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ABSTRACT
Since the discovery of insulin in 1921, protein therapeutics have become vital tools in the treatment of diabetes mellitus. This heritage has been
extended with the comparatively recent introduction of recombinant and re-engineered insulins, in addition to the advent of GLP1 agonists. FGF21
represents an example of a novel experimental protein therapy which is able to induce favorable metabolic effects in various species ranging from
rodents to man.

The aim of this review is to communicate the story of the FGF21 drug discovery path from identification in a functional in vitro screen, to the
eventual evaluation of its utility in patients. Given that the development of FGF21 advanced hand-in-hand with rapidly evolving scientific research
around this target, we have also attempted to describe our view of recent developments regarding the mechanistic understanding of FGF21 biology.
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1. DISCOVERY OF FGF21 AS AN IN VITRO ACTIVITY HIT IN A
PHENOTYPIC SCREEN

Fibroblast Growth Factor 21 (FGF21) belongs to the FGF superfamily.
Since the identification of the first FGF (FGF1 or αFGF) in 1976, this
family has grown steadily and now comprises 22 members in man.
Given that FGFs were classified together purely on a structural
basis [1] the diversity in their biological functions and modes of
action is not surprising. To date, FGFs have been shown to regulate a
myriad of fundamental processes such as cell differentiation, prolifera-
tion, morphogenesis and metabolism while aberrant FGF signaling has
been linked to pathological conditions of cancer and metabolic disease
[1–6].
The mouse and human FGF21 genes were originally cloned by
Dr. Nobuyuki Itoh0s group via a PCR approach utilizing FGF-derived
degenerative primers, and the highest expression of FGF21 transcript
was found in mouse liver and thymus [7]. This finding remained the sole
biology-related hint prior to 2005, when the first report identifying FGF21
as a novel metabolic regulator was communicated [8]. Subsequent
studies demonstrated that FGF21 represented a secreted factor which
was controlled by important metabolic pathways such as PPARγ [9] and
PPARα [10,11].
The initial breakthrough in uncovering the function of FGF21 came as a
result of a phenotypic screen carried out at Lilly Research Laboratories
in early 2000. In particular, a cassette consisting of several novel
secreted proteins of unknown function (PUF) was tested in a glucose
uptake assay in mouse 3T3-L1 adipocytes. Since the main goal of this
effort was to identify molecules able to induce a quick “insulin-like”
response, the screening was performed in a short term cell treatment
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paradigm with insulin alone or in combination with the PUFs. One of the
PUFs examined was human recombinant FGF21 which was able to
augment insulin activity in the glucose uptake assay. However, while the
effect was both statistically significant and reproducible it was relatively
modest in nature (Figure 1A). Follow up studies were focused on
improving the FGF21 response window via tweaking the assay
conditions and yielded positive but unexpected results, suggestive of
a unique mechanism of action. Firstly, when the time of cell stimulation
was extended from 1 h to 6 h, FGF21 exhibited a biologically meaningful
signal in glucose uptake as compared to the magnitude of response with
insulin. Secondly, FGF21 appeared to induce glucose uptake in
adipocytes without requiring the presence of exogenous insulin
(Figure 1B). Thus, even though the primary aim of the screen at Lilly
was to identify molecules that acted in a rapid hormonal fashion – as
insulin mimetics or sensitizers, our experimentation yielded an activity
hit in FGF21 that was neither [8].
These early in vitro results led to the idea that FGF21 is able to act in
an insulin-independent manner. At the time there existed significant
evidence to this end: FGF21 functioned via activation of FGF
receptors, FGF21 and insulin action on glucose utilization in mouse
3T3-L1 and human primary adipocytes were additive, and the FGF21
glucose uptake effect required transcriptional activation and
up-regulation of the glucose transporter GLUT1, as opposed to
insulin acting in a traditional hormonal manner utilizing GLUT4
translocation. While this hypothesis was valid in a relatively simple
cell based system such as 3T3-L1 adipocytes, it was successfully
challenged later on in a more complex environment – at the whole
body level in mice – where insulin and FGF21 pathways appear to be
interdependent [12–15].
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Figure 1: Schematic representation of the identification and evaluation of FGF21 therapeutic utility through the drug discovery process. (A) The functional screening assay involved the assessment
of FGF210s effects on glucose uptake in combination with insulin utilizing in an adipocyte model. (B) Following the initial activity hit the glucose uptake screening system was refined to more
accurately capture the magnitude of FGF21 action in a longer term treatment paradigm. (C) Subsequent work focused on demonstrating translatability of this in vitro effect into metabolic efficacy in
rodent models of insulin resistance and hyperglycemia such as ob/ob mice, where FGF21 demonstrated glucose lowering comparable to that observed with insulin (A, B and C are adapted from
[8]). (D) The next study confirmed that FGF21 is bioactive in diabetic non-human primates, a model of metabolic disease which closely resembles the human condition (adapted from [40]).
(E) Finally, LY2405319, an FGF21 analog, was shown to be efficacious in humans, suggesting that FGF21-based therapies may indeed represent a novel therapeutic option [49].
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2. EVIDENCE OF FGF21 IN VIVO BIOACTIVITY

Even though identifying target cells and a relevant readout of bioactivity
was important, it represented only the initial step in uncovering the true
nature of FGF21 biology. Given these exciting initial findings the goal of
subsequent studies was to establish translatability of the FGF21 effect
in vitro into meaningful glucose lowering in diabetic animals, and whether
FGF21 was devoid of side effects such as hypoglycemia and weight gain,
issues commonly associated with traditional insulin therapy [16]. Needless
to say there was also heightened awareness of growth factor like
mitogenic potential with FGF21, which also required careful assessment.
Thus, the need to decisively establish FGF21 as a viable and safe drug
target forced the FGF21 research team right at the beginning of the
discovery process to consider hard line go/no go experimentation, in
animals rather than exploring the specifics of FGF21 action in adipocytes.
Such accelerated drug evaluation path for FGF21 shortly revealed the
impressive metabolic benefits of this protein in vivo. FGF21 adminis-
tration to ob/ob and db/db mice – standard animal models of
hyperglycemia and insulin resistance – led to a profound plasma
glucose lowering comparable to that of insulin [8] (Figure 1C).
Importantly, while insulin induced occasional hypoglycemia in normal
animals, no signs of plasma glucose below the basal level were
observed with FGF21 in diabetic or lean mice, in the fed or fasted state,
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even at suprapharmacologic doses. Opposite to insulin, the glucose
lowering effect of FGF21 was also sustained in nature lasting up to 24 h
post-injection. Furthermore, animals did not gain weight upon chronic
FGF21 treatment. The phenotype of mice with stable overexpression of
human FGF21 at a level of approximately 100 ng/ml in plasma (500
times higher than basal [8,17,18]) was also consistent with FGF21
pharmacology, as transgenic animals were able to maintain tight
glycemic control. Curiously, when compared to wild type littermates,
chow- or high fat diet-fed FGF21 overexpressing mice consumed almost
twice as much food and yet were lean and protected from the
development of diet-induced obesity, a facet of FGF21 biology which
was further defined in subsequent studies [14,19]. Importantly, no overt
signs of proliferation were detected in tissues of rodents either injected
with FGF21 protein or in FGF21 transgenic mice. Quite to the contrary,
FGF21 transgenic animals appeared to be partially protected from
chemically-induced malignancies [20] and demonstrated significantly
delayed age-related mortality [21].
The first pharmacological report on FGF21 [8] also provided hints as to
both mechanisms and relevant biomarkers underlying FGF21 action,
indicative of the complexity and richness of FGF21 biology and serving
to pave the way for future research. While FGF21 appeared to function
via a classical FGFR-mediated mechanism, namely phosphorylation of
FRS2 and subsequent activation of the MAPK signaling cascade,
& 2013 The Authors. Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



a mystery remained as to how FGF21 was able to activate FGFR since it
was not able to bind the receptor directly. While it was proposed that
FGF21 may require an adipocyte specific co-factor [8], it took several
years and various approaches to finally identify the transmembrane
protein βKlotho (KLB) as the necessary co-receptor able to permit FGF21
mediated activation of FGFRs in vitro [22–25] and promote FGF21 action
in vivo [26–28].
The rapid reduction of plasma insulin in preclinical species [8] later led
to the hypothesis that insulin sensitization represented the main
mechanism underlying FGF210s glycemic action [12–15]. Subsequently,
FGF21 was demonstrated to attenuate glucagon secretion ex vivo [8],
raising the possibility of interplay between the FGF21 and glucagon
pathways. Conversely, it was also shown that glucagon elevates plasma
FGF21 levels in human subjects [29,30]. Further supporting a link
between FGF21 and glucagon pathways, Habegger et al. demonstrated
that a glucagon receptor agonist significantly increased FGF21 expres-
sion in isolated hepatocytes from wild-type, but not glucagon receptor
knock out animals [29]. Critically, this report also shows that FGF21 null
mice do not exhibit the normal profile of beneficial metabolic effects
induced upon glucagon receptor engagement, including absence of
improved glycemia, enhanced energy expenditure and corrected lipid
homeostasis [29,31]. Leptin levels were also massively reduced in
FGF21 transgenic mice, indicative of recovery in systemic leptin
resistance and suggestive of possible leptin-FGF21 cross-talk specifi-
cally with regard to the anti-obesity effects of FGF21 [14,19]. While the
potent lowering of plasma triglycerides [8] was a pleasant bonus to the
improvements in glycemia and insulin sensitivity, it came as a relative
surprise as such an in vivo effect could not be predicted for an activity
hit originating in an in vitro glucose uptake assay. Finally, the initial
histological observation of brown fat enrichment in FGF21 transgenic
animals [8] later led to the idea of FGF21 being a “browning” agent
[8,32–34], a concept which has recently been put forward to explain
FGF21-driven increases in energy expenditure in animals [35].
3. FGF21 TARGET VALIDATION IN NON-HUMAN PRIMATES

Given at times the poor translatability of pharmacologic findings in
rodents to higher species [36–38], FGF21 was then fast-tracked to
another quick win/kill experiment. This study was carried out in
collaboration with Dr. Barbara Hansen with the intent to verify FGF210s
metabolic activity in diabetic rhesus monkeys. Since Type 2 diabetes in
Dr. Hansen0s colony of non-human primates is developed in a “natural”
way – via unrestricted food supply and limitations in physical activity
throughout monkeys' lifespan in the maintenance facility, these animals
present with similar disease characteristics to those observed in man.
Due to the latter, the outcomes of pharmacological interventions in this
in vivo model are highly translatable to the human condition [39].
The study design involved treating a total of 6 monkeys with daily
injections of FGF21 in a dose-escalating manner for 6 weeks. The
protein was dosed at 30, 100, and 300 μg/kg for 2 weeks in each
dosing phase [40], causing a multitude of striking metabolic outcomes.
FGF21 administration led to a dramatic decline in fasting plasma
glucose (Figure 1D) [39], insulin, glucagon, and triglycerides, as had
been observed earlier in rodents. The glucose effect was durable, lasted
24 h post injection, and was corroborated by lowering of plasma
fructosamine, a more integrated measure of glycemic control. Impor-
tantly, as in rodents, no incidence of hypoglycemia was noted at any
FGF21 dose level in the monkeys. Reductions in plasma insulin and
glucagon were observed within 7 days of FGF21 administration and
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preceded the glucose lowering effect, which became apparent only after
3 weeks of dosing. Given that onset of glucose lowering was
significantly faster in a follow up diabetic monkey study when much
higher doses of an FGF21 analog, LY2405319, were used [41],
the timing of FGF21 administration and the dose required to induce a
meaningful glucose lowering effect appear to be interdependent.
This study also highlighted the wealth of FGF21 pharmacology toward
various lipid endpoints that could not be evaluated in rodents [40].
In particular, at the end of FGF21 administration plasma triglycerides,
total cholesterol, and LDLc were lowered by 70%, 35% and 28%,
respectively, while HDLc was elevated by 80% with beneficial changes
in lipoprotein particle size/numbers and cardiovascular risk markers also
observed. Plasma lipids trended upward and reached pre-treatment
levels at the end of the washout phase suggesting that continued
pharmacological pressure on the FGF21 signaling pathway is required to
maintain efficacy. The magnitude of the effects on triglycerides, total
cholesterol, and LDL-c levels were comparable to what has been
clinically documented for lipid-lowering therapies such as statins [42];
however, the 80% increase in “good” HDL-c achieved over such a short
(6-week) period of protein administration is remarkable. The substantial
and beneficial impact of FGF21 on multiple aspects of lipid homeostasis
in diabetic monkeys was suggestive that FGF21 could potentially be
considered as a standalone therapy to treat cardiovascular dysfunctions
and familial lipid disorders.
Finally, the reduction in body weight we observed was indicative of the
substantial potential of FGF21 to treat obesity. Given that only a weak
FGF21 weight lowering effect was seen in leptin signaling-deficient
animals such as ob/ob or db/db mice [14,17,43,44], this finding
provided an additional to [8] clue to the mechanistic role of leptin in
FGF210s anti-obesity action [44,45]. Overall, the pharmacological
package obtained in diabetic monkeys firmly established FGF21 as a
viable “glucose plus” drug candidate to treat metabolic disease.
4. FGF21 OPTIMIZATION AT LILLY

While the benefits of FGF21 therapy in animals were unmistakable it
quickly became apparent that the native FGF21 protein had a low
probability for successful development as a molecule suitable for clinical
use. Indeed, wild type protein retained various biophysical deficiencies.
In addition, the exponential rise in diabetes prevalence worldwide [46]
dictated a need to identify a cost-efficient and scalable expression/
purification process. Thus, the strategic intent of FGF21 engineering at
Lilly was principally focused on biopharmaceutical optimization –

designing the molecule with enhanced stability and to ensure it was
amenable to wide range of dosing demands in a broad patient
population, while maintaining a favorable bioactivity profile of the native
protein. Improving the latter was impractical during this first optimization
attempt as it was carried out at a time when understanding of FGF21
biology was still in its infancy. This made the effort rather risky but
worth exploring given the promise of FGF210s preclinical pharmacology.
Detailed biophysical characterization revealed two major issues with the
wild type FGF21 molecule. First, the protein was prone to rapid
aggregation in preservative containing solutions. Second, FGF21
appeared to be highly conformationally unstable, undergoing at least
three thermal-unfolding states in differential scanning calorimetry
analysis. A disulfide stabilization engineering strategy based on FGF21
structure modeling yielded a biopharmaceutically improved variant with
an engineered disulfide bond at Leu118Cys–Ala134Cys in the C-terminal
domain of FGF21.
rights reserved. www.molecularmetabolism.com 223
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Another developmental difficulty was selecting a large scale expression
and purification process for FGF21. Initial attempts to express FGF21 in
Pichia pastoris yielded low productivity along with issues related to the
heterogeneity of the protein. While the introduction of a second disulfide
bond in FGF21 resulted in major improvements in productivity, the
integrity of the FGF21 variant produced in yeast remained inadequate
due to high levels of N-terminal proteolysis and O-linked glycosylation.
As Ser167 was identified as the major site for O-linked glycosylation, it
was subjected to site-specific mutagenesis, and the preferred variant,
Ser167Ala, was chosen. To address N-terminal proteolysis, FGF21 was
further modified to remove the first four amino acids, HPIP, given that
ΔHPIP FGF21 is fully biologically active [22,47]. Thus, the optimized
FGF21 variant for Pichia pastoris expression, FGF21 Leu118Cys–
Ala134Cys, Ser167Ala, ΔHPIP, or LY2405319 (LY), was essentially
devoid of the major biopharmaceutical deficiencies associated with
native FGF21 [48].
LY2405319 was next profiled for bioactivity in vitro and in animal
models of diabetes that have been previously utilized to characterize the
effects of FGF21 [48]. In brief, in vitro LY was not mitogenic, its activity
was comparable to wild type FGF21 and strictly KLB-dependent;
in rodents LY showed nearly identical to native protein pharmacologic
activity. Finally, LY was tested in diabetic monkeys at Dr. Hansen0s
facility. Apart from a significantly enhanced and accelerated onset of
pharmacologic response likely due to the suprapharmacologic doses of
LY at 3, 9 and 50 mg/kg as compared considerably lower doses in our
earlier experiment [40], this engineered FGF21 variant showed robust
potency toward all known metabolic components of FGF21 action [41].
Thus, the drug discovery efforts at Lilly yielded LY2405319, an
investigational FGF21 variant suitable for early-phase clinical develop-
ment to study the effects of pharmacologic administration of an FGF21
based therapeutic in human patients [41,49].
5. OUTCOMES OF THE LY2405319 CLINICAL TRIALS

LY2405319 (LY) was first characterized for safety and pharmacokinetics
in a single ascending dose study with LY levels ranging from 0.6
to 30 mg and then in a subsequent 7-day experiment with doses
ranging from 1 to 20 mg daily in healthy volunteers [49]. These early
investigations provided safety, tolerability, pharmacokinetic, and some
pharmacodynamic data to support a 28-day proof-of-concept trial in
obese subjects with T2DM at 3, 10 and 20 mg daily doses of LY that
were generally well tolerated. Skin rash and hypersensitivity were
observed in two 20 mg subjects with injection-site-related adverse
events most frequently reported across all doses.
Statistically and clinically meaningful effects on all four lipid parameters
(total cholesterol, LDL, HDL, and TGs; Figure 1E) and body weight in
comparison to baseline were observed during the trial, consistent with
the results of FGF21 or LY administration to obese rhesus monkeys with
dyslipidemia [40,41]. The impact of LY treatment on fasting triglycerides
was rapid, occurring as early as 2 days of dosing, and for all lipids
appeared to reach a maximum effect at 1–3 weeks with both 10 mg
and top end 20 mg LY doses providing maximal efficacy. These effects
were accompanied by the expected lowering of ApoCIII and ApoB in
plasma [49].
Body weight was also reduced over the 28-day treatment period with
10 mg being the maximum effective dose. Weight loss in humans
coincided with increases in plasma β-hydroxybutyrate suggestive of an
LY-mediated increase in fatty acid oxidation similar to the findings in
rodents [14,50–52].
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A prominent reduction in mean fasting insulin levels was observed. This
replicates the effects of FGF21 in animals and is indicative of FGF21
mechanism of glycemic improvement being driven by insulin sensitiza-
tion at the whole body level. Importantly, total plasma adiponectin levels
were also robustly increased in a dose-dependent fashion providing
another evidence of translatability of FGF21 pharmacology across
species [41,49,53]. High molecular-weight adiponectin, a correlate of
human efficacy in the case of TZD treatment [54], was also substantially
elevated by LY [49].
However, in spite of the positive outcomes with regard to corollary
measures, the LY effect on glucose was not as robust as anticipated
based on prior experiments in diabetic rodents and monkeys [8,40,41].
Only a dose-dependent trend in the lowering of fasting glucose was
observed, even though plasma LY levels in the study were within the
range of efficacious exposures of FGF21 in animal models [49].
Thus, even though the overall results of the study were indicative that
FGF21 is bioactive in humans and suggested that FGF21-based
therapies may be effective for the treatment of select metabolic
disorders, the question whether targeting the FGF21 pathway will one
day yield a drug to treat hyperglycemia remained unanswered.
6. ALTERNATIVE OPTIMIZATION ATTEMPTS

While the focus of engineering effort at Lilly was on improving FGF21
biopharmaceutical properties, others explored additional optimization
possibilities. The relatively short half-life of FGF21 [40,55,56] forced the
need for once daily injections in man [49] therefore limiting patient
convenience. Thus, to improve time-action of FGF21-based molecules
alternative re-engineering strategies utilizing conventional size-extension
approaches were undertaken. Notably, the report of Mu et al. was the
first to describe the introduction of a non-natural amino acid,
p-acetylphenylalanine, into the FGF21 sequence for the site-specific
attachment of polyethylene glycol (PEG), a process which yielded
PEGylated analogs with improved duration of in vivo action [57]. Several
other PEGylated FGF21 molecules were also described [58,59], all
exhibiting improved pharmacokinetics while maintaining pharmacologi-
cal profiles in animals similar to the native protein.
In parallel, many other long acting FGF21 variants were identified.
Wang et al. described a mouse/human FGF21 conjugate fused to SUMO
protein [60], Huang et al. 2013 reported FGF21-CovX-body chimera [61],
and Veniant et al. communicated the generation of an FGF21 therapeutic
by fusing an immunoglobulin Fc to an FGF21 variant [62]. The
importance of the latter report and the following work [63] is further
stressed by identification of a specific C-terminal cleavage in human
FGF21 in animals0 and human plasma that renders the protein inactive
[22,47].
Since early/mid 2000 the breadth of understanding of FGF21 biology
grew considerably, specifically in regard to the preferred FGF21 receptor
complex, FGFR1c and KLB, both – in vitro and in vivo [23–25,27,35].
This knowledge enabled exploration of innovative “FGF21 receptor-
driven” engineering strategies in the search for FGF21 mimetics. Wu
et al. put forward the initial proof-of-concept report to demonstrate that
an agonistic FGFR1 antibody, R1Mab, could mirror several metabolic
effects of FGF21 in animals [64]. Nevertheless, given that this antibody
is not selective to the adipose-specific FGFR1c isoform and its action is
not limited to KLB-expressing tissues as in the case for FGF21, this
molecule suffered from several negative off target effects. More recently,
Foltz et al. reported the generation of a KLB/FGFR1c-specific antibody,
mimAb1 [65]. As this antibody did not cross-react with mouse FGFR1
& 2013 The Authors. Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



and KLB, the researchers in a bold move skipped a customary step of
target validation in rodent models. Instead, they proceeded with their
molecule straight into obese monkeys to demonstrate that mimAb1
functions as an FGF21 mimetic [66]. Finally, Smith et al. used phage
display techniques to generate AvimerTm polypeptides that can simulta-
neously bind with high affinity FGFR1c and KLB, thus maintaining
selectivity for the FGF21 receptor complex [66]. Since the Avimer
proteins showed “FGF21-like” pharmacology in obese monkeys, these
molecules can be considered the first artificial bi-specific activators of
the FGF21 pathway [67].
7. UNCOVERING FGF21 BIOLOGY

The early reports on FGF21 fostered substantial interest in further study
of the protein both in industry and academia. This groundswell of
excitement translated into a large number of follow up publications
which keep growing exponentially year-on-year thus contributing to
significantly expanded knowledge around the biology of FGF21 both in
the preclinical setting and in man. Even though many of these studies
focused on discrete and basic aspects of mechanism of action, they are
also vital to the overall success of the FGF21 drug discovery.
Key to understanding the mechanisms behind FGF21 pharmacology was
appreciation of the role of the endogenous FGF21 system that began
with delineating tissues which either expressed or were capable of
responding to this protein. As stated earlier FGF21 was identified in the
liver [7], however, further expression was subsequently reported in
white adipose tissue [68], brown adipose tissue [69], muscle [13] and
pancreas [70]. In 2010 Dushay et al. published the first report on FGF21
expression in human liver and its elevation in subjects with non-
alcoholic fatty liver disease (NAFLD) [71]. Interestingly, in the same
study no expression of FGF21 in human adipose tissue was detected,
suggestive of potential differences in tissue expression pattern between
humans and rodents [27,71]. An earlier report demonstrated the
presence of FGF21 mRNA in human skeletal muscle, however, this
expression was not robust and was not modulated by diabetic status [72].
In human pancreatic sections FGF21 protein and mRNA is present
(Kharitonenkov A & Adams AC, unpublished observations); nonetheless,
the relative contribution of this tissue to circulating levels in man has yet to
be rigorously evaluated.
Basal circulating FGF21 concentrations in healthy adult humans have
been estimated to fall within a range of 0.05–2 ng/ml dependent on the
assay methodology employed. In essence ELISA assays seem to
approximate circulating FGF21 levels in the low hundred picogram
range, whereas RIA based methods produce an estimate almost 10�
higher in the 1–2 ng/ml range. Thus one must be cautious when
comparing data between studies in which assay methods differ
[11,51,73]. In rodents FGF21 is known to be regulated by nutrient
deprivation, however, in humans the effect of prolonged fasting on
FGF21 concentrations is not robust and remains to be elucidated further
[11,74]. There have also been limited studies indicating that FGF21 is
regulated in a circadian manner under various physiological conditions
therefore this possible confounding factor must be taken into account
when estimating FGF21 levels [74]. Furthermore, there is an extremely
wide range of FGF21 concentrations observed in human serum [11,75]
raising doubts as to the relevance of circulating FGF21 to its biological
actions [74,76–78]. Of note, a recent report suggests that FGF21 in
human plasma is partially truncated [63] a change which renders the
protein inactive in the in vitro setting [24].
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In tandem with efforts to uncover the physiology of FGF21 in humans,
preclinical studies were advancing in rodents. As is common to most
efforts to quickly grasp of the function of novel proteins, mice with
whole body ablation of FGF21 (FGF21KO) were obtained. The Lilly
generated FGF21KO were found to display obesity and glucose
intolerance [52,79], a phenotype which was consistent with that of an
independently generated strain [80]. Interestingly, a third FGF21KO line
was shown to be lipodystrophic [81]. The phenotype of both the Kyoto
University generated and Lilly FGF21KO mice is consistent with that of
FGF21-overexpressing animals (FGF21Tg) [8]. FGF21Tg mice exhibit
lower body weight and are lean when compared to WT mice [8] with
significantly improved glycemia in the face of vanishingly low insulin
levels. In addition to the lean phenotype and resistance to diet induced
obesity observed in our own strain of FGF21Tg mice, an independent
line of FGF21 overexpressing animals also displays significantly
augmented lifespan [21].
With the phenotypes of genetic models largely supporting the previous
literature regarding the effects of exogenous FGF21 administration the
next logical step was to determine tissue (s) in which FGF21 can act.
Acute FGF21 signaling, determined by increased immediate early gene
signaling is observed in liver, adipose tissue and pancreas
[27,35,50,70]. Physiologically, this activation is coupled to a reduction
in serum glucose, insulin, triglycerides, and free fatty acids, as well as
an increase in adiponectin secretion [14,19,26,27,44].
Various techniques were successfully used to demonstrate that in cells
FGF21 requires the co-factor KLB for its action [22–25,47,82]. Never-
theless, the role of KLB in the propagation of the FGF21 signal in vivo
was initially challenged by the finding that FGF21 signaling was fully
preserved in mice with total body KLB ablation [83]. Therefore, to
critically evaluate this hypothesis, independent lines of KLB null mice
were generated. However, in these KLBKO animals the distinctive
induction of immediate early gene expression was noticeably absent
[26,27]. As a result of the absence of the initial receptor engagement, all
FGF21 driven metabolic effects were lost in KLBKO animals, demon-
strating the ultimate requirement for KLB in the mediation of FGF21
in vivo pharmacology [26,27].
FGF21 is active on 3T3-L1 adipocytes that express KLB and FGFR1
(FGFR2 is also present but at a significantly lower level). Both FGF
receptors in adipocytes are tyrosine phosphorylated/activated when cells
are treated with FGF21 [8], supporting the idea that several FGFRs in a
context of KLB expression are sufficient to facilitate FGF21 in vitro
signaling [23,24,43]. Extrapolating this data to the in vivo condition it
was also plausible to propose that tissues co-expressing this FGFR/KLB
complex such as the liver, pancreas and adipose are either responsible
for specific aspects of FGF21 pharmacology or function in concert/
sequence to support FGF21 in vivo action [84]. To assess those
possibilities, and given the fact that fat cells are enriched with FGFR1
and KLB, FGF21 was first tested in mice with adipose specific deletion
of FGFR1 (FR1KO) [35]. Unexpectedly, the majority of the metabolic
effects of FGF21 were lost in the FR1KO animals in both acute and
chronic dosing conditions, and only discreet facets of FGF21 biology
such as lowering of free fatty acids remained [35]. This striking result
indicated that for whole body effects in mice FGF21 primarily requires
targeting of FGFR1 in adipose tissue and came in a surprising contrast
to the pale cast of thought above. Importantly, animals with neuronal
FGFR1 loss were still fully responsive to exogenous FGF21 suggestive of
peripheral FGF21 having no direct action on neurons [35] even though
some recent reports suggested otherwise [85,86].
Supporting the adipose tissue-driven hypothesis of FGF21 mode of in vivo
action is a dramatically diminished response to FGF21 treatment in
rights reserved. www.molecularmetabolism.com 225
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lipodystrophic mice [44] and animals with fat-specific KLB ablation [26].
Additionally, the plethora of FGF21 pharmacologic effects are retained in
animals with the use of size-extended FGF21 variants that cannot
penetrate into brain [58,59,67] suggestive of a straightforward tailoring
strategy for FGF21 based therapies if these adipose centric mouse data
bear relevance in man.
Adiponectin levels are also significantly increased in FGF21Tg mice [8],
reduced in FGF21KO animals and treatment with recombinant FGF21
increases the circulating levels of all three forms of adiponectin [53].
Noteworthy, the latter was completely lost in the FR1KO mice [35] leading
to investigations on the role of adiponectin downstream of FGF21. Since
acute FGF21 signaling is not compromised in adiponectin null (Adn� /� )
mice, the FGF21 receptor machinery appear to be intact in these animals.
Nevetheless, Adn� /� mice were refractory to the glycemic effects of
FGF21 [53,87] while full FGF21 efficacy remained intact with regard to lipid
lowering. Thus, individual endpoints of FGF21 pharmacology appear to be
mediated by distinct downstream factors, such as adiponectin or leptin.
Further work is required to elucidate other downstream effectors of FGF21
action, a strategy which holds the possibility of finding novel drug targets
within the realm of FGF21 biology.

8. CAVEAT EMPTOR?

Despite a large body of evidence regarding the positive metabolic actions
of FGF21, safety concerns associated with targeting the FGF21 pathway
have also emerged. Indeed, while above we attempted to show how basic
research can uncover data to aid and guide drug discovery, the same
process is also expected to reveal negative issues with any given target.
Once identified these issues need to be fully explored as patient safety is
of the utmost importance.
FGF21Tg animals are shorter than WT mice [8,88]; indeed the increased
longevity and reduced body length in these animals is reminiscent of
that observed in the snell dwarf mouse [89]. The FGF21Tg mice were
shown to be prone to the early onset of torpor [90], a state of energy
conservation marked by reduced body temperature and physical activity.
While in a follow up study [91] FGF21 did not appear to be sufficient to
induce hibernation in rodents and no reports of FGF21 effects on body
temperature have been reported in higher mammals this finding remains
a potential concern. Recent studies have also suggested that FGF21 can
delay growth plate development [92–94], and may have deleterious
effects on bone [95], and reproduction [96]. Wei et al. utilized both
genetic and pharmacologic FGF21 gain of function paradigms to
demonstrate a striking decrease in bone mass in mice. Furthermore,
FGF21KO mice exhibited a phenotype of increased bone mass [95] all
together leading to the hypothesis that FGF21 is a critical regulator of
bone turnover. Nevertheless, and given that FGF21Tg mice present with
extended lifespan during which they remain apparently healthy [21], the
question remains if this observed reduction in bone mass has any
negative consequences. Furthermore, a significant positive association
between plasma FGF21 levels and BMD was recently reported in healthy
women suggestive that the association between bone loss and FGF21 in
rodents may not be directly translated to humans [97]. With regard to
reproductive effects, Owen et al. demonstrated that FGF21 promotes
infertility in female mice via direct action on the suprachiasmatic
nucleus (SCN) of the hypothalamus to suppress the vasopressin–
kisspeptin signaling cascade and to inhibit luteinizing hormone release.
In addition, mice lacking KLB specifically in the SCN are refractory to this
FGF21 mediated female fertility effect, further suggestive of its central
origin and the potential involvement of FGF21 in a liver-to-brain axis that
modulates female reproduction in response to nutritional challenge [96].
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If this observation in rodents holds in man, size-extended FGF21
variants that cannot enter brain will present with safety advantages in
the clinic.
9. CONCLUDING REMARKS

The history of the discovery and subsequent maturation of FGF21 can
teach several lessons about the wonders one may encounter during the
drug discovery process. While nature itself is unpredictable, the search
to find novel drug candidates is even more complex since in essence the
latter are required to beneficially modulate a pathological environment
which is on the whole still poorly understood. As an example, FGF21
was discovered via an in vitro assay as a potential insulin mimetic,
emerged as a viable “glucose plus” agent in animals, and ended up
providing several metabolic benefits yet failed to deliver sustained
glucose lowering in man.
In the post whole genome sequencing era, tried and tested strategies of
exploiting “low hanging fruit” and “avoiding risks” are long gone. Consistent
investment and diligent focus is needed to evaluate and enable the best
novel targets. As FGF21 demonstrates, phenotypic screens can deliver new
drug candidates, but the need for a concise, reproducible and translatable
in vitro assay is paramount. Knowledge of robust and easily measurable
in vivo biomarkers of action in addition to the presence of robust functional
endpoints is also vital in determining translation from the preclinical setting
into man. One key lesson in the development of FGF21 is that risk taking
and wiliness to commit to early go/no go experimentation are paramount to
increasing the pace of the drug development process.
Finally, successful drug discovery can be framed around novel first-in-class
targets if the process in parallel is accompanied by evolving basic scientific
research. Appreciation that the vast majority of these initially obscure
molecules will not pass reproducibility tests [98] is not a negative factor but
instead should serve as motivation to quickly explore the next potential
target. Collaborations between industrial teams and academic scientists
even though thwarted at times by bureaucratic barriers are crucially
important in conceiving novel hypotheses and partitioning research
expenses. The essential character of things can be unearthed via working
in concert and transparency on the part of both. At the very end, timely
publications are essential in creating interest that feeds back to accelerate
innovation and lead the development of novel targets.
Given all the challenges the pharmaceutical industry is currently
experiencing [37], the odds of delivering revolutionary therapies remain
slim. Yet FGF21 serves as a prime example that novel and potentially
better medicines are within the reach. After 10þ years of intense
investigations FGF21 still holds promise to eventually become a powerful
drug in the treatment of a wide array of chronic human diseases.
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