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Abstract

Objective: Glucagon-like peptide-1 receptor (GLP-1R) agonists (GLP-1RA) and fibroblast growth
factor-21 (FGF21) confer similar metabolic benefits. GLP-1RA induce FGF21, leading us to
investigate mechanisms engaged by the GLP-1RA liraglutide to increase FGF21 levels and the
metabolic relevance of liraglutide -induced FGF21.

Methods: Circulating FGF21 levels were measured in fasted male C57BL/6J, neuronal GLP-1R
knockout, B-cell GLP-1R knockout, and liver peroxisome proliferator-activated receptor alpha
knockout mice treated acutely with liraglutide. To test the metabolic relevance of liver FGF21 in
response to liraglutide, chow-fed control and liver Fgf21 knockout (LivF9?3) mice were treated
with vehicle or liraglutide in metabolic chambers. Body weight and composition, food intake, and
energy expenditure were measured. Since FGF21 reduces carbohydrate intake, we measured
body weight in mice fed matched diets with low- (LC) or high-carbohydrate (HC) content and in
mice fed a high-fat, high-sugar (HFHS) diet. This was done in control and LivF921/- mice and in
mice lacking neuronal B-klotho (Klb) expression to disrupt brain FGF21 signaling.

Results: Liraglutide increases FGF21 levels independently of decreased food intake via neuronal
GLP-1R activation. Lack of liver Fgf21 expression confers resistance to liraglutide-induced weight
loss due to attenuated reduction of food intake in chow-fed mice. liraglutide-induced weight loss
was impaired in LivF921/- mice when fed HC and HFHS diets but not when fed a LC diet. Loss of
neuronal Klb also attenuated liraglutide -induced weight loss in mice fed HC or HFHS diets.
Conclusions: Our findings support a novel role for a GLP-1R-FGF21 axis in regulating body

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

Obesity is one of the largest health challenges in recent decades. Nearly 1 in 3 U.S. adults are
overweight and more than 2 in 5 have obesity [1,2]. In addition to their direct action in the pancreas
to stimulate insulin secretion, glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) agonists (GLP-
1RA) comprise a class of drugs that also promote weight loss [3—9]. This weight loss effect is
primarily due to a reduction in food intake resulting from GLP-1RA acting on several regions of
the brain [10-14]. The mechanisms by which brain GLP-1R activation promotes weight loss
remain unclear.

Fibroblast growth factor-21 (FGF21) is a hormone produced mainly by the liver in response to
metabolic challenges including low protein and high carbohydrate consumption [15-20].
Interestingly, metabolic effects of FGF21 overlap with many of those associated with GLP-1R
activation such as improved glycemic control [21-24], weight reduction [21,25-27], and
suppression of carbohydrate intake [28-30]. Indeed, GLP-1R activation induces FGF21
production [31-36]. However, since GLP-1RA reduce caloric intake, and reduced caloric intake
stimulates FGF21 production [37-39], GLP-1RA-induced stimulation of FGF21 production could
just be secondary to reduced food intake. Furthermore, the contribution of FGF21 to the metabolic
benefits of GLP-1RA has not been thoroughly addressed. Given the clinical benefits of GLP-1RA
and FGF21, the therapeutic implications of a GLP-1R-FGF21 axis merit investigation.

Here we demonstrate that the therapeutic GLP-1RA liraglutide acts on neuronal GLP-1R to
increase circulating FGF21 levels in a food intake-independent manner. We also show that
liraglutide-induced FGF21 is required for the full weight-lowering effect of GLP-1R activation in
chow-fed mice. Since FGF21 is a feedback inhibitor of carbohydrate intake [28,29], we
hypothesized that FGF21 specifically reduces the intake of carbohydrates in response to GLP-
1RA treatment. We support this by showing that mice lacking liver Fgf21 (LivF9?1-) are resistant

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

the weight loss action of liraglutide.

2. Materials and Methods

2.1. Animal models and husbandry. Only male mice were studied. C57BL/6J mice (The Jackson
Laboratory, Inc.) were used in FGF21 measurement studies. Mice lacking Glp1lr in glutamatergic
(Vglut2¢Pi-) and Wntl-expressing (Wnt1€P1") neurons were generated by crossing vGlut2-Cre
or Wnt1-Cre mice, respectively, with floxed-Glplr mice as described previously [13,14]. B-cellCP1-
"~mice were generated by crossing MIP-CreERT with floxed-Glp1r mice as previously described
[40]. Liver peroxisome proliferator-activated receptor alpha (PPARa; LivPP2) mice were
generated by crossing Alb-Cre mice with floxed-Pppara mice (a generous gift from Dr. Dan Kelly,
University of Pennsylvania). LivF921/- mice were generated by crossing Alb-Cre mice with floxed-
Fgf21 mice (The Jackson Laboratory, Inc.). Mice lacking B-klotho (Klb) in forebrain (Camk2ak>-)
or glutamatergic (Vglut2¥®/-) neurons were generated by crossing Camk2a-Cre and vGlut2-Cre
mice, respectively with floxed-Klb mice (Camk2a-Cre and floxed-Klb mice were a generous gift
from Dr. Steven Kliewer, University of Texas Southwestern, and were provided by Dr. Christopher
Morrison, Pennington Biomedical Research Center), as previously described [41,42]. MGI
identification numbers for all mice are provided in Table 1. Mice were housed on a 12 h/12 h
light/dark cycle (0600-1800h). They had ad libitum access to distilled water and were maintained
on a chow diet (57.9% calories provided by carbohydrates, 28.7% protein, 13.4% fat; 3.36 kcal/g;
5L0D, LabDiet, St. Louis, MO) from the time of weaning unless specified otherwise.

2.2. Acute GLP-1RA administration. Weight-matched C57BL/6J, Vglut2€Pi-  B-cellClPir-- | jyPparr-
, and Wnt1¢*1- mice and respective background-matched control mice were fasted for 4 h at the
start of the light cycle and randomly assigned to receive either vehicle (0.9% saline), liraglutide

(400 pg/kg, SubQ), exendin-4 (10 ug/kg, IP), or semaglutide (120 pg/kg). Body weight and tail
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blood were collected at 0 and 7 h following treatment. Separate cohorts of C57BL/6J mice
underwent this protocol following 7 days of treatment with exendin-4 (10 ug/kg, b.i.d.) or liraglutide
(200 pg/kg, b.i.d.). Mice were fasted for 4h prior to an acute injection of vehicle or the respective
GLP-1R agonist and collection of tail blood immediately prior to and 7 h post injection as described
above.

2.3. Pair-feeding studies. Weight-matched C57BL/6J mice were randomly assigned to receive
either vehicle (0.9% saline) or liraglutide (200 ug/kg, b.i.d.) while having ad libitum access to food
or while being pair-fed to weight-matched liraglutide-treated mice for 48 h. Access to food for pair
feeding was based on average feeding patterns of liraglutide-treated mice determined by prior
metabolic cage experiments. For the dark cycle, mice were given access to 0.2 g of food at 1800h
(lights off), 0.2 g at 0000h, and 0.4 g at 0500h (1h before lights on). For the light cycle, mice were
given 0.4 g at 0800h. Food intake and body weight were monitored throughout the study period.
Tail blood was collected at 0 and 48 h following treatment.

2.4. Metabolic chamber experiments with chronic liraglutide administration. 15-17-week-old
weight-matched control and LivF917- mice fed a chow diet were individually housed for 5-7 days
before being placed in a Promethion metabolic system (Sable Systems, Inc.). Following a 5-7 day
acclimation period, mice were randomly assigned to receive vehicle (0.9% saline) or liraglutide
(200 pg/kg b.i.d.) for 11 days. Food intake, energy expenditure were continuously recorded. Daily
body weight was measured manually. Body composition measurements were obtained by NMR
(Minispec 235 LF90II-TD NMR Analyzer, Bruker) at the start and end of the treatment period.
2.5. Low and high carbohydrate diet experiments. 10-12-week-old control and LivF9/- mice were
placed on a low fat, low carbohydrate or low fat, high carbohydrate diet (D08091802 or D12450J,
Research Diets, Inc., respectively) for 4 weeks or a high fat, high sugar diet (D12451, Research
Diets, Inc.) for 4 weeks or 1 week. Mice were randomly assigned to receive vehicle (0.9% saline)
or liraglutide (200 pg/kg b.i.d.) for 14 days while being maintained on their respective diet. Some

mice were dosed with liraglutide following feeding on a 60% high fat, low carbohydrate diet
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(D12492, Research Diets, Inc.) for 4 weeks starting at 10-12 weeks of age. Body weight was
measured daily. Body composition was measured at the start and end of the treatment period.
2.6. Central KIb knockout studies. 10-12-week-old control and Camk2aX'*- male mice were placed
on the low fat, high carbohydrate diet for 4 weeks. 14-15-week-old control and Vglut2¥- were
placed on the high fat, high sugar diet for 1 week. Mice were randomly assigned to receive vehicle
(0.9% saline) or liraglutide (200 pg/kg b.i.d.) for 14 days while being maintained on their respective
diet. Body weight was measured daily. Body composition was measured at the start and end of
the treatment period.

2.7. FGF21 measurements. Tail blood was collected in EDTA-coated microvette tubes
(16.444.100, Sarstedt Inc.) and centrifuged at 4,000 x g at 4°C for 20 minutes. Plasma was
collected and stored at -20°C until analysis. Plasma FGF21 was measured using a commercially
available mouse FGF21 ELISA kit (ab212160, Abcam).

2.8. RNA isolation and gPCR. Total RNA was extracted from tissues using DirectZol RNA Mini-
prep kit (R2051, Zymogen). cDNA was synthesized by reverse transcription using the iScript
cDNA Synthesis Kit (1708891, Bio-Rad). Real time PCR reactions were performed using TagMan
Real-Time PCR Assays (MmQ00840165 g1, Thermo Fisher Scientific) and TagMan Fast
Advanced Master Mix (4444556, Applied Biosystems).

2.9. Statistics. Data were analyzed using GraphPad Prism 9 Software (GraphPad Software, Inc.,
La Jolla, CA). Unpaired t-tests, one-way ANOVA or mixed-effects analysis followed by Holm-
Sidak’s multiple comparisons was used when appropriate and indicated in the figure legends. P
< 0.05 was considered statistically significant. Values represent mean + SEM. Energy expenditure
(EE) data were analyzed using the EE analysis of covariance (ANCOVA) analysis provided by
the NIDDK Mouse Metabolic Phenotyping Centers (MMPC, www.mmpc.org) using their Energy
Expenditure Analysis page (http://www.mmpc.org/shared/regression.aspx) and supported by

grants DK076169 and DK115255.
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2.10. Study approval. All animal studies were approved by the Institutional Animal Care and Use
Committees at Vanderbilt University, University of Michigan, Duke University, University of lowa,

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

3. Results
3.1. GLP-1RA increase FGF21 independently of its food intake-suppressing effects. GLP-1RA
induce FGF21 levels in several mouse models [31-36]. However, since fasting or a state of
nutrient deficit stimulates FGF21 production [37—-39], increased FGF21 could be secondary to the
food intake suppressive effects of GLP-1RA. We first tested whether the GLP-1RA liraglutide
increased FGF21 levels independently of its effects on food intake by administering vehicle or
liraglutide to 4 h-fasted, male C57BL/6J mice and measuring plasma FGF21 levels at 0 and 7 h
following treatment. All mice remained without food for the duration of the study period (Figure
1A). Plasma FGF21 levels were significantly higher 7 h following in liraglutide- vs. vehicle-treated
mice (Figure 1B). A similar effect was observed in mice treated with the GLP-1RA exendin-4 and
semaglutide (Supplemental Figure 1A and 1B). Elevated circulating FGF21 levels in response
to liraglutide were associated with a significant increase in Fgf21 mRNA in the liver (Figure 1C),
consistent with previous studies showing that circulating FGF21 is predominantly secreted from
this organ [39]. We also treated ad libitum-fed male C57BL/6J mice with vehicle or liraglutide for
2 days and added a third group of mice pair-fed to weight match the liraglutide-treated group
(Figure 1D and 1E). Circulating FGF21 levels were significantly higher in liraglutide-treated mice
compared to vehicle-treated mice and mice pair-fed to weight match the liraglutide-treated group
(Figure 1F). These results demonstrate that GLP-1RA increase FGF21 independently of either
their food intake-suppressive effects or their ability to promote weight loss.

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

in fasted mice. Following a 7-day treatment with either exendin-4 or liraglutide, we show that GLP-
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1RA treatment increases circulating FGF21 levels in fasted mice 7 h after the last GLP-1R agonist
dose (Figure 1G and 1H).

3.2. Central nervous system GLP-1R and liver PPARa are required for liraglutide to increase
plasma FGF21. While plasma FGF21 is primarily derived from the liver [39], the GLP-1R is not
expressed in hepatocytes [43—-45]. We, therefore, tested whether neuronal or pancreatic p-cell
GLP-1R expression is required for liraglutide to increase FGF21 levels. Using the same protocol
as in Figure 1A, we administered vehicle or liraglutide to fasted control mice and mice lacking the
GLP-1R in neurons targeted by the Wnt1-Cre2 driver (Wnt1®P¥) or in glutamatergic neurons
(Vglut2©eirr) Wnt1-Cre2 targets neurons within the central nervous system, including the
hypothalamus and brain stem, as well as the enteric nervous system [46]. Importantly, both
Wnt16P- and Vglut2¢P-- mice have been previously shown to be resistant to the weight-
lowering effects of GLP-1RA [14,13]. Liraglutide failed to induce FGF21 in both Wnt16¢pi--
(Supplemental Figure 2A and 2B) and Vglut2¢®- (Figure 2A and 2B) mice. In contrast, the
stimulatory effect of liraglutide on FGF21 remained intact in mice lacking the GLP-1R in pancreatic
B-cells (Fig. 2C and 2D), another major site of GLP-1R expression and actions [45]. To verify that
liraglutide-induced circulating FGF21 originates from the liver, we administered vehicle and
liraglutide to fasted control mice and mice lacking liver PPARa, a key regulator of liver FGF21
production. Plasma FGF21 levels were increased in liraglutide-treated control mice but not in
liraglutide-treated liver Ppara knockout (LivPPa2") mice (Figure 2E and 2F). Taken together, these
findings suggest that liraglutide engages neuronal GLP-1R to induce FGF21 production, and
increased FGF21 production requires liver PPARa expression.

3.3. FGF21 is partially required for liraglutide-induced weight loss. To investigate the contribution
of FGF21 to the weight-lowering effects of GLP-1R activation, we chronically administered vehicle
or liraglutide to chow-fed control and liver Fgf21 knockout (LivF9?'/-) mice. Pre-treatment body
weights were not different between any of the groups (Supplemental Figure 3A). Chow-fed

LivF9™1-- mice were partially resistant to liraglutide-induced weight loss (Figure 3A and 3B). This
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was due, in part, to an attenuated reduction in food intake, particularly during the first day of
treatment in LivF921- mice (Figure 3C). The total caloric intake throughout the treatment period
was significantly reduced in control mice but not in LivF92 mice (Figure 3D). There was no
significant difference in energy expenditure (EE) between genotypes and treatment groups
(Figure 3E and 3F). However, because there was a significant difference in pre-treatment EE
between the liraglutide-treated groups (Figure 3E), we calculated the change in EE relative to the
pre-treatment period. Liraglutide treatment produced a small decrease in EE in control mice but
a larger, more sustained decrease in EE during treatment in LivF91”- mice (Supplemental Figure
3B). The significant body weight difference between liraglutide-treated control and LivF927- mice
(Figure 3G) was associated with an attenuated, albeit not significant, reduction in fat-free (i.e.,
lean) mass in LivF9?1 mice (Figure 3H). Changes in fat mass did not differ between liraglutide-
treated control and LivF9™2'- mice (Figure 3l). Circulating FGF21 levels were almost undetectable
in both vehicle- and liraglutide-treated LivF9217- mice compared to the already low levels in control
mice (Supplemental Figure 3C), verifying the validity of this model. This chronic liraglutide
dosing regimen did not significantly elevate circulating FGF21 levels in chow-fed mice
(Supplemental Figure 3C). However, these measurements were made in ad lib fed mice, and
as we show in Figure 1H, chronic liraglutide does stimulate circulating FGF21 levels in fasted
mice.

3.4. FGF21 mediates liraglutide-induced weight loss specifically in the context of high-
carbohydrate diets by engaging the central nervous system. Since FGF21 suppresses
carbohydrate intake and sweet preference in rodents [28,29] and has been associated with these
phenotypes in humans [47-52], we hypothesized that FGF21 contributes specifically to a
reduction in body weight by liraglutide in the presence of high carbohydrate diets. To test this
hypothesis, we placed control and LivF917- mice on calorically matched, low fat diets with either
low (LC) or high carbohydrate (HC) content (30%, LC and 70%, HC, respectively) for 4 weeks

followed by a 2-week treatment with vehicle or liraglutide while mice remained on their respective
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diet. Regardless of diet and treatment, circulating FGF21 levels were almost undetectable in
LivFe21-- mice (Supplemental Figure 4A and 4B). Liraglutide reduced body weight to a greater
degree in HC-fed control mice (Figure 4C and 4D) than in LC-fed control mice (Figure 4A and
4B). Importantly, only HC-fed LivF923- mice were significantly resistant to liraglutide-induced
weight loss (Figure 4C and 4D), suggesting that FGF21 contributes to the weight loss effects of
liraglutide in mice maintained on low fat, high carbohydrate diets. Next, we examined the
relevance of these findings in the context of a high fat, high sugar (HFHS) diet (45% fat; 35%
carbohydrate [50% of which is sucrose]). Control and LivF921- mice were fed the HFHS diet for 1
or 4 weeks followed by treatment with vehicle or liraglutide for 2 weeks. It is important to note that
mice did not gain weight when fed the HFHS diet for 1 week. The 1-week HFHS cohort is therefore
included to control for any potential effects of the diet-induced weight gain observed in mice fed
the same diet for 4 weeks. As seen in Figures 4E - 4H, when maintained on either 4 weeks
(Figure 4E and 4F) or 1 week (Figure 4G and 4H) of HFHS diet prior to treatment, LivF92l-- mice
lost less weight than their control counterparts when dosed with liraglutide. Importantly, when fed
a high fat diet (HFD) containing lower carbohydrate content (60% fat, 20% carbohydrate),
liraglutide-induced weight loss was not significantly attenuated in LivF92/- mice (Figure 4l and
4J). Taken together, these results support our hypothesis that FGF21 mediates the weight
lowering actions of liraglutide specifically in the context of high carbohydrate diets.

We next examined the target engaged by FGF21 to facilitate the weight-lowering effects of
liraglutide. FGF21 signals to a receptor complex comprised of FGF receptor 1¢ (FGFR1c) and its
co-receptor, B-klotho (KIb) [53-55]. As FGFR1c is ubiquitously expressed, KIb expression confers
tissue specificity for FGF21 [56]. Previous studies show that obese mice lacking Klb expression
in the forebrain (Camk2aX®") are resistant to the suppressive effects of recombinant FGF21 on
body weight and energy expenditure [41]. More recent studies show that mice lacking Klb
expression in glutamatergic neurons (Vglut2X®*) are resistant to FGF21-induced reduction in

sugar intake and sweet preference [57]. We, therefore, tested the hypothesis that FGF21 acts in
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these neuronal populations to facilitate the weight loss induced by liraglutide. When placed on the
same HC diet as that used in Figures 4C and 4D, liraglutide-treated Camk2aX'®- mice displayed
partial resistance to weight loss compared to liraglutide-treated control mice (Figure 5A and 5B).
Similarly, Vglut2X®/- mice maintained on 1 week of the same HFHS diet used in Figure 4G and
4H were also resistant to the weight-lowering effects of liraglutide compared to control mice
(Figure 5C and 5D). These findings suggest that central FGF21 signaling is required for the full
effect of liraglutide-induced weight loss, supporting our hypothesis that liraglutide-induced FGF21

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

4. Discussion

In this study, we identify a novel brain GLP-1R-liver FGF21 axis that mediates the weight-lowering
effect of GLP-1RA in the presence of diets with high carbohydrate content. These results could
provide insight into the clinically observed variability in weight loss following GLP-1R agonist
treatment. While liraglutide and semaglutide can promote up to 10% and 15% weight loss,
respectively, many individuals lose significantly less weight in response to these drugs [58-60].
Results from this preclinical study suggest the hypothesis that macronutrient content and FGF21-
related factors (e.g., FGF21-resistant states, FGF21 polymorphisms) could influence the weight
loss efficacy of GLP-1RA and thereby may help explain the significant heterogeneity in the
maghnitude of weight loss following GLP-1RA treatment in humans.

GLP-1RA such as exendin-4 and liraglutide have been previously shown to increase
circulating levels of FGF21 [31-36]. However, these studies did not address whether GLP-1RA
stimulation of FGF21 production arises indirectly from GLP-1RA-induced reduction in food intake
— a known stimulus of hepatic FGF21 secretion [37—39]. Here, we demonstrate that liraglutide
increases FGF21 production independently of its effects on food intake. Although the liver is the
primary source of circulating FGF21 [39], the GLP-1R is not expressed in hepatocytes [43—-45].

This strongly suggests an indirect mechanism for GLP-1R agonist-mediated stimulation of FGF21
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levels. Utilizing multiple tissue-specific knockout mouse models, we show that neuronal GLP-1R
expression, specifically in glutamatergic neurons and those within the cellular target domains of
WntlCre2, is required for the stimulatory effect of liraglutide on FGF21. Systemic liraglutide
engages several brain regions such as the arcuate and paraventricular hypothalamic nuclei,
subfornical organ, area postrema, and the nucleus tractus solitarius [61]. Future studies will target
Glplr deletion in specific cell types (e.g., pro-opiomelanocortin neurons in the arcuate nucleus
[62,63]) or broadly within these regions to identify the neuroanatomical location(s) responsible for
liver FGF21 induction. Findings from these experiments will provide an important foundation for
subsequent studies investigating how neuronal GLP-1R activation stimulates FGF21 production
by the liver. One possibility is that GLP-1RA-induced liver FGF21 production is mediated by direct
autonomic projections from the brain to the liver. Central GLP-1R activation has also been shown
to increase sympathetic outflow to adipose depots in rodents [64—67], which could stimulate
lipolysis and subsequent release of free fatty acids, a potent stimulator of liver PPARa and FGF21
production. Another potential mechanism by which central GLP-1R activation could stimulate
hepatic FGF21 production is via the hypothalamic-pituitary-adrenal (HPA) axis. It is well-
established that GLP-1RA, administered centrally or peripherally, activate the HPA axis to
increase circulating corticosterone levels in both rodents and humans [68—70]. Glucocorticoids
(GC) can in turn induce Fgf21l expression in the liver via hepatic GC receptor activation [71].
Future studies utilizing pharmacological and surgical methods to disrupt these pathways will be
important to delineate the role of autonomic innervation and/or the HPA axis in mediating the
GLP-1R-FGF21 interaction.

Our finding that liraglutide-induced reduction in body weight is attenuated in chow-fed LivF9?!-
" mice indicates that FGF21 is a component of the anorectic effect of GLP-1RA. Among its many
metabolic actions, FGF21 plays an important role in regulating carbohydrate intake and
preference. Liver FGF21 production is stimulated by high carbohydrate intake [29,72,73], and

this, in turn, acts as a feedback inhibitor of subsequent carbohydrate consumption [28,29]. Here
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we hypothesized that GLP-1RA-induced FGF21 acts in a similar manner and facilitates the
decreased intake of carbohydrate-rich diets in response to GLP-1RA treatment. This hypothesis
was supported by our finding that loss of liver Fgf21 expression selectively attenuated liraglutide-
induced weight loss in mice fed a high carbohydrate diet whether they were low or high in fat
content. Contrasting the latter, loss of liver Fgf21 expression did not attenuate liraglutide-induced
weight loss in mice fed a high fat (60%), low carbohydrate diet, further suggesting that the
contribution of Fgf21 to weight loss by liraglutide is dependent on dietary carbohydrate content.
Supporting this, a previous study showed that loss of liver Fgf21 expression did attenuate
liraglutide-induced weight loss in mice fed a similar 60% high fat diet as the one used here but
that was supplemented with fructose. Thus, we speculate that the additional carbohydrate content
from the fructose supplementation unmasked a role for loss of Fgf21 not observed in our studies
using non-fructose supplemented high fat diet. Interestingly, we also demonstrate that in control
mice, liraglutide reduces body weight to a greater degree in mice fed a high-carbohydrate diet.
These findings may be clinically relevant since they raise the testable hypothesis that dietary
carbohydrate content can modify the effectiveness of GLP-1RA as weight loss drugs. Moreover,
since several variants in the hFGF21 gene locus have been associated with effects on
carbohydrate intake and sweet preference in humans [47-52], results from our studies propose
a potential significance of these genetic variants in influencing an individual's weight loss
response to GLP-1RA.

Weight loss in response to GLP-1RA is primarily attributed to reduced food intake. Although
GLP-1RA stimulate sympathetic outflow to adipose tissues in rodents [64—66], a consistent effect
on energy expenditure has not been clearly established [74]. On the other hand, pharmacological
levels of FGF21 have been shown to increase energy expenditure in mice [21,25]. A previous
study reported that liraglutide stimulates FGF21 production from adipose tissue-resident invariant
natural killer T (iNKT) cells, and that this increased FGF21, in turn, promoted weight loss via

increased energy expenditure [34]. In the present studies, we did not observe increased energy
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expenditure in response to liraglutide in control or LivF92'- mice. Interestingly, liraglutide-treated
LivFe21- mice displayed a sustained decrease in energy expenditure whereas this effect was
attenuated in control mice. This suggests that an increase in food intake and a greater reduction
in energy expenditure additively contribute to the attenuation of the weight-lowering effect of
liraglutide in LivF9217- mice. Furthermore, reduced weight loss in LivF921/- mice was also associated
with a slightly attenuated reduction in lean mass compared to control mice, although this was not
significant. FGF21 has been suggested to promote muscle atrophy in response to fasting [75], so
this is in line with our findings that loss of Fgf21 expression provides a slight protection of lean
mass in response to liraglutide-induced weight loss. Future studies will address the target tissues
and mechanisms mediating the effects of liraglutide-induced increases in FGF21 levels on food
intake and energy expenditure.

FGF21 signals via a FGFR1c-Klb dimer. Since the tissue specificity of FGF21 actions is
conferred by expression of Klb, site-specific knockouts of Klb are used to disrupt FGF21 signaling
in different cell types and tissues [53-55]. Disruption of Klb in forebrain regions expressing
Camk2a render mice unresponsive to the pharmacological effects of FGF21 on body weight [41]
and sweet preference [28]. In addition, KIb expression in glutamatergic neurons mediates the
suppressive effect of FGF21 on carbohydrate intake [57] and body weight [76,77]. Our finding
that liraglutide-induced weight loss is also diminished in mice lacking Klb in Camk2a-expressing
cells suggests that forebrain neurons are targeted by FGF21 to reduce body weight in response
to liraglutide. We further demonstrate that loss of Klb expression in glutamatergic neurons also
attenuates liraglutide-induced weight loss in mice fed a high-fat, high-sugar diet. It must be noted
that our findings in Camk2aX* and Vglut2X® mice were obtained using different diets and for
different durations — HC for 4 weeks and HFHS for 1 week, respectively — so these results must
be interpreted with caution. Future experiments will determine whether loss of Klb expression in
these neuronal populations impairs GLP-1RA weight loss across multiple high carbohydrate diets.

Nevertheless, our findings suggest that liraglutide-induced FGF21 promotes weight loss in the
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presence of high carbohydrate diets via its actions on the central nervous system. Future studies
will also use region-specific Klb knockout models to more precisely identify the brain region(s)
mediating this effect. A key target is the ventromedial hypothalamus since loss of KIb expression
in this brain region blocks the ability of FGF21 to reduce carbohydrate intake and sucrose
preference [57]. The paraventricular nucleus of the hypothalamus is another potential site of
liraglutide-induced FGF21 actions as loss of Klb expression in this region attenuates baseline
preference for sucrose even in the absence of markedly increased FGF21 [57].

Besides decreasing absolute carbohydrate intake, FGF21 also reduces the preference for
high carbohydrates and simple sugar [28-30]. GLP-1RA also decrease the rewarding value of
simple sugar [78—81]. The present studies focused on absolute intake by providing mice with only
one type of diet. By providing mice with simultaneous access to diets or solutions with different
carbohydrate/simple sugar content we can determine whether GLP-1RA-mediated increases in

FGF21 also affect dietary preferences.

5. Conclusions

The present studies identify FGF21 as a component of a novel brain-liver-brain crosstalk that
plays a key role in mediating the food intake- and weight-suppressive benefits of the GLP-1RA
liraglutide in the presence of high carbohydrate diets. More in-depth preclinical and clinical studies
into the role of the brain GLP-1R-liver FGF21 crosstalk may shed light on the well-documented
variability in response to GLP-1RA and thereby enable precision medicine tailoring of GLP-1-
based therapeutics to different individuals based on their genetics and environment such as diet.
Given the benefits and growing call for wider implementation of “food is medicine” interventions
such as medically tailored meals (MTMs) for diet-related diseases [82,83], more in-depth
understanding of how dietary composition modifies GLP-1RA efficacy would inform refinement of
current and future therapeutic protocols for the use of MTMs and GLP-1-based therapeutics for

chronic weight management. Moreover, our results support the novel notion that the anorectic
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effect of GLP-1RA is comprised of discrete and differentially regulated actions of these
compounds influenced by different dietary components. Better understanding of these pathways
may drive development of novel strategies such as dual and/or biased agonists [84] to fully
harness the therapeutic potential of the GLP-1 system. Lastly, while the current study focuses on
food intake and body weight, GLP-1RA and FGF21 analogues share many other metabolic
benefits including protection against cardiovascular diseases [85,86], hepatosteatosis [87,88],
neurodegenerative diseases [89-91], and suppression of alcohol consumption [28,92—-94]. Future
studies examining the potential role of the GLP-1R-FGF21 axis in these therapeutic areas could

inform the development of novel pharmacologic strategies for the treatment of these conditions.
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vGlut2-Cre Jax Labs #028863 MGI:5141263
Wntl-Cre Jax Labs #022501 MGI:5485027
MIP-CreERT Jax Labs #024709 MGI:4410453
Glp1floxiiox Dr. RJ Seeley U. Michigan | MGI:5637837
Alb-Cre Jax Labs #003574 MGI:2176228
PPAR alphafo¥flox | Dr. DP Kelly, UPenn MGI:6273327
Fgf21flox/flox Jax Labs #022361 MGI:5486224
Camk2a-Cre Jax Labs #005359 MGI:2177650
Klpflox/flox Jax Labs #026883 MGI:5446140

Table 1. Source and MGI identification numbers for mice used.
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Figure 1. GLP-1RA stimulate FGF21 independent of their effect on food intake. (A) Study
outline for B-C. (B) Plasma FGF21 levels at 0 and 7 h following treatment in fasted C57BL6/J
male mice treated with vehicle or liraglutide (400 pg/kg) (Mixed-effects analysis: Interaction, F (1,
12) = 6.62, P = 0.0244; N = 6-8). (C) Relative change in liver Fgf21 gene expression in fasted
C57BL6/J male mice 7 h following treatment with vehicle or liraglutide (400 pg/kg) (Unpaired t-
test: P = 0.0152; N = 6-8). (D) Study outline for E-F. (E-F) Changes in body weight (E; One-way
ANOVA: Interaction, F (2, 13) =12.02, P = 0.0011; N = 5-6) ) and plasma FGF21 levels (F; One-
way ANOVA: Interaction, F (2, 13) = 4.111, P = 0.0414; N = 5-6) in C57BL6/J male mice ad
libitum-fed and treated with vehicle or liraglutide (200 pg/kg, b.i.d), or pair-fed to weight match the
liraglutide-treated group for 48 hours. (G-H) Plasma FGF21 levels in C57BL/6J mice following 7
day treatment with (G) vehicle or exendin-4 (10 pg/kg, b.i.d) (Unpaired t-test: P = 0.0425; N = 4-
5) and (H) vehicle or liraglutide (200 pg/kg, b.i.d) (Unpaired t-test: P = 0.0053, N = 8). Data are

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

Figure 2. Central GLP-1R and liver PPARa are required for liraglutide to stimulate plasma
FGF21. Absolute (A, C, E) and relative change (B, D, F) in FGF21 levels at 0 and 7 h post
treatment with vehicle or liraglutide (400 pg/kg) in fasted control and respective knockout mice.
(A-B) Control and vGLUT2+ neuron-Glp1r knockout (Vglut2¢®1-) mice (A, Mixed-effects analysis:
Interaction, F (1, 23) = 2.021, P = 0.1686; Genotype Effect, F (1, 23) = 5.965, P = 0.0227; B,
Mixed-effects analysis: Interaction, F (1, 23) = 4.571, P = 0.0434; N = 5-6). (C-D) Control and 3
cell-Glp1r knockout (B cell®*'-) mice (C, Mixed-effects analysis: Interaction, F (1, 56) = 0.05070,
P =0.8227; Genotype Effect, F (1, 56) = 11.28, P = 0.0014; D, Mixed-effects analysis: Interaction,
F (1, 28) = 0.01663, P = 0.8983; Genotype Effect, F (1, 28) = 10.41, P = 0.0032; N = 6-10). (E-F)
Control and liver Ppara knockout (LivPP2a") mice (E, Mixed-effects analysis: Interaction, F (1, 66)

= 9.627, P=0.0039; liraglutide-treated control vs. LivPPaa’ at 7 h, P < 0.0001; F, Mixed-effects



812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

28

analysis: Interaction, F (1, 33) = 8.775, P = 0.0056; N = 6-13). Data are shown as mean = SEM,

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

Figure 3. Liver FGF21 mediates the appetite- and weight-lowering actions of liraglutide.
Chow-fed control and liver Fgf21 knockout (LivFe2/-) mice housed in metabolic cages and treated
with vehicle or liraglutide (200 pg/kg, b.i.d) for 11 days (N = 7-9). (A-B) Relative weight loss over
time (A; Mixed-effects analysis: Interaction, F (11, 156) = 1.920, P = 0.0405) and relative weight
loss on the last day of treatment (B; Mixed-effects analysis: Interaction, F (1, 27) = 13.11 P =
0.0012). (C) Time course of food intake (Mixed-effects analysis: Interaction, F (36, 324) = 2.154,
P = 0.0003; Genotype Effect, F (3, 27) = 1.271, P = 0.3042). (D) Total food intake during the
treatment period (One-way ANOVA: F (3,27) = 4.728, P = 0.0089). (E) Time course of energy
expenditure (EE) (Mixed-effects analysis: Interaction, F (36, 324) = 1.151, P = 0.2606; Genotype
Effect, F (3, 27) =5.035, P = 0.0067). (F) Total EE during the treatment period (One-way ANOVA:
F (3,27) = 2.946, P = 0.0507). (G-I) Total body mass (G; Mixed-effects analysis: Interaction, F (1,
27) =10.60, P = 0.0030), fat-free (or lean) mass (H; Mixed-effects analysis: Interaction, F (1, 27)
= 1.383, P = 0.2499; Genotype Effect, F (1, 27) = 1.983, P = 0.1705), and fat mass (I; Mixed-
effects analysis: Interaction, F (1, 27) = 0.2012, P = 0.6573; Genotype Effect, F (1, 27) = 0.4077,
P = 0.5285) at the end of treatment. Data are shown as mean + SEM, ns not significant, * P <
0.05, * P < 0.01, and **** P < 0.0001 for comparisons between liraglutide-treated control vs.

LivFa2i-- mice (A, C, E) and those delineated by lines (B, F, G-I).

Figure 4. Liver FGF21 contributes to liraglutide-induced weight loss in the context of high-
carbohydrate diets. Control and liver Fgf21 knockout (LivF9217-) mice fed a low fat, low or high
carbohydrate diet for 4 weeks (A-D), a high fat, high sugar diet for 4 weeks of 1 week (E-H), or a
high fat, low carbohydrate diet for 4 weeks (I-J) followed by treatment with vehicle or liraglutide

(200 pg/kg, b.i.d) for 14 days. (A-B) Relative weight loss over time (A; Mixed-effects analysis:
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Interactions, F (14, 168) = 0.5293, P = 0.9134; Genotype Effect, F (1, 12) = 0.02792, P = 0.8701;
N = 7-8) and on the last day of treatment (B; Mixed-effects analysis: Interactions, F (1, 25) =
0.5317, P = 0.4727; N = 7-8) of mice fed a low fat, low carbohydrate diet for 4 weeks. (C-D)
Relative weight loss over time (C; Mixed-effects analysis: Interactions, F (14, 266) = 1.865, P =
0.0303; N =7-14) and on the last day of treatment (D; Mixed-effects analysis: Interactions, F (1,
37) = 10.35, P = 0.0027; N = 7-14) of mice fed a low fat, high carbohydrate diet for 4 weeks. (E-
F) Relative weight loss over time (E; Mixed-effects analysis: Interactions, F (14, 434) = 7.323, P
< 0.0001; N = 14-19) and on the last day of treatment (F; Mixed-effects analysis: Interactions, F
(1, 62) =13.12, P = 0.0006; N = 14-19) of mice fed a high fat, high sugar diet for 4 weeks. (G-H)
Relative weight loss over time (G; Mixed-effects analysis: Interactions, F (14, 210) = 4.004, P <
0.0001; N = 7-9) and on the last day of treatment (H; Mixed-effects analysis: Interactions, F (1,
29) = 2.291, P = 0.1410; Genotype Effect, F (1, 29) = 2.303, P = 0.1400; N = 7-9) of mice fed a
high fat, high sugar diet for 1 week. (I-J) Relative weight loss over time (I; Mixed-effects analysis:
Interactions, F (42, 322) = 44.58, P < 0.0001; N = 7) and on the last day of treatment (H; Mixed-
effects analysis: Interactions, F (3, 23) = 65.53, P < 0.0001; N = 7) of mice fed a high fat, low
carbohydrate diet for 4 weeks. Data are shown as mean + SEM, ns not significant, * P < 0.05, **
P <0.01, ** P < 0.001, and **** P < 0.0001 for comparisons between liraglutide-treated control

vs. LivFal7- mice (A, C, E, G, 1) and those delineated by lines (B, D, F, H, J).

Figure 5. Liraglutide promotes weight loss in the context of high-carbohydrate diets via
brain FGF21 action. Control and Camk2a Klb knockout (Camk2aX’*") mice fed a low fat, high
carbohydrate diet for 4 weeks (A-B) and control and Vglut2 Klb knockout (Vglut2/-) mice fed a
high fat, high sugar diet for 1 week (C-D) followed by treatment with vehicle or liraglutide (200
po/kg, b.i.d) for 14 days. (A-B) Relative weight loss over time (A; Mixed-effects analysis:
Interactions, F (14, 294) = 3.552, P <0.0001; N=9-15) and on the last day of treatment (B; Mixed-

effects analysis: Interactions, F (1, 38) = 7.686, P = 0.009; N = 9-15). (C-D) Relative weight loss
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over time (C; Mixed-effects analysis: Interactions, F (14, 252) = 5.031, P <0.0001; N = 9-11) and
on the last day of treatment (D; Mixed-effects analysis: Interactions, F (1, 35) = 7.296, P = 0.0106;
N = 9-11). Data are shown as mean = SEM, ns not significant, * P < 0.05, ** P < 0.01, ** P <
0.001, and **** P < 0.0001 for comparisons between liraglutide-treated control vs. Camk2ak>-"

mice (A), liraglutide-treated control vs. Vglut2k/- mice (C) and those delineated by lines (B, D).
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Supplemental Figure 1. Exendin-4 and semaglutide stimulate FGF21 in fasted mice. Plasma
FGF21 levels in mice treated with (A) exendin-4 (10 pg/kg) (Mixed-effects analysis: Interaction, F
(1, 26) = 2.93, p = 0.0987; Treatment Effect, F (1, 26) =4.30, P =0.0481; N = 8) or (B) semaglutide
(120 pg/kg) (Mixed-effects analysis: Interaction, F (1, 10) = 10.90, p = 0.0080; Treatment Effect,
F (1, 10) = 10.50, P = 0.0089; N = 6) following the study protocol shown in Figure 1A. Data are

shown as mean + SEM, * P < 0.05, *** P < 0.001.

Supplemental Figure 2. The GLP-1R in Wntl+ cells is required for the increase in plasma
FGF21 levels following liraglutide treatment. Absolute (A) and relative change (B) in FGF21
levels at 0 and 7 h post treatment with vehicle or liraglutide (400 ug/kg) in fasted control mice and
mice lacking the GLP-1R in Wntl+ neurons (Wnt1¢P") (A, Mixed-effects analysis: Interaction, F
(1, 28) = 4.131, P = 0.0517; Genotype Effect, F (1, 28) = 0.6444, P = 0.4289; B, Mixed-effects
analysis: Interaction, F (1, 28) = 7.458, P = 0.0108; N = 7-9). Data are shown as mean + SEM, ns

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

Supplemental Figure 3. Loss of liver FGF21 expression attenuates the anorectic effect of
liraglutide. (A) Pre-treatment body weight in control and LivF92*- mice (One-way ANOVA: F (3,
27) = 0.1226, P = 0.9460). (B) Change in EE relative to baseline (Day 0) (Mixed-effects analysis:
Interaction, F (1, 27) = 2.086, P = 0.1601; Genotype Effect, F (1, 27) = 5.068, P=0.0327; N = 7-9.
(C) Plasma FGF21 levels in control and LivF9?/- mice following treatment with vehicle or
liraglutide (200 ug/kg, b.i.d) for 12 days (Mixed-effects analysis: Interaction, F (1, 15) = 31.45, P
< 0.0001; Genotype Effect, F (1, 15) = 92.74, P < 0.0001; N = 5-6). Data are shown as mean +
SEM, * P < 0.05, ** P < 0.001 for comparisons between vehicle- and liraglutide-treated LivFo?1--

mice (B) and those delineated by the lines (C).
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Supplemental Figure 4. Plasma FGF21 in LC and HC-fed mice. Plasma FGF21 levels in (A)
LC- and (B) HC-fed control and LivF921/- mice following treatment with vehicle or liraglutide (200
png/kg, b.i.d) for 12 days (A; Mixed-effects analysis: Interaction, F (1, 14) = 3.111, P = 0.0996;
Genotype Effect, F (1, 14) = 21.25, P=0.0004; N = 3-6 and B; Mixed-effects analysis: Interaction,
F (1, 17) = 1.353, P = 0.2609; Genotype Effect, F (1, 17) = 7.268, P=0.0153; N = 4-7). Data are

shown as mean + SEM, * P < 0.05.
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Highlights:
e The GLP-1 receptor agonist liraglutide increases circulating FGF21 levels.
o 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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