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ABSTRACT

Introduction: There has been an increasing desire for the development of predictive periodontal
regenerative therapy for severe periodontitis. In this study, we investigated the effect of the combined
use of fibroblast growth factor-2 (FGF-2), a drug for periodontal regeneration approved in Japan, and
carbonated apatite (CO3Ap), bioresorbable and osteoconductive scaffold, on periodontal regeneration in
beagle dog model of one-wall periodontal defect (severe intraosseous defect) for 24 weeks in comparison
with COsAp or vehicle alone.
Methods: One-wall periodontal defects were created (mesiodistal width x depth: 4 x 4 mm) on the
mesial portion of the mandibular first molar (M1) of beagle dogs on both side. Mixture of FGF-2 and
COsAp, vehicle and COsAp, or vehicle alone were administered to the defects and designated as groups
FGF-2+CO3Ap, COsAp, and control, respectively. To assess the periodontal regeneration, radiographic
analysis over time for 24 weeks, and micro computed tomography (iCT) and histological evaluation at 6
and 24 weeks were performed.
Results: For the regenerated tissue in the defect site, the mineral content of the FGF-2+CO3Ap group was
higher than that of the CO3Ap group in the radiographic analysis at 6—24 weeks. In the context of new
bone formation and replacement, the FGF-2+COsAp group exhibited significantly greater new bone
volume and smaller CO3Ap volume than the CO3Ap group in the pCT analysis at 6 and 24 weeks.
Furthermore, the density of the new bone in the FGF-2+CO3Ap group at 24 weeks was similar to those in
the control and COsAp groups. Histological evaluation revealed that the length of the new periodontal
ligament and cementum in the FGF-24+-CO3Ap group was greater than that in the CO3Ap group at 6
weeks. We also examined the effect of the combined use of the FGF-2 and CO3Ap on the existing bone
adjacent to the defect and demonstrated that the existing bone height and volume in the FGF-2+-CO3Ap
group remained significantly greater than those in the COsAp group.
Conclusion: This study demonstrated that the combination of FGF-2 and COsAp was effective not only in
enhancing new bone formation and replacing scaffold but also in maintaining the existing bone adjacent
to the defect site in a beagle dog model of one-wall periodontal defect. Additionally, new periodontal
tissues induced by FGF-2 and CO3Ap may follow a maturation process similar to that formed by spon-
taneous healing. This suggests that the combined use of FGF-2 and CO3Ap would promote periodontal
regeneration in severe bony defects of periodontitis patient.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

For severe periodontitis, in which serious alveolar bone
resorption occurs, periodontal surgery is performed to exfoliate the
gingiva and remove the lesions infected with periodontopathic
bacteria, including the alveolar bone. However, although surgery is
successfully performed, functional regeneration of lost periodontal
tissue cannot be expected as the removed bone space is rapidly
occupied by the gingival tissue to interfere with the neogenesis of
the alveolar bone, periodontal ligament (PDL), and cementum.

Generally, the ultimate goal of periodontal therapy is functional
regeneration of lost periodontal tissue. To this aim, some peri-
odontal regenerative procedures with bone substitute, guided tis-
sue regeneration (GTR) membrane and enamel matrix derivative,
have been developed to secure regenerative spaces and/or activate
periodontal regeneration [1]. However, the success of these thera-
pies depends on the skill of the surgeon and severity of tissue
damage. Therefore, unmet medical needs for effective and func-
tionally regenerative therapies for severe periodontitis remain
high.

Fibroblast growth factor-2 (FGF-2) is a well-known growth
factor that facilitates angiogenesis [2]. Furthermore, it strongly
induces proliferation and migration of mesenchymal cells
responsible for the regeneration of the alveolar bone, PDL, and
cementum [3—9]. We demonstrated that FGF-2 stimulates neo-
genesis of the alveolar bone, PDL, and cementum in experimen-
tally prepared beagle dog [10—13] and non-human primate [14]
models of periodontal defect. In addition, we conducted clinical
trials of intrabony defects in patients with periodontitis and
demonstrated that FGF-2 was superior to the vehicle alone in
terms of the percentage of bone fill in modified Widman peri-
odontal surgery [15—17]. Based on these data, FGF-2 hydrox-
ypropyl cellulose (HPC) formulation was approved in Japan and is
now commercially available as a drug for periodontal regeneration
(Regroth® Dental Kits), with emerging reports of its efficacy. For
example, the 6-year postoperative radiograph of a patient with
aggressive periodontitis who was treated with FGF-2 revealed
significant development of the alveolar bone in comparison with
the first visit [18]. Furthermore, the class 2 furcation defect was
completely filled with regenerated bone 6 months after the FGF-2
administration [19]. However, severe defects, such as one-wall
periodontal defect, or class 3 furcation involvement may require
the combined use of FGF-2 and scaffold as the drug formulation
itself does not have the ability to maintain the space for peri-
odontal regeneration.

To treat such severe bony defects or horizontal bone resorption,
osteoconductive scaffold has been applied to the defects to
maintain the regeneration space. Hydroxyapatite (HAp), B-trical-
cium phosphate (B-TCP), and carbonated apatite (COsAp) are
typical artificial scaffolds clinically used as bone substitutes.
Whereas B-TCP spontaneously dissolves under physiological con-
dition without osteoclastic resorption [20], COsAp is an inorganic
component of the bone and, unlike B-TCP, dissolves only in a
weakly acidic environment where osteoclasts absorb bone in
response to bone remodeling [21]. Furthermore, CO3Ap has been
reported to promote osteoblastic differentiation of human bone
marrow cells earlier than HAp owing to its high osteoinductivity
[22]. Because of these properties, CO3Ap has been reported to
maintain its shape even in the body fluid and to hold a space for
regeneration under the conditions of post-surgery defect sites
[21,23]. Thus, it is considered to be an artificial scaffold with
numerous advantages and the first product (Cytrans®) in Japan to
be approved for use in dental implant and periodontal surgeries.
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However, its efficacy when used in combination with FGF-2 in
severe periodontitis models is not fully understood.

Focusing on the characteristics of CO3Ap, Kitamura et al. con-
ducted a clinical study of the combined use of FGF-2 and COsAp in
10 periodontitis patients with intrabony defect (mean bone defect
depth: 5.7 mm) to evaluate the safety and efficacy of such a com-
bination [24]. As a result, no adverse events associated with the
combined use of FGF-2 and COsAp occurred 36 weeks after
administration. Furthermore, regeneration of severe alveolar bone
defects, where sufficient periodontal regeneration is unlikely with
Regroth® monotherapy, was observed. However, the change/
maturation of the intra-defect tissue and volume of the new bone
could not be investigated due to the use of radiographies for the
evaluation.

In this study, the effects of the combined use of FGF-2 and COsAp
on periodontal regeneration were investigated using a beagle dog
model of one-wall periodontal defect. In particular, to analyze the
interaction between COsAp and FGF-2 in the new bone formation,
the bone and scaffold in the defect site were evaluated over time for
24 weeks in a radiographic analysis. Furthermore, the quantity and
quality of the bone and scaffold were separately evaluated via pCT
at 6 and 24 weeks. Histological evaluation was also performed to
assess the condition of the tissue.

2. Methods
2.1. Preparation of test substances

For FGF-2, Regroth® Dental Kit was used, which is a 3% HPC
solution containing 0.3% human recombinant FGF-2 (Kaken Phar-
maceutical Co. Ltd., Tokyo, Japan). For the vehicle control, a 3% HPC
solution itself was used. HPC was added to facilitate the adminis-
tration owing to its high viscosity. COsAp (Cytrans® granules; M
size; GC Co. Ltd., Tokyo, Japan) was provided by GC Co., Ltd., under a
joint research project.

2.2. Animals

A total of 20 female TOYO beagle dogs (27—42 months old,
weighing 8.2—10.8 kg) were used. They were housed individually
and allowed to move freely in stainless-steel cages under the
following conditions: 18°C-26°C temperature, 30%—70% humidity,
and 12-h lighting (07:00—19:00). The animal room and cages were
cleaned daily. The dogs were taken out of their cages and allowed
to exercise freely in the animal room twice a day to reduce their
stress. Furthermore, they were provided with 250 g of solid food
per day and filtered tap water ad libitum. After the tooth extraction
and surgery, the animals were given about 800 g of soft food per
day for 1 week. No animals became ill or died prior to the
experimental endpoint. This study was approved by the Animal
Research Ethics Committee of Kaken Pharmaceuticals Co., Ltd.
(Permit Number: K19-140, Date of approval: Aug 28, 2019).

The in-house regulations at Kaken comply with Japan's Act on
Welfare and Management of Animals, and the related interna-
tional and domestic guidelines are followed. The ethics committee
established based on the in-house regulations reviews whether all
animal experimental protocols are written based on the “3Rs
(Replacement, Reduction, and Refinement) principles” before an
experiment may begin and implements self-inspections and as-
sessments of the animal experiment processes and the operations
facility. In addition, the laboratory animal facilities of Kaken have
been certified by the Japan Pharmaceutical Information Center
(Tokyo, Japan), which assesses and verifies compliance with the
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“Basic policies for the conduct of animal experimentation in the
Ministry of Health, Labour and Welfare (Japan)”.

2.3. Periodontal surgery and administration of test substances

All beagle dogs were subjected to an artificially created one-
wall periodontal defect. After the dogs were anesthetized subcu-
taneously with xylazine (20 mg/dog), intravenously with pento-
barbital (10 mg/kg), and intragingivally with 2% lidocaine and
0.00125% adrenaline, the right and left fourth premolars (P4) in
the mandible were extracted. For pain relief, meloxicam (0.2 mg/
kg) was administered subcutaneously. Six months later, the beagle
dogs were anesthetized as described above, a mucoperiosteal flap
was raised after the incisions were made closer to the lingual side
of the alveolar crest. One-wall periodontal defects (mesiodistal
width x depth: 4 x 4 mm) were surgically created on the mesial
portion of the mandibular first molar (M1) on both sides
(Supplemental Figs. S1a—d). The supporting bone and cementum
of the teeth were removed using steel burs, and the exposed root
surfaces of the teeth were smoothened using Gracey curettes. The
group composition and number of defects are depicted in
Supplemental Fig. Sle. A control group was established to estab-
lish the degree of regeneration in this model. In the control group,
the vehicle (150 pL/site) was administered to both defects in four
dogs. In the COsAp group, after mixing COsAp and the vehicle
(0.25 g: 200 pL), the mixture was administered to defects. In the
FGF-2+CO3Ap group, after mixing CO3Ap and FGF-2 in the same
ratio, the mixture was administered to defects. Each group was
placed on either side of the same individual to lower the effect of
individual differences in 16 dogs. The gingiva was partially sutured
before test substance administration to avoid leakage during
administration. Multiple single sutures were used, and the incision
surfaces were in close contact. Penicillin (40,000 U/dog) and
streptomycin (200 mg/dog) were administered subcutaneously to
prevent infection following surgery. The treated sites were
observed every day until the wounds healed. Dental calculus was
removed at the time of taking the X-ray photographs as oral care
following surgery.

2.4. Radiographic analysis

Under general anesthesia, radiographic images of the defect site
and aluminum step wedge (1—7 mm thick) were obtained in the
buccolingual direction using dental X-ray film on an X-ray appa-
ratus (CMBW-2; Softex Co., Ltd., Tokyo, Japan) immediately after
administration (0 week) and 1 week, and 3 weeks, and every 3
weeks after 3 weeks of administration (Supplemental Fig. S1f and
Supplemental Fig. S2a). Image-Pro Plus (Media Cybernetics Inc.
Rockville, Md, USA) was used to digitize the radiographic images,
and then the mineral area (Supplemental Fig. S2a green square)
was enclosed in the granules and/or new bone above the defect
(Supplemental Fig. S2a green solid line), the root surface and the
existing bone around the defect (Supplemental Fig. S2a green
dotted line). The mineral density in the mineral area was converted
to the thickness of an aluminum step wedge as a density standard.
In addition, the height of the existing bone on the mesial side of the
defect (Supplemental Fig. S2a yellow solid line) were evaluated
using the aforementioned software. The mineral content was
calculated by multiplying the mineral density and mineral area of
the defect.

2.5. Preparation of tissue specimens and uCT analysis

Under general anesthesia, 10 beagle dogs each were euthanized
by exsanguination at 6 and 24 weeks after administration, and the
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tissues containing the defect site were harvested and fixed in
neutral-buffered 10% formalin (control group: n = 4 from two
dogs, CO3Ap and FGF-2+COsAp groups: each n = 8 from eight
dogs).

The pCT images of the defect site (mesiodistal width: 4 mm) and
the existing bone on the mesial side of the defect (mesiodistal
width: 1 mm) were obtained via microfocus X-ray CT (ScanXmate-
E090S40 in vivo; ComscanTecno Co., Ltd., Yokohama, Japan) and
analyzed using TRI/3D-BON (Ratoc System Engineering, Tokyo,
Japan) (Supplemental Fig. S2 b). In the defect site, the volume of the
new bone and CO3Ap, separated from the new bone based on the
difference in X-ray transparency, and the mineral density of the
new bone were evaluated. In the existing bone region, the bone
volume (BV), tissue volume (TV: volume of bone plus bone marrow
cavity), and BV/TV were calculated.

2.6. Histological analysis

After decalcification, the tissues were paraffin-embedded using
common methods. Serial sections were cut in the mesiodistal plane
and stained with Azan. Histometric measurements were performed
using the VS120 and VS-ASW analysis software (ver. 2.9, Olympus
Co., Tokyo, Japan) to evaluate the area of the new bone including
CO3Ap in the defect site, the height of the existing bone on the
mesial side of the defect, and the length of the new PDL and
cementum from the defect bottom.

2.7. Statistical analysis

The mean and standard deviation (SD) were calculated for each
measurement. To evaluate the effect of the combined use of FGF-2
and COsAp, the differences between the CO3Ap and FGF-2+COsAp
groups at each time point were analyzed using paired t-test. The
length of the new PDL and cementum were assessed by a Wil-
coxon's rank sum test because of their non-normal distribution in
this study. The significance level was set to 5%. All statistical an-
alyses were conducted using JMP (ver. 15.0, SAS Institute Inc., NC,
USA).

3. Results

3.1. Time course of mineral density, area, and content in the defect
site and the height of the existing bone on the mesial side of the
defect in the radiographic analysis

In the control group, formation of a new bone at the defect site
was observed along the mesial existing bone and the root surface;
however, the amount of bone formation was limited (Fig. 1). The
mineral density, area, and content of the defect site in the control
group slightly increased, although these remained low (Fig. 2a—c).

In the CO3Ap and FGF-2+COsAp groups, CO3Ap granules dis-
appeared over time, and the X-ray opacity of the spaces between
each of the COsAp granules increased (Fig. 1). Especially, in the
FGF-2+CO3Ap group, a gap without granules was observed along
the mesial aspect and the bottom of the defects at 1 week (Fig. 1
red arrowheads), and the X-ray opacity of the gap increased at
3—12 weeks. The quantitative results presented in Fig. 2 indicated
that the mineral density in the CO3Ap group decreased at 1 week
and remained similar thereafter, whereas that in the FGF-
2-+COsAp group exhibited a greater decrease at 3 weeks, followed
by a change toward increase, with higher density than the COsAp
group at 9 weeks onwards (Fig. 2a). The mineral area in the CO3Ap
and FGF-2+COsAp groups increased at 0—1 week, then gradually
decreased at 6 weeks, and remained similar thereafter (Fig. 2b).
The increase was significantly greater in the FGF-2+-CO3Ap than in
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Fig. 1. Representative X-ray images. Changes in X-ray images over time in the control, CO3Ap, and FGF-2+CO3Ap groups. Representative X-ray images taken at 0, 1, 3, 6, 12, and 24
weeks (w) after administration are presented. Some images are flipped horizontally. Red arrowheads: gaps without granules were detected along the mesial aspect and the bottom
of the defects.
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Fig. 2. Time course of the mineral density, area, and content in the defect site and the height of the existing bone on the mesial side of the defect. The mineral density (a),
mineral area (b), and mineral content (c) of the defect site and the height of the existing bone on the mesial side of the defect (d) were evaluated. Control, gray line; CO3Ap, blue line;
FGF-2+-CO3Ap, red line. All results are expressed as mean +SD, Control, n = 8; CO3Ap, n = 16; FGF-2+CO3Ap, n = 16 (0—6 weeks). Control, n = 4; CO3Ap, n = 8; FGF-2+C0O3Ap, n =8
(9—24 weeks). *: P < 0.05 (COsAp vs. FGF-2+CO3Ap, paired t-test at each time).
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the CO3Ap group at 1 and 3 weeks. The mineral content, calculated
by mineral density and area, in the FGF-2+COsAp group was
higher than those in the COsAp group at 9 weeks onwards
(Fig. 2c).

The height of the existing bone on the mesial side of the defect
decreased in all groups (Fig. 2d). However, the decrease in the FGF-
2+CO3Ap group was the smallest, and the height of the existing
bone in the FGF-2+COsAp group remained significantly greater
than that in the CO3Ap group at 6 weeks onwards.

3.2. Total mineral volume, volume of CO3Ap, and the new bone in
the defect site

Sectional images of the central part of the defect site at 6 and
24 weeks obtained via uCT are presented in Fig. 3. In the control
group, the new bone formation was insufficient to fill the defect,
and a decrease in the height of the existing bone was observed at
24 weeks. In the CO3Ap group, the new bone formed around the
granule, and free granules were present on the coronal side.
Furthermore, a decrease in the height of the existing bone was
observed at 6 weeks. The formation of the new bone on
the coronal side progressed at 24 weeks. In the FGF-2+CO3Ap
group, a new bone formed surrounding the granules up to the
coronal side, and the height of the new bone was the same as
that of the existing bone at 6 weeks, which remained the same at
24 weeks.

Quantitative analysis revealed that the total mineral volume and
new bone volume in the CO3Ap and FGF-2+COsAp groups were
high than those of the control groups at 6 and 24 weeks (Fig. 4a and
b). In addition, the new bone volume of FGF-2+CO3Ap group was
significantly higher than that of the CO3Ap group (Fig. 4b), whereas
the CO3Ap volume of the FGF-2+COsAp group was significantly
lower than that of the CO3Ap group at each time point (Fig. 4c).
When the time points were compared, the volume of the new bone
at 6 weeks was similar to that at 24 weeks in all groups.

3.3. Density of the new bone in the defect site

The density of the new bone in the FGF-2+COsAp group at 6
weeks was significantly lower than that in the COsAp group

Control

6w

24w

CO;Ap
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(Fig. 4d). However, the density of the new bone in the FGF-
2+COs3Ap group at 24 weeks was similar to that in the control and
CO3Ap groups, and no significant difference was observed between
the COsAp and FGF-2+CO3Ap groups. When the time points were
compared, the density of the new bone in all groups at 24 weeks
was higher than that at 6 weeks.

3.4. BV, TV, and BV/TV in the existing bone region

The effect of the combined use of the FGF-2 and CO3Ap on the
existing bone adjacent to the defect was examined.

The BV and TV in the existing bone region located on the mesial
side of the defect site were the highest in the FGF-2+COsAp group
and the lowest in the control group. Furthermore, the BV and TV in
the FGF-2+CO3;Ap group were significantly higher than those in the
COsAp group at 6 and 24 weeks (Fig. 5a and b).

Although the BV/TV in the FGF-2-+CO3Ap and CO3Ap groups was
statistically different at 6 weeks, no difference was observed in all
groups at 24 weeks (Fig. 5¢). This result suggests that the existing
bone quality in all groups had similar properties with the passage of
time.

3.5. Histological findings and quantitative analysis in the defect site

Histological images of the entire bone defect at 6 and 24 weeks
are presented in Fig. 6. In all groups, a new bone in the defect site
and a new connective tissue on the root surface were found.
However, in the control group, the new bone had a concave shape
at both 6 and 24 weeks, and the height of the existing bone
decreased. In the COsAp group, a new bone with granules occu-
pied the defect. Furthermore, the defect of the FGF-2+COsAp
group had less COsAp granules and was filled with more new
bones than the CO3Ap group.

Enlarged histological images of the root surface are presented
in Fig. 7. At 6 weeks, new connective tissues between the dentin
and the new bone were immature structure in which the fiber ran
vertically, and no new cementum was observed in the control
group (Fig. 7b). However, in the CO3Ap group, a new cementum
and a PDL where fibers were embedded into the new cementum
slightly formed on the apical part of the root surface of the defect

FGF-2+CO;Ap

Fig. 3. Representative uCT images. Sectional images of the central part of the defect site and surrounding tissue were viewed from the buccal side. Upper column, 6 weeks; lower
column, 24 weeks. D: dentin, NB: new bone, B: existing bone, yellow arrowheads: defect bottom, yellow dot line: the border between the defect site and the existing bone. Scale bar

represents 2 mm.
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were measured in the uCT images. All results are expressed as mean +SD. Control, n = 4; CO3Ap, n = 8; FGF-2-+CO3Ap, n = 8 at each time (white column: 6 weeks, black column: 24
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Fig. 5. BV, TV, and BV/TV in the existing bone region. In the existing bone region, the BV (a), TV (b), and BV/TV (c) were measured in the uCT images. All results are expressed as
mean +SD, Control, n = 4; CO3Ap, n = 8; FGF-2+CO3Ap, n = 8 at each time (white column: 6 weeks, black column: 24 weeks). *: P < 0.05, NS: not significant (CO3Ap vs. FGF-

2+COsAp, paired t-test at each time).

(Fig. 7d), and an even greater amount of those formation was
observed in some defects of the FGF-2+CO3Ap group (Fig. 7f). At
24 weeks, a new cementum and a PDL formed in all groups, and
their formation in the CO3Ap and FGF-2+CO3Ap groups extended

upwards (Fig. 7h—I1). Ankylosis did not occur in any of the three
groups.

Quantitative analysis revealed that the area of the new bone
including COsAp in the defect site and the height of the existing

89



T. Nagayasu-Tanaka, J. Anzai, M. Takedachi et al.

Control

Regenerative Therapy 23 (2023) 84—93

FGF-2+CO;Ap

Fig. 6. Histological overview of the regenerated tissue in the defect site. Representative Azan staining images of the central part of the defect site and surrounding tissue are
presented. Upper column: 6 weeks, lower column: 24 weeks. D: dentin, G: gingival connective tissue, NB: new bone, BM: bone marrow, B: existing bone, CA: COsAp, yellow ar-
rowheads: defect bottom, yellow dot line: the border between the defect site and the existing bone. Scale bar represents 1 mm.

bone on the mesial side of the defect site were great in the order of
the FGF-2-+CO3Ap, COsAp, and control groups (Fig. 8a and b). With
respect to the aforementioned two parameters, a significant dif-
ference between the CO3Ap and FGF-2+COsAp groups at 6 weeks
was observed. The length of the new PDL and cementum in the
FGF-2+4-CO3Ap group was greater than that in the CO3Ap group at 6
weeks (Fig. 8c and d). At 24 weeks, the length of the new PDL and
cementum was similar between the CO3Ap and FGF-2+COsAp
groups.

4. Discussion

In this study, we created a beagle dog model of one-wall
periodontal defect as a post-surgery model of severe periodonti-
tis. In this model, the combined use of FGF-2 and COsAp,
compared with CO3Ap alone, induced regenerations with higher
values of mineral content (Fig. 2c), volume of the new bone
(Fig. 4b), and area of the new bone including COsAp (Fig. 8a). In
addition, the volume of the new bone in each group did not
change at 6—24 weeks (Fig. 4b). These findings indicated that the
bone formation was enhanced by the combined use of the FGF-2
and COsAp and that the regeneration quantity would already be
defined by the reactions before 6 weeks in this model. Besides, the
UCT analysis at 6 weeks revealed that the CO3Ap volume of the
FGF-24+CO3Ap group was significantly lower than that of the
CO3Ap group (Fig. 4c). Therefore, it was suggested that the
replacement of CO3Ap granules with new bone was accelerated by
FGF-2 from just after surgery to 6 weeks.

From another point of view, the puCT analysis revealed that the
new bone density was similar in all groups at 24 weeks, although
the new bone density of the FGF-2+CO3Ap group was slightly
lower than that of the CO3Ap group at 6 weeks (Fig. 4d). It was
considered that the new bone induced by the combined use of
theFGF-2 and COsAp followed a maturation process equivalent to
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that formed by spontaneous healing (control group), although a
temporary delay in maturation associated with the promotion of
formation was observed. Taken together, such increased new bone
formation and early new bone replacement with following spon-
taneous healing process are presumed to make regenerated tissue
closer to normal tissue, and to be advantageous for long-term
tissue retention.

These effects of the combined use of the FGF-2 and CO3Ap were
considered to be caused by the stimulatory effects of FGF-2
accompanied by the high osteoconductivity of CO3Ap. FGF-2 pro-
motes angiogenesis [2], migration [3,4], and proliferation [5] of
PDL cells and enhances the proliferation of osteogenic progenitor
cells from the bone marrow [6—8]. It has been reported that FGF-2
absorbed by COsAp was slowly released [25]. Therefore, we
speculated that the gradual release of FGF-2 adsorbed on COsAp
further enhances three-dimensional migration and proliferation
and that the formation of regenerated tissue in the defect site is
promoted not only to fill the gap between the COsAp granules but
also to push them out. This speculation was supported by the data
in the radiographic analysis that the gap without granules was
observed along the existing bone (Fig. 1 red arrowheads) and that
the mineral density of the FGF-24+-CO3Ap group decreased at 0—3
weeks while the mineral area increased (Fig. 2a and b).

Contrary to the above distinct effects, for a new attachment
tissue consisting of a new PDL and a new cementum, the forma-
tion in the FGF-2+COsAp group was greater than that in the
CO3Ap group at 6 weeks (Fig. 8c and d). This data suggested the
possibility that the formation of a new attachment tissue is
accelerated by FGF-2. This facilitation plays a significant role in
eliminating invasion of the gingival tissue and promoting forma-
tion of a new attachment tissue. We have previously reported that
FGF-2 alone significantly promoted the formation of PDL and
cementum in a beagle dog model of two- and three-wall peri-
odontal defect [12,13]. However, in this study, no significant
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CO;Ap Control

FGF-2+CO;Ap

Fig. 7. Histology of the regenerated tissue on the root surface. Representative photomicrographs of Azan staining from the control (a, b), CO3Ap (c, d), and FGF-2+COsAp (e, f)
groups at 6 weeks and the control (g, h), COsAp (i, j), and FGF-2+COsAp (k, 1) groups at 24 weeks. D: dentin, NB: new bone, yellow arrowheads: defect bottom, red arrowhead: new

cementum. Scale bar represents 100 pum.

difference between the COsAp and FGF-2+COsAp groups was
observed probably due to the variability of the study and/or the
space-making ability of CO3Ap itself, as indicated by the fact that
the length of a new PDL and cementum was similar in both groups
at 24 weeks.

Besides, in terms of the quantity of the PDL, we observed that
the new PDL in the three groups, including the control group, was
periostin-positive (Supplemental Fig. S3). Periostin, which is
strongly expressed in mature PDL, plays a significant role in the
remodeling of collagen fibers in the mechanically loaded region,
and its expression increases with mechanical loading in new tis-
sues; thus, it is a marker for PDL regeneration [26,27]. Accordingly,
the new PDL induced by FGF-2 and COsAp may follow a matura-
tion process similar to spontaneous healing.

Finally, the effect of the combined use of the FGF-2 and CO3Ap
on the existing bone was examined. The height of the existing
bone in the FGF-2+CO3Ap group was greater than that in the
COs3Ap and control groups after 6 weeks (Fig. 2d). This may be
because the resorption of the existing bone adjacent to the defect
was suppressed due to the formation of the new bone in the
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defect site. Furthermore, it was thought that FGF-2 may have acted
on the existing bone. Because FGF-2 has been reported to stimu-
late not only the formation of a new bone but also the bone
metabolism of the existing bone via intravenous or intraosseous
administration [9], the metabolism balance of the existing bone
adjacent to the defect may have been maintained with the pre-
dominant state of bone formation. This activity is supported by the
fact that the BV and TV in the FGF-2+CO3Ap group were signifi-
cantly higher than those in the COs3Ap group (Fig. 5a and b).
Furthermore, the difference of the BV and TV between the COsAp
and FGF-2+COsAp groups may have not been due to the size of the
bone marrow cavity but rather the suppression of resorption of
the outer bone in contact with the gingival tissue as there was no
difference in BV/TV at 24 weeks among all groups (Fig. 5c).

This study demonstrated that the combination of FGF-2 and
CO3Ap was effective not only in enhancing new bone formation
and replacing scaffold but also in maintaining the existing bone
adjacent to the defect site in a beagle dog model of one-wall
periodontal defect as a post-surgery model of severe periodonti-
tis. Additionally, new periodontal tissues induced by FGF-2 and
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Fig. 8. Histological analysis of the regenerated tissue. The area of the new bone including COsAp in the defect site (a), the height of the bone on the mesial side of the defect (b),
and the length of the new PDL (c) and cementum (d) were measured. All results are expressed as mean +SD. Control, n = 4; COsAp, n = 8; FGF-2+CO3Ap, n = 8 at each time (white
column: 6 weeks, black column: 24 weeks). *: P < 0.05, NS: not significant (COsAp vs. FGF-2-+CO3Ap, a, and b, paired t-test at each time; ¢, and d; Wilcoxon's rank sum test at each

time).

CO3Ap may follow a maturation process similar to that formed by
spontaneous healing. Based on the above, this combination
treatment may be considered to provide functional and ideal
regeneration by securing a regeneration space; activating peri-
odontal regeneration consisting of the bone, PDL, and cementum,;
and even balancing the bone metabolism of the existing bone
around the defect site. Furthermore, it is possible that the bene-
ficial effect of the combined use of the FGF-2 and COsAp is clearer
in patients, because periodontal regeneration in humans is said to
be slower and to a lesser degree compared with beagle dogs.
Therefore, further standardized clinical trials are warranted to
elucidate the usefulness of the combination of FGF-2 and artificial
scaffold.

5. Conclusions

The combination of FGF-2 and CO3Ap was effective in enhancing
new bone formation, replacing scaffold, and maintaining the
existing bone adjacent to the defect site in a beagle dog model of
one-wall periodontal defect. Additionally, new periodontal tissues
induced by FGF-2 and CO3Ap may follow a maturation process
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similar to that formed by spontaneous healing. This suggests that
the combined use of FGF-2 and CO3Ap would promote periodontal
regeneration in severe bony defects of periodontitis patient.

Author contributions

SM, TNT, JA, MK, and TH conceived this project and developed
the protocol of this study. TNT, JA, and TH conducted the experi-
ments and analyzed the data. TNT was responsible for coordinating
the entire experiments and the histological analysis. JA performed
surgery and puCT analysis. TH conducted radiographic analysis. TNT,
JA, MT, TH, and SM interpreted and analyzed the data. TNT wrote
the manuscripts with the help and comments from all authors.

Declaration of competing interest

SM received research grants from Kaken Pharmaceutical Co.,
Ltd., and SM and MK accepted a position as a medical adviser. TNT,
JA, and TH are employees and stockholders of Kaken Pharmaceu-
tical Co., Ltd.



T. Nagayasu-Tanaka, J. Anzai, M. Takedachi et al.

Acknowledgements

We thank Katsuyuki Yamanaka, Nagomi Kitamura, and Emiko

Arima of GC Corporation for their helpful discussions and careful
proofreading of the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.reth.2023.04.002.

References

(11

2

3

[4

[5]

(6

[7

(8

[9

[10]

[11]

[12]

Ausenda F, Rasperini G, Acunzo R, Gorbunkova A, Pagni G. New perspectives
in the use of biomaterials for periodontal regeneration. Materials 2019;12:
2197. https://doi.org/10.3390/ma12132197.

Okumura M, Okuda T, Nakamura T, Yajima M. Acceleration of wound healing
in diabetic mice by basic fibroblast growth factor. Biol Pharm Bull 1996;19:
530-5. https://doi.org/10.1248/bpb.19.530.

Terranova VP, Odziemiec C, Tweden KS, Spadone DP. Repopulation of dentin
surfaces by periodontal ligament cells and endothelial cells. Effect of basic
fibroblast growth factor. | Periodontol 1989;60:293—301. https://doi.org/
10.1902/jop.1989.60.6.293.

Nishimura F, Terranova VP. Comparative study of the chemotactic responses
of periodontal ligament cells and gingival fibroblasts to polypeptide growth
factors. ] Dent  Res 1996;75:986—92. https://doi.org/10.1177/
00220345960750041401.

Takayama S, Murakami S, Miki Y, Ikezawa K, Tasaka S, Terashima A, et al.
Effects of basic fibroblast growth factor on human periodontal ligament cells.
] Periodontal Res 1997;32:667—75. https://doi.org/10.1111/j.1600-0765.1997.
tb00577.x.

Pitaru S, Kotev-Emeth S, Noff D, Kaffuler S, Savion N. Effect of basic fibroblast
growth factor on the growth and differentiation of adult stromal bone marrow
cells: enhanced development of mineralized bone-like tissue in culture. ] Bone
Miner Res 1993;8:919—29. https://doi.org/10.1002/jbmr.5650080804.
Hanada K, Dennis JE, Caplan Al Stimulatory effects of basic fibroblast growth
factor and bone morphogenetic protein-2 on osteogenic differentiation of rat
bone marrow-derived mesenchymal stem cells. ] Bone Miner Res 1997;12:
1606—14. https://doi.org/10.1359/jbmr.1997.12.10.1606.

Pri-Chen S, Pitaru S, Lokiec F, Savion N. Basic fibroblast growth factor en-
hances the growth and expression of the osteogenic phenotype of
dexamethasone-treated human bone marrow-derived bone-like cells in cul-
ture. Bone 1998;23:111—7. https://doi.org/10.1016/S8756-3282(98)00087-8.
Nakamura T, Hanada K, Tamura M, Shibanushi T, Nigi H, Tagawa M, et al.
Stimulation of endosteal bone formation by systemic injections of recombi-
nant basic fibroblast growth factor in rats. Endocrinology 1995;136:1276—84.
https://doi.org/10.1210/endo.136.3.7867582.

Murakami S, Takayama S, Ikezawa K, Shimabukuro Y, Kitamura M, Nozaki T,
et al. Regeneration of periodontal tissues by basic fibroblast growth factor.
] Periodontal Res 1999;34:425-30. https://doi.org/10.1111/j.1600-
0765.1999.tb02277 x.

Murakami S, Takayama S, Kitamura M, Shimabukuro Y, Yanagi K, Ikezawa K,
et al. Recombinant human basic fibroblast growth factor (bFGF) stimulates
periodontal regeneration in class II furcation defects created in beagle dogs.
] Periodontal Res 2003;38:97—103. https://doi.org/10.1034/j.1600-0765.
2003.00640.x.

Nagayasu-Tanaka T, Anzai ], Takaki S, Shiraishi N, Terashima A, Asano T, et al.
Action mechanism of fibroblast growth factor-2 (FGF-2) in the promotion of

93

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

Regenerative Therapy 23 (2023) 84—93

periodontal regeneration in beagle dogs. PLoS One 2015;10:e0131870.
https://doi.org/10.1371/journal.pone.0131870.

Anzai ], Nagayasu-Tanaka T, Terashima A, Asano T, Yamada S, Nozaki T, et al.
Long-term observation of regenerated periodontium induced by FGF-2 in the
beagle dog 2-wall periodontal defect model. PLoS One 2016;11:e0158485.
https://doi.org/10.1371/journal.pone.0158485.

Takayama S, Murakami S, Shimabukuro Y, Kitamura M, Okada H. Periodontal
regeneration by FGF-2 (bFGF) in primate models. ] Dent Res 2001;80:2075-9.
https://doi.org/10.1177/00220345010800121001.

Kitamura M, Nakashima K, Kowashi Y, Fujii T, Shimauchi H, Sasano T, et al.
Periodontal tissue regeneration using fibroblast growth factor-2: randomized
controlled phase II clinical trial. PLoS One 2008;3:e2611. https://doi.org/
10.1371/journal.pone.0002611.

Kitamura M, Akamatsu M, Machigashira M, Hara Y, Sakagami R, Hirofuji T,
et al. FGF-2 stimulates periodontal regeneration: results of a multi-center
randomized clinical trial. ] Dent Res 2011;90:35—40. https://doi.org/
10.1177/0022034510384616.

Kitamura M, Akamatsu M, Kawanami M, Furuichi Y, Fujii T, Mori M, et al.
Randomized placebo-controlled and controlled non-inferiority Phase III trials
comparing trafermin, a recombinant human fibroblast growth factor 2, and
enamel matrix derivative in periodontal regeneration in intrabony defects.
] Bone Miner Res 2016;31:806—14. https://doi.org/10.1002/jbmr.2738.
Yoshinuma N, Koshi R, Kawamoto K, Idesawa M, Sugano N, Sato S. Periodontal
regeneration with 0.3% basic fibroblast growth factor (FGF-2) for a patient
with aggressive periodontitis: a case report. J Oral Sci 2016;58:137—40.
https://doi.org/10.2334/josnusd.58.137.

Takayama SI, Murakami S. Efficacy of FGF-2 in periodontal regeneration in a
case of severe intrabony defect and furcation involvement with 15-month
follow-up. Clin Adv Periodontics 2021;11:74—9. https://doi.org/10.1002/
cap.10127.

Hayashi K, Kishida R, Tsuchiya A, Ishikawa K. Honeycomb blocks composed of
carbonate apatite, B-tricalcium phosphate, and hydroxyapatite for bone
regeneration: effects of composition on biological responses. Mater Today Bio
2019;4:100031. https://doi.org/10.1016/j.mtbio.2019.100031.

Ishikawa K, Hayashi K. Carbonate apatite artificial bone. Sci Technol Adv
Mater 2021;22:683—94. https://doi.org/10.1080/14686996.2021.1947120.
Nagai H, Kobayashi-Fujioka M, Fujisawa K, Ohe G, Takamaru N, Hara K, et al.
Effects of low crystalline carbonate apatite on proliferation and osteoblastic
differentiation of human bone marrow cells. ] Mater Sci Mater Med 2015;26:
99. https://doi.org/10.1007/s10856-015-5431-5.

Ishikawa K, Miyamoto Y, Tsuchiya A, Hayashi K, Tsuru K, Ohe G. Physical and
histological comparison of hydroxyapatite, carbonate apatite, and p-trical-
cium phosphate bone substitutes. Materials 2018;11:1993. https://doi.org/
10.3390/ma11101993.

Kitamura M, Yamashita M, Miki K, Ikegami K, Takedachi M, Kashiwagi Y, et al.
An exploratory clinical trial to evaluate the safety and efficacy of combination
therapy of REGROTH® and Cytrans® granules for severe periodontitis with
intrabony defects. Regen Ther 2022;21:104—13. https://doi.org/10.1016/
j.reth.2022.06.001.

Shirakata Y, Setoguchi F, Sena K, Nakamura T, Imafuji T, Shinohara Y, et al.
Comparison of periodontal wound healing/regeneration by recombinant hu-
man fibroblast growth factor-2 combined with B-tricalcium phosphate, car-
bonate apatite, or deproteinized bovine bone mineral in a canine one-wall
intra-bony defect model. J Clin Periodontol 2022;49:599—608. https://doi.org/
10.1111/jcpe.13619.

Du J, Li M. Functions of periostin in dental tissues and its role in periodontal
tissue regeneration. Adv Exp Med Biol 2019;1132:63—72. https://doi.org/
10.1007/978-981-13-6657-4_7.

Park CH, Rios HF, Jin Q, Sugai JV, Padial-Molina M, Taut AD, et al. Tissue
engineering bone-ligament complexes using fiber-guiding scaffolds.
Biomaterials 2012;33:137-45. https://doi.org/10.1016/j.biomaterials.
2011.09.057.


https://doi.org/10.1016/j.reth.2023.04.002
https://doi.org/10.3390/ma12132197
https://doi.org/10.1248/bpb.19.530
https://doi.org/10.1902/jop.1989.60.6.293
https://doi.org/10.1902/jop.1989.60.6.293
https://doi.org/10.1177/00220345960750041401
https://doi.org/10.1177/00220345960750041401
https://doi.org/10.1111/j.1600-0765.1997.tb00577.x
https://doi.org/10.1111/j.1600-0765.1997.tb00577.x
https://doi.org/10.1002/jbmr.5650080804
https://doi.org/10.1359/jbmr.1997.12.10.1606
https://doi.org/10.1016/S8756-3282(98)00087-8
https://doi.org/10.1210/endo.136.3.7867582
https://doi.org/10.1111/j.1600-0765.1999.tb02277.x
https://doi.org/10.1111/j.1600-0765.1999.tb02277.x
https://doi.org/10.1034/j.1600-0765.2003.00640.x
https://doi.org/10.1034/j.1600-0765.2003.00640.x
https://doi.org/10.1371/journal.pone.0131870
https://doi.org/10.1371/journal.pone.0158485
https://doi.org/10.1177/00220345010800121001
https://doi.org/10.1371/journal.pone.0002611
https://doi.org/10.1371/journal.pone.0002611
https://doi.org/10.1177/0022034510384616
https://doi.org/10.1177/0022034510384616
https://doi.org/10.1002/jbmr.2738
https://doi.org/10.2334/josnusd.58.137
https://doi.org/10.1002/cap.10127
https://doi.org/10.1002/cap.10127
https://doi.org/10.1016/j.mtbio.2019.100031
https://doi.org/10.1080/14686996.2021.1947120
https://doi.org/10.1007/s10856-015-5431-5
https://doi.org/10.3390/ma11101993
https://doi.org/10.3390/ma11101993
https://doi.org/10.1016/j.reth.2022.06.001
https://doi.org/10.1016/j.reth.2022.06.001
https://doi.org/10.1111/jcpe.13619
https://doi.org/10.1111/jcpe.13619
https://doi.org/10.1007/978-981-13-6657-4_7
https://doi.org/10.1007/978-981-13-6657-4_7
https://doi.org/10.1016/j.biomaterials.2011.09.057
https://doi.org/10.1016/j.biomaterials.2011.09.057

	Effects of combined application of fibroblast growth factor (FGF)-2 and carbonate apatite for tissue regeneration in a beag ...
	1. Introduction
	2. Methods
	2.1. Preparation of test substances
	2.2. Animals
	2.3. Periodontal surgery and administration of test substances
	2.4. Radiographic analysis
	2.5. Preparation of tissue specimens and μCT analysis
	2.6. Histological analysis
	2.7. Statistical analysis

	3. Results
	3.1. Time course of mineral density, area, and content in the defect site and the height of the existing bone on the mesial side ...
	3.2. Total mineral volume, volume of CO3Ap, and the new bone in the defect site
	3.3. Density of the new bone in the defect site
	3.4. BV, TV, and BV/TV in the existing bone region
	3.5. Histological findings and quantitative analysis in the defect site

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


