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Abstract

Bone regeneration has been the ultimate goal in the field of bone and joint medicine and has been evaluated
through various basic research studies to date. Translational research of regenerative medicine has focused on three
primary approaches, which are expected to increase in popularity: cell therapy, proteins, and artificial materials.
Among these, the local injection of a gelatin hydrogel impregnated with the protein fibroblast growth factor (FGF)-
2 is a biomaterial technique that has been developed in Japan. We have previously reported the efficacy of gelatin
hydrogel containing injectable FGF-2 for the regenerative treatment of osteonecrosis of the femoral head.
Injectable growth factors will probably be developed in the future and gain popularity as a medical approach in
various fields as well as orthopedics. Several clinical trials have already been conducted and have focused on this
technique, reporting its efficacy and safety. To date, reports of the clinical application of FGF-2 in revascularization

for critical limb ischemia, treatment of periodontal disease, early bone union for lower limb fracture and knee
osteotomy, and bone regeneration for osteonecrosis of the femoral head have been based on basic research
conducted in Japan. In the present report, we present an extensive review of clinical applications using injectable
growth factors and discuss the associated efficacy and safety of their administration.
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Background

The local administration of signaling molecules to act as
stimulators has been considered an ideal method for tissue
regeneration because of increased cancer risk from repeated
systemic exposure. However, morphogenic proteins, such as
growth factor (GF), have a relatively short effective half-life
at the operation site due to poor protein stability. GFs, in
their native form, have several limitations, such as limited in-
teractions with the surrounding extracellular matrix and
biologic instability to withstand heat or varying pH condi-
tions. The limited success of GF-based therapy in clinical
practice is also associated with the lack of appropriate deliv-
ery methods [1-3]. Therefore, over past decades, a consider-
able number of studies have been conducted on
recombinant technology of GFs and drug delivery systems
(DDS) using various carriers. In particular, natural polymers
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such as collagen, gelatin, fibrinogen, hyaluronic acid, and
chitosan, among others, have been a research target for
scaffold-based DDS because they are often soluble in water
and are relatively harmless to the bioactivity of GFs. The
practical clinical application of GFs in regenerative medicine
has advanced based on these combinatorial protein engin-
eering approaches.

Historically, the nerve GF (NGF) reported by Levi-
Montalcini et al. was the first cell GF to be identified [4].
GFs can be defined as soluble-secreted signaling poly-
peptides that regulate undifferentiated cell proliferation
and differentiation to increase or decrease specific cell
populations by binding to receptors and transmitting
intracellular signals. In the human body, GFs are gener-
ally used to trigger the activity of endogenous proteins
that promote cell proliferation and differentiation. These
factors exhibit various functions in the regulation of
cytological and physiological processes by binding to re-
ceptor proteins on the surface of target cells, acting as
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intercellular signal transducers. Cytokines are substances
that enable communication among cells via immune sys-
tem fluids and the hematopoietic system. Conversely,
the function of GFs has also been studied in the research
of solid tissues. Some GFs act as cytokines or hormones
and promote cell differentiation and maturation, rather
than cell proliferation [5]. While some cytokines, such as
granulocyte colony-stimulating factor and granulocyte—
macrophage colony-stimulating factor, are GFs, other
cytokines, such as Fas ligand, inhibit cell proliferation or
induce cell death (apoptosis). GFs can be classified into
several families according to their structural and evolu-
tional characteristics. Most cytokines are peptides or
proteins, which are thought to be crucial during cell
development and differentiation, with research on their
receptors and relationships with carcinogenic mecha-
nisms being actively underway. GFs include NGFs,
which promote differential growth such as that of sym-
pathetic ganglion nerve cells; epidermal growth factors
which promote the proliferation and differentiation of
epithelial cells; fibroblast growth factors (FGFs); hepato-
cyte growth factors; and bone morphogenetic proteins
(BMP). GFs involved in the regulation of bone metabol-
ism include FGF, BMP, transforming growth factor beta
(TGE-B), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), and insulin-like
growth factor (IGF) [6].

Common limitations of all GFs include their extremely
brief periods of biological activity and specified durations of

Table 1 Clinical trials using injectable growth factor
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local effective concentrations. Thus, DDS technology, enab-
ling the sustained release of GFs, is essential for tissue re-
generation. Among the natural polymers expected to be
effective scaffolds, gelatin-based hydrogels demonstrated
the controlled release of GFs at the target site over an ex-
tended time period. Gelatin hydrogels are cross-linked
hydrophilic polymer networks providing stability and cross-
communication with GFs [1, 3]. Moreover, Japanese
researchers are currently developing injectable hydrogels
containing GFs [7-9], which can be administered using
minimally invasive techniques rather than conventional
open surgeries. In the present review, we focus on GFs with
osteogenic, angiogenic, and tissue repair actions, summarize
the examples of clinical applications of injectable GFs, and
discuss their practical applications (Table 1).

The advent of the gelatin hydrogel

Gelatin hydrogel is a bioabsorbable material that is pro-
duced by the chemical crosslinking of gelatin. It contains
various solidified proteins, which have preserved bio-
activity through physiochemical (mainly electrostatic) in-
teractions. The use of cross-linked gelatin has enabled
the immobilization and regulation of the local release of
GFs [1, 3]. Tabata et al. reported that the release of GFs
from the hydrogel at the site of implantation was con-
trollable for more than 2 weeks, a period that correlates
strongly with the patterns of in vivo GF release and
hydrogel degradation [8]. A gelatin sample with an iso-
electric point of 5.0 was isolated from bovine bone

Target disease, year, author  Growth factor Carrier, product characters Number of ~ Results Severe adverse
patients events

Critical limb ischemia, 2007, rhFGF-2,200ug  Gelatin hydrogel, injectable 7 Vascular regeneration No severe adverse

Marui et al. [10] syringe events

Knee osteotomy for rhFGF-2; 200, 400, Gelatin hydrogel, injectable 57 Dose-dependent early bone Recovered without

osteoarthritis, 2007, 800 g syringe healing problem

Kawaguchi et al. [11]

Periodontitis; 2008, 2011; rhFGF-2; 0.03%, Hydroxypropylcellulose, 59 Periodontal regeneration Recovered without

Kitamura M et al. [12, 13] 0.1%, 0.3% injectable syringe problem

Tibial fracture, 2010, rhFGF-2; 800, Gelatin hydrogel, injectable 47 Early bone healing Recovered without

Kawaguchi et al. [14] 2400 pg syringe problem

Glucocorticoid-resistant rhIGF-1, 10 mg Gelatin hydrogel, injectable 25 Hearing improvement Recovered without

sudden sensorineural problem

hearing loss, 2010,

Nakagawa et al. [15]

Sudden deafness refractory  rhiGF-1, 300 ug Gelatin hydrogel, injectable 62 Hearing improvement Recovered without

to systemic corticosteroid problem

treatment, 2014, Nakagawa

et al. [16]

Osteonecrosis of the rhFGF-2, 800 ug Gelatin hydrogel, sheet, 10 Nine of ten patients revealed Recovered without

femoral head, 2011, injectable bone regeneration problem

Kuroda et al. [17]

Osteonecrosis of the rhFGF-2, 800 ug Gelatin hydrogel, injectable 64 Under evaluation Under evaluation

femoral head, Completed
March 2019, Kuroda et al.

syringe

rh recombinant human, FGF fibroblast growth factor, IGF insulin-like growth factor
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through an alkaline process. The gelatin hydrogel was
prepared through the glutaraldehyde crosslinking of gel-
atin at 4°C for 12h. The processed hydrogels were
soaked in a glycine aqueous solution for 3 h to block the
residual aldehyde groups of the hydrogels. The hydrogels
were then rinsed three times with distilled water at room
temperature. The homogenates of gelatin hydrogels were
passed through sieves with different mesh sizes and col-
lected as microspheres with diameters ranging from 50
to 100 um and freeze-dried [7-9, 18, 19]. In this hydro-
gel system, the GF immobilized in the acidic gelatin
hydrogel is released only when the hydrogel is degraded
to generate water-soluble gelatin fragments. Gelatin
hydrogels have been modified to be more acidic or more
basic in order to increase ionic interactions with oppos-
itely charged GFs [1]. The controlled release of FGF-2
from a negatively charged gelatin hydrogel, or BMP-2
from a positively charged one, has respectively shown
improved regeneration of cartilage and bone [18, 19].
Thanks to the advent of the gelatin hydrogel, several re-
search studies on cell GFs and gelatin hydrogels contain-
ing recombinant human (rh) GF are currently underway.
Furthermore, the gelatin hydrogel can be modified into a
sheet, disk, or granular forms, enabling broad applica-
tions. Especially, the injectable hydrogels containing GFs
have an even more relevant clinical application as these
can be administrated using minimally invasive tech-
niques. Minimally invasive procedures using the inject-
able GF has several advantages over conventional
procedures, such as less operative trauma, complications,
and adverse events. The development of these products
has been done with their clinical application in mind
(Fig. 1). In fact, these injectable GF hydrogels are
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packaged in a convenient and ready-to-use kit consisting
of a syringe containing the freeze-dried gel and GF solu-
tion (Fig. 2).

Fibroblast growth factor (FGF)

FGFs are proteins identified from pituitary glands in
cows and they are found in most tissues throughout the
human body [20, 21]. These GFs have various physio-
logical activities and form a family comprising FGF-1 to
FGF-23 [1, 3, 22]. FGF-2, FGF-9, and FGF-18 were first
identified in mesenchymal cells and osteoblasts aggre-
gated in the fetal period during which FGFs play an im-
portant role in skeletal development. GFs generally act
as systemic or locally circulating molecules of extracellu-
lar origin that activate cell surface receptors. The genetic
mutations of FGF receptors (FGFRs) lead to various dis-
eases that cause abnormal skeleton formation, such as
Pfeiffer, Apert, Crouzon, and Jackson—Weiss syndromes
[23]. It must be noted that FGFR3 mutations cause
achondroplasia and type II thanatophoric dysplasia,
which result in dwarfism secondary to a growth cartilage
disorder [20, 21]. This evidence demonstrates that FGF
signaling performs an important role in the inhibition of
bone and cartilage formation during developmental and
growth periods, and its research has drawn much atten-
tion within the field of bone metabolism [1, 3, 24]. Fur-
thermore, FGF-2, known as basic FGF, is thought to
promote cell proliferation and differentiation through
various actions, such as vasoformative processes. FGF-2
contributes to angiogenesis, wound healing, and bone re-
pair. Reportedly, FGF-2 increases the number of osteo-
blasts and chondroblasts. Furthermore, FGF-2 induces
differentiation and proliferation of mesenchymal stem

-

Injectable growth factor

performed from the head to toe

Fig. 1 Human figure showing where clinical applications of injectable growth factor are used. Injectable growth factor therapy is actually being
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( ) cells, resulting in bone regeneration. The FGFR family
has four members, FGFR1 to FGFR4. It has been re-
ported that FGF exerts its action by activating FGFR1-3
and signaling pathways that control cells of osteoblast
lineage [1, 3, 22, 24, 25] (Fig. 3).

While FGF-2 exhibits a strong angiogenetic action, it
has a short half-life. Tissue regeneration using a GF
alone has not been successful because the half-life of the
GF is insufficient to sustain biologic activity. Arakawa
et al. reported that FGF-2 is susceptible to heat (temper-
atures over of 37 °C or higher) and proteolytic enzymes
such as trypsin. Further, the half-life of FGF in vivo is
short, ~12h or less [26]. Therefore, it was essential to
develop DDS using appropriate scaffolding that enables
the drug to act locally for a defined period of time. Of
the various DDS that have been developed, biodegrad-
able gelatin hydrogel incorporating rhFGF-2 has been
developed and proceeded successfully in Japan. Thus,
FGFs are multifactorial proteins with a wide variety of
effects that are expected to be applied clinically for tissue
regeneration [1, 3, 22, 24]. In the field of osteoarticular
medicine, animal experiments have revealed that the use
of gelatin hydrogel increases bone formation and mass
in the defective bone area [7-9, 18, 19]. Thus, the gelatin
hydrogel serves as scaffolding for cell proliferation, pro-
motes the induction of biological tissue regeneration,

Fig. 2 Injectable gelatin hydrogel containing growth factor. The and enables continued bioactivity of cell GFs.
growth factor solution is impregnated in gelatin hydrogel to create
a gel-form that can be percutaneously injected using a syringe. a
Preparation of the growth factor solution (upper) and the freeze-

Clinical trial using injectable rhFGF-2 preparation

dried gelatin (lower). b A gel-form of growth factor-impregnated Revascularization treatment for lower limb ischemia and
gelatin hydrogel inside the syringe. c Injected gel-form containing ischemic heart disease
| growth factor ) The first clinical study of arterial regenerative medicine

using rhFGF-2 for lower limb ischemia (such as Buer-
ger’s disease and arteriosclerosis obliterans) was reported

FGF/FGFR2
activation

-

Mesenchymal cell Preosteoblast Mature osteoblasts Osteocyte

Proliferation Differentiation

Fig. 3 Schematic representation of FGF-FGFR signaling pathways and mechanisms in osteogenesis. The regulation of osteogenesis by FGF and
FGFR. FGF/FGFR signaling is an important regulator of osteoblastogenesis, and that control osteoblast replication and differentiation. Activation of
FGF and FGFR triggers the activation of ERK1/2 MAPK, PLCy/PKC, and Akt activity which upregulate osteoblast gene expression and osteogenesis.
Abbreviations: FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptors
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by Marui et al. [10]. Under lumbar anesthesia, gelatin
hydrogel granules containing rhFGF-2 were injected into
40 sites at the gastrocnemius muscle of the ischemic
limb at a dose of 1 ml per injection (total dose of 40 ml
and total rhFGF-2 of 20 pg). The primary efficacy end-
point was the transcutaneous oxygen tension of the
affected area, which significantly increased from the pre-
administration of the trial drug at 4 and 24 weeks to that
after administration, indicating an improvement in the
primary efficacy endpoint. Significant improvements
were also reported in secondary endpoints, including the
6-min walk distance, cyanosis, clinical symptoms defined
by Rutherford’s chronic limb ischemia classification, and
symptoms at rest assessed using a pain scale. Although
no significant improvement was observed in ischemia-
related ulcerations, improvements were reported in three
of the four patients with ischemia-related ulcers from
baseline to 4- and at 24-week follow-up visits. The drug
tested was developed as a means to treat lower limb is-
chemia that could not be cured with standard treatment
methods [27]. For the purpose of that research study, a
gelatin hydrogel sheet containing rhFGF-2 was devel-
oped for two patients with severe ischemic heart disease
requiring coronary artery bypass surgery.

High tibial osteotomy

Kawaguchi et al. reported the first prospective multicen-
ter clinical trial of the effect of rhFGF-2 on promoting
bone formation [11]. This study included 57 patients
(aged 40-74 years) who underwent high tibial osteotomy
for knee osteoarthritis and were assigned to either the
low- (200 pg), moderate- (400 pg), or high- (800 ug) dos-
age groups (n=20, 18, 19, respectively). No significant
between-group differences were noted for patient char-
acteristics, including sex, age, height, and weight. After
osteotomy and fixation, a controlled-release gelatin
preparation containing the assigned dose of rhFGF-2
was injected into the osteotomy site, and the wound was
closed. At 16 weeks after surgery, bone union was
assessed by blinded independent assessors using radio-
graph; results indicated that rhFGF-2 improved the rate
of bone healing in a dose-dependent manner (P = 0.035).
The time to achieve bone union in 50% of patients in
the low-, moderate-, and high-dosage groups was 11.5,
10.1, and 8.1 weeks, respectively; the rate of bone union
at 8 and 10 weeks in the high-dosage group was approxi-
mately three- and twofold that of the low-dosage group,
respectively. Furthermore, rhFGF-2 reduced, in a dose-
dependent manner, the time in which patients became
pain-free, achieved full weight bearing, and could have
the external fixation device removed. Conversely, no sig-
nificant differences were noted before and after surgery
or among groups in serum bone metabolism markers or
FGF-2 concentrations. Moreover, during the observation
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period, anti-FGF-2 and anti-gelatin antibodies could not
be detected, and no observed adverse events were found
to correlate with dosage. For ethical reasons, the study
did not include a carrier-only control group; however,
compared with the results of animal experiments, the
findings of a clear dose-dependent action indicate that
rhFGF-2 has the same bone anabolic action in humans
and animals. This study by Kawaguchi et al. [11] was the
first study worldwide to clearly demonstrate that the
promotion of bone formation by rhFGF-2 can be applied
safely and effectively in clinical settings.

Tibial fractures

Kawaguchi et al. conducted a randomized, placebo-
controlled, double-blind comparative study of rhFGF-2-
controlled release gelatin to promote fracture healing in
patients using animal models of rhFGF-2-controlled re-
lease gelatin [14]. The study included 71 patients aged
20-75 years with Gustilo type I open or closed trans-
verse or short oblique diaphyseal fractures. These pa-
tients were treated over a 2-year period at 48 institutions
in Japan, did not meet any of the exclusion criteria, and
provided consent. The subjects were randomly allocated
to one of three groups that received the gelatin hydrogel
preparation as follows: placebo (without rhFGE-2), low-
dosage (0.8 mg of rhFGF-2), and high-dosage (2.4 mg of
rhFGF-2) groups. Immediately after the fixation, the al-
located preparation was injected into the fracture site.
Bone union was evaluated by standard radiographs every
2weeks over a 24-week period after administration.
These radiographs revealed that the time to bone union
was significantly lower in both groups that received
rhFGF-2 (P =0.031 and P =0.009 for the low- and high-
dosage groups, respectively) than that in the placebo
group. Additionally, the number of days to achieve bone
union was 28 and 27 days shorter in the low- and high-
dosage groups, respectively, than that in the placebo
group; no significant difference was noted between the
low- and high-dosage groups (P=0.776). Bone union
was not achieved after 24 weeks in four patients in the
placebo group and in one patient in the low-dosage
group, but it was achieved in all the patients in the high-
dosage group. There was no significant difference in the
incidence of adverse events among the three groups.
Therefore, these results demonstrated that the local ad-
ministration of rhFGF-2 was indeed effective and safe
for tibial fractures.

Periodontal disease

An exploratory phase II clinical trial [12] and post-treatment
survey [13] targeted periodontal disease cases reported by
Kitamura et al. in 2008 and 2011, respectively, investigating
rhFGEF-2 for periodontal disease. The trial was a double-
blind, multicenter, collaborative, randomized, placebo-
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controlled design conducted from 2001 to 2004. The study
sample comprised 79 participants, of which 20 received pla-
cebo. At the time of undergoing flap surgery with hydroxy-
propylcellulose (HPC) as the substrate, the participants
received either a placebo (0%) or rhFGF-2 at a concentration
of either 0.03%, 0.1%, or 0.3%. At 36 weeks, alveolar bone re-
generation in the test tooth was evaluated as the primary
endpoint. Based on standard radiographic images, the results
confirmed that the local administration of an HPC prepar-
ation containing 0.3% rhFGF-2 for two- or three-walled
periodontal bone defects had a significant effect on peri-
odontal bone regeneration. These findings confirmed that
rhFGF has a strong regenerative action in periodontal bones,
with no notable safety issues reported.

Long-term progress was subsequently examined using in-
formation from medical records based on the details and
date of treatment for the test tooth, in which was adminis-
tered either the assigned concentration of rhFGF-2 or the
placebo, and the appearance of symptoms in the test tooth
was examined over approximately 8 years from the day of
the final clinical trial observation. A survival analysis was
performed with events defined as treatment or symptoms
that were deemed to result from the exacerbation of peri-
odontitis at the trial drug administration site, and all other
events were excluded. Events occurred in 14 patients, and
survival analysis revealed that the period until the event on-
set was significantly longer in the group administered 0.3%
rhFGF-2 than in the placebo group that underwent flap
surgery alone (generalized Wilcoxon test P =0.0345). Fur-
thermore, no complications regarding the safety of rhFGE-
2 administration over the observation period were noted. In
November 2016, the Japanese national health insurance
price listing was allocated to rhFGF-2, and the drug is pres-
ently used widely by dentists.

Osteonecrosis of the femoral head
We reported an exploratory clinical trial of the percu-
taneous administration of a gelatin hydrogel containing
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rhFGF-2 for osteonecrosis of the femoral head [17, 28].
The study sample included 10 patients (five male and
five female patients with a mean age of 39.8 years) with
pre-collapse osteonecrosis (stage <2) that was induced
by steroids in eight and by alcohol in two patients. The
primary endpoint was the incidence of adverse events,
and the secondary endpoints were the inhibition of fem-
oral head collapse, changes in disease staging, clinical
evaluations (visual analog score for pain, Harris hip
score, and University of California, Los Angeles activity
score), and assessment of bone regeneration in the nec-
rotic area. Surgery was performed under lumbar
anesthesia, and a 1-cm incision was made through which
a hydrogel containing 800 ug of rhFGF-2 was percutan-
eously administered (Fig. 4). No problematic adverse
events were noted, with the exception of one patient
who had a maximum necrotic volume of 70% at the time
of surgery and no cases of femoral head collapse or pro-
gression of disease staging. The mean operative duration
was 18 min, walking was permitted from the day follow-
ing surgery, and the mean hospital stay was 6 days. All
clinical scores were improved 1 year after surgery com-
pared with the preoperative scores. Notably, a subse-
quent, physician-initiated, multicenter trial including 64
subjects started from January 2016. The 2-year observa-
tion period was completed by March 2019, and analyses
are underway.

Bone morphogenic proteins (BMPs)

In 1965, Urist reported BMPs as factors with a capacity
for heterotopic bone formation, which are found in the
demineralized bone matrix. Since then, BMPs have been
better known as bone- and cartilage-inducing factors
that promote bone formation in vivo [29]. Data from
gene cloning has revealed that BMP exists in nearly 20
isoforms. The TGE-PB superfamily is classified into four
subgroups comprising BMPs, activin, inhibin, and TGF-
B, with various functions, such as development and

photograph when pushing the plunger to inject

Fig. 4 Percutaneous administration of growth factors into the femoral head. Local injection can be percutaneously administered to the target
site. This reduces the operating time and damage to surrounding tissue and enables surgery to be minimally invasive. a A syringe with long
needle available for percutaneous administration. b An intraoperative radiographic image reaching to the target site. ¢ An intraoperative
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tissue homeostasis [30]. Among these, BMP-2, BMP-4,
BMP -6, and BMP -7 have a strong impact on bone for-
mation. BMPs act on undifferentiated mesenchymal cells
and induce runt-related transcription factor 2 (Runx2)
expression and osteoblast differentiation. However, in
Runx2 knockout cells, evidence that BMPs induce osteo-
blast differentiation demonstrates the presence of a
Runx2 non-dependent pathway. BMP-2 and BMP-7/OP-
1 (osteogenic protein) play an important role in the
regulation of undifferentiated mesenchymal cells to oste-
oblasts and also possibly in bone regeneration. There-
fore, they have been examined in detail as factors that
promote bone formation in various tissues and cells both
in vitro and in vivo.

In the field of orthopedic surgery, a kit combining
rhBMP-2 and absorbable collagen sponge (bovine type I
collagen) is commercially available as a medical device
for guiding bone regeneration (InNFUSE Bone Graft,
Medtronic Sofamor Danek, Inc., Minneapolis, MN,
USA). It is primarily used in the treatment of spinal fu-
sion and tibial fractures [31-33] and is used less fre-
quently for osteonecrosis of the femoral head [34-36].
The high-usage rate for spinal fusion increases costs and
the device has been associated with adverse events
resulting from concentration settings in clinical applica-
tion and off-label administration [37, 38]. The US Food
and Drug Administration (FDA) issued a statement in
July 2008 regarding life-threatening complications asso-
ciated with InFUSE bone grafts. The rhBMP-7/OP-1
(Putty, Stryker, Kalamazoo, MI, USA) has obtained a hu-
manitarian device exemption from the FDA, allowing it
to be used for lumbar spine fusion and the treatment of
long bone fractures [39, 40].

Platelet-derived growth factor (PDGF)

PDGFs are produced by osteoblasts and primarily act to
promote bone cell proliferation and mesenchymal cell
migration simultaneously. Their effect on wound healing
is promising, and among the known GFs, the clinical ap-
plication of PDGFs is extensive and continues to expand.
PDGFs exhibit weaker promotion of bone formation
than that exhibited by other GFs; however, when com-
bined with IGF-1, it has been found to promote bone
formation in the field of dentistry [41]. PDGFs exist as
dimeric forms of the polymerized monomers PDGF-A
and PDGF-B, with the strongest activity demonstrated
by PDGE-BB. PDGFs act on osteoblasts to promote pro-
liferation and collagen production but not osteoblast dif-
ferentiation [42].

Regranex gel (Ortho-McNeil Pharmaceutical, Raritan,
NJ, USA) is the first FDA-approved rhPDGF product
(100 pg/g) for the treatment of lower limb diabetic ulcers
[43]. It is supplied in multi-use tubes as a non-sterile so-
lution for topical use, containing 15¢g of gel. GEM-21S
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(LYNCH Biologics LLC, Franklin, TN, USA), which is
commercially available in the USA, induces periodontal
tissue regeneration by combining PDGEF-BB and B-
tricalcium phosphate (a prosthetic bone material). It
thus constitutes an example of the application of cyto-
kines in this field. A randomized controlled trial, which
included a 3-year follow-up after surgery, demonstrated
that combining 0.3 mg/ml of rhPDGF-BB with a carrier
improves the periodontal pocket depth compared to that
observed with the carrier alone and achieves clinical at-
tachment levels [44].

Vascular endothelial growth factor (VEGF)

VEGFs primarily act on endothelial cells as paracrine
factors, and their bioactivity promotes angiogenesis, cell
division, vascular permeability, and chemotactic activity.
Both VEGF and VEGF receptors are expressed in osteo-
blasts; the addition of VEGF directly promotes osteoblast
mineralization, demonstrating that VEGF promotes their
differentiation [45]. The production of VEGFs in osteo-
blasts is enhanced by BMP via the p38 mitogen-
activated protein kinase pathway; however, increased
VEGF production, induced by BMPs, promotes bone
formation by enhancing angiogenesis rather than the
mineralization of osteoblasts. VEGFs are clinically ap-
plied to improve angiogenesis and tissue ischemia in dis-
eases affecting the lower limbs [46].

Insulin-like growth factor (IGF)

IGF-1 was initially identified as an insulin-like growth
factor; however, it has recently been found to exert vari-
ous effects on cell protection and proliferation. IGF in-
creases the signaling needed for cell survival, reduces
unnecessary active oxygen, and inhibits apoptosis [47].
Furthermore, it increases cellular energy metabolism,
promotes cell growth and dopamine neurotransmission
in a functional manner, and consequently contributes to
the regeneration of nerve cells [48]. IGFs include IGF-1
and —H, and although IGF-II is predominantly expressed
in the fetal period, IGF-1 appears to have a greater role
in growth and development after birth. IGF-1 is primar-
ily produced by the liver in a growth hormone-
dependent manner. However, in bone tissues, IGF-1 is
produced by osteoblasts and acts as a local GF through
autocrine/paracrine activity and accumulates abundantly
in the bone matrix. In the field of otorhinolaryngology,
gelatin hydrogel containing IGF-1 is clinically applied for
the treatment of sudden deafness [15, 16].

Discussion

In the 1970s, developments in recombination DNA tech-
nology enabled the refinement of proteins with various
physiological activities, such as interferon and granulo-
cyte colony-stimulating factor, which have been used as



Kuroda et al. Inflammation and Regeneration (2019) 39:20

pharmaceuticals in clinical practice. By contrast, cell GFs
are proteins that act in small concentrations, are classi-
fied as locally acting cytokines that cannot pass through
the lipid bilayer of cell membranes, and instead act by
binding to receptor proteins that pass through cell mem-
branes [1, 3-6].

There are several possible reasons for the development
of regenerative medicine using GFs. First, regenerative
medicines, such as gene and cell therapy, have been
attempted; however, while many studies have reportedly
suggested that they are useful procedures, several associ-
ated problems, including the short- and long-term safety
of genetic materials such as viruses and plasmids, exist.
Second, while cell transplantation using autologous cells
has excellent safety, a highly invasive harvesting process
is required to ensure a sufficient number of cells. Add-
itionally, no consensus has been reached regarding the
isolated cell type and number of transplanted cells.
Therefore, recombinant technology has also been devel-
oped, and the application of GFs in regenerative medi-
cine has advanced. Furthermore, the advent of carriers
that are capable of controlled release has promoted basic
research [1-3]. If target proteins could be developed to
act locally and effectively for a defined period, this could
aid in avoiding not only time-related and ethical restric-
tions but also economical barriers, such as those associ-
ated with cell culture and gene transfer, enabling the
implementation of simplified regenerative medicines.
The ideal DDS would characteristically involve an ad-
justable period for hydrogel biodegradation of several
days to months during which proteins would be locally
released in a predominantly constant, controlled man-
ner, exhibiting continuous physiological activity. Of the
various carriers studied, natural polymers including col-
lagen, gelatin, fibrinogen, and hyaluronic acid have
gained wide attention as scaffold-based DDS. The main
reason for this is that Se carriers are often soluble in
water and are relatively harmless to the bioactivity of
GFs. Table 1 of the present review shows that in past tri-
als of gelatin hydrogels, there were no problematic ad-
verse events, which allowed incorporating GFs as
effective regenerative medicine approaches. Although all
topically applied products have the risk of being irritat-
ing or causing allergic contact dermatitis, the past clin-
ical trials using gelatin hydrogels set the exclusion
criteria of hypersensitivity to gelatin for reducing the ad-
verse event. Gelatin is used in several food products and
as regulating material that is clinically applied; it turns
into non-toxic amino acids after its breakdown in the
body.

Among the many identified GFs, research and devel-
opment of rhFGF-2 in Japan have progressed consider-
ably mainly as a result of carriers, such as hydrogels,
which allow a controlled release of the GF [7-9, 18, 19].
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Accordingly, rhFGF-2 has already been developed into
products for bedsores (Fiblast Spray, Kaken Pharmaceu-
ticals Co., Ltd. Tokyo, Japan) [49, 50]. Based on the
research and development of the rhFGF-2 product, sev-
eral in vitro studies were underway to determine the
mechanisms underlying the promotion of bone forma-
tion by FGF-2 observed in vivo from the perspective of
osteoblastic cell proliferation, differentiation, and matrix
synthesis [20, 21]. Kawaguchi et al. demonstrated that
FGEF-2 has a strong promoting action on cell prolifera-
tion, especially on undifferentiated osteoblast precursors
and bone marrow stromal cells [51]. By contrast, the ef-
fect of FGF-2 on osteoblastic cell differentiation and
matrix synthesis, particularly on collagen synthesis, ap-
pears consistent in terms of inhibition. Therefore, the
role of FGFs in fracture healing primarily involves the
promotion of undifferentiated mesenchymal cell prolifer-
ation, indicating that subsequent cell differentiation and
matrix synthesis are promoted by other GFs such as
cytokine cascades, including TGF-p and BMPs. Indeed,
FGEF-2 promotes the synthesis of TGE-p, IGF, and their
binding proteins. In the first human clinical trial using
the injectable rhFGF-2, Kawaguchi et al. reported single
injections of rhFGF-2-impregnated hydrogel at doses of
200, 400, and 800 pg in cut surfaces of the tibia, which
resulted in a rapid and dose-dependent synostosis [11].
Furthermore, Kawaguchi et al. reported the safety and
efficacy of the clinical use of gelatin hydrogel containing
high-dose rhFGF-2 (2.4 mg) [14]. Based on these reports
and the positive results of clinical trials for osteonecrosis
and periodontitis [12, 13, 17], the local injection of a gel-
atin hydrogel impregnated with rhFGF-2 is considered
safe and feasible in the field of orthopedics and dentistry.
Nevertheless, the clinical application of FGF is not lim-
ited to the field of osteoarticular medicine. In fact, FGF
gelatin hydrogel has also been applied in vascular sur-
gery [10, 27]. Nakagawa et al. reported that the local ap-
plication of a gelatin hydrogel containing IGF-1 was
effective for the treatment of sudden deafness [15, 16].
In the field of bone regeneration, GFs, such as BMP-2,
OP-1/BMP-7, IGF, VEGF, PDGF, and FGF-2, have syn-
ergistic effects and the consecutive signaling improved
bone healing within animal models, and thus, have been
widely utilized. However, due to the important safety
concerns, commercially available GF-containing prod-
ucts remain limited. In Europe and the USA, enhanced
bone repair has also been demonstrated in the clinic fol-
lowing European Medicines Agency and FDA approval
of rhBMP-2 ([31-38], rhBMP-7/OP-1 [39, 40], and
rhPDGF [43, 44]. In Japan, the clinical use of rhFGF-2
for skin ulcers [49, 50] and periodontitis [12, 13] was ap-
proved by Pharmaceuticals and Medical Devices Agency.
In the present study, Table 2 demonstrated that the
combination of GF and scaffolds differed. This point
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Table 2 Commercially available growth factor-containing products for local application

Product name, company, country, year of Target Growth Carrier Appearance Injection use
approval factor
Regranex®, Ortho-McNeil Skin ulcer PDGF-BB Hydrogel Gel Possible, but its use
Pharmaceutical, USA, 1997 for coating a skin
INFUSE®, Medtronic, USA, 2002 Spinal fusion, fracture, bone  BMP-2 Bovine bone collagen  Sheet No, use in open

graft surgery
Putty®, Stryker, USA, 2004 Spinal fusion, fracture BMP-7/0OP-  Bovine bone collagen  Gel Yes

1

GEM-21S®, LYNCH Biologics Periodontitis PDGF-BB B-TCP Hard No
LLC, USA, 2005 granules
Regroth®, Kaken pharmaceuticals, Japan, Periodontitis FGF-2 Hydroxypropylcellulose  Gel Yes, injectable kit for

2016

local administration

PDGF platelet-derived growth factor, BMIP bone morphogenetic proteins, OP osteogenic protein, FGF fibroblast growth factor, TCP tricalcium phosphate

might be closely related to the background of develop-
ment from basic experiments and authorization systems
of drugs or medical devices. However, while BMP prod-
ucts have been widely used in Europe and the USA, they
are not approved in Japan. The same explanation is fit-
ting for FGF-2, PDGF, and VEGEF. There are concerns
that off-label use of rhBMP-2 or rhBMP-7 may have ir-
reversible complications including excessive bone forma-
tion, paralysis (spinal cord or nerve compression), severe
pain, and even death [37, 38]. The US FDA issued a
statement regarding life-threatening complications asso-
ciated with the off-label use of both rhBMP products. As
a result, the latter manufacture making rhBMP-7 was
forced to pay for its illegal promotion of the off-label use
with the tricalcium phosphate scaffold. Therefore,
rhBMP products have not yet become standard-of-care
therapies in regenerative medicine. We think that these
problematic complications might not occur in the clin-
ical applications using the bioabsorbable natural agents,
such as the gelatin hydrogel.

By comparison with cell transplantation and gene ther-
apy, patient administration of gelatin hydrogel is extremely
simple and cost effective, with excellent feasibility. The
greatest advantage of injectable GF is the bioabsorbable
properties of the gelatin hydrogel, its minimal invasiveness,
and high safety. The controlled release of GFs using an in-
jectable gelatin hydrogel presents new possibilities that
compensate for shortcomings in conventional regenerative
therapy. In the future, long-term therapeutic effects, appro-
priate treatment duration, and selection of target conditions
should be examined in further large-scale clinical trials.
However, through ongoing collaborative clinical and basic
research, we hope to elucidate the role of treatment using
injectable GFs in relation to conventional treatment
methods and to develop the approaches further as emer-
ging therapies.

Conclusions
The clinical application of injectable GFs using natural
polymers, such as the gelatin hydrogel, is considered safe

and feasible for tissue regeneration and will probably be
developed further and gain even greater popularity as a
novel medical approach applicable to various fields. In-
jectable GF treatment can reduce the operating time and
damage to surrounding tissue and enables surgery to be
minimally invasive.
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