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SUMMARY

The liver is an important integrator of nutrient metabolism, yet no liver-derived factors regulating
nutrient preference or carbohydrate appetite have been identified. Here we show that the liver
regulates carbohydrate intake through production of the hepatokine fibroblast growth factor 21
(FGF21), which markedly suppresses consumption of simple sugars, but not complex
carbohydrates, proteins, or lipids. Genetic loss of FGF21 in mice increases sucrose consumption,
whereas acute administration or overexpression of FGF21 suppresses the intake of both sugar and
non-caloric sweeteners. FGF21 does not affect chorda tympani nerve responses to sweet tastants,
instead reducing sweet-seeking behavior and meal size via neurons in the hypothalamus. This
liver-to-brain hormonal axis likely represents a negative feedback loop as hepatic FGF21
production is elevated by sucrose ingestion. We conclude that the liver functions to regulate
macronutrient-specific intake by producing an endocrine satiety signal which acts centrally to
suppress the intake of “sweets.”
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INTRODUCTION

The recent surge in obesity prevalence has been greatly influenced by food intake and diet
composition. Energy from food comes in three macronutrient forms: fat, protein, and
carbohydrate. Over the past 50 years, excessive consumption of carbohydrate in the U.S. has
been linked with metabolic disease (Imamura et al., 2015; Johnson et al., 2009). Although
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there is abundant physiological evidence for independent appetites for fats, carbohydrates,
proteins and micronutrients in diverse taxa (Simpson et al., 2015), the molecular
mechanisms that determine appetite for specific nutrients are largely unknown (Morrison
and Laeger, 2015). Carbohydrates represent a major source of food energy for many animal
species and are needed to maintain cellular and physiological function. The ingestion of
fuels that are readily oxidized or stored as energy would therefore be “rewarding” to an
organism. Multiple reward layers, including oral and post-ingestive mechanisms, function to
regulate sugar preference and appetite (Drewnowski et al., 2012; lvan, 2011). While
identification of the sweet taste receptors TIR2/T1R3 has provided important insight into
the oral signaling elements that mediate the gustatory response to sweets (Damak et al.,
2003), the post-ingestive mechanisms regulating carbohydrate intake are not well
understood.

It was first proposed in the 1960's that the liver functions to regulate food intake and
carbohydrate preference. The so-called “hepatostatic theory” postulated that hepatic signals
from the liver provide information about carbohydrate reserves (Russek, 1963, 1970). Since
then multiple groups have confirmed and expanded on the role of the liver in carbohydrate
preference and food intake (reviewed in (lvan, 2011)). Although carbohydrate is an
important fuel source, excessive carbohydrate consumption can lead to hepatic toxicity and
numerous other chronic diseases including obesity and diabetes (Imamura et al., 2015).
Therefore, just as there are mechanisms to promote carbohydrate intake, mechanisms likely
exist to reduce carbohydrate intake to prevent the negative effects of excessive carbohydrate
consumption.

Fibroblast growth factor 21 (FGF21) is an endocrine hormone that regulates energy
homeostasis (Markan and Potthoff, 2015). Single-nucleotide polymorphisms in the human
FGF21 gene were recently associated with changes in macronutrient intake (i.e., the
percentage of diet derived from carbohydrate, fat, or protein) (Chu et al., 2013; Tanaka et
al., 2013). In one study, a variant (rs838145) in the region that includes the FGF21 gene was
associated with increased carbohydrate intake (Tanaka et al., 2013). A separate human
GWAS study identified a synonymous single nucleotide polymorphism (SNP), rs838133, in
the first exon of FGF21 as being associated with decreased protein intake and higher
carbohydrate intake (Chu et al., 2013). Here we show that FGF21 is induced in the liver in
response to high carbohydrate levels and enters circulation where it signals to the brain to
suppress carbohydrate intake, thereby completing a negative feedback loop. FGF21
heterozygous and knockout mice exhibit an increased preference for carbohydrates
compared to wild-type littermates, whereas genetic or pharmacological elevation of FGF21
levels suppresses the intake of both simple sugars and non-caloric sweeteners, but not lipids
or protein. Together, our data demonstrate a post-ingestive mechanism regulating
macronutrient-specific intake.

RESULTS AND DISCUSSION

Loss of FGF21 Increases Sugar Preference

To test the hypothesis that FGF21 regulates macronutrient preference, we first evaluated
food preference in mice lacking FGF21. When given free choice between a standard chow
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diet versus a high-sucrose diet (HSD), both FGF21 heterozygous (HET) and knockout (KO)
mice preferred the high-sucrose diet compared to wild-type (WT) littermates (Fig. 1A).
Despite preferring the HSD 2:1, FGF21 HET and KO mice consumed the same amount of
total energy (Fig. S1A,B), and gained weight at the same rate as WT littermates (Fig. 1B).
To investigate the nutrient-specificity of this phenomenon, WT, FGF21 HET, and FGF21
KO littermates, were studied in a series of two-bottle preference tests, where they were
offered the choice between water and a range of nutritive and non-nutritive tastants.
Consistent with the HSD studies, FGF21 HET and KO mice consumed significantly more
sucrose compared to WT littermates in the two-bottle test (Fig. 1C), despite having similar
body weights (Fig. S1C). FGF21 HET and KO mice also consumed more glucose or
fructose (Fig. 1D,E), and FGF21 KO mice consumed more glucose plus fructose compared
to WT littermates (Fig. S1D). Notably, increased preference was not observed for
polysaccharide (maltodextrin) or lipid (Fig. 1F,G). FGF21 KO mice also did not specifically
prefer a sweet taste, as there was no significant difference in saccharin intake compared to
WT mice (Fig. S1E). Together, these data show that loss of FGF21 increases macronutrient-
specific intake of mono- and disaccharide sugars.

Carbohydrate-mediated Activation of ChREBP Increases FGF21 Production From Liver

Circulating FGF21 levels are low under ad libitum chow fed conditions. Since loss of
FGF21 increased sugar consumption, we hypothesized that FGF21 would be induced in the
liver by sugar ingestion to act as a negative-feedback signal, limiting further sugar intake.
Hepatic and plasma FGF21 levels were assessed in WT C57BI/6 mice fed chow ad libitum
and provided water, 0.2% saccharin, 10% glucose, 10% fructose, or 10% sucrose ad libitum
in a drinking bottle for 24 hours. Hepatic Fgf21 mRNA and plasma FGF21 levels were
markedly induced in mice provided glucose, fructose, and sucrose, but not water or
saccharin (Fig. 2A,B). A time course for this induction revealed that hepatic and plasma
FGF21 levels were significantly increased after 6 hours and continued to increase to reach
maximal levels by 12-24 hours (Fig. 2C,D). Plasma FGF21 levels in mice administered
sucrose for 1 day did not significantly differ from plasma levels of mice administered
FGF21 for 3 days (Fig. S2A). This increase in plasma FGF21 in response to sucrose was
derived from the liver as hepatic and plasma FGF21 levels were completely abolished in
mice lacking FGF21 specifically from the liver (FGF21 LivKO) (Fig. 2E,F). We therefore
assessed whether FGF21 LivKO also demonstrated a preference for HSD. Indeed, FGF21
LivKO preferentially consumed more HSD than WT littermates (Fig. 2G).

To determine whether FGF21 is also induced acutely in humans in response to sugars, we
measured plasma FGF21 in healthy subjects infused with dextrose to maintain steady state
hyperglycemia (90 mg/dL above basal levels) for 0, 2, or 24 hours (Solomon et al., 2012).
Consistent with the mouse studies, plasma FGF21 levels were not significantly increased
after 2 hours of acute hyperglycemia, but were increased three-fold after 24 hours (from 340
pg/ml to 1012 pg/ml) (Fig. 2H). FGF21 levels were also recently shown to be induced in
humans in response to an oral carbohydrate load, although the induction of plasma FGF21
occurred on a different timescale (Dushay et al., 2015). To determine whether FGF21 is
induced in hepatocytes directly by high carbohydrate, we treated HepG2 cells with either
glucose or fructose and found that both significantly increased FGF21 mRNA levels (Fig.
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S2B). The transcription factor carbohydrate response element binding protein (ChREBP) has
been previously shown to regulate FGF21 levels in vitro in response to high carbohydrate
(lizuka et al., 2009; Uebanso et al., 2011), so we next examined whether the induction of
circulating levels of FGF21 in vivo in response to sucrose was mediated by ChREBP. WT
and ChREBP KO mice were provided 10% sucrose for 24 hours and plasma FGF21 levels
were examined. Compared to WT mice, mice lacking ChREBP (Fig. S2C) failed to
significantly induce circulating FGF21 levels in response to sucrose (Fig. 21). Together these
data suggest that sugar ingestion cell-autonomously stimulates FGF21 production in liver
through activation of ChREBP, and that loss of this signal increases sugar consumption.

FGF21 Suppresses the Intake of Simple Sugars

Using gain-of-function models, we next examined the consequence of FGF21 induction in
vivo. WT and FGF21 transgenic (TG) mice, which have constitutively high circulating
FGF21 levels (Fig. S3A), were offered the choice between chow and HSD as described
above. FGF21 transgenic mice preferred chow to HSD, such that the percent preference for
chow and HSD was actually opposite of that for WT littermates (Fig. 3A). This occurred in
the setting of overall increased energy intake in the FGF21 TG mice (Fig. S3B).
Administration of exogenous human FGF21 also dramatically suppressed HSD preference
in lean WT mice (Fig. 3B) without affecting total energy intake (Fig. S3C) or body weight
(Fig. S3D), consistent with pharmacological injections of FGF21 having only minor effects
on body weight in lean mice (Hale et al., 2012). When offered HSD only, FGF21-treated
mice consumed the same amount of HSD as vehicle-treated mice (Fig. S3E), suggesting that
FGF21 functions as a sugar satiety signal contingent on fullness of stomach or some other
signal of repletion. To examine the effect of FGF21 dose on HSD preference, WT mice were
administered various amounts of FGF21 for 3 days prior to HSD exposure, which resulted in
different levels of circulating FGF21 (Fig. S3F). FGF21 suppressed sucrose consumption at
levels as low as 0.3 mg/kg (Fig. 3B), and these data suggest that FGF21's effect on sugar
intake is not mediated by conditioned taste aversion because treatment began before the diet
was presented. However, to directly test whether FGF21 causes taste aversion, we compared
the sweet-appetite reducing properties of FGF21 with lithium chloride (LiCl), which
produces illness. While both LiCl- and FGF21-treated animals consumed less sucralose the
day following the pairing of FGF21 or LiCl injections with presentation of sucralose
solution, only mice administered LiCl exhibited aversion to sucralose following a one week
washout period (Fig. S3G). These results show that conditioned taste aversion is not the
mechanism by which FGF21 reduces sweet appetite in mice.

Consistent with the HSD diet experiments, administration of FGF21 via i.p. injection also
caused a marked decrease in sucrose intake (Figs. 3C and S3H). Similar results were
observed when WT mice were administered vehicle or FGF21 and offered a two-bottle
choice of glucose and water (Fig. S31). Following the treatment period, sucrose intake
returned to near pre-treatment levels, demonstrating that the effect of FGF21 is reversible,
though persistent for a period of days (Fig. 3C).

To determine what nutrient preferences are modified by FGF21, WT mice were implanted
with osmotic minipumps that maintained increased levels of FGF21 or vehicle (Fig. S3J),
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and then offered ad libitum access to different tastant solutions. In the two-bottle test, mice
were given the choice between water and either sucrose, sucralose, lactose, maltose, liposyn,
sodium chloride, casein, quinine, or monosodium glutamate (MSG), of which FGF21
treatment only had an impact on total consumption of the disaccharide sucrose and the non-
nutritive, artificial sweetener sucralose (decreased consumption by 56% and 49%,
respectively) (Fig. S3K). Consistent with these data, FGF21 transgenic mice exhibited an
aversion to the artificial sweetener saccharin, but not intralipid or casein (Fig. S3L-N).
Collectively, these data demonstrate that genetic and pharmacologic increases in FGF21
selectively suppress sugar and other sweet tastant intake.

To further examine sugar and sweet tastant intake in response to FGF21, we analyzed
sucrose and sucralose meal frequency and size in a separate cohort of mice receiving FGF21
via osmotic minipumps. For sucrose, FGF21 administration reduced intake by 59%,
preference by 34%, meal size by 42%, and also reduced the number of approaches to the
sucrose sipper by 48% while increasing the interval between approaches by 52% (Fig. 3D-
H). For sucralose, FGF21 administration reduced intake by 84%, preference by 83%, meal
size by 40%, meal count by 83% and increased meal interval by 259% (Fig. 31-M).
Importantly, these effects of FGF21 on intake occur rapidly, prior to a reduction in body
weight (Fig. 3N,0). Together, these data show that FGF21 regulates both the appetitive and
consummatory components of sweet intake, reducing quantity of sweet-tasting foods
consumed in individual meals as well as motivation to seek out sweet foods.

FGF21 Acts on the Hypothalamus to Suppress Sucrose Preference

Sweet-taste receptor cells in the taste bud are the starting point of a hard-wired neural circuit
that promotes sugar ingestion. FGF21 signals to target tissues through a receptor complex
composed of FGFR1c and the co-receptor -klotho, both of which are required for FGF21
signaling (Adams et al., 2012; Ding et al., 2012). Both Fgfr1c and f-kiotho mRNA were
undetectable in taste epithelium (Fig. S4A), suggesting that FGF21 does not act directly on
the taste bud. Nevertheless, to determine whether FGF21 affects taste, we performed nerve
recordings of the chorda tympani nerve in response to various tastants in WT mice that were
administered either vehicle or FGF21. Importantly, FGF21 did not affect taste responses for
either caloric or non-caloric sweeteners (Fig. 4A,B). We next hypothesized that FGF21
might be suppressing food intake through actions on the central nervous system since
FGF21 has been shown to signal to the nervous system (Bookout et al., 2013). To determine
whether central FGF21 signaling is sufficient to mediate the suppressive effect of FGF21 on
sugar intake, we performed intracerebroventricular (ICV) injections of FGF21 in WT
C57BI/6 mice and assessed sugar preference. Acute ICV injection of FGF21 reduced HSD
preference by 62% (HSD/chow ratio: control = 7.08, FGF21-treated = 2.64; P = 0.0038),
suggesting that FGF21 may act centrally to reduce sugar intake.

The FGF21 receptor complex is expressed in multiple regions of the brain including the
nucleus tractus solitarii (NTS) and the suprachiasmatic nucleus (SCN) (Bookout et al., 2013)
and paraventricular nucleus (PVN) (Liang et al., 2014) of the hypothalamus. To determine
the brain area underlying FGF21-induced suppression of sucrose intake, we impaired FGF21
signaling specifically in the PVVN, SCN, or the hindbrain (NTS). To accomplish this, mice
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with a floxed p-klotho allele (KLB/) received bilateral stereotactic injections of either
AAV-Cre or AAV-GFP specifically into the PVN (PVN KLB KO or WT) or SCN (SCN
KLB KO or WT). To eliminate B-klotho expression from the NTS, we crossed KLB/fl mice
to Phox2b-cre transgenic mice which express Cre-recombinase in this region (Scott et al.,
2011). Notably, reduction of B-klotho expression in the PVN, but not the SCN, impaired
FGF21-mediated suppression of sucrose intake (Fig. 4C). Analysis of f-klotho mRNA
expression in the PVN and SCN from both sets of mice confirmed region-specific reduction
of p-klotho (Fig. 4D). In addition, analysis of Cre mRNA expression in multiple brain
regions confirmed site-specific delivery of Cre to the PVN (Fig. S4B). Similar to the SCN,
loss of p-klotho in the hindbrain (KLBVfl:Phox2b-Cre) gid not impair the suppressive effect of
FGF21 on sugar consumption (Fig. S4C). c-Fos staining of brain slices from WT mice that
were peripherally (i.p.) administered FGF21 also exhibited significantly increased c-Fos
staining in the PVN of the hypothalamus (Fig. 4E,F), consistent with a recent report
observing increased ERK phosphorylation in the PVN in response to FGF21 administration
(Douris et al., 2015). Finally, to examine the physiological significance of FGF21 signaling
to the PVN on carbohydrate intake, we assessed HSD preference in a different cohort of
PVN KLB KO mice and WT controls. Consistent with FGF21 KO mice exhibiting an
increased preference for HSD (Fig. 1A), PVN KLB KO mice demonstrated an approximate
2 fold increase in HSD preference compared to control mice (Fig. 4G). Together, these data
suggest that FGF21 suppresses sugar intake by signaling, at least in part, to the P\/N which
in turn modulates circuits that govern the innate craving and ingestive responses evoked by
sweets.

Our work suggests that specific hormonal signals exist to regulate macronutrient-specific
intake, and demonstrates that the liver, which is uniquely positioned to sense whole body
energy status, also functions as an endocrine regulator of sugar intake. In addition to its role
of increasing excess carbohydrate disposal to peripheral tissues, FGF21 may also function to
suppress carbohydrate intake as plasma glucose levels start to rise during insulin resistance.
These data combined with the human GWAS studies (Chu et al., 2013; Tanaka et al., 2013),
suggest that the regulation of macronutrient intake by FGF21 represents a major
physiological role for this hormone in the fed state. Interestingly, consumption of low
protein diets also increases hepatic and plasma FGF21 levels in humans (Laeger et al.,
2014). Therefore, this hepatic hormonal axis regulating sugar satiety may also be utilized to
promote foraging for other macronutrients and likely interacts with other nutrient cues to
affect feeding. Given the complexity inherent in behavioral studies of diet preference,
additional work will be required to determine whether FGF21 also mediates attraction to
unidentified types of nutrient or dietary constituents that could contribute to the phenotype
reported here. In addition, as the attraction to sweets is mediated by the endogenous opioid
and mesolimbic dopaminergic systems, which are involved in the reinforcing and rewarding
properties of drugs of abuse (Levine et al., 2003), additional work is necessary to determine
whether FGF21 might affect self-administration of other types of rewarding substances. We
anticipate that additional hormonal regulators will be identified which regulate both nutrient-
specific hunger and satiety. These data raise the interesting possibility that molecular
therapies could be developed to treat obesity and type 2 diabetes by qualitatively improving
diet.
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EXPERIMENTAL PROCEDURES

Mouse Studies

All mice including FGF21 total KO mice (Potthoff et al., 2009) on a mixed C57BI/6
background, and FGF21 transgenic (TG) mice (Inagaki et al., 2007), FGF21 LivKO mice
(Markan et al., 2014), ChREBP KO mice (lizuka et al., 2004), KLB/fl mice (Ding et al.,
2012), and Phox2b-Cre mice (Scott et al., 2011) on a pure C57BI/6 background, have been
described. For diet preference studies in KO and TG studies, mice were fed either chow
(Teklad 2920X) or high sucrose diet (HSD; Teklad TD.88122) consisting of 23.2% protein,
73.9% carbohydrate (sucrose, 486.6 g/kg) and 2.8% fat by calorie content ad libitum. For
two-bottle tastant experiments in WT, FGF21 heterozygous, knockout, and transgenic, and
PVN and SCN KLB KO studies, drinking tubes were constructed and test fluids were
presented following the Monell Mouse Taste Phenotyping Project specifications (http://
www.monell.org/MMTPP/), and mice were offered the indicated amount of each test fluid
versus water. Animal experiments were approved by the University of lowa IACUC and/or
the Danish Animal Experiments Inspectorate.

Measurement of FGF21 levels

Mouse FGF21 levels were measured using a commercially available ELISA (Biovendor) in
the indicated mice. Human FGF21 levels were measured in described samples (Solomon et
al., 2012) using a commercially available ELISA (Biovendor).

Administration of Recombinant FGF21

Recombinant FGF21 was generated and provided by Novo Nordisk. For tastant intake/
preference studies of mice receiving exogenous FGF21 via osmotic minipump, wild-type
mice were implanted with subcutaneous radio-frequency identification chips and housed in
groups of four in an HM2 rodent feeding system (MBROSE, Faaborg, Denmark). The HM2
system records feeding or drinking data from two channels at the level of the individual
mouse, based on a chip reading taken when the animal enters the feeding/drinking chamber
(which only holds one animal). In addition, the food hopper or water bottle in each channel
is mounted on a scale so that any spillage is not logged as food or water intake. Mice were
implanted with osmotic minipumps (Alzet) containing recombinant human FGF21 (3
mg/kg/day) or vehicle. Once the infusion began mice were given ad libitum access to water
and a test solution for three days (containing maltose (100mM), lactose (100mM), sucrose
(100mM), liposyn (20%), casein (8%), monosodium glutamate (100mM), quinine (1.5mM),
sodium chloride (0.1%), or sucralose (10mM)). Standard rodent chow was also available ad
libitum throughout this time. For feeding behavior in the HM2 system, a meal starts when
the scale becomes unstable as the mouse touches the water bottle or food hopper. If the scale
is stable for 30 seconds, the system terminates the logging and the intake is defined as a
meal. One meal can contain several bouts as long as they are not separated by more than 30
seconds. Following the last day of the treatment period, blood samples were collected by
cardiac puncture to determine steady-state differences in circulating FGF21 levels between
groups.
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Intracerebroventricular injections were performed as described (Davisson et al., 1998),
where mice received 5 daily injections of 1 pg/mouse FGF21 or artificial cerebrospinal fluid
while being provided chow and HSD.

Stereotactic injections of AAV virus

Stereotactic surgery was performed as previously described (Yang et al., 2006). Using
hamilton microsyringe with small hub removable needle, AAV2/5-GFP and —Cre viruses
(provided by the University of lowa Gene Vector Core) were delivered bilaterally to either
the SCN or PVN.

c-Fos immunohistochemistry

c-Fos immunostaining was performed as described (Fernandes-Santos et al., 2013).

Nerve Recordings of Tastants

Chorda tympani nerve recordings were performed as described (Vandenbeuch et al., 2015).

Gene expression

Two micrograms RNA from each sample were used to generate cDNA and QPCR was
conducted using SYBR green (Invitrogen) as described (Markan et al., 2014). Primer
sequences are listed in supplementary information.

Statistical Methods

Data-set statistics were analyzed using the GraphPad Prism software. The Student's t-test
and one-way ANOVA were used to compare data sets. For multiple comparison correction,
the Benjamini-Hochberg false discovery method was used with Q set to 5%. Data are
represented as the mean + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of FGF21 alters macronutrient-specific intake
(A) High sucrose diet (HSD) preference ratio (g HSD intake/g Chow intake) in 12-13 week

old, male wild-type (WT), FGF21 heterozygous (HET), and FGF21 total knockout (FGF21
KO) littermates (n = 7-8/group). (B) Body weights of mice in (A). (C-G) 16 week old, male
WT, HET, and FGF21 KO littermates were offered a two-bottle choice of different nutrients
(n = 6-14/group; see methods). Fluid intake per day of (C) 10% sucrose, (D) 10% fructose,
(E) 10% glucose, (F) 2% maltodextrin, and (F) 20% intralipid for the indicated mice. Values
are mean +/— SEM. (*, P< 0.05; *** P< 0.005; and #, P<0.001 compared to WT).

Cell Metab. Author manuscript; available in PMC 2017 February 09.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

von Holstein-Rathlou et al. Page 13

>
O
m

W
=}

7 Fgf21 mRNA * © 35 Fgf21 mRNA fuid Fgf21 mRNA
1 164

N
o
1

1.2

PN
a o
rR

0.84

=)
1

Relative mRNA levels
Relative mRNA levels

0.44

o
L

Sk

o
I

Water Sacc Gluc Fruc  Suer WT FQF21

B D Time (hours) F LivKO

351 Plasma FGF21 P { Plasma FGF21 , JPesmaFor2i
34 1.6 1
E 251 £ 121 £ ]
2 2 g | g
5 154 § 084 5 21
S 14 2 1 o
o a 044 a 14
0.54 4 4

o o- 0 s

Water Sacc Gluc Fruc Sucr WT FGF21

Time (hours) LivKO

®
T

Plasma FGF21

3
M-

3.0

k]
& B 2 2 25
85 41 S S 20
S £ 2
5 = e 15
1237 k) 2
oI 29 ° 5 10
a2 o o
% E 0.5
0- 0 0
WT FGF21 0 2 24 Water Sucr Water Sucr
Livko Time (hours) wT ChREBP KO

Figure 2. Ingestion of carbohydrate stimulates FGF21 production from liver
(A) Hepatic Fgf21 mRNA and (B) plasma FGF21 protein levels in 11-13 week old, male

WT C57BI/6 mice ad libitum fed chow and provided water, 0.2% saccharin (sacc), 10%
glucose (gluc), 10% fructose (fruc), or 10% sucrose (sucr) ad libitumin a drinking bottle for
24 hours (n = 5/group). (C) Hepatic Fgf21 mRNA and (D) plasma FGF21 protein levels in
11-13 week old, male WT C57BI/6 mice ad libitum fed chow and provided 10% sucrose ad
libitum for the indicated time (n = 5/group). (E) Hepatic Fgf21 mRNA and (F) plasma
FGF21 protein levels in 10-12 week old, male WT and FGF21 LivKO mice ad libitum fed
chow and 10% sucrose ad libitum for 24 hours (n = 5-7/group). (G) HSD preference ratio in
10-12 week old, male WT (FGF21fl) and FGF21 liver-specific knockout (FGF21 LivKO)
mice (n = 5/group). (H) Plasma FGF21 levels in human subjects maintained at
hyperglycemia via dextrose infusion for 0, 2, and 24 hours (n = 10). (1) Plasma FGF21 levels
in WT and ChREBP KO mice ad libitum fed chow and 10% sucrose ad libitum for 24 hours
(n = 5-8/group). Values are mean +/- SEM. (*, P< 0.05; **, P< 0.01; *** P< 0.005; ***, #,
P< 0.001 compared to WT).
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Figure 3. FGF21 suppresses the intake of sweet tastants
(A) Percent intake of chow and high sucrose diet (HSD) in 12-16 week old, male WT and

FGF21 transgenic (TG) mice (n = 7-12/group). (B) HSD preference ratio (g HSD intake/g
Chow intake) in WT C57BL/6 mice receiving the indicated amount of FGF21 (n = 4/group).
(C) Sucrose intake was assessed before (Pre), during (Treat), or after (Post) treatment with
vehicle or FGF21 (1 mg/kg) via i.p. injection (Treat) for 3 days (n = 7-8/group). (D-M) WT
male C57BI/6 mice were implanted with identification chips and osmotic minipumps
delivering vehicle or human FGF21 protein (n = 16/group). Sucrose and sucralose intake
(D,1), preference (E,J), meal size (F,K), meal count (G,L), and meal interval (H,M) (n = 8/
group) versus water (n = 8/group). (N) Sucrose and (O) sucralose intake per day of mice in
(D) and (1), respectively. Values are mean +/— SEM. (*, P< 0.05; **, P< 0.01; ***, P<
0.005; #, P< 0.001 compared to WT; statistical significance in N,O for body weight are
relative to the starting value on day 1 for each group.).
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Figure 4. FGF21 signaling to the PVN suppresses sucrose preference
(A-B) Chorda tympani nerve recordings in male C57BI/6 mice administered FGF21 (1

mg/kg) or vehicle (n = 5/group). (A) Ratio of nerve recording responses after sucrose (500
mM), glucose (500 mM), sucralose (50 mM), saccharin (50 mM), and NaCl (100 mM)
relative to NH4CI (100 mM). (B) Representative nerve recording tracings from the indicated
mice. (C-D) PVN or suprachiasmatic nucleus (SCN) B-klotho (KLB) knockout (KO) mice
and control mice were generated by performing bilateral stereotactic injections of AAV-Cre
or AAV-GFP into the PVN or SCN of KLBf/fl mice. Sucrose preference was assessed in
each mouse while receiving daily injections of vehicle (3 days) followed by daily injections
of FGF21 (3 days). (C) Percent change in sucrose intake in 12 week old male PVN or SCN
KLB KO mice and littermate controls by i.p. administration of FGF21 (1 mg/kg) (n = 7-12/
group). (D) KIb mRNA expression in the PVN or SCN from brain punches of the indicated
mice in (C) as determined by QPCR. (E) Representative photomicrographs depicting the
effect of intraperitoneal (i.p.) administration of FGF21 (1 mg/kg) on c-Fos immunoreactivity
in the paraventricular nucleus (PVN) in mice. (F) Comparison of the number of
immunoreactive c-Fos-positive cells in the PVN between vehicle- and FGF21-treated mice
(n = 6/group). (G) High sucrose diet (HSD) preference ratio (g HSD intake/g Chow intake)
in a separate cohort of 12 week old male PVN KLB KO mice and WT controls (n = 7-12/
group). Values are mean +/= SEM. (*, P< 0.05; **, P< 0.01; #, P< 0.001 compared to WT).
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