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Abstract. The hepatokine fibroblast growth factor 21 (FGF21) 
is a novel polypeptide ligand, which is involved in glucose and 
lipid metabolism, and contributes significantly to lowering 
body weight and enhancing insulin sensitivity. A large number 
of pre‑clinical and clinical results demonstrate that FGF21 is 
a potential drug target for treating obesity and type 2 diabetes 
mellitus. In the present review, the tissue specific actions and 
molecular mechanisms of FGF21 are discussed with a focus 
on the liver, adipose tissue and nervous system, as well as 
investigating the outcomes of clinical trials of FGF21, with the 
aim of interpreting and delineating the complexity physiology 
of FGF21.
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1. Introduction

Fibroblast growth factor 21 (FGF21) is a member of the family 
of fibroblast growth factors (FGFs). Since the discovery of 
the first FGF (FGF1 or FGF‑a) in 1976 (1), 22 members of 
this family have been identified  (1). FGFs exhibit diverse 
biological and physiological activities. Specifically, FGFs 

are involved in metabolic regulation and cell differentiation, 
proliferation and metabolism (1‑6). FGF21 was first cloned by 
Nishimura et al (7). In 2005, FGF21 was reported as a novel 
metabolic regulator with biological activities (8). Subsequent 
studies revealed that FGF21 is a key factor secreted by the liver 
and is a signaling molecule involved in important metabolic 
regulation. Therefore, the current study presents a summary 
of the molecular mechanisms underlying the metabolic regu-
lation of FGF21 in different types of tissue, including liver, 
adipose and nervous system tissues. The findings may serve as 
a reference for drug development of FGF21.

2. Biological actions of FGF 21

Kharitonenkov et al (8) first demonstrated the effects of FGF21 
on metabolic regulation and found that FGF21 regulates the 
expression of glucose transporter 1, and promotes the intake 
of glucose in 3T3‑L1 cells and primary lipocytes in the human 
body. Subsequent experiments indicated that FGF21 signifi-
cantly reduced the blood sugar levels and body weights of 
mice with genetic control‑ or diet‑induced obesity by reducing 
the contents of triglycerides in the liver and serum; however, 
the glucose intake of the mice demonstrated no significant 
change (8‑10). In addition, FGF21 influences the insulin sensi-
tivity of the mice. In mice with diet‑induced obesity, FGF21 
may reverse hepatic steatosis and enhance hepatic insulin 
sensitivity by suppressing glucose production in the liver 
and increasing hepatic glycogen content, thereby improving 
systemic glucose intolerance and insulin resistance (10‑12). 
The regulatory effects of FGF21 in glycolipid metabolism are 
influenced by hepatic metabolism (12); however, the specific 
underlying mechanism remains to be elucidated. FGF21 
was shown to exert the same metabolic effects in monkeys 
with diabetes mellitus. FGF21 reduced the concentration of 
low‑density lipoprotein cholesterol (LDL‑C) and increased 
that of high‑density lipoprotein cholesterol (HDL‑C)  (13). 
These findings indicate that FGF21 is significant in metabolic 
regulation in rodents and non‑human primates with obesity.

3. Receptors mediating the biological effects of FGF21

FGF21 participates in signal transduction by triggering FGF 
receptors (FGFRs) (8). Unlike conventional FGFs, FGF21 does 
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not directly bind FGFRs, but exerts the biological functions 
by binding the accessory receptor βKlotho and FGFRs. This 
conclusion has been confirmed by the following: i) βKlotho 
restores ththe biological functions by binding the accessory 
receptor βKlotho and FGFRs. This conclusion has been 
confirmed by the following: i) βKlotho restores the activity of 
FGF21 in cells in which FGF21 is ineffective (14‑16); ii) the 
expression of the induced receptor βKlotho increases suscep-
tibility to FGF21 (17); and iii) downregulation of βKlotho 
mediated by small‑interfering RNA weakens the activity 
of FGF21. Therefore, the receptor of FGF21 consists of the 
following two components in terms of structure: FGFR and 
βKlotho (15). Neither βKlotho nor FGFR activate the signaling 
of FGF21, and FGF21 only acts when the two are combined.

The N‑ and C‑termini of FGF21 are closely associ-
ated with the bioactivity of FGF21; after the C‑terminus 
combines with the transmembrane protein of βKlotho, the 
N‑terminus binds with FGFR. Subsequent to forming a stable 
FGF21/βKlotho/FGFR complex, the associated downstream 
signaling molecules are activated to exert their biological 
effects (18,19). Previous studies have confirmed that FGFR1c 
is a key receptor of FGF21, and that other receptors mediating 
FGF21 signaling include FGFR2 and FGFR4 (14,18). βKlotho 
is abundant in various types of metabolically active tissue, 
including the liver, heart, white adipose tissue (WAT), brown 
adipose tissue (BAT), and the central nervous system (20). 
FGFRs are widely expressed in various tissue and the selective 
expression of βKlotho determines the tissue‑specific biological 
functions of FGF21 (21).

4. Regulatory effects of FGF21 in various tissues  
of the body

Effects of FGF21 in the liver. FGF21 is expressed in the liver, 
adipose tissue, central nervous system, and other tissues (20). 
Under normal physiological us system, and other tissues (20). 
Under normal physiological conditions, FGF21 in the blood 
circulation is derived from hepatic secretion  (22). In the 
liver, long‑time fasting may induce the expression of FGF21, 
although gain‑of‑function experimental results indicated that 
FGF21 itself also causes various effects of fasting; specifi-
cally, FGF21 stimulates the oxidation of fatty acids and the 
production of ketone bodies in the liver and inhibits lipo-
genesis (9,23‑25). In addition, loss‑of‑function experimental 
results showed that mice with FGF21 knockout exhibit serious 
weight gains after ketogenic diets, with hepatic steatosis and 
functional impairments in the synthesis of ketone bodies, as 
compared with wild‑type mice (26).

Transcriptional mechanisms of FGF21 in the liver. The 
complex network of nuclear receptors, nutritive stimuli and 
hormones involves the gene regulation of FGF21 in different 
tissues, thereby influencing its effects in regulating hunger 
stimuli and systemic energy balance. Badman et al (23) and 
Inagaki et al  (24) found that the nuclear receptor peroxi-
some proliferator‑activated receptor α (PPARα) induces 
FGF21 expression. This findiuli and systemic energy balance. 
Badman et al (23) and Inagaki et al (24) found that the nuclear 
receptor peroxisome proliferator‑activated receptor α (PPARα) 
induces FGF21 expression. This finding indicates that various 

effects of PPARα in the liver are mediated by FGF21. PPARα 
induces FGF21 transcription in mice after long‑time fasting, 
ketogenic diets, and treatment of primary hepatocytes treated 
with PPARα by combining peroxisome proliferator response 
elements (PPRE) transcriptional response elements on the 
FGF21 promoter (23,24). However, in the liver of mice with 
PPARα knockout, hunger stimuli induced a five‑fold increase 
in the RNA level of FGF21 (24). This finding indicates that 
FGF21 transcription is regulated by additional cytokines. 
Furthermore, the results confirmed that FGF21 is the direct 
target of the retinoic acid receptor β (RARβ). RARβ overex-
pression increases the generation and secretion of FGF21 in the 
liver, thereby performing a regulatory role in metabolism (27). 
The NAD+‑dependent histone deacetylase, sirtuin 1 alleviates 
the fasting‑induced hepatic fat deposition in mice by inducing 
FGF21 expression in the liver (28,29). Recent gain‑of‑function 
and loss‑of‑function experimental results demonstrated that 
the transcription of FGF21 in primary hepatocytes in the 
liver is also regulated by cAMP response element binding 
protein (CREB) H (30), PPARγ coactivator1α (31) and retinoic 
acid receptor‑related orphan receptor α (32). In addition, the 
carbohydrate response element binding protein, activated by 
high‑carbohydrate diets, upregulates FGF21 in the liver (33). 
FGF21 is regulated by the inositol‑requiring enzyme 1α‑X‑box 
binding protein 1 signaling pathway of the unfolded protein 
response (34). Thus, FGF21 exerts a wide range of effects on 
the hepatic response to nutritive stimuli and regulates energy 
metabolism.

Regulatory mechanisms of FGF21 in glycolipid metabo‑
lism in the liver. FGF21 exerts significant effects on hepatic 
metabolism; specifically, it refines hepatic insulin resistance 
and steatosis in mice with diet‑induced obesity, and regulates 
glycogen synthesis and ketone body production  (9,23‑25). 
In mice injected with FGF21 extracellular signal‑regulated 
kinase (ERK)1/2 phosphorylation is induced in the liver 
and immediately regulates the expression of early genes 
in the liver. FGF21 also induces the expression of peroxi-
some proliferator‑activated receptor γ coactivator 1α and its 
downstream genes, and enhances the oxidation of fatty acids 
in the liver  (25). However, FGF21 exerted no effect in the 
liver of isolated mice or in the primary hepatocytes of rats, 
which indicates that the effects of FGF21 in the liver are 
indirectly mediated by other signaling pathways of the liver 
or by other tissues, such as adipose tissues (35). Lin et al (35) 
found that adiponectin (APN) mediates the regulatory effects 
of FGF21 on systemic metabolism. The authors also found 
that the capacity of FGF21 to ameliorate plasma triglycer-
ides, hepatic steatosis, and liver injuries disappears in mice 
with obesity and diet‑induced APN knockout (35). However, 
FGF21 may still significantly reduce the blood sugar level 
of mice with APN knockout. This result demonstrates that 
APN mediates the lipid‑lowering effects of FGF21, although 
the specific glucose‑lowering mechanisms of FGF21 remain 
unidentified. In addition, FGF21 and tissue‑specific accessory 
receptor, βKlotho are highly expressed in the liver (33). This 
indicates that FGF21 directly regulates hepatic metabolism 
using βKlotho/FGFR. Thus, mice with liver‑specific βKlotho 
knockout or silencing are used in experiments to elucidate the 
direct effect of FGF21 on the liver and its relative contribution 
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to the balance of systemic glycolipid metabolism. Various 
studies have evaluated the upstream regulation of FGF21; 
however, the downstream regulation mediated by FGF21 in 
the liver remains to be elucidated. Therefore, this is currently 
a research hotspot.

Effects of FGF21 in adipose tissues. In  vivo and in  vitro 
experiments on the metabolic regulation of FGF21 revealed 
that either the overexpressed FGF21 transgene or the exog-
enous FGF21 significantly reduce glucose and lipid levels 
in the blood of mice (8,10). However, FGF21 increased the 
intake of glucose in mature 3T3‑L1 cells and the primary 
lipocytes in the human body (36). Subsequent experiments 
revealed that FGF21 regulates the intake of glucose in WAT, 
the generation and decomposition of adipose tissues, and 
lipid metabolism by mediating the expression of associated 
genes (8,9,36). FGF21 induces the expression of uncoupling 
protein 1 (UCP1) in WAT (37). UCP1 is a typical protein in 
BAT that is involved in uncoupling respiration and thermo-
genesis. This phenomenon is the so‑called ‘browning’ of WAT, 
usually occurring in subcutaneous WAT dominated by the 
sympathetic nerve; FGF21 is able to regulate thermogenesis 
using this mechanism (37). In addition, FGF21 activates the 
expression and secretion of APN in lipocytes by autocrine or 
paracrine signaling (35,38), thereby regulating the glycolipid 
metabolism in adipose tissues and further improving insulin 
sensitivity. In vivo and in vitro experiment results also showed 
that FGF21 stimulates the expression of genes associated with 
glucose intake and thermogenesis in BAT, thereby regulating 
energy metabolism (10,37,39,40).

Transcriptional regulation mechanism of FGF21 in adipose 
tissues. In WAT, the nuclear receptor, PPARγ induces 
the expression of FGF21 (41). FGF21 acts in synergy with  
the PPARγ stimulant, rosiglitazone, thereby promoting the  
differentiation of lipocytes and the intake of glucose (17,41‑43). 
Unlike the hunger‑induced regulation of FGF21 in the liver, 
the feeding‑induced regulation of FGF21 in WAT further 
activates the activity of PPARγ in the form of feedforward 
regulation (44). The PPARγ signaling pathway is impaired 
in mice with FGF21 knockout through the downregulation 
of genes depending on body fat and PPARγ expression. In 
addition, the PPARγ stimulant, rosiglitazone has side effects, 
including insulin sensitization, weight gain and edema; 
however, such side effects do not occur in mice with FGF21 
knockout. These results demonstrate that FGF21 is a major 
carrier of the physiological and pharmacological effects of 
PPARγ in WAT (44). In addition, FGF21 is induced by cold 
stimuli in BAT, and it regulates thermogenesis via activating 
transcription factor 2 (ATF2)‑mediated β3‑adrenaline 
receptor  (37,39,45). FGF21 also directly regulates UCP1 
transcription by increasing the transcription factor AMP 
response elements and activating the phosphorylation of 
CREB (46). FGF21 also increases the phosphorylation of 
fatty acid transport protein 3, thereby regulating mitochon-
drial respiration  (46). In a cold stimulation experiment, 
FGF21 knockout mice exhibited low body temperatures, 
elevated serum creatinine kinase levels and trembling (37). 
Thus, FGF21 regulates energy metabolism by promoting 
thermogenesis in BAT.

Regulatory mechanism of FGF21 in the glycolipid metabo‑
lism and energy metabolism in adipose tissues. In  vivo 
loss‑of‑function experiment results confirmed the significant 
effects of FGF21 in adipose tissues. After the specific receptor 
βKlotho of FGF21 is knockout from adipose tissues, the acute 
effects of FGF21 on insulin sensitivity and glucose intake 
disappeared from the adipose tissues of the mice with the 
gene knockout compared with those of the control mice fed 
with high fat diets (40). Similarly, in diet‑induced obesity mice 
with selective deletion of FGFR1c in adipose tissues, FGF21 
exerts no effects on the weights or on the levels of plasma 
glucose, insulin, triglycerides, or APN (47). Thus, βKlotho 
and FGFR mediate the effects of FGF21 in regulating the 
glycolipid metabolism in adipose tissues. The browning and 
thermogenesis of WAT reveal the important regulatory effect 
of FGF21 on the energy metabolism and body weight of the 
mice. Furthermore, the signal transmission and cross‑talk 
mechanisms between the liver and adipose tissues mediate the 
regulatory effects of FGF21 on energy metabolism. The endo-
crine signaling pathway of FGF21 in hepatocytes increases 
the energy expenditure in mice by regulating the browning of 
WAT, thereby enhancing the energy metabolism and reducing 
body weight (28). Additionally, Fisher et al (37) found that 
the in vivo and in vitro thermogenesis of FGF21 is closely 
associated with peroxisome proliferator‑activated receptor γ 
coactivator 1α (PGC1α), the key factor regulating thermogen-
esis and energy metabolism (37). In addition, FGF21 regulates 
the browning of WAT by elevating the level of protein rather 
than gene expression of PGC1α, thereby promoting thermo-
genesis (37).

Effects of FGF21 in the brain. Although it is not expressed in 
the brain (20), FGF21 passes through the blood brain barrier 
(BBB) by simple diffusion, thereby entering the human cere-
brospinal fluid (48) and the hypothalami of fasting mice (49), 
and further activating ERK1/2 phosphorylation  (50). 
Administering FGF21 in the cerebral ventricles increases 
energy expenditure and improves the insulin sensitivity in 
obese rats (51), thereby triggering the FGF21‑mediated signal 
interaction between the brain and its peripheral tissues (52). 
Thus, FGF21 directly acts on the brain.

Regulatory mechanisms of FGF21 in the brain. In the 
hypothalamus, FGF21 affects the expression levels of two 
important neuropeptides, namely, corticotrophin releasing 
factor (CRF) and arginine vasopressin (AVP) (49,53‑55) in 
the brain. FGF21 induces CRF expression in the hypotha-
lamic (49,53,55). Consequently, CRF increases the secretion of 
CRF in the pituitary gland, thereby stimulating the secretion 
of CRF. CRF‑induced sympathetic excitation also passes onto 
BAT (56). Notably, CRF receptor inhibitors completely block 
FGF21‑induced sympathetic excitation  (53). Therefore, its 
inducing action on CRF is deemed as a mechanism by which 
FGF21 promotes glucocorticoids, thermogenesis and weight 
loss. Conversely, long‑term treatment of lean mice (except 
for those with CRF‑induced weight loss) with FGF21 may 
also inhibit AVP expression in the suprachiasmatic nucleus 
(SCN) (54). In the hypothalami of hungry mice with βKlotho 
knockout, the mRNA expression level of AVP is elevated. In 
female mice, the downregulation of AVP may decrease the 
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level of luteinizing hormone secreted in the pituitary gland 
and reduce ovulation, thereby inhibiting reproduction.

However, the specific site of the CRF‑induced action of 
FGF21 in the hypothalamus remains unknown. A recent study 
demonstrated that βKlotho is expressed in the CRF neurons 
of the paraventricular nucleus (PVN) (49). At this site, FGF21 
induces CRF expression by activating the transcription factor, 
CREB (49). This result is consistent with the expression of 
UCP1 in FGF21‑induced BAT (46). Therefore, FGF21 in the 
PVN also directly or indirectly induces the actions of CRF.

Effects of FGF21 in signal transmission and cross‑talk in the 
brain and its peripheral tissues. Four types of FGFRs exten-
sively exist in the nervous system; however, the expression of 
βKlotho in the nervous system is limited (20). In the hypo-
thalamus, βKlotho is expressed in the SCN and PVN (49,55), 
in the nucleus tractus solitarius of the back polar region and 
hindbrain, and in the nodose ganglion root of the periph-
erals (55). These regions constitute the dorsal vagal complex, 
which is a major integrated aspect of the autonomic nervous 
system.

The brain mediates certain roles of FGF21 in the systemic 
blood circulation system. In mice, various chronic effects of 
FGF21 on the production of ketone bodies, circadian rhythms, 
and the fertility of female mice require the involvement of the 
βKlotho protein in the central nervous system (54,55). Further 
research confirmed that FGF21 stimulates the release of CRF 
from the nervous system to activate the sympathetic nervous 
system, thereby causing WAT browning, fatty acid oxidation in 
BAT, thermogenesis and lipolysis accompanying hepatic keto-
genesis (53). These results demonstrate why certain effects of 
FGF21 disappear in the absence of βKlotho from the nervous 
system of mice (53,55). Notably, the glucose‑lowering roles 
of the FGF21 transgene are intact in mice with brain‑specific 
βKlotho knockout (55), but are completely inhibited in mice 
with βKlotho systemic knockout (40,57). This result reveals 
that other metabolic tissues mediate the glucose‑lowering 
roles of FGF21.

Effects of FGF21 in other tissues. FGF21 is also expressed in 
the endocrine‑specific pancreatic α and β cells, and the expres-
sion of FGF21 is exposed to chemical‑induced pancreatic 
trauma (58). However, the physiological functions of FGF21 
in chemical‑induced pancreatic trauma remain unknown (58). 
In isolated islet cells, FGF21 increases the quantity of insulin 
and the secretion of insulin induced by glucose stimulation, 
thereby inhibiting glucagon secretion (8) and exerting protec-
tive effects on mice with pancreatitis  (58). Furthermore, 
studies have reported that FGF21 modulates inflammation 
and damage induced by experimental pancreatitis. FGF21‑null 
mice develop more damage than wild‑type mice, whereas mice 
overexpressing human FGF21 exhibit an attenuated pheno-
type (58). Further studies identified the transcription factor, 
basic helix‑loop‑helix family member a15 (BHLHA15; also 
termed, MIST1) as an upstream regulator of FGF21 and showed 
that deletion of the MIST1 gene leads to a marked reduction 
in pancreatic FGF21 levels by epigenetic silencing, resulting 
in increased susceptibility to pancreatitis (59). In addition, 
FGF21 may be involved in enhanced islet transplant survival, 
which was demonstrated in a model of streptozotocin‑induced 

diabetes (60). FGF21 may promote β‑cell survival, and protect 
isolated rat islets and insulin‑producing INS cells from gluco-
lipotoxicity and cytokine‑induced apoptosis (61). However, 
human FGF21 fails to alter insulin and glucagon secretion 
from islets isolated from healthy mice (62), although FGF21 
stimulates insulin secretion in ex vivo islets isolated from 
diabetic mice (61). Islets from obese diabetic db/db mouse 
failed to respond to FGF21, possibly as a consequence of 
reduced βKlotho expression levels (63).

In addition, the dysfunction of the mitochondria in the 
skeletal muscle induces the expression of FGF21 by activating 
ATF4 (64,65). Thus, FGF21 is important in the metabolic 
network. Fig. 1 briefly outlines the metabolic regulations of 
FGF21 in different tissues and the interactions between them.

5. Clinical applications of FGF21

Manifestations of FGF21 in the human body.  Similar to the 
findings in experiments with mice, PPARα stimulants (such 
as fibrates) increase the circulating level of FGF21 in the 
human body (66‑68); however, the concentration of FGF21 is 
significantly increased in patients with rheumatoid arthritis 
after 7 days of fasting or in patients with obesity and diets 
low in calories within 3 weeks (66). These results demon-
strate that FGF21 performs similar metabolic regulation and 
clinical applications in different species; however, the effects 
of PPARα stimulant and fasting on FGF21 expression are 
relatively weaker in the human body than in mice. Notably, 
neither short duration fasting nor anorexia nervosa increases 
the circulating level of FGF21 in the human body  (68). 
Ketogenic diets do not elevate FGF21 expression levels in the 
human body (69). This discrepancy may be caused by the low 
content of protein in the ketogenic diet used in the experiment 
with mice  (70). Therefore, the regulatory roles of FGF21 
in rodents differ from those in the human body. Notably, 
certain studies detected FGF21 mRNA expression in human 
WAT (43,71), although Dushay et al (69) reported that FGF21 
is not expressed in human WAT. In addition, clinical studies 
revealed that the circulating levels of FGF21 in patients with 
obesity or in those with accompanying diabetes mellitus (type 
2), insulin resistance, or nonalcoholic fatty liver disease are 
considerably elevated (71‑73). This result may be attributed to 
the increased content of FGF21 in the liver induced by diets 
containing high levels of fat and carbohydrates. Similarly, the 
concentration of FGF21 is increased in the plasma of rodents 
with obesity, and this phenomenon is similar to hyperinsu-
linism and hyperleptinemia; therefore, introducing the concept 
of FGF21 resistance (11,74,75). However, when the concentra-
tion of FGF21 in the blood of mice with diet‑induced obesity is 
increased, FGF21 effectively exerts pharmacodynamic effects, 
with a marked increase in insulin sensitivity. Therefore, the 
hypothesis on FGF21 resistance remains controversial (74,76).

FGF21 significantly reduced body weight and improved 
insulin sensitivity in obese rodents and primates  (76). 
Prolonged fasting or feeding with a ketogenic diet results in 
hepatic production and secretion of FGF21. In the liver, FGF21 
increases fatty acid oxidation and ketogenesis, and decreases 
hepatic lipid biosynthesis, resulting in improved insulin 
sensitivity (75). FGF21 induces production and secretion of 
adiponectin through PPARγ in adipose tissue, which in turn 
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potentiates insulin‑sensitizing effects of PPARγ and stimu-
lates browning by inducing PGC1α (75,76). FGF21 stimulates 
sympathetic nerve activity via CRF, leading to improved whole 
body metabolism. These effects of FGF21 require signaling 
via the liver‑ and adipose‑enriched coreceptor, βKlotho and 
one of the FGFRs, such as FGFR1, FGFR2 or FGFR4.

Clinical trials on FGF21. The significant curative effects of 
FGF21 in the animal model are of interest. However, inad-
equacies in its physical and biological properties rendered the 
natural FGF21 protein hard to apply to molecule drugs for 
clinical settings (77). The main causes include the following: 
First, the FGF21 protein stored in solution is easily degraded. 
In addition, FGF21 is conformationally unstable. In addition, 
the large‑scale expression and purification of FGF21 are diffi-
cult. Considering the above factors, Kharitonenkov et al (78) 
developed a drug, LY2405319 (LY), which avoids the biophar-
maceutical defects of FGF21; the engineered drug is an FGF21 
isomer that retains the curative effects of FGF21 on various 
metabolic disorders, but avoids the defects of the wild‑type 
FGF21 (78). For patients with obesity and type 2 diabetes 
mellitus, LY is administered by daily injection, and clinical 
test results indicated that injected LY significantly improves 
the profiling levels of four types of lipids (i.e., total cholesterol, 
LDL‑C, HDL‑C and triglycerides) and normalizes the body 
weights of these patients. These results are consistent with 
those of FGF21 or LY in Rhesus monkeys with obesity (13).

The triglyceride level declines quickly after fasting and LY 
treatment. This phenomenon is accompanied by a reduction 
in apolipoprotein C III and aesult indicates that LY regulates 
the oxidation level of fatty acids in the human body  (26). 
Furthermore, the insulin level in the human body subsequent 
to fasting and LY treatment is reduced markedly, the APNesult 
indicates that LY regulates the oxidation level of fatty acids 
in the human body (79‑81). Furthermore, the insulin level in 

the human body subsequent to fasting and LY treatment is 
reduced markedly, the APN level in the plasma is elevated 
appreciably (79), and the APN of high molecular weight is 
associated with the treatment efficiency of type 2 diabetes 
mellitus. However, the continuous glucose‑lowering effect 
of LY on the subject is insignificant compared with that of 
FGF21 in rodents and monkeys with diabetes mellitus, which 
is potentially due to individual differences and small sample 
sizes (8,13,82). The potential effect and glucose regulation of 
exogenous FGF21 in obese patients may be elucidated further 
using a large sample size, employing long‑term regimens, or 
treating patients with other diseases, such as impaired fasting 
glucose or type 2 diabetes mellitus of various severities (79).

6. Conclusion

The current review primarily summarizes the metabolic 
functions and regulatory mechanisms of FGF21 in the liver, 
adipose, brain and other tissues. Given its consistent and 
reproducible efficacy in animals, FGF21 is a candidate drug 
for curing obesity and diabetes mellitus. This drug is now 
entering the pre‑clinical research stage. Clinical trials with 
a large sample size are required to validate the potential 
therapeutic effects of FGF21 on metabolic diseases. Although 
wild‑type FGF21 may have side effects on bone mass and 
fertility, population studies showed that the content of FGF21 
in the blood of healthy women positively correlates with bone 
density (61). This result suggests that the effect of FGF21 in 
mice with osteoporosis may differ from that in human bones. 
However, the inhibitory actions of FGF21 on fertility via the 
central nervous system are eliminated by synthesizing FGF21 
isomers, which could not pass through the BBB, by genetic 
modification (61).

To date, the mechanism of action of FGF21 has not been 
fully elucidated, and studies on the biological target organs and 

Figure 1. Summary of the metabolic actions of FGF21 in the liver, adipose, and nervous system tissues. FGF21, fibroblast growth factor 21; PGC1α, peroxi-
some proliferator‑activated receptor γ coactivator 1α; PPARα, peroxisome proliferator‑activated receptor α; SIRT1, sirtuin 1; FGFR, fibroblast growth factor 
receptor; APN, adiponectin; CRF, corticotrophin releasing factor; WAT, white adipose tissue; BAT, brown adipose tissue; TZD, thiazolidinediones.
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molecular mechanisms of FGF21 remain incomplete. There are 
few studies discussing whether FGF21 as a secretory hormone 
regulates systemic metabolism in different tissues. In addi-
tion, thiazolidinedione drugs affect the expression of FGF21 
and its receptor βKlotho (17,41,42), as well as enhancing the 
sensitivity of FGF21 (17). This result indicates that these drugs 
act against diabetes mellitus by partially affecting the FGF21 
signaling pathway. Therefore, intensive studies on the signaling 
pathway, regulatory mechanisms and biological functions of 
FGF21 in different tissues are significant for the treatment 
of human‑associated metabolic disorders, such as diabetes 
mellitus and obesity. With the number of patients with meta-
bolic syndrome increasing annually, the development of drugs 
for this disease has been receiving considerable attention (61). 
With further animal experiments and clinical trials covering 
the improvements in the function and survival of β cells, 
FGF21 is expected to become a novel candidate for insulin in 
treating diabetes mellitus. However, animal experiments are 
inconsistent with clinical trials in certain aspects, and FGF21 
requires further investigation. The elevated expression level of 
FGF21 in the plasma indicates that FGF21 resistance probably 
compensates for glucolipotoxicity and requires an FGF21 dose 
exceeding the normal to exert the necessary biological effects. 
Given the elevated level of FGF21 in the plasma of patients 
with metabolic disorders, whether FGF21 will be developed 
into a molecular marker for the early diagnosis and assessment 
of associated diseases requires further investigation.
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