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Fibroblast growth factor 21 (FGF21), a member of the FGF subfamily, is produced primarily
in the liver and adipose tissue. The main function of FGF21 is to regulate energy meta-
bolism of carbohydrates and lipids in the body through endocrine and other means,
making FGF21 have potential clinical value in the treatment of metabolic disorders.
Although FGF21 and its receptors play a role in the regulation of bone homeostasis through
a variety of signaling pathways, a large number of studies have reported that the abuse of
FGF21 and its analogues and the abnormal expression of FGF21 in vivo may be associated
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Bone homeostasis with bone abnormalities. Due to limited research information on the effect of FGF21 on
bone metabolism regulation, the role of FGF21 in the process of bone homeostasis regu-
lation and the mechanism of its occurrence and development have not been fully clarified.
Certainly, the various roles played by FGF21 in the regulation of bone homeostasis deserve
increasing attention. In this review, we summarize the basic physiological knowledge of
FGF21 and the effects of FGF21 on metabolic homeostasis of the skeletal system in animal
and human studies. The information provided in this review may prove beneficial for the

Bone metabolism

intervention of bone diseases.

The human fibroblast growth factor (FGF) superfamily con-
sists of 22 related proteins from FGF1 to FGF23 (FGF15 and
FGF19 are mouse and human orthologs, respectively [1]), and
is divided into seven sub-families based on genetic and
functional similarities. Members of this superfamily have
multiple biological functions [2—4]. They are cytokines with
various functions in biological processes such as growth,
development, and metabolism and are used for the treatment
of diseases [4—6]. FGF21 (23 kDa, 209 amino acids) is an
atypical member of the FGF19 subfamily and is mainly
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produced by the liver and adipose tissue [7,8]. In recent years,
FGF21 has been shown to have excellent pharmacological
effects in the treatment of metabolic disorders (diabetes
and obesity), cardiovascular disorders, and other diseases,
because of its ability to enhance insulin sensitivity and
reduce body weight [9—12]. This has made FGF21 have po-
tential value in clinical application. However, there have been
several safety concerns with FGF21 drug use, including
growth inhibition, circadian rhythm disturbances, and bone
loss [8,13]. Abnormal expression and signal transduction of
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FGF21 are associated with skeletal system abnormalities
[14—16]. Therefore, as a candidate drug for the treatment of
metabolic diseases, the related effects of FGF21 on the bone
have attracted much attention. This review summarizes the
basic knowledge of the physiology of FGF21 and the multiple
effects it has on skeletal system homeostasis.

Physiology of FGF21

FGF21 has been studied extensively in rodents and primates. It
belongs to the endocrine subfamily and is released into the
peripheral blood circulation due to lack of a heparin-binding
domain [13]. FGF21 is released almost exclusively by the liver
into circulation under basal conditions or fasting [8,17].
Following its release into the systemic circulation, it can
integrate metabolism in the liver, adipose tissue, skeletal
muscle, pancreas, and other metabolic organs by controlling
the expression of transcriptional factors that shape cellular
phenotype and tissue metabolic functions [18,19]. FGF21 reg-
ulates the systemic energy metabolism, especially the ho-
meostasis of glucose and lipid metabolism, in humans and
animals by acting on central and peripheral organs and tis-
sues [17,20,21]. It also acts as a stress hormone to excite
sympathetic nerves and activate the hypothalamic-pituitary-
adrenal axis to increase secretion of corticosteroids that
regulate systemic energy metabolism [6,13,22,23]. However,
due to difference in the positions of generation and action of
FGF21, its function is still controversial [8,21,24].

FGF21 and other members of its family contain a highly
conserved central core domain and a B-trefoil structure that
are critical for their interaction with fibroblast growth factor
receptors (FGFRs) [5]. FGFRs are a family of receptor tyrosine
kinases comprising of four isoforms (FGFR1, FGFR2, FGFR3,
and FGFR4) [5]. They are widely expressed in various tissues
and organs, including liver, adipose tissue, cartilage tissue
[25], skeletal muscle [26], colon, etc [27—29]. FGFR1 is mainly
expressed in the testis, bone marrow, and small intestine.
FGFR2-4 are mainly expressed in the pituitary gland, liver, and
colon, respectively. Although FGFs typically bind to heparin
for receptor activity, FGF21 has a weak heparin-binding ca-
pacity. Therefore, to exert its activity, it needs to bind to the
receptor complex composed of FGFR and co-receptor p-klotho
(KLB), a single-channel transmembrane protein [13,30]. KLB is
expressed in limited tissues and cell types, mainly in the liver,
pancreas, adipose tissue, pituitary gland, and hypothalamus
[27,29,30]. In the presence of KLB, FGFR1 is the predominant
isoform that mediates FGF21 activity [31]. FGF21 binds to the B-
klotho-FGFR1c complex with the highest affinity [13], trig-
gering autophosphorylation of FGFR1 and activation of the
downstream MAPK (mitogen-activated protein kinase)
cascade pathway and the PISK/AKT (phosphatidylinositol 3-
kinase / protein kinase B) signaling pathway to target cells to
initiate multiple effects [5,21,32]. FGF21 can also signal
through FGFR2 and FGFR3; however, their physiological role in
FGF21 signaling is unclear. FGF21 does not activate down-
stream signaling through the B-klotho-FGFR4 complex [5,33].
Given that FGFR is widely expressed, and Klotho is an essen-
tial co-receptor for tissue-specific expression, restricted
expression of Klotho determines the specificity and sensitivity

of target tissues to FGF21. The liver, adipose tissue, pancreas,
and central nervous system, which are the key target organs
[5,34—37], play an important role in the FGF21-regulated en-
ergy metabolism homeostasis.

FGF21 and bone homeostasis

The bone is a special connective tissue. In the regulation of
bone homeostasis, bone tissue undergoes constant trans-
formation and remodeling to adapt to the changing environ-
ment. The gold standard for assessing human bone health is
bone mineral density (BMD), which is co-mediated by osteo-
blasts and osteoclasts [38,39]. FGF21 has a strong pathophys-
iological connection to bone homeostasis regulation, and its
expression has a spatio-temporal specificity and controls the
process of bone development [39—41]. However, information
on the relationship between FGF21 and bone homeostasis is
limited, and the role of FGF21 in bone homeostasis has not
been fully elucidated. Many diseases are related to bone loss
and regeneration. Because the molecular mechanism and
early treatment measures of bone-related diseases are not
completely clear [14], the treatment costs are expensive,
which brings much burden on individuals, families, and so-
ciety. Therefore, it is necessary to explore the relevant
knowledge on skeletal system homeostasis and seek effective
treatment methods. In the following paragraphs, we sum-
marize the possible effects of FGF21 in the homeostasis of the
skeletal system, providing new insights for studying its rele-
vance to bone-related diseases.

Effects of FGF21 on bone homeostasis in animal studies

Does FGF21 affect the bones of animals? If so, is the effect
positive or negative? Some animal-based studies have re-
ported that the indirect effect of FGF21 on the bone through
increasing the activity of peroxisome proliferator-activated
receptor-gamma (PPARy) is considered to be a significant
mechanism of bone resorption [8,42,43]. In Fgf21 transgenic
(Fgf21-Tg ) mice, overexpressed circulating FGF21 stimulated
lipogenesis of bone marrow precursors, inhibited osteoblast
activity, and increased osteoclast activity by enhancing PPARy
activity in bone marrow mesenchymal stem cells (BMSCs).
This resulted in decreased BMD, significant bone loss, and
increased bone fragility due to decreased bone formation and
increased bone resorption [43]. Research has also shown that
elevated levels of FGF21 are associated with negative effects
on bone metabolism. Conversely, increased markers of bone
formation and decreased markers of bone resorption in Fgf21-
knockout (Fgf21-KO) mice exhibited a high bone mass
phenotype [43]. Inagaki, wang et al. [44,45] demonstrated that
FGF21 treatment can regulate the growth hormone-insulin-
like growth factor 1 axis (GH-IGF1). In transgenic mice with
overexpressed FGF21, the expression of IGF1 in the liver was
reduced to inhibit GH signaling, indirectly induce the secre-
tion of insulin-like growth factor-binding protein 1 (IGFBP1) in
the liver, and bind IGFBP1 to osteoclast precursor integrin p1,
to enhance the receptor activator of nuclear factor «-B ligand
(RANKL)-stimulated extracellular regulated protein kinases
(ERK) phosphorylation and nuclear factor of activated T cells 1
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(NFATc1) activation, thereby promoting osteoclast differenti-
ation and resulting in reduced BMD. Blockade of IGFBP1
abolished ovariectomy (OVX)-induced bone resorption and
abrogated FGF21-mediated bone loss, while maintaining its
insulin sensitivity [45]. Overexpression of FGF21 in mice
resulted in decreased bone growth and decreased mouse body
length [46]. In Kim et al.’s findings, treating obese non-human
primates with the long-acting FGF21 analog PF-05231023
caused modest changes in bone resorption and formation
markers without any weight loss [47]. Despite its low magni-
tude, this may suggest that FGF21 has an adverse effect on the
bone. Another animal study also showed an inhibitory effect
of FGF21 on bone formation, with serum FGF21 down-regu-
lating bone formation during lactation in C57BL/6 mice and
high circulating FGF21 negatively affecting BMD during
lactation [48]. Compared to lactating control mice, Fgf21-defi-
cient mice showed increased bone formation with no changes
in bone resorption [48]. Li et al. [49] used Dystrophin/Utrophin
(muscular dystrophy protein/dystrophin-related protein)
double knockout (dKO) mouse model of duchenne muscular
dystrophy (DMD) and found that in the DMD animal model,
skeletal muscle-derived circulating FGF21 expression was
significantly up-regulated. Furthermore, FGF21 significantly
increased circulating levels of bone formation marker pro-
collagen type I N-terminal propeptide (PINP) and decreased
levels of bone resorption marker carboxy-terminal cross-
linked telopeptide of type 1 collagen (CTX1) in dKO mice.
Following the injection of neutralizing anti-FGF21 antibody,
progressive bone loss in weight-bearing (vertebrae, femur,
and tibia) and non-weight-bearing bones (parietal bone) of
dKO mice was significantly reduced, and bone mass was
significantly increased in dystrophic mice, suggesting that
myogenic FGF21 might be a negative regulator of bone ho-
meostasis in DMD [49]. Additionally, FGFRs and KLB were
significantly up-regulated in dKO mice, suggesting that bone
tissue may be a direct target of FGF21. Therefore, FGF21 may
directly affect osteoclast and adipocyte formation through the
FGFRs-B-klotho axis. It may also promote RANKL-induced
osteoclast formation in primary bone marrow macrophages
(BMM), promote the adipogenic differentiation of BMSCs, and
inhibit osteogenic differentiation [49]. In vivo bone morpho-
metric analysis showed that neutralization of FGF21 primarily
reduced the number of osteoclasts but had no significant ef-
fect on the number of osteoblasts. In vivo and in vitro studies
of the effects of FGF21 indicated that FGF21 primarily affects
osteoclast function but has no significant direct effects on
osteoblast activity. They also found no statistically significant
changes in circulating IGF1 and IGFBP1 levels in dKO mice
compared to either WT mice or FGF21 after neutralization,
suggesting that the negative effects of FGF21 on bone pheno-
type in DMD mice were not mediated by hepatic IGF1 and
IGFBP1 expression and secretion [49]. Their findings were
consistent with those of Wei et al. [43] but differed from those
of Inagaki, wang et al. [44,45]. However, Charoenphandhu
et al. [42] performed CT analysis of the tibia in high fat (HF) fed
rats treated with FGF21, and showed that FGF21 specifically
reduced the volume, thickness, and volumetric bone mineral
density (vBMD) of the tibial trabecula, mineralized tissues, and
osteoblasts. They also observed an increase in bone marrow
adipocytes but no change in osteoclasts. In addition, there are

bone-related factors in the process of vascular calcification
(VC), and clinical evidence suggests that bone loss shares
many risk factors, mechanisms, and etiologies with VC [50].
Therefore, in the study of the mechanism and effect of FGF21
on vitamin D3+nicotine (VDN)-induced VC in rats, Shi et al.
[51] detected the expressions of bone marker proteins such as
osteopontin (OPN), osteocalcin (OCN), and bone morphoge-
netic protein 2 (BMP2) using Western blot, and also found that
FGF21 inhibited the expressions of OPN, OCN, and BMP2 at the
protein level. Immunohistochemical staining further
confirmed the inhibitory effect of FGF21 on the expression of
BMP2. FGF21 inhibits calcification and osteogenic trans-
formation of vascular smooth muscle cells (VSMCs) [51,52].
In one study, diet-induced obesity (DIO) mice model was
used to simulate human obesity and type 2 diabetes. In the
study of Li et al. [53], while evaluating the bone metabolism
effects of DIO mice treated with recombinant human fibro-
blast growth factor 21 (thFGF21) and Fgf21-KO mice by using
dual-energy X-ray absorptiometry (DXA) and pCT scanning,
DIO mice treated with rhFGF21 showed the expected
improvement in multiple metabolic parameters but did not
change trabecular bone mass, bone formation and resorption
biomarker expression, and bone marrow fat content. In
addition, compared with WT mice, the Fgf21-KO did not
exhibit a high bone mass profile, and there were no significant
differences in bone mineral content (BMC) and BMD, and their
responses to PPARa and PPARy agonists were similar. Li et al.
[53] inferred that PPARa and PPARy have no direct role in the
regulation of bone metabolism involving FGF21 under physi-
ological conditions. Additionally, at the 75th American Dia-
betes Association Scientific Meeting, it was mentioned that
FGF21 is not a regulator of bone homeostasis in DIO mice
treated with rhFGF21. In a 12-weeks study of obese rhesus
monkeys treated with FGF21, Andersen et al. [54] observed a
decrease in IGF1 and an approximately 2-fold increase in CTX1
at the experimental dose of FGF21, with no increase in plasma
cortisol and a decrease in BMD. Changes in body weight also
increase bone turnover, altering blood levels of bone markers
[55]. Therefore, Andersen et al. [54] inferred that FGF21 had no
correlation with BMD. In a 14-weeks FGF21-treated obese OVX
female Gottingen minipigs, Christoffersen et al. [18] observed
significant improvements in glucose tolerance and insulin
sensitivity; however no effect on lipids was observed. They
also observed decreased plasma IGF1, peak GH, systemic BMD,
and OCN levels, and a slight increase in CTX levels, but did not
change in cortisol levels. They concluded that treatment with
FGF21 reduced food intake in obese miniature pigs without
changes in body composition or adverse effects on whole-
body BMD and plasma cortisol [18]. In addition, Jimenez et al.
used uCT to scan the skeletal structure of obese mice that
were genetically modified with adeno-associated virus vector
8 (AAVS), encoded with optimized FGF21 sequence, and
controlled by the synthetic liver-specific HAAT promoter; no
significant differences in trabecular bone and cortical bone
were found between the AAV8-HAAT -FGF21 mice and age-
matched control mice with ineffective vector [56]. After 1 year
of weekly subcutaneous injection of two different doses of
Pegbelfermin (PGBF), a pegylated FGF21 analog, in adult male
cynic monkeys, both doses (0.3, 0.75 mg/kg) exerted pharma-
cological effects and resulted in weight loss. Based on the
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evaluation of multiple clinically relevant anatomical sites,
PGBF was considered to have no adverse effects on BMD and
bone quality [57].

Paradoxically, Ishida et al. [S0] found that FGF21 enhanced
BMP2 dependent transcription and osteogenesis through the
Smad signaling pathway in a high-glucose cultured
C2C12 cell model. In the animal model study of oral bone
defects by Yang et al. [58], it was reported that FGF21 treat-
ment promoted bone formation, improve BMD, and signifi-
cantly increase bone mass in rats with oral bone defect. They
found that in BMSCs, FGF21 regulated vascular endothelial
growth factor (VEGF) through hepatocyte growth factor
(HGF)-mediated MAPK/pMAPK, (signal transducer and acti-
vator of transcription 3) STAT3/pSTAT3 pathways, promoted
angiogenesis, and regulated Caspase-3 to inhibit cell
apoptosis through HGF-mediated PI3K/AKT pathway. FGF21
also increased the expression of E-cadherin and fibronectin
in BMSCs, promoted bone formation, and improved implant
bone defect in experimental rats [58]. The destabilization of
the medial meniscus (DMM) is an important model for
studying post-traumatic osteoarthritis (OA). In a recent
study, by constructing a DMM mouse model and in vitro cell
culture, the researchers found that FGF21 administration
alleviated oxidative stress-induced chondrocyte apoptosis
and senescence in vitro by increasing autophagic flux [16].
Therefore, FGF21 has the potential to treat OA.

Effects of FGF21 on bone homeostasis in human studies

Although some studies on humans have shown the effects of
FGF21 and its analogs on bone health, only few clinical
studies have been reported and the results have been
controversial. Talukdar et al. [20] studied overweight sub-
jects with type 2 diabetes using a long-acting FGF21 analog,
PF-05231023, and found that PF-05231023 treatment resulted
in significant body weight loss, improved plasma lipoprotein
spectrum, and increased adiponectin levels. In addition,
circulating levels of IGF1 and various markers of bone for-
mation, such as OCN, PINP, and bone-specific alkaline
phosphatase (BAP), were significantly decreased in a dose-
dependent way, while the bone resorptive marker CTX1 was
increased [20]. Similar to the observations in the previous
study in which Kim et al. [47] treated obese animals with PF-
05231023 caused small changes in bone biomarkers in the
absence of body weight loss, all indicated bone loss. In the
previous section, it was stated that Inagaki et al. demon-
strated that FGF21 could regulate the GH-IGF1 axis in trans-
genic mice, while Talukdar et al. were the first to unveil the
regulation of IGF1 signaling pathway and bone turnover
pathway in humans [20,43—45]. Previously, a negative cor-
relation between serum IGFBP1 concentrations and BMD has
been reported in older men between the ages of 40 and 79
years [59]. However, Lee et al. [12] demonstrated in healthy
elderly populations that the FGF21-regulatory axis is asso-
ciated with age-related declines in BDM in humans, but
IGFBP1 was not directly involved in healthy adults, and
whether the FGF21-IGFBP 1-RANKL pathway mediates
human bone metabolism remains unclear. Although IGFBP1
concentrations were not associated with either BMD or
FGF21 concentrations, FGF21 concentrations were inversely

associated with local human bone mineral density and were
not sex specific [12]. An experimental study by Hao et al. [39]
in Chinese Han adults statistically supported the physiolog-
ical findings of the adverse effect of FGF21 on bone meta-
bolism in Ward's triangle region, showing that plasma FGF21
increases with a concomitant decrease in BMD, and muta-
tions in the FGF21 gene are concomitantly associated with
increased BMD and decreased FGF21 expression levels. It was
observed that FGF21 levels were inversely correlated with
BMD of the femoral neck and hip, while no sex-specific ef-
fects were observed. In addition, elevated serum FGF21 was
also associated with bone loss in the knee [60]. Fazeli et al.
[61] used high-resolution peripheral quantitative computed
tomography (HRPQCT) to show that serum FGF21 levels were
associated with worsening radial trabecular microstructure
and decreased radial bone strength in women with anorexia
nerves. Although the FGF21 and BMD changes in Fazeli's
study were not statistically significant, the results of their
study supported the inference that there is an unfavorable
relationship between circulating FGF21 levels and bone
Gallego-Escuredo et al. [62] found abnormally
increased in both bone resorption and formation in HIV-1
infected patients, but a significant negative correlation was
observed between high FGF21 levels and decreased BMD and
BMC. Confirming the results of previous studies published by
Brown and McComsey on low BMD and BMC in AIDS patients
[63,64], serum osteoprotegerin (OPG) and CTX1 levels were
significantly positively correlated with FGF21 levels, with
bone formation lagging bone resorption, suggesting that
FGF21 was directly related to bone loss in HIV-1 infected
patients [62]. Wu et al. evaluated the relationship between
BMD and serum FGF21 levels in 95 patients with chronic
renal disease who were receiving hemodialysis (HD) using
DXA, and found a negative correlation between serum FGF21
levels and BMD [11], similar to Zhu et al.’s assessment of the
correlation between CT attenuation values and serum FGF21
in 339 patients undergoing HD [65]. Lui et al. [66] evaluated
the BMD and trabecular bone score (TBS) of Chinese post-
menopausal women with impaired glucose tolerance (IGT)
prediabetes. In their study, although there may be a lack of
significant correlation between serum FGF21 levels and BMD
due to individual patient influence, FGF21 was significantly
and independently negatively correlated with TBS, suggest-
ing that FGF21 has a direct adverse effect on bone. A ran-
domized controlled trial evaluating the safety and potential
efficacy of LLF580, an FGF21 analog for lowering triglycerides,
observed that LLF580 lowered blood lipid markers over 12
weeks, with no effect on fasting glucose or (Hemoglobin Alc)
HbA1lc. Although LLF580 decreased biomarkers of bone for-
mation (BAP, PINP, OCN), there were no differences in
markers of bone resorption (CTX1, N-telopeptides of type I
collagen [NTX1]). The researchers believed that LLF580 was
relatively safe for treating patients with obesity or fatty liver,
except for mild to moderate gastrointestinal adverse re-
actions [15].

Conversely, in a study of 115 healthy postmenopausal
women with an average age of 60.2 + 7.2 years, Choi et al. [67]
found that serum FGF21 levels were negatively correlated with
BMD, but the difference was not statistically significant. After
adjusting for age and body mass index, serum FGF21 levels

mass.
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Fig. 1 Injury and protective mechanisms of FGF21 on the bone. FGF21 stimulates BMSCs adipogenesis by activating PPARy, and
decreased osteogenic differentiation leads to reduced bone formation. FGF21 increases osteoclast formation by inducing IGFBP1
or RANKL signaling, resulting in increased bone resorption. FGF21 inhibits the proliferation and differentiation of chondrocytes
by inactivating the GH/IGF1 growth axis, and promotes apoptosis leading to attenuated bone growth. FGF21 regulates Caspase3
through HGF, protects BMSCs from oxidative stress-inducedapoptosis, and inhibits chondrocyte apoptosis by activating the
SIRT1/mTOR signaling pathway, further promoting bone growth and protecting bones. The figure contains modified templates
from Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/). PPARy: peroxisome proliferator-activated receptor-gamma; IGFBP1: insulin-like growth factor binding protein
1; RANKL: receptor activator of nuclear factor «k-B ligand; IGF1/GH: growth hormone-insulin-like growth factor 1 axis; HGF:
hepatocyte growth factor; SIRT1/mTOR: silent Information Regulator 1/mammalian target of rapamycin; BMSC: bone marrow

mesenchymal stem cell.

were not significantly associated with BMD, OCN, and C-
peptide levels, indicating a minimal role for FGF21 in bone
metabolism [67].

Furthermore, Lee et al. [68] reported an independent posi-
tive correlation between plasma FGF21 levels and total BMD of
female subjects and spine BMD after adjusting for age, race,
and body composition. Interestingly, no association was
found between circulating FGF21 concentrations and BMD in
young men [68]. In a cross-sectional study, Hu et al. [4]
analyzed the associations among circulating FGF21 levels,
BMD, and bone turnover biochemical markers (BTM) in a large
sample of healthy Chinese Han postmenopausal women,
verified that serum FGF21 level was positively correlated with
age [69—71], and serum FGF21 levels had a significant positive
correlation with BMD of lumbar spine in healthy post-
menopausal women, but no significant correlation with BTM.
At the same time, they pointed out that BMD in post-
menopausal women in this study was generally lower than
that in normal individuals, and that the conclusion reached
could not directly reflect the relationship between FGF21 and
BMD in normal people [4]. Therefore, due to inconsistency in
the results of studies on the effects of FGF21 on human bone
health, there is a need for more comprehensive studies on
more participants to further verify the potential effects of
FGF21 on human bones.

Mechanisms of FGF21 in bone metabolism

The molecular mechanism of FGF21 in bone homeostasis has
not been fully elucidated, and there is still controversy among
various experimental data (Fig. 1). Further studies on the
molecular mechanism of FGF21 in bone homeostasis need to
be conducted. Some studies reported that FGF21 stimulated
adipogenesis of BMSCs, inhibited osteoblast activity, and
increased osteoclast activity by activating PPARy [43,49].
However, a study has reported that FGF21 has no direct effect
on the PPARa and PPARy pathways in the regulation of bone
homeostasis [53].

The expression of FGFRs and B-klotho has been signifi-
cantly upregulated in the bones of dystrophic mice, suggest-
ing that bone may serve as a direct target tissue for FGF21
[49,72,73]. FGF21 may directly promote RANKL-induced
osteoclastogenesis in BMM through the FGFRs-B-klotho com-
plex, as well as promote bone marrow adipogenesis, while
inhibiting the osteogenic differentiation of BMSCs [49]. FGF21
directly binds to the FGFR1-B-klotho axis in growth plate
chondrocytes and activates ERK1/2 cascade signaling, thereby
inhibiting cell proliferation and differentiation [72,73]. How-
ever, the expression of FGFRs and B-klotho in bone tissue has
not been fully determined.
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Studies have shown that FGF21 is also closely related to the
GH-IGF1 growth axis, and downregulation of IGF1-GH and GH-
STATS by FGF21 inhibited bone growth in mice [44,74]. IGFBP1
has been identified as a novel bone resorption factor secreted
by the liver, and the growth axis plays an important role in
protein metabolism and bone homeostasis [44,75,76]. FGF21
inhibits GH signaling by decreasing hepatic IGF1 expression
and indirectly induces hepatic IGFBP1 secretion. IGFBP1 binds
to the precursor osteoclast integrin B1 receptor and enhances
ERK phosphorylation and NFATc1 activation stimulated by
RANKL, thereby promoting osteoclast formation and leading
to bone loss [41,44,45]. Fgf21-deficient mice significantly
expressed osteocalcin, suggesting that the regulation of
FGF21-IGFBP 1 not only affects the generation and activation
of osteoclasts, but also affects the production of osteocalcin in
osteoblasts [75]. In addition, FGF21 can also inhibit prolifera-
tion and differentiation of growth plate chondrocytes by
directly antagonizing GH [73], thus affecting bone homeosta-
sis. However, Li and Lee et al. suggested that the regulation of
bone homeostasis by FGF21 was unrelated to hepatic IGF1 and
IGFBP1 [12,49,53].

FGF21 activated Smad-BMP2 signaling to promote osteo-
genesis in the C2C12 cell line [50]. FGF21 treatment in DMM
mice upregulated SIRT1/mTOR and induced enhanced auto-
phagic flux, which in turn inhibited chondrocyte apoptosis
[16]. FGF21 promotes bone neovascularization by upregulating
hepatocyte growth factor (HGF), up-regulating MAPK/pMAPK
and down-regulating STAT3/pSTAT3, and up-regulating PI3K/
AKT to inhibit Caspase-3 and BMSCs apoptosis, thereby
improving bone defects [58].

Conclusion

In summary, the clinical validation of FGF21 as a biomarker of
metabolic and bone-related diseases and as a therapeutic
intervention target is still needed. Currently, most of the
literature has shown that FGF21 has adverse effects on the
bone. However, the information on the relationship between
FGF21 and bone homeostasis is still limited, and its effect on
the bone as well as its mechanism of action are still uncertain.
In animal and human studies, different conclusions have
been drawn about the relationship between FGF21 levels and
bone metabolism regulation. The discrepancy may be due to
the differences in FGF21 expression and regulation between
animals and humans, such as the inherent differences among
different species, the differences in response to FGF21 among
different species, and the significant differences and wide
variability within the species themselves. Since 2005, when
the metabolic activity of FGF21 was first determined by
Kharitonenkov et al. [77] in a cell-based high-throughput
screening study, many in vitro and in vivo experiments have
been conducted to better understand the physiological and
pharmacological effects of FGF21 in biological systems. FGF21
is well known for its outstanding role in the treatment of
diabetes and obesity-related metabolic disorders; however, it
also has many adverse effects on the body. This calls to mind
that FGF21-based therapy has potentially deleterious side ef-
fects on the skeletal system and further studies are needed to

guide clinical application of FGF21 medications and drug
development.
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