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Abstract 

 

Metabolic diseases such as diabetes and obesity are a growing healthcare concern, and 

their increasing rates are attributed to increased consumption of carbohydrate-rich diets and 

sugar-sweetened beverages. Fibroblast growth factor 21 (FGF21) is a complex metabolic 

regulator, and there is significant evidence that it may play a role in fructose metabolism, driving 

relative aversion to sweet taste. As such, we examined the relationship between FGF21 and the 

preferential intake of simple carbohydrates in mice, both as liquid solutions and as dietary 

additives.  Genetic deletion of FGF21 or its obligate co-receptor β-klotho (KLB) had no impact 

on preference for sugar sweetened solutions. FGF21 overexpression, however, substantially 

suppressed preference for fructose solutions, but had no effect on glucose or sucrose preference.  

Infusions of FGF21 also suppressed fructose preference specifically, an effect that was 

dependent on expression of KLB in the CNS. These results demonstrate that FGF21 creates 

sugar-specific taste aversion to fructose, which may be mediated by a KLB-dependent pathway 

in the brain.  

 

Highlights: 

 FGF21 administration suppresses fructose preference in mice. 

 Preference for glucose or sucrose is not affected by FGF21 administration. 

 Genetic FGF21 deletion does not enhance fructose, glucose, or sucrose preference. 

 FGF21 requires central β-klotho expression to suppress fructose preference. 

 

Keywords: FGF21, KLB, fructose, sugar, taste preference, macronutrient intake 
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1. Introduction 

 Fibroblast growth factor 21 (FGF21) is a peptide with complex physiologic actions. It is 

expressed in many metabolically active tissues, including the liver, pancreas, muscle, and 

adipose tissue [1–8]. Regulation of expression is also complex, and multiple transcription factors 

have been implicated in driving changes in responses to dietary challenges, such as fasting, 

ketogenic diets, lipotoxic diets, protein restriction, and cold exposure [9–15]. Understanding the 

actions of FGF21 is also complicated due to species differences. For example, FGF21 expression 

rises dramatically in liver with both fasting and consumption of ketogenic diets (KD) [9,10,16], 

an effect that is downstream of the transcription factor PPARα. In contrast, in similar diet studies 

in humans neither fasting nor consumption of KD alter FGF21 levels [17,18].   

Intriguingly, genomic analyses in humans associated FGF21 polymorphisms with 

macronutrient choice. Two synonymous single nucleotide polymorphisms (SNPs) surrounding 

the FGF21 allele are associated with increases in general carbohydrate consumption [19,20]. 

This suggests a possible role of FGF21 in carbohydrate metabolism. Such a role is consistent 

with results from mouse studies demonstrating that chronic consumption of a high fructose diet  

leads to long-term persistent increases in FGF21 [21,22].  FGF21 is known to play an anti-

inflammatory and anti-fibrotic role in the liver, [11,22] and in the absence of FGF21, diets rich in 

fructose lead to excess hepatic damage [21,23]. Furthermore in humans, while neither ketogenic 

diets nor fasting alter circulating serum FGF21 levels, acute ingestion of  both fructose and 

alcohol leads to rapid increases in circulating serum levels of FGF21 [21,22,24].   

   The aggregate data on induction of FGF21 by fructose ingestion and worsened liver 

pathology in the absence of FGF21 suggested that mice lacking FGF21 might show a relative 

aversion to fructose.  We therefore examined taste preference in mice in the context of genetic 
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FGF21 deletion, genetic FGF21 overexpression, and exogenous FGF21 administration.  We were 

surprised to find that deletion of FGF21 had no effect on preference for sweetened solutions, and 

that increased preference for sweet was the same in knockout and wild-type mice. Equally 

surprising was the finding that high levels of FGF21 exclusively suppressed preference for 

fructose sweetened solutions, but had no effect on glucose, sucrose or saccharin sweetened 

solutions. Because taste is a complex phenomenon, results with solid diets did not entirely 

overlap with solution preferences. When mice were presented with diets supplemented with 

simple sugars, elevated FGF21 levels led to nil consumption of a high fructose diet, relative 

preference for chow over a high glucose diet, and equalized consumption of chow and a high 

sucrose diet. However, absolute preference for a high fat, high sucrose diet was observed in all 

mice, regardless of FGF21 genotype. 

 

2. Materials and Methods 

2.1. Animal Models 

The FGF21 total knockout (KO) and the FGF21 overexpressing (OE) mouse lines used in 

these experiments were generated by Lilly Research Laboratories (Indianapolis, IN).  Mice were 

provided to our group at BIDMC and backcrossed onto the C57BL/6J line (Jackson Research 

Laboratories, Bar Harbor, ME) at least 10 times before use.  Colonies were maintained by 

breeding heterozygotes, and the mice used throughout the experiments described here were 

obtained from these breeding pairs.  Brain-specific β-klotho knockout mice (BS-KLB KOs) were 

generated by crossing KLB flox-flox mice (generous gift from Steven Kliewer, Department of 

Molecular Biology, University of Texas Southwestern Medical Center, Dallas, TX) with the 

Snap25-CRE line (Jackson Research Laboratories, Bar Harbor, ME).  These mice were also 
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backcrossed onto the C57BL/6J line at least 10 times before experimental cohorts were 

generated by breeding heterozygotes. 

Each colony was individually maintained in the Animal Research Facility of the Beth 

Israel Deaconess Medical Center (Boston, MA), and mice were paired with their wild-type (for 

FGF21 KO and OE) or their flox-flox (for BS-KLB KO) littermates as controls.  For all 

experiments, mice were housed in a temperature-controlled environment of 24 ± 2 °C under a 

12h light: 12h dark cycle (0600-1800h).  All procedures were designed in accordance with the 

National Institute of Health Guidelines for the Care and Use of Animals and were approved by 

the Institutional Animal Care and Use Committee of the Beth Israel Deaconess Medical Center. 

2.2. Liquid Diet Preference Assays 

 Mice were provided with ad libitum access to standard lab chow (Formulab Diet 5008 – 

LabDiet, St. Louis, MO) and two drinking bottles – one containing water and the other 

containing the experimental sugar solution – for indicated durations.  Sweetened solutions were 

formulated using autoclaved water and either fructose, glucose, sucrose, or saccharin (F0127, 

G8270, S0389, and 109185 – Sigma-Aldrich, St. Louis, MO).  Liquids were contained in chew-

proof and drip-resistant drinking bottles (100079433 – Kaytee, Chilton, WI; 61581 – Hagen, 

Mansfield, MA), and these bottles were mounted in a secure location that prevented them from 

being tipped over or moved within the cage.  Liquid intake was measured daily with a tabletop 

scale (to the closest 0.1g) and converted to volumetric units for analysis based on the measured 

density of the individual solutions.  The positions of the two bottles within the cage were 

interchanged daily during liquid intake measurements to prevent a bottle-place preference from 

confounding sugar preference results. 
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2.3. Peripheral FGF21 Infusions 

 To prepare the mice for surgery, each mouse was anesthetized with vaporized isoflurane 

and the surgical area was shaved and cleaned with an alcohol swab and a povidone-iodine 

solution.  A small incision was made on the back of each mouse, and an osmotic minipump 

(Alzet Model 1002 – Durect Corporation, Cupertino, CA) was implanted in the back 

subcutaneously. Minipumps were filled with a 4.0 μg/μL solution of human FGF21 (gift of Lilly 

Research Laboratories), and exhibited a mean pumping rate of 0.25 μL/hour, resulting in a 

treatment of 24.0 μg of human FGF21 per day for each mouse [25].  Silk sutures were used to 

close the incision after minipump implantation, and mice were given a 60-hour post-operative 

recovery period after which they were used in liquid diet preference assays as described above. 

2.4. Solid Diet Preference Assays 

 Mice were provided with ad libitum access to water and two diets – a control chow diet 

(Formulab Diet 5008 – LabDiet, St. Louis, MO) and an experimental sugar diet – for indicated 

durations.   Experimental diets consisted of 60% fructose, 60% glucose, 60% sucrose, or 45% 

fat/17% sucrose (TD.89247, TD.05256, and TD.06685 – Harlan Teklad, Madison, WI; D12451 – 

Research Diets, New Brunswick, NJ).  Diets were provided in weighted jars with lids, and these 

jars were placed in metal holders that prevented them from being tipped over or moved 

throughout the cage.  Food intake was measured daily using a tabletop scale (to the closest 0.1g) 

and converted to caloric units for analysis based on the chemical composition of each individual 

diet provided by the manufacturer.  The positions of the two jars within the cage were 

interchanged daily during food intake measurements to prevent a jar-place preference from 

confounding sugar preference results. 
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2.5. Statistical Analyses 

 All reported values are provided as group means + SEM.  Statistical significance was 

determined using a Student’s t-test or standard two-way ANOVA, where appropriate, and the 

resulting p values are indicated in the corresponding figure legends.  Analysis tests were 

performed using Microsoft Excel and GraphPad Prism software, and GraphPad Prism was used 

to construct all of the included graphs and figures. 

 

3. Results 

3.1. C57BL/6J Mice Exhibit Distinct Sugar Preferences. 

 In order to establish baseline sugar preference levels in mice with normal FGF21 

physiology, we conducted preliminary liquid preference assays on experimentally naïve cohorts 

of C57BL/6J male mice.  These wild-type mice (WT) demonstrated a significant preference for 

fructose solutions over water, even for concentrations as low as 2.5% (Figure 1A).  Their total 

fructose intake increased with the concentration of the solution, and their preference for it over 

water increased as well.   Using a similar experimental paradigm and fresh cohorts of wild-type 

mice, we then tested preference for glucose (Figure 1B) and sucrose (Figure 1C).  In both cases, 

mice preferred the sugar solutions over water, and this preference increased as the sugar 

concentration increased.  Furthermore, WT mice consume more sucrose and glucose than they 

do fructose at equivalent concentrations.  Although WT mice prefer all three of these sugar 

solutions over water, their consumption of the solutions does differ based on sugar provided, and 

these differences suggest that the physiological response to the individual sugars may differ as 

well. 
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3.2. FGF21 overexpression suppresses liquid fructose preference. 

 We next examined the influence of FGF21 on sugar preference using FGF21 OE mice.  

Mice were provided with a choice between water and a sweetened solution of either 10% 

fructose, 10% glucose, or 10% sucrose. In contrast to WT mice, which showed a five-fold 

preference for fructose over water (Figure 2A), FGF21 OEs significantly preferred water, with 

fructose comprising only 30% of their total liquid intake. 

As noted with fructose solutions, WT animals also had strong preferences for the 10% 

glucose and 10% sucrose solutions, consuming approximately six times as much of the sugar 

solutions as water (Figures 2B-2C). FGF21 OEs significantly preferred glucose or sucrose over 

water as well, although the preference ratio was lower (3:1) than their WT counterparts (6:1).  To 

determine if these effects are exclusive to nutritive sweeteners, we also exposed the mice to a 

0.2% solution of saccharin.  When given the choice between the 0.2% saccharin and water, both 

WT and FGF21 OE mice alike consume equivalent amounts of the two solutions (Figure 2D).   

 To examine the effect of FGF21 deletion on a potential analogous increase in fructose 

preference, we evaluated liquid preference in FGF21 KO mice. A new cohort of WT controls 

had significant preferences for all four sweetened solutions over water, while mice lacking 

FGF21 displayed a preference phenotype that was similar to WT animals (Figures 3A-D).  Both 

genotypes consumed twice the amount of glucose and sucrose than they did fructose, and this 

difference is exacerbated even further to a three-fold change in consumption with saccharin 

(Figures 3B+3C vs. Figures 3A+3D), which suggests a possible affinity for certain types of 

sweetness over others.  Furthermore, FGF21 KOs and WT controls consume almost identical 

amounts of liquid throughout these experiments, unlike their FGF21 OE counterparts.  For 

example, both FGF21 KOs and WTs consume 0.6 mL/g of 10% glucose and 10% sucrose, while 
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only consuming 0.05 mL/g of water during each experiment (Figures 3B-3C).  This relationship 

persists for fructose and saccharin, although total liquid consumption for these sweeteners is 

much lower (0.2-0.3 mL/g for saccharin and fructose vs. 0.6 mL/g for glucose and sucrose).  

Despite these sugar-specific differences in overall feeding behavior, preference for each of the 

sweetened solutions over water remains the same between genotypes, indicating that the absence 

of FGF21 signaling has no effect on mouse preference for liquid sugar solutions. 

3.3. KLB in the CNS mediates the effect of FGF21. 

 Since taste is a complex phenomenon, mediated by complex neuronal circuitry 

throughout the CNS [reviewed in 26], we sought to define a potential site of action for the effects 

of FGF21 on fructose preference. As such, we examined the sugar preferences of mice lacking 

KLB expression in their CNS (BS-KLB KO).  As noted in mice lacking systemic FGF21 

expression, BS-KLB KOs had no phenotype when compared to control mice. Both BS-KLB 

KOs and their KLB
flx/flx

 littermates displayed the same strong preferences for the 10% fructose, 

10% glucose, and 10% sucrose solutions over water (Figure 3E-3G). Since the sugar-to-water 

preferences were similar in FGF21 KOs, BS-KLB KOs, and WT animals, it appears that the 

absence of FGF21 in otherwise healthy animals has no effect on sweet preference regardless of 

the sweeter used. 

We next evaluated the effect of central KLB expression on the ability of exogenous, 

pharmacologic FGF21 to suppress sugar preference by treating mice with the hormone via 

osmotic minipumps. Prior to FGF21 infusions, the mice behaved exactly as they had during the 

original fructose preference assay (Figure 3E), with both KLB
flx/flx

 controls and BS-KLB KOs 

exhibiting a strong preference for the 10% fructose solution over water (Figure 4A).  At this 

point, fructose comprised 85-90% of the total liquid intake for each group.   
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With FGF21 treatment, the liquid intake of the BS-KLB KO mice remained unchanged, 

with fructose still comprising almost 90% of their total intake (Figure 4B).  In contrast, KLB
flx/flx

 

mice no longer exhibited a significant preference for the fructose solution over water, and their 

proportional fructose consumption declined to only 70% of their total liquid intake.  These mice 

drank significantly less fructose than their BS-KLB KO counterparts, and their sugar-to-water 

preference ratio was five times smaller.  Since FGF21 administration can suppress fructose 

preference in control mice, but not BS-KLB KOs, its effects on fructose preference must be 

mediated through the brain. Finally, we examined how these FGF21 infusions would impact 

glucose preference, and we found that both KLB
flx/flx

 controls and BS-KLB KOs alike strongly 

prefer the 10% glucose solution over water (Figure 4C).  While the BS-KLB KO mice did drink 

significantly more glucose than their control littermates, both cohorts consumed similar amounts 

of water, and this water comprised a negligible portion of their total liquid intake.  The primary 

effects of FGF21 on sugar preference appear to be fructose-specific, and KLB expression in the 

brain appears to be a necessary component of this regulatory process. 

3.4. FGF21 overexpression suppresses fructose preference for solid sugar diets. 

 We then evaluated the effect of FGF21 on preference for sugar sweetened diets, using 

fresh mouse cohorts. When given the choice between chow and a 60% fructose diet, WT mice 

appear to be indifferent, consuming equivalent amounts of the two diets (Figure 5A).  In contrast, 

FGF21 OEs ate chow almost exclusively, deriving only 7.5% of their total caloric intake from 

the high-fructose diet.  While indifferent to fructose, WT animals displayed a strong preference 

for the 60% glucose and 60% sucrose diets, eating twice as much of the sugar enriched diets as 

they do chow (Figures 5B-5C).  FGF21 OEs, on the other hand, preferred chow over glucose 

with a 3:1 ratio, but consumed similar amounts of chow and sucrose.  Finally, we exposed the 
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mice to a diet enriched in both fat and sugar that is commonly used as an obesogenic diet (45% 

fat, 17% sucrose).  Both control mice and FGF21 OEs significantly preferred it, obtaining more 

than 85% of their daily caloric intake from this 45% fat diet (Figure 5D). 

 Extending our studies to mice lacking FGF21, we repeated these solid preference assays 

in new cohorts of FGF21 KO mice. WT controls showed a slight, yet insignificant preference for 

chow over the fructose diet, and FGF21 KOs extended this preference to statistical significance 

(Figure 6A).  Although FGF21 KOs and OEs both exhibited a significant preference for chow 

over fructose, the extent of this preference was much larger in the FGF21 OEs (Figure 5A vs. 

Figure 6A).  Specifically, FGF21 OEs consumed chow over fructose at a 12:1 ratio, while this 

preference was reduced to a low 2:1 ratio in FGF21 KOs.  WT mice consumed approximately 

twice as much of the glucose and sucrose diets as they did chow, yet FGF21 KOs ate similar 

amounts of all three diets (Figures 6B-6C).  Preference for these sweetened diets was lost with 

genetic ablation of FGF21, but we did not see the same degree of active preference suppression 

that we observed with the FGF21 OEs exposed to liquid and solid fructose diets.  We used the 

45% fat diet as a control for these experiments as well, and both groups of mice consumed the 

fat-enriched diet over chow with strong preferences, obtaining more than 85% of their total 

caloric intake from it (Figure 6D), just like the FGF21 OEs (Figure 5D).  Unlike the FGF21 OEs, 

however, there was no difference in daily or total calorie intake between the two groups of mice. 

 Contrary to our findings with liquid sugar solutions, the solid diet preferences of BS-KLB 

KO mice diverged from their FGF21 KO counterparts.  BS-KLB KOs exhibited no preference 

for the 60% fructose diet over chow, while KLB
flx/flx

 mice consumed twice as much fructose as 

they did chow (Figure 6E).  BS-KLB KO mice preferred the 60% glucose and 60% sucrose diets 

over chow, obtaining more than 70% of their total caloric intake from the high sugar diets, unlike 
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their control littermates, who displayed no significant preference for one diet over the other 

(Figures 6F-6G).  While the sugar preferences of BS-KLB KO and FGF21 KO mice do vary 

when exposed to solid diets, there is still no robust phenotype as the one observed with FGF21 

OEs exposed to the fructose diet, suggesting that FGF21 is not responsible for the minor 

preference fluctuations that occurred throughout these genetic deletion experiments. 

 

4. Discussion 

 FGF21 is regulated by multiple nutritional challenges including fructose which, when 

administered orally, induces a robust response in both mice and humans [21,24], suggesting that 

the hormone could play a key role in the metabolism of carbohydrates.  Previous reports 

suggested that FGF21 might also regulate sugar preference and showed that high FGF21 was 

associated with a relative distaste for sugars, while deletion of FGF21 led to increased sweet 

preference [27–29].  

When we evaluated sweet preference, using both sugar solutions and sweetened solid 

food, we found significantly more complex responses. When sugars were offered as a liquid, we 

found that mice lacking FGF21 had the same behavioral preference as that seen in control mice, 

opting for sugar sweetened solutions when presented with a binary choice of sugar versus water. 

When we tested sweet preference in mice lacking the co-receptor for FGF21 in the brain, KLB, 

which precludes FGF21 signaling [30–32], we found that as predicted, these mice had the same 

phenotype as mice with systemic FGF21 deletion.  

Similar to what has been previously reported [27,28], mice overexpressing FGF21 

demonstrated a distinct preference for water over fructose. However, we found these mice prefer 

glucose and sucrose solutions over water, contrary to what has been previously reported. We also 
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found that FGF21 OE mice had equal interest in drinking solutions with the non-nutritive 

sweetener saccharin compared to water.  When we treated control mice with exogenous FGF21, 

we found that fructose consumption decreased, while this effect was not seen in mice lacking 

brain KLB receptors.   

 Taste preference is a complex process that integrates events in the oral cavity, signals 

from the intestine, and events in the hypothalamus. It is not unexpected that the preference for 

solid sweetened diets containing either fructose, glucose, or sucrose did not entirely parallel the 

results with sweetened liquid solutions. While wild-type animals preferred sweetened solutions 

across the board, the results with solid diets were not as consistent. Wild-type mice did not have 

a distinct preference for high fructose diets, although they tended to prefer high glucose diets 

compared to chow.  Mice overexpressing FGF21 had significant distaste for high fructose diets, 

and they preferred chow to high glucose diets as well. Although FGF21 has a small effect on the 

preferential intake of sugars other than fructose, the effects are dependent on whether it is offered 

as a solution or as a sweetened diet. 

These results are in direct contrast to previous reports that found a preference for 

carbohydrate-enriched diets in mice lacking FGF21, and also reported that genetic 

overexpression led to an across-the-board suppression of preference for all sweets [28]. Similar 

results were reported by another group who found an equivalent decrease in sucrose preference 

in FGF21 overexpressing mice [27]. In addition, they reported that FGF21 treatment in monkeys 

also decreased sweet preference, although their experiments were limited to testing preference 

for an artificial dietary sweetener (saccharin) rather than a dietary sugar. KLB expression is 

necessary for the regulation of sugar preferences, as reported in all of these studies. 
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Differences in results may stem from housing in different facilities or subtle differences 

in the experimental protocol. However, our finding of little to no effect of FGF21 deficiency on 

taste preference is consistent with previous findings showing little effect of FGF21 deficiency on 

systemic pathophysiology under baseline conditions of standard chow and housing. Effects are 

only observed when FGF21 KO mice are challenged by specific pertubations, for example 

exposure to cold [25]. Pathology can also be induced when mice are challenged with 

lipodystrophic diets or long term consumption of an obesogenic diet [11–13]. However, in the 

absence of a specific environmental or dietary challenge, they appear remarkably normal.  

Fructose induces FGF21 dramatically in both humans and mice and plays a role in 

fructose metabolism [21,24]. FGF21 is also induced by sucrose [29], which consisting of 

fructose and glucose, produces a dimmer response than fructose alone. Thus, it might be 

expected that in the absence of FGF21, when high fructose has adverse effects on the liver [21],  

mice could display a relative aversion to fructose and sucrose. However, both our data and data 

from other groups indicate that aversion is seen consistently and exclusively in FGF21-

overexpressing mice [27,28]. While other reports suggest that it is a universal sweet taste 

aversion, we only observed aversion to fructose. In contrast, FGF21 KO mice, despite the fact 

that they develop significant pathology when consuming a high fructose diet [21], showed no 

different preference for drinking fructose compared to WT animals. 

 While high levels of FGF21 lead to a dislike of fructose solutions, the absence of FGF21 

does not have a reciprocal effect.  Instead, FGF21’s effects on fructose ingestion appear to be 

unidirectional in nature with regard to drinking.  This is also the case for alcohol consumption, 

which dramatically induces FGF21 in both mice and humans [22]. While excess FGF21 creates 

aversion to alcohol, the absence of FGF21 in mice has no effect on consumption.   
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Our findings suggest that the increase of FGF21 with fructose may be an adaptive 

metabolic response [21].  In addition to driving metabolism of fructose, the increase in FGF21 

may suppress additional ingestion of this sugar.  Gustatory sweet preference is directly 

associated with  intake of sweet food [33], so increasing FGF21 in response to consumption may 

play a role in this preference.  This would also explain why the absence of FGF21 has no effect 

on fructose preference, as an increase over baseline is necessary for a behavioral effect  [34,35].   

 Although our results indicate that FGF21 regulates fructose metabolism by balancing 

voluntary consumption of the carbohydrate, the exact mechanism it uses to achieve this 

equilibrium remains unclear.  Since FGF21 moderates fructose intake by reducing preference for 

the sugar, the hormone could influence feeding behavior by altering the short-term desirability of 

the nutrient.  Altering the desirability of a particular stimulus suggests that changes are being 

made to the neurological reward pathways associated with the stimulus, but FGF21 is not 

produced in  the CNS [36].  Rather, the liver serves as the major organ contributing to circulating 

levels of FGF21 [2], and is also the major organ to metabolize fructose [37].  Because circulating 

FGF21 can access the brain, it is plausible that the effects on fructose consumption initiate as yet 

undefined neurochemical reward pathways.  This is consistent with the finding that infusion of 

FGF21 peripherally only leads to fructose distaste in WT mice, and that this effect is absent 

when FGF21 cannot signal in the brain, as in BS-KLB KO mice.  As such, our results clearly 

indicate that FGF21 regulates fructose consumption in a neuroendocrine fashion, promoting 

healthy macronutritional intake of this specific carbohydrate and providing a potential 

therapeutic target for sugar-related metabolic diseases. 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2020. ; https://doi.org/10.1101/2020.01.27.921361doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.921361
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

 

5. Disclosures 

EMF has consulted for Novo/Nordisk on a one-time basis regarding FGF21.  The remaining 

authors declare no competing interests. 

Funding Sources 

This work was supported by the National Institutes of Health (grant R01 DK028082). 

Acknowledgements 

The authors would like to thank Lilly Research Laboratories for providing the FGF21 OE and 

FGF21 KO mouse lines used throughout these experiments, as well as Steven Kliewer at the 

University of Texas Southwestern Medical Center for providing the KLB flox-flox mouse line.  

We are also grateful for the recombinant FGF21 Lilly has provided under a materials transfer 

agreement. 

 

6. References 

[1] T. Nishimura, Y. Nakatake, M. Konishi, N. Itoh, Identification of a novel FGF, FGF-21, 

preferentially expressed in the liver, Biochim. Biophys. Acta - Gene Struct. Expr. 1492 

(2000) 203–206. doi:10.1016/S0167-4781(00)00067-1. 

[2] K.R. Markan, M.C. Naber, M.K. Ameka, M.D. Anderegg, D.J. Mangelsdorf, S.A. 

Kliewer, M. Mohammadi, M.J. Potthoff, Circulating FGF21 is liver derived and enhances 

glucose uptake during refeeding and overfeeding, Diabetes. (2014). doi:10.2337/db14-

0595. 

[3] C.L. Johnson, J.Y. Weston, S.A. Chadi, E.N. Fazio, M.W. Huff, A. Kharitonenkov, A. 

Köester, C.L. Pin, Fibroblast Growth Factor 21 Reduces the Severity of Cerulein-Induced 

Pancreatitis in Mice, Gastroenterology. 137 (2009) 1795–1804. 

doi:10.1053/j.gastro.2009.07.064. 

[4] W. Wente, A.M. Efanov, M. Brenner, A. Kharitonenkov, A. Koster, G.E. Sandusky, S. 

Sewing, I. Treinies, H. Zitzer, J. Gromada, Fibroblast growth factor-21 improves 

pancreatic beta-cell function and survival by activation of extracellular signal-regulated 

kinase 1/2 and Akt signaling pathways, Diabetes. 55 (2006) 2470–2478. 

doi:10.2337/db05-1435. 

[5] Y. Izumiya, H.A. Bina, N. Ouchi, Y. Akasaki, A. Kharitonenkov, K. Walsh, FGF21 is an 

Akt-regulated myokine, FEBS Lett. 582 (2008) 3805–3810. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2020. ; https://doi.org/10.1101/2020.01.27.921361doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.921361
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

 

doi:10.1016/j.febslet.2008.10.021. 

[6] P. Hojman, M. Pedersen, A.R. Nielsen, R. Krogh-Madsen, C. Yfanti, T. Akerstrom, S. 

Nielsen, B.K. Pedersen, Fibroblast growth factor-21 is induced in human skeletal muscles 

by hyperinsulinemia, Diabetes. 58 (2009) 2797–2801. doi:db09-0713 [pii] 10.2337/db09-

0713. 

[7] E.S. Muise, B. Azzolina, D.W. Kuo, M. El-Sherbeini, Y. Tan, X. Yuan, J. Mu, J.R. 

Thompson, J.P. Berger, K.K. Wong, Adipose fibroblast growth factor 21 is up-regulated 

by peroxisome proliferator-activated receptor gamma and altered metabolic states., Mol. 

Pharmacol. 74 (2008) 403–412. doi:10.1124/mol.108.044826.ponectin. 

[8] J.S. Moyers, T.L. Shiyanova, F. Mehrbod, J.D. Dunbar, T.W. Noblitt, K.A. Otto, A. 

Reifel-Miller, A. Kharitonenkov, Molecular determinants of FGF-21 activity-synergy and 

cross-talk with PPARgamma signaling., J. Cell. Physiol. 210 (2007) 1–6. 

doi:10.1002/jcp.20847. 

[9] M.K. Badman, P. Pissios, A.R. Kennedy, G. Koukos, J.S. Flier, E. Maratos-Flier, Hepatic 

Fibroblast Growth Factor 21 Is Regulated by PPARalpha and Is a Key Mediator of 

Hepatic Lipid Metabolism in Ketotic States, Cell Metab. (2007). 

doi:10.1016/j.cmet.2007.05.002. 

[10] T. Inagaki, P. Dutchak, G. Zhao, X. Ding, L. Gautron, V. Parameswara, Y. Li, R. Goetz, 

M. Mohammadi, V. Esser, J.K. Elmquist, R.D. Gerard, S.C. Burgess, R.E. Hammer, D.J. 

Mangelsdorf, S.A. Kliewer, Endocrine Regulation of the Fasting Response by PPARα-

Mediated Induction of Fibroblast Growth Factor 21, Cell Metab. (2007). 

doi:10.1016/j.cmet.2007.05.003. 

[11] F.M. Fisher, P.C. Chui, I.A. Nasser, Y. Popov, J.C. Cunniff, T. Lundasen, A. 

Kharitonenkov, D. Schuppan, J.S. Flier, E. Maratos-Flier, Fibroblast growth factor 21 

limits lipotoxicity by promoting hepatic fatty acid activation in mice on methionine and 

choline-deficient diets, Gastroenterology. 147 (2014) 1073–1083.e3. 

doi:10.1053/j.gastro.2014.07.044. 

[12] N. Tanaka, S. Takahashi, Y. Zhang, K.W. Krausz, P.B. Smith, A.D. Patterson, F.J. 

Gonzalez, Role of fibroblast growth factor 21 in the early stage of NASH induced by 

methionine-and choline-deficient diet HHS Public Access, Biochim Biophys Acta. 1852 

(2015) 1242–1252. doi:10.1016/j.bbadis.2015.02.012. 

[13] E. Hondares, R. Iglesias, A. Giralt, F.J. Gonzalez, M. Giralt, T. Mampel, F. Villarroya, 

Thermogenic activation induces FGF21 expression and release in brown adipose tissue, J. 

Biol. Chem. 286 (2011) 12983–12990. doi:10.1074/jbc.M110.215889. 

[14] T. Laeger, T.M. Henagan, D.C. Albarado, L.M. Redman, G.A. Bray, R.C. Noland, H. 

Münzberg, S.M. Hutson, T.W. Gettys, M.W. Schwartz, C.D. Morrison, FGF21 is an 

endocrine signal of protein restriction, J. Clin. Invest. 124 (2014) 3913–3922. 

doi:10.1172/JCI74915. 

[15] D. V Chartoumpekis, I.G. Habeos, P.G. Ziros, A.I. Psyrogiannis, V.E. Kyriazopoulou, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2020. ; https://doi.org/10.1101/2020.01.27.921361doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.921361
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

 

A.G. Papavassiliou, Brown adipose tissue responds to cold and adrenergic stimulation by 

induction of FGF21., Mol. Med. 17 (2011) 736–40. doi:10.2119/molmed.2011.00075. 

[16] T. Lundåsen, M.C. Hunt, L.M. Nilsson, S. Sanyal, B. Angelin, S.E.H. Alexson, M. 

Rudling, PPARα is a key regulator of hepatic FGF21, Biochem. Biophys. Res. Commun. 

360 (2007) 437–440. doi:10.1016/j.bbrc.2007.06.068. 

[17] J. Dushay, P.C. Chui, G.S. Gopalakrishnan, M. Varela-Rey, M. Crawley, F.M. Fisher, 

M.K. Badman, M.L. Martinez-Chantar, E. Maratos-Flier, Increased fibroblast growth 

factor 21 in obesity and nonalcoholic fatty liver disease, Gastroenterology. 139 (2010) 

456–463. doi:10.1053/j.gastro.2010.04.054. 

[18] C. Christodoulides, P. Dyson, D. Sprecher, K. Tsintzas, F. Karpe, Circulating fibroblast 

growth factor 21 is induced by peroxisome proliferator-activated receptor agonists but not 

ketosis in man, J. Clin. Endocrinol. Metab. 94 (2009) 3594–3601. doi:10.1210/jc.2009-

0111. 

[19] A.Y. Chu, T. Workalemahu, N.P. Paynter, L.M. Rose, F. Giulianini, T. Tanaka, J.S. 

Ngwa, Q. Qi, G.C. Curhan, E.B. Rimm, D.J. Hunter, L.R. Pasquale, P.M. Ridker, F.B. Hu, 

D.I. Chasman, L. Qi, Novel locus including FGF21 is associated with dietary 

macronutrient intake, Hum. Mol. Genet. (2013). doi:10.1093/hmg/ddt032. 

[20] T. Tanaka, J.S. Ngwa, F.J.A. Van Rooij, M.C. Zillikens, M.K. Wojczynski, A.C. Frazier-

Wood, D.K. Houston, S. Kanoni, R.N. Lemaitre, J.N.A. Luan, V. Mikkil??, F. Renstrom, 

E. Sonestedt, J.H. Zhao, A.Y. Chu, L. Qi, D.I. Chasman, M.C. De Oliveira Otto, E.J. 

Dhurandhar, M.F. Feitosa, I. Johansson, K.T. Khaw, K.K. Lohman, A. Manichaikul, N.M. 

McKeown, D. Mozaffarian, A. Singleton, K. Stirrups, J. Viikari, Z. Ye, S. Bandinelli, I. 

Barroso, P. Deloukas, N.G. Forouhi, A. Hofman, Y. Liu, L.P. Lyytik??inen, K.E. North, 

M. Dimitriou, G. Hallmans, M. K??h??nen, C. Langenberg, J.M. Ordovas, A.G. 

Uitterlinden, F.B. Hu, I.P. Kalafati, O. Raitakari, O.H. Franco, A. Johnson, V. Emilsson, 

J.A. Schrack, R.D. Semba, D.S. Siscovick, D.K. Arnett, I.B. Borecki, P.W. Franks, S.B. 

Kritchevsky, T.L.R.J.F. Loos, M. Orho-Melander, J.I. Rotter, N.J. Wareham, J.C.M. 

Witteman, L. Ferrucci, G. Dedoussis, L.A. Cupples, J.A. Nettleton, Genome-wide meta-

analysis of observational studies shows common genetic variants associated with 

macronutrient intake, Am. J. Clin. Nutr. (2013). doi:10.3945/ajcn.112.052183. 

[21]  ffolliott M. Fisher, M.S. Kim, L. Doridot, J.C. Cunniff, T.S. Parker, D.M. Levine, M.K. 

Hellerstein, L.C. Hudgins, E. Maratos-Flier, M.A. Herman, A critical role for ChREBP-

mediated FGF21 secretion in hepatic fructose metabolism, Mol. Metab. 6 (2017) 14–21. 

doi:10.1016/j.molmet.2016.11.008. 

[22] B.N. Desai, G. Singhal, M. Watanabe, D. Stevanovic, T. Lundasen,  ffolliott M. Fisher, 

M.L. Mather, H.G. Vardeh, N. Douris, A.C. Adams, I.A. Nasser, G.A. FitzGerald, J.S. 

Flier, C. Skarke, E. Maratos-Flier, Fibroblast growth factor 21 (FGF21) is robustly 

induced by ethanol and has a protective role in ethanol associated liver injury, Mol. 

Metab. 6 (2017) 1395–1406. doi:10.1016/j.molmet.2017.08.004. 

[23] C. Zhao, Y. Liu, J. Xiao, L. Liu, S. Chen, M. Mohammadi, C.J. McClain, X. Li, W. Feng, 

FGF21 mediates alcohol-induced adipose tissue lipolysis by activation of systemic release 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2020. ; https://doi.org/10.1101/2020.01.27.921361doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.921361
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

 

of catecholamine in mice, J. Lipid Res. (2015). doi:10.1194/jlr.M058610. 

[24] J.R. Dushay, E. Toschi, E.K. Mitten, F.M. Fisher, M.A. Herman, E. Maratos-Flier, 

Fructose ingestion acutely stimulates circulating FGF21 levels in humans, Mol. Metab. 

(2015). doi:10.1016/j.molmet.2014.09.008. 

[25] F.F. Fisher, S. Kleiner, N. Douris, E.C. Fox, R.J. Mepani, F. Verdeguer, J. Wu, A. 

Kharitonenkov, J.S. Flier, E. Maratos-Flier, B.M. Spiegelman, FGF21 regulates PGC-1α 

and browning of white adipose tissues in adaptive thermogenesis, Genes Dev. 26 (2012) 

271–281. doi:10.1101/gad.177857.111. 

[26] A. Lee, C. Owyang, Sugars, Sweet Taste Receptors, and Brain Responses, Nutrients. 9 

(2017) 653. doi:10.3390/nu9070653. 

[27] S. Talukdar, B.M. Owen, P. Song, G. Hernandez, Y. Zhang, Y. Zhou, W.T. Scott, B. 

Paratala, T. Turner, A. Smith, B. Bernardo, C.P. M??ller, H. Tang, D.J. Mangelsdorf, B. 

Goodwin, S.A. Kliewer, FGF21 regulates sweet and alcohol preference, Cell Metab. 

(2016). doi:10.1016/j.cmet.2015.12.008. 

[28] S. Von Holstein-Rathlou, L.D. Bondurant, L. Peltekian, M.C. Naber, T.C. Yin, K.E. 

Claflin, A.I. Urizar, A.N. Madsen, C. Ratner, B. Holst, K. Karstoft, A. Vandenbeuch, C.B. 

Anderson, M.D. Cassell, A.P. Thompson, T.P. Solomon, K. Rahmouni, S.C. Kinnamon, 

A.A. Pieper, M.P. Gillum, M.J. Potthoff, FGF21 mediates endocrine control of simple 

sugar intake and sweet taste preference by the liver, Cell Metab. (2016). 

doi:10.1016/j.cmet.2015.12.003. 

[29] S. Søberg, C.H. Sandholt, N.Z. Jespersen, U. Toft, A.L. Madsen, S. von Holstein-Rathlou, 

T.J. Grevengoed, K.B. Christensen, W.L.P. Bredie, M.J. Potthoff, T.P.J. Solomon, C. 

Scheele, A. Linneberg, T. Jørgensen, O. Pedersen, T. Hansen, M.P. Gillum, N. Grarup, 

FGF21 Is a Sugar-Induced Hormone Associated with Sweet Intake and Preference in 

Humans, Cell Metab. (2017). doi:10.1016/j.cmet.2017.04.009. 

[30] X. Ding, J. Boney-Montoya, B.M. Owen, A.L. Bookout, K.C. Coate, D.J. Mangelsdorf, 

S.A. Kliewer, βKlotho Is Required for Fibroblast Growth Factor 21 Effects on Growth 

and Metabolism, Cell Metab. (2012). doi:10.1016/j.cmet.2012.08.002. 

[31] A.L. Bookout, M.H.M. de Groot, B.M. Owen, S. Lee, L. Gautron, H.L. Lawrence, X. 

Ding, J.K. Elmquist, J.S. Takahashi, D.J. Mangelsdorf, S.A. Kliewer, FGF21 regulates 

metabolism and circadian behavior by acting on the nervous system, Nat. Med. (2013). 

doi:10.1038/nm.3249. 

[32] B.M. Owen, A.L. Bookout, X. Ding, V.Y. Lin, S.D. Atkin, L. Gautron, S.A. Kliewer, D.J. 

Mangelsdorf, FGF21 contributes to neuroendocrine control of female reproduction, Nat. 

Med. (2013). doi:10.1038/nm.3250. 

[33] S.N. Jayasinghe, R. Kruger, D.C.I. Walsh, G. Cao, S. Rivers, M. Richter, B.H. Breier, Is 

sweet taste perception associated with sweet food liking and intake?, Nutrients. (2017). 

doi:10.3390/nu9070750. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2020. ; https://doi.org/10.1101/2020.01.27.921361doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.921361
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

 

[34] S. Cicerale, L.J. Riddell, R.S.J. Keast, The association between perceived sweetness 

intensity and dietary intake in young adults., J. Food Sci. (2012). doi:10.1111/j.1750-

3841.2011.02473.x. 

[35] J.Y.Q. Low, K.E. Lacy, R. McBride, R.S.J. Keast, The association between sweet taste 

function, anthropometry, and dietary intake in adults, Nutrients. (2016). 

doi:10.3390/nu8040241. 

[36] K. Fon Tacer, A.L. Bookout, X. Ding, H. Kurosu, G.B. John, L. Wang, R. Goetz, M. 

Mohammadi, M. Kuro-o, D.J. Mangelsdorf, S.A. Kliewer, Research Resource: 

Comprehensive Expression Atlas of the Fibroblast Growth Factor System in Adult Mouse, 

Mol. Endocrinol. (2010). doi:10.1210/me.2010-0142. 

[37] C. Tran, D. Jacot-Descombes, V. Lecoultre, B.A. Fielding, G. Carrel, K.-A. Lê, P. 

Schneiter, M. Bortolotti, K.N. Frayn, L. Tappy, Sex differences in lipid and glucose 

kinetics after ingestion of an acute oral fructose load, Br. J. Nutr. (2010). 

doi:10.1017/S000711451000190X. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2020. ; https://doi.org/10.1101/2020.01.27.921361doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.921361
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

 

 

Figure 1: C57BL/6J mice exhibit distinct preferences for sugar solutions.  A  Mice 

significantly prefer fructose solutions of varying concentration (light gray) over water (black).  

Both their total intake of the fructose solution, and their preference for it over water, increase 

with the concentration of the solution.  B-C  These mice also prefer glucose (B – medium gray) 

and sucrose (C – dark gray) solutions over water, and consumption of these solutions increases 

with concentration as well.  This consumption increases at a much sharper rate than it does for 

fructose, and mice consume more glucose and sucrose than they do fructose for equivalent 

concentrations.  Values represent group means + SEM, with n = 6-10 males for each round of 

experiments.  Significance is indicated by asterisks with *** p < 0.001. 
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Figure 2:  Transgenic overexpression of FGF21 suppresses preference for liquid fructose 

solutions.  A  When given the choice between water (black) and a 10% fructose solution (light 

gray), WT controls display a significant preference for the fructose solution, while FGF21 OEs 

prefer water instead.  B-C  In contrast, both WT and FGF21 OE mice strongly prefer 10% 

glucose (B – medium gray) and 10% sucrose (C – dark gray), consuming significantly more of 

the sugar solutions than water.  D  When provided with a solution of 0.2% saccharin (white), 

WTs and FGF21 OEs drink equivalent amounts of the artificial sweetener and water, exhibiting 

no preference for one solution over the other.   Values represent group means + SEM, with n = 6 

males for each round of experiments.  Significance is indicated by asterisks with * p < 0.05, ** p 

< 0.01, and *** p < 0.001.  See Supplementary Figure S1 for daily intake distributions of each 

solution. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 30, 2020. ; https://doi.org/10.1101/2020.01.27.921361doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.27.921361
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

 

 

Figure 3:  Global FGF21 knockout and brain-specific β-klotho knockout have no effect on 

liquid sugar preference.  A-D  WT mice exhibit a significant preference for 10% fructose (A – 

light gray), 10% glucose (B – medium gray), 10% sucrose (C – dark gray), and 0.2% saccharin 

(D – white) over water (black), and this phenotype remains unchanged in FGF21 KOs.  

Additionally, both strains of mice consume larger amounts of glucose and sucrose than they do 

fructose and saccharin (B+C vs. A+D).  E-G  KLB
flx/flx

 and BS-KLB KO mice also prefer 10% 

solutions of fructose (E – light gray), glucose (F – medium gray), and sucrose (G – dark gray) 

over water, and these preferences are nearly identical to those exhibited by FGF21 KOs.   Values 

represent group means + SEM, with n = 6 males for each round of experiments.  Significance is 

indicated by asterisks with *** p < 0.001.  See Supplementary Figures S2-S3 for daily intake 

distributions of each solution. 
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Figure 4: Peripheral FGF21 infusions suppress liquid fructose preference in a brain-

specific, KLB-dependent manner.  A  In the absence of FGF21 infusions (open bars), both 

KLB
flx/flx

 and BS-KLB KO mice exhibit similar preferences for 10% fructose (light gray) over 

water (black).  B  Once FGF21 has been infused into the periphery of these mice (hashed bars), 

the liquid intake of BS-KLB KOs remains unchanged.  In contrast, KLB
flx/flx

 controls no longer 

prefer the fructose solution over water, and they drink significantly less of it than their BS-KLB 

KO counterparts.  C  KLB
flx/flx

 and BS-KLB KO mice both prefer a 10% glucose solution 

(medium gray) over water when receiving peripheral FGF21 infusions, although the BS-KLB 

KOs drink significantly more glucose than their control littermates.  Values represent group 

means + SEM, with n = 6 females for each round of experiments.  Significance is indicated by 

asterisks with *** p < 0.001.  See Supplementary Figure S4 for daily intake distributions of each 

solution. 
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Figure 5: FGF21 overexpression suppresses preference for solid fructose and glucose diets.  
A  When given the choice between chow (black) and a 60% fructose diet (light gray), WT mice 

consume equivalent amounts of the two diets, while FGF21 OEs eat chow almost exclusively.  B  

WTs also prefer the 60% glucose diet (medium gray) over chow, yet FGF21 OE mice display a 

significant preference for chow instead.  C  WT controls consume more of the 60% sucrose diet 

(dark gray) than chow, but they do not exhibit any significant preference for one diet over the 

other.  FGF21 OEs display no dietary preference for sucrose either, consuming equivalent 

amounts of the sugar-enriched diet and chow.  D  Both WT and FGF21 OE mice strongly prefer 

a diet composed of 45% fat (white) over chow.  Significance is indicated by asterisks with * p < 

0.05, ** p < 0.01, and *** p < 0.001.  See Supplementary Figure S5 for daily intake distributions 

of each diet. 
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Figure 6: The effects of global FGF21 knockout and brain-specific β-klotho knockout 

diverge for solid sugar diets.  A  FGF21 KOs display a small preference for chow over 60% 

fructose (light gray), while WT controls do not prefer one diet over the other.  B-C  FGF21 KO 

mice show no preference for either 60% glucose (B – medium gray) or 60% sucrose (C – dark 

gray) over chow, unlike their WT counterparts, who prefer the sugary diets.  D  Control and 

FGF21 KO mice alike significantly prefer the 45% fat diet over chow.  E  KLB
flx/flx

 mice prefer a 

60% fructose diet (light gray) over chow, but this preference is eliminated in BS-KLB KOs, who 

consume similar amounts of the two diets.  F-G  In contrast, BS-KLB KO mice prefer the 60% 

glucose (F – light gray) and 60% sucrose (G – dark gray) diets over chow, while their control 

counterparts display no significant preferences.  Values represent group means + SEM, with n = 

6 males for each round of experiments.  Significance is indicated by asterisks with * p < 0.05, ** 

p < 0.01, and *** p < 0.001.  See Supplementary Figures S6-S7 for daily intake distributions of 

each diet. 
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