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Considerable effort is currently being devoted to understanding
the physiological and pharmacological action of the endocrine
fibroblast growth factors (FGFs). These three proteins (FGF15/
19, FGF21 and FGF23) act in a tissue-specific manner through
a membrane-complex consisting of an FGF-receptor and o/
BKlotho. FGF15/19 is produced in the intestine and regulates
postprandial liver metabolism and gallbladder filling. FGF21 is
largely liver-derived and co-ordinates adaptive changes in
response to nutritional and physiological stresses. FGF23
signals from the bone to the kidney to maintain phosphate
homeostasis. In pharmacological settings, FGF15/19, FGF21,
and the prototypical FGF1, potentially represent novel
treatments for obesity and diabetes. This review summarises
the recent advances in our understanding of the biology of
these important metabolic regulators.

Address

Division of Diabetes Endocrinology and Metabolism, Hammersmith
Hospital Campus, Imperial College, London W12 ONN, UK

Corresponding author: Owen, Bryn M (bryn.owen05@imperial.ac.uk)

Current Opinion in Pharmacology 2015, 25:30-35

This review comes from a themed issue on Endocrine and metabolic
diseases

Edited by Kevin G Murphy

For a complete overview see the Issue and the Editorial
Available online 24th October 2015
http://dx.doi.org/10.1016/j.coph.2015.09.014
1471-4892/© 2015 Elsevier Ltd. All rights reserved.

Introduction

The fibroblast growth factors (FGFs) are a group of
proteins with diverse functions in development,
wound-repair, angiogenesis, and metabolism [1,2]. They
are named sequentially (FGF1-23). However, FGF 15 has
not been identified in humans, and FGF19 has not been
identified in the mouse. There is clear evidence that
mouse FGF15 and human FGF19 are orthologous pro-
teins. As such, they will be referred to herein as FGF15/
19, unless referring to a specific species. While some
FGFs (FGF11-14) function as intracellular signalling
molecules, most signal in an autocrine/paracrine manner
by activating cell-surface FGF-receptors using heparan
sulphate glycosaminoglycans as co-factors [3]. By con-
trast, the so-called ‘endocrine FGFs’ lack heparan-bind-
ing and can therefore enter the circulation and function as
hormones [4]. These proteins (FGF15/19, FGF21, and
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FGF23) have attracted considerable interest due to their
potent effects on metabolic homeostasis (Figure 1).

FGF15/19

FGF15/19 is expressed in the small intestine and colon
[5]. It is a direct target-gene of the farnesoid X receptor
(FXR), which is activated by bile acids (BA) being reab-
sorbed from the intestinal lumen [6]. FXR-induced
FGF15/19 enters the portal circulation and acts on the
liver via the FGF-receptor 4 (FGFR4) in complex with

the essential transmembrane protein BKlotho.

There is strong evidence that FGF19 regulates postpran-
dial BA homeostasis in humans. First, serum FGF19
levels peak approximately two-hours after feeding, and
coincide with repression of bile acid synthesis [7]. Second,
individuals administered the bile acid binding resin,
cholestyramine, have decreased plasma FGF19 levels
due to reduced intestinal FXR activation [8]. Third, an
FGF19 analog represses BA synthesis in healthy individ-
uals [9°]. Finally, bile acid diarrhoea, a disease caused by
the over-production of bile, is associated with decreased
FGF19 production [10].

Mechanistic studies in mice have revealed the details of
how FGF15/19 regulates bile acid homeostasis. Measuring
physiological levels of FGF15 had initially proved chal-
lenging. However, quantitative detection of FGF15 in
plasma has recently been achieved by targeted mass spec-
trometry [11°]. Similar to human-FGF19, plasma FGF15
shows a diurnal rhythm with peak levels coinciding with
repression of bile acid synthesis [11°]. As expected,
FGF15-KO mice are largely phenocopied by mice lacking
its receptors (FGFR4-KO mice and BKlotho-KO mice)
[12]. They all over-express the rate limiting enzyme in BA
synthesis, Cyp7al. This finding demonstrates a role for
FGF15 in repressing Cyp7al transcription in the liver. Ata
molecular level, FGF15/19 reverses the active-transcrip-
tional histone marks on the Cyp7al promoter that are
induced by the nuclear receptors HNF4a and LLRH-1
[13]. These effects on the Cyp7al chromatin landscape
require expression of the transcriptionally repressive nu-
clear receptor SHP [14]. FGF15-KO mice also have small
gallbladders [15]. This unexpected observation was the
basis for further studies that showed that, in addition to its
role in regulating BA synthesis, FGF15 also contributes to
the control of bile flow, relaxing the smooth muscle in the
gallbladder to allow it to re-fill with bile in anticipation of
the next meal [15].

In addition to its effects on bile acid homeostasis, FGF15/
19 has wider postprandial metabolic effects on the liver.
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Figure 1

Endocrine FGFs Fernandes-Freitas and Owen 31

Phosphate homeostasis

FGF21?

Adipose

% FGF23

* Bile acid synthesis |
* Protein and glycogen
synthesis T

¢ Lipolysis, Glycogenolysis |

FGF19

FGF19?

« Corticotrophin releasing hormone (CRH) T
¢ Sympathetic nerve activity T

Current Opinion in Pharmacology

Summary of the major functions of endocrine FGF’s.

Similar to insulin, it stimulates protein and glycogen
synthesis and inhibits gluconeogenesis [16,17]. However,
there are two important differences between the effects
of insulin, and FGF15/19 on liver metabolism. First, peak
postprandial levels of FGF15/19 occur in the blood sub-
stantially later, and last longer, than those of insulin [17].
Second, FGF15/19 activates the ERK1/2 intracellular
signalling cascade, whereas insulin activates the AK'T/
PI3 K pathway [16]. As such, FGF19 represents a poten-
tial anti-diabetic therapeutic that could bypass insulin-
signalling pathways and restore euglycemia in insulin-
resistant individuals. Hope for such a therapeutic was
initially curtailed by the mitogenic properties of FGF19
[18,19]. However, non-tumorigenic FGF19-varients have
recently been developed that retain their ability to regu-
late liver metabolism [9°].

In a pharmacological setting, FGF19 regulates energy
expenditure and insulin sensitivity. Peripheral FGF19
injections, or transgenic overexpression of hepatic
FGF19, protect mice from diet-induced obesity, and its
complications [20,21]. This is due, at least in part, to
enhanced energy expenditure resulting from FGF19
signalling in the brain [22,23]. Intracerebroventricular

injection of FGF19 increased energy expenditure in
obese rats and mice. It also caused ERK1/2 phosphory-
lation in the hypothalamus of genetically obese mice.
Whether FGF15/19 plays a physiological role in modu-
lating energy expenditure remains to be determined.
Indeed, FGF15/19 may not cross the blood-brain barrier
as readily as some other protein-hormones, such as
FGF21 [24°].

FGF21

FGF21 is expressed in several organs including the white
adipose tissue (WAT), brown adipose tissue (BAT), mus-
cle, heart, testes, and pancreas [5]. However, the elevated
circulating levels of FGF21 observed after nutritional
stress appear to be mostly, if not entirely, liver derived
[25°]. While genetically altered animals, such as heart-
specific FGF21-Tg mice [26] and cold-exposed UCP1-
knockout mice [27], demonstrate that organs other than
liver are capable of secreting FGF21 in to the circulation,
the significance of extra-hepatic FGF21-secretion under
physiological conditions remains to be determined.

FGF21 acts through the FGF-receptor 1¢ (FGFRI1c¢) in
complex with BKlotho. FGFRI1c is broadly expressed
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