measured daily. Body composition was measured at the start and end of 160 

the treatment period. 161 

2.7. FGF21 measurements. Tail blood was collected in EDTA-coated microvette tubes 162 

(16.444.100, Sarstedt Inc.) and centrifuged at 4,000 x g at 4°C for 20 minutes. Plasma was 163 

collected and stored at -20°C until analysis. Plasma FGF21 was measured using a commercially 164 

available mouse FGF21 ELISA kit (ab212160, Abcam). 165 

2.8. RNA isolation and qPCR. Total RNA was extracted from tissues using DirectZol RNA Mini-166 

prep kit (R2051, Zymogen). cDNA was synthesized by reverse transcription using the iScript 167 

cDNA Synthesis Kit (1708891, Bio-Rad). Real time PCR reactions were performed using TaqMan 168 

Real-Time PCR Assays (Mm00840165_g1, Thermo Fisher Scientific) and TaqMan Fast 169 

Advanced Master Mix (4444556, Applied Biosystems).  170 

2.9. Statistics. Data were analyzed using GraphPad Prism 9 Software (GraphPad Software, Inc., 171 

La Jolla, CA). Unpaired t-tests, one-way ANOVA or mixed-effects analysis followed by Holm-172 

Sidak’s multiple comparisons was used when appropriate and indicated in the figure legends. P 173 

< 0.05 was considered statistically significant. Values represent mean ± SEM. Energy expenditure 174 

(EE) data were analyzed using the EE analysis of covariance (ANCOVA) analysis provided by 175 

the NIDDK Mouse Metabolic Phenotyping Centers (MMPC, www.mmpc.org) using their Energy 176 

Expenditure Analysis page (http://www.mmpc.org/shared/regression.aspx) and supported by 177 

grants DK076169 and DK115255. 178 
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2.10. Study approval. All animal studies were approved by the Institutional Animal Care and Use 179 

Committees at Vanderbilt University, University of Michigan, Duke University, University of Iowa, 180 

and the Toronto Center for Phenogenomics, Mt. Sinai Hospital. 181 

 182 

3. Results 183 

3.1. GLP-1RA increase FGF21 independently of its food intake-suppressing effects. GLP-1RA 184 

induce FGF21 levels in several mouse models [31–36]. However, since fasting or a state of 185 

nutrient deficit stimulates FGF21 production [37–39], increased FGF21 could be secondary to the 186 

food intake suppressive effects of GLP-1RA. We first tested whether the GLP-1RA liraglutide 187 

increased FGF21 levels independently of its effects on food intake by administering vehicle or 188 

liraglutide to 4 h-fasted, male C57BL/6J mice and measuring plasma FGF21 levels at 0 and 7 h 189 

following treatment. All mice remained without food for the duration of the study period (Figure 190 

1A). Plasma FGF21 levels were significantly higher 7 h following in liraglutide- vs. vehicle-treated 191 

mice (Figure 1B). A similar effect was observed in mice treated with the GLP-1RA exendin-4 and 192 

semaglutide (Supplemental Figure 1A and 1B). Elevated circulating FGF21 levels in response 193 

to liraglutide were associated with a significant increase in Fgf21 mRNA in the liver (Figure 1C), 194 

consistent with previous studies showing that circulating FGF21 is predominantly secreted from 195 

this organ [39]. We also treated ad libitum-fed male C57BL/6J mice with vehicle or liraglutide for 196 

2 days and added a third group of mice pair-fed to weight match the liraglutide-treated group 197 

(Figure 1D and 1E). Circulating FGF21 levels were significantly higher in liraglutide-treated mice 198 

compared to vehicle-treated mice and mice pair-fed to weight match the liraglutide-treated group 199 

(Figure 1F). These results demonstrate that GLP-1RA increase FGF21 independently of either 200 

their food intake-suppressive effects or their ability to promote weight loss.  201 

We also assessed whether chronic GLP-1RA treatment elevates circulating FGF21 levels 202 

in fasted mice. Following a 7-day treatment with either exendin-4 or liraglutide, we show that GLP-203 
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1RA treatment increases circulating FGF21 levels in fasted mice 7 h after the last GLP-1R agonist 204 

dose (Figure 1G and 1H). 205 

3.2. Central nervous system GLP-1R and liver PPARα are required for liraglutide to increase 206 

plasma FGF21. While plasma FGF21 is primarily derived from the liver [39], the GLP-1R is not 207 

expressed in hepatocytes [43–45]. We, therefore, tested whether neuronal or pancreatic -cell 208 

GLP-1R expression is required for liraglutide to increase FGF21 levels. Using the same protocol 209 

as in Figure 1A, we administered vehicle or liraglutide to fasted control mice and mice lacking the 210 

GLP-1R in neurons targeted by the Wnt1-Cre2 driver (Wnt1Glp1r-/-) or in glutamatergic neurons 211 

(Vglut2Glp1r-/-). Wnt1-Cre2 targets neurons within the central nervous system, including the 212 

hypothalamus and brain stem, as well as the enteric nervous system [46]. Importantly, both 213 

Wnt1Glp1r-/- and Vglut2Glp1r-/- mice have been previously shown to be resistant to the weight-214 

lowering effects of GLP-1RA [14,13]. Liraglutide failed to induce FGF21 in both Wnt1Glp1r-/- 215 

(Supplemental Figure 2A and 2B) and Vglut2Glp1r-/- (Figure 2A and 2B) mice. In contrast, the 216 

stimulatory effect of liraglutide on FGF21 remained intact in mice lacking the GLP-1R in pancreatic 217 

β-cells (Fig. 2C and 2D), another major site of GLP-1R expression and actions [45]. To verify that 218 

liraglutide-induced circulating FGF21 originates from the liver, we administered vehicle and 219 

liraglutide to fasted control mice and mice lacking liver PPARα, a key regulator of liver FGF21 220 

production. Plasma FGF21 levels were increased in liraglutide-treated control mice but not in 221 

liraglutide-treated liver Ppara knockout (LivPpara-/-) mice (Figure 2E and 2F). Taken together, these 222 

findings suggest that liraglutide engages neuronal GLP-1R to induce FGF21 production, and 223 

increased FGF21 production requires liver PPARα expression.   224 

3.3. FGF21 is partially required for liraglutide-induced weight loss. To investigate the contribution 225 

of FGF21 to the weight-lowering effects of GLP-1R activation, we chronically administered vehicle 226 

or liraglutide to chow-fed control and liver Fgf21 knockout (LivFgf21-/-) mice. Pre-treatment body 227 

weights were not different between any of the groups (Supplemental Figure 3A). Chow-fed 228 

LivFgf21-/- mice were partially resistant to liraglutide-induced weight loss (Figure 3A and 3B). This 229 
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was due, in part, to an attenuated reduction in food intake, particularly during the first day of 230 

treatment in LivFgf21-/- mice (Figure 3C). The total caloric intake throughout the treatment period 231 

was significantly reduced in control mice but not in LivFgf21-/- mice (Figure 3D). There was no 232 

significant difference in energy expenditure (EE) between genotypes and treatment groups 233 

(Figure 3E and 3F). However, because there was a significant difference in pre-treatment EE 234 

between the liraglutide-treated groups (Figure 3E), we calculated the change in EE relative to the 235 

pre-treatment period. Liraglutide treatment produced a small decrease in EE in control mice but 236 

a larger, more sustained decrease in EE during treatment in LivFgf21-/- mice (Supplemental Figure 237 

3B). The significant body weight difference between liraglutide-treated control and LivFgf21-/- mice 238 

(Figure 3G) was associated with an attenuated, albeit not significant, reduction in fat-free (i.e., 239 

lean) mass in LivFgf21-/- mice (Figure 3H). Changes in fat mass did not differ between liraglutide-240 

treated control and LivFgf21-/- mice (Figure 3I). Circulating FGF21 levels were almost undetectable 241 

in both vehicle- and liraglutide-treated LivFgf21-/- mice compared to the already low levels in control 242 

mice (Supplemental Figure 3C), verifying the validity of this model. This chronic liraglutide 243 

dosing regimen did not significantly elevate circulating FGF21 levels in chow-fed mice 244 

(Supplemental Figure 3C). However, these measurements were made in ad lib fed mice, and 245 

as we show in Figure 1H, chronic liraglutide does stimulate circulating FGF21 levels in fasted 246 

mice.  247 

3.4. FGF21 mediates liraglutide-induced weight loss specifically in the context of high-248 

carbohydrate diets by engaging the central nervous system. Since FGF21 suppresses 249 

carbohydrate intake and sweet preference in rodents [28,29] and has been associated with these 250 

phenotypes in humans [47–52], we hypothesized that FGF21 contributes specifically to a 251 

reduction in body weight by liraglutide in the presence of high carbohydrate diets. To test this 252 

hypothesis, we placed control and LivFgf21-/- mice on calorically matched, low fat diets with either 253 

low (LC) or high carbohydrate (HC) content (30%, LC and 70%, HC, respectively) for 4 weeks 254 

followed by a 2-week treatment with vehicle or liraglutide while mice remained on their respective 255 
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diet. Regardless of diet and treatment, circulating FGF21 levels were almost undetectable in 256 

LivFgf21-/- mice (Supplemental Figure 4A and 4B). Liraglutide reduced body weight to a greater 257 

degree in HC-fed control mice (Figure 4C and 4D) than in LC-fed control mice (Figure 4A and 258 

4B). Importantly, only HC-fed LivFgf21-/- mice were significantly resistant to liraglutide-induced 259 

weight loss (Figure 4C and 4D), suggesting that FGF21 contributes to the weight loss effects of 260 

liraglutide in mice maintained on low fat, high carbohydrate diets. Next, we examined the 261 

relevance of these findings in the context of a high fat, high sugar (HFHS) diet (45% fat; 35% 262 

carbohydrate [50% of which is sucrose]). Control and LivFgf21-/- mice were fed the HFHS diet for 1 263 

or 4 weeks followed by treatment with vehicle or liraglutide for 2 weeks. It is important to note that 264 

mice did not gain weight when fed the HFHS diet for 1 week. The 1-week HFHS cohort is therefore 265 

included to control for any potential effects of the diet-induced weight gain observed in mice fed 266 

the same diet for 4 weeks. As seen in Figures 4E - 4H, when maintained on either 4 weeks 267 

(Figure 4E and 4F) or 1 week (Figure 4G and 4H) of HFHS diet prior to treatment, LivFgf21-/- mice 268 

lost less weight than their control counterparts when dosed with liraglutide. Importantly, when fed 269 

a high fat diet (HFD) containing lower carbohydrate content (60% fat, 20% carbohydrate), 270 

liraglutide-induced weight loss was not significantly attenuated in LivFgf21-/- mice (Figure 4I and 271 

4J). Taken together, these results support our hypothesis that FGF21 mediates the weight 272 

lowering actions of liraglutide specifically in the context of high carbohydrate diets. 273 

 We next examined the target engaged by FGF21 to facilitate the weight-lowering effects of 274 

liraglutide. FGF21 signals to a receptor complex comprised of FGF receptor 1c (FGFR1c) and its 275 

co-receptor, β-klotho (Klb) [53–55]. As FGFR1c is ubiquitously expressed, Klb expression confers 276 

tissue specificity for FGF21 [56]. Previous studies show that obese mice lacking Klb expression 277 

in the forebrain (Camk2aKlb-/-) are resistant to the suppressive effects of recombinant FGF21 on 278 

body weight and energy expenditure [41]. More recent studies show that mice lacking Klb 279 

expression in glutamatergic neurons (Vglut2Klb-/-) are resistant to FGF21-induced reduction in 280 

sugar intake and sweet preference [57]. We, therefore, tested the hypothesis that FGF21 acts in 281 
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these neuronal populations to facilitate the weight loss induced by liraglutide. When placed on the 282 

same HC diet as that used in Figures 4C and 4D, liraglutide-treated Camk2aKlb-/- mice displayed 283 

partial resistance to weight loss compared to liraglutide-treated control mice (Figure 5A and 5B). 284 

Similarly, Vglut2Klb-/- mice maintained on 1 week of the same HFHS diet used in Figure 4G and 285 

4H were also resistant to the weight-lowering effects of liraglutide compared to control mice 286 

(Figure 5C and 5D). These findings suggest that central FGF21 signaling is required for the full 287 

effect of liraglutide-induced weight loss, supporting our hypothesis that liraglutide-induced FGF21 288 

signals to the central nervous system to facilitate the weight-lowering actions of liraglutide. 289 

 290 

4. Discussion 291 

In this study, we identify a novel brain GLP-1R-liver FGF21 axis that mediates the weight-lowering 292 

effect of GLP-1RA in the presence of diets with high carbohydrate content. These results could 293 

provide insight into the clinically observed variability in weight loss following GLP-1R agonist 294 

treatment. While liraglutide and semaglutide can promote up to 10% and 15% weight loss, 295 

respectively, many individuals lose significantly less weight in response to these drugs [58–60]. 296 

Results from this preclinical study suggest the hypothesis that macronutrient content and FGF21-297 

related factors (e.g., FGF21-resistant states, FGF21 polymorphisms) could influence the weight 298 

loss efficacy of GLP-1RA and thereby may help explain the significant heterogeneity in the 299 

magnitude of weight loss following GLP-1RA treatment in humans.  300 

GLP-1RA such as exendin-4 and liraglutide have been previously shown to increase 301 

circulating levels of FGF21 [31–36]. However, these studies did not address whether GLP-1RA 302 

stimulation of FGF21 production arises indirectly from GLP-1RA-induced reduction in food intake 303 

– a known stimulus of hepatic FGF21 secretion [37–39]. Here, we demonstrate that liraglutide 304 

increases FGF21 production independently of its effects on food intake. Although the liver is the 305 

primary source of circulating FGF21 [39], the GLP-1R is not expressed in hepatocytes [43–45]. 306 

This strongly suggests an indirect mechanism for GLP-1R agonist-mediated stimulation of FGF21 307 
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levels. Utilizing multiple tissue-specific knockout mouse models, we show that neuronal GLP-1R 308 

expression, specifically in glutamatergic neurons and those within the cellular target domains of 309 

Wnt1Cre2, is required for the stimulatory effect of liraglutide on FGF21. Systemic liraglutide 310 

engages several brain regions such as the arcuate and paraventricular hypothalamic nuclei, 311 

subfornical organ, area postrema, and the nucleus tractus solitarius [61]. Future studies will target 312 

Glp1r deletion in specific cell types (e.g., pro-opiomelanocortin neurons in the arcuate nucleus 313 

[62,63]) or broadly within these regions to identify the neuroanatomical location(s) responsible for 314 

liver FGF21 induction. Findings from these experiments will provide an important foundation for 315 

subsequent studies investigating how neuronal GLP-1R activation stimulates FGF21 production 316 

by the liver. One possibility is that GLP-1RA-induced liver FGF21 production is mediated by direct 317 

autonomic projections from the brain to the liver. Central GLP-1R activation has also been shown 318 

to increase sympathetic outflow to adipose depots in rodents [64–67], which could stimulate 319 

lipolysis and subsequent release of free fatty acids, a potent stimulator of liver PPARα and FGF21 320 

production. Another potential mechanism by which central GLP-1R activation could stimulate 321 

hepatic FGF21 production is via the hypothalamic-pituitary-adrenal (HPA) axis. It is well-322 

established that GLP-1RA, administered centrally or peripherally, activate the HPA axis to 323 

increase circulating corticosterone levels in both rodents and humans [68–70]. Glucocorticoids 324 

(GC) can in turn induce Fgf21 expression in the liver via hepatic GC receptor activation [71]. 325 

Future studies utilizing pharmacological and surgical methods to disrupt these pathways will be 326 

important to delineate the role of autonomic innervation and/or the HPA axis in mediating the 327 

GLP-1R-FGF21 interaction.  328 

Our finding that liraglutide-induced reduction in body weight is attenuated in chow-fed LivFgf21-329 

/- mice indicates that FGF21 is a component of the anorectic effect of GLP-1RA. Among its many 330 

metabolic actions, FGF21 plays an important role in regulating carbohydrate intake and 331 

preference. Liver FGF21 production is stimulated by high carbohydrate intake [29,72,73], and 332 

this, in turn, acts as a feedback inhibitor of subsequent carbohydrate consumption [28,29]. Here 333 
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we hypothesized that GLP-1RA-induced FGF21 acts in a similar manner and facilitates the 334 

decreased intake of carbohydrate-rich diets in response to GLP-1RA treatment. This hypothesis 335 

was supported by our finding that loss of liver Fgf21 expression selectively attenuated liraglutide-336 

induced weight loss in mice fed a high carbohydrate diet whether they were low or high in fat 337 

content. Contrasting the latter, loss of liver Fgf21 expression did not attenuate liraglutide-induced 338 

weight loss in mice fed a high fat (60%), low carbohydrate diet, further suggesting that the 339 

contribution of Fgf21 to weight loss by liraglutide is dependent on dietary carbohydrate content. 340 

Supporting this, a previous study showed that loss of liver Fgf21 expression did attenuate 341 

liraglutide-induced weight loss in mice fed a similar 60% high fat diet as the one used here but 342 

that was supplemented with fructose. Thus, we speculate that the additional carbohydrate content 343 

from the fructose supplementation unmasked a role for loss of Fgf21 not observed in our studies 344 

using non-fructose supplemented high fat diet. Interestingly, we also demonstrate that in control 345 

mice, liraglutide reduces body weight to a greater degree in mice fed a high-carbohydrate diet. 346 

These findings may be clinically relevant since they raise the testable hypothesis that dietary 347 

carbohydrate content can modify the effectiveness of GLP-1RA as weight loss drugs. Moreover, 348 

since several variants in the hFGF21 gene locus have been associated with effects on 349 

carbohydrate intake and sweet preference in humans [47–52], results from our studies propose 350 

a potential significance of these genetic variants in influencing an individual's weight loss 351 

response to GLP-1RA.  352 

Weight loss in response to GLP-1RA is primarily attributed to reduced food intake. Although 353 

GLP-1RA stimulate sympathetic outflow to adipose tissues in rodents [64–66], a consistent effect 354 

on energy expenditure has not been clearly established [74]. On the other hand, pharmacological 355 

levels of FGF21 have been shown to increase energy expenditure in mice [21,25]. A previous 356 

study reported that liraglutide stimulates FGF21 production from adipose tissue-resident invariant 357 

natural killer T (iNKT) cells, and that this increased FGF21, in turn, promoted weight loss via 358 

increased energy expenditure [34]. In the present studies, we did not observe increased energy 359 
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expenditure in response to liraglutide in control or LivFgf21-/- mice. Interestingly, liraglutide-treated 360 

LivFgf21-/- mice displayed a sustained decrease in energy expenditure whereas this effect was 361 

attenuated in control mice. This suggests that an increase in food intake and a greater reduction 362 

in energy expenditure additively contribute to the attenuation of the weight-lowering effect of 363 

liraglutide in LivFgf21-/- mice. Furthermore, reduced weight loss in LivFgf21-/- mice was also associated 364 

with a slightly attenuated reduction in lean mass compared to control mice, although this was not 365 

significant. FGF21 has been suggested to promote muscle atrophy in response to fasting [75], so 366 

this is in line with our findings that loss of Fgf21 expression provides a slight protection of lean 367 

mass in response to liraglutide-induced weight loss. Future studies will address the target tissues 368 

and mechanisms mediating the effects of liraglutide-induced increases in FGF21 levels on food 369 

intake and energy expenditure.    370 

FGF21 signals via a FGFR1c-Klb dimer. Since the tissue specificity of FGF21 actions is 371 

conferred by expression of Klb, site-specific knockouts of Klb are used to disrupt FGF21 signaling 372 

in different cell types and tissues [53–55]. Disruption of Klb in forebrain regions expressing 373 

Camk2a render mice unresponsive to the pharmacological effects of FGF21 on body weight  [41] 374 

and sweet preference [28]. In addition, Klb expression in glutamatergic neurons mediates the 375 

suppressive effect of FGF21 on carbohydrate intake [57] and body weight [76,77]. Our finding 376 

that liraglutide-induced weight loss is also diminished in mice lacking Klb in Camk2a-expressing 377 

cells suggests that forebrain neurons are targeted by FGF21 to reduce body weight in response 378 

to liraglutide. We further demonstrate that loss of Klb expression in glutamatergic neurons also 379 

attenuates liraglutide-induced weight loss in mice fed a high-fat, high-sugar diet. It must be noted 380 

that our findings in Camk2aKlb-/- and Vglut2Klb-/- mice were obtained using different diets and for 381 

different durations – HC for 4 weeks and HFHS for 1 week, respectively – so these results must 382 

be interpreted with caution. Future experiments will determine whether loss of Klb expression in 383 

these neuronal populations impairs GLP-1RA weight loss across multiple high carbohydrate diets. 384 

Nevertheless, our findings suggest that liraglutide-induced FGF21 promotes weight loss in the 385 

Jo
urn

al 
Pre-

pro
of



16 
 

presence of high carbohydrate diets via its actions on the central nervous system. Future studies 386 

will also use region-specific Klb knockout models to more precisely identify the brain region(s) 387 

mediating this effect. A key target is the ventromedial hypothalamus since loss of Klb expression 388 

in this brain region blocks the ability of FGF21 to reduce carbohydrate intake and sucrose 389 

preference [57]. The paraventricular nucleus of the hypothalamus is another potential site of 390 

liraglutide-induced FGF21 actions as loss of Klb expression in this region attenuates baseline 391 

preference for sucrose even in the absence of markedly increased FGF21 [57]. 392 

Besides decreasing absolute carbohydrate intake, FGF21 also reduces the preference for 393 

high carbohydrates and simple sugar [28–30]. GLP-1RA also decrease the rewarding value of 394 

simple sugar [78–81]. The present studies focused on absolute intake by providing mice with only 395 

one type of diet. By providing mice with simultaneous access to diets or solutions with different 396 

carbohydrate/simple sugar content we can determine whether GLP-1RA-mediated increases in 397 

FGF21 also affect dietary preferences.  398 

 399 

5. Conclusions 400 

The present studies identify FGF21 as a component of a novel brain-liver-brain crosstalk that 401 

plays a key role in mediating the food intake- and weight-suppressive benefits of the GLP-1RA 402 

liraglutide in the presence of high carbohydrate diets. More in-depth preclinical and clinical studies 403 

into the role of the brain GLP-1R-liver FGF21 crosstalk may shed light on the well-documented 404 

variability in response to GLP-1RA and thereby enable precision medicine tailoring of GLP-1-405 

based therapeutics to different individuals based on their genetics and environment such as diet. 406 

Given the benefits and growing call for wider implementation of “food is medicine” interventions 407 

such as medically tailored meals (MTMs) for diet-related diseases [82,83], more in-depth 408 

understanding of how dietary composition modifies GLP-1RA efficacy would inform refinement of 409 

current and future therapeutic protocols for the use of MTMs and GLP-1-based therapeutics for 410 

chronic weight management. Moreover, our results support the novel notion that the anorectic 411 
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effect of GLP-1RA is comprised of discrete and differentially regulated actions of these 412 

compounds influenced by different dietary components. Better understanding of these pathways 413 

may drive development of novel strategies such as dual and/or biased agonists [84] to fully 414 

harness the therapeutic potential of the GLP-1 system. Lastly, while the current study focuses on 415 

food intake and body weight, GLP-1RA and FGF21 analogues share many other metabolic 416 

benefits including protection against cardiovascular diseases [85,86], hepatosteatosis [87,88], 417 

neurodegenerative diseases [89–91], and suppression of alcohol consumption [28,92–94]. Future 418 

studies examining the potential role of the GLP-1R-FGF21 axis in these therapeutic areas could 419 

inform the development of novel pharmacologic strategies for the treatment of these conditions. 420 
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Mouse Line Source MGI ID 

vGlut2-Cre Jax Labs #028863 MGI:5141263 

Wnt1-Cre Jax Labs #022501 MGI:5485027 

MIP-CreERT Jax Labs #024709 MGI:4410453 

Glp1rflox/flox Dr. RJ Seeley U. Michigan MGI:5637837 

Alb-Cre Jax Labs #003574 MGI:2176228 

PPAR alphaflox/flox Dr. DP Kelly, UPenn MGI:6273327 

Fgf21flox/flox Jax Labs #022361 MGI:5486224 

Camk2a-Cre Jax Labs #005359 MGI:2177650 

Klbflox/flox Jax Labs #026883 MGI:5446140 

 785 

Table 1. Source and MGI identification numbers for mice used.  786 
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Figure 1. GLP-1RA stimulate FGF21 independent of their effect on food intake. (A) Study 787 

outline for B-C. (B) Plasma FGF21 levels at 0 and 7 h following treatment in fasted C57BL6/J 788 

male mice treated with vehicle or liraglutide (400 µg/kg) (Mixed-effects analysis: Interaction, F (1, 789 

12) = 6.62, P = 0.0244; N = 6-8). (C) Relative change in liver Fgf21 gene expression in fasted 790 

C57BL6/J male mice 7 h following treatment with vehicle or liraglutide (400 µg/kg) (Unpaired t-791 

test: P = 0.0152; N = 6-8). (D) Study outline for E-F. (E-F) Changes in body weight (E; One-way 792 

ANOVA: Interaction, F (2, 13) = 12.02, P = 0.0011; N = 5-6) ) and plasma FGF21 levels (F; One-793 

way ANOVA: Interaction, F (2, 13) = 4.111, P = 0.0414; N = 5-6) in C57BL6/J male mice ad 794 

libitum-fed and treated with vehicle or liraglutide (200 µg/kg, b.i.d), or pair-fed to weight match the 795 

liraglutide-treated group for 48 hours. (G-H) Plasma FGF21 levels in C57BL/6J mice following 7 796 

day treatment with (G) vehicle or exendin-4 (10 µg/kg, b.i.d) (Unpaired t-test: P = 0.0425; N = 4-797 

5) and (H) vehicle or liraglutide (200 µg/kg, b.i.d) (Unpaired t-test: P = 0.0053, N = 8).  Data are 798 

shown as mean ± SEM, ns not significant, * P < 0.05, ** < 0.01. 799 

 800 

Figure 2. Central GLP-1R and liver PPARα are required for liraglutide to stimulate plasma 801 

FGF21. Absolute (A, C, E) and relative change (B, D, F) in FGF21 levels at 0 and 7 h post 802 

treatment with vehicle or liraglutide (400 μg/kg) in fasted control and respective knockout mice. 803 

(A-B) Control and vGLUT2+ neuron-Glp1r knockout (Vglut2Glp1r-/-) mice (A, Mixed-effects analysis: 804 

Interaction, F (1, 23) = 2.021, P = 0.1686; Genotype Effect, F (1, 23) = 5.965, P = 0.0227; B, 805 

Mixed-effects analysis: Interaction, F (1, 23) = 4.571, P = 0.0434; N = 5-6). (C-D) Control and β 806 

cell-Glp1r knockout (β cellGlp1r-/-) mice (C, Mixed-effects analysis: Interaction, F (1, 56) = 0.05070, 807 

P = 0.8227; Genotype Effect, F (1, 56) = 11.28, P = 0.0014; D, Mixed-effects analysis: Interaction, 808 

F (1, 28) = 0.01663, P = 0.8983; Genotype Effect, F (1, 28) = 10.41, P = 0.0032; N = 6-10). (E-F) 809 

Control and liver Ppara knockout (LivPpara-/-) mice (E, Mixed-effects analysis: Interaction, F (1, 66) 810 

= 9.627, P=0.0039; liraglutide-treated control vs. LivPpara-/- at 7 h, P < 0.0001; F, Mixed-effects 811 
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analysis: Interaction, F (1, 33) = 8.775, P = 0.0056; N = 6-13). Data are shown as mean ± SEM, 812 

ns not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.  813 

 814 

Figure 3. Liver FGF21 mediates the appetite- and weight-lowering actions of liraglutide. 815 

Chow-fed control and liver Fgf21 knockout (LivFgf21-/-) mice housed in metabolic cages and treated 816 

with vehicle or liraglutide (200 µg/kg, b.i.d) for 11 days (N = 7-9). (A-B) Relative weight loss over 817 

time (A; Mixed-effects analysis: Interaction, F (11, 156) = 1.920, P = 0.0405) and relative weight 818 

loss on the last day of treatment (B; Mixed-effects analysis: Interaction, F (1, 27) = 13.11 P = 819 

0.0012). (C) Time course of food intake (Mixed-effects analysis: Interaction, F (36, 324) = 2.154, 820 

P = 0.0003; Genotype Effect, F (3, 27) = 1.271, P = 0.3042). (D) Total food intake during the 821 

treatment period (One-way ANOVA: F (3,27) = 4.728, P = 0.0089). (E) Time course of energy 822 

expenditure (EE) (Mixed-effects analysis: Interaction, F (36, 324) = 1.151, P = 0.2606; Genotype 823 

Effect, F (3, 27) = 5.035, P = 0.0067). (F) Total EE during the treatment period (One-way ANOVA: 824 

F (3,27) = 2.946, P = 0.0507). (G-I) Total body mass (G; Mixed-effects analysis: Interaction, F (1, 825 

27) = 10.60, P = 0.0030), fat-free (or lean) mass (H; Mixed-effects analysis: Interaction, F (1, 27) 826 

= 1.383, P = 0.2499; Genotype Effect, F (1, 27) = 1.983, P = 0.1705), and fat mass (I; Mixed-827 

effects analysis: Interaction, F (1, 27) = 0.2012, P = 0.6573; Genotype Effect, F (1, 27) = 0.4077, 828 

P = 0.5285) at the end of treatment. Data are shown as mean ± SEM, ns not significant, * P < 829 

0.05, ** P < 0.01, and **** P < 0.0001 for comparisons between liraglutide-treated control vs. 830 

LivFgf21-/- mice (A, C, E) and those delineated by lines (B, F, G-I). 831 

 832 

Figure 4. Liver FGF21 contributes to liraglutide-induced weight loss in the context of high-833 

carbohydrate diets. Control and liver Fgf21 knockout (LivFgf21-/-) mice fed a low fat, low or high 834 

carbohydrate diet for 4 weeks (A-D), a high fat, high sugar diet for 4 weeks of 1 week (E-H), or a 835 

high fat, low carbohydrate diet for 4 weeks (I-J) followed by treatment with vehicle or liraglutide 836 

(200 µg/kg, b.i.d) for 14 days. (A-B) Relative weight loss over time (A; Mixed-effects analysis: 837 
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Interactions, F (14, 168) = 0.5293, P = 0.9134; Genotype Effect, F (1, 12) = 0.02792, P = 0.8701; 838 

N = 7-8) and on the last day of treatment (B; Mixed-effects analysis: Interactions, F (1, 25) = 839 

0.5317, P = 0.4727; N = 7-8) of mice fed a low fat, low carbohydrate diet for 4 weeks. (C-D) 840 

Relative weight loss over time (C; Mixed-effects analysis: Interactions, F (14, 266) = 1.865, P = 841 

0.0303; N =7-14) and on the last day of treatment (D; Mixed-effects analysis: Interactions, F (1, 842 

37) = 10.35, P = 0.0027; N = 7-14) of mice fed a low fat, high carbohydrate diet for 4 weeks. (E-843 

F) Relative weight loss over time (E; Mixed-effects analysis: Interactions, F (14, 434) = 7.323, P 844 

< 0.0001; N = 14-19) and on the last day of treatment (F; Mixed-effects analysis: Interactions, F 845 

(1, 62) = 13.12, P = 0.0006; N = 14-19) of mice fed a high fat, high sugar diet for 4 weeks. (G-H) 846 

Relative weight loss over time (G; Mixed-effects analysis: Interactions, F (14, 210) = 4.004, P < 847 

0.0001; N = 7-9) and on the last day of treatment (H; Mixed-effects analysis: Interactions, F (1, 848 

29) = 2.291, P = 0.1410; Genotype Effect, F (1, 29) = 2.303, P = 0.1400; N = 7-9) of mice fed a 849 

high fat, high sugar diet for 1 week. (I-J) Relative weight loss over time (I; Mixed-effects analysis: 850 

Interactions, F (42, 322) = 44.58, P < 0.0001; N = 7) and on the last day of treatment (H; Mixed-851 

effects analysis: Interactions, F (3, 23) = 65.53, P < 0.0001; N = 7) of mice fed a high fat, low 852 

carbohydrate diet for 4 weeks. Data are shown as mean ± SEM, ns not significant, * P < 0.05, ** 853 

P < 0.01, *** P < 0.001, and **** P < 0.0001 for comparisons between liraglutide-treated control 854 

vs. LivFgf21-/- mice (A, C, E, G, I) and those delineated by lines (B, D, F, H, J). 855 

 856 

Figure 5. Liraglutide promotes weight loss in the context of high-carbohydrate diets via 857 

brain FGF21 action. Control and Camk2a Klb knockout (Camk2aKlb-/-) mice fed a low fat, high 858 

carbohydrate diet for 4 weeks (A-B) and control and Vglut2 Klb knockout (Vglut2Klb-/-) mice fed a 859 

high fat, high sugar diet for 1 week (C-D) followed by treatment with vehicle or liraglutide (200 860 

µg/kg, b.i.d) for 14 days. (A-B) Relative weight loss over time (A; Mixed-effects analysis: 861 

Interactions, F (14, 294) = 3.552, P <0.0001; N=9-15) and on the last day of treatment (B; Mixed-862 

effects analysis: Interactions, F (1, 38) = 7.686, P = 0.009; N = 9-15). (C-D) Relative weight loss 863 
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over time (C; Mixed-effects analysis: Interactions, F (14, 252) = 5.031, P <0.0001; N = 9-11) and 864 

on the last day of treatment (D; Mixed-effects analysis: Interactions, F (1, 35) = 7.296, P = 0.0106; 865 

N = 9-11).  Data are shown as mean ± SEM, ns not significant, * P < 0.05, ** P < 0.01, *** P < 866 

0.001, and **** P < 0.0001 for comparisons between liraglutide-treated control vs. Camk2aKlb-/- 867 

mice (A), liraglutide-treated control vs. Vglut2Klb-/- mice (C) and those delineated by lines (B, D).  868 
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Supplemental Figure 1. Exendin-4 and semaglutide stimulate FGF21 in fasted mice. Plasma 869 

FGF21 levels in mice treated with (A) exendin-4 (10 µg/kg) (Mixed-effects analysis: Interaction, F 870 

(1, 26) = 2.93, p = 0.0987; Treatment Effect, F (1, 26) = 4.30, P = 0.0481; N = 8) or (B) semaglutide 871 

(120 µg/kg) (Mixed-effects analysis: Interaction, F (1, 10) = 10.90, p = 0.0080; Treatment Effect, 872 

F (1, 10) = 10.50, P = 0.0089; N = 6) following the study protocol shown in Figure 1A. Data are 873 

shown as mean ± SEM, * P < 0.05, *** P < 0.001. 874 

 875 

Supplemental Figure 2. The GLP-1R in Wnt1+ cells is required for the increase in plasma 876 

FGF21 levels following liraglutide treatment. Absolute (A) and relative change (B) in FGF21 877 

levels at 0 and 7 h post treatment with vehicle or liraglutide (400 μg/kg) in fasted control mice and 878 

mice lacking the GLP-1R in Wnt1+ neurons (Wnt1Glp1r-/-) (A, Mixed-effects analysis: Interaction, F 879 

(1, 28) = 4.131, P = 0.0517; Genotype Effect, F (1, 28) = 0.6444, P = 0.4289; B, Mixed-effects 880 

analysis: Interaction, F (1, 28) = 7.458, P = 0.0108; N = 7-9). Data are shown as mean ± SEM, ns 881 

not significant, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 882 

 883 

Supplemental Figure 3. Loss of liver FGF21 expression attenuates the anorectic effect of 884 

liraglutide. (A) Pre-treatment body weight in control and LivFgf21-/- mice (One-way ANOVA: F (3, 885 

27) = 0.1226, P = 0.9460). (B) Change in EE relative to baseline (Day 0) (Mixed-effects analysis: 886 

Interaction, F (1, 27) = 2.086, P = 0.1601; Genotype Effect, F (1, 27) = 5.068, P=0.0327; N = 7-9. 887 

(C) Plasma FGF21 levels in control and LivFgf21-/- mice following treatment with vehicle or 888 

liraglutide (200 µg/kg, b.i.d) for 12 days (Mixed-effects analysis: Interaction, F (1, 15) = 31.45, P 889 

< 0.0001; Genotype Effect, F (1, 15) = 92.74, P < 0.0001; N = 5-6). Data are shown as mean ± 890 

SEM, * P < 0.05, ** P < 0.001 for comparisons between vehicle- and liraglutide-treated LivFgf21-/- 891 

mice (B) and those delineated by the lines (C).  892 
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Supplemental Figure 4. Plasma FGF21 in LC and HC-fed mice. Plasma FGF21 levels in (A) 893 

LC- and (B) HC-fed control and LivFgf21-/- mice following treatment with vehicle or liraglutide (200 894 

µg/kg, b.i.d) for 12 days (A; Mixed-effects analysis: Interaction, F (1, 14) = 3.111, P = 0.0996; 895 

Genotype Effect, F (1, 14) = 21.25, P=0.0004; N = 3-6 and B; Mixed-effects analysis: Interaction, 896 

F (1, 17) = 1.353, P = 0.2609; Genotype Effect, F (1, 17) = 7.268, P=0.0153; N = 4-7). Data are 897 

shown as mean ± SEM, * P < 0.05. 898 
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Figure 5
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Supplemental Figure 1
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Supplemental Figure 2
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Supplemental Figure 3
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Supplemental Figure 4
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Highlights:  

• The GLP-1 receptor agonist liraglutide increases circulating FGF21 levels. 

• Liraglutide-induced FGF21 reduces weight only in mice fed high carbohydrate diets. 

• Weight lowering by liraglutide-induced FGF21 is via neuronal FGF21 action. 
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