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Growth factors are among the most studied and ex-
plored proteins of the human body. They have been in 

the limelight since the 1980s and have shown tremendous 
scope in therapeutics over the last few decades. They regu-
late cellular functions such as stem cell differentiation [1], 
cell proliferation [2], growth of cells, migration of cells, an-
giogenesis [3], adhesion in the epithelium, cartilage, bone, 
some soft connective tissues, nerve cells, and maintaining 
the stemness of stem cells [4]. They can also be modified 
genetically or structurally following their use in therapeu-
tics and their commercial production. Growth factors are 
named based on their tissue of origin, such as the Cartilage-

Derived Growth Factor (CDGF), Retina-Derived Growth Fac-
tor (RDGF), Astroglial Growth Factors (AGF), and Eye-Derived 
Growth Factor (EDGF); while some are named according to 
the tissue they stimulate, like endothelial cell growth fac-
tor (ECGF) [5], fibroblast growth factors (FGFs), and vascu-
lar endothelial growth factors (VEGFs). Among these, this 
review paper will emphasize Fibroblast growth factor and 
their therapeutic applications, structural modifications, and 
binding aspects of FGFs with FGFRs.

The first-ever discovered Fibroblast growth factor was 
bFGF. It was initially referred to as a polypeptide that acted 
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like a cation and had a pI of 9.6. The bFGF was found in the 
pituitary gland and brain and could stimulate cell division 
in NIH/3T3 fibroblast cells [6]. Fibroblast growth factors 
have been observed in both vertebrates and invertebrates. 
Some vertebrates like zebrafish, Xenopus, chicken, mice, 
and humans have FGF genes in their genomes [7], while 
invertebrates like Drosophila and Caenorhabditis elegans 
also have FGF genes in their genomes [8]. Since this article 
is centered around the human Fibroblast Growth Factor, we 
won’t go beyond these limits.

Biologically, FGFs are as important as other growth factors; 
they are key for cellular functions such as cell growth, re-
pair, differentiation, proliferation, migration, and adhesion. 
The FGFs trigger receptor tyrosine kinases (RTKs), resulting 
in the initiation of various cellular signaling pathways, which 
leads to the transcription of genes into mRNAs, ultimately 
sequencing various cellular processes mentioned above [9]. 
FGFs have been implicated in imparting a series of biolog-
ical functions, including the development, branching, and 
morphogenesis of limbs; patterning of the brain; helping 
the metabolism of Vitamin D and bile acid; and some cyto-
protective functions [10]. Some of these functions are high-
lighted in this article.

The FGF family
The members of the FGF family are single polypeptide chain 
proteins that share some structural characteristics in com-
mon, most of them showing high avidity with heparin. Many 
of them are secreted into extracellular matrices where they 
bind to heparan sulfate (HS) or heparan-like glycosamino-
glycans (HLGAGs). All the members of this growth factor 
family share a common 140-amino-acid-containing homol-
ogous core, which forms twelve folds of antiparallel β-sheets 
resulting in a barrel-shaped cylinder with variable amino 
acids and carboxy-terminal stretches covering it around. All 
the members of the FGF family are grouped because they 
are structurally similar. The initial FGF doesn’t imply that 
they all stimulate fibroblast cells; for example, FGF7 doesn’t 
stimulate fibroblast cells [11].

As shown in Figure 1, the human FGF family has 22 members 
so far, i.e., FGF1 (aFGF), FGF2 (bFGF), FGF3 (int-2), FGF4 (hst-
1/kFGF), FGF5, FGF6 (hst-2), FGF7 (KGF), FGF8 (AIGF), FGF9 
(GAF), FGF10, FGF11, FGF12, FGF13, FGF14, FGF16, FGF17, 
FGF18, FGF15/FGF19, FGF20 (XFGF-20), FGF21, FGF22, and 
FGF23, which are further subcategorized into 7 subfamilies, 
i.e., FGF1, FGF4, FGF7, FGF9, FGF8, FGF19, and FGF11 fami-
lies, based on phylogenetic relations [12]. The FGFs contained 
in the FGF1, FGF4, FGF7, FGF8, and FGF9 subfamily act in a 
paracrine fashion and are referred to as canonical FGFs as they 
bind to the FGFRs with the help of Heparin/HS, which acts as 
a cofactor [13]. The FGF15/19 (human FGF19 is an ortholog 
of rodent Fgf15) subfamily members show low affinity to 
the FGFRs as well as the Heparan Sulfate and depend on the 

Klotho proteins to bring about their metabolic effects in the 
target tissues, while the FGF11 subfamily includes intracrine 
FGFs, which themselves act as a cofactor for voltage-gated 
sodium channels and other molecules [14].

Structure of FGF proteins
The FGF family members are closely related to each other, 
both structurally and to some extent functionally. Their 
molecular weight ranges from 17 to 34 kDa, and the amino 
acid sequence length ranges between 126 and 268 aa, with 
a core region of 120 to 140 amino acids. Additionally, a se-
quence of 28 amino acids from this core region is conserved 
in all members [15]. Out of all these FGFs, aFGF and bFGF are 
the most extensively discussed and studied. The secondary 
and tertiary structures of human FGF1, which has a molecu-
lar weight of around 15,900 Da, have eight tyrosine residues 
exposed to solvent and only a single tryptophan, while the 
secondary structure of native human aFGF comprises 52% 
β-sheet, 28% turns, and 11% α-helices. The remaining 9% of 
the structure is disordered [16, 17]. On the other hand, bFGF 
is entirely composed of β-sheets, in which each antiparallel 
β-strand is bound to the adjacent β-strand in its primary se-
quence through hydrogen bonding. The continuous turns 
or β-meanders give it the shape of a barrel, which is closed 
by the amino and carboxyl-terminal strands. The core of 
bFGF consists of hydrophobic and aromatic amino acid side 
chains, while the charged amino acids, particularly arginine 
and lysine, make up the surface of the molecule [18]. The ter-
tiary structure of bFGF comprises three copies of β-meander 
motifs, where the first copy consists of residues 18–59, the 
second one involves residues 60–100, and the third one con-
sists of residues 101–143. Each one has four β-strands, while 
the first seventeen amino-terminal residues, which are rich 
in serine, glycine, and proline residues, appear to be disor-
dered. There are four cysteine residues in bFGF, i.e., Cys25, 
Cys69, Cys87, and Cys92, out of which Cys25 and Cys92 
are conserved in the FGF family. Out of those four cysteine 
residues, Cys69 and Cys87 are supposed to be involved in the 
dimerization of bFGF molecules. Residues 106–115 provide a 
binding site for FGFRs where Tyr-114 and Trp115 determine 
the binding strength between bFGF and FGFRs [19].

Biosynthesis of FGFs
The FGFs are primarily expressed in embryonic or adult tis-
sue. Although they are expressed in various cells like neurons, 
smooth muscle cells, fibroblast cells, cartilage, and bone cells, 
the reason behind their expression is unclear. Some features 
of FGF biosynthesis have been understood to some extent; for 
instance, signal sequences of some FGFs help in their secre-
tion, the mRNA sequences from 5’ to the starting AUG codon 
may play a significant role in FGF biosynthesis, and upstream 
and in-frame CUG triplets can behave like an alternative trans-
lation initiation site in bFGF and INT-2 mRNAs. However, it 
is well established that stress related to the liver and heart 
prompts the production of FGF21 [20].
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Molecular interactions of FGF
Heparan Sulfate
Heparan Sulfate acts as a necessary cofactor for all paracrine 
FGFs, all of which show moderate to high affinity toward 
Heparan Sulfate. The binding of HS to FGF1 protects it from 
thermal denaturation, and the binding to FGF2 protects it 
from both thermal denaturation and proteolysis. The bind-
ing of FGFs to Heparan sulfate proteoglycans limits their 
diffusion and secretion into the interstitial space, there-
fore aiding them in exerting their effect at the site of their 
production. Cells that are unable to synthesize HS on their 
surfaces require heparin for effective and strong binding 
between FGFs and FGFRs. Studies have also shown that hep-
arin/HS increases the half-life of the FGF/FGFR complex [21].

HS consists of heterogeneously sulfated linear polymers of 
repeating disaccharide subunits of hexuronic acid (iduronic 
or glucuronic acid) and amino acetylglucosamine, linked 
through α-1,4-glycosidic bonds. HS is sulfated at the 2-O 
position of glucuronic acid and amino acids and at the 6-O 
position of N-acetylglucosamine. HS shows covalent rela-
tionships with selective serine residues of proteoglycans, 
such as membrane-bound syndecans and glypicans and 
extracellular matrix (ECM) perlecan, which means they are 

present within the extracellular matrix of tissues and are 
also located on the surface of the cells [22].

HS binds to the β1-β2 loop and β10-β12 region of FGFs, which 
are composed of solvent-exposed basic amino acids and back-
bone atoms of FGFs. The HS-FGF binding affinity depends on 
the primary variable sequence of the HS binding region of 
different FGF molecules. Consequently, to some extent, this 
differential affinity between HS and different FGFs results in 
distinct biological functions of FGFs [23].

FGF-receptors
Many cell types that express FGFs also bear FGF receptors 
(FGFRs) on their surfaces. These FGFRs are tyrosine kinase 
receptor proteins with a molecular weight of 125–160 
kDa, which transduce the FGF signals via phosphorylation 
of tyrosine residues of FGFR polypeptides, elicited by the 
binding of FGFs to FGFRs [24]. The first FGF receptor, FGF 
receptor 1 (FGFR1), was isolated from membrane fractions 
of chicken embryos by tagging it with crosslinked FGF2 
and I125. It showed a resemblance with a partial human 
cDNA clone called FLG (Fms-like gene). Subsequently, 
three more FGFRs were discovered, along with their iso-
forms. These FGFRs are characterized as transmembrane 

Figure 1. The phylogenetic tree of the FGF family based on the evolutionary relationships of FGFs 
[Phylogenetic and molecular evolutionary analyses were conducted using MEGA version X [83].
FGFs: Fibroblast growth factors.
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proteins consisting of three domains: an N-terminal extra-
cellular domain with three immunoglobulin-like subdo-
mains (IgI, IgII, and IgIII), a transmembrane domain that is 
a single α-helix, and an intracellular single split-type tyro-
sine kinase domain (Fig. 2) [25]. These FGFRs can be placed 
under the Ig superfamily of receptors, along with other 
tyrosine kinase receptors like the platelet-derived growth 
factor-α receptor (PDGFαR), PDGFβR, and interleukin re-
ceptor-1 (IL-1R). These FGFRs form dimers after binding 
to the FGFs. The FGFs bind to the Ig-like domain II in the 
presence of HSPG, and these altogether form a dimer with 
a similar complex [26].

FGF-activated cell signaling pathways
As all Tyrosine kinase receptors transduce extracellular sig-
nals to cytoplasmic transduction signal pathways by phos-
phorylating tyrosine residues, similarly, FGF receptors also 
transduce the extracellular signals to cytoplasmic trans-
duction signal pathways by auto-transphosphorylation of 

tyrosine residues. The dimerization of FGFRs is necessary 
for their activation and signal transduction. The lateral 
dimerization of FGFRs in the plasma membrane brings the 
two tyrosine domains nearby, resulting in the trans-au-
tophosphorylation of the tyrosine residues present in their 
activation loops, which results in the activation of kinase 
domains. These activated kinase domains interact with 
adapter proteins and other cytoplasmic substrates, finally 
triggering the cascade process of signaling pathways that 
control cellular functions like differentiation, proliferation, 
regeneration, repair, growth, etc. [27].

When FGFs act as signaling molecules for the activation 
of four major cellular pathways, they bind to the FGF ty-
rosine kinase receptors to induce dimerization and auto-
trans-autophosphorylation in their kinase domains. The 
phosphorylation of the tyrosine kinase domain of FGFR1 is 
completed in three phases: in phase one, Y653 residue is 
phosphorylated, resulting in a 50- to 100-times increased 
activity of the kinase domain; the second phase phospho-

Figure 2. The schematic shows an  Auto phosphorylated transmembrane FGFR dimer bound 
to the FGF molecules. Each FGFR molecule has one extracellular domain with three Ig-like 
subdomains,  one transmembrane domain and one split type Tyrosine kinase domain. The 
alternative splicing of exon 8 and exon 9 of gene encoding Ig like domain III of FGFR 1, FGFR2, 
and FGFR3 results in Ig-IIIb (green) and Ig-IIIc (orange) isoforms of these FGFRs [25]. 
ECM: Extracellular matrix; ICM: Inner cell mass; FGF: Fibroblast growth factor; FGFR: Fibroblast growth factor receptor.
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rylation of Y583, Y463, Y766, and Y585 does not result in 
any increment in kinase activity; whereas, during the third 
and final stage, Y654 phosphorylation leads to a further 
10-times increase in the activity of the kinase domain [28]. 
This phosphorylation of six tyrosine residues of the tyrosine 
domain of FGFR1 completely activates it and increases the 
overall activity of the tyrosine kinase by 500–1000 folds. 
The activated FGFRs trigger the chain reactions of various 
cellular cascades including Ras/Raf/MAPK, PI3K/AKT, PLCγ, 

and STAT (Fig. 3). The binding of STAT3 and PLCγ requires 
the phosphorylation of two additional tyrosine residues, 
i.e., Y677 and Y766 [29].

RAS/RAF/MAP kinase pathway
The RAS/MAP Kinase Pathway is involved in important cel-
lular functions like cell growth, proliferation, and migration. 
The phosphorylation of FRS2α by the tyrosine kinase domain 
of FGFR activates the RAS/MAP Kinase Pathway. The phos-

Figure 3. The FGF binding to the FGFRs triggers the dimerization of FGFRs which in turn leads to 
the trans-autophosphorylation of the Tyrosine kinase domains of FGFR dimer which ultimately 
leads to the initiation of cellular signaling cascades like RAS-MAPK, PI3K-AKT, PLCγ, and (STAT). Now, 
these cascades induce the activation of several genes in the nucleus leading to the transcription of 
respective mRNAs which are transferred out to the cytosol for the respective protein synthesis [84]. 
FGF: Fibroblast growth factor; FGFR: Fibroblast growth factor receptor; Ig I, II, III: Immunoglobulin-like domain 
I, II, III respectively; HSPG: Heparan sulfate proteoglycan; FGFRL1: Fibroblast Growth Factor Like 1; SER: Smooth 
endoplasmic reticulum; JAK: Janus kinase; CRK: CT10 regulator of a tyrosine kinase; CRKL: Crk-like protein; CDK: 
Cyclin-dependent kinase; FOXO - forkhead box transcription factor.
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phorylation of FRS2α is dependent on the phosphorylation 
of Y463 residue of the intracellular domain of FGFR and the 
presence of CRKL at the docking site of the FGFR tyrosine ki-
nase domain. A complex comprising GRB2 and the tyrosine 
phosphatase SHP2 is recruited by this activated FRS2α. Fur-
ther, GRB2 recruits the son of sevenless (SOS), which activates 
the Ras molecule by exchanging one molecule of GTP for GDP, 
which leads to the activation of the Ras/MAP Kinase Pathway. 
Activation of this pathway by FGF1 relates it with the protec-
tion of the heart, development of nerve tissue, tumor inva-
sion, biosynthesis of cholesterol, differentiation of adipocytes, 
and metastatic cancer [30].

According to studies, the negative feedback loop mediated 
by MAP-Kinase is induced by FGF signaling which phosphory-
lates the threonine of FRS2α, resulting in decreased engage-
ment of GRB2 to FRS2α due to hampered phosphorylation of 
tyrosine residues of FRS2α. This ultimately results in the atten-
uation of the Ras/MAP Kinase Pathway [31].

PI3K/AKT pathway
Indeed, in addition to the Ras/Raf/MAP Kinase Pathway, the 
PI3 Kinase/AKT Pathway is also activated by FRS2α. Following 
the formation of the FRS2α, GRB2, and SHP2 complex, GRB2 
recruits GAB1, subsequently triggering PDK1 and AKT to initi-
ate the PI3K pathway. The PI3K/AKT pathway is implicated in 
cell survival, determination of cell fate, cell growth, cell pro-
liferation, and cell migration. Regarding the FGF1-related PI3 
Kinase/AKT Pathway, it plays a role in various physiological 
processes, including angiogenesis, lung development, main-
tenance of neuronal phenotype, preservation of neuronal 
structure and/or function, and ApoE-HDL (Apolipoprotein E-
high-density lipoprotein) release [32].

PLCγ pathway
In this pathway, the activated FGFR tyrosine kinase domain 
phosphorylates PLCγ, which is activated by the formation of 
IP3 and DAG from the breakdown of PIP2 (Fig. 3). This mem-
brane-bound DAG activates Protein kinase C, and the soluble 
IP3 stimulates the smooth endoplasmic reticulum (SER) to 
release high amounts of calcium ions, affecting cellular mor-
phology and migration. Activated PKC likely expresses the 
gene for adhesion purposes [33]. Here, GRB14 acts as an in-
hibitor of PLCγ by inhibiting the tyrosine phosphorylation by 
binding to activated FGFR1 at pY766 [34].

Biological functions of FGFs
The FGFs exert their effect on cells by binding to the tyrosine 
kinase receptors and phosphorylating them. As a result of this 
phosphorylation, many cellular signaling cascades are acti-
vated, which result in cellular functions through gene tran-
scription and then protein synthesis. Thus, some of the cellular 
functions are regulated directly or indirectly by FGFs, which 
are summarized in Table 1.

Cell proliferation
Cell proliferation implies the division of cells at a war scale, 
meaning repetitive division of cells. This is mostly observed at 
the developmental stage and to some extent in adults during 
tissue regeneration or repair, and in cancerous conditions. The 
essentiality of FGFs in cell proliferation begins with the prolif-
eration of the inner cell mass (ICM) in mice [35]. Whereas FGF4 
is expressed in epiblast cells [36] and FGF1 is involved in the 
proliferation of human preadipocytes, promoting adipogen-
esis in humans [37]. Similarly, FGF10 also facilitates the pro-
liferation of epithelial cells in prostate cancer [38]. It has been 
established that FGF2 promotes cell proliferation by activat-
ing the Ras and RAF cascade process. FGF2 binds to the FGFRs 
which leads to the dimerization of FGFR, and this leads to the 
autophosphorylation of the tyrosine domain of the receptor. 
This phosphorylated domain acts as the binding site for some 
of the intracellular signal transducers like Grb2, which makes 
a complex with Ras guanine nucleotide-releasing factor Sos. 
This Grb2-SOS complex recruits the Ras oncogene in the 
plasma membrane. This recruited Ras is further activated by 
SOS by exchanging GDP for GTP. Further, this fully activated 
Ras activates the Raf-mediated MAP kinase signaling cascade, 
which finally results in cell proliferation [39]. This clearly shows 
the involvement of FGFs in cell proliferation.

Cell differentiation
Developmental biology defines cell differentiation as the 
process by which more specialized cells develop from less spe-
cialized ones, as observed in the development of the human 
zygote. The zygote develops from a single cell into an embryo 
and then into an adult human being. The process of differen-
tiation can be observed in early life during development and 
in adults during normal cell turnover and tissue repair. Various 
FGFs play significant roles in the process of cellular differenti-
ation during both the developmental and adult stages [40].

Many FGFs have been identified as crucial for cellular differen-
tiation. FGF2, for example, is used in the divergence of neural 
stem cells into fully-fledged neurons and glial cells. Similarly, 
the morphogenesis and differentiation of suprabasal ker-
atinocytes without FGF7 are unimaginable. Additionally, the 
differentiation of monkey stem cells into dopamine-synthesiz-
ing neurons would not be possible without in vitro treatment 
with exogenous FGF20 [41].

Cell migration
During intrauterine development, wound healing, tissue re-
pair, and immunological responses, chemotactic movement 
of cells or cell migration are key processes involving many 
FGFs at some stages. FGF7 stimulates the migration of human 
keratinocytes and also regulates plasminogen activity in these 
cells. Similarly, FGF2 and FGF8 act as chemoattractants in the 
migration of mesencephalic neural crest cells [42].



120 Int J Med Biochem

Angiogenesis
During intrauterine life development, wound healing, tumor 
development, and tissue repair, angiogenesis is a central 
process. It refers to the development of new vessels from 
pre-existing vessels. FGFs are established to play a crucial 
role in inducing angiogenesis. FGF1, FGF2, and FGF4 have 
prominently defined angiogenic properties. These FGFs 
have been reported to upregulate urokinase-type plas-
minogen activator (uPA) and metalloproteinases (MMPs) in 
endothelial cells, consequently resulting in the proliferation 
of endothelial cells and the organization of endothelial cells 
into tube-like structures [43].

Metabolism
Many FGFs also play important roles in metabolism. They bind 
to their receptors on cells and induce effects related to metab-
olism. For example, FGF21 is primarily expressed by the liver 
to reduce hepatic glucose output. It also increases the uptake 
of glucose by adipocytes and improves or preserves the func-
tions of β-cells in the pancreas [44]. The FGF19 subfamily reg-
ulates many mainstream metabolic pathways, including those 
involving carbohydrates, lipids, and bile acids, as well as vita-
min D and phosphate homeostasis [45].

Engineered fibroblast growth factor: The new 
hope
The natural FGFs are strongly mitogenic and also have a very 
short half-life, making it difficult to control their mitogenicity 
and maintain their viability at the site of administration. Thus, 
the use of structurally modified/engineered FGFs for thera-
peutics or tissue engineering is becoming increasingly popu-
lar among biotechnologists.

As discussed earlier, FGFs have been very effective in the re-
pair and regeneration of tissue. They stimulate FGFRs by act-
ing as signaling molecules, which results in the initiation of a 
cascade of several cellular signaling pathways, such as RAS/
MAP kinase, PLCγ, SNT-1/FRS2, Crk-mediated signaling, and 
PI3 kinase/AKT pathway. These pathways ultimately result in 
cell differentiation, proliferation, migration, and angiogenesis. 
Due to this broad range of biological activities, FGFs have at-
tracted significant interest for their application in therapeutics 
and tissue regeneration and repair. However, due to their mi-
togenic nature and the challenges in delivering them to the 
target tissue, their use has been limited. To combat these is-
sues, researchers have engineered FGFs both structurally and 
genetically and have developed several delivery systems for 
administering FGFs to the target tissue.

Table 1. Biological functions of FGFs and their target cells/Tissues

Function	 FGF involved	 Target cell/Tissue/ Organ	 Reference 
	 in the function

Cell proliferation	 FGF1, FGF2	 Preadipocyte, Endothelial cell, epithelial cell, fibroblast cell,	 [8] 
		  neural stem cell	
	 FGF2	 hematopoietic stem cells, embryonic stem cells, dental pulp	 [62] 
		  stem cells and periodontal ligament stem cells	
	 FGF4	 Trophoblast stem cell	 [8]
	 FGF7, FGF10	 Epithelial cell	 [8]
	 FGF18	 Osteoblast, chondrocytes, osteoclast	 [63]
Cell migration	 FGF2	 Vascular endothelium	 [64]
	 FGF4	 mouse Embryonic Skeletal Muscle cells	 [65]
	 FGF7	 Human Pancreatic Duct Epithelial cells	 [66]
	 FGF8	 Neural crest cell	 [67]
Cell differentiation	 FGF1, FGF2	 Neuroepithelial	 [68]
	 FGF4	 Embryonic stem cell	 [27]
	 FGF2	 mesenchymal stem cells	 [62]
		  rabbit bone marrow stromal cells	 [69]
	 FGF7	 mouse Progenitor cells	 [70]
	 FGF20	 Monkey embryonic stem cell	 [55]
Angiogenesis	 FGF1, FGF2	 Endothelial cell	 [8]
	 FGF9 	 Mouse Bone tissue	 [71]
Metabolism	 FGF21	 Adipocytes and β-cells of the pancreas	 [44]
	 FGF23	 Parathyroid gland and Kidney (Phosphate and vitamin D metabolism)	 [72] 
	 FGF15/19	 Hepatocytes (glucose metabolism)

FGFs: Fibroblast growth factors.
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Engineered/recombinant FGFs represent a new hope for use 
in therapeutics. Recent clinical trials and concept studies are 
exploring the use of recombinant FGFs for tissue engineer-
ing and other applications. There are various methods for 
modifying FGFs, including point mutations targeting spe-
cific amino acids and the formation of chimeric proteins by 
combining sequences of two different FGFs [46, 47].

FGFs can be modified both at the genetic and protein levels, 
and various recombinants of FGFs have been developed so 
far. Mutated FGF proteins retain their ability to bind with 
FGFRs with the same specificity but without altering their 
properties that trigger cell growth, proliferation, survival, 
etc. [48]. Based on modifications done at the genetic level 
of FGFs or in the protein structure of FGFs, modifications 
can be classified into various categories (Table 2). Table 2 
illustrates almost all modifications/mutations performed to 
date on the native forms of FGFs (with examples) to improve 
their activity—such as reducing their mitogenic properties 
while maintaining other desired properties intact and also 
obtaining desired characteristics like structural stability 
and longer half-life.

Engineered FGFs in tissue regeneration
The regeneration of damaged and injured tissues remains a 
significant challenge for humanity. It has been a major fo-
cus for researchers and biotechnologists for decades. The 
tissue regeneration capability in mammals, including hu-
mans, is very limited. In the case of tissue injury, cells from 
adjacent tissue and progenitor cells recruited from the bone 
marrow migrate and proliferate at the site of injury. Both the 
repair and regeneration of tissue are controlled by various 
cytokines and growth factors, with FGFs being among them. 
For example, FGF9 promotes long bone repair, and a com-
bination of FGF7 and FGF10 promotes wound re-epithelial-
ization in mice [49]. However, the challenge with FGFs lies in 
their almost uncontrollable mitogenesis and their controlled 
administration to specific sites.

Low stability and susceptibility to degradation by proteolytic 
enzymes also hinder the therapeutic use of FGFs. To overcome 
these problems, researchers have introduced mutations and 
alterations in the native sequences of FGFs, finding it feasible 
to some extent. For instance, the Q40P/S47I/H93G variants of 

Table 3. Use of recombinant FGFs in Tissue regeneration

FGF	 rFGF variant	 Target tissue	 Treatment	 Reference

FGF1	 TTHX1114	 Corneal epithelial cells	 Short-term Corneal Nitrogen Mustard Injury (In rabbit)	 [78]
FGF2	 -	 Alveolar epithelium	 COPD and Emphysema	 [79]
	 rhFGF-2	 Osteocytes	 Tibial Shaft Fractures	 [80]
FGF18	 rhFGF18	 Cartilage	 Repair of Articular Cartilage	 [81]
FGF19	 M70	 Biliary and hepatic cells	 Liver injury (in mice)	 [82]

COPD: Chronic obstructive pulmonary disease; rFGF: Recombinant Fibroblast Growth Factor.

Table 2. Different types of FGF medication and their resulting recombinant FGF examples.

Type of Modification	 Mutation/ modification	 Example	 References

Point mutation	 Point Mutation (such as amino acid substitutions, deletions,	 Q40P rFGF1, S47I	 [50] 
	 additions, or combinations) of at least one amino acid residue	 rFGF1 and H93G rFGF1 
		  respectively	
Chain truncation	 Deletion of continuous amino acids from one end or both	 FGF1ΔNT; K25 to	 [73] 
		  D155 and FGF1ΔNT2; 
		  L29 to D155	
Combination of point mutation	 FGFs modified both with point mutations and chain	 FGF1 ∆ΝΤ1	 [73] 
and chain truncation	 truncation altogether	  (1-140 αα) Μ 1

Polypeptide chain extension	 The addition of a few more amino acids to the natural	 H6-FGF2 (rFGF2)	 [62] 
	 polypeptide chain of FGFs	
Chimeric proteins 	 Combination of specific sequences of one FGF to another	 FGF19/21-1	 [68] 
	 mutated FGF.	
Extra group addition	 Addition extra functional group or chemical compound	 PEGylated FGF2 	 [74]
FGF-mAb fusion	 The fusion of monoclonal human Ig fragments with FGFs	 Fc-FGF21	 [75]
rFGF-VLP conjugate	 A recombinant FGF is conjugated with a virus-like particle	 (Trx-FGF2)-HBcAg	 [76] 
	 (HBsAg in this case) 	
SUMO ubiquitination	 Small ubiquitin-related modifier (SUMO) chaperone protein	 srhFGF-21	 [77] 
	 attached to recombinant human FGF21
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recombinant/mutated FGF1 have shown 10-fold higher activ-
ity in DNA synthesis [50]. In recent years, the use of mutated 
FGFs in tissue regeneration has become increasingly popular. 
Table 3 shows the mutated FGFs used in tissue regeneration 
or repair over the past few years.

Engineered FGFs in angiogenesis
The process of forming new blood vessels or capillaries 
from pre-existing ones during embryonic wound healing, 
embryonic development, or the menstrual cycle in females 
is known as angiogenesis. FGFs regulate the stimulation of 
endothelial cells to secrete proteases and plasminogen acti-
vator, which in turn degrade the basement membrane. This 
degradation allows new cells to migrate to the area, where 
they proliferate and differentiate into new vessels. bFGF was 
the first-ever FGF identified as an angiogenesis-stimulating 
growth factor [51]. Several trials, such as FIRST (FGF Initiating 
Revascularization Trial), AGENT (Angiogenic GENe Therapy), 
and TRAFFIC (Therapeutic Angiogenesis with recombinant 
Fibroblast Growth Factor for Intermittent Claudication), have 
been conducted to treat ischemic diseases with recombi-
nant/engineered FGFs. However, none of these trials have 
yielded significant results [52], although the clinical trial 
TALISMAN (Therapeutic Angiogenesis with Intramuscular 
NV1FGF) did reduce the mortality rate in patients with Criti-
cal Limb Ischemia, though it was not found to be significant 
[53]. The hopes do not end here, as there are expectations 
that recombinant and improved FGFs will soon be used for 
revascularization/angiogenesis processes.

Methods of FGF administration
As mentioned above, the low stability and susceptibility to 
degradation by proteolytic enzymes also hinder the thera-
peutic use of FGFs. Various strategies have been employed to 
increase the stability, reachability, and efficacy of FGFs. FGFs 
have been directly used for healing wounds and administered 
in vivo to induce the regeneration of various tissues such as 
nerve, bone, cartilage, skin, endothelial tissue, and dental tis-
sue. However, studies have shown that FGFs either become 
functionally degraded by enzymes or suffer diffusional loss 
[54]. To combat this situation, FGFs are either engineered or 
delivered to the site using some delivery systems listed below. 
The following are examples of different drug delivery systems 
used to administer FGF to the site of action [55, 56].

Scaffolds
FGFs or other growth factors are immobilized on matrices 
made of materials like collagen, beta-tricalcium phosphate 
(β-TCP), polyhydroxy ethyl methacrylate, polyurethane, etc. 
These are then molded into scaffolds using several tech-
niques such as particulate leaching, solvent casting, freeze-
drying, phase separation, melt molding, in situ polymeriza-
tion, gas foaming, and phase emulsion. An excellent example 
of this is the delivery of FGF2 immobilized into a polyhydroxy 

ethyl methacrylate scaffold for bone regeneration [57]. Due 
to the specific biochemical interactions between natural 
polymers of scaffolds and FGFs, these structures are better 
suited for long-term delivery and stability of FGFs [58]. Scaf-
folds need to be implanted at the site of tissue defects.

Hydrogels
Similar to scaffolds, hydrogels also impregnate growth fac-
tors onto gels such as a carboxymethylcellulose-based top-
ical gel, hydroxypropyl cellulose (HPC) gel, and fibrin gel. 
These impregnated growth factors in hydrogels are then in-
jected into the tissue defect site. A notable example of FGF 
delivery using this technique is the delivery of FGF2 via a 
3% hydroxypropyl cellulose gel for the regeneration of pe-
riodontal tissue [59].

Nano- and micro-particulates
The delivery of FGFs using nano- and micro-particulate 
techniques is even easier than the scaffold and hydrogel 
methods. In this growth factor delivery system, many natu-
ral and synthetic polymers are designed to be spheres a few 
micrometers to a few nanometers in size, and these spheres 
incorporate the growth factors. These FGF-containing poly-
mers are administered either via the bloodstream or orally. 
The particulate method of growth factor delivery is easily 
manipulated to safely deliver FGFs to the defect site, and 
this method also ensures the full utilization of the roles and 
functions of FGFs. An example of this particulate method of 
delivery is the physical and chemical conjugation of FGF to 
magnetic iron oxide nanoparticles for targeting the nasal ol-
factory mucosa [60, 61].

Conclusion
FGFs are crucial growth factors for various physiological pro-
cesses, including cell proliferation, growth, metabolism, an-
giogenesis, cell survival, and migration. They play an active 
role in embryonic growth and other physiological processes 
like tissue regeneration. FGFs, along with their receptors, 
have been associated with various pathophysiological con-
ditions, including cancers. Their mitogenic activity has been 
linked to several types of cancer, including lung, breast, and 
prostate cancer. Due to their broad range of activities, they 
are a focal point for therapeutic use. Several recombinant 
and engineered FGFs have been shown to be effective in 
conditions such as bone injuries, COPD, and emphysema. 
Research on metabolic disorders like diabetes is ongoing to 
determine the therapeutic use of FGFs in these conditions. 
Since the half-life of FGFs is very short, various methods of 
site-specific delivery of FGFs have also been developed, in-
cluding hydrogel, scaffold, and nano- and micro-particulate 
methods. These methods enhance the application of FGFs 
and improve their therapeutic use. In conclusion, FGFs could 
potentially offer solutions for various human health issues, 
including cancers, some metabolic and cardiac disorders, 
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and bone injuries. Several studies have been conducted, and 
others are ongoing, to determine the therapeutic effects of 
FGFs on various disorders; however, the number of studies, 
especially in the context of cancer, is still limited. Although 
many studies have established the role of FGFs in tumorige-
nesis and cancer progression, only a few have explored their 
therapeutic roles in cancer biology.

Acknowledgements: Although no direct funding was required 
for this literature review but we thank the Department of Biotech-
nology, Jaypee Institute of Information Technology Noida for 
providing us with space and the required material for conducting 
this literature survey. 

Authorship Contributions: Concept – N.T., A.T., R.R.; Design – 
R.R.; Supervision – R.R.; Data collection &/or processing – N.T., 
L.M., A.G., K.D.; Analysis and/or interpretation – R.R., N.T., A.T., K.D.; 
Literature search – R.R.; Writing – N.T., A.T., L.M., A.G., K.D.; Critical 
review – R.R., M.P.

Conflict of Interest: The authors declare that there is no conflict 
of interest.

Use of AI for Writing Assistance: The article is fully a analytical 
review of litterature by author and coauthors on their own behalf, 
no direct help has been taken from AI to frame or write this article.

Financial Disclosure: The authors declared that this study has 
received no financial support.

Peer-review: Externally peer-reviewed.

References
1.	 Ng F, Boucher S, Koh S, Sastry KS, Chase L, Lakshmipathy U, et 

al. PDGF, TGF-β, and FGF signaling is important for differentia-
tion and growth of mesenchymal stem cells (MSCs): Transcrip-
tional profiling can identify markers and signaling pathways 
important in differentiation of MSCs into adipogenic, chon-
drogenic, and osteogenic lineages. Blood 2008;112(2):295–
307. [CrossRef ]

2.	 Makino T, Jinnin M, Muchemwa FC, Fukushima S, Kogushi-
Nishi H, Moriya C, et al. Basic fibroblast growth factor stim-
ulates the proliferation of human dermal fibroblasts via the 
ERK1/2 and JNK pathways. Br J Dermatol 2010;162(4):717–23. 
[CrossRef ]

3.	 Prudovsky I. Cellular mechanisms of FGF-stimulated tissue re-
pair. Cells 2021;10(7):1830. [CrossRef ]

4.	 Gotoh N. Control of stemness by fibroblast growth factor sig-
naling in stem cells and cancer stem cells. Curr Stem Cell Res 
Ther 2009;4(1):9–15. [CrossRef ]

5.	 Klagsbrun M. The fibroblast growth factor family: Struc-
tural and biological properties. Prog Growth Factor Res 
1989;1(4):207–35. [CrossRef ]

6.	 Huang Q, Liu B, Wu W. Biomaterial-based bFGF delivery for 
nerve repair. Oxid Med Cell Longev 2023;2023:8003821. 
[CrossRef ]

7.	 Goutam RS, Kumar V, Lee U, Kim J. Exploring the structural 
and functional diversity among fgf signals: A comparative 

study of human, mouse, and xenopus FGF ligands in em-
bryonic development and cancer pathogenesis. Int J Mol Sci 
2023;24(8):7556. [CrossRef ]

8.	 Yun YR, Won JE, Jeon E, Lee S, Kang W, Jo H, et al. Fibroblast 
growth factors: Biology, function, and application for tissue 
regeneration. J Tissue Eng 2010;2010:218142. [CrossRef ]

9.	 Belov AA, Mohammadi M. Molecular mechanisms of fibrob-
last growth factor signaling in physiology and pathology. 
Cold Spring Harb Perspect Biol 2013;5(6):a015958. [CrossRef ]

10.	Ornitz DM, Itoh N. The fibroblast growth factor signaling path-
way. Wiley Interdiscip Rev Dev Biol 2015;4(3):215–66. [CrossRef ]

11.	Powers CJ, McLeskey SW, Wellstein A. Fibroblast growth 
factors, their receptors and signaling. Endocr Relat Cancer 
2000;7(3):165–97. [CrossRef ]

12.	Potthoff MJ, Kliewer SA, Mangelsdorf DJ. Endocrine fibroblast 
growth factors 15/19 and 21: From feast to famine. Genes Dev 
2012;26(4):312–24. [CrossRef ]

13.	Seitz T, Hellerbrand C. Role of fibroblast growth factor sig-
nalling in hepatic fibrosis. Liver Int 2021;41(6):1201–15. 
[CrossRef ]

14.	Goetz R, Beenken A, Ibrahimi OA, Kalinina J, Olsen SK, 
Eliseenkova AV, et al. Molecular insights into the klotho-depen-
dent, endocrine mode of action of fibroblast growth factor 19 
subfamily members. Mol Cell Biol 2007;27(9):3417–28. [CrossRef]

15.	Baird A, Ueno N, Esch F, Ling N. Distribution of fibroblast 
growth factors (FGFs) in tissues and structure-function 
studies with synthetic fragments of basic FGF. J Cell Physiol 
1987;133(suppl 5):101–6. [CrossRef ]

16.	Canales A, Lozano R, López-Méndez B, Angulo J, Ojeda R, 
Nieto PM, et al. Solution NMR structure of a human FGF-1 
monomer, activated by a hexasaccharide heparin-analogue. 
FEBS J 2006;273(20):4716–27. [CrossRef ]

17.	Alghanmi AM. The structural and functional properties of 
a double mutant of human acidic fibroblast growth factor 
(hFGF-1) [Thesis]. [Fayetteville]: University of Arkansas; 2017.

18.	Zhang JD, Cousens LS, Barr PJ, Sprang SR. Three-dimensional 
structure of human basic fibroblast growth factor, a struc-
tural homolog of interleukin 1 beta. Proc Natl Acad Sci USA 
1991;88(8):3446–50. [CrossRef ]

19.	Allahmoradi H, Asghari SM, Ahmadi A, Assareh E, Nazari M. 
Anti-tumor and anti-metastatic activity of the FGF2 118–
126 fragment dependent on the loop structure. Biochem J 
2022;479(12):1285–302. [CrossRef ]

20.	Bates B, Hardin J, Zhan X, Drickamer K, Goldfarb M. Biosyn-
thesis of human fibroblast growth factor-5. Mol Cell Biol 
1991;11(4):1840–5. [CrossRef ]

21.	Ornitz DM. FGFs, heparan sulfate and FGFRs: Complex interac-
tions essential for development. Bioessays 2000;22(2):108–12. 
[CrossRef ]

22.	Gómez Toledo A, Sorrentino JT, Sandoval DR, Malmström J, 
Lewis NE, Esko JD. A systems view of the heparan sulfate inter-
actome. J Histochem Cytochem 2021;69(2):105–19. [CrossRef ]

23.	Phan P, Saikia BB, Sonnaila S, Agrawal S, Alraawi Z, Kumar 
TKS, et al. The saga of endocrine FGFs. Cells 2021;10(9):2418. 
[CrossRef ]

https://doi.org/10.1182/blood-2007-07-103697
https://doi.org/10.1111/j.1365-2133.2009.09581.x
https://doi.org/10.3390/cells10071830
https://doi.org/10.2174/157488809787169048
https://doi.org/10.1016/0955-2235(89)90012-4
https://doi.org/10.1155/2023/8003821
https://doi.org/10.3390/ijms24087556
https://doi.org/10.4061/2010/218142
https://doi.org/10.1101/cshperspect.a015958
https://doi.org/10.1002/wdev.176
https://doi.org/10.1677/erc.0.0070165
https://doi.org/10.1101/gad.184788.111
https://doi.org/10.1111/liv.14863
https://doi.org/10.1128/MCB.02249-06
https://doi.org/10.1002/jcp.1041330419
https://doi.org/10.1111/j.1742-4658.2006.05474.x
https://doi.org/10.1073/pnas.88.8.3446
https://doi.org/10.1042/BCJ20210830
https://doi.org/10.1128/MCB.11.4.1840
https://doi.org/10.1002/(SICI)1521-1878(200002)22:2%3C108::AID-BIES2%3E3.0.CO;2-M
https://doi.org/10.1369/0022155420988661
https://doi.org/10.3390/cells10092418


124 Int J Med Biochem

24.	Agrawal S, Maity S, AlRaawi Z, Al-Ameer M, Kumar TKS. Tar-
geting drugs against fibroblast growth factor (s)-induced cell 
signaling. Curr Drug Targets 2021;22(2):214–40. [CrossRef ]

25.	Sarabipour S, Hristova K. Mechanism of FGF receptor dimer-
ization and activation. Nat Commun 2016;7(1):10262. [CrossRef ]

26.	Loda A, Turati M, Semeraro F, Rezzola S, Ronca R. Exploring the 
FGF/FGFR system in ocular tumors: New insights and perspec-
tives. Int J Mol Sci 2022;23(7):3835. [CrossRef ]

27.	Farooq M, Khan AW, Kim MS, Choi S. The role of fibroblast 
growth factor (FGF) signaling in tissue repair and regenera-
tion. Cells 2021;10(11):3242. [CrossRef ]

28.	Roskoski Jr R. The role of fibroblast growth factor receptor 
(FGFR) protein-tyrosine kinase inhibitors in the treatment of 
cancers including those of the urinary bladder. Pharmacol Res 
2020;151:104567. [CrossRef ]

29.	Mahapatra S, Jonniya NA, Koirala S, Ursal KD, Kar P, et al. 
The FGF/FGFR signalling mediated anti-cancer drug resis-
tance and therapeutic intervention. J Biomol Struct Dyn 
2023;41(22):13509–33. [CrossRef ]

30.	Raju R, Palapetta SM, Sandhya VK, Sahu A, Alipoor A, Balakr-
ishnan L, et al. A network map of FGF-1/FGFR signaling sys-
tem. J Signal Transduct 2014;2014:962962. [CrossRef ]

31.	Lax I, Wong A, Lamothe B, Lee A, Frost A, Hawes J, et al. The 
docking protein FRS2α controls a MAP kinase-mediated neg-
ative feedback mechanism for signaling by FGF receptors. Mol 
Cell 2002;10(4):709–19. [CrossRef ]

32.	Okada T, Enkhjargal B, Travis ZD, Ocak U, Tang J, Suzuki H, et 
al. FGF-2 attenuates neuronal apoptosis via FGFR3/PI3k/Akt 
signaling pathway after subarachnoid hemorrhage. Mol Neu-
robiol 2019;56:8203–19. [CrossRef ]

33.	Osathanon T, Nowwarote N, Pavasant P. Basic fibroblast growth 
factor inhibits mineralization but induces neuronal differenti-
ation by human dental pulp stem cells through a FGFR and 
PLCγ signaling pathway. J Cell Biochem 2011;112(7):1807–16. 
[CrossRef ]

34.	Browaeys-Poly E, Blanquart C, Perdereau D, Antoine AF, Goe-
naga D, Luzy JP, et al. Grb14 inhibits FGF receptor signaling 
through the regulation of PLCγ recruitment and activation. 
FEBS Lett 2010;584(21):4383–8. [CrossRef ]

35.	Ghimire S, Heindryckx B, Van der Jeught M, Neupane J, O'Leary 
T, Lierman S, et al. Inhibition of transforming growth factor β 
signaling promotes epiblast formation in mouse embryos. 
Stem Cells Dev 2015;24(4):497–506. [CrossRef ]

36.	Krawchuk D, Honma-Yamanaka N, Anani S, Yamanaka Y. FGF4 
is a limiting factor controlling the proportions of primitive en-
doderm and epiblast in the ICM of the mouse blastocyst. Dev 
Biol 2013;384(1):65–71. [CrossRef ]

37.	Widberg CH, Newell FS, Bachmann AW, Ramnoruth SN, 
Spelta MC, Whitehead JP, et al. Fibroblast growth factor 
receptor 1 is a key regulator of early adipogenic events 
in human preadipocytes. Am J Physiol Endocrinol Metab 
2009;296(1):E121–31. [CrossRef ]

38.	Memarzadeh S, Xin L, Mulholland DJ, Mansukhani A, Wu H, 
Teitell MA, et al. Enhanced paracrine FGF10 expression pro-
motes formation of multifocal prostate adenocarcinoma 

and an increase in epithelial androgen receptor. Cancer Cell 
2007;12(6):572–85. [CrossRef ]

39.	Katoh M, Nakagama H. FGF receptors: Cancer biology and 
therapeutics. Med Res Rev 2014;34(2):280–300. [CrossRef ]

40.	Villegas SN, Canham M, Brickman JM. FGF signalling as a 
mediator of lineage transitions—evidence from embryonic 
stem cell differentiation. J Cell Biochem 2010;110(1):10–20. 
[CrossRef ]

41.	Werner S, Smola H. Paracrine regulation of keratinocyte prolif-
eration and differentiation. Trends Cell Biol 2001;11(4):143–6. 
[CrossRef ]

42.	Chen GJ, Forough R. Fibroblast growth factors, fibroblast 
growth factor receptors, diseases, and drugs. Recent Pat Car-
diovasc Drug Discov 2006;1(2):211–24. [CrossRef ]

43.	Ferreras C, Rushton G, Cole CL, Babur M, Telfer BA, van Kup-
pevelt TH, et al. Endothelial heparan sulfate 6-O-sulfation 
levels regulate angiogenic responses of endothelial cells to 
fibroblast growth factor 2 and vascular endothelial growth 
factor. J Biol Chem 2012;287(43):36132–46. [CrossRef ]

44.	Coppage AL, Heard KR, DiMare MT, Liu Y, Wu W, Lai JH, et al. 
Human FGF-21 is a substrate of fibroblast activation protein. 
PLoS One 2016;11(3):e0151269. [CrossRef ]

45.	Marchelek-Mysliwiec M, Dziedziejko V, Dolegowka K, Pawlik A, 
Safranow K, Stepniewska J, et al. Association of FGF19, FGF21 
and FGF23 with carbohydrate metabolism parameters and in-
sulin resistance in patients with chronic kidney disease. J Appl 
Biomed 2020;18(2-3):61–9. [CrossRef ]

46.	Olsnes S, Klingenberg O, Więdłocha A. Transport of exoge-
nous growth factors and cytokines to the cytosol and to the 
nucleus. Physiol Rev 2003;83(1):163–82. [CrossRef ]

47.	Lin D, Sun Q, Liu Z, Pan J, Zhu J, Wang S, et al. Gut microbiota 
and bile acids partially mediate the improvement of fibrob-
last growth factor 21 on methionine-choline-deficient diet-
induced non-alcoholic fatty liver disease mice. Free Radic Biol 
Med 2023;195:199–218. [CrossRef ]

48.	Blaber M, inventor; Florida State University Research Foun-
dation, assignee. Recombinant human fibroblast growth fac-
tor-1 as a novel therapeutic for ischemic diseases and meth-
ods thereof. 2014 Feb 13.

49.	Maddaluno L, Urwyler C, Werner S. Fibroblast growth factors: 
Key players in regeneration and tissue repair. Development 
2017;144(22):4047–60. [CrossRef ]

50.	Żerańska J, Pasikowska M, Szczepanik B, Mlosek K, Malinowska 
S, Dębowska RM, et al. A study of the activity and effective-
ness of recombinant fibroblast growth factor (Q40P/S47I/
H93G rFGF-1) in anti-aging treatment. Adv Dermatol Allergol 
2016;33(1):28–3. [CrossRef ]

51.	Vimalraj S. A concise review of VEGF, PDGF, FGF, Notch, an-
giopoietin, and HGF signalling in tumor angiogenesis with a 
focus on alternative approaches and future directions. Int J 
Biol Macromol 2022;221:1428–38. [CrossRef ]

52.	Pieper JS, Hafmans T, Van Wachem PB, Van Luyn MJ, Brouwer 
LA, Veerkamp JH, et al. Loading of collagen‐heparan sulfate 
matrices with bFGF promotes angiogenesis and tissue gener-
ation in rats. J Biomed Mater Res 2002;62(2):185–94. [CrossRef ]

https://doi.org/10.2174/1389450121999201012201926
https://doi.org/10.1038/ncomms10262
https://doi.org/10.3390/ijms23073835
https://doi.org/10.3390/cells10113242
https://doi.org/10.1016/j.phrs.2019.104567
https://doi.org/10.1080/07391102.2023.2191721
https://doi.org/10.1155/2014/962962
https://doi.org/10.1016/S1097-2765(02)00689-5
https://doi.org/10.1007/s12035-019-01668-9
https://doi.org/10.1002/jcb.23097
https://doi.org/10.1016/j.febslet.2010.09.048
https://doi.org/10.1089/scd.2014.0206
https://doi.org/10.1016/j.ydbio.2013.09.023
https://doi.org/10.1152/ajpendo.90602.2008
https://doi.org/10.1016/j.ccr.2007.11.002
https://doi.org/10.1002/med.21288
https://doi.org/10.1002/jcb.22536
https://doi.org/10.1016/S0962-8924(01)01955-9
https://doi.org/10.2174/157489006777442478
https://doi.org/10.1074/jbc.M112.384875
https://doi.org/10.1371/journal.pone.0151269
https://doi.org/10.32725/jab.2020.005
https://doi.org/10.1152/physrev.00021.2002
https://doi.org/10.1016/j.freeradbiomed.2022.12.087
https://doi.org/10.1242/dev.152587
https://doi.org/10.5114/pdia.2014.44024
https://doi.org/10.1016/j.ijbiomac.2022.09.129
https://doi.org/10.1002/jbm.10267


125Tiwari, Properties and engineering of FGFs / 10.14744/ijmb.2024.16768

53.	Zakrzewska M, Marcinkowska E, Wiedlocha A. FGF-1: from bi-
ology through engineering to potential medical applications. 
Critical reviews in clinical laboratory sciences. 2008;45(1):91–
135. [CrossRef ]

54.	Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive 
extracellular microenvironments for morphogenesis in tissue 
engineering. Nature Biotechnol 2005;23(1):47–55. [CrossRef ]

55.	Andreopoulos FM, Persaud I. Delivery of basic fibroblast 
growth factor (bFGF) from photoresponsive hydrogel scaf-
folds. Biomaterials 2006;27(11):2468–76. [CrossRef ]

56.	Cai S, Liu Y, Shu XZ, Prestwich GD. Injectable glycosaminogly-
can hydrogels for controlled release of human basic fibroblast 
growth factor. Biomaterials 2005;26(30):6054–67. [CrossRef ]

57.	Nikol S, Baumgartner I, Van Belle E, Diehm C, Visoná A, Ca-
pogrossi MC, et al. Therapeutic angiogenesis with intramus-
cular NV1FGF improves amputation-free survival in patients 
with critical limb ischemia. Molecular Therapy 2008;16(5):972–
8. [CrossRef ]

58.	Freudenberg U, Hermann A, Welzel PB, Stirl K, Schwarz SC, 
Grimmer M, et al. A star-PEG–heparin hydrogel platform to aid 
cell replacement therapies for neurodegenerative diseases. 
Biomaterials 2009;30(28):5049–60. [CrossRef ]

59.	Xue L, Greisler HP. Angiogenic effect of fibroblast growth fac-
tor-1 and vascular endothelial growth factor and their syner-
gism in a novel in vitro quantitative fibrin-based 3-dimensional 
angiogenesis system. Surgery 2002;132(2):259–67. [CrossRef]

60.	Bai Y, Bai L, Zhou J, Chen H, Zhang L. Sequential delivery of 
VEGF, FGF-2 and PDGF from the polymeric system enhance 
HUVECs angiogenesis in vitro and CAM angiogenesis. Cellular 
Immunol 2018;323:19–32. [CrossRef ]

61.	Koria P. Delivery of growth factors for tissue regeneration and 
wound healing. BioDrugs 2012;26:163–75. [CrossRef ]

62.	Lee JH, Lee JE, Kang KJ, Jang YJ. Functional efficacy of human re-
combinant FGF-2s tagged with (His) 6 and (His-Asn) 6 at the N-
and C-termini in human gingival fibroblast and periodontal liga-
ment-derived cells. Protein Expr Purif 2017;135:37–44. [CrossRef]

63.	Shimoaka T, Ogasawara T, Yonamine A, Chikazu D, Kawano 
H, Nakamura K, et al. Regulation of osteoblast, chondro-
cyte, and osteoclast functions by fibroblast growth factor 
(FGF)-18 in comparison with FGF-2 and FGF-10. J Biol Chem 
2002;277(9):7493–500. [CrossRef ]

64.	Pintucci G, Moscatelli D, Saponara F, Biernacki PR, Baumann 
FG, Bizekis C, et al. Lack of ERK activation and cell migration in 
FGF‐2‐deficient endothelial cells. FASEB J 2002;16(6):598–600. 
[CrossRef ]

65.	Webb SE, Lee KK, Tang MK, Ede DA. Fibroblast growth factors 
2 and 4 stimulate migration of mouse embryonic limb myo-
genic cells. Dev Dyn 1997;209(2):206–16. [CrossRef ]

66.	Niu J, Chang Z, Peng B, Xia Q, Lu W, Huang P, et al. Keratinocyte 
growth factor/fibroblast growth factor-7-regulated cell mi-
gration and invasion through activation of NF-κB transcrip-
tion factors. J Biol Chem 2007;282(9):6001–11. [CrossRef ]

67.	Sato A, Scholl AM, Kuhn EB, Stadt HA, Decker JR, Pegram K, et 
al. FGF8 signaling is chemotactic for cardiac neural crest cells. 
Dev Biol 2011;354(1):18–30. [CrossRef ]

68.	Wu X, Ge H, Lemon B, Vonderfecht S, Weiszmann J, Hecht R, et al. 
FGF19-induced hepatocyte proliferation is mediated through 
FGFR4 activation. J Biol Chem 2010;285(8):5165–70. [CrossRef]

69.	Oryan A, Moshiri A. A long-term study on the role of exoge-
nous human recombinant basic fibroblast growth factor on 
the superficial digital flexor tendon healing in rabbits. J Mus-
culoskelet Neuronal Interact 2011;11(2):185–95.

70.	Fumitaka K, Takafumi E, Akram AW, Tungalag SO, Satoshi M, 
Kenichi M, et al. FGF7 promotes the proliferation and differ-
entiation of progenitor cells during wound healing of rat sub-
mandibular gland. JJSEDP 2019;11(1):3–11.

71.	Behr B, Leucht P, Longaker MT, Quarto N. Fgf-9 is required for 
angiogenesis and osteogenesis in long bone repair. Proc Natl 
Acad Sci U S A 2010;107(26):11853–8. [CrossRef ]

72.	Komaba H, Fukagawa M. FGF23–parathyroid interac-
tion: Implications in chronic kidney disease. Kidney Int 
2010;77(4):292–8. [CrossRef ]

73.	Suh JM, Jonker JW, Ahmadian M, Goetz R, Lackey D, Osborn O, 
et al. Endocrinization of FGF1 produces a neomorphic and po-
tent insulin sensitizer. Nature 2014;513(7518):436–9. [CrossRef ]

74.	Stanislaus S, Hecht R, Yie J, Hager T, Hall M, Spahr C, et al. 
A novel Fc-FGF21 with improved resistance to proteol-
ysis, increased affinity toward β-Klotho, and enhanced 
efficacy in mice and cynomolgus monkeys. Endocrinol 
2017;158(5):1314–27. [CrossRef ]

75.	Kang CE, Tator CH, Shoichet MS. Poly (ethylene glycol) modi-
fication enhances penetration of fibroblast growth factor 2 to 
injured spinal cord tissue from an intrathecal delivery system. 
J Controlled Release 2010;144(1):25–31. [CrossRef ]

76.	Shu C, Sun P, Xie H, Huang W, Qi J, Ma Y. Virus-like particles 
presenting the FGF-2 protein or identified antigenic pep-
tides promoted antitumor immune responses in mice. Int J 
Nanomed 2020;15:1983–96. [CrossRef ]

77.	Ye X, Yu D, Wu Y, Han J, Li S, Wu Q, et al. An efficient large-scale 
refolding technique for recovering biologically active recom-
binant human FGF-21 from inclusion bodies. Int J Biol Macro-
mol 2019;135:362–72. [CrossRef ]

78.	Eveleth DD, Eveleth JJ, Subramaniam A, Hahn R, Zhou P, Gor-
don MK, et al. An engineered human fibroblast growth fac-
tor-1 derivative, TTHX1114, ameliorates short-term corneal 
nitrogen mustard injury in rabbit organ cultures. Invest Oph-
thalmol Vis Sci 2018;59(11):4720–30. [CrossRef ]

79.	Kim YS, Hong G, Kim DH, Kim YM, Kim YK, Oh YM, et al. The role 
of FGF-2 in smoke-induced emphysema and the therapeutic 
potential of recombinant FGF-2 in patients with COPD. Exp 
Mol Med 2018;50(11):1–10. [CrossRef ]

80.	Kawaguchi H, Oka H, Jingushi S, Izumi T, Fukunaga M, Sato 
K, et al; TESK Group. A local application of recombinant hu-
man fibroblast growth factor 2 for tibial shaft fractures: 
A randomized, placebo-controlled trial. J Bone Miner Res 
2010;25(12):2735–43. [CrossRef ]

81.	Barr L, Getgood A, Guehring H, Rushton N, Henson FM. The 
effect of recombinant human fibroblast growth factor-18 on 
articular cartilage following single impact load. J Orthop Res 
2014;32(7):923–7. [CrossRef ]

https://doi.org/10.1080/10408360701713120
https://doi.org/10.1038/nbt1055
https://doi.org/10.1016/j.biomaterials.2005.11.019
https://doi.org/10.1016/j.biomaterials.2005.03.012
https://doi.org/10.1038/mt.2008.33
https://doi.org/10.1016/j.biomaterials.2009.06.002
https://doi.org/10.1067/msy.2002.125720
https://doi.org/10.1016/j.cellimm.2017.10.008
https://doi.org/10.2165/11631850-000000000-00000
https://doi.org/10.1016/j.pep.2017.05.001
https://doi.org/10.1074/jbc.M108653200
https://doi.org/10.1096/fj.01-0815fje
https://doi.org/10.1002/(SICI)1097-0177(199706)209:2%3C206::AID-AJA6%3E3.0.CO;2-M
https://doi.org/10.1074/jbc.M606878200
https://doi.org/10.1016/j.ydbio.2011.03.010
https://doi.org/10.1074/jbc.M109.068783
https://doi.org/10.1073/pnas.1003317107
https://doi.org/10.1038/ki.2009.466
https://doi.org/10.1038/nature13540
https://doi.org/10.1210/en.2016-1917
https://doi.org/10.1016/j.jconrel.2010.01.029
https://doi.org/10.2147/IJN.S237182
https://doi.org/10.1016/j.ijbiomac.2019.05.167
https://doi.org/10.1167/iovs.18-24568
https://doi.org/10.1038/s12276-018-0178-y
https://doi.org/10.1002/jbmr.146
https://doi.org/10.1002/jor.22622


126 Int J Med Biochem

82.	Zhou M, Learned RM, Rossi SJ, DePaoli AM, Tian H, Ling L. 
Engineered fibroblast growth factor 19 reduces liver injury 
and resolves sclerosing cholangitis in Mdr2-deficient mice. 
Hepatol 2016;63(3):914–29. [CrossRef ]

83.	Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molec-

ular evolutionary genetics analysis across computing plat-
forms. Mol Biol Evol 2018;35(6):1547. [CrossRef ]

84.	Beenken A, Mohammadi M. The FGF family: Biology, patho-
physiology and therapy. Nat Rev Drug Discov 2009;8(3):235–
53. [CrossRef ]

https://doi.org/10.1002/hep.28257
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1038/nrd2792



