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Abstract

Objectives: The aim of this study was to examine the effect of basic fibroblast growth factor (FGF-

2) on osseointegration of dental implants with low primary stability in a beagle dog model.

Materials and methods: Customized titanium implants that were designed to have low contact

with the existing bone were installed into the edentulous mandible of beagle dogs. To degrade

the primary stability of the implants, the diameters of the bone sockets exceeded the implant

diameters. FGF-2 (0.3%) plus vehicle (hydroxypropyl cellulose) or vehicle alone was topically

applied to the sockets in the FGF-2 and control groups, respectively. In Study 1, the new bone area

and length of new bone-to-implant contact (BIC) were evaluated at 4, 8, and 12 weeks after

installation using histomorphometry and scanning electron microscopy. In Study 2, the implant

stability quotient (ISQ) values were sequentially measured for 16 weeks using an Osstell system.

Results: The histomorphometric analysis revealed that the new bone area and length of BIC in the

FGF-2 group were significantly larger than those in the control group at 4 weeks. Electron

microscopic observation showed intimate contact between the mature lamellar bone and the

implant surfaces, osseointegration, in both groups. The ISQ values in the FGF-2 group were

significantly increased from 6 to 16 weeks compared with those in the control group.

Conclusions: Taken together, our study demonstrates that FGF-2 promoted new bone formation

around the dental implants and subsequent osseointegration, resulting in promotion of stability of

implants with low primary stability.

Implant stability, which consists of primary

and secondary stability, is a fundamental pre-

requisite for successful dental implantations.

Primary stability mostly comes from

mechanical engagement between the implant

surface and the existing cortical bone, while

secondary stability arises from not only

direct structural connection, but also func-

tional connection between the bone and the

implant that is procured by bone regeneration

and remodeling (osseointegration) (Branemark

et al. 1985; Brunski 1992; Sennerby & Roos

1998; Raghavendra et al. 2005). After installa-

tion of an implant, the primary stability is

gradually decreased by postoperative bone

resorption, while the secondary stability is

increased by osseointegration with bone for-

mation (Raghavendra et al. 2005). Thus, the

total stability level of the implant is main-

tained, as long as the primary stability is nor-

mally supplemented and/or replaced by the

secondary stability (Mall et al. 2011).

However, in cases with poor bone struc-

ture, biomechanical overloading, and bone

resorption at the interface, the primary sta-

bility is insufficient because of gaps between

the implant and the bone. As a conse-

quence, the osseointegration process is dis-

turbed and fibrous tissue forms around the

implant, resulting in an unstable implant

and subsequent clinical failure (Meredith

1998).

To avoid clinical failure induced by low

primary stability, a variety of implants with

osteoconductive surfaces or scaffolds have

been used to support the acquisition of

osseointegration. However, even these mate-

rials were occasionally unable to promote

sufficient bone formation (Salgado et al.

2004). Therefore, we supposed that applica-

tion of a drug with osteogenic effects would

be useful to promote the acquisition of

osseointegration and increase the success rate

of dental implants.
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Basic fibroblast growth factor (FGF-2) is

known to have strong bone-forming ability.

Administration of FGF-2 at sites of fibula

fractures significantly increased the callus

bone mineral content, breaking strength, and

breaking energy in both healthy rats and

streptozotocin-induced diabetic rats (Kawagu-

chi et al. 1994). Similarly, locally applied

FGF-2 was reported to promote callus forma-

tion in rabbits and dogs with tibia fractures

(Kato et al. 1998; Nakamura et al. 1998;

Chen et al. 2004). In the dental field, we

demonstrated that FGF-2 enhanced regenera-

tion of the alveolar bone, cementum, and

periodontal ligament in artificial periodontal

defect models in beagle dogs (Murakami

et al. 1999, 2003) and non-human primates

(Takayama et al. 2001). We then conducted

clinical trials of 2- and 3-wall vertical bone

defects in patients with periodontitis and

demonstrated that an FGF-2 plus hydrox-

ypropyl cellulose (FGF-2 HPC) formulation

showed significant superiority over vehicle

alone in terms of the percentage of bone fill-

ing in modified Widman periodontal surgery

(Kitamura et al. 2008, 2011). Therefore, we

considered that application of the FGF-2 HPC

formulation would be efficacious for acquisi-

tion of osseointegration even for implants

with insufficient primary stability.

The aim of this study was to examine the

effect of the FGF-2 HPC formulation on the

osseointegration and stability of implants in

a canine low primary stability model by his-

tological analysis and resonance frequency

analysis. As a consequence, we revealed that

FGF-2 promoted the acquisition of osseointe-

gration and enhanced the stability of

implants with low primary stability.

Material and methods

Preparation of test substances

An FGF-2 HPC formulation containing 0.3%

FGF-2 was prepared by dissolving freeze-dried

human recombinant FGF-2 (Kaken Pharma-

ceutical Co. Ltd., Tokyo, Japan) in 3% HPC

solution. The 3% HPC solution alone was

used as the vehicle. Either vehicle alone or

0.3% FGF-2 solution was administered to the

control and FGF-2 groups, respectively.

Animals

Beagle dogs were obtained from Ridglan

Farms Inc. (Mt. Horeb, WI) and Kitayama

Labes Co. Ltd. (Nagano, Japan). Seven male

beagle dogs (age: 37 months; weight: 8.8–

13.8 kg) for Study 1 and six female dogs (age:

78–87 months; weight: 11.9–17.0 kg) for

Study 2 were used. The dogs were housed

individually and allowed to move freely in

stainless steel cages under conditions of

18–26°C temperature, 30–70% humidity, and

12-h lighting (07:00–19:00). All animals were

provided with 230 g of solid food (LABO D

STOCK; Nihon Nosan Kogyo Co., Yoko-

hama, Japan) per day and filtered tap water

ad libitum. This study was approved by the

Animal Experiments Ethics Committee of

Kaken Pharmaceutical Co. Ltd. and the Ethi-

cal Review Board of Dentistry, Osaka Univer-

sity. Kaken Pharmaceutical Co. Ltd. follows

in-house regulations that comply with

Japan’s Act on Welfare and Management of

Animals as well as international and domes-

tic guidelines. In addition, Kaken Pharmaceu-

tical Co. Ltd. has been certified as a qualified

Fig. 1. Schematic drawings of the customized implants, postoperative views, and methods for histomorphometric

analysis. (a) Design, size, and measurement region of the customized titanium implant in Study 1. (b) Schematic

drawing of the installed implant. (c) Postoperative view of the installed titanium implants in Study 1. (d) Schematic

drawing of the measurement regions for the histomorphometric analysis in Study 1. (e) Design, size, and measure-

ment region of the customized implant in Study 2. (f) Customized transducer attached to the installed implant for

measurement of the ISQ value in Study 2.
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institution for Laboratory Animal Care and

Use by The Japan Health Sciences Founda-

tion (Tokyo, Japan).

Implantation procedure

The purpose of Study 1 was to examine the

effect of FGF-2 on the bone-forming ability

around the implants at 4, 8, and 12 weeks

after installation. To reduce contact with the

existing bone and quantify the amount of

bone formation, customized titanium

implants with measurement regions were

prepared (Fig. 1a; diameter: 3.2 mm; length:

6 mm; Kyocera Medical Corporation, Osaka,

Japan). After the dogs were anesthetized sub-

cutaneously with xylazine (20 mg/dog; Celac-

tal; Bayer Yakuhin Ltd., Tokyo, Japan),

intravenously with pentobarbital (10 mg/kg),

and intragingivally with 2% lidocaine with

0.00125% adrenaline (Xylocaine; Dentsply-

Sankin K.K., Tokyo, Japan), the third and

fourth premolars on both sides in the mand-

ible were removed. After the wounds had

healed, a mucoperiosteal flap was raised, and

two bone sockets (diameter: 3.2 mm; depth:

6 mm) on each side were surgically prepared

using a twist drill (Implantor Neo BRIGHT;

Kyocera Medical Corporation, Osaka, Japan)

under anesthesia as described above. To

degrade the primary stability of the implants,

the diameters of the sockets were spread to

3.7 mm with a depth of 4 mm using a taper

drill (Fig. 1b). Four implants per animal were

installed after the test solutions (20 ll/site)

were administered into the sockets (Fig. 1c).

In each dog, the 0.3% FGF-2 solution was

administered into the two sockets on one

side and the vehicle solution was adminis-

tered into the two sockets on the other side.

The gingival flaps were sutured, and peni-

cillin (40,000 U/dog) and streptomycin

(200 mg/dog) were administered subcuta-

neously to prevent infection after surgery.

The animals were given about 400 g of soft

food (Pedigree; Mars Japan Ltd., Tokyo, Japan)

per day during the first 7 postoperative days.

Histological analysis

In Study 1, three dogs each were euthanized

by exsanguination under general anesthesia

at 4 and 8 weeks after installation. Tissues

containing the implants (n = 6 per group at

each time point) were extracted and fixed

with neutral-buffered 10% formalin. Non-

decalcified histological sections were pre-

pared by grinding after the tissues were

embedded with resin, and mesiodistal sec-

tions of the specimens were stained with Vil-

lanueva Goldner stain. The new bone area

and length of new bone-to-implant contact

(BIC) in the measurement regions (Fig. 1a)

were determined with WinRoof image analy-

sis software (ver.5.03; Mitani Co., Tokyo,

Japan). To examine the relationship between

bone formation and distance from the exist-

ing bone, the new bone area was measured in

two regions, comprising an area near the

existing bone (Area 1) and an area further

from the existing bone (Area 2), and the

length of BIC was measured on each side

(Side a, Side b, Side c, Side d) (Fig. 1d). The

individual values of each implant were calcu-

lated as the means in two measurement

regions because of mesiodistal sections of the

specimens (Fig. 1a). The new bone area and

length of BIC were shown as percentages cal-

culated as follows: new bone area/area of

measurement region 9 100 or length of BIC/

entire length of each side 9 100.

Electron microscopic observations

Under general anesthesia, one dog was eutha-

nized by exsanguination at 12 weeks in

Study 1. Mesiodistal sections of the speci-

mens were prepared as described above. The

sections were coated with platinum using a

plasma multicoater (PMC-5000; Meiwafosis

Co. Ltd., Tokyo, Japan) and observed under a

scanning electron microscope (JSM-6390LV;

JEOL Ltd., Tokyo, Japan).

Implant stability measurements

The purpose of Study 2 was to determine

whether FGF-2 enhanced the stability of the

implants. The total implant stability was

evaluated by the implant stability quotient

(ISQ) value derived from the resonance fre-

quency given by an Osstell system (Osstell

AB, Gothenburg, Sweden). Six beagle dogs

were implanted with customized titanium

(a) (b) (e)

(f)(c) (d)

Fig. 2. Histomorphometric analysis of new bone formation in Study 1. (a–d) Representative histologic overview of

the measurement region of the implants. Specimens were harvested 4 (a, b) and 8 (c, d) weeks after installation in

the control (a, c) and FGF-2 (b, d) groups. Green, calcified bone; red, osteoid (Villanueva Goldner stain). (e) Histo-

morphometric analysis of the rate of new bone area in the measurement regions. The area of new bone was mea-

sured in two areas, comprising an area near the existing bone side (Area 1) and an area further from the existing

bone (Area 2). The data are shown as percentages calculated as new bone area/area of measurement region 9 100.

The results are presented as means (column) � SD (bar) and median (open circle). (n = 6; *P < 0.05, vs. the control

group by a Wilcoxon signed-rank test). (f) Histomorphometric analysis of the rate of contact between the new bone

and the implant in the measurement regions. The length of BIC was measured on each side (Side a, Side b, Side c,

and Side d). The data are shown as percentages calculated as length of BIC/entire length of each side 9 100. The

results are presented as means (column) � SD (bar) and median (open circle) (n = 6; *P < 0.05, vs. the control group

by a Wilcoxon signed-rank test).

© 2016 The Authors. Clinical Oral Implants Research Published by John Wiley & Sons Ltd. 293 | Clin. Oral Impl. Res. 28, 2017 / 291–297

Nagayasu-Tanaka et al � FGF-2 enhances stability of implants



implants that allowed measurements by the

Osstell system (Fig. 1e, f). The implantation

was performed as described above with the

exception of the bone socket number. In

Study 2, only the fourth premolars on both

sides were removed and one bone socket on

each side was created (Fig. 1b). The ISQ val-

ues were recorded at the time of implant

placement (0 weeks) and at 4, 6, 8, 12, and

16 weeks after installation by attaching a

customized transducer (Kyocera Medical Cor-

poration, Osaka, Japan) to the implant

(Fig. 1f). The ISQ values at 0 weeks in both

groups were confirmed to be 60 or less,

because ISQ values of 60 or less are consid-

ered to reflect low stability (Rodrigo et al.

2010). To estimate the relationship between

the ISQ value and the histology, the tissues

containing the implants (n = 6 per group at

each time point) were extracted at 16 weeks

and the sections were stained with Vil-

lanueva Goldner stain as described above.

The final data were shown as the percentages

of new bone area and length of BIC in the

entire measurement region with WinRoof

image analysis software.

Statistical analysis

The mean, standard deviation (SD) and med-

ian were calculated for each measurement,

and the differences between treatments were

analyzed by a Wilcoxon signed-rank test. The

level of significance was set at 5%. All statis-

tical analyses were performed using PASW

Statistics 18 (ver. 18.0.0; IBM Japan Services

Company Ltd., Tokyo, Japan).

Results

Histomorphometric analysis of new bone
formation (Study 1)

Histologic images of the measurement

regions at 4 and 8 weeks are shown in

Fig. 2a–d. Villanueva Goldner staining distin-

guishes between uncalcified osteoid (red) and

calcified bone (green). In the control group,

new bone including osteoid and calcified

bone was formed in the measurement region

at 4 weeks, and the trabeculae of the new

bone were thin and immature (Fig. 2a). From

4 to 8 weeks, the area of new bone

expanded, the thickness of the new bone tra-

beculae increased, and the new bone

matured into calcified bone at 8 weeks

(Fig. 2c). In the FGF-2 group, the maturity of

the new bone was similar to that in the con-

trol group at 4 and 8 weeks (Fig. 2b, d). The

amount of new bone in the FGF-2 group was

larger than that in the control group at each

time point.

To ascertain the bone-forming ability of

FGF-2, we first evaluated the area of new

bone including osteoid and calcified bone in

the measurement regions (Fig. 2e). The new

bone area in Area 2 was smaller than that in

Area 1 at 4 and 8 weeks in the control group,

indicating that bone formation was delayed

in the area further from the existing bone. In

the FGF-2 group, the new bone area was sig-

nificantly larger than that in the control

group in both Area 1 and Area 2 at 4 weeks.

In particular, in the region further from the

existing bone (Area 2), there was a large dif-

ference between the FGF-2 group and the

control group. These data indicated that FGF-

2 was effective for bone formation around the

implants where bone formation was delayed.

From 4 to 8 weeks, the new bone area in the

FGF-2 group did not change dramatically.

The new bone area in the FGF-2 group at

4 weeks was similar to that in the control

group at 8 weeks.

To examine the effect of FGF-2 on osseoin-

tegration, we investigated the lengths of BIC

in the measurement regions (Fig. 2f). The

lengths of BIC were in the order of Side

a > Side b > Side c > Side d at 4 weeks in the

control group. The length of BIC on Side d

was very low even at 8 weeks. These results

suggested that the contact appeared to pro-

ceed from the side near the existing bone

(Side a) to the far side (Side d) and that the

far side was slow to acquire contact. In the

FGF-2 group, the total contact length (Side

a + Side b + Side c + Side d) was significantly

greater than that in the control group at 4

and 8 weeks. In particular, the length on Side

d in the FGF-2 group was higher than that in

the control group.

Electron microscopic observation (Study 1)

The contact conditions between the new

bone and the implants were observed at

12 weeks after installation (Fig. 3). Osseous

(a) (b)

(c) (d)

(e) (f)

Fig. 3. Electron microscopic observation in Study 1. (a–f) Electron microscopic photomicrographs of BIC in the con-

trol (a, c, e) and FGF-2 (b, d, f) groups at 12 weeks. NB, new bone; I, implant. Bars: 10 lm.
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matrix adhered to the implant surfaces, and

no connective tissue between the bone and

the implant surfaces was observed on any

side in both groups. Therefore, successful

osseointegration was visualized at the ultra-

structural level.

Implant stability measurements (Study 2)

To examine the effect of FGF-2 on implant

stability, we evaluated the ISQ values derived

from the resonance frequencies (Fig. 4a). The

ISQ values of around 50 at 0 weeks (low

implant stability) increased to 80 at 4 weeks

in both groups. From 4 to 8 weeks, the ISQ

values in both groups gradually increased.

The ISQ values in the FGF-2 group were sig-

nificantly higher than those in the control

group at 6 and 8 weeks. The ISQ values in

both groups barely changed after 8 weeks,

and the difference between the two groups

was maintained. At 16 weeks, the new bone

area in the entire measurement regions in

the FGF-2 group was higher compared with

those in the control group (Fig. 4b). Interest-

ingly, the length of BIC in the entire mea-

surement regions in the FGF-2 group was

significantly higher compared with those in

the control group (Fig. 4c). Thus, FGF-2 was

considered to enhance the implant stability.

Discussion

We previously clarified that the FGF-2 HPC

formulation is efficacious for periodontal

regeneration accompanied by neogenesis of

alveolar bone and cementum (Murakami

et al. 1999, 2003; Takayama et al. 2001). In

the present study using the same formula-

tion, we demonstrated that FGF-2 alone pro-

moted the acquisition of osseointegration and

enhanced the stability of implants with low

primary stability (ISQ values of about 50).

Our histomorphometric analysis demon-

strated that FGF-2 significantly promoted

bone formation at 4 weeks. Notably, even in

the region far from the existing bone, there

was a large difference between the FGF-2

group and the control group. We also showed

that FGF-2 markedly promoted the acquisi-

tion of osseointegration even on the furthest

side. These data indicated that FGF-2 was

effective for bone formation and osseointegra-

tion around implants with low primary

stability and that the promotional effect of

FGF-2 was remarkable in the region where

bone formation was delayed by gaps between

the implant and the existing bone. Further-

more, the new bone area in the FGF-2 group

at 4 weeks was similar to that in the control

group at 8 weeks. This finding suggests that

FGF-2 accelerated bone formation. A covering

of the implant surface with bone at the early

phase is thought to play an important role in

preventing the penetration of soft tissue,

because the soft tissues forming at the BIC

interface have a negative influence on the fix-

ation (Soballe et al. 1993). The facilitatory

effects of FGF-2 on the new bone formation

are considered to be attributable to its strong

mitogenic activity toward undifferentiated

cells of the osteoblast lineage in bone mar-

row Martin et al. 1997; Hanada et al. 1997;

Dupree et al. 2006) as well as endothelial

cells (Gospodarowicz et al. 1987), fibroblasts,

and osteoblasts (Rodan et al. 1989). These

effects can be exerted even on the titanium

surface of implants, because FGF-2 was

reported to effectively enhance the prolifera-

tion of mesenchymal stem cells on titanium

particles (Jeong et al. 2008).

We showed the promotional effect of FGF-2

on implant stability by resonance frequency

analysis, which was introduced for monitoring

of implant stability (Meredith 1998). The ISQ

values in the FGF-2 group from 6 to 16 weeks

were significantly higher than those in the

control group, indicating that FGF-2 enhanced

the acquisition of stability. However, the ISQ

values were similar between the two groups at

4 weeks, although the new bone area in the

FGF-2 group was significantly larger than that

in the control group at the same time point.

The reason for this might be that the stability

was not fully correlated with the amount of

new bone formation, because the new bone

was immature at 4 weeks. From 4 to 8 weeks,

as the new bone matured, the stability of the

implants increased in accordance with the

amount of new bone. At 16 weeks, the length

of BIC in the entire measurement regions in

the FGF-2 group was significantly elevated

compared with those in the control group. Fur-

thermore, the length of BIC all around the

implants in the FGF-2 group was significantly

higher than those in the control group at

16 weeks (data not shown). These findings

suggest that the bone induced by FGF-2 was

maintained all around the implants, thus con-

tributing to the enhancement of implant sta-

bility. Therefore, we considered that the

enhanced formation of osseointegration and

Fig. 4. Implant stability measurements and histomorphometric analysis in Study 2. (a) Time-dependent changes in

the ISQ value. The results are presented as means � SD (n = 6; *P < 0.05, vs. the control group by a Wilcoxon

signed-rank test). (b) Histomorphometric analysis of the rate of new bone area in the entire measurement regions at

16 weeks after installation. The data are shown as percentages calculated as new bone area/area of measurement

region 9 100. The results are presented as means (column) � SD (bar) and median (open circle) (n = 6; not significant,

vs. the control group by a Wilcoxon signed-rank test). (c) Histomorphometric analysis of the rate of contact between

the new bone and the implant in the entire measurement regions at 16 weeks after installation. The data are shown

as percentages calculated as length of BIC/entire length of each side 9 100. The results are presented as means

(column) � SD (bar) and median (open circle) (n = 6; *P < 0.05, vs. the control group by a Wilcoxon signed-rank test).
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acquisition of high stability of the implants by

FGF-2 were supported by the histomorphome-

tric analysis as well as the resonance fre-

quency analysis.

The acquisition of primary stability

depends on the surrounding bone quality and

quantity (Oue et al. 2015). As the surround-

ing bone quality was lowered, the resonance

frequency decreased (Huang et al. 2002).

Rodrigo et al. (2010) reported that 19% of

implants with ISQ<60 failed and that even if

the implants did not fail, the unstable

implants did not reach the same ISQ values

compared with the stable implants at the

time of the placement of the prosthetic

restoration (2–4 months after the installa-

tion). To improve these issues, local adminis-

tration of FGF-2 would shorten the treatment

period and reduce the failure of implant with

low primary stability based on the results in

this study that FGF-2 accelerated bone forma-

tion and enhanced the implant stability.

Furthermore, osteoporosis and diabetes

mellitus may have insufficient of the primary

stability and impairment for bone healing

adjacent to dental implants (Nevins et al.

1998; Becker et al. 2000; Oue et al. 2015).

ISQ value of the glucocorticoid-induced

osteoporotic animals was lower than normal

at the installation in the distal epiphysis of

the rabbit femur (Oue et al. 2015). Osseointe-

gration measured by BIC was significantly

reduced for diabetic compared to control rats

(Nevins et al. 1998). Several previous studies

have reported that FGF-2 enhanced bone for-

mation in animals with impaired ability of

bone formation such as streptozotocin-

induced diabetic rats (Kawaguchi et al. 1994)

and ovariectomized osteoporotic rabbits and

rats (Nakamura et al. 1997; Gao et al. 2009).

Based on these reports, even in patients with

low bone mass and/or low bone-forming

activity, FGF-2 is more likely to promote the

acquisition of osseointegration.

The present study revealed that FGF-2

alone increased and accelerated bone forma-

tion and promoted the osseointegration of

implants with low primary stability, and

resulted in the acquisition of high stability.

These findings suggest that application of

FGF-2 would increase the success rate in

cases with a high probability of implant fail-

ure. Interestingly, we previously found that

combined usage of FGF-2 with b-TCP signifi-

cantly stimulated periodontal regeneration at

1-walled periodontal defects in the beagle dog

model (Anzai et al. 2010). Thus, it would be

possible to achieve osseointegration with a

higher probability by topically applying FGF-

2 with various osteoconductive materials.
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