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Abstract

Following injury, tissue autonomously initiates a complex repair process, resulting in either partial

recovery or regeneration of tissue architecture and function in most organisms. Both the repair and

regeneration processes are highly coordinated by a hierarchy of interplay among signal transduc-

tion pathways initiated by different growth factors, cytokines and other signaling molecules under

normal conditions. However, under chronic traumatic or pathological conditions, the reparative

or regenerative process of most tissues in different organs can lose control to different extents,

leading to random, incomplete or even flawed cell and tissue reconstitution and thus often partial

restoration of the original structure and function, accompanied by the development of fibrosis,

scarring or even pathogenesis that could cause organ failure and death of the organism. Ample

evidence suggests that the various combinatorial fibroblast growth factor (FGF) and receptor signal

transduction systems play prominent roles in injury repair and the remodeling of adult tissues

in addition to embryonic development and regulation of metabolic homeostasis. In this review,

we attempt to provide a brief update on our current understanding of the roles, the underlying

mechanisms and clinical application of FGFs in tissue injury repair.
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Highlights

• A total of 18 FGFs in humans activate four prototypes of membrane-spanning receptor tyrosine kinases, FGFRs.
• FGFs play pleiotropic roles in embryonic development and adult tissue homeostasis including injury repair.
• Aberrations in FGF signal pathways contribute to an array of diseases.
• Agonists or antagonists of FGFs are potential agents to treat wounds and injuries.
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Background

In all life forms ranging from a single-cell organism to mul-
ticellular prokaryotic and eukaryotic species, remodeling,
damage or injury always occur at the cellular, tissue and
organ levels in adults as a result of either a normal, intrin-
sic biological process, a pathological insult or an external
traumatic incident. The impacts of the damage or injury
are immediately followed by responses at the cellular, tissue
and organismal levels, e.g. the activation and initiation of
the reparative or regenerative processes that antagonize the
progression of injury and collateral damage, preventing them
from developing into failure or death of the cell, tissue, organ
or organism [1]. It is known that although many organisms
have remarkable regenerative ability to restore the original
architecture and function following injury, mammals have
rather limited ability or even lose the potential to regenerate
their tissues and the associated organs. Instead, they often
adopt a complex wound healing process, resulting in only
partial restoration to the original structure and function, and
more often, with the prominent formation of scar, a non-
functional or partially functioning mass of fibrotic tissue that
can lead to organ malfunction and even failure [2]. Hence,
effective tissue repair and remodeling are critical for the
survival of all living organisms [3], and practically, restor-
ing injured tissues and organs is a long-standing aspiration
of all humans but a highly challenging goal for clinicians,
researchers and engineers.

In mammals, the repair or regeneration of injured tissues
and whole organs is a rather complex biological process that
can be roughly divided into four overlapping phases, includ-
ing maintenance of homeostasis, an inflammatory response,
a proliferative phase and remodeling. In the initial response,
clotting and isolation of the damaged region(s) occur to
prevent worsening and to maintain overall tissue and organ
homoeostasis. This is followed by the activation of an inflam-
matory response that facilitates the clearance of necrotic
debris and prevents infection at the damage site. Then, com-
petent cells or progenitor cells within the damaged area or
from adjacent tissues proliferate or migrate to the wound
site, giving rise to new cells, from which new tissue with
extracellular matrix that supports subsequent tissue repair
is laid down. Finally, this newly produced filling tissue is
altered or remodeled to resemble the original or the surround-
ing, mature functional tissues. These injury-responsive and
reparative processes are multifactorial, tissue-autonomous
and seamlessly cooperative; however, under many conditions,
these highly coordinated processes are often interrupted, lead-
ing to chronic wounds, malformation of non-functional tissue
or the development of fibrosis. Most often, an improper
inflammatory response can lead to the activation of a fibrotic
response and scar formation [4].

The repair and regeneration processes are controlled by
a variety of cytokines, growth factors, differentiation factors
and other molecules with distinct functions that are often in
complex association [5]. Fibroblast growth factors (FGFs) as

master regulators of cell growth and proliferation, organo-
genesis and tissue homeostasis represent a typical class of
factors critical for tissue repair, remodeling and regeneration.
In this review, we attempt to briefly update current progress
in our understanding of the role, the therapeutic potential
and the underlying mechanism of the FGF signaling system
in tissue injury repair.

Review

FGF family

The FGF family is a group of structurally conserved extra-
cellular signaling molecules that range in size from 15 to
38 kDa and act on a family of transmembrane receptor
tyrosine kinases, the FGFRs [6–8]. The human FGF family
is known to contain 22 members, of which 18 polypeptides
[9] are grouped into six subfamilies based on the similarity
of their primary sequence structure and receptor binding
functionality (Table 1) [10]. Five of the paracrine subfami-
lies are the FGF1 subfamily including FGF1 and FGF2, the
FGF4 subfamily including FGF4, FGF5 and FGF6, the FGF7
subfamily including FGF3, FGF7, FGF10 and FGF22, the
FGF8 subfamily including FGF8, FGF17 and FGF18, and
the FGF9 subfamily including FGF9, FGF16 and FGF20.
The remaining three FGFs including FGF19 (FGF15 in mice),
FGF21 and FGF23 constitute the so-called endocrine subfam-
ily [11–13]. The other four non-signaling FGF-homologous
proteins, including FGF11–FGF14 are called intracellular or
intracrine FGFs, serving as co-factors for the regulation of the
voltage-gated sodium channels important for neuronal and
myocardial excitability [14].

All FGFs share a core domain of ∼120 amino acids
with varied homology, which folds into an interleukin 1β (IL-
1β)-like β-trefoil barrel structure in three dimensions, while
both the N-terminus and C-terminus protrude from the barrel
core, being mostly flexible [15,16]. All five subfamilies of
autocrine and paracrine FGFs present typical surface domains
that bind heparin or heparan sulfate (HS) with high yet varied
affinity that can be defined on the basis of the concentration
of sodium chloride used to dissociate the binding. The binding
to a HS chain that extends from the transmembrane core pro-
teins as one type of glycosylation in the extracellular matrix
traps the HS-binding FGFs in the vicinity of the secretion cells,
bestowing on these FGFs HS-dependent, enhanced activities
and autocrine and paracrine modes of action. In contrast, all
three endocrine FGFs lose the Arg and Lys-rich composition
and surface topology compatible with a linear heparin chain
for high-affinity binding as a result of lacking the β11 strand
structure in the homologous HS-binding domain [9], which
ensures their free circulation in blood and to distal tissues or
areas of the tissues.

Except for the four intracrine FGF homologs, all the
autocrine/paracrine and endocrine FGFs take effect by
binding to the extracellular domains and activating the
intracellular kinase domain of the transmembrane FGFR
tyrosine kinases. The HS motifs as co-factors are required
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for autocrine and paracrine FGFs to bind with high-
affinity to and activate FGFRs in almost all tissues, while
transmembrane co-receptors α-klotho (KL) and β-klotho
(KLB) are required for endocrine FGFs to bind to and activate
FGFRs in the endocrine and metabolic tissues. Though HS
is not required for the potentiation of FGFR activation by
endocrine FGFs, it is still important for dimer formation of
FGFRs on the cell surface.

FGFRs form a family of four highly conserved prototypic
transmembrane receptor tyrosine kinases (FGFR1–4). These
FGFRs are single-pass transmembrane proteins that include
an extracellular domain, a transmembrane domain and an
intracellular tyrosine kinase domain. Three immunoglobulin-
like domains, namely D1 to D3, an acidic amino acids rich
region between D1 and D2, a heparin-binding domain on
D2 and an alternatively spliced IIIb or IIIc region on D3
comprise the extracellular domain [17]. There are reportedly
other atypical FGFRs, such as the so-called FGFR5 (also
called FGFRL1) that lacks the intracellular kinase domain
[18]. Alternative splicing generates different isotypes for each
prototype of FGFRs, notably the IIIb and IIIc isotypes that
have distinct ligand-binding specificity [19].

Different FGFs, FGFR isotypes, co-factors and co-
receptors are expressed in a more or less tissue-specific
manner; however, together they are present in nearly all
tissues and play a myriad of important roles in embryonic
development, organogenesis, adult tissue remodeling, injury
and regenerative responses, and metabolic homeostasis [20].
In the adult, both the metabolic and growth-promoting FGFs
play critical roles in the response to tissue injury, damage
repair and tissue-specific pathologies (Figure 1) [21–23]. FGF
signaling was shown to elicit cardioprotective effects on the
heart [24, 25] and to be important for epithelial repair in
the lung [26, 27] and wound healing on skin [28]. FGFs are
involved in regulating cerebral injury through promoting
neuronal regeneration, neuroprotection and angiogenesis
[29].

FGF–FGFR signal transduction

Like many other types of growth factors, the binding of
FGF to the ectodomain of FGFR causes dimerization or a
higher-order of oligomerization of FGFRs, followed by con-
formational changes. The binding of the autocrine/paracrine
FGF1–10, FGF16–18, FGF20 or FGF22 to the FGFR
ectodomain on the cell surface is dependent on the presence of
cofactor HS chain that extends from the core of a transmem-
brane glycoprotein, such as glypican or syndecan, resulting in
the formation of a stable 2:2:2 FGFR–HS–FGFR ternary
complex [30, 31]. By contrast, the initial formation of a
stable endocrine FGF–FGFR complex (e.g. 2:2:2 FGF23–KL–
FGFR1) depends on the presence of single transmembrane
co-receptor alpha KL or KLB, while the HS chain is only
required for receptor dimerization but not ligand–receptor
interaction [32], resulting in a stable 2:2:2:2 FGF23–KL–
FGFR–HS quaternary complex. It was postulated that FGFR

exists as a ‘loose’ dimer on the cell surface that is ready to
be fired by the docking of FGF in the presence of a HS motif
and/or co-receptor KL or KLB. It is therefore possible that
other unidentified protein partners impact the interaction of
FGF–FGFR in a similar manner in specific tissues or cells,
resulting in tissue-specific biological functions.

The conformation changes of the FGFR dimer or
oligomers induced by binding of FGF and cofactor or co-
receptor are then transmitted to two intracellular kinase
domains, ensuring juxtaposition, relief of autoinhibition
and thus activation of autophosphorylation of FGFR kinase
domains at Tyr653 and Tyr654. Subsequent phosphorylation
on potential tyrosine residues, including Tyr463, Tyr583,
Tyr585, Tyr730 and Tyr766, leads to binding or recruitment
of a number of intracellular adaptors, such as FGF receptor
substrate (FRS)2/3, p38, CRK, phospholipase C γ (PLCγ )
and signal transducers and activators of transcription
(STATs), which then serve as diversifying signaling hubs
that typically activate the SOS–Ras/Raf–MAPK–mTOR,
GAB1–PI3K–AKT, DAG/IP3-Ca2+ and nuclear STAT signal
pathways [10] with differential cellular growth, survival and
metabolic effects, in a spatiotemporal manner and depending
on the nature of the tissues and associated organs involved.

FRS2 is a known critical proximal adaptor recruited to
phospho-Tyr463 upon FGFR activation, which leads to the
activation of MAPK and AKT pathways that are critical for
cell growth, survival and tissue repair [33]. It is also required
as the downstream products of FGF19-induced FGFR4-KLB
activation to regulate bile acid synthesis [34]. Whether FRS2
and homologs serve the downstream of the activated FGFR1–
KLB and FGFR1–KL by FGF21 and FGF23 that regulate
the homeostasis of energy and mineral metabolism, respec-
tively, is an interesting subject for future investigation. It is
also possible that the specific cellular milieu in metabolic
tissues, such as white and brown adipose tissues, that contains
intracellular adaptors different from FRS2 in non-metabolic
tissues, is important for mediating the effects of FGFR1–KLB
and FGFR1–KL signal pathways. Despite such a distinction,
both the growth-promoting and metabolic pathways initiated
by FGFRs are important for cell survival and homeostasis and
are a prerequisite for injury repair.

The role of FGF signaling in skeleton

and muscle repair

Skeleton Certain members of FGFs and FGFRs are expressed
in characteristic spatiotemporal patterns throughout all
stages of skeletal and muscle development. The FGF signal
pathways regulate the development of limb bud and mes-
enchymal condensation, thus playing key roles in chondroge-
nesis, osteogenesis, bone formation and mineral homeostasis
[35]. Both loss-of-function and gain-of-function mutations in
FGFs and FGFRs are associated with dozens of congenital
bone diseases that are broadly classified into chondrodyspla-
sia syndromes and craniosynostosis syndromes. Consistently,
growing
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Figure 1. Summary of the known main FGF–FGFR signaling systems in the injury repair of diverse tissues or organs. FGFs and FGFRs participate in the cellular

and metabolic homeostasis of all tissues and associated organs such as the nervous system, lung, heart and cardiovasculature, skeleton, muscle, skin, ear and

eye, to name but a few, and are critical for their remodeling, regeneration and repair of injuries resulting from diverse types of traumatic and pathological insults.

FGF fibroblast growth factor, FGFR fibroblast growth factor receptor

evidence supports important roles of FGFs and FGFRs in the
repair of injured or malfunctioning skeleton. As a part of the
skeleton, cartilage and growth plate are types of connective
tissue and are prone to injury [36]. One study found that
growth-arrest-specific5 (Gas5) regulates the proliferation and
apoptosis of growth plate by controlling FGF1 expression
[37]. Osteochondral defects can potentially progress to
osteoarthritis, and a recent study showed that FGF2 delivered
by recombinant adenoviral vector enhances osteochondral
repair [38]. Saw et al. [39] showed that metalloprotease
regulation of FGF2 is essential in the chondrocyte maturation
program by promoting growth plate development and
bone elongation. FGF2 combined with low-intensity pulsed
ultrasound could promote the synthesis and secretion of
collagen and thus the differentiation and maturation of
chondrocytes [40]. FGF9 promotes chondrocyte hypertrophy
in the early stage and regulates blood vessels and osteogenesis
of growth plate in the late stage of bone development [41].

FGFs play important roles in bone regeneration during
the fracture healing process. FGF1 was shown to promote

bone repair by inhibiting adipogenic differentiation and
increasing the number of osteoblasts [42]. A low molecular
weight isoform of FGF2 promoted bone fracture healing [43].
Local delivery of FGF7 induced bone formation by enhancing
osteogenesis and chemoattraction in a rat model of mandible
defects [44]. A novel therapeutic fiber scaffold containing
FGF2 and FGF18 promoted the repair and regeneration
of calvarium defects [45]. FGF8 functions as a negative
regulator of osteogenic fate and was shown to be sufficient
to convert a subset of cranial neural crest cell-derived
mesenchymal cells into cartilage in the anterior hard palate
[46]. FGF9 from mature osteoblasts was shown to regulate
skeletal homeostasis in male mice [47]. Administration of
exogenous FGF9 halted cartilage degradation while aggra-
vating osteophyte formation in post-traumatic osteoarthritis
[48]. FGF21 acts as a negative regulator of bone density
by enhancing peroxisome proliferator-activated receptor
γ (PPARγ ) activity [49]. FGF23 contributed to wingless-
integration (Wnt)/β-catenin signaling-mediated osteoarthritis
in mice [50] and promoted the differentiation of osteoarthritic
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chondrocytes [51]. Patients with X-linked hypophosphatemic
rickets exhibit skeletal or bone deformities including short
stature, leg deformities, bone pain, dental abscesses and
radiographic evidence for rickets and osteomalacia, as a
result of elevated FGF23 signaling. Burosumab, a humanized
monoclonal antibody against FGF23, significantly increased
the maximum renal tubular threshold for phosphate
reabsorption, serum phosphate and 1,25(OH)2D with a
favorable safety profile [52].

FGFR1, 2 and 3 were shown to be involved in the
FGF-initiated regulation of cartilage and bone formation.
Although there are some discrepancies, it is generally believed
that FGFR3 inhibited the proliferation and differentiation
of chondrocytes while promoting the apoptosis of cartilage
cells. Both FGFR1 and FGFR2 were shown to promote the
proliferation and differentiation of osteoblasts. FGFR1 gene
polymorphism is associated with fracture non-unions [53],
while FGFR2 polymorphisms are associated with osteogenic
differentiation [54]. Upon bone marrow ablation, an
inducible expression of the gain-of-function mutant FGFR2-
P253R at the adult stage resulted in anabolic effects on
trabecular bone via promoting bone formation and inhibiting
bone resorption in a Wnt/β-catenin-dependent manner [55].
FGFR3 inhibited the formation of callus and delayed the
repair of bone injury by negatively regulating endochondral
osteogenesis [56, 57]. Deletion of FGFR3 in osteoclast cell
lineage led to bone mass increase by inhibiting osteoclast
bone resorption in mice [58]. In an osteoarthritis model, a
competitive FGFR1 inhibitor protected articular cartilage
[59]. By contrast, FGFR3 delayed osteoarthritis progression
in mouse knee joints at least in part by down-regulating
Indian hedgehog signaling in articular chondrocytes [60,
61]. FGFR3 deficiency accelerated CXCL12-dependent
macrophage chemotaxis, leading to exacerbation of joint
destruction while CXCR7 inhibition reversed the damage
effect [62]. Taken together, the above studies suggest that
FGFR1–2 can exert a deleterious effect on osteoarthritis
development under certain conditions whereas FGFR3 plays
a protective role.

Muscle Adult skeletal muscle retains a remarkable ability
to rapidly repair the damage caused by exercise, trauma,
toxins and diseases [63], in which the satellite cells (SCs)
that are considered the stem cells contribute the most [64].
FGFs are important mitogens for the self-renewal of SCs
and thus the repair and regeneration of muscle after injury
or upon aging. Satellite cells express FGFR1 and FGFR4
at high levels and FGFR3 at low levels, but not FGFR2.
Studies have demonstrated that FGF1, FGF2, FGF4 and FGF6
regulate the growth, survival and renewal of SCs by activating
ERK1/2 and p38α/β MAPKs, PI3 kinase, PLCγ and STATs
[65]. FGF21 was found to control muscle mass [66] and
alleviate glucocorticoid-induced injury through inhibition of
myostatin expression [67]. Excessive FGF2 removed age-
associated proliferative inhibition of SCs [68]. FGF19 was
also reported to control skeletal muscle mass by stimulaing

the enlargement of muscle fiber size and protecting muscle
from atrophy through activation of ERK1/2 and the riboso-
mal protein S6 kinase [69].

Although significant progress has been made in the past
in our understanding of the roles of FGFs and FGFRs in
the repair and healing of skeletal and muscle system injury
and diseases, the precise roles of individual FGFs and FGFRs
at different stages and sites of injury, diseases and aging-
associated wasting remain to be dissected in detail. Tar-
geting the FGF system represents a promising avenue for
treating bone and muscle injury and aging-associated muscle
wasting; however, the application dose, timing and dura-
tion of FGFs, the delivery system and the possible combina-
tion with other modulating signaling molecules need to be
optimized.

Roles of FGF in nerve injury and repair

FGFs play important roles in the development of the nervous
system by promoting the growth, proliferation, differentia-
tion, migration and survival of both neurons and non-neural
cells, such as astrocytes, microglia and oligodendrocytes, as
well as in repair, regeneration, demyelination, remyelina-
tion and angiogenesis after damage or injury in the nervous
system.

Roles of FGFs in the repair of nerve injury after stroke
Stroke is an acute cerebrovascular disease attributable to
blockade or sudden rupture of blood vessels in the brain
that prevents blood from effectively flowing into the brain
or the nervous tissues [70], leading to reduced availability
or loss of supply of nutrients and oxygen and thus death
of brain cells via necrosis and apoptosis [71]. Studies
showed that FGF1 could protect the blood–brain barrier
(BBB) from dysfunction by upregulating tight junction
proteins and inhibiting RhoA through the PI3K–AKT–RAC1
pathway [72]. Intranasal FGF1 administration enhanced
angiogenesis via the sphingosine-1-phosphate receptor 1
signaling pathway [73]. FGF2 was found to upregulate
platelet-derived growth factor receptor β in cultured pericytes
and in peri-infarct areas in a mouse stroke model [74]
and to contribute to the effects of salidroside on dendritic
and synaptic plasticity after cerebral ischemia/reperfusion
(I/R) injury [75]. Intranasal administration of FGF2 in
nanoliposomes designed to bypass the BBB was used for
treatment of ischemic stroke injury [76]. Endocrine FGF21 is
known to have no retention in the extracellular matrix and
potentially a better ability to cross the BBB. Administration
of FGF21 alleviated middle cerebral artery occlusion-induced
brain injury via activation of the PI3K/AKT pathway
[77], protected against Ang II-induced cerebrovascular
aging and I/R-mediated hippocampal injury [78, 79], and
reduced cerebral injury via decreasing endoplasmic reticulum
stress [80]. Under hypoxia conditions, FGF21 protected
against injury to cerebral microvascular endothelial cells
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and [81] alleviated motor nerve dysfunction by modulating
microglia/macrophage-mediated neuroinflammation [82].

Taken together, the potent neurotropic and angiogenic
activities suggested that FGFs are promising therapeutic
agents for ischemia stroke. One of the important directions
of future research is to explore the roles of FGFs and FGFRs
in different stages of stroke pathogenesis. The safety, efficacy
and dose-dependent response of administered FGFs in stroke
animals and patients also require careful examination.

FGFs in spinal cord injury and repair Spinal cord injury
(SCI) is the physical and psychological damage to any part
of the spinal cord or nerves that change the bodily functions
primarily below the site of injury, with many neurological
complications including paraplegia or quadriplegia [83]. The
pathological process of SCI is a combination of primary
trauma and sequential secondary injuries [83]. Target ther-
apies for improving the clinical outcome of SCI include
limiting inflammation, preventing secondary cell death and
enhancing the recovery, regeneration and plasticity of neu-
ronal circuits [84]. A number of studies revealed that FGFs
target the neuropathological cascades associated with sec-
ondary injurious events following SCI [85, 86]. Wang et al.
[87] revealed that FGF1 improved the functional recovery of
SCI by inducing PRDX1 to modulate autophagy and reduce
reactive oxygen species in a rat model. Application of novel
FGF1-loaded thermosensitive heparin-poloxamer hydrogel
protected spinal cord neuronal and peripheral cells from dete-
rioration and promoted regeneration upon SCI. A novel scar-
homing delivery system for FGF1 improved neuronal survival
and plasticity and promoted axon regeneration following SCI
[88]. FGF2 improved the recovery of the blood–spinal cord
barrier after SCI by increasing junction proteins and Cav-1,
inhibiting the expression and activation of MMP-9 involved
in the interaction with FGFR1 [89] and inhibiting ER stress-
induced cell death [90]. The intracrine FGF13 was shown to
stabilize microtubules and enhance mitochondrial functions,
promoting neuronal polarization, axon formation, growth
cone initiation and function recovery following SCI [89, 91].
The expression levels of FGF10 in neuron and microglia/-
macrophages increased post SCI, and treatment with FGF10
inhibited microglia/macrophages activation and proliferation
and reduced inflammatory damage via the FGFR2/PI3K/AKT
and TLR4/NFκB pathways, promoting the recovery process
in SCI in animals [92].

Overall, the recovery of SCI is a complex process as
it interferes with a range of normal motor, sensory and
autonomic functions. The mechanisms underlying patholog-
ical processes of secondary injury upon SCI remain largely
unclear. Although certain members of the FGF family are
present in spinal cord neurons, peripheral cells and canal
structure, how they promote the repair of damaged neurons
and the ligation and regeneration of new axons has yet to
be determined. Furthermore, clinical evidence for the effi-
cacy of FGF-based agents among patients with SCI is still
lacking.

The roles of FGFs in the repair of other types
of neural injury Traumatic brain injury (TBI) is a form
of acquired brain injury occurring as a result of sudden
physical or traumatic damage, resulting in abnormal brain
function such as short-term or long-term sensory and motor
deficits [93]. Wang et al. showed that FGF2 enhanced
cell proliferation and neuronal survival and protected the
BBB from breakdown by activating the PI3K/AKT/RAC1
signaling pathway, promoting the expression of tight junction
proteins such as claudin-5, occludin and zonula occludens-1
following TBI [94]. It protected against 1-methyl-4-pheynl-
1,2,3,6-tetrahydropyridine hydrochloride-induced onset of
Parkinson’s Disease (PD), preventing dopaminergic neuron
loss by activating the AMPK–PGC1α axis to promote
mitochondrial function and reduce inflammation in mouse
brains [95]. Furthermore, Yoshimura et al. [96] suggested
that FGF-2 could upregulate neurogenesis and protected
neurons against degeneration in the adult hippocampus
after TBI. GF21 is an endocrine hormone with effects of
anti-inflammation, anti-oxidative stress and anti-ER stress,
promoting metabolic homeostasis. Activation of the FGFR1–
KLB signal pathway by FGF21 was shown to preserve BBB
integrity by upregulating PPARγ and increasing proteins
in tight junctions and adhesion junctions, accompanied by
marked reductions in neurofunctional behavior deficits,
degree of cerebral edema, brain tissue loss and neuron
apoptosis in a mouse model of TBI [97]. In an Alzheimer’s
disease model, administration of FGF21 alleviated mem-
ory dysfunction, amyloid plaque pathogenesis and tau
hyperphosphorylation in part by modulating the astrocyte–
neuron lactate shuttle via monocarboxylate transporters
and correcting brain metabolic defects [98, 99]. FGF20 is
highly expressed in the substantia nigra pars compacta of the
central nervous system. In a 6-hydroxydopamine-lesioned
rat model of PD, administration of an FGF20 variant with
enhanced permeability across the BBB prevented the loss of
dopaminergic neurons in the substantia nigra pars compacta
[100]. Increases in oxidative stress contribute to Huntington’s
disease, another neurodegenerative disorder in the brain.
FGF9 was shown to upregulate and activate the ERK–
NRF2 pathway and the downstream glutathione synthesis
and antioxidant system, attentuating oxidative stress damage
and neuron cell death [101, 102].

Peripheral nerves relay signals from the brain and spinal
cord to the rest of the body. Peripheral nerve injury or
malfunction as a result of a traffic accident, trauma or tumor
resection can give rise to the loss of sensory and motor
functions, chronic pain and other activity deficits. Although
surgical techniques are a traditional restoration approach
[103], exogenous supplement of neurotrophic factors has
increasingly become an important strategy for the treatment
and recovery of peripheral nerve injury. Heparin-based coac-
ervate or hydrogel delivery of FGF2 facilitated nerve regen-
eration by inhibiting ER stress, accelerating remyelination
and axon fiber regeneration, and promoting Schwann cells
proliferation and the recovery of motor function in models
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of sciatic nerve crush injury with diabetic neuropathy, mental
nerve crush injury or digital nerve severing injury [104–107].
FGF5 was shown to be an autocrine regulator of Schwann
cells and FGF5 administration rapidly promoted Schwann
cell migration and adhesion via upregulation of N-cadherin
following distal sciatic nerve injury [108].

Neonatal hypoxia–ischemia encephalopathy, the most
important cause of morbidity, mortality and neurological
deficits in term-born infants, is a type of brain damage that
occurs often with insufficient reception of oxygen and blood.
A study showed that FGF2 gene expression was upregulated
in the hippocampus of neonatal rats, and intraperitoneal
injection of exogenous FGF2 enhanced cell proliferation in
the hippocampal dentate gyrus region following neonatal
hypoxia–ischemia brain damage [109]. A combination of
neural stem cells and overexpression of FGF2 reduced brain
damage and restored sensorimotor function following such
brain damage [110]. Similarly, a combination of FGF2 with
pluripotent astrocytic stem cells improved cognitive function
in neonatal rats with hypoxic–ischemic brain injury [111].

The role of FGFs in lung injury repair

FGFs and FGFRs play important roles in lung development,
and aberrant FGF signaling has been implicated in the patho-
genesis of pulmonary fibrosis and lung diseases [112]. FGFR3
and FGFR4 function cooperatively to direct alveogenesis
of mouse lung [113]. FGF10 is considered the main mor-
phogen driving multi-stage lung branching morphogenesis in
rodents. It regulates the mobilization and differentiation of
mesenchymal stem cells and the homeostasis of intrinsic cells
of lung structure [114, 115] and plays important roles in lung
injury repair, while its signaling defects lead to neonatal lung
diseases [116–118]. FGF10 mutations increase the risk of
chronic airway disease in adulthood [119]. Following injury,
FGF10 functions to maintain progenitor cell populations
in the airway and promotes alveolar type 2 cell expansion
and differentiation. Overexpression of FGF10 in bronchial
epithelial stem cells enhanced fibrosis resolution after lung
damage [120–122] and promoted the proliferation and trans-
differentiation of lung stem cells, accelerating lung repair
[123].

Idiopathic pulmonary fibrosis (IPF) is characterized by
an accumulation of extracellular matrix proteins and fibrob-
lasts in the distal airways. In IPF pathogenesis, FGF1 is
upregulated 7.5-fold more than in the normal lung [124].
FGF1 counteracted IPF pathogenesis by inhibiting fibroblast
collagen production and differentiation into myofibroblasts
and reverting epithelial–mesenchymal transition via suppress-
ing TGF-β1 signaling pathways to induce alveolar epithelial
cell proliferation [125]. Similarly, FGF2 was shown to be
antifibrotic in the lung by decreasing collagen deposition
and fibroblast to myofibroblast differentiation [126], thus
exerting a protective or reparative effect following lung injury.
Endogenous FGF2 was not required for bleomycin-induced
pulmonary fibrosis, but was essential for epithelial repair and

integrity after bleomycin-induced lung injury in mice [127].
FGF2 reduced oxidative stress, inflammation and apoptosis
of alveolar epithelial cells and prevented pulmonary capillary
leakage, alleviating acute lung injury [128, 129]. FGF9 is
an antiapoptotic and promigratory factor, maintaining lung
fibroblasts in an undifferentiated state via activating the
FGFR3 signaling pathway. Both FGF9 and FGF18 are medi-
ators of epithelial–mesenchymal interactions critical for lung
development, and promote the survival and migration of lung
epithelial cells while inhibiting myofibroblast differentiation
in IPF [130].

FGFs in cardio-vasculature injury repair

FGF members and associated FGFRs play important roles
in cardiovascular and lymphatic development, homeostasis
and diseases. In heart development, the roles of FGFs range
from the formation of outflow tracts to the proliferation of
cardiomyocytes and the formation of heart chambers. FGF8,
FGF9, FGF10 and FGF16 were shown to act as paracrine
signals during embryonic heart development, while FGFs 1,
2, 9, 16, 19 and 21 mediate adaptive responses to cardiac
regeneration, including restoration of cardiac contraction
rate after myocardial infarction and reduction of the extent
of myocardial infarcts. Even though FGF15/19, FGF21 and
FGF23 are typical endocrine FGFs, they can function as
paracrine signals in cardiovascular development or patho-
physiology. Note that, although the expression and activation
of FGFs and associated signaling pathways are important for
cardiovascular repair, they may also contribute to fibrosis,
remodeling and dysfunction [131]. In heart diseases, serum
levels of FGF15/19, FGF21 or FGF23 were shown to decrease
or increase, indicating variable roles of these factors in heart
pathophysiology.

Injection of FGF1 coacervate was sufficient to reduce
the injury and pathologies caused by myocardial infarction
[132]. FGF1 loaded in poly-(lactic-co-glycolic acid) and
polyethylene glycol microparticles promoted heart regenera-
tion in a rat model [133]. A combination of FGF1 and Wnt1
agonist/GSK3β antagonist CHIR resulted in substantial
reduction in infarct size and improved left ventricular
chamber function [134–136]. Similarly, FGF2 was shown
to be a cardiovascular protector in myocardial infarction
and I/R injury, by reducing oxidative stress via activating
NRF2-mediated antioxidant defense in conjunction with
AKT–GSK3β–FYN pathway activation [137] or by inhibiting
apoptosis and promoting angiogenesis via a HIF1α-mediated
mechanism [24, 138]. Administration of FGF2 promoted
angiogenesis and attenuated cardiac remodeling in ischemic
heart disease [139–141] or in a rat ischemic cardiomyopathy
model with surgical ventricular restoration [142]. FGF9 was
shown to inhibit vascular cell apoptosis, activate c-Kit+

progenitor cells and enhance angiogenesis and neovascular-
ization, improving cardiac function [143]. FGF9 treatment
of diabetic mice with infarcted myocardium increased
anti-inflammatory cytokines and M2 macrophage differ-
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entiation, resulting in reduced adverse cardiac remodel-
ing [144]. Similarly, administration of FGF16 or FGF10
coacervate reduced infarct size, interstitial fibrosis, myocar-
dial monocyte infiltration and damage to cell popula-
tions [145, 146], preventing myocardial infarction-induced
injury.

A recent study showed that FGFR signaling is a critical
regulator of vascular development, which is achieved by
FGF-dependent control of c-MYC expression that, in turn,
regulates expression of the glycolytic enzyme hexokinase
2. FGFR1 and FGFR3 double-mutant mice exhibited
blood and/or lymphatic vascular defects, while hexokinase2
overexpression partly rescued such defects [147]. Mice
with endothelial cell-specific double knockout of FGFR1
and FGFR2 showed significantly decreased vessel density,
increased endothelial cell apoptosis and worsened tissue
hypoxia in the peri-infarct areas following reperfusion,
demonstrating an essential role of endothelial FGFR1
and FGFR2 in cardiac functional recovery and vascular
remodeling during cardiac injury [25].

FGFs in kidney injury repair

FGFs and FGFRs play important roles in kidney development
and defects of the FGF signal pathways contribute to renal
pathologies. Evidence has shown that many FGF members,
particularly those signaling through FGFR1 and FGFR2,
such as FGF1, FGF2, FGF7 and FGF10, are mitogenic
and antiapoptotic for various kidney cell types, such as
collective, tubular and glomerular cells, promoting the
survival and outgrowth of the associated renal tissues [148,
149]. FGF-stimulated FGFR2 signaling played important
roles in protecting against tubular cell death and acute
kidney injury through ERK1/2 activation [150]. FGF1
was reported to suppress oxidative stress, inflammation
and diabetic nephropathy via activating the PI3K/AKT-
mediated pathway [151]. FGF2 is abundant in tissues such
as brain, kidney and cartilage. It was shown to protect
against renal I/R injury by inhibiting the High-mobility group
box 1-mediated inflammatory response and attenuating
mitochondrial damage [152]. FGF7 was shown to modulate
ureteric bud growth and nephron number in the developing
kidney and contribute to tubular cell growth and repair upon
kidney damage [23, 153]. FGF10 treatment improved renal
function and histological integrity and suppressed excessive
autophagy and ER stress in models of renal I/R injury [154,
155]. FGF23 levels were reported to be higher upon acute
kidney injury than in normal situations [156], due in part to
the increased production of FGF23 in osteoblasts. Elevated
serum FGF23 levels are both an indicator and a mediator of
poor outcome in chronic kidney disease [157].

Roles of FGFs in intestinal injury and repair

All four FGF receptors and several FGF ligands are implicated
in controlling cell proliferation, differentiation, epithelial cell

reconstitution and stem cell maintenance in the gastrointesti-
nal tract. FGFR1 and FGFR2 are expressed in the human
ileum and throughout adult mouse intestine [158]. FGFR3
is expressed in the lower half of the intestinal crypts while
FGFR4 is restricted to the epithelium of the embryonic gut
[159]. FGF1, FGF7, FGF8, FGF9, FGF10, FGF15/19 and
FGF18 are reportedly expressed in the intestine in a spa-
tiotemporal manner [158, 160].

In experimental models of intestinal I/R injury, both FGF1
and FGF2 were shown to be protective [161, 162]. FGF2
improved healing of colonic anastomoses through activating
fibroblasts, collagen deposition and angiogenesis in rats [163]
or cooperated with IL-17 to repair damaged epithelium in
intestine [164]. FGF7 also promoted healing of colonic anas-
tomoses by increasing cell proliferation and mucus produc-
tion and reducing inflammation [165]. Similarly, FGF7 atten-
uated I/R and radiation-induced injuries by reducing intesti-
nal epithelial cell apoptosis and the disruption of tight junc-
tions via an AhR–E2F1–FGFR2IIIb signaling pathway [166,
167]. FGF7 and FGF10 promoted the repair of the resected
small bowel via activating intestinal epithelial FGFR2IIIb
[168, 169]. FGF2 and IL-17 in synergy promoted the repair of
the damaged intestinal epithelium through GRB2-inhibiting
Act1-mediated signal cross-talk [164]. In tissue reconstitu-
tion, patterning of the endoderm could be accomplished by
the combined activities of Wnt, Bone morphogenetic protein
and FGF. Palifermin, a truncated from of recombinant FGF7,
has been clinically used to treat oral mucositis resulting from
radio- or chemo-therapy [170]. Taken together, current stud-
ies revealed important roles of FGFs in intestinal development
and adult tissue injury repair.

Advances in the roles of FGFs in liver repair

The liver is a vital organ and the hub of multiple bio-
logical processes including the various forms of nutrition
handling and metabolism, endocrine and immune regulation
and detoxification. It has a unique capacity for regeneration
and injury repair. The liver tissue is a mass of cells tun-
neled through with bile ducts and blood vessels, with the
parenchymal hepatocytes making up ∼60% of the liver and
performing more metabolic functions than any other group
of cells in any other organ. By contrast, the non-parenchymal
cells, including sinusoidal endothelial cells, Kupffer cells and
stellate cells, comprise the rest of the liver tissue to assist
the metabolic functions. Several FGFs and FGFRs have been
shown to play important roles in liver development, health
and disease. FGF8 and FGF10 as morphogens contribute sig-
nificantly to embryonic liver development [171, 172]. FGF7
produced in Thy1(+) mesenchymal cells in close proximity
to liver progenitor cells is a critical regulator of PLCs in
response to liver injury [173]. Similarly, FGF9 is also a liver
repair factor, providing a paracrine mitogenic signal from
stellate cells to hepatocytes during acute liver injury [174].
FGF5 knockout mice fed a high-fat diet had higher levels of
serum alanine transaminase and aspartate amino transferase
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with nonalcoholic steatohepatitis (NASH)-like pathologies,
including marked inflammation, focal necrosis, fat deposition
and fibrosis [175].

FGFR3 and FGFR4 are the main FGFRs expressed in the
liver and are involved in the development of hepatocellular
carcinoma (HCC) [176, 177]. Ectopically gained FGFR1 and
FGFR2 in hepatocytes have also been shown to play roles
in HCC development [178]. FGF5, FGF8, FGF9, FGF17
and FGF18 act as paracrine signals while FGF19 acts as
an endocrine signal in HCC development [179–182]. The
endocrine FGF19 is produced in the ileum but acts as a nega-
tive regulator of hepatic bile acid metabolism and a stimulator
of gallbladder filling [183]. It also functions as a postprandial,
insulin-independent activator of hepatic protein and glycogen
synthesis [184]. Mouse FGF15 was shown to protect against
fibrosis through increased bile acid activation of farnesoid X
receptor in hepatic stellate cells [185]. FGF21 is a hepatocyte
secreted stress-responsive hormone and regulates glucose and
lipid metabolism by targeting white adipose tissue [186–
188]. Serum FGF21 levels were elevated in non-alcoholic
fatty liver, and pharmacological FGF21 protected against
non-alcoholic fatty liver diseases including hepatosteatosis
and NASH [189]. Taken together, current findings reveal
important roles of different composite members of the FGF
signal transduction system in liver tissue homeostasis, func-
tional performance, regeneration and injury repair, aiding in
the potential design of novel therapeutic strategies for liver
function recovery upon injury and in disease.

FGF signaling in skin repair

The skin as the largest superficial organ of our body consists
of two main sections: the epidermis made of keratinocytes
and epithelial cells and the dermis made of dense, irregu-
lar connective tissue housing blood vessels, fibroblasts, hair
follicles, sweat glands and other structures. The hypodermis
beneath the dermis is mainly composed of loose connective
and fat tissues. Upon traumatic injury, the skin as the first
and foremost outside defense system to any injury sets into
motion an autonomous cascade of complex healing events
that can be roughly divided into four overlapping phases,
including hemostasis, inflammatory reactions, cellular pro-
liferation and tissue remodeling, resembling that of many
other tissues [190]. Among many important factors, mem-
bers of the FGF family play diverse roles in these highly
orchestrated biological processes [191–193]. FGF7 and its
homologue FGF10 are known to be expressed in the mes-
enchymal fibroblasts in the dermis or hypodermis but act
specifically on various types of epithelial cells including ker-
atinocytes of the skin by activating the resident FGFR2IIIb
[194–196]. Both FGF7 and FGF10 are effective for promoting
wound healing, wound closure and better scar formation on
skin wounded from physical trauma, burns and pathologies
such as diabetic ulcers. FGF7 increased cell migration ability,
improved antibacterial effect and promoted skin repair [197]
or fibroblast contraction, and accelerated wound contraction

in a double-paracrine manner [198]. A lack of FGF7 could
further delay cutaneous wound healing in diabetic mice. In
diabetic rats, FGF10 enhanced wound repair of scalded skin
together with FGF21 [199]. With novel delivery strategies
that improve skin penetration, FGF10 was shown to inhibit
ER stress and promote keratinocyte proliferation, accelerat-
ing wound healing and hair growth [200, 201]. The approval
of parlifermin for accelerating the healing of severe oral
mucositis resulting from cancer chemoradiotherapy attests to
the role and efficacy of FGF7 in the repair and regeneration
of wounded skin or mucus [170, 202].

FGF2 treatment promoted epithelium–mesenchyme tran-
sition in skin wounds, accelerating wound closure [203],
possibly through a feedback regulatory loop involving the
Wnt/β-catenin signal pathway [204] or NFκB/JNKs pathway,
independent of the PI3K/JNKs pathway, in fibroblasts and
blood vessel endothelial cells [205]. In addition to metabolic
correction, FGF21 encapsulated in a thermosensitive hep-
arin–poloxamer hydrogel accelerated wound healing in dia-
betic animals [206]. FGFs were also tested for the repair
and remodeling of dermis as a potential anti-aging cosmetic
utility. Recombinant FGF1 strongly stimulated fibroblast and
keratinocyte proliferation, suggesting a high potential for
repairing skin conditions [207]. It increased type 1 procol-
lagen synthesis and reduced the generation of reactive oxy-
gen species, protecting ultraviolet B ray (UVB)-induced skin
damage and photoageing [208]. Similarly, FGF2 contained in
dalteparin and protamine nanoparticles inhibited ultraviolet
B ray irradiation-induced apoptosis of dermal fibroblasts and
epidermal keratinocytes and alleviated the decline of elasticity
and acanthosis [209]. A combination of platelet-rich plasma
and FGF2 was effective in treating wrinkles and the depressed
areas of the skin [210].

In summary, current studies show the potential of FGFs in
promoting the repair of skin from damage or injury of varied
etiologies. Future studies should focus on improving wound-
healing efficacy while reducing the risk of scar formation and
side effects, improving formulation and application conve-
nience, and lowering treatment cost when used for cosmetic
purposes.

FGFs in eye and ear damage repair

FGF signaling is critically required during several steps of
vertebrate lens and optic nerve development, including induc-
tion of the lens vesicle, proliferation of lens epithelial cells,
differentiation of lens fiber cells and elongation of ganglion
nerve axon [211]. Genetic deficiencies of FGF receptors dis-
rupted the expression of lens-specific genes Cdh1, Crystallins,
Maf , Pax6 and Prox1, affecting the survival and proliferation
of lens epithelial cells and elongation of fiber cells [212,
213]. Transgenic overexpression of FGF1 or FGF3 resulted
in premature differentiation of lens epithelial cells [212, 214],
whereas over-activation of FGF signaling as a result of NF1
and SPR1/2 deletion abrogated lens induction and fiber cell
differentiation, respectively [215, 216]. Regeneration of the
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adult mammalian optic nerve upon injury is often very limited
and a recent study showed that the speed of regeneration of
retinal ganglion cell axonal could be accelerated by a single
application of FGF2 [217], which increased the number of
M2-like macrophages that is beneficial for axonal regrowth
in adult Rana pipiens [218]. In a diabetic retinopathy model,
FGF5 promoted retinal ganglion cell survival, delaying dia-
betic retinopathy [219].

Corneal neovascularization is a pathological change as a
result of invasion of new blood vessels into the cornea from
the limbus, which can lead to inflammation, edema, scarring
and poor corneal transparency and visual acuity. It was
shown that FGFs, in particular FGF2, played a role in corneal
neovascularization, and anti-FGF agents could be used to
treat this disease [220]. FGF2 also contributed to the devel-
opment of posterior capsule opacification after lens extrac-
tion surgery, partly by promoting epithelium to mesenchyme
transition [221]. A human FGF1 derivative TTHX1114 ame-
liorated short-term nitrogen mustard damage to cultured
rabbit corneas and improved corneal endothelial dystrophies
by stimulating the proliferation, survival and regeneration
of corneal endothelial cells [222, 223]. The teleost retina
can grow throughout the lifetime with a robust regenerative
response following injury, in which the Muller glial cells play
important roles in producing progenitors that feed into retinal
growth and repair. It was found that FGF8a might serve as a
niche factor for Muller glial cells, acting through Notch sig-
naling to regulate spontaneous and injury-dependent Muller
glia (MG) proliferation or quiescence [224].

Tympanic membrane or eardrum is a layer of cartilaginous
connective tissue with skin on the outer surface and mucosa
covering the inner surface between the external auditory canal
and the middle ear and ossicles, which functions to sense
sound waves and convert them into nerve impulses for hear-
ing. Studies showed that FGF2 was induced upon tympanic
membrane perforation as a result of traumatic injury or infec-
tion damage, and facilitated perforation closure by promoting
the mitotic phases of fibroblast and endothelial cells, inducing
neovascularization and arrangement of collagenous fibers
and preventing eardrum atrophy [225]. Hydrogel or collagen
membrane impregnated with FGF2 promoted the repair or
regeneration of the pierced or ruptured tympanic membrane
[226, 227].

Progress in clinical application of FGF analogs

As mentioned previously, FGF signal transduction systems
play many key roles in the genesis of various tissues and asso-
ciated organs during embryonic development by serving as
mitogens and morphogens. In adults, these systems are impor-
tant for maintaining both metabolic and cellular homeostasis
and are viable targets for repair or regeneration of injured
tissues or organs. The FGF-based agents can be roughly cate-
gorized into three classes, FGF signal-enhancing therapeutics,
FGF signal-blocking therapeutics and FGF gene-related
therapy. As of today, recombinant FGFs or FGF analogs,
such as FGF1, FGF2 (trafermin), FGF7 (palifermin), FGF10

(repifermin), FGF18 (sprifermin), FGF19 (e.g. NGM282)
and FGF21 (e.g. LY2405319 and PF-05231023), have been
developed as pro-FGF signaling therapeutics, which activate
FGFRs to enhance the effects of both proliferation-promoting
and metabolic FGFs (Table 2). Trafermin as a recombinant
form of FGF2 was approved in 2001 in Japan for the
treatment of patients with skin ulcers [228, 229]. Palifermin, a
recombinant, truncated form of human FGF7, was approved
in 2004 in the USA for the treatment of cancer patients with
oral mucositis [230]. Burosumab, neutralizing antibodies
for FGF23, was approved as a first-in-class treatment
for X-linked hypophosphotemia, relieving pathologically
low serum phosphate-caused damage to the bone and
kidney.

Several clinical trials have been undertaken for some FGF-
based agents for human diseases related to tissue injury repair.
The phase II/III safety and efficacy trials of trafermin showed
that FGF2 could be given safely to acute ischemic stroke
patients, and the ideal effective time window might exceed 5 h
[231, 232]; however, it could cause adverse neurological out-
comes, such as fever, leucocytes, vomiting and hypokalemia.
FGF2 was also assessed for efficacies of repairing large trau-
matic and sub-acute tympanic membrane perforation [233–
237], and of regenerating aged atrophic vocal fold [238] in
human clinical trials. In patients with critical limb ischemia
having high rates of amputation and mortality, FGF1, deliv-
ered via expression from a non-viral naked DNA plasmid,
improved pain and skin ulcers in Phase I and II clinical
trials, but failed in a Phase III clinical trial for reduction of
amputation or death [239]. The use of FGF1 for spinal cord
injury was shown to be safe and feasible in a small sample
trial [240]. In patients with symptomatic knee osteoarthritis,
intra-articular application of sprifermin, a recombinant form
of human FGF18, showed benefits of increasing cartilage
thickness and reducing cartilage loss without any local or
systemic safety concerns in a phase I trial [241, 242]. In a
phase II randomized, controlled trial in patients with more
symptomatic knee osteoarthritis, administration of sprifermin
improved total femorotibial joint cartilage thickness after
2 years with statistical significance but uncertain clinical
importance [243]. FGF-21 or FGF-19 analogs were used as
a new approach to alleviate hepatic fat accumulation and the
resultant metabolic stress in non-alcoholic fatty liver disease
[244]. Furthermore, non-FGF based FGFR agonists were also
proposed as useful alternatives to FGFs in the treatment of
ischemic vascular disease [245].

A major consideration in the clinical application of FGF
analogs for injury repair is the likelihood of development of
hypertrophy, benign tissue mass, hyperplasia or even cancer,
due to their potent activity in promoting cell proliferation
that is difficult to predict and control. Amplification
and overexpression of FGFs are associated with different
types of cancers [20]. Muscle-specific overexpression of
FGF19 in mice promoted the development of hepatocellular
carcinoma [182]. In 2000, recombinant human basic
fibroblast growth factor was approved by the Chinese Food
and Drug Administration for treating chronic wounds,
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Table 2. Selected list of FGF-based therapies for various diseases

Drug Alternative name Targets Disease Application stage

FGF1 FGFR T2DM Preclinical
FGF2 Trafermin FGFR Skin ulcers stroke Approved (Japan)

Phase 2/3
FGF7 Palifermin (Kepivance) FGFR2IIIb Oral mucositis Approved (USA)
FGF10 Repifermin FGFR2IIIb Mucositis Phase 2
rhFGF18 Sprifermin FGFR Osteoarthritis Phase 2
FGF19 NGM282

FGF19–4/5/6
FGF19 variants

FGFR4-KLB
FGFR4

T2DM; PSC
Tumorigenicity
Mitogenic

Phase 2
Preclinical
Preclinical

FGF21 LY2405319 FGFR1-KLB T2DM Phase 1
FGF21 variant
PF-05231023

T2DM
T2DM

Preclinical
Phase 1

T2DM type 2 diabetes mellitus, PSC primary sclerosing cholangitis, KLB β-Klotho, FGF fibroblast growth factor

Table 3. The disease indication, dose and side effects of clinically approved fibroblast growth factor (FGF) analogs

Drug Clinical dose Disease Side effects Status

FGF1 0.7 μg/cm2 Second-degree burns,
chronic ulcers

Not noted Approved (China)

FGF2 1 μg/cm2 Wounds, burns and ulcers Not noted Approved (Japan, China)
FGF7 60 μg/kg/day Oral mucositis Skin and oral toxicities Approved (USA)
FGF10 50 μg/kg/day Mucositis Abandoned

including chronic granulating wounds, ulcers, bedsores,
traumatic and surgical wounds and burn wounds, without
apparent adverse effects [246]. In 2005, recombinant human
acidic fibroblast growth factor was approved for the
treatment of deep second-degree burns and chronic ulcers,
including residual traumatic wounds, diabetic ulcers, vascular
ulcers and bedsores [247]. Based on clinical research and good
safety data, the Clinical Practice Guidelines for Burn Injuries
published by the Japanese Society for Burn Injuries in 2009
recommended bFGF as treatment for second-degree burns.
bFGF has become widely used as a treatment modality for
burn and burn ulcers in the clinical setting in Japan [248]. A
randomized, contolled trial revealed that bFGF can improve
healing of ulcers or second-degree burns [249]. For children,
pediatric burn wounds present unique challenges due to
instability. A previous study proved that bFGF can improve
healing of partial thickness skin burns in children [250]. In
addition, the topical bFGF regeneration technique offers a
promising, minimally invasive alternative to conventional
myringoplasty in pediatric patients with comparable success
and reduced morbidity and cost [251]. However, children
with an active infection or inflammation are not suitable for
the bFGF technique. Palifermin, a truncated form of FGF7, is
clinically used to reduce the incidence and duration of severe
oral mucositis resulting from chemotherapy or radiotherapy
in patients with certain types of cancers [252]. The most
common adverse reactions were skin and oral toxicities,
such as rash, erythema, edema and pruritus in skin, oral
dysesthesia, tongue discoloration and tongue thickening
(Table 3). Due to the short-term and topic use of these FGF

analogs, a risk for local hypertrophy, hyperplasia or cancer
development was not noted.

Altogether, an increasing number of FGF analogs, antag-
onists or FGFR agonists have been put forward into clinical
practice or trails for a pyramid of human diseases including,
but not limited to, wound healing and repair of injuries of
diverse etiologies, with varied treatment efficacy and severity
of side effects. The short half-life and poor stability of FGFs
are concerns that limit their clinical application. A thorough
comparison of the similarity of the merit for each tissue such
as ‘transparent’ cornea regeneration and ‘scar-less’ or less
scarring tissue repair would be beneficial in understanding the
universal merit of the FGF signal transduction systems. Above
all, a clear understanding of the spatial and temporal roles and
effects of individual FGFs and FGFRs is paramount to the
development of novel, effective FGF system-based therapies
for multiple tissue injury-related diseases and beyond.

Conclusions

The FGF signal transduction systems with unique, diverse
combinations of FGF ligands, FGFR tyrosine kinases, cofac-
tors and co-receptors play pleotropic roles in cellular and
metabolic homeostasis at different molecular, cellular, tissue
and organismal levels. Aberrant signaling of these systems
contributes to a large array of human diseases. As complex
as these systems can be, the therapeutic opportunities based
on the systems for the associated diseases are equally large in
number, at least conceptually. However, only when we start
to understand more clearly the molecular mechanisms and
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cellular events underlying the cellular and pathophysiological
roles of these systems can we better utilize them effectively
for the intended therapeutic purposes. The advent of increas-
ingly powerful genetic, molecular and structural technologies
should enable the accurate, targeted modulation of FGFs,
FGFRs and associated signaling pathways, as well as the
development of novel modalities for the clinical management
of numerous associated diseases such as the repair or regen-
eration of the injured tissues as mentioned previously.

Abbreviations

BBB: Blood–brain barrier; FGF: Fibroblast growth factor; FGFR:
Fibroblast growth factor receptor; FRS: FGF receptor substrate;
HCC: Hepatocellular carcinoma; HS: Heparan sulfate; IPF: Idio-
pathic pulmonary fibrosis; I/R: Ischemia/reperfusion; KLB: β-Klotho;
PD: Parkinson’s disease; PLCγ : phospholipase C γ ; PPARγ : Peroxi-
some proliferator-activated receptor γ ; SC: Satellite cells; SCI: Spinal
cord injury; STAT: Signal transducers and activators of transcription;
TBI: Traumatic brain injury; Wnt: Wingless-integration.

Conflicts of interest

The authors declare that they have no competing interests.

Authors’ contributions

KY.C was the major contributor in writing the manuscript. ZH.R,
SY.D, YJ.C and XL.W performed the literature review and were
contributors in writing the manuscript. YD.L, FH.G and XK.L made
major contributions to defining the scope of the review, literature
review, and editing the manuscript. All authors read and approved
the final manuscript.

Funding

This work was supported by start-up funds from Wenzhou Medical
University and The First Affiliated Hospital to YL, and Chinese
Academy of Medical Sciences (CAMS) Innovation Fund for Medical
Sciences (2019-I2M-5-028) to XL.

References

1. Baddour JA, Sousounis K, Tsonis PA. Organ repair and regen-
eration: an overview. Birth Defects Res C Embryo Today.
2012;96:1–29.

2. Edgar L, Pu T, Porter B, Aziz JM, la Pointe C, Asthana A, et al.
Regenerative medicine, organ bioengineering and transplanta-
tion. Br J Surg. 2020;107:793–800.

3. Eming SA, Martin P, Tomic-Canic M. Wound repair and regen-
eration: mechanisms, signaling, and translation. Sci Transl Med.
2014;6:265sr6. doi: 10.1126/scitranslmed.3009337.

4. Eming S, Wynn T, Martin P. Inflammation and metabolism in
tissue repair and regeneration. Science. 2017;356:1026–30.

5. Tanner Y, Grose RP. Dysregulated FGF signalling in neoplastic
disorders. Semin Cell Dev Biol. 2016;53:126–35.

6. Ornitz DM, Itoh N. Fibroblast growth fac-
tors. Genome Biol. 2001;2:REVIEWS3005. doi:
10.1186/gb-2001-2-3-reviews3005.

7. Itoh N, Ornitz DM. Evolution of the Fgf and Fgfr gene families.
Trends Genet. 2004;20:563–9.

8. Birnbaum D, Popovici C, Roubin R. A pair as a minimum: the
two fibroblast growth factors of the nematodeCaenorhabditis
elegans. Dev Dyn. 2005;232:247–55.

9. Beenken A, Mohammadi M. The FGF family: biology, patho-
physiology and therapy. Nat Rev Drug Discov. 2009;8:
235–53.

10. Ornitz DM, Itoh N. The fibroblast growth factor signaling
pathway. Wiley Interdiscip Rev Dev Biol. 2015;4:215–66.

11. Krejci P, Prochazkova J, Bryja V, Kozubik A, Wilcox WR.
Molecular pathology of the fibroblast growth factor family.
Hum Mutat. 2009;30:1245–55.

12. Li X. The FGF metabolic axis. Front Med. 2019;13:511–30.
13. Luo Y, Ye S, Li X, Lu W. Emerging structure-function paradigm

of endocrine FGFs in metabolic diseases. Trends Pharmacol Sci.
2019;40:142–53.

14. Goldfarb M. Fibroblast growth factor homologous factors:
evolution, structure, and function. Cytokine Growth Factor
Rev. 2005;16:215–20.

15. Belov AA, Mohammadi M. Molecular mechanisms of fibrob-
last growth factor signaling in physiology and pathology. Cold
Spring Harb Perspect Biol. 2013;5:a015958.

16. Fernandes-Freitas I, Owen BM. Metabolic roles of
endocrine fibroblast growth factors. Curr Opin Pharmacol.
2015;25:30–5.

17. Goetz R, Mohammadi M. Exploring mechanisms of FGF sig-
nalling through the lens of structural biology. Nat Rev Mol Cell
Biol. 2013;14:166–80.

18. Regeenes R, Silva PN, Chang HH, Arany EJ, Shukalyuk
AI, Audet J, et al. Fibroblast growth factor receptor 5
(FGFR5) is a co-receptor for FGFR1 that is up-regulated in
beta-cells by cytokine-induced inflammation. J Biol Chem.
2018;293:17218–28.

19. McKeehan WL, Wang F, Kan M. The heparan sulfate-fibroblast
growth factor family: diversity of structure and function. Prog
Nucleic Acid Res Mol Biol. 1998;59:135–76.

20. Turner N, Grose R. Fibroblast growth factor signalling:
from development to cancer. Nat Rev Cancer. 2010;10:
116–29.

21. Müller AK, Meyer M, Werner S. The roles of receptor tyrosine
kinases and their ligands in the wound repair process. Semin
Cell Dev Biol. 2012;23:963–70.

22. Kulebyakin KY, Nimiritsky PP, Makarevich PI. Growth factors
in regeneration and regenerative medicine: “the cure and the
cause”. Front Endocrinol (Lausanne). 2020;11.

23. Luo Y, Ye S, Chen X, Gong F, Lu W, Li X. Rush to the
fire: FGF21 extinguishes metabolic stress, metaflammation
and tissue damage. Cytokine Growth Factor Rev. 2017;38:
59–65.

24. House SL, Wang J, Castro AM, Weinheimer C, Kovacs A,
Ornitz DM. Fibroblast growth factor 2 is an essential cardio-
protective factor in a closed-chest model of cardiac ischemia-
reperfusion injury. Physiol Rep. 2015;3:e12278.

25. House SL, Castro AM, Lupu TS, Weinheimer C, Smith C,
Kovacs A, et al. Endothelial fibroblast growth factor receptor
signaling is required for vascular remodeling following cardiac
ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol.
2016;310:H559–71.

26. Warburton D, Tefft D, Mailleux A, Bellusci S, Thiery JP,
Zhao J, et al. Do lung remodeling, repair, and regeneration

https://doi.org/10.1126/scitranslmed.3009337
https//:doi.org/10.1186/gb-2001-2-3-reviews3005


14 Burns & Trauma, 2022, Vol. 10, tkac005

recapitulate respiratory ontogeny? Am J Respir Crit Care Med.
2001;164:S59–62.

27. Wollin L, Wex E, Pautsch A, Schnapp G, Hostettler KE,
Stowasser S, et al. Mode of action of nintedanib in the
treatment of idiopathic pulmonary fibrosis. Eur Respir J.
2015;45:1434–45.

28. Meyer M, Müller AK, Yang J, Moik D, Ponzio G, Ornitz
DM, et al. FGF receptors 1 and 2 are key regulators of ker-
atinocyte migration in vitro and in wounded skin. J Cell Sci.
2012;125:5690–701.

29. Stock A, Kuzis K, Woodward WR, Nishi R, Eckenstein FP.
Localization of acidic fibroblast growth factor in specific
subcortical neuronal populations. J Neurosci.
1992;12:4688–700.

30. Ye S, Luo Y, Lu W, Jones RB, Linhardt RJ, Capila I,
et al. Structural basis for interaction of FGF-1, FGF-2, and
FGF-7 with different heparan sulfate motifs. Biochemistry.
2001;40:14429–39.

31. Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV,
Yeh BK, Yayon A, et al. Crystal structure of a ternary FGF-
FGFR-heparin complex reveals a dual role for heparin in FGFR
binding and dimerization. Mol Cell. 2000;6:743–50.

32. Chen G, Liu Y, Goetz R, Fu L, Jayaraman S, Hu MC, et al.
α-Klotho is a non-enzymatic molecular scaffold for FGF23
hormone signalling. Nature. 2018;553:461–6.

33. Kouhara H, Hadari YR, Spivak-Kroizman T, Schilling J, Bar-
Sagi D, Lax I, et al. A lipid-anchored Grb2-binding protein
that links FGF-receptor activation to the Ras/MAPK signaling
pathway. Cell. 1997;89:693–702.

34. Wang C, Yang C, Chang JY, You P, Li Y, Jin C, et al. Hepatocyte
FRS2α is essential for the endocrine fibroblast growth factor to
limit the amplitude of bile acid production induced by prandial
activity. Curr Mol Med. 2014;14:703–11.

35. Ornitz DM, Marie PJ. Fibroblast growth factor signaling
in skeletal development and disease. Genes Dev.
2015;29:1463–86.

36. Huey DJ, Hu JC, Athanasiou KA. Unlike bone, cartilage regen-
eration remains elusive. Science. 2012;338:917–21.

37. Liu X, She Y, Wu H, Zhong D, Zhang J. Long non-coding RNA
Gas5 regulates proliferation and apoptosis in HCS-2/8 cells and
growth plate chondrocytes by controlling FGF1 expression via
miR-21 regulation. J Biomed Sci. 2018;25:18–8.

38. Morscheid YP, Venkatesan JK, Schmitt G, Orth P, Zurakowski
D, Speicher-Mentges S, et al. rAAV-mediated human FGF-
2 gene therapy enhances osteochondral repair in a clinically
relevant large animal model over time in vivo. Am J Sports Med.
2021;49:958–69.

39. Saw S, Aiken A, Fang H, McKee T, Bregant S, Sanchez O,
et al. Metalloprotease inhibitor TIMP proteins control FGF-
2 bioavailability and regulate skeletal growth. J Cell Biol.
2019;218:3134–52.

40. Tang ZF, Li HY. Effects of fibroblast growth factors 2 and
low intensity pulsed ultrasound on the repair of knee articular
cartilage in rabbits. Eur Rev Med Pharmacol Sci. 2018;22:
2447–53.

41. Hung IH, Schoenwolf GC, Lewandoski M, Ornitz DM. A
combined series of Fgf9 and Fgf18 mutant alleles identifies
unique and redundant roles in skeletal development. Dev Biol.
2016;411:72–84.

42. Le Blanc S, Simann M, Jakob F, Schütze N, Schilling T. Fibrob-
last growth factors 1 and 2 inhibit adipogenesis of human

bone marrow stromal cells in 3D collagen gels. Exp Cell Res.
2015;338:136–48.

43. Hurley MM, Adams DJ, Wang L, Jiang X, Burt PM, Du E, et al.
Accelerated fracture healing in transgenic mice overexpressing
an anabolic isoform of fibroblast growth factor 2. J Cell
Biochem. 2016;117:599–611.

44. Poudel SB, Bhattarai G, Kim JH, Kook SH, Seo YK, Jeon YM,
et al. Local delivery of recombinant human FGF7 enhances
bone formation in rat mandible defects. J Bone Miner Metab.
2017;35:485–96.

45. Kang MS, Kim JH, Singh RK, Jang JH, Kim HW. Therapeutic-
designed electrospun bone scaffolds: mesoporous bioac-
tive nanocarriers in hollow fiber composites to sequen-
tially deliver dual growth factors. Acta Biomater. 2015;16:
103–16.

46. Xu J, Huang Z, Wang W, Tan X, Li H, Zhang Y, et al. FGF8
Signaling alters the osteogenic cell fate in the hard palate. J Dent
Res. 2018;97:589–96.

47. Wang L, Roth T, Abbott M, Ho L, Wattanachanya L, Nissenson
RA. Osteoblast-derived FGF9 regulates skeletal homeostasis.
Bone. 2017;98:18–25.

48. Zhou S, Wang Z, Tang J, Li W, Huang J, Xu W, et al. Exogenous
fibroblast growth factor 9 attenuates cartilage degradation and
aggravates osteophyte formation in post-traumatic osteoarthri-
tis. Osteoarthr Cartil. 2016;24:2181–92.

49. Wei W, Dutchak PA, Wang X, Ding X, Wang X, Book-
out AL, et al. Fibroblast growth factor 21 promotes bone
loss by potentiating the effects of peroxisome proliferator-
activated receptor γ . Proc Natl Acad Sci U S A. 2012;109:
3143–8.

50. Meo Burt P, Xiao L, Hurley MM. FGF23 regulates
Wnt/β-catenin Signaling-mediated osteoarthritis in mice
overexpressing high-molecular-weight FGF2. Endocrinology.
2018;159:2386–96.

51. Bianchi A, Guibert M, Cailotto F, Gasser A, Presle N, Mainard
D, et al. Fibroblast growth factor 23 drives MMP13 expression
in human osteoarthritic chondrocytes in a klotho-independent
manner. Osteoarthr Cartil. 2016;24:1961–9.

52. Carpenter TO, Imel EA, Ruppe MD, Weber TJ, Klausner MA,
Wooddell MM, et al. Randomized trial of the anti-FGF23
antibody KRN23 in X-linked hypophosphatemia. J Clin Invest.
2014;124:1587–97.

53. Guimarães JM, Guimarães ICV, Duarte MEL, Vieira T, Vianna
VF, Fernandes MBC, et al. Polymorphisms in BMP4 and
FGFR1 genes are associated with fracture non-union. J Orthop
Res. 2013;31:1971–9.

54. Jiang Q, Mei L, Zou Y, Ding Q, Cannon RD, Chen H, et al.
Genetic polymorphisms in FGFR2 underlie skeletal malocclu-
sion. J Dent Res. 2019;98:1340–7.

55. Xu W, Luo F, Wang Q, Tan Q, Huang J, Zhou S, et al.
Inducible activation of FGFR2 in adult mice promotes bone
formation after bone marrow ablation. J Bone Miner Res.
2017;32:2194–206.

56. Chen H, Sun X, Yin L, Chen S, Zhu Y, Huang J, et al.
PTH 1-34 ameliorates the osteopenia and delayed healing of
stabilized tibia fracture in mice with achondroplasia resulting
from gain-of-function mutation of FGFR3. Int J Biol Sci.
2017;13:1254–65.

57. Xie Y, Luo F, Xu W, Wang Z, Sun X, Xu M, et al. FGFR3
deficient mice have accelerated fracture repair. Int J Biol Sci.
2017;13:1029–37.



Burns & Trauma, 2022, Vol. 10, tkac005 15

58. Su N, Li X, Tang Y, Yang J, Wen X, Guo J, et al. Deletion of
FGFR3 in osteoclast lineage cells results in increased bone mass
in mice by inhibiting osteoclastic bone resorption. J Bone Miner
Res. 2016;31:1676–87.

59. Xu W, Xie Y, Wang Q, Wang X, Luo F, Zhou S, et al. A novel
fibroblast growth factor receptor 1 inhibitor protects against
cartilage degradation in a murine model of osteoarthritis. Sci
Rep. 2016;6:24042.

60. Tang J, Su N, Zhou S, Xie Y, Huang J, Wen X, et al. Fibrob-
last growth factor receptor 3 inhibits osteoarthritis progres-
sion in the knee joints of adult mice. Arthritis Rheumatol.
2016;68:2432–43.

61. Zhou S, Xie Y, Li W, Huang J, Wang Z, Tang J, et al. Condi-
tional deletion of Fgfr 3 in chondrocytes leads to osteoarthritis-
like defects in temporomandibular joint of adult mice. Sci Rep.
2016;6:24039.

62. Kuang L, Wu J, Su N, Qi H, Chen H, Zhou S, et al.
FGFR3 deficiency enhances CXCL12-dependent chemotaxis
of macrophages via upregulating CXCR7 and aggravates
joint destruction in mice. Ann Rheum Dis. 2020;79:
112–22.

63. Domingues-Faria C, Vasson MP, Goncalves-Mendes N, Boirie
Y, Walrand S. Skeletal muscle regeneration and impact of aging
and nutrition. Ageing Res Rev. 2016;26:22–36.

64. Joanisse S, Nederveen JP, Snijders T, McKay BR, Parise G.
Skeletal muscle regeneration, repair and remodelling in aging:
the importance of muscle stem cells and vascularization.
Gerontology. 2016;63:91–100.

65. Pawlikowski B, Vogler TO, Gadek K, Olwin BA-O. Regulation
of skeletal muscle stem cells by fibroblast growth factors. Dev
Dyn. 2017;246:359–67.

66. Oost LJ, Kustermann M, Armani A, Blaauw B, Romanello
V. Fibroblast growth factor 21 controls mitophagy and
muscle mass. J Cachexia Sarcopenia Muscle. 2019;10:
630–42.

67. Adhikary S, Choudhary D, Tripathi AK, Karvande A, Ahmad
N, Kothari P, et al. FGF-2 targets sclerostin in bone and
myostatin in skeletal muscle to mitigate the deleterious effects
of glucocorticoid on musculoskeletal degradation. Life Sci.
2019;229:261–76.

68. Li J, Han S, Cousin W, Conboy IM. Age-specific functional
epigenetic changes in p 21 and p16 in injury-activated satellite
cells. Stem cells (Dayton, Ohio). 2015;33:951–61.

69. Benoit B, Meugnier E, Castelli M, Chanon S, Vieille-Marchiset
A, Durand C, et al. Fibroblast growth factor 19 regulates
skeletal muscle mass and ameliorates muscle wasting in mice.
Nat Med. 2017;23:990–6.

70. Hankey GJ. Stroke. Lancet. 2017;389:641–54.
71. Campbell BCV, De Silva DA, Macleod MR, Coutts SB,

Schwamm LH, Davis SM, et al. Nat Rev Dis Primers.
2019;5:70.

72. Wu F, Chen Z, Tang C, Zhang J, Cheng L, Zuo H, et al.
Acid fibroblast growth factor preserves blood-brain barrier
integrity by activating the PI3K-Akt-Rac1 pathway and inhibit-
ing RhoA following traumatic brain injury. Am J Transl Res.
2017;9:910–25.

73. Zou Y, Hu J, Huang W, Ye S, Han F, Du J, et al. Non-Mitogenic
fibroblast growth factor 1 enhanced angiogenesis following
ischemic stroke by regulating the Sphingosine-1-phosphate 1
pathway. Front Pharmacol. 2020;11:59.

74. Nakamura K, Arimura K, Nishimura A, Tachibana M,
Yoshikawa Y, Makihara N, et al. Possible involvement of basic
FGF in the upregulation of PDGFRβ in pericytes after ischemic
stroke. Brain Res. 2016;1630:98–108.

75. Li S, Lu Y, Ding D, Ma Z, Xing X, Hua X, et al. Fibroblast
growth factor 2 contributes to the effect of salidroside on den-
dritic and synaptic plasticity after cerebral ischemia/reperfusion
injury. Aaging. 2020;12:10951–68.

76. Zhao YZ, Lin M, Lin Q, Yang W, Yu XC, Tian FR, et al.
Intranasal delivery of bFGF with nanoliposomes enhances in
vivo neuroprotection and neural injury recovery in a rodent
stroke model. J Control Release. 2016;224:165–75.

77. Ye L, Wang X, Cai C, Zeng S, Bai J, Guo K, et al. FGF21
promotes functional recovery after hypoxic-ischemic brain
injury in neonatal rats by activating the PI3K/Akt signal-
ing pathway via FGFR1/β-klotho. Exp Neurol. 2019;317:
34–50.

78. Wang XM, Xiao H, Liu LL, Cheng D, Li XJ, Si LY. FGF21
represses cerebrovascular aging via improving mitochondrial
biogenesis and inhibiting p53 signaling pathway in an AMPK-
dependent manner. Exp Cell Res. 2016;346:147–56.

79. Wan H, Yang Y, Li M, Liu X, Sun Y, Wang K, et al. Activation
of AK005401 aggravates acute ischemia/reperfusion mediated
hippocampal injury by directly targeting YY1/FGF21. Aaging.
2019;11:5108–23.

80. Yang X, Hui Q, Yu B, Huang Z, Zhou P, Wang P, et al.
Design and evaluation of lyophilized fibroblast growth factor
21 and its protection against ischemia cerebral injury. Biocon-
jug Chem. 2018;29:287–95.

81. Wang HW, Jiang X, Zhang Y, Wang J, Xie J, Wang YQ,
et al. FGF21 protects against hypoxia injury through inducing
HSP72 in cerebral microvascular endothelial cells. Front Phar-
macol. 2019;10:101.

82. Wang D, Liu F, Zhu L, Lin P, Han F, Wang X, et al. FGF21
alleviates neuroinflammation following ischemic stroke by
modulating the temporal and spatial dynamics of microglia/-
macrophages. J Neuroinflammation. 2020;17:257.

83. McDonald JW, Sadowsky C. Spinal-cord injury. Lancet.
2002;359:417–25.

84. Witiw CD, Fehlings MG. Acute spinal cord injury. J Spinal
Disord Tech. 2015;28:202–10.

85. Chehrehasa F, Cobcroft M, Young YW, Mackay-Sim A,
Goss B. An acute growth factor treatment that preserves
function after spinal cord contusion injury. J Neurotrauma.
2014;31:1807–13.

86. Xu HL, Tian FR, Lu CT, Xu J, Fan ZL, Yang JJ, et al. Thermo-
sensitive hydrogels combined with decellularised matrix deliver
bFGF for the functional recovery of rats after a spinal cord
injury. Sci Rep. 2016;6:38332.

87. Wang Q, He Y, Zhao Y, Xie HA-O, Lin Q, He Z, et al.
A thermosensitive heparin-Poloxamer hydrogel bridges aFGF
to treat spinal cord injury. ACS Appl Mater Interfaces.
2017;9:6725–45.

88. Wang Q, Zhang H, Xu H, Zhao Y, Li Z, Li J, et al. Novel multi-
drug delivery hydrogel using scar-homing liposomes improves
spinal cord injury repair. Theranostics. 2018;8:4429–46.

89. Ye LB, Yu XC, Xia QH, Yang Y, Chen DQ, Wu F, et al. Regula-
tion of Caveolin-1 and Junction Proteins by bFGF Contributes
to the Integrity of Blood-Spinal Cord Barrier and Functional
Recovery. Neurotherapeutics. 2016;13:844–58.



16 Burns & Trauma, 2022, Vol. 10, tkac005

90. Zhang HY, Zhang X, Wang ZG, Shi HX, Wu FZ, Lin BB, et al.
Exogenous basic fibroblast growth factor inhibits ER stress-
induced apoptosis and improves recovery from spinal cord
injury. CNS Neurosci Ther. 2013;19:20–9.

91. Li J, Wang Q, Wang H, Wu Y, Yin J, Chen J, et al. Lentivirus
mediating FGF13 enhances axon regeneration after spinal cord
injury by stabilizing microtubule and improving mitochondrial
function. J Neurotrauma. 2018;35:548–59.

92. Chen J, Wang Z, Zheng Z, Chen Y, Khor S, Shi K, et al.
Neuron and microglia/macrophage-derived FGF10 activate
neuronal FGFR2/PI3K/Akt signaling and inhibit microglia/-
macrophages TLR4/NF-κB-dependent neuroinflammation to
improve functional recovery after spinal cord injury. Cell Death
Dis. 2017;8:e3090–0.

93. Khellaf A, Khan DZ, Helmy A. Recent advances in traumatic
brain injury. J Neurol. 2019;266:2878–89.

94. Wang ZG, Cheng Y, Yu XC, Ye LB, Xia QH, Johnson
NR, et al. bFGF protects against blood-brain barrier dam-
age through junction protein regulation via PI3K-Akt-Rac1
pathway following traumatic brain injury. Mol Neurobiol.
2016;53:7298–311.

95. Fang X, Ma J, Mu D, Li B, Lian B, Sun C. FGF21 protects
dopaminergic neurons in Parkinson’s disease models via repres-
sion of Neuroinflammation. Neurotox Res. 2020;37:616–27.

96. Yoshimura S, Teramoto T, Whalen MJ, Irizarry MC, Takagi Y,
Qiu J, et al. FGF-2 regulates neurogenesis and degeneration in
the dentate gyrus after traumatic brain injury in mice. J Clin
Invest. 2003;112:1202–10.

97. Chen J, Hu J, Liu H, Xiong Y, Zou Y, Huang W, et al. FGF21
protects the blood-brain barrier by upregulating PPARγ via
FGFR1/β-klotho after traumatic brain injury. J Neurotrauma.
2018;35:2091–103.

98. Taliyan R, Chandran SK, Kakoty V. Therapeutic approaches
to Alzheimer’s type of dementia: a focus on FGF21 mediated
neuroprotection. Curr Pharm Des. 2019;25:2555–68.

99. Sun Y, Wang Y, Chen S-T, Chen Y-J, Shen J, Yao W-B, et al.
Modulation of the astrocyte-neuron lactate shuttle system con-
tributes to neuroprotective action of fibroblast growth factor
21. Theranostics. 2020;10:8430–45.

100. Niu J, Xie J, Guo K, Zhang X, Xia F, Zhao X, et al. Efficient
treatment of Parkinson’s disease using ultrasonography-guided
rhFGF20 proteoliposomes. Drug Deliv. 2018;25:1560–9.

101. Yusuf IO, Cheng PH, Chen HM, Chang YF, Chang CY, Yang
HI, et al. Fibroblast growth factor 9 suppresses striatal cell
death dominantly through ERK Signaling in Huntington’s dis-
ease. Cell Physiol Biochem. 2018;48:605–17.

102. Yusuf IO, Chen HM, Cheng PH, Chang CY, Tsai SJ, Chuang JI,
et al. Fibroblast growth factor 9 activates anti-oxidative func-
tions of Nrf 2 through ERK signalling in striatal cell models of
Huntington’s disease. Free Radic Biol Med. 2019;130:256–66.

103. Sullivan R, Dailey T, Duncan K, Abel N, Borlongan CV.
Peripheral nerve injury: stem cell therapy and peripheral nerve
transfer. Int J Mol Sci. 2016;17:2101.

104. Li R, Zou S, Wu Y, Li Y, Khor S, Mao Y, et al. Heparin-based
coacervate of bFGF facilitates peripheral nerve regeneration by
inhibiting endoplasmic reticulum stress following sciatic nerve
injury. Oncotarget. 2017;8:48086–97.

105. Li R, Li Y, Wu Y, Zhao Y, Chen H, Yuan Y, et al. Heparin-
Poloxamer thermosensitive hydrogel loaded with bFGF and
NGF enhances peripheral nerve regeneration in diabetic rats.
Biomaterials. 2018;168:24–37.

106. Lee SH, Jin W-P, Seo NR, Pang K-M, Kim B, Kim S-M,
et al. Recombinant human fibroblast growth factor-2 promotes
nerve regeneration and functional recovery after mental nerve
crush injury. Neural Regen Res. 2017;12:629–36.

107. Suzuki Y, Ishikawa N, Tanihara M, Saito S. Nontubula-
tion repair of peripheral nerve gap using heparin/alginate
gel combined with b-FGF. Plast Reconstr Surg Glob Open.
2016;4:e600–0.

108. Chen B, Hu R, Min Q, Li Y, Parkinson DB, Dun X-P. FGF5
regulates Schwann cell migration and adhesion. Front Cell
Neurosci. 2020;14:237–7.

109. Zhu H, Qiao L, Sun Y, Yin L, Huang L, Jiang L, et al.
Basic fibroblast growth factor enhances cell proliferation in
the dentate gyrus of neonatal rats following hypoxic-ischemic
brain damage. Neurosci Lett. 2018;673:67–72.

110. Ye Q, Wu Y, Wu J, Zou S, Al-Zaazaai AA, Zhang H, et al.
Neural stem cells expressing bFGF reduce brain damage and
restore sensorimotor function after neonatal hypoxia-ischemia.
Cell Physiol Biochem. 2018;45:108–18.
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