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Abstract JH8194 induces osteoblast differentiation,
although it was originally designed to improve antifungal
activity. This suggests that JH8194 is useful for implant
treatment. Therefore, the aim of this study was to evaluate
the osseointegration capacity of JH8194-modified titanium
dental implant fixtures (JH8194-Fi). The implants were
randomly implanted into the edentulous ridge of dog
mandibles. Healing abutments were inserted immediately
after implant placement. Three weeks later, peri-implant
bone levels, the first bone-to-implant contact points, and
trabecular bone formation surrounding the implants were
assessed by histological and digital image analyses based
on microcomputed tomography (microCT). The histologi-
cal analysis revealed an enhancement of mature trabecular
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bone around the JH8194-Fi compared with untreated
fixtures (control-Fi). Similarly, microCT combined with
analysis by Zed View  also showed increased trabecular
bone formation surrounding the JH8194-Fi compared with
the control-Fi (Student’s z-test, P < 0.05). JH8194 may
offer an alternative biological modification of titanium
surfaces to enhance trabecular bone formation around
dental implants, which may contribute to the transient
acquirement of osseointegration and the long-term success
of implant therapy.

1 Introduction

Titanium is widely used for medical devices, and in par-
ticular, pure titanium or titanium alloy are the most com-
mon materials for dental implants because of their
excellent physical properties and their osseointegration
potential [1]. It is widely known that the dioxide film that
forms on the titanium surface increases calcium deposition
and is readily reactive toward osseous proteins [1]. In
addition, technological manipulations to achieve osseoin-
tegration in shorter periods and with greater strength are
widely performed [1]. Numerous studies have attempted to
improve the biocompatible characteristics of the titanium
surface. A variety of surface modifications have been
reported [2-5], including our previous work [5] in which
we immobilized a cationic synthetic peptide derived from
histatin, JH8194, to facilitate the differentiation of osteo-
blasts in vitro. The JH8194 we originally designed was
synthesized to improve antifungal activity [6], and we
reported successful immobilization of JH8194 to titanium
surfaces through a series of previous studies [3, 7-10].
Surprisingly, we found that titanium surfaces modified
with JH8194 enhanced the expression of osteoblastic
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differentiation markers, including Runx2 and osteopontin,
in MC3T3-E1 osteoblastic cells [5], as well as suppression
of biofilm formation of Porphyromonas gingivalis [5], a
bacterium frequently recovered from peri-implantitis [11].
It is generally accepted that numerous antimicrobial pep-
tides derived from mammalian cells have an alpha-helical
structure, and the majority are cationic and amphipathic.
Likewise, we previously indicated that the candidacidal
activity of JH8194 was due not only to its alpha-helical
propensity, but also to cationic charges [6]. The inhibitory
effects of immobilized JH8194 on the titanium surface
against P. gingivalis might be similarly attributed to the
three common properties of cationic antimicrobial peptides
[5, 6]. However, the mechanism of inducing osteoblast
differentiation remains unclear.

In the present study, we hypothesized that JH8194-
modified titanium surfaces promote the bone healing pro-
cess, particularly earlier acquisition of osseointegration, in
addition to the suppression of postoperative infection.
Thus, in the present study, we chose to focus first on
developing a bone model to evaluate the osseointegration
potential of the modified implants.

To assess the osseointegration capacity of JH8194-
modified titanium surfaces, we inserted dental implants
into the edentulous mandible of canines and subsequently
evaluated the area of new trabecular bone formation sur-
rounding the fixture histologically from ground sections
and quantitatively by the use of a three-dimensional image
analysis system from the Digital Imaging and Communi-
cations in Medicine (DICOM) data of microcomputed
tomography (microCT).

2 Materials and methods
2.1 Purity of the synthetic peptide: JH8194

The JH8194 peptide was synthesized and purified to >90%
at Greiner Bio-One Co., Ltd. (Tokyo, Japan) [5].

2.2 Preparation of the dental implant with JH8194

Preparation and immobilization of JH8194 on the surface
of the implant fixture (GENESiO Fi IN, diameter width =
3.8 mm, length = 6.5 mm; GC, Tokyo, Japan) were carried
out in accordance with the modified method described
previously [5]. The implant fixtures immobilized with
JH8194 (JH8194-Fi) were prepared through a series of
chemical reactions. Briefly, each fixture of implants ster-
ilized by gamma rays was immersed in 2 ml of 5% gamma-
aminopropyltriethoxysilane in acetone for 15 min at room
temperature and washed with 2 ml of acetone. The implant
was subsequently treated with 2 ml of 5% glyoxylic acid
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monohydrate for 2 h and then washed with ultra-pure
water. The implant surface was treated with 2 ml of 0.4%
sodium borohydride (NaBH,) for 24 h to reduce the imine
to amine groups. The implants were then washed with
ultra-pure water. The carboxyl groups on the surfaces of
implant specimens were then activated with N-hydro-
xysuccinimide/N-ethyl-N’-(3-dimethylaminopropyl)-car-
bodiimide (NHS/EDC) (BiaCore AB, Uppsala, Sweden)
and treated with 2 ml of 20 pM JH8194 in sodium bicar-
bonate buffer (pH 8.0) for 30 min at 37°C to immobilize
JH8194 on the implant surface. After washing with 10 ml
of phosphate-buffered saline (PBS) three times to remove
the excess JH8194, the activated carboxyl groups were
blocked by a 5-min treatment with 2 ml of 1 M ethanol-
amine-HCI (BiaCore AB). An untreated, peptide-free
implant was used as a control (control-Fi).

2.3 Scanning electron microscopy observation

To examine the surface roughness and to confirm the
border for two-dimensional analysis of trabecular bone
formation excluding cortical bone, the surface of the
implant (Fig. 1A-a) was observed under a scanning elec-
tron microscope using standard procedures (original mag-
nification of x30) (Fig. 1A-b) (VE-8800; Keyence, Osaka,
Japan).

2.4 Surgical procedure for implantation

Four female mongrel dogs of common lineage [12]
weighing 18.7-23.9 kg (average: 22.0 £+ 2.0 kg) and
47-53 months of age (average: 48.8 months) were pur-
chased from Hiroshima Animal Laboratory (Hiroshima,
Japan) and used for this study. Animal selection, man-
agement, anesthesia, and surgical and analysis procedures
were approved by the animal care and use committee of
Hiroshima University (No. A09-30, Hiroshima, Japan).
The in vivo experiments using the dog model were per-
formed in accordance with the procedures allowed by the
committee.

The implantation involved two surgical procedures
(Fig. 1C). First, the second and third premolars on the
bilateral sides were extracted to prepare the alveolar bone
without teeth 2 months before the implant operation
(Fig. 1C-a). The 16 sites without teeth were totally pre-
pared. After confirming bone healing of tooth extraction
sites, either a control-Fi (n = 4) or a JH8194-Fi (n = 4)
was randomly placed into the edentulous ridge of each dog
mandible (Fig. 1C-b and c). Seven implants were inserted
under torque between 10 N.-cm < initial fixation < 40
N-cm according to a general procedure that may be con-
sidered suitable to acquire primary stability. Because the
torque of one implant in four control fixtures was >60
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Fig. 1 A representative A
photograph of the implant used
in the present study (A-a). The
edge of the implant for the two-
dimensional analysis was
observed by scanning electron
microscopy (A-b). A schematic
of the implant fixture explaining
the defined points (points A and
B), lines (Center Line and
Longitudinal Line), and axes
(X-axis and Y-axis) for
evaluating the trabecular bone
area in the Evaluation Area,
Evaluation Area (lower), and
Evaluation Area (upper) using
ZV software (B). The
Evaluation Width (3, 4, or

5 mm) was changed for each
analysis. The fixture was
implanted into the canine
edentulous mandible (C-b),
which was prepared by the
extraction of teeth according

to a standard procedure

(C-a) described in Sect. 2 (C-c)

N-cm, it was excluded from the experiment. The other
eight implants were placed into the edentulous ridge of
each dog mandible for another independent project (not
shown). The platforms of all implants were aligned with
the alveolar ridge according to the manufacturer’s
instructions. The healing abutment recommended in the
instructions was placed on the platform after fixture
implantation (ABUTMENT IN, diameter width = 5.0 mm,
collar height = 4.0 mm; GC) (Fig. IC—c), and gingival
tissues were sutured with degradable surgical sutures
(Vicryl; Johnson & Johnson, Tokyo, Japan).

2.5 Computed tomographic analysis

Three weeks after fixture implantation [13, 14], dog man-
dibles were harvested, dissected without decalcification,
fixed in 10% formalin solution for 48 h, and dehydrated
through a graded ethanol series for 1 week.

DICOM data were obtained by the use of microCT
(Toscaner; Toshiba, Tokyo, Japan) for each specimen ori-
ented with the vertical axis perpendicular to the ground.
The scans by microCT were carried out under the condi-
tions; X-ray tube voltage of 100.0 kV, tube current of 62
LA, slice thickness of 0.05 mm, slice pitch of 0.05 mm and
view numbers of 400. DICOM data obtained from the
microCT examination were analyzed by Zed View (ZV)
software (Lexy, Tokyo, Japan) to evaluate the area of

B lingual
F— 3.8mm —

Center Line
medial distal

Evaluation
Area (EA)

EA(Upper)

| Y-axis
EA(Lower)

Longitudinal Line

bottom

trabecular bone within the defined region surrounding each
implant fixture.

A schematic model of the implant is shown in Fig. 1B.
The center line (Center Line) of the mediodistal direction
on the fixture platform was defined as equidistant from
both edges of the lingual and buccal cortical bone
(Fig. 1B). Two fiduciaries (points A and B) for analysis by
ZN were decided from the nadir at the bottom (point A)
and the central point at the top (point B) of the sagittal
plane, respectively (Fig. 1B). The longitudinal line (Lon-
gitudinal Line) linked point A with point B. The evaluation
of the distance between the medial (distal) line and the
longitudinal line was denoted as the evaluation width
(Evaluation Width = 3, 4, or 5 mm). The X-axis in the
evaluation area (Evaluation Area) was parallel to the
Center Line, while the Y-axis in the Evaluation Area was
parallel to the Longitudinal Line. The top of the X-axis was
positioned on the indicated line corresponding to the white
arrowhead of Fig. 1A-b (Fig. 1B) to stay off the cortical
bone. The EA was equally divided into two areas: the
lower (EA (lower)) and upper (EA (upper)) halves. The
area of trabecular bone in the Evaluation Area was auto-
matically calculated when the Evaluation Area, ranges of
mask, and intensity were defined with ZV. To eliminate the
implant fixture from the images, the constant ranges of
masks and intensity of ZV in this study were 40 < mask <
200 and 30 < intensity < 300, respectively, for all
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analyses. The implant could not be masked under these
optimal conditions using ZV.

2.6 Histological analysis

After microCT examination of each specimen, the dehy-
drated specimens were embedded in methyl methacrylate
for histological analysis. Mesiodistal and longitudinal
sections were ground to a thickness of 100-120 um and
stained with Villanueva-Goldner (VG) to evaluate new
bone formation and to distinguish mature and immature
bone [15] (Kureha Special Laboratory, Tokyo, Japan). The
red regions in the sections stained with VG indicate
immature trabecular bone, and the green regions indicate
mature trabecular bone. A photographic image of each
section was taken with a digital camera attached to a ste-
reomicroscope (original magnification of x12.5).

2.7 Statistical analysis

Data were analyzed by a one-way analysis of variance
(ANOVA) and Dunnett’s multiple range test, or Student’s
t-test (z-test).

3 Results

The postoperative states of the gingival tissues surrounding
the healing abutment were carefully examined weekly.
There were no remarkable inflammatory symptoms in the
oral mucosa surrounding the dental implants of either the
control-Fi or JH8194-Fi groups. In addition, there were no
remarkable changes in the body weights of the dogs
throughout the study (not shown).

3.1 Alteration of mature and immature trabecular bone
surrounding the control-Fi and JH8194-Fi implants

Representative photographs of the histological sections
stained by VG are shown in Fig. 2. In general, the areas of
positively stained mature trabecular bone (green portions)
were larger surrounding the JH8194-Fi implants than those
surrounding the control-Fi implants (Fig. 2). In contrast,
the red areas of immature trabecular bone were smaller
than those of the control-Fi implants (Fig. 2).

3.2 Quantitative comparison of the trabecular bone
area in contact with control-Fi and JH8194-Fi
implants

Representative images in the two-dimensional analysis

combined with microCT and ZV are shown in Fig. 3A.
With the ZV software, the trabecular bone surrounding the
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control-Fi JH8194-Fi

Fig. 2 Representative photographs at x12.5 original magnification
obtained from ground sections stained with VG. The staining
demonstrated the area of trabecular bone and distinguished mature
(green) and immature (red) bone around the inserted implants within
the edentulous ridge (Color figure online)

implant was masked as green, enabling a quantitative
comparison of the trabecular bone area in contact with the
implants in the samples. When EW = 3, the area of tra-
becular bone around the JH8194-Fi was significantly
increased compared with that around the control-Fi (t-test,
P < 0.05) (Fig. 3B). At EW =4 and 5, the mean values of
the area of trabecular bone were greater with the JH8194-Fi
compared with control-Fi; however, there were no signifi-
cant differences in the area of trabecular bone at the EA
between the control-Fi and JH8194-Fi (t-test, P > 0.05)
(Fig. 3B).

Similar to the case of the EA, the trabecular bone in the
EA (upper) and EA (lower) surrounding the JH8194-Fi was
greater than that in the EA (upper) and EA (lower) sur-
rounding the control-Fi (Fig. 3C). As for the EA (lower),
trabecular bone that formed around JH8194-Fi was sig-
nificantly greater than that of control-Fi (ANOVA, P <
0.05). On the other hand, there was no significant differ-
ence in the trabecular bone formation between the control-
Fi and the JH8194-Fi at EA (upper) (ANOVA, P > 0.05)
(Fig. 3C).

4 Discussion
At present, many studies have carried out animal experi-

ments to apply in vitro titanium surface modifications
[16-19] to in vivo conditions, including the implantation of
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Fig. 3 Representative images obtained by microCT and ZV. The
green portions illustrated in the Evaluation Area were automatically
recognized as the trabecular bone area by the ZV software under
optimal conditions. The white area indicates the implant fixture in the
longitudinal and mesiodistal directions under the same conditions.
Representative images of the control-Fi and JH8194-Fi at 3 weeks are
shown (A). The mean occupied area of the trabecular bone (%) in the

titanium implants modified with diamond-like carbon
coatings [16], RGD peptide [20], and recombinant bone
morphogenetic protein (BMP)-2 [21, 22], as well as pro-
totypes of dental implant fixtures with a variety of surface
modifications [16, 20-22]. Such prototypes have been
implanted into the jaw bone [22-25], limb [26], or tibia
[27, 28] of experimental animals including rats [27, 28],
rabbits [26], dogs [22-25], and sheep [29]. Similarly,
numerous types of radiographic and histological analyses
of new bone formation surrounding implants after the
operation were carried out [16, 21-26, 28-31]. Collec-
tively, these reports suggest that a larger laboratory animal
model, such as a dog, is potentially more representative of
the human in vivo environment compared with smaller
animal models because the implant can be entirely inserted
into the jaw [16, 21-26, 28-31]. Moreover, histological and

Evaluation Area (lower + upper) (3, 4, and 5 mm) was calculated by
the ZV software (B). The values are expressed as the mean + SD.
The asterisks indicate a statistically significant difference compared
with the other test group (t-test; *P < 0.05). The mean area of the
trabecular bone (%) in the EA (upper or lower) (3 mm) is shown
(£SD) (C). The asterisks indicate a statistically significant difference
for all samples (ANOVA; *P < 0.05)

microCT digital image analyses of the trabecular bone
that is closely associated with osseointegration of the
implant can provide a holistic quantitative and qualitative
evaluation of the osteogenic potential of the surface-
modified titanium. Therefore, in the present study, we
employed a dog model and attempted to investigate
whether a JH8194-immobilized titanium implant can
accelerate or increase mature trabecular bone around the
implanted fixture using ZV with DICOM data from
microCT; in addition, we performed a conventional his-
tological analysis [15]. In microCT analysis, metal arti-
facts could not be avoided. However, we considered that
the metal artifacts in the comparative analysis of the
present study were negligible, since the conditions of the
small noises around both of control and prototype
implants were theoretically equal.
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Histatin 5 is the most potent member of the antifungal
peptide family and renders most pathogenic Candida spe-
cies nonviable in vitro at physiological concentrations [32].
In a previous study, the results of a biofilm assay using
P. gingivalis, a common bacterium involved in peri-im-
plantitis [11], demonstrated that JH8194 immobilized on
the titanium disc surface by the same immobilization
method used in the present study inhibited biofilm forma-
tion of P. gingivalis as predicted [5]. However, a surprising
finding was that the JH8194 immobilized on the titanium
surface accelerated osteoblast differentiation [5]. Research
including animal studies could potentially validate these
findings. However, it was difficult to plan the in vivo
experiment model to simultaneously confirm two potentials
of JH8194-immobilized titanium (osseointegration and
protection from early bacterial infection) because inten-
tionally simulating initial infection at surgery around the Fi
may influence normal osseointegration in the oral cavity of
the dog. In addition, anterior and posterior antibiotic loads
in surgery are normally required in animal experiments to
avoid postoperative infection [21, 22]. Therefore, we
decided that initial experiments would evaluate the
potential osseointegration of JH8194-Fi in the present
study. In the future, further investigations will clarify the
possible function of JH8194 in providing protection from
early bacterial infections suggested by our in vitro data [5].

Thus, the main purpose of this study was to clarify
whether the prototype implant with JH8194 enhanced
osseointegration. Surprisingly, the in vivo data obtained
from the dog model indicated that JH8194-Fi increased the
mature trabecular bone formation surrounding the implant
compared with control-Fi. In addition, the trabecular bone
composed of the immature trabecular bone and mature
trabecular bone that were stained with VG were not com-
pletely equal. The results obtained from both digital data
and histological analysis strongly suggest that JH8194-Fi
enhanced osseointegration compared with the control-Fi.
The significant enhancement of trabecular bone formation
by JH8194 was observed not at EW =4 or 5, but at EW =3
(Fig. 3B), which suggests that this enhancement was
directly involved in JH8194. Based on a previous in vitro
study [5] and the present in vivo data, the in vitro
enhancement of osteoblast differentiation by titanium discs
immobilized with JH8194 may reflect the in vivo increase
of mature trabecular bone in contact with implanted
JH8194-Fi.

In vitro experiments have shown that collagen and RGD
peptides immobilized onto titanium enhanced the adhesion
of osteoblast cells in as early as 1 day [3, 33]. Collagen I
coatings of dental screw implants enhanced peri-implant
bone formation in 1 month [21, 34]. BMPs are generally
known to increase bone formation, and BMPs released
from atelopeptide type I collagen (carrier) have been
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reported to stimulate a bone response in peri-implants [35].
However, BMP immobilized on titanium did not show an
increase in peri-implant bone formation after 1 and
3 months in vivo [34]. These reports suggest that the
conformation and/or activity of the molecule after the
immobilization process are very important for the function
of the immobilized protein [3, 21, 33-35]. The present
study suggests that our immobilization method had mini-
mum effects on the conformation and/or activity of the
JH8194 peptide. Based on our previous report in which we
found that osteoprotegerin immobilized on a titanium sur-
face was slowly released from the titanium surface [3], we
speculate that functional JH8194 may remain on the sur-
face of the implant without degradation or that the
immobilized JH8194 may be slowly released from the
surface of the implant.

It was important to examine whether or not mechanical
forces simulating insertion of dental implants cause abra-
sion of JH8194 binding to the titanium surface. Although
the proper in vitro methodology to test abrasion is not
established to test this procedure, a surgical technique has
been reported to avoid abrasion of the material coating of
the titanium surface during insertion [21]. In the present
study, however, we chose a standard surgical procedure
without avoiding a risk of abrasion of the material coating
because the final goal of this project was to develop an
alternative fixture possessing a surface modified with
JH8194 that can be implanted in accordance with routine
surgical procedures widely used at present [31]. In addi-
tion, JH8194 was immobilized through covalent bonding to
the titanium surface; hence, it could be predicted that the
risk of detachment of the peptides by mechanical stress
would be minimal. Indeed, the results suggest that JH§194
was successfully immobilized to the surface of the titanium
implant, was not largely affected by abrasion following
mechanical insertion into the mandible, and consequently
led to the increase of mature trabecular bone formation
around the implant. We initially speculated that the pep-
tides immobilized to the lower portion of the fixtures were
more susceptible to abrasion; however, the present in vivo
study using the standard surgical procedure suggests that
this risk was minimal because the increased tendency of the
trabecular bone in the EA (lower) by JH8194-Fi was
similar to that of the EA (upper) according to ZV analysis
(Fig. 3C).

The present study using a canine model, an analysis
method of ground sections and microCT, and the widely
accepted standard surgical procedure for implantation
validated the hypothesis that a prototype of JH8194-Fi
fabricated according to our immobilization method could
induce osseointegration. Specifically, JH8194-Fi signifi-
cantly enhanced trabecular bone formation, leading to
accelerated osseointegration. Further investigations will be
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performed to clarify whether JH8194-modified implant
fixtures can provide protection from early bacteria coloni-
zation using a modified canine model simulating early
infection.

5 Conclusion

JH8194, an antimicrobial peptide derived from histatin,
immobilized on a titanium surface enhanced mature tra-
becular bone formation surrounding the implant three
weeks following implantation. Thus, JH8194 is a potential
candidate as a biological surface modifier of dental
implants to enhance osseointegration, potentially leading to
the long-term stability of dental implants and hopefully an
increased rate of implant treatment success.
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