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Fibroblast growth factor 21 (FGF21) is a metabolic hormone primarily secreted from
the liver and functions in multiple tissues. Various transcription factors induce FGF21
expression in the liver, which indicates that FGF21 is a mediator of multiple environmental
cues. FGF21 alters metabolism under starvation conditions, protects the body from
energy depletion, and extends life span. Pharmacological administration of FGF21
alleviates dyslipidemia and induces weight loss in obese animals. In addition to the
well-studied functions of FG21, several lines of recent evidence indicate a possible link
between FGF21 and non-alcoholic fatty liver disease (NAFLD). High serum levels of FGF21
are associated with NAFLD and its risk factors, such as endoplasmic reticulum stress
and chronic inflammation. In addition, FGF21 alleviates the major risk factors of NAFLD,
including obesity, dyslipidemia, and insulin insensitivity. Thus, FGF21 is a potential drug
candidate for diseases, such as NAFLD, dyslipidemia, and type 2 diabetes. In this review,
the research perspectives of FGF21 and therapeutic potencies of FGF21 as a modulator
of NAFLD are summarized.
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Endocrine FGFs

Fibroblast growth factors (FGFs) constitute a large family of signaling proteins. In vertebrates, 22
members of the FGF family (FGF1-23; mouse FGF15 is an ortholog of human FGF19) have been
identified (1, 2). Most members of this family mainly work as autocrine or paracrine factors by
activating single-pass membrane-spanning FGF receptors (FGFR1–4) on the cell surface in the
presence of heparan sulfate (3, 4). FGF15/19, FGF21, and FGF23 work as hormones by binding
to the FGFR, which requires either β-Klotho for binding of FGF15/19 and FGF21 or Klotho for
FGF23 binding. This distinct mechanism by which the endocrine FGFs alter the binding affinity to
the FGFR and the specific isoforms of FGFRs would explain the tissue specificity of endocrine target
tissues and cell types.

Expression and Secretion of FGF21

Although FGF21 is mainly expressed in the liver, it is also found in the pancreas, white adipose
tissue (WAT), and stressed muscle tissues. Besides being an autocrine/paracrine factor, FGF21 is
also secreted into the bloodstream and acts as a hormone. A recent study revealed that most,
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if not all, of the circulating FGF21 is derived from the liver
(5). Markan et al. showed that plasma FGF21 level was com-
pletely abolished in liver-specific FGF21 knockout mice, whereas
adipose-specific FGF21 knockout mice showed normal levels of
plasma FGF21. FGF21 functions physiologically and pharma-
cologically to maintain energy homeostasis. It improves insulin
sensitivity and glycolipid metabolism and reduces hepatic lipid
accumulation.

Fibroblast growth factor 21 gene transcription in the liver is
regulated by nuclear receptor peroxisome proliferator-activated
receptor (PPAR) α, which plays critical roles in fasting response
(Figure 1) (6–8). Under the regulation of PPARα, hepatic FGF21
mRNA is highly expressed (~20-fold) in fasting mice. Other
reports have shown that the hepatic expression of FGF21 is
also regulated positively or negatively by glucocorticoid recep-
tor (GR) (9), activating transcription factor 4 (ATF4) (10–13),
cAMP-responsive element-binding protein H (CREBH) (14),
carbohydrate response element-binding protein (ChREBP) (15),
PPARγ (16, 17), farnesoid X receptor (FXR) (18), and liver X
receptor (LXR) (19, 20) under various conditions (Figure 1)

[reviewed in Ref. (21)]. In skeletal muscle, the expression of
FGF21was reported to be regulated byATF4 under the conditions
of mitochondrial dysfunction (12) and by PI3K–AKT signaling
pathway (22). In brown adipose tissue (BAT), FGF21 is regulated
by ATF2 (23), while in WAT, it is regulated by PPARγ (24). These
known regulatory pathways indicate diverse FGF21 functions
under the conditions, such as depletion of energy sources, ER
stress, mitochondrial dysfunction, and on exposure to cold envi-
ronment. This reviewwill not only focus on the well-studied func-
tions of FGF21 in glucose and lipid metabolism but also discuss
current reports that suggest a possible link between FGF21 and
fatty liver disease, ER stress or chronic inflammation to present
research perspectives into the novel FGF21 functions in this broad
and developing area of research.

FGF21 in Energy Homeostasis

During the course of starvation, there is a gradual transition
of the energy source of our body from glucose and glycogen
to fat, protein, and acetate (25, 26). Glucose is an important
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FIGURE 1 | Regulations and functions of FGF21 signal representing a possible link between FGF21, non-alcoholic fatty liver disease, endoplasmic
reticulum stress, and chronic inflammation in the liver. FGF21 is expressed in the liver, pancreas, adipose tissue, and muscle in response to various
environmental cues. Several recent evidences indicate that hepatic FGF21 expression is also regulated by endoplasmic reticulum stress, chronic inflammation, and
epigenetics, all of which are correlated with the pathogenesis of non-alcoholic fatty liver disease (NAFLD). Plasma FGF21 is primarily secreted from the liver and acts
in both peripheral organs and the central nervous system as a regulator of multiple biological contexts that improve NAFLD, obesity, dyslipidemia, and insulin
insensitivity.
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energy source for the body, especially for the brain where β-
oxidation of fatty acids is unavailable. During the first stage of
fasting (several hours), glucose is supplied by glycogenolysis. Sub-
sequently, gluconeogenesis occurs to maintain the level of glucose
through various pathways, such as the pathway inwhich phospho-
enolpyruvate carboxykinase (PEPCK) catalyzes the conversion of
oxaloacetate to phosphoenolpyruvate, and the pathway in which
glycerol kinase and glycerol 3-phosphate dehydrogenase catalyze
the conversion of glycerol, a product of adipose tissue lipolysis,
to dihydroxyacetone phosphate. Under prolonged fasting, triglyc-
eride is metabolized into glycerol and free fatty acids through
β-oxidation. The free fatty acids are converted to ATP and acetyl-
coA, which are metabolized to ketone bodies, such as acetone,
acetoacetate, and β-hydroxybutyrate. Ketone bodies are used as
an energy source under severe starvation because long-chain fatty
acids cannot pass through the blood–brain barrier. FGF21 reduces
glycogenolysis and induces β-oxidation, ketogenesis, and gluco-
neogenesis even under normal feeding conditions (6, 27). It is an
important rheostat that shifts the energy source from glycogen
to fat and ketone bodies for survival under energy deprivation
status.

Studies using mice model have revealed that FGF21 induces
lipolysis and maintains plasma glucose level by regulating expres-
sions of hormone-sensitive lipase (HSL) and adipose triglyceride
lipase (ATGL) in WAT and ectopic expressions of pancreatic
lipases in the liver (6). The production of glucose through glu-
coneogenic enzymes, such as PEPCK and glucose-6-phosphatase
(G6Pase), is partially mediated by the transcriptional co-activator
PPAR-γ co-activator-1 α (PGC1-α), whose expression is reg-
ulated by FGF21 (27). Administration of FGF21 to the obese
rodent model was shown to suppress glucose, insulin, and
triglycerides levels in the plasma and triglycerides levels in
the liver, and enhance lipid usage. It has been reported that
FGF21 induces glucose transfer into the adipocytes by increas-
ing GLUT1 expression (28), increases the quantity of pancreatic
islets and insulin secretion from each pancreatic islet (29), and
suppresses plasma glucagon levels (28). FGF21 also exerts anti-
obesity effects through regulation of energy expenditure in BAT
by stimulating sympathetic nerve activity through a mechanism
that depends on the neuropeptide corticotrophin-releasing factor
(CRF) (30).

During prolonged starvation, the body adapts by preserving
critical survival systems, such as heartbeat and brain activity, while
reducing other energy expenditures, including growth, reproduc-
tion, and maintenance of skeletal stature. FGF21 inhibits growth
hormone (GH) signaling by inhibiting the Janus kinase/signal
transducer and activator of transcription (Jak-STAT) signal-
ing pathway (31). This results in suppression of insulin-like
growth factor gene (Igf-1) and other GH target genes in the
liver. FGF21 also inhibits female fertility by suppressing the
vasopressin–kisspeptin signaling cascade at the superchiasmatic
nucleus (SCN) in the hypothalamus, which leads to the inhibition
of the proestrus surge of luteinizing hormone (32). In addition,
FGF21 promotes bone loss (33, 34). This is consistent with a
previous report that FGF21 induces the stimulation of the sympa-
thetic nervous system, which is known to induce bone loss (30).

FGF21 induces a hibernation-like state of reduced body tempera-
ture in rodents called torpor. This is induced by fasting, accom-
panied by increased ketogenesis, and associated with induction
of pancreatic lipases in the liver (6, 35). FGF21 transgenic mice
show all of the above characteristics. Furthermore, transgenic
overexpression of FGF21 in mice extends their lifespan without
having to reduce food intake or affecting the nicotinamide ade-
nine dinucleotide (NAD+) metabolism or AMP-activated protein
kinase (AMPK) and mammalian target of rapamycin (mTOR)
signaling (36). It has also been reported that FGF21 works on
the SCN and dorsal vagal complex of the hindbrain to regulate
circadian rhythm, which is important for the adaptive starvation
response (37). FGF21 has also been reported to be induced in
ground squirrels during hibernation, although the administration
of FGF21 did not induce hibernation in them (38). These facts
indicate that FGF21plays important roles in survival and longevity
by maintaining energy homeostasis.

Besides the induction of torpor by FGF21 under fasting condi-
tions to maintain the energy source, recent reports claim a link
between FGF21 and thermogenesis. Thermogenic stimulations
induce mRNA expression and secretion of FGF21 from BAT (23,
39–42). FGF21 is reported to stimulate browning of the inguinal
WAT in addition to increasing Ucp1 expression in both BAT
and WAT (39, 43–45). The correlation of FGF21 with browning
has been suggested as the mechanism by which FGF21 improves
metabolic disorders, such as obesity and type 2 diabetes. However,
two recent studies using Ucp1-null mice treated with a long-
acting FGF21 analog claim that FGF21 does not require either
UCP1 or browning of WAT to improve body weight and glucose
homeostasis (46, 47). Further investigations would reveal more
details of the role of FGF21 in heat production.

Link Between FGF21 and NAFLD

Non-alcoholic fatty liver disease (NAFLD) is one of the most
common forms of chronic liver diseases; understanding its epi-
demiology and further improvement of its diagnostic evaluation
and treatment is important. NAFLD ranges from hepatic steatosis
(fatty liver) to non-alcoholic steatohepatitis (NASH) and liver
cirrhosis (48). Currently, the pathogenesis of NAFLD is attributed
to a multi-hit process that involves lipotoxicity, oxidative stress,
ER stress, a chronic inflammatory state, and mitochondrial dys-
function. The major risk factors for NAFLD are obesity, dyslipi-
demia, and insulin insensitivity, which have been shown to be
improved by FGF21. FGF21 reverses hepatic steatosis, counteracts
obesity, and improves insulin insensitivity (48). Methionine- and
choline-deficient diet (MCD) is a model for NASH in rodents
(49). It is also known that methionine-deficient diet enhances
lipolysis in WAT, and decreases glucose (49, 50). MCD as well
as FGF21 increase ATGL and HSL activities in all adipose depots
(51). In addition, high serum levels of FGF21 are associated with
hepatic steatosis (52–56). These facts indicate that FGF21 level is
regulated under the NAFLD condition and may be involved in
the protection fromNAFLD progression by reversing the steatosis
and improving the metabolic energy status (Figure 1). FGF21
has preventive function against lipotoxicity, oxidative stress, ER
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stress, and chronic inflammatory state, although the mechanisms
underlying its functions are mostly unknown.

Epigenetic Regulation of FGF21 During
Development of NAFLD

Although the increased hepatic FGF21 expression is thought
to be responsible for the elevated serum levels of FGF21 in
patients with NAFLD (10), the underlying molecular mechanism
is unclear. Besides the FGF21 induction seen in theMCD-induced
NASH model, the methionine-deficient only diet also increases
FGF21 in the serum of rodents (49, 50). This interesting finding
suggests that a methionine-dependent epigenetic regulation of
FGF21 transcription might be involved in the pathogenesis and
prevention of NAFLD (Figure 1). It is known that intracellu-
lar metabolites, including S-adenosyl-methionine (SAM), a-KG,
flavin adenosine dinucleotide (FAD), acetyl-CoA, and NAD+, are
required as substrates for epigenetic modifying enzymes (57, 58).
SAM is a methyl donor required for the maintenance of DNA
methylation and histone methylation.

ER Stress and FGF21

The endoplasmic reticulum (ER) plays a crucial role in the folding
of proteins and only properly folded proteins are transported to
the Golgi apparatus. ER stress is induced by the accumulation
of unfolded and/or misfolded proteins in the ER lumen and
causes the unfolded protein response (UPR) of the cell. The UPR
restores ER homeostasis and function by halting protein transla-
tion, degrading misfolded proteins, and activating signaling path-
ways to increase chaperones for protein folding. ER stress plays a
critical role in metabolic homeostasis, as shown in a number of
diseases, including NAFLD, obesity, and type 2 diabetes. Recent
studies have shown that both triglycerides- and tunicamycin-
induced ER stress stimulates FGF21 expression in hepatocytes
and serum levels of FGF21 (10, 59–62). Among the three major
transducers of the UPR, namely PERK, IRE1, and ATF6, FGF21
is reported to be regulated by PERK and IRE1 (10). Activation
of PERK inactivates the translation initiation factor eIF2α by
phosphorylation at Ser51. This inactivation paradoxically induces
translation of the transcription factor ATF4, which directly regu-
lates FGF21 expression through two binding sites in the FGF21
promoter region. In addition to transcriptional regulation by
ATF4, FGF21 is also directly regulated by proapoptotic protein
CCAAT enhancer binding protein homologous protein (CHOP)
and XBP1 (59, 61). Activation of IRE1, which is a transducer of
UPR, generates an active form of transcription factor XBP1 by
inducing site-specific splicing and in turn induces FGF21 expres-
sion (61). In addition, transcription of β-Klotho coding gene
(klb) is associated with increased ER stress in diet-induced obese
patients and rodents, and ATF4 signaling pathway is essential for
induction of the gene expression of klb, which is mediated by ER
stress (63). These findings suggest that FGF21 is a possible link
between increased cellular stress and NAFLD (10). However, the
detailed mechanism underlying the FGF21 function in NAFLD
still needs to be elucidated.

FGF21 and Its Role in Chronic and Acute
Inflammation

The pathogenesis of NAFLD is partially attributed to a chronic
inflammatory state. FGF21 may be associated with the chronic
inflammation in NAFLD. PPARα, the potent FGF21 regulator in
the liver, regulates the expression of genes involved in chronic
inflammation as well as fatty acid metabolism in the liver. In the
heart, an elective cardiac surgery that induces systemic inflam-
matory response is accompanied by a marked increase in cir-
culating FGF21, TNF-α, and insulin levels (64). Serum FGF21
levels are also higher in seropositive rheumatoid arthritis (RA)
compared with seronegative RA (65). In type 2 diabetic rat mod-
els, FGF21 administration ameliorates inflammation biomarkers
(66). In terms of FGF21 signaling, inflammatory cytokine TNF-
α impairs FGF21 signal by suppressing the expression of β-
Klotho in adipocytes (67). These findings point to a potential
link between FGF21 and chronic inflammation in the microvas-
culature. In the acute phase response (APR), FGF21 is reported
to modulate the levels of ketone bodies and free fatty acids in
response to lipopolysaccharide (LPS) and is protective against
the toxic effect of LPS and sepsis. APR inducers, such as LPS,
zymosan, and turpentine, increase FGF21 expression in the adi-
pose tissue,muscle, and serum,while they suppress FGF21 expres-
sion in the liver (68). These observations suggest that FGF21 is
closely involved in the inflammatory response, although these
expression regulations of FGF21 by APR are not observed in the
cell culturemodels. It is possible that LPS-induced liver injurymay
affect both synthesis and degradation of FGF21 in the liver.

Concluding Remarks

Fibroblast growth factor 21 is an important regulator of
metabolism and is a potential therapeutic drug candidate. In
addition to its therapeutic benefits, FGF21 could be a prognostic
indicator and/or diagnostic marker of metabolic imbalance and
other homeostatic disorders. FGF21 is reported to be involved in
various pathological conditions, including fatty liver disease, ER
stress, and chronic inflammation, as discussed in this manuscript.
Despite themultitude of effects of FGF21, whether administration
or induction of FGF21 or activation of FGFRs could be pharmaco-
logically beneficial is still controversial. While metabolic profiles
are drastically improved by FGF21 in obese rodent models, the
results considerably differ among species, thus questioning the
appropriateness of FGF21 for the treatment of human diseases,
such as obesity, hyperlipidemia, and type 2 diabetes (2). Gaich
et al. studied the effects of an FGF21 analog in a randomized,
placebo-controlled, double-blind, proof-of-concept trial in obese
human patients with type 2 diabetes (69). They showed that a 28-
day treatment with the FGF21 analog LY2405319 (LY) improved
the plasma levels of low-density lipoprotein cholesterol, triglyc-
erides, high-density lipoprotein cholesterol, and fasting insulin in
these patients.

It is necessary to establish the appropriate concentration range
of FGF21 for its therapeutic administration, since serum FGF21
concentrations show wide individual variation (2). Galman et al.
reported that the fasting serum FGF21 levels checked in the
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morning in 76 healthy subjects are varied 250-fold from 21 to
5300 pg/ml (70). The serum FGF21 levels in patients with NAFLD
or type 2 diabetes were also within the range (52, 71). The diurnal
variation of FGF21 is still controversial (2), while a previous study
has reported that FGF21 concentration in humans peaks in the
early morning (72). Gaich et al. reported that the mean con-
centration of LY, which is indistinguishable from native FGF21,
increased in a dose-dependent manner and was 10- to over 100-
fold greater than that observed in the previous reports mentioned
above (2, 69, 71).

Because FGF21 has various physiological and pharmacologi-
cal functions, the large dose of FGF21 required for its in vivo
functions could cause unexpected side effects. There are several
concerns with regard to the side effects of FGF21 [reviewed in
Ref. (73, 74)]. FGF21 inhibits GH–IGF1 axis in the liver (31)

and antagonize the effects of GH in chondrocytes (75), raising
the possibility that FGF21 blocks somatic growth. It also pro-
motes bone loss in mice models indicating a risk of inducing
osteoporosis (33). As previously mentioned in this manuscript,
FGF21 also inhibits female fertility (32). Therefore, further stud-
ies to elucidate the physiological and pharmacological roles of
FGF21 in detail are warranted so as to provide important insights
for the use of FGF21 as therapeutic drugs to treat metabolic
disorders.

Acknowledgments

Author thanks Drs. Vicky Y. Lin, Makoto Shimizu, and Hiroshi
Kurosu for the helpful discussions, and Drs. Sam Holmstrom and
Xunshan Ding for the critical reading.

References
1. Ornitz DM, Itoh N. Fibroblast growth factors. Genome Biol (2001)

2:REVIEWS3005. doi:10.1186/gb-2001-2-3-reviews3005
2. Angelin B, Larsson TE, Rudling M. Circulating fibroblast growth factors as

metabolic regulators – a critical appraisal. Cell Metab (2012) 16:693–705. doi:
10.1016/j.cmet.2012.11.001

3. Fon Tacer K, Bookout AL, Ding X, Kurosu H, John GB, Wang L, et al. Research
resource: comprehensive expression atlas of the fibroblast growth factor
system in adult mouse. Mol Endocrinol (2010) 24:2050–64. doi:10.1210/me.
2010-0142

4. Goetz R, Beenken A, Ibrahimi OA, Kalinina J, Olsen SK, Eliseenkova AV,
et al. Molecular insights into the Klotho-dependent, endocrine mode of
action of fibroblast growth factor 19 subfamily members. Mol Cell Biol (2007)
27:3417–28. doi:10.1128/MCB.02249-06

5. Markan KR, Naber MC, Ameka MK, Anderegg MD, Mangelsdorf DJ, Kliewer
SA, et al. Circulating FGF21 is liver derived and enhances glucose uptake
during refeeding and overfeeding. Diabetes (2014) 63:4057–63. doi:10.2337/
db14-0595

6. Inagaki T, Dutchak P, Zhao G, Ding X, Gautron L, Parameswara V, et al.
Endocrine regulation of the fasting response by PPARalpha-mediated induction
of fibroblast growth factor 21. Cell Metab (2007) 5:415–25. doi:10.1016/j.cmet.
2007.05.003

7. Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS, Maratos-Flier E.
Hepatic fibroblast growth factor 21 is regulated by PPARalpha and is a keymedi-
ator of hepatic lipid metabolism in ketotic states. Cell Metab (2007) 5:426–37.
doi:10.1016/j.cmet.2007.05.002

8. Lundasen T, Hunt MC, Nilsson LM, Sanyal S, Angelin B, Alexson SE, et al.
PPARalpha is a key regulator of hepatic FGF21. Biochem Biophys Res Commun
(2007) 360:437–40. doi:10.1016/j.bbrc.2007.06.068

9. Patel R, Bookout AL, Magomedova L, Owen BM, Consiglio GP, Shimizu M,
et al. Glucocorticoids regulate the metabolic hormone FGF21 in a feed-forward
loop.Mol Endocrinol (2015) 29:213–23. doi:10.1210/me.2014-1259

10. Schaap FG, Kremer AE, Lamers WH, Jansen PL, Gaemers IC. Fibroblast
growth factor 21 is induced by endoplasmic reticulum stress. Biochimie (2013)
95:692–9. doi:10.1016/j.biochi.2012.10.019

11. De Sousa-Coelho AL, Marrero PF, Haro D. Activating transcription factor
4-dependent induction of FGF21 during amino acid deprivation. Biochem J
(2012) 443:165–71. doi:10.1042/BJ20111748

12. Kim KH, Jeong YT, Oh H, Kim SH, Cho JM, Kim YN, et al. Autophagy
deficiency leads to protection from obesity and insulin resistance by inducing
Fgf21 as a mitokine. Nat Med (2013) 19:83–92. doi:10.1038/nm.3014

13. Kim KH, Kim SH, Min YK, Yang HM, Lee JB, Lee MS. Acute exercise induces
FGF21 expression in mice and in healthy humans. PLoS One (2013) 8:e63517.
doi:10.1371/journal.pone.0063517

14. Lee JH, Giannikopoulos P, Duncan SA, Wang J, Johansen CT, Brown JD, et al.
The transcription factor cyclic AMP-responsive element-binding protein H
regulates triglyceride metabolism. Nat Med (2011) 17:812–5. doi:10.1038/nm.
2347

15. Iizuka K, Takeda J, Horikawa Y. Glucose induces FGF21 mRNA expression
through ChREBP activation in rat hepatocytes. FEBS Lett (2009) 583:2882–6.
doi:10.1016/j.febslet.2009.07.053

16. Wang H, Qiang L, Farmer SR. Identification of a domain within peroxisome
proliferator-activated receptor gamma regulating expression of a group of genes
containing fibroblast growth factor 21 that are selectively repressed by SIRT1 in
adipocytes.Mol Cell Biol (2008) 28:188–200. doi:10.1128/MCB.00992-07

17. Moyers JS, Shiyanova TL, Mehrbod F, Dunbar JD, Noblitt TW, Otto KA,
et al. Molecular determinants of FGF-21 activity-synergy and cross-talk with
PPARgamma signaling. J Cell Physiol (2007) 210:1–6. doi:10.1002/jcp.20847

18. Cyphert HA, Ge X, KohanAB, Salati LM, Zhang Y, Hillgartner FB. Activation of
the farnesoid X receptor induces hepatic expression and secretion of fibroblast
growth factor 21. J Biol Chem (2012) 287:25123–38. doi:10.1074/jbc.M112.
375907

19. Uebanso T, Taketani Y, Yamamoto H, Amo K, Tanaka S, Arai H, et al. Liver
X receptor negatively regulates fibroblast growth factor 21 in the fatty liver
induced by cholesterol-enriched diet. J Nutr Biochem (2012) 23:785–90. doi:10.
1016/j.jnutbio.2011.03.023

20. Archer A, Venteclef N, Mode A, Pedrelli M, Gabbi C, Clement K, et al. Fasting-
induced FGF21 is repressed by LXR activation via recruitment of an HDAC3
corepressor complex in mice. Mol Endocrinol (2012) 26:1980–90. doi:10.1210/
me.2012-1151

21. Owen BM,Mangelsdorf DJ, Kliewer SA. Tissue-specific actions of themetabolic
hormones FGF15/19 and FGF21. Trends Endocrinol Metab (2015) 26:22–9.
doi:10.1016/j.tem.2014.10.002

22. Izumiya Y, Bina HA, Ouchi N, Akasaki Y, Kharitonenkov A, Walsh K. FGF21 is
anAkt-regulatedmyokine. FEBS Lett (2008) 582:3805–10. doi:10.1016/j.febslet.
2008.10.021

23. Hondares E, Iglesias R, Giralt A, Gonzalez FJ, Giralt M, Mampel T, et al. Ther-
mogenic activation induces FGF21 expression and release in brown adipose
tissue. J Biol Chem (2011) 286:12983–90. doi:10.1074/jbc.M110.215889

24. Dutchak PA, Katafuchi T, Bookout AL, Choi JH, Yu RT, Mangelsdorf DJ, et al.
Fibroblast growth factor-21 regulates PPARgamma activity and the antidiabetic
actions of thiazolidinediones. Cell (2012) 148:556–67. doi:10.1016/j.cell.2011.
11.062

25. Cahill GF Jr. Fuel metabolism in starvation. Annu Rev Nutr (2006) 26:1–22.
doi:10.1146/annurev.nutr.26.061505.111258

26. Sakakibara I, Fujino T, Ishii M, Tanaka T, Shimosawa T, Miura S, et al. Fasting-
induced hypothermia and reduced energy production in mice lacking acetyl-
CoA synthetase 2.CellMetab (2009) 9:191–202. doi:10.1016/j.cmet.2008.12.008

27. Potthoff MJ, Inagaki T, Satapati S, Ding X, He T, Goetz R, et al. FGF21 induces
PGC-1alpha and regulates carbohydrate and fatty acid metabolism during the
adaptive starvation response. Proc Natl Acad Sci U S A (2009) 106:10853–8.
doi:10.1073/pnas.0904187106

28. Kharitonenkov A, Shiyanova TL, Koester A, Ford AM, Micanovic R, Galbreath
EJ, et al. FGF-21 as a novelmetabolic regulator. J Clin Invest (2005) 115:1627–35.
doi:10.1172/JCI23606

29. Wente W, Efanov AM, Brenner M, Kharitonenkov A, Koster A, Sandusky
GE, et al. Fibroblast growth factor-21 improves pancreatic beta-cell function

Frontiers in Endocrinology | www.frontiersin.org September 2015 | Volume 6 | Article 1475

http://dx.doi.org/10.1186/gb-2001-2-3-reviews3005
http://dx.doi.org/10.1016/j.cmet.2012.11.001
http://dx.doi.org/10.1210/me.2010-0142
http://dx.doi.org/10.1210/me.2010-0142
http://dx.doi.org/10.1128/MCB.02249-06
http://dx.doi.org/10.2337/db14-0595
http://dx.doi.org/10.2337/db14-0595
http://dx.doi.org/10.1016/j.cmet.2007.05.003
http://dx.doi.org/10.1016/j.cmet.2007.05.003
http://dx.doi.org/10.1016/j.cmet.2007.05.002
http://dx.doi.org/10.1016/j.bbrc.2007.06.068
http://dx.doi.org/10.1210/me.2014-1259
http://dx.doi.org/10.1016/j.biochi.2012.10.019
http://dx.doi.org/10.1042/BJ20111748
http://dx.doi.org/10.1038/nm.3014
http://dx.doi.org/10.1371/journal.pone.0063517
http://dx.doi.org/10.1038/nm.2347
http://dx.doi.org/10.1038/nm.2347
http://dx.doi.org/10.1016/j.febslet.2009.07.053
http://dx.doi.org/10.1128/MCB.00992-07
http://dx.doi.org/10.1002/jcp.20847
http://dx.doi.org/10.1074/jbc.M112.375907
http://dx.doi.org/10.1074/jbc.M112.375907
http://dx.doi.org/10.1016/j.jnutbio.2011.03.023
http://dx.doi.org/10.1016/j.jnutbio.2011.03.023
http://dx.doi.org/10.1210/me.2012-1151
http://dx.doi.org/10.1210/me.2012-1151
http://dx.doi.org/10.1016/j.tem.2014.10.002
http://dx.doi.org/10.1016/j.febslet.2008.10.021
http://dx.doi.org/10.1016/j.febslet.2008.10.021
http://dx.doi.org/10.1074/jbc.M110.215889
http://dx.doi.org/10.1016/j.cell.2011.11.062
http://dx.doi.org/10.1016/j.cell.2011.11.062
http://dx.doi.org/10.1146/annurev.nutr.26.061505.111258
http://dx.doi.org/10.1016/j.cmet.2008.12.008
http://dx.doi.org/10.1073/pnas.0904187106
http://dx.doi.org/10.1172/JCI23606
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


Inagaki Research perspectives on FGF21

and survival by activation of extracellular signal-regulated kinase 1/2 and Akt
signaling pathways. Diabetes (2006) 55:2470–8. doi:10.2337/db05-1435

30. Owen BM, Ding X, Morgan DA, Coate KC, Bookout AL, Rahmouni K,
et al. FGF21 acts centrally to induce sympathetic nerve activity, energy expen-
diture, and weight loss. Cell Metab (2014) 20:670–7. doi:10.1016/j.cmet.2014.
07.012

31. Inagaki T, Lin VY, Goetz R, Mohammadi M,Mangelsdorf DJ, Kliewer SA. Inhi-
bition of growth hormone signaling by the fasting-induced hormone FGF21.
Cell Metab (2008) 8:77–83. doi:10.1016/j.cmet.2008.05.006

32. Owen BM, Bookout AL, Ding X, Lin VY, Atkin SD, Gautron L, et al. FGF21
contributes to neuroendocrine control of female reproduction. Nat Med (2013)
19:1153–6. doi:10.1038/nm.3250

33. Wei W, Dutchak PA, Wang X, Ding X, Wang X, Bookout AL, et al. Fibroblast
growth factor 21 promotes bone loss by potentiating the effects of peroxi-
some proliferator-activated receptor gamma. Proc Natl Acad Sci U S A (2012)
109:3143–8. doi:10.1073/pnas.1200797109

34. Bornstein S, Brown SA, Le PT, Wang X, DeMambro V, Horowitz MC, et al.
FGF-21 and skeletal remodeling during and after lactation in C57BL/6J mice.
Endocrinology (2014) 155:3516–26. doi:10.1210/en.2014-1083

35. Zhang J, Kaasik K, Blackburn MR, Lee CC. Constant darkness is a circa-
dian metabolic signal in mammals. Nature (2006) 439:340–3. doi:10.1038/
nature04368

36. Zhang Y, Xie Y, Berglund ED, Coate KC, He TT, Katafuchi T, et al. The
starvation hormone, fibroblast growth factor-21, extends lifespan in mice. Elife
(2012) 1:e00065. doi:10.7554/eLife.00065

37. Bookout AL, de Groot MH, Owen BM, Lee S, Gautron L, Lawrence HL, et al.
FGF21 regulates metabolism and circadian behavior by acting on the nervous
system. Nat Med (2013) 19:1147–52. doi:10.1038/nm.3249

38. Nelson BT, Ding X, Boney-Montoya J, Gerard RD, Kliewer SA, Andrews MT.
Metabolic hormone FGF21 is induced in ground squirrels during hiberna-
tion but its overexpression is not sufficient to cause torpor. PLoS One (2013)
8:e53574. doi:10.1371/journal.pone.0053574

39. Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, et al.
FGF21 regulates PGC-1alpha and browning of white adipose tissues in adaptive
thermogenesis. Genes Dev (2012) 26:271–81. doi:10.1101/gad.177857.111

40. Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, et al. Human
BAT possesses molecular signatures that resemble beige/brite cells. PLoS One
(2012) 7:e49452. doi:10.1371/journal.pone.0049452

41. Lee P, Linderman JD, Smith S, Brychta RJ, Wang J, Idelson C, et al. Irisin and
FGF21 are cold-induced endocrine activators of brown fat function in humans.
Cell Metab (2014) 19:302–9. doi:10.1016/j.cmet.2013.12.017

42. Chartoumpekis DV, Habeos IG, Ziros PG, Psyrogiannis AI, Kyriazopoulou
VE, Papavassiliou AG. Brown adipose tissue responds to cold and adrenergic
stimulation by induction of FGF21. Mol Med (2011) 17:736–40. doi:10.2119/
molmed.2011.00075

43. Adams AC, Yang C, Coskun T, Cheng CC, Gimeno RE, Luo Y, et al. The breadth
of FGF21’s metabolic actions are governed by FGFR1 in adipose tissue. Mol
Metab (2012) 2:31–7. doi:10.1016/j.molmet.2012.08.007

44. Emanuelli B, Vienberg SG, Smyth G, Cheng C, Stanford KI, ArumugamM, et al.
Interplay between FGF21 and insulin action in the liver regulates metabolism.
J Clin Invest (2014) 124:515–27. doi:10.1172/JCI67353

45. Lee P, Werner CD, Kebebew E, Celi FS. Functional thermogenic beige adi-
pogenesis is inducible in human neck fat. Int J Obes (Lond) (2014) 38:170–6.
doi:10.1038/ijo.2013.82

46. Veniant MM, Sivits G, Helmering J, Komorowski R, Lee J, Fan W, et al.
Pharmacologic effects of FGF21 are independent of the “browning” of white
adipose tissue. Cell Metab (2015) 21:731–8. doi:10.1016/j.cmet.2015.04.019

47. Samms RJ, Smith DP, Cheng CC, Antonellis, PP, Perfield JW II, Kharito-
nenkov A, et al. Discrete aspects of FGF21 in vivo pharmacology do not require
UCP1. Cell Rep (2015) 11:991–9. doi:10.1016/j.celrep.2015.04.046

48. Liu J, Xu Y, Hu Y, Wang G. The role of fibroblast growth factor 21 in the
pathogenesis of non-alcoholic fatty liver disease and implications for therapy.
Metabolism (2015) 64:380–90. doi:10.1016/j.metabol.2014.11.009

49. Tanaka N, Takahashi S, Fang ZZ, Matsubara T, Krausz KW, Qu A, et al. Role of
white adipose lipolysis in the development of NASH induced by methionine-
and choline-deficient diet. Biochim Biophys Acta (2014) 1841:1596–607. doi:10.
1016/j.bbalip.2014.08.015

50. Fisher FM, Chui PC, Nasser IA, Popov Y, Cunniff JC, Lundasen T, et al.
Fibroblast growth factor 21 limits lipotoxicity by promoting hepatic fatty acid

activation in mice on methionine and choline-deficient diets. Gastroenterology
(2014) 147:1073–83e6. doi:10.1053/j.gastro.2014.07.044

51. Jha P, Knopf A, Koefeler H, Mueller M, Lackner C, Hoefler G, et al. Role of
adipose tissue in methionine-choline-deficient model of non-alcoholic steato-
hepatitis (NASH). Biochim Biophys Acta (2014) 1842:959–70. doi:10.1016/j.
bbadis.2014.02.012

52. Li H, Dong K, Fang Q, Hou X, Zhou M, Bao Y, et al. High serum level of
fibroblast growth factor 21 is an independent predictor of non-alcoholic fatty
liver disease: a 3-year prospective study in China. J Hepatol (2013) 58:557–63.
doi:10.1016/j.jhep.2012.10.029

53. Shen J, Chan HL, Wong GL, Choi PC, Chan AW, Chan HY, et al. Non-invasive
diagnosis of non-alcoholic steatohepatitis by combined serum biomarkers.
J Hepatol (2012) 56:1363–70. doi:10.1016/j.jhep.2011.12.025

54. Dushay J, Chui PC, Gopalakrishnan GS, Varela-Rey M, Crawley M, Fisher FM,
et al. Increased fibroblast growth factor 21 in obesity and nonalcoholic fatty
liver disease.Gastroenterology (2010) 139:456–63. doi:10.1053/j.gastro.2010.04.
054

55. Yilmaz Y, Eren F, Yonal O, Kurt R, Aktas B, Celikel CA, et al. Increased serum
FGF21 levels in patients with nonalcoholic fatty liver disease. Eur J Clin Invest
(2010) 40:887–92. doi:10.1111/j.1365-2362.2010.02338.x

56. Li H, Fang Q, Gao F, Fan J, Zhou J, Wang X, et al. Fibroblast growth factor 21
levels are increased in nonalcoholic fatty liver disease patients and are correlated
with hepatic triglyceride. J Hepatol (2010) 53:934–40. doi:10.1016/j.jhep.2010.
05.018

57. Hino S, Nagaoka K, Nakao M. Metabolism-epigenome crosstalk in physiology
and diseases. J Hum Genet (2013) 58:410–5. doi:10.1038/jhg.2013.57

58. Lu C, Thompson CB. Metabolic regulation of epigenetics. Cell Metab (2012)
16:9–17. doi:10.1016/j.cmet.2012.06.001

59. Wan XS, Lu XH, Xiao YC, Lin Y, Zhu H, Ding T, et al. ATF4- and CHOP-
dependent induction of FGF21 through endoplasmic reticulum stress. Biomed
Res Int (2014) 2014:807874. doi:10.1155/2014/807874

60. Kim SH, Kim KH, Kim HK, Kim MJ, Back SH, Konishi M, et al. Fibroblast
growth factor 21 participates in adaptation to endoplasmic reticulum stress
and attenuates obesity-induced hepatic metabolic stress. Diabetologia (2015)
58:809–18. doi:10.1007/s00125-014-3475-6

61. Jiang S, Yan C, Fang QC, Shao ML, Zhang YL, Liu Y, et al. Fibroblast growth
factor 21 is regulated by the IRE1alpha-XBP1 branch of the unfolded protein
response and counteracts endoplasmic reticulum stress-induced hepatic steato-
sis. J Biol Chem (2014) 289:29751–65. doi:10.1074/jbc.M114.565960

62. Shimizu M, Morimoto H, Maruyama R, Inoue J, Sato R. Selective regulation
of FGF19 and FGF21 expression by cellular and nutritional stress. J Nutr Sci
Vitaminol (Tokyo) (2015) 61:154–60. doi:10.3177/jnsv.61.154

63. Dong K, Li H, Zhang M, Jiang S, Chen S, Zhou J, et al. Endoplasmic reticulum
stress induces up-regulation of hepatic beta-Klotho expression through ATF4
signaling pathway. Biochem Biophys Res Commun (2015) 459:300–5. doi:10.
1016/j.bbrc.2015.02.104

64. Kotulak T, Drapalova J, Kopecky P, Lacinova Z, Kramar P, Riha H, et al.
Increased circulating and epicardial adipose tissue mRNA expression of fibrob-
last growth factor-21 after cardiac surgery: possible role in postoperative inflam-
matory response and insulin resistance. Physiol Res (2011) 60:757–67.

65. Hulejova H, Andres Cerezo L, Kuklova M, Pecha O, Vondracek T, Pavelka K,
et al. Novel adipokine fibroblast growth factor 21 is increased in rheumatoid
arthritis. Physiol Res (2012) 61:489–94.

66. Chi O, Wei L, Kun L, Mingyan C, Jianping L. The effect of fibroblast growth
factor 21 on type 2 diabetic inflammation biomarkers. J HunanNormUniv (Med
Sci) (2012) 2:004.

67. Diaz-Delfin J, Hondares E, Iglesias R, Giralt M, Caelles C, Villarroya F. TNF-
alpha represses beta-Klotho expression and impairs FGF21 action in adi-
pose cells: involvement of JNK1 in the FGF21 pathway. Endocrinology (2012)
153:4238–45. doi:10.1210/en.2012-1193

68. Feingold KR, Grunfeld C, Heuer JG, Gupta A, CramerM, Zhang T, et al. FGF21
is increased by inflammatory stimuli and protects leptin-deficient ob/ob mice
from the toxicity of sepsis. Endocrinology (2012) 153:2689–700. doi:10.1210/en.
2011-1496

69. Gaich G, Chien JY, Fu H, Glass LC, Deeg MA, Holland WL, et al. The effects
of LY2405319, an FGF21 analog, in obese human subjects with type 2 diabetes.
Cell Metab (2013) 18:333–40. doi:10.1016/j.cmet.2013.08.005

70. Galman C, Lundasen T, Kharitonenkov A, Bina HA, Eriksson M, Hafstrom I,
et al. The circulatingmetabolic regulator FGF21 is induced by prolonged fasting

Frontiers in Endocrinology | www.frontiersin.org September 2015 | Volume 6 | Article 1476

http://dx.doi.org/10.2337/db05-1435
http://dx.doi.org/10.1016/j.cmet.2014.07.012
http://dx.doi.org/10.1016/j.cmet.2014.07.012
http://dx.doi.org/10.1016/j.cmet.2008.05.006
http://dx.doi.org/10.1038/nm.3250
http://dx.doi.org/10.1073/pnas.1200797109
http://dx.doi.org/10.1210/en.2014-1083
http://dx.doi.org/10.1038/nature04368
http://dx.doi.org/10.1038/nature04368
http://dx.doi.org/10.7554/eLife.00065
http://dx.doi.org/10.1038/nm.3249
http://dx.doi.org/10.1371/journal.pone.0053574
http://dx.doi.org/10.1101/gad.177857.111
http://dx.doi.org/10.1371/journal.pone.0049452
http://dx.doi.org/10.1016/j.cmet.2013.12.017
http://dx.doi.org/10.2119/molmed.2011.00075
http://dx.doi.org/10.2119/molmed.2011.00075
http://dx.doi.org/10.1016/j.molmet.2012.08.007
http://dx.doi.org/10.1172/JCI67353
http://dx.doi.org/10.1038/ijo.2013.82
http://dx.doi.org/10.1016/j.cmet.2015.04.019
http://dx.doi.org/10.1016/j.celrep.2015.04.046
http://dx.doi.org/10.1016/j.metabol.2014.11.009
http://dx.doi.org/10.1016/j.bbalip.2014.08.015
http://dx.doi.org/10.1016/j.bbalip.2014.08.015
http://dx.doi.org/10.1053/j.gastro.2014.07.044
http://dx.doi.org/10.1016/j.bbadis.2014.02.012
http://dx.doi.org/10.1016/j.bbadis.2014.02.012
http://dx.doi.org/10.1016/j.jhep.2012.10.029
http://dx.doi.org/10.1016/j.jhep.2011.12.025
http://dx.doi.org/10.1053/j.gastro.2010.04.054
http://dx.doi.org/10.1053/j.gastro.2010.04.054
http://dx.doi.org/10.1111/j.1365-2362.2010.02338.x
http://dx.doi.org/10.1016/j.jhep.2010.05.018
http://dx.doi.org/10.1016/j.jhep.2010.05.018
http://dx.doi.org/10.1038/jhg.2013.57
http://dx.doi.org/10.1016/j.cmet.2012.06.001
http://dx.doi.org/10.1155/2014/807874
http://dx.doi.org/10.1007/s00125-014-3475-6
http://dx.doi.org/10.1074/jbc.M114.565960
http://dx.doi.org/10.3177/jnsv.61.154
http://dx.doi.org/10.1016/j.bbrc.2015.02.104
http://dx.doi.org/10.1016/j.bbrc.2015.02.104
http://dx.doi.org/10.1210/en.2012-1193
http://dx.doi.org/10.1210/en.2011-1496
http://dx.doi.org/10.1210/en.2011-1496
http://dx.doi.org/10.1016/j.cmet.2013.08.005
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


Inagaki Research perspectives on FGF21

and PPARalpha activation in man. Cell Metab (2008) 8:169–74. doi:10.1016/j.
cmet.2008.06.014

71. Chavez AO, Molina-Carrion M, Abdul-Ghani MA, Folli F, Defronzo RA,
Tripathy D. Circulating fibroblast growth factor-21 is elevated in impaired
glucose tolerance and type 2 diabetes and correlates with muscle and
hepatic insulin resistance. Diabetes Care (2009) 32:1542–6. doi:10.2337/dc09-
0684

72. Yu H, Xia F, Lam KS, Wang Y, Bao Y, Zhang J, et al. Circadian rhythm of
circulating fibroblast growth factor 21 is related to diurnal changes in fatty acids
in humans. Clin Chem (2011) 57:691–700. doi:10.1373/clinchem.2010.155184

73. Gimeno RE, Moller DE. FGF21-based pharmacotherapy – potential utility for
metabolic disorders. Trends Endocrinol Metab (2014) 25:303–11. doi:10.1016/j.
tem.2014.03.001

74. Liu JJ, Foo JP, Liu S, Lim SC. The role of fibroblast growth factor 21 in diabetes
and its complications: a review from clinical perspective.Diabetes Res Clin Pract
(2015) 108:382–9. doi:10.1016/j.diabres.2015.02.032

75. Wu S, Levenson A, Kharitonenkov A, De Luca F. Fibroblast growth factor 21
(FGF21) inhibits chondrocyte function and growth hormone action directly
at the growth plate. J Biol Chem (2012) 287:26060–7. doi:10.1074/jbc.M112.
343707

Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Inagaki. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordancewith
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org September 2015 | Volume 6 | Article 1477

http://dx.doi.org/10.1016/j.cmet.2008.06.014
http://dx.doi.org/10.1016/j.cmet.2008.06.014
http://dx.doi.org/10.2337/dc09-0684
http://dx.doi.org/10.2337/dc09-0684
http://dx.doi.org/10.1373/clinchem.2010.155184
http://dx.doi.org/10.1016/j.tem.2014.03.001
http://dx.doi.org/10.1016/j.tem.2014.03.001
http://dx.doi.org/10.1016/j.diabres.2015.02.032
http://dx.doi.org/10.1074/jbc.M112.343707
http://dx.doi.org/10.1074/jbc.M112.343707
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

	Research perspectives on the regulation and physiological functions of FGF21 and its association with NAFLD
	Endocrine FGFs
	Expression and Secretion of FGF21
	FGF21 in Energy Homeostasis
	Link Between FGF21 and NAFLD
	Epigenetic Regulation of FGF21 During Development of NAFLD
	ER Stress and FGF21
	FGF21 and Its Role in Chronic and Acute Inflammation
	Concluding Remarks
	Acknowledgments
	References


