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Fibroblast Growth Factor-19 Action in the Brain
Reduces Food Intake and Body Weight and Improves
Glucose Tolerance in Male Rats
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Fibroblast growth factor-19 (FGF19) and its rodent ortholog, FGF15, are hormones produced in the
distal small intestine and secreted into the circulation after a meal. In addition to controlling the
enterohepatic circulation of bile acids, FGF15/19 also regulates systemic lipid and glucose metab-
olism. In these experiments we investigated the hypothesis that, like other gut-derived postpran-
dial hormones, FGF15/19 can act in the central nervous system to elicit its metabolic effects. We
found that FGF-receptors 1 and 4 are present in rat hypothalamus, and that their expression was
reduced by up to 60% in high-fat fed rats relative to lean controls. Consistent with a potential role
for brain FGF15/19 signaling to regulate energy and glucose homeostasis, and with a previous
report that intracerebroventricular (i.c.v.) administration of FGF19 increases energy expenditure,
we report that acute i.c.v. FGF19 reduces 24-h food intake and body weight, and acutely improves
glucose tolerance. Conversely, i.c.v. administration of an FGF-receptor inhibitor increases food
intake and impairs glucose tolerance, suggesting a physiological role for brain FGF receptor sig-
naling. Together, these findings identify the central nervous system as a potentially important
target for the beneficial effects of FGF19 in the treatment of obesity and diabetes. (Endocrinology

154: 9-15, 2013)

ibroblast growth factor-19 (FGF19) is an intestinal

hormone secreted from ileal enterocytes in response to
binding of bile acids at the nuclear receptor, farnesoid-X
receptor. Because bile acids are resorbed in the distal small
intestine after aiding in intraluminal digestion, activation
of farnesoid-X receptor and secretion of FGF19 are
thought to represent a late postprandial signal indicating
a transition between the fed and fasting states (1). After its
secretion into hepatic portal circulation, FGF19 acts in the
liver to reduce the expression and activity of CYP7A1, the
rate-limiting enzyme responsible for the conversion of
cholesterol to bile acids (2). Moreover, FGF19 acts in the
gallbladder to induce relaxation and refilling with bile (3).
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All of this is consistent with FGF19’s well-established role
in bile acid metabolism (4, 5).

FGF19 also regulates energy and glucose homeostasis
inrodents. The rodent ortholog to human FGF19 is named
FGF15. Although the two proteins are only about 50%
homologous, FGF19 is biologically active in rodents. Re-
combinant FGF19 is also commercially available in a sta-
ble protein form, making it more suitable for pharmaco-
logical experiments. Chronic iv infusion of recombinant
FGF19 alters bile acid homeostasis and results in substan-
tial weight loss and improved glucose tolerance in both
leptin-deficient and diet-induced obese (DIO) mice (6).
Transgenic overexpression of FGF19 likewise renders

Abbreviations: CNS, Central nervous system; DIO, diet-induced obese; FGF, fibroblast
growth factor; FGFR, FGF receptor; HFD, high-fat diet; i3vt, third-cerebral ventricle; RM
ANOVA, repeated measures ANOVA.
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mice resistant to high-fat diet (HFD)-induced obesity and
glucose intolerance (7).

The physiological effects of FGF15/19 have been
thought to occur primarily through signaling at FGF-re-
ceptor 4 (FGFR4), which is highly expressed in liver (8). In
addition to its role in cholesterol and bile acid homeosta-
sis, FGFR4 also contributes to regulation of systemic lipid
and glucose metabolism. FGFR4-knockout mice on a nor-
mal chow diet exhibit features of the metabolic syndrome
including increased adiposity and insulin resistance (9).
Intriguingly, reexpressing FGFR4 in liver was not suffi-
cient to rescue these defects, implying an additional role
for FGFR4 signaling at other tissues.

Consistent with this possibility, a recent study identi-
fying a role for FGF15/19 and FGFR4 to repress hepatic
gluconeogenesis, trichoroacetic acid-cycle flux, and fatty
acid oxidation concluded that the metabolic actions of
FGF15/19 involve effects on additional tissues (1). The
brain, and particularly the hypothalamus, is one possibil-
ity because it is important in the regulation of systemic
lipid and glucose metabolism (10, 11). Indeed, one previ-
ous study reported that intracerebroventricular (i.c.v.) ad-
ministration of FGF19 increases energy expenditure in
mice (6), further suggesting a potential role for the brain.
In this study, we directly assessed the actions of FGF15/19
in the central nervous system (CNS) to inhibit food intake
and improve glucose tolerance.

Materials and Methods

Animals

The University of Cincinnati IACUC approved all animal pro-
tocols. Male Long-Evans rats from Harlan Labs (Indianapolis,
IN) were singly housed in an AAALAC-approved facility with a
12-hlight, 12-h dark cycle, and allowed ad libitum access to food
and water unless otherwise noted.

Diets

The rats were maintained on pelleted rodent chow (Harlan
Teklad, Indianapolis, IN), a purified 40% fat diet, or a purified
60% fat diet (Research Diets, New Brunswick, NJ).

Hypothalamic gene expression

Rats maintained on either chow or 60% HFD for 6 wk were
killed in the fed condition or after a 48-h fast. cDNA from whole
hypothalamus was prepared as in described elsewhere (12).
Quantitative RT-PCR was performed using a TagMan 7900
sequence detection system and TagMan gene expression assays
(Applied Biosystems, Carlsbad, CA). Relative mRNA expression
for FGFR1 (NM_024146.1) and FGFR4 (NM_001109904.1)
was calculated relative to the housekeeping gene 18S
(NM_213557.1), using the AACT method. We have previously
reported the expression of other obesity-associated genes in these
samples (12).
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Surgical procedures

Rats were outfitted with stainless-steel cannulas in the third-
cerebral ventricle (i3vt) as in described previously (13). Correct
placement was confirmed by verifying thati3vtinjection of 10 ng
angiotensin II (American Peptides, Sunnyvale, CA) provoked an
intake of at least 5 ml of water within 1 h, and/or by injecting dye
into the cannula just before death and confirming its presence in
the ventricles upon dissection.

Drugs

Recombinant FGF19 from ProSpecBio (Ness-Ziona, Israel)
was dissolved in water at a concentration of 1 mg/ml and deliv-
ered in a volume of 3 ul. The FGFR inhibitor PD173074 was
obtained from Tocris Bioscience (Minneapolis, MN), dissolved
in dimethyl-sulfoxide at a concentration of 50 mg/ml, and de-
livered in a volume of 3 ul.

Feeding experiments

Rats were weighed 2 h before the onset of dark, and food
hoppers were removed. Just before the onset of dark, weight-
matched groups received an i3vt infusion of FGF19, PD173074,
or vehicle, and hoppers were returned. Animals and hoppers
were weighed again at the indicated intervals.

Glucose tolerance testing

Just before the experiment, fasted animals were weighed and
separated into weight-matched groups for i3vt infusion of
FGF19,PD173074, or vehicle. Rats were fasted for 12 h, begin-
ning at the onset of the light phase. At 30 min after an i3vt
infusion, rats received an ip injection of 2 mg/kg dextrose (FGF19
experiments) or 1 mg/kg dextrose (PD173074 experiment).
Blood glucose was measured at baseline and at regular intervals
thereafter using Accu-Check glucose meters and strips (Roche,
Indianapolis, IN). Blood was collected from the tail vein at the
indicated time points for measurement of plasma insulin (ELISA,
Crystal Chem, Downers Grove, IL).

Statistical analyses

Data are presented as mean * sks. Data were analyzed using
ANOVA or repeated measures ANOVA (RM ANOVA), fol-
lowed by Tukey’s post hoc tests, or by ¢ test as indicated. Data
were analyzed using Prism (GraphPad Software, Inc., San Diego
CA) or Sigma Stat (SYSTAT, San Jose CA) software with the
critical value, a, set at P < 0.05.

Results

FGFR expression in hypothalamus

Because FGF15/19 is known to bind to and activate
both FGFR1 and FGFR4 (14), we asked whether FGFR1
and/or FGFR4 are expressed in rat hypothalamus, and if
fasting or high-fat feeding alters this expression. In agree-
ment with the literature (15-17), FGFR1 mRNA was
abundant in hypothalamus. We found that FGFR1 ex-
pression was reduced by up to 60% among animals main-
tained on a HFD compared with chow-fed controls (Fig
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FIG. 1. FGFR mRNA expression in hypothalamus of lean and DIO rats. Both FGFR1 (panel A)
and FGFR4 (panel B) mMRNAs were expressed in whole rat hypothalamus. A, The expression of
FGFR1 was lower in the hypothalamus of high-fat diet-fed rats relative to lean controls (two-
way ANOVA, P < 0.001; Tukey), regardless of whether the rats were killed in the fed state or
after a 48-h fast. B, The expression of FGFR4 was lower in the hypothalamus of high-fat diet-
fed rats relative to lean controls, and this was more apparent among rats killed in the fed
state (two-way ANOVA, P < 0.001; Tukey) (n = 6-8 per group; *, P < 0.05; **, P < 0.01).

1A). There was no significant effect of fasting. Consistent
with a previous report (see Supplemental Table 2 in Ref.
15), we also observed more moderate levels of FGFR4
mRNA in hypothalamus. Like FGFR 1, FGFR4 expression
was significantly lower in DIO rats, and this was more
apparent in the fed condition (Fig 1B). It has also been
reported that B-Klotho, a transmembrane glycoprotein
that stabilizes the association between endocrine FGFs
and their receptors, is present in mouse hypothalamus (see
supplemental Table 3 in Ref. 15). However, because rat
B-Klotho has not yet been well characterized, we were
unable to measure changes in its expression.
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I3vt FGF19 and food intake
Weight-matched groups
maintained on chow received FGF19 or
vehicle i3vt. I3vt FGF19 reduced 24-h
chow intake by approximately 25%
and induced significant weight loss rel-
ative to controls (Fig 2, A-C). In light of
the changes in FGFR expression in hy-
pothalamus of HFD rats, we hypothe-
sized that the central anorexic effects of
FGF19 would be blunted under HF-
feeding conditions. Weight-matched
groups, on a 40% HFD for 6 wk, re-
ceived FGF19 i3vt or vehicle as before.
I3vt FGF19 elicited a 20% reduction
in 24-h food intake accompanied by a
significant reduction in body weight (Fig 2, D and E),
indicating no obvious impairment of CNS FGF19 ac-

tion in DIO.

of rats

Fasted

I3vt FGFR inhibition and food intake

To test the hypothesis that endogenous CNS FGFR sig-
naling is important in the regulation of energy balance, we
inhibited FGFRs in the CNS with an acute i3vt infusion of
the compound PD173074 and monitored food intake over
24 h. PD173074 induced a 38% increase in 24-h food
intake (Fig 3, A and B), implying that endogenous CNS
FGEFR signaling is anorexigenic.
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e
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HFD intake (g)
3

T

?

2 4 24 VEH
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FIG. 2. Infusion of FGF19 directly into the brain reduces food intake and body weight. In two independent experiments conducted in different
cohorts of chow-fed rats (A—C[b]), infusion of FGF19 directly into the i3vt elicited a reduction in food intake over 24 h (RM ANOVA, P < 0.05;
Tukey), accompanied by a reduction in body weight (t test). D, The same dose of FGF19, given i3vt, was also sufficient to reduce food intake over
24 h in rats maintained on a high-fat diet for 6 wk (RM ANOVA, P < 0.01; Tukey) and to E, significantly reduce body weight, relative to vehicle
(VEH)-treated controls (t test, P < 0.05) (n = 5-9 per group; **, P < 0.01; *, P < 0.05).
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I13vt FGF19 and glucose tolerance

We next asked whether FGF19 acts in the brain to reg-
ulate glucose tolerance. Weight-matched rats were treated
with i3vt FGF19 or vehicle 30 min before an ip glucose
challenge. FGF19 improved glucose tolerance (Fig 4,
A-D). Plasma insulin did not differ between the groups at
any time point (Fig 4E).

i3vt FGFR inhibition and glucose tolerance
Inhibiting FGFRs locally in the CNS with i3vt
PD173074 significantly impaired glucose tolerance (Fig 4,
F and G), supporting a role for endogenous CNS FGFR
signaling in the regulation of glucose homeostasis.

Discussion

The present observations clearly demonstrate that i.c.v.
administration of the ileal hormone FGF19 suppresses

VEH FGF19

Blood glucose (mg/dL) T
——
—d—

Hours

FIG. 3. Infusion of an FGFR inhibitor directly into the brain increases food intake. In two
independent experiments conducted in different cohorts of chow-fed rats, infusion of the
FGFR inhibitor PD173074 increased 24-h food intake (RM ANOVA, P < 0.05; Tukey) (n = 4-7
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food intake over 24 h and induces

o weight loss in both lean and DIO rats
(Fig 2). This is consistent with growing

evidence that FGF15/19 acts in an in-

sulin-like manner (1, 8), whereas other

gut-derived hormones have faster and

more transient effects on feeding be-

A havior (18). Moreover, our data are
consistent with previous reports that
i.c.v. FGF19 increases energy expendi-
ture, and that its chronic peripheral ad-
ministration or transgenic overexpres-
sion is sufficient to reduce body weight

and increase energy expenditure in DIO mice (6-7, 19).
The literature regarding effects of chronic peripheral ad-
ministration of FGF19 on food intake, however, is equiv-
ocal. Some studies report decreased food intake (19),
others report no effect (6, 19), and its transgenic overex-
pression increases food intake when expressed relative to
body weight (7). These disparate findings may result from
a tension between the direct actions of FGF19 on anorex-
igenic circuits and an increased drive to eat that is second-
ary to increased energy expenditure. Alternatively they
may reflect competing effects of FGF15/19 in the brain vs.
the periphery. Insulin, for example, has catabolic central
effects and anabolic peripheral effects. Additional studies
will be necessary to further address these interesting
possibilities.

Importantly, the present data indicate thati.c.v. FGF19
acutely improves glucose tolerance (Fig 4). Consistent
with this, chronic peripheral administration or transgenic

Elood glucose (mg/dl) ()

o T

0 B 15 = o % 100 150

VEH FGFR inhibitor

FIG. 4. CNS FGFR signaling regulates glucose tolerance. In two independent experiments conducted in different cohorts of weight-matched
chow-fed rats (A-E), infusion of FGF19 directly into the i3vt improved glucose tolerance, as measured by the time course (RM ANOVA, P < 0.05;
Tukey) (A and C) or by the area under the curve (AUC, t tests) (B and D). E, This was not associated with differences in plasma insulin (RM ANOVA,
P> 0.05). F, i3vt infusion of an FGFR inhibitor impaired glucose tolerance, as measured by the time course (RM ANOVA, P < 0.05; Tukey), G, Area
under the curve [t test, nonsignificant (ns) (n = 3-7 rats per group; ***, P < 0.001; **, P < 0.01; *, P < 0.05].VEH, Vehicle.
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overexpression of FGF19 is sufficient to improve glucose
tolerance in DIO or leptin-deficient mice (6, 7). Because
our i.c.v. dose was roughly 100 times smaller than the
optimal peripheral dose [1 mg/kg-body weight (1, 6, 8)],
we think it is unlikely the hormone is escaping the brain to
elicit its effects in the periphery. Intriguingly, acute pe-
ripheral administration of FGF15/19 induces insulin-in-
dependent increases in hepatic glycogen synthesis (8) and
inhibits hepatic gluconeogenesis (1), but those studies did
not explicitly assess the extent to which these outcomes
rely on FGFR signaling in the liver. The current data raise
the possibility that CNS FGFR signaling contributes to the
regulation of hepatic glycogen synthesis and/or gluconeo-
genesis, and that the observed improvements in glucose
tolerance reflect an insulin-like, but insulin-independent
effect of brain FGF19 signaling. Additional studies inves-
tigating effects on hepatic lipid and carbohydrate metab-
olism and related signaling pathways are necessary to ad-
dress this.

Consistent with the finding that i3vt infusion of
FGF19 alters energy and glucose homeostasis, mnRNAs
for FGFRs 1 and 4 were found in rat hypothalamus, and
their expression was significantly reduced in DIO rats
relative to their lean controls (Fig 1). These data are in
agreement with several previous reports that FGFR1 is
present in hypothalamus (16-17), at qualitatively com-
parable levels to its expression in adipose tissue (135).
Specifically, FGFR1 is expressed in the arcuate and lat-
eral hypothalamus (16), key regions important for the
control of glucose and lipid metabolism. The expression
of FGFR4 and B-klotho in hypothalamus is at least 1
order of magnitude lower compared with liver (15).
Importantly, however, the hypothalamus is a heteroge-
neous structure. As such, the expression of FGFR4
and/or B-klotho in a small group of hypothalamic cells
can have disproportionately large systemic effects. A
more thorough understanding of the functional neuro-
anatomy of brain FGFRs and effects of FGFR signaling
on downstream signaling pathways and gene expression
is a priority for future research.

We found that inhibiting the endogenous activity of
CNS FGFRs with PD173074 increased food intake (Fig
3) and impaired glucose tolerance (Fig 4). Our data
agree with previous reports that endogenous CNS
FGFR signaling alters energy balance (20-21). How-
ever, because PD173074 inhibits both FGFR1 and
FGFR4 (22, 23), we cannot discriminate the relative
contribution of these two receptors to these effects. In-
triguingly, like many other postprandial gut hormones,
FGF15/19 may also be expressed in restricted regions of
the adult brain (http://mouse.brain-map.org) (Supple-
mental Table 2 in Ref. 15, 24), although the extent of its
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neuroanatomical distribution has not yet been fully ex-
plored. Additional studies will be necessary to parse the
relative contributions of brain and gut FGF15/19 to the
regulation of metabolism.

Nonetheless it is apparent that the FGF19/FGFR4
signaling axis has an important physiological role in the
regulation of metabolism. First, plasma levels of FGF19
are negatively associated with indices of metabolic dis-
ease in humans (25). Consistent with this, both the
FGF15-knockout mouse and the FGFR4-knockout
mouse are glucose intolerant relative to littermate con-
trols. This glucose intolerance can be rescued by exog-
enous administration of FGF19 to the FGF15-knockout
mouse (8), but reexpressing a constitutively active form
of FGFR4 in the liver of FGFR4 knockout mice was not
sufficient to rescue the phenotype (9). This finding im-
plicates FGFR4 signaling in other tissues, including,
perhaps, hypothalamus, in the physiological regulation
of metabolism.

The therapeutic potential of FGF19 in the treatment
of metabolic disorders has received considerable recent
attention (26-28). At pharmacological doses, FGF19
elicits comparable improvements on metabolic end-
points as another endocrine FGF, FGF21 (19); chronic
FGF21 treatment reduces body weight and improves
glucose tolerance in rodent and primate models of obe-
sity and diabetes (29, 30). The similarities in the actions
of these two endocrine FGFs have led to speculation that
the underlying mechanisms are shared (19). FGF21
binds preferentially to FGFR1 in complex with the co-
receptor (-Klotho (14). FGFR1 is only sparsely ex-
pressed in liver, butis highly expressed in hypothalamus
and in white adipose tissue (15). Like FGF19, FGF21
acts in the CNS to regulate systemic energy and glucose
metabolism (31). Recent evidence, however, suggests
that the mechanisms by which FGF15/19 and FGF21
elicit improvements in metabolism are at least partially
dissociated. Whereas fat-specific FGFR1-knockout
mice were resistant to several metabolic effects of
FGF21, both acute and chronic peripheral FGF19 was
effective in this model (32).

In the present study we confirm previous reports that
FGFRs 1 and 4 are present in rat hypothalamus and
further demonstrate that high-fat feeding significantly
reduces their expression (Fig 1). In addition, we find
that small doses of FGF19 delivered acutely into the
brain’s ventricular system can elicit significant changes
in peripheral metabolism. Specifically, i3vt FGF19 re-
duces food intake and body weightin both lean and DIO
rats (Fig 2) and acutely improves glucose tolerance (Fig
4). Finally, inhibiting FGFRs acutely in the CNS in-
creases food intake and impairs glucose tolerance (Figs.
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3 and 4), suggesting a physiological role for CNS FGFR-
signaling in the regulation of peripheral metabolism.
Together these data indicate that FGF15/19 can be
added to the list of gut-derived hormones capable of
acting in the CNS to regulate systemic metabolism.
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