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Fibroblast growth factor 21 (FGF21) is an endocrine hormone that is primarily expressed in the liver and exerts beneficial effects
on obesity and related metabolic diseases. In addition to its remarkable pharmacologic actions, the physiological roles of FGF21
include the maintenance of energy homeostasis in the body in conditions of metabolic or environmental stress. The expression
of FGF21 is induced in multiple organs in response to diverse physiological or pathological stressors, such as starvation, nutrient
excess, autophagy deficiency, mitochondrial stress, exercise, and cold exposure. Thus, the FGF21 induction caused by stress plays
an important role in adaptive response to these stimuli. Here, we highlight our current understanding of the functional impor-
tance of the induction of FGF21 by diverse stressors as a feedback mechanism that prevents excessive stress.
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INTRODUCTION

Fibroblast growth factor 21 (FGF21) was identified and cloned
as the 21st member of the FGF family [1]. The biological func-
tion of FGF21 as a novel metabolic regulator was first reported
by researchers from the Lilly Research Laboratories [2]. These
researchers discovered that FGF21 is a secretory protein that
enhances glucose uptake in adipocytes and has beneficial met-
abolic effects on insulin resistance and diabetes [2]. Specifical-
ly, transgenic mice overexpressing FGF21 exhibit resistance to
diet-induced obesity, which indicates the potential of FGF21
as an antiobesity molecule [2]. In line with this report, subse-
quent studies have suggested that FGF21 and FGF21 mimetics
can improve the metabolic parameters of obese diabetic ro-
dents [3-5], rhesus monkeys [6,7] and human subjects [8].
Such therapeutic effects of FGF21 have been attributed to the
pleiotropic metabolic actions of FGF21 in multiple target or-

gans such as the adipose tissue [9-11], liver [4,12], pancreas
[13], and hypothalamus [14,15]. Intriguingly, emerging stud-
ies have suggested the potential role of FGF21 as a regulator
that mediates the therapeutic effects of several antidiabetic
drugs or compounds, such as thiazolidinedione [16], glucagon
analogue [17], glucagon-like peptide-1 analogue [18], and
metformin [19]. In addition to the beneficial pharmacological
effects of exogenous FGF21, endogenous FGF21 also plays an
important role in the maintenance of energy homeostasis in
several stressful conditions, such as nutrient starvation [20,21]
and cold exposure [22,23]. Furthermore, a growing body of
research suggests that FGF21 is also able to exert protective
functions in pathological conditions that occurring after the
administration of chemicals, such as acetaminophen-induced
liver toxicity [24], dioxin-induced toxicity [25], cerulein-in-
duced pancreatitis [26], and phenylephrine-induced cardiac
hypertrophic damage [27]. These findings suggest that FGF21
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Fig. 1. The functional role of fibroblast growth factor 21 (FGF21) induction due to diverse stressors. FGF21 expression is in-
creased in multiple major metabolic organs, including the liver, skeletal muscle, white adipose tissue and brown adipose tissue
(as illustrated in the middle column of the figure from the above), in response to diverse stressors. Consequently, elevated FGF21
induces various metabolic effects on the major metabolic organs which help adapt to these stressors. mtDNA, mitochondrial

DNA.

acts as a key regulator in the adaptation to stress and can limit
the progression of stress in diverse disease conditions. Among
the numerous actions of FGF21, we highlight our recent un-
derstanding of FGF21 as a stress hormone in the present re-
view and focus on the functional significance and molecular
mechanisms of the induction of FGF21 in response to diverse
stressors such as nutrient deprivation or overload, autophagy
deficiency, mitochondrial stress, exercise, and cold exposure

(Fig. 1).

FUNCTIONAL IMPORTANCE OF THE
INDUCTION OF FGF21 BY VARIOUS
METABOLIC STRESSORS

FGF21 and nutrient stress

Several previous studies have suggested that FGF21 expression
is regulated by various nutrient stresses such as starvation [20,21,
28], a ketogenic diet [29], amino acid deprivation [30,31], un-
dernutrition (or malnutrition) [32], and a high-fat diet or obe-
sity [33,34]. Consequently, increased FGF21 levels might play
arole in the adaptation to nutritional stress.

The physiological function of FGF21 in the maintenance of
nutritional homeostasis was suggested in papers that showed
that FGF21 is a molecule regulating lipid metabolism in re-
sponse to fasting [20,21]. In starvation, FGF21 expression has
been reported to be induced in the liver via the peroxisome
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proliferator-activated receptor o, (PPARa). Additionally, re-
cent studies have suggested that the cAMP-responsive element
binding protein H and sirtuin 1 also participate in fasting-in-
duced FGF21 expression [28,35]. Subsequently, increased FGF21
expression promotes lipolysis in adipose tissue, and the fatty ac-
ids released from adipose tissue are transported to the liver
where they are directly oxidized for energy production or uti-
lized as a source for ketone body formation. Furthermore, he-
patic FGF21 induction contributes to the alleviation of fasting-
induced hepatosteatosis by enhancing the expression of the
genes involved in fatty acid oxidation [28]. In addition to fast-
ing-induced changes in lipid metabolism, PPARo-mediated
FGF21 induction is also involved in the increases in fatty acid
oxidation and ketogenesis that result from ketogenic diets
[29]. These results indicate that FGF21 acts as a critical regula-
tor in the metabolic adaptation to fasting or ketotic states.

In addition to fasting, FGF21 has been reported to be im-
portant in the regulation of lipid metabolism in response to
amino acid deficiency [30,31]. In mice fed leucine-deficient
diets, FGF21 expression increases in the liver likely through
the activation of a transcription factor 4 (ATF4)-dependent
mechanism, but no differences in the expression of FGF21 in
leucine deficient mice and control mice occur in other meta-
bolic organs, including adipose tissue and skeletal muscle
[30,36]. Importantly, mice that are fed a leucine-deficient diet
exhibit reduced body weight and fat mass compared to mice
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that are fed a control diet [30,36]. Importantly, such changes in
body weight and fat mass due to a leucine-deficient diet are
significantly attenuated in FGF21-knockout mice. These re-
sults have been attributed to the absence of the action of FGF21,
which leads to the suppression of lipolysis and the enhance-
ment of lipogenesis in adipose tissue in the leucine-deficient
condition. Taken together, these findings suggest that hepatic
FGF21 induction by amino acid deprivation influences lipid
metabolism in adipose tissues.

FGF21 has also been reported to affect the changes in skele-
tal metabolism that are caused by undernutrition (or malnu-
trition) [32]. It is well known that an insufficient supply of nu-
trients impedes bone growth. In nutrient-deficient conditions,
FGF21-knockout mice exhibit less inhibition of skeletal growth
than do control mice [32], which indicates that FGF21 has a
causal role in the undernutrition-related reduction in bone
growth. FGF21-induced bone loss is probably due to the direct
suppression of osteoblastogenesis and chondrogenesis [32,
37,38]. Thus, these results demonstrate the functional signifi-
cance of FGF21 as a key regulator of skeletal homeostasis as
well as liver and adipose tissue homeostasis in nutritionally
stressful states. In contrast to malnutrition, caloric restriction
alone does not cause the induction of FGF21 in mice [30,39].
Furthermore, we did not observe differences in the metabolic
parameters between FGF2I-knockout and control mice after
feeding them calorie-restricted diets [30], which indicates that
the beneficial metabolic effects of caloric restriction are unre-
lated to the induction of FGF21. Thus, we speculate that
FGF21 might play an important role in the metabolic response
to undernutrition but not in the response to caloric restriction.

Nutrient overload is also capable of influencing FGF21 ex-
pression. Specifically, serum FGF21 levels increase in obese
human subjects or mice following the consumption of a high-
fat diet [33,34]. However, FGF21 signaling is impaired in the
liver and white adipose tissue (WAT) of obese insulin-resistant
mice [34] and in the pancreas islets of obese diabetic mice
[40], which suggests that obesity might be a state of FGF21 re-
sistance. However, the administration of exogenous FGF21
overcomes this resistance and leads to improvements in obesi-
ty-related metabolic deterioration. Additionally, the functional
importance of endogenous FGF21 induction in the develop-
ment and progression of obesity-related insulin resistance was
recently evaluated using FGF21-knockout mice that were gen-
erated independently by three groups. In one study, the FGF21-
knockout mice exhibited exacerbated glucose intolerance
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without changes in body weight compared to the control mice
on high-fat diets [16]. In contrast, FGF21-knockout mice on
high-fat diets were found to have body weights and glucose
intolerance levels that were similar to those of control mice in
another study [34]. Intriguingly, the same knockout strain that
was employed in the second study exhibited increased body
weight compared to control mice despite exhibiting similar
glucose intolerance levels after consuming a high-fat diet when
the mice were maintained in another facility [41]. However, in
our experiments that employed a different FGF21-knockout
strain [42], no significant differences in both body weight or
glucose intolerance were observed between the FGF21-knock-
out mice and controls that were fed a high-fat diet. These dis-
crepancies in the metabolic phenotypes of the three FGF21-
knockout lines are probably attributable to differences in sev-
eral factors such as diet composition, animal core facility, age,
breeding strategy, and genetic background. Therefore, the fun-
damental role of the endogenous FGF21 that is induced by
obesity remains controversial and to be determined, but the
metabolically beneficial effects of exogenous FGF21 are irre-
futable.

FGF21, autophagy deficiency, and mitochondrial stress

Autophagy is a lysosomal catabolic process of degradation of
subcellular materials that are surrounded by double-mem-
brane structures called autophagosomes. Autophagy plays an
important role in the maintenance of energy balance by de-
grading or recycling cellular constituents and also plays an im-
portant role in cellular quality control via the turnover of
damaged organelles and in the removal of aggregated proteins
[43]. Thus, the impairment of autophagy causes the accumula-
tion of dysfunctional mitochondria and an increase in the lip-
id contents of the affected organs; these effects might lead to
the development of insulin resistance. Contrary to this expec-
tation, it has been reported that mice with autophagy deficien-
cies in the liver or skeletal muscle are resistant to obesity-in-
duced insulin resistance; this effect has been attributed to the
induction of FGF21 in the autophagy-deficient insulin target
tissues and the consequent leanness [30]. Mitochondrial dys-
function due to autophagy deficiency appears to be the cause
of these metabolic changes and FGF21 induction, which is de-
pendent on the eukaryotic translation factor 2a, (eIF2a,)-ATF4
axis [30]. The effects of mitochondrial stress on FGF21 induc-
tion have also been observed in other reports that observed
increased FGF21 levels in patients with mutations of mito-
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chondrial DNA and in mice with mitochondrial myopathy
[44,45]. Thus, FGF21 could be a biomarker of human mito-
chondrial disorders. The induction of FGF21 by metformin
might also be due to mitochondrial stress [19] because mito-
chondrial complex I activity is inhibited by metformin [46].
Thus, we speculate that FGF21 plays a role as an adaptive reg-
ulator that counteracts the metabolic stress imposed by au-
tophagy deficiency or by mitochondrial dysfunction. Further-
more, given the evidence of the direct effects of FGF21 on the
enhancement of mitochondrial function or capacity [47], we
hypothesize that FGF21 induction by mitochondrial stress can
serve as a compensatory mechanism that alleviates mitochon-
drial dysfunction. Further studies are necessary to validate this
hypothesis and to evaluate the role of endogenous FGF21 in
the pathogenesis of diseases that are related to mitochondrial
dysfunction.

FGF21 and exercise

Exercise can ameliorate the severity of obesity and its meta-
bolic complications by increasing energy expenditure [48].
Specifically, exercise increases the levels of circulating proteins
called myokines that are released from skeletal muscle and
mediate the metabolically beneficial effects of exercise [49].
The expressions of FGF21 in skeletal muscle and in the liver
have been reported, which indicates that FGF21 might act as a
myokine [50]. Given that FGF21 exerts its beneficial effects by
reducing fat mass and enhancing energy expenditure [3], its
beneficial metabolic effect are similar to those of exercise.
Thus, it has been speculated that exercise might influence cir-
culating FGF21 levels and that exercise-induced metabolic
improvements might involve the induction of FGF21. Accord-
ingly, it has recently been shown that acute exercise increases
circulating FGF21 levels in humans and mice [51]. However,
the induction of FGF21 following exercise has been observed
in the livers of mice but not in the skeletal muscle, which sug-
gests that the FGF21 released from the liver contributes to the
increased serum FGF21 levels [51]. In addition to the effect of
acute exercise on FGF21 induction, chronic exercise has been
reported to induce FGF21 expression in human individuals
[52]. Although conflicting effects of exercise on FGF21 induc-
tion have also been reported [23,53], these results suggest that
FGF21 induction might contribute to the beneficial metabolic
effects of exercise. Further studies are warranted to determine
the functional relevance of FGF21 as a potent regulator that
mediates the beneficial effects of exercise on obesity-related
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metabolic complications.

FGF21 and cold exposure

Cold exposure promotes heat production for the maintenance
of body temperature. In addition an increase in thermogenesis
in brown adipose tissue (BAT), cold exposure has been re-
ported to stimulate the conversion of WAT to BAT-like tissue
in a process called ‘browning’ [22,54]. BAT-like adipocytes
known as ‘brite’ or ‘beige’ cells are capable of expressing high
levels of uncoupling protein 1 in response to cold exposure,
which contributes to heat production and the maintenance of
body temperature at the expense of ATP generation [55]. Im-
portantly, emerging studies have suggested that FGF21 expres-
sion is increased by cold stimuli in BAT and WAT with ther-
mogenic potential, such as subcutaneous fat, but not in viscer-
al fat [22,56]. FGF21-knockout mice exhibit reduced core
body temperatures during cold exposure compared to control
mice, which is probably due to an impairment in thermogene-
sis via the ‘browning’ effect [22]. Furthermore, humans with
relatively abundant BAT exhibit increased FGF21 levels fol-
lowing exposure to cold environments compared to individu-
als with relative BAT paucities [23]. Together, these results
suggest that FGF21 plays a key role in the regulation of adap-
tive thermogenesis by brown fat or beige fat in response to cold
exposure.

CONCLUSIONS

Numerous studies have suggested that FGF21 is promising
therapeutic target for the treatment of insulin resistance and
obesity. These beneficial effects of FGF21 are mediated by its
multiple actions, including enhancing lipolysis and 3-oxidation,
browning of WAT, increasing glucose uptake and promoting
insulin release. Additionally, an emerging body of research
suggests that FGF21 is a key mediator in the adaptations to
changes in energy homeostasis that are caused by several nu-
tritional or environmental stressors (Fig. 1). Thus, further stud-
ies on the fundamental role of FGF21 in adaptive metabolic
changes that occur in response to diverse environmental stress-
ors are needed to evaluate the potential of FGF21 as a thera-
peutic target for the treatment of human diseases that are
characterized by chronic stress, such as insulin resistance and
obesity.
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