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Fibroblast growth factor 21 (FGF21) is in biomedical focus as a treatment option for
metabolic diseases, given that administration improves metabolism in mice and humans.
The metabolic effects of exogenous FGF21 administration are well-characterized, but
the physiological role of endogenous FGF21 has not been fully understood yet. Despite
cold-induced FGF21 expression and increased circulating levels in some studies,
which co-occur with brown fat thermogenesis, recent studies in cold-acclimated mice
demonstrate the dispensability of FGF21 for maintenance of body temperature, thereby
questioning FGF21’s role for thermogenesis. Here we discuss the evidence either
supporting or opposing the role of endogenous FGF21 for thermogenesis based on the
current literature. FGF21, secreted by brown fat or liver, is likely not required for energy
homeostasis in the cold, but the nutritional conditions could modulate the interaction
between FGF21, energy metabolism, and thermoregulation.

Keywords: cold exposure, brown adipose tissue, beige adipose tissue, uncoupling protein 1, endocrine signaling,
low protein diet, energy metabolism

INTRODUCTION

The ability to combat cold stress is crucial for the survival of mammals. Especially in small
rodents and human infants, brown adipose tissue (BAT) and its unique protein uncoupling
protein 1 (UCP1) play an important role in the maintenance of core body temperature (1). When
activated, UCP1 uncouples mitochondrial respiration from ATP production, resulting in the direct
dissipation of oxidative energy as heat (2). The expression of UCP1 is not restricted to BAT. UCP1
can be recruited in white adipose tissue (WAT), classifying it as beige adipose tissue, through
various stimuli, i.e., cold exposure, beta-adrenergic stimulation, and various peripheral signals.
One of these peripheral signals is endocrine-acting metabolic regulator fibroblast growth factor
21 (FGF21).

It has been well-documented that the pharmacological administration of FGF21 and its analogs
improves the metabolic profiles in mice and humans by decreasing adiposity, serum lipids, and
blood glucose levels (3-7). Furthermore, the administration of FGF21 increases energy expenditure
(7) and potently stimulates beige adipose tissue (8, 9). Its efficacy in humans promoted the interest
in FGF21 as a promising therapeutic molecule for various metabolic diseases (e.g., obesity, type 2
diabetes, and non-alcoholic fatty liver disease). Therefore, it is not surprising that several clinical
trials using FGF21 analogs have already reached phase 2 (10, 11) and are under investigation to
enter phase 3 (12). On the other hand, the role of endogenous FGF21 is less established. Endogenous
FGF21 is regulated upon cold exposure in mice (see, for an overview of references, Figure 1), and
a growing number of publications indicate the regulation of circulating FGF21 in response to cold
in humans (15-17).
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FIGURE 1 | Schematic overview of publications investigating the effect of cold exposure on circulating FGF21 and Fgf21 expression levels in various tissues of the WT
control mice. Blue box, FGF21 was up-regulated; yellow box, FGF21 was down-regulated; white box, FGF21 not differently regulated vs. control; gray box, not
analyzed. The data represent circulating levels and mRNA expression, unless otherwise specified. WAT, white adipose tissue (subcutaneous unless otherwise stated);
BAT, brown adipose tissue. Keipert et al. a (13), b (14). Parts of this cartoon were created using Servier Medical Art (http://smart.servier.com).

Clarifying the underlying mechanisms of changes in  serum concentration (18). So far, verifying the origin of FGF21
endogenous levels upon cold is challenging because FGF21  secretion in humans has been complicated. Although cold
can be secreted from various tissues, contributing to the  exposure is known to stimulate FGF21 expression in both

Frontiers in Endocrinology | www.frontiersin.org 2 July 2020 | Volume 11 | Article 389


http://smart.servier.com
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Klein Hazebroek and Keipert

FGF21*‘s Role in Cold

humans and animal models, its metabolic consequence in
thermogenically competent adipose tissue during cold remains
incompletely understood. In this review, we will concentrate on
the physiological role of endogenous FGF21 upon cold exposure
and FGF21’s metabolic effects, focusing on its importance in
thermoregulation and metabolic homeostasis.

FGF21’S TISSUE SPECIFICITY AND
REGULATION

FGF21 and its relatives, FGF15/19 and FGF23, are atypical
members of the FGF family based on their role as endocrine
factors (19). After synthesis and secretion, FGF21 acts as a
circulating hormone that binds to fibroblast growth factor
receptors and cofactor pB-Klotho to form a ternary complex,
which is responsible for FGF21 specificity and required to induce
signal transduction in target tissues (20-23). The liver has been
considered as the major source of circulating FGF21 in adult
mice (24). Besides the liver, however, FGF21 is also synthesized
in several other tissues, including the pancreas (25), skeletal
muscle (26), and adipose tissue (13, 27). Over the last years,
the central nervous system and adipose tissue have emerged as
the key target organs of FGF21 action in improving metabolism
(3, 28-30). For example, the insulin-sensitizing effects of FGF21
in mice are primarily regulated by adipose tissue (28), whereas
the effects on energy expenditure and weight loss are mainly
regulated centrally (31). The pharmacological administration of
native FGF21 in mouse and human studies induces thermogenic
gene expression in WAT and BAT, for example, Ucp1 and Dio2 (8,
9, 16). The induction of thermogenic genes can be a direct effect
on adipose tissue (9) as well as indirect by the central nervous
system (31, 32). FGF21 administration enhances the sympathetic
outflow toward adipose tissue, possibly involving the induction
of corticotropin-releasing hormone (31), which in turn activates
the p-adrenergic-cAMP-mediated pathway, thereby turning on
Ucpl expression. Furthermore, Fgf21 mRNA expression itself
is induced in adipose tissue in response to stimulation with
p-adrenergic agonists [e.g., isoproterenol; (9, 33)]. Although
the pharmacological administration of FGF21 and f3-adrenergic
agonists indicates a function of FGF21 in thermoregulation, the
question on the role of endogenous FGF21 upon cold exposure
remains unanswered.

IS CIRCULATING FGF21 AN ENDOCRINE
METABOLIC REGULATOR UPON COLD
EXPOSURE?

A study performed in neonatal mouse pups was the first
to suggest an endocrine role of endogenous FGF21 in
thermoregulation (34). Here the consumption of maternal milk
(i.e., initial lipid intake) triggered liver Fgf21 expression in
newborn mice, leading to an increase in circulating FGF21
levels. Notably, the rise in FGF21 plasma levels parallels the
thermogenic gene expression in neonatal BAT after birth. Given
these results, the authors suggested a liver-FGF21-BAT axis, in
which FGF21, secreted by the liver, contributes to the activation

of BAT thermogenesis to defend the body temperature during
early life. Although the mice were not housed at 4°C in this
study, it inspired the idea that a liver-FGF21-BAT axis might
also be present in thermogenesis in later life. Since then, many
studies attempted to uncover the possible endocrine role of
endogenous FGF21 upon cold exposure in adult mice, with
controversial results.

Numerous studies show that circulating FGF21 is upregulated
in wild-type (WT) mice housed at 4-6°C (34-38), while others
did not observe this induction (9, 13, 33, 39-41) but instead
report on a decrease [(42); Figure1l]. The inconsistencies
between the studies may be explained by the differences in
animal model or experimental design. However, a summary of
the published data from 13 mouse and three rat studies (Table 1)
reveals that gender, age, or genetic background cannot explain
the differences as most of the studies used adult male mice on
a C57BL/6] background or male Wistar rats. Furthermore, the
housing temperature before cold treatment and the duration
of the cold treatment seem to have no consistent effect on
FGF21 secretion (Table1 and Figurel). In addition to the
ambiguity of whether circulating FGF21 increases upon cold
treatment, a closer inspection of the publications that observe
an increase shows that there are inconsistencies concerning the
tissue responsible for the secretion. Two main tissues arise, BAT
and liver, which we will now discuss individually.

BROWN ADIPOSE TISSUE AS THE
SOURCE FOR CIRCULATING FGF21

Hondares et al. (27) were the first to show increased circulating
FGF21 levels upon cold exposure in adult mice (27). After 6h at
4°C, the circulating FGF21 levels were not different compared
to those of mice kept at 30°C, yet the mice showed increased
levels after 24h and 30 days at 4°C. A gene expression analysis
suggested BAT as an FGF21 source, as reflected in induced
mRNA levels. In contrast, Fgf2I mRNA in the liver remained
unchanged (6 h) or even decreased upon long-term cold exposure
(24h). In the same study, but using rats, in vivo arteriovenous
differences in plasma FGF21 across interscapular BAT were
measured, confirming the release of FGF21 from BAT (27). In
2018, others followed up on these findings, showing that the
circulating FGF21 levels increase throughout 8h to 14 days of
cold treatment period (38). The authors claim BAT to be the
source of increased FGF21 as this was associated with an early
induction of Fgf21 gene expression in this tissue, which declines
after 7 days. When interpreting these data, we may bear in mind
that no further gene expression data of other potential FGF21
secreting tissues were included, as well as the lack of specific
knock-out models. Thus, it is difficult to determine the tissue
responsible for the increase in circulating FGF21. However, Piao
et al. (38) showed an important role of circulating FGF21 action
in the induction of WAT browning during cold acclimation (38).
Neither centrally nor peripherally administered FGF21 initiated
the induction of beige fat in mice lacking B-adrenoceptors,
demonstrating that an intact adrenergic system is necessary for
FGF21 action (31, 32). These data suggest FGF21 signals via
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TABLE 1 | Overview of experimental designs and study specifics of publications on FGF21 and cold exposure at 4-8°C.

References Study design Species and Genotype Diet Age at start Ambient
(cold exposure) background (weeks) temperature
(t=0)
Ameka et al. (35) 30min, 1,2, 6, 12, Mice (C57BI/6J) FGF21"1 x albumin-Cre Standard chow 12 30°C (72h)
and 24 h at 4°C FGF21 /M x adiponectin-Cre
KLB " x adiponectin-Cre
+corresponding wild-type
(WT) control
Bal et al. (36) 5dat16°C Mice (C57BL/6J) WT Regular rodent 12 29°C
— 15dat4°C diet
Challa et al. (39) 1dat8C Mice (C57/B6N) WT, UCP1-DTR-eGFP Standard chow 8-12 23°C
Chartoumpekis 4hat4°C Mice (C57BI/6J) WT Standard chow 24 22°C
et al. (33) (fasted at 4°C)
Fisher et al. (9) 72hat5°C Mice (C57BI/6) WT, FGF21 KO Not stated ihl 27°C (6 d)
Flachs et al. (42) 2and 7 dat6°C Mice (C57BI/6J; WT Standard chow 9 30°C (7 d)
A/J mice)
Hill et al. (37) 6hat4°C Mice (C57BI/6J) WT, FGF21 KO Low-protein and 12 23°C (10d)
control diet
Hondares et al. 6and 24 h; 30 d at Mice (Swiss) WT (Swiss mice), PPARa-null Not stated Adult 29°C
(27) 4°C (12984/SvJae-Pparatm1Gonz/J)
Huang et al. (40) 1,6,24hand 3, 6 Mice (C57BI/6J) FGF21/o%/0x » aP2-Cre Standard chow 12 30°C (2 wks)
dat6°C FGF219/x 5 albumin-Cre
KLB¥/1 x adiponectin-Cre
+corresponding WT control
Keipert et al. (13) ~3 wks at 18°C Mice (C57BI/6J) WT, UCP1-KO Standard chow ~11 30°C (~11 wks)
— 4 wks at 5°C
Keipert et al. (14) 2 wks at 18°C — Mice (C57BI/6J) WT, FGF21 KO, UCP1-KO, and Standard chow ~11 30°C (~11 wks)
3 wks at 5°C UCP1/FGF21 double KO
Piao et al. (38) 2,8,and 24h; 3, Mice (C57BI/6J) WT Standard chow ihl Not stated
7,and 14 d at 4°C
Vazquez et al. (41) 6hat4°C Mice (C57BI/6J) WT, heterozygote tyrosine Standard chow 8-12 29°C (1 wk)
hydroxylase KO (Th+/-)
Aleman et al. (43) 72hat4°C Rats (Wistar) WT 6, 20, and 50% 6 23°C
protein diet (time
restricted)
Hondares et al. 24h;30dat 4°C Rats (Wistar) WT Not stated Not stated 29°C (3 wks)
@7
Sepa-Kishi et al. 7dat4°C Rats (Wistar) WT Standard chow Not stated 22°C
(44)

All studies used male mice and rats. h, hour(s); d, day(s); wk(s), week(s); — “followed by”.

the brain to activate the sympathetic nervous system and induce
adipose tissue thermogenesis.

In UCP1 knockout (KO) mice, a model that lacks classical,
UCPI-mediated BAT thermogenesis (45, 46), BAT becomes
a potential source of circulating FGF21 upon long-term cold
exposure. Gene expression as well as ex vivo tissue secretion
assays confirm BAT but exclude muscle, WAT, and liver as
sources of circulating FGF21 in these mice (13). Interestingly,
this study could not confirm the previous observations on the
release of FGF21 from BAT in WT mice (27), which were
exposed to long-term cold. It has been frequently speculated that
other heat sources (e.g., creatine-driven substrate cycling and
PM20D1-regulated mitochondrial uncoupling) are alternatively
activated to protect the body temperature (47, 48), possibly in
other tissue sites such as subcutaneous WAT (sWAT). Consistent
with the literature that claims the induction of browning by

FGF21 (8, 9), pronounced browning features in sWAT of UCP1-
KO mice, but not in WT mice, were observed (13). Thus, the
significant release of FGF21 from non-functional BAT suggests
the possibility of an endocrine crosstalk between BAT and other
tissues to coordinate a systemic adaptive thermogenesis response
in UCP1-KO mice.

To consolidate FGF21 dependency, UCP1-FGF21 double
knockout (dKO) mice were created and characterized (14).
Unexpectedly, the dKO mice displayed identical energy
expenditure, browning of WAT, and defense of body temperature
during long-term cold exposure as their single knockout, UCP1-
KO, counterparts. This observation strongly suggests that
the increases of FGF21 serum levels in UCPI-KO mice
have no major impact on thermoregulatory capacity. Thus,
one can highlight that FGF21 per se is not required for the
defense of body temperature despite a strong induction of

Frontiers in Endocrinology | www.frontiersin.org

July 2020 | Volume 11 | Article 389


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Klein Hazebroek and Keipert

FGF21*‘s Role in Cold

FGF21 in various adipose tissue depots during prolonged cold
exposure (14).

LIVER AS THE SOURCE FOR
CIRCULATING FGF21

The contribution of different tissues to circulating FGF21 in
cold-induced thermogenesis was further dissected in a study that
used adipose- and liver-specific knockout mouse models and cold
exposure ranging from 1h up to 6 days (40). Interestingly, the
authors did not observe an increase in circulating FGF21 levels
and therefore excluded an endocrine role for FGF21. In line with
other studies (Figure 1), no increase of Fgf2] mRNA in the liver
was detected upon cold exposure, and the adult liver-specific
FGF21-KO mice did not show impairment in thermoregulation
upon cold exposure. However, Fgf2] mRNA and protein are
highly cold-induced in both BAT and WAT. Furthermore, the
adipose tissue-specific FGF21-KO mice show reduced body
temperature and recruitment of beige adipocytes in the early
phase of cold exposure (40). This impairment of cold-induced
adaptive thermogenesis suggests an autocrine thermoregulatory
role of FGF21 in WAT and proposes the induction of beige
adipocytes as an active player in thermogenesis.

Strongly opposing these results are the data of Ameka et al.
(35). While both studies excluded BAT as a source of FGF21 upon
cold exposure, here the authors highlight the liver as the source
of circulating FGF21 in response to short-term cold exposure. In
direct contrast to Huang et al. (40), the liver-specific FGF21-KO
mice display decreased body temperatures upon short-term cold
exposure, whereas the adipose-specific FGF21-KO mice do not. A
liver FGF21-brain-BAT axis was highlighted by showing reduced
sympathetic nerve activity to BAT in liver-specific FGF21-KO
mice as well as in WT mice with pharmacologically inhibited
FGF21 signaling in the brain (35).

An explanation for the study differences on the adipose tissue
mouse model may reside in the use of the Cre mouse model.
While Ameka et al. used the adiponectin-Cre mouse, Huang
et al. used the aP2-Cre transgenic mouse, which expresses Cre
recombinase not exclusively in adipose tissue (17). However,
the differences found in the liver-specific KO mouse model
remain puzzling.

IS THERE AN AUTO-PARACRINE ROLE OF
THERMOGENIC ADIPOSE FGF21 UPON
COLD EXPOSURE?

A general theme that crystalizes from nearly all published data
is the induction of Fgf2I mRNA in BAT upon cold exposure
(Figure 1), indicating a possible auto- paracrine role of FGF21
when the circulating levels remain unchanged. The inducing
signaling cascade for Fgf21 expression is almost identical as that
found for UCP1 regulation: cyclic-:AMP mediates the activation
of protein kinase A and p38 MAPK, which activates transcription
factor 2 for transactivation of the Ucp1 and Fgf21 gene promoters
(9, 27, 49), suggesting that adipose FGF21 is a downstream
effector of sympathetic nerve activation. Surprisingly, however,

the studies showing decreased body temperatures during cold
exposure of FGF21-KO mice, including global and liver- and
adipose-tissue specific knockouts, did not detect impairment of
BAT thermogenic gene expression after cold exposure compared
to WT mice (9, 35, 40). Furthermore, no differences in UCP1
protein content, adipose morphology, or mitochondrial content
were seen (40), suggesting that BAT is not the main driver for
body temperature reductions in FGF21-KO mice. Two of these
three studies, which do not detect any increase in circulating
FGF21, instead found reduced thermogenic gene expression in
WAT of FGF21-KO mice (9, 40), lower UCP1 protein levels, and
less beige fat cells and mitochondrial content (40). These findings,
once more, strongly support the auto-paracrine control of FGF21
over the “browning” of WAT, which in turn may contribute
to thermogenesis.

During long-term cold exposure, however, no differences in
thermogenic gene and protein expression, as well as in adipocyte
morphology, were found in the BAT and sWAT of FGF21-
KO and WT mice (14). The interesting differences in BAT
morphology between UCP1-KO and UCP1-FGF21 dKO mice,
measured as a drastically reduced number of lipid droplets in the
double-knockout mice, are so far unexplored. The comparison
of global BAT transcriptomes in this study revealed FGF21 as
one of the top regulated genes, followed by genes involved in
the feedback regulation of FGF21 signaling (e.g., Dusp4 and
Spry4). These observations strongly suggest a bioactivity of
endogenous FGF21 in vivo and may be interpreted as auto-
paracrine effects of supra-stimulated FGF21 function in UCP1-
KO mice, possibly related to lipid metabolism. Notably, the
UCP1-KO mice show reduced survival rates when weaned and
raised at 21°C, which represents a temperature of moderate cold
stress for mice, thereby highlighting the important role of UCP1
in thermoregulation. In contrast, the homozygous FGF21-KO
mice, weaned and raised at 21°C, do not show reduced survival
rates or reduced body weight compared to their WT littermates
(50, 51), thereby excluding a major role of FGF21 on the
protection of body temperature during early life development.

THE IMPACT OF DIET AND MILD
COLD-INDUCED ENDOGENOUS FGF21 ON
THERMOREGULATION

Protein restriction in food is a potent inducer of FGF21 secretion
from the liver into the circulation (52, 53). Alemén et al. (43)
studied the interaction of temperature effects and the amount
of dietary protein on thermogenic adipose tissue in rats (43).
As expected, a low-protein diet led to an increase in liver Fgf21
expression and circulating FGF21, as well as to an increase
in oxygen consumption rates at 23 and 4°C, compared to
an adequate-protein-content diet. Interestingly, an increase of
UCP1 protein concentration was not seen in BAT but in sWAT of
low-protein-fed rats kept at 23 and 4°C. The authors speculated
that low-protein diets stimulate energy expenditure via FGF21-
induced UCP1 protein expression in WAT. In line with this is the
induction of UcpI gene expression only in sWAT, and not in BAT
or epididymal WAT with low-protein diets, which disappears
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in liver-specific FGF21-KO mice (54). Moreover, no increase
in energy expenditure was seen in UCP1-KO mice after low-
protein-diet feeding (37). In this study, it was further investigated
whether the animals with high circulating FGF21 can cope better,
with an acute cold stimulus, during low-protein-diet feeding.
The increase of endogenous FGF21 levels in WT mice fed a low
protein diet, however, had no effect on the acute thermogenic
responses to cold, measured as body temperature (37). Therefore,
we may conclude that albeit the increased circulating liver-
derived FGF21 levels induce Ucpl gene expression in sWAT, this
is not required for physiological protection from acute cold stress.

As mentioned previously, neither UCP1 nor FGF21 is
required during adulthood to defend the body temperature
from long-term cold exposure (14). It seems that an ambient
temperature of 5°C for several weeks overrules FGF21 action,
leading to FGF21-independent browning of WAT in UCP1-KO
mice. Surprisingly, some of our newest data highlight mild cold-
induced endogenous FGF21 as the primary metabolic regulator
of obesity resistance, possibly mediated via WAT browning
in UCP1-KO mice (55). How could the contradiction of the
impact of FGF21 on browning of WAT between these studies
be explained? There are two important differences in the study
setup. In the most recent study, UCP1-KO mice were transferred
from 30°C to mild cold (23°C) instead of 4°C and the diet was
switched from chow to high-fat diet. While mild cold exposure is
essential to trigger FGF21 release in UCP1-KO mice, FGF21 only
unfolds its anti-obesity effect in combination with overnutrition
in the form of high-fat diets. This rationale is coherent with the
pharmacology of exogenous FGF21, which does not reduce body
weight in lean mice, but only in obese mice, and partly requires
UCPI-independent thermogenesis for its beneficial metabolic
effects (6, 56). This hypothesis is further strengthened by the
requirement of increased endogenous FGF21 for the protection
from HFD-induced body weight gain in different other mouse
models (57, 58).

SUMMARY AND CONCLUSION

Ever since endogenous FGF21 has been associated to the
expression of thermogenic genes in BAT of neonatal pups,
researchers have been investigating FGF21’s role for survival
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