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Abstract

The present animal study investigated whether oral intake of synthetic bone mineral (SBM)
improves peri-implant bone formation and bone micro architecture (BMA). SBM was used as an
intervention experimental diet and AIN-93M was used as a control. The SBM was prepared by
mixing dicalcium phosphate dihydrate (CaHPO4-2H,0) and magnesium and zinc chlorides
(MgCl, and ZnCl», respectively), and hydrolyzed in double-distilled water containing dissolved
potassium carbonate and sodium fluoride. All rats were randomly allocated into one of two
groups: a control group was fed without SBM (n = 18) or an experimental group was fed with
SBM (n = 18), at seven weeks old. At 9 weeks old, all rats underwent implant surgery on their
femurs under general anesthesia. The implant was inserted into the insertion socket prepared at
rats’ femur to a depth of 2.5 mm by using a drill at 500 rpm. Nine rats in each group were
randomly selected and euthanized at 2 weeks after implantation. The remaining nine rats in each
group continued their diets, and were euthanized in the same manner at 4 weeks after
implantation. The femur, including the implant, was removed from the body and implant was
pulled out by an Instron universal testing machine. After the implant removal, BMA was evaluated
by bone surface ratio (BS/BV), bone volume fraction (BV/TV), trabecular thickness (TbTh),
trabecular number (TbN), trabecular star volume (Vtr), and micro-CT images. BS/BV, BV/TV,
TbhTh and Vtr were significantly greater in the rats were fed with SBM than those were fed
without SBM at 2 and 4 weeks after implantation (P < 0.05). The present results revealed that
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SBM improves the peri-implant formation and BMA, prominent with trabecular bone structure.
The effect of SBM to improve secondary stability of the implant, and shortening the treatment
period should be investigated in the future study.
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Introduction

It is estimated that over 10 million osteoporosis patients exist in Japan?: 2), and the
prevalence of osteoporosis in 70s is approximately 30% in females, and 10% in males® 3).
Furthermore, the number of patients is predicted to increase as the aging of the society
accelerates® ).

Osteoporosis is a disease that reduces bone strength due to decreasing bone metabolism®).
Bone strength can be characterized by both bone mineral density (BMD) and bone quality
(BQ), according to the National Institutes of Health consensus development project’: ).
BMD is the mineral content per bone volume (BV), and BQ includes bone micro
architecture (BMA), bone turnover, damage accumulation, and mineralization”9.

In osteoporosis patients, a decrease in bone metabolism adversely affects bone formation
and strength of the peri-implant bone®: 13, resulting in a longer healing period'213), This
healing period poses several difficulties for individuals with a large edentulous area, and
decreases their quality of life. Thus, shortening the healing period and accelerating final
prosthesis placement after surgery is clinically very important.

One of the methods of shortening the healing period for dental implant treatment is
increasing the secondary stability of the implant. To facilitate this, the BMA formed in the
peri-implant area needs to be improved.

One method for improving BMA is by the oral intake of synthetic bone mineral (SBM)14).
LeGeros developed a calcium phosphate-based supplement incorporating magnesium (Mg),
zinc (Zn), fluoride (F), and carbonate to promote bone formation and inhibit bone resorption
for osteoporosis®). We previously reported that SBM accelerates bone formation in normal
rats both with and without implant placement6: 17). The present study investigated whether
the oral intake of SBM improves peri-implant bone formation and BMA of the
ovariectomized rat, by evaluating bone surface ratio (BS/BV), bone volume fraction (BV/
TV), trabecular thickness (TbTh), trabecular number (TbN), trabecular star volume (Vtr),
and micro-CT images.

Materials and methods

Animal diet

AIN-93M, developed by the American Institute of Nutrition Committee and prepared by the
Oriental Yeast Co, Ltd. (Tokyo, Japan), was used as the control diet. The experimental diet
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consisted of AIN-93M and SBM. The SBM was prepared according to LeGeros’
protocoll®). Briefly, a mixture of dicalcium phosphate dihydrate (CaHPO,4-2H,0) and
magnesium and zinc chlorides (MgCl, and ZnCly, respectively) were hydrolyzed in double-
distilled water containing dissolved potassium carbonate and sodium fluoride. SBM was
then added to AIN-93M, the mineral composition of which was adjusted by Mijares’
method!¥. The compositions of the diets with and without SBM are shown in Table 1.

Animal experiment

The study protocol was approved by the Ethical Committee of Nihon University (AP14-
MDO018). Thirty-six 6-week-old female ovariectomized (OVX) Wistar rats (Sankyo Labo
Service, Tokyo, Japan) were included in the study. After consuming a diet without SBM for
1 week to acclimate to the changes in their environment, 7-week-old rats were randomly
allocated into one of two groups: a control group was fed without SBM (n = 18) or an
experimental group was fed with SBM (n = 18). From each group, all rats were used for
BS/BV, BVITV, ThTh, ThN, and Vtr analyses. Rats were housed individually, food and
water were given ad libitum, and temperature and relative humidity were maintained at

20 °C = 1°C and 50 % = 1 %, respectively. At 9 weeks old, all rats underwent implant
surgery on their femurs while under general anesthesia administered via an intramuscular
injection of medetomidine (0.15 mg/kg; Domitor®, Orion, Turku, Finland), midazolam (2.0
mg/kg; Midazolam Sandoz®, Sandoz Inc., Quebec, Canada), and butorphanol (2.5 mg/kg;
Vetorphale®, Meiji Seika, Ltd., Tokyo, Japan). One operator prepared insertion socket in the
femur 1.2 mm in diameter and 2.5-mm deep using a drill with a 1.2-mm diameter.
Cylindrical implants 1.2 mm in diameter and 4.0-mm long were prepared from pure titanium
(CLINE. Co., Ltd., Tokyo, Japan), sandblasted with 110-um diameter AlO,, cleaned with an
ultrasonic device, and autoclaved. The implants were then inserted into the insertion socket
to a depth of 2.5 mm using a drill at a speed of 500 rpm18-20), and saline irrigation was used
to avoid heating the bone. Nine rats in each group were randomly selected and euthanized at
2 weeks after implantation. The remaining nine rats in each group continued their diets, and
were euthanized in the same manner at 4 weeks after implantation. The femur, including the
implant, was removed from the body and the implant was pulled out by an Instron universal
testing machine (TG-5k, Minebea Co., Kanagawa, Japan). After the implant was removed,
the BS/BV (1/mm), BV/TV (%), TbTh (um), TbN (1/mm), Vtr (mm3), and micro-CT image
were assessed.

BMA measurement

After removal of the implant, the femur was subjected to micro-computed tomography
(mCT) scanning. mCT was performed with an R_mCT2 device (Rigaku, Tokyo, Japan)
using a 90-kV anode electrical current at a 30-um resolution. The isotropic voxel resolution
was 30 pm x 30 pm x 30 pm. To verify new bone formation around the implant, a 1.5-mm?
area surrounding the bone where the 1.2-mm implant had been placed was scanned from a
depth of 0.5-mm to 1.0-mm depth from the inner cortical bone. Next, the trabecular structure
of the 1.5 mm x 1.5 mm x 0.5 mm volume of peri-implant bone was assessed by the
TRI/3D-BON image analyzer (Ratoc System Engineering, Tokyo, Japan) (Fig. 1). Analysis
of BS/BV (1/mm), BV/TV (%), TbTh (um), TbN (1/mm), Vtr (mm3), and micro-CT image
was performed for each group containing nine rats (Fig. 2).
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Statistical analysis

Results
BV/TV

BS/BV

TbTh

Vitr

TbN

Between- and within-group differences in BS/BV, BV/TV, ThTh, TbN, and Vtr at 2 and 4
weeks after implantation were analyzed by the Mann-Whitney U test. All statistical analyses
were performed using the statistical package PASW Statistics (Version 18.0, SPSS, Chicago,
IL, USA). Pvalues < 0.05 were considered statistically significant.

BV/TV results are shown in Fig. 3A. The BV/TV of the rats were fed with SBM was
significantly higher than that of the rats were fed without SBM at 2 and 4 weeks after
implantation (P < 0.05). The BV/TV of the SBM group at 2 weeks after implantation
approached that of the non-SBM group at 4 weeks. Within both groups, the BV/TV
significantly increased from 2 weeks to 4 weeks after implantation (P < 0.05).

BS/BV results are shown in Fig. 3B. The BS/BV of the rats were fed with SBM was
significantly lower than that of the rats were fed without SBM at 2 and 4 weeks after
implantation (P < 0.05). Within both groups, the BS/BV significantly decreased from 2
weeks to 4 weeks after implantation (P < 0.05).

ThTh results are shown in Fig. 3C. The ThTh of the rats were fed with SBM was
significantly higher than that of the rats were fed without SBM at 2 and 4 weeks after
implantation (P < 0.05). In the rats were fed with SBM, TbTh significantly increased from 2
weeks to 4 weeks after implantation (P < 0.05); however, this increase was not significant in
the rats were fed without SBM (P > 0.05).

Vtr results are shown in Fig. 4A. The Vir of the rats were fed with SBM was significantly
higher than that of the rats were fed without SBM at 2 and 4 weeks after implantation (P <
0.05). There were no significant increases in Vtr from 2 to 4 weeks after implantation in
either of the groups (P > 0.05).

TbN results are shown in Fig. 4B. The TbN of the rats were fed with SBM was no
significant increases than that of the rats were fed without SBM at 2 and 4 weeks after
implantation. Within both groups, the increase in TbN from 2 to 4 weeks after implantation
was statistically significant (P > 0.05)

Micro-CT image

The micro-CT images of the rats were fed without SBM revealed no bone formation at 2
weeks after implantation (Fig. 5A). However, bone formation was clearly observed of the
rats were fed with SBM at 2 and 4 weeks after implantation and of the rats were fed without
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SBM at 4 weeks after implantation (Fig. 5B, C and D), in irregular bands around the
implants.

Discussion

The purpose of the present study was to investigate if the peri-implant BMA was improved
after oral SBM intake.

Significant differences were observed in BV/TV (%), BS/BV (1 mm), TbTh (um), and Vtr
(mm?3) in the rats were fed with SBM compared with those were fed without SBM,
suggesting that SBM intake improves peri-implant BMA.

Because the only difference in intervention between the groups was the presence of SBM in
the diet, the observed differences in peri-implant BV/TV may be due to the components of
the SBM. The SBM-containing had 7 times the amount of Mg and 12 times the amount of
Zn compared with the control diet. Furthermore, the SBM-containing diet contained F,
which was absent from the control diet. Mg, Zn, and F play important roles in bone
formation and resorption21-24). Mg deficiency results in bone loss?®). Zn reduces cathepsin
and carbonic anhydrase mRNA expression, inhibiting osteoclast development?2). F promotes
osteoblast differentiation by increasing total collagen content and ALP activity?324). Mijares
et al. reported that the mechanism underlying SBM’s effect may be explained in terms of the
individual and combined effects of Mg, Zn, and F on bone cell activities, such as bone
formation and resorption, when released from the SBM or when incorporated into newly
formed bonel®). These reports may explain why the rats were fed the SBM-supplemented
diet had greater BV/TV than the control rats. The BV/TV results showed a decrease in the
trabecular space and an increase in BV, leading to a significantly lower BS/BV in the rats
were fed SBM compared with those were not fed SBM; in addition, significant differences
in BV/TV and BS/BV were observed at 4 weeks after implantation compared with 2 weeks.
This is thought to be due to the growth of trabecular bone structure over time. This finding
could be partially explained by the results micro-CT image, which reveals the dynamics of
bone formation. The BV/TV and BS/BV results demonstrated that the trabecular bone
structure was denser in the rats were fed with SBM, resulting in higher TbhTh. The within-
group comparison showed that the ThTh of the rats were fed SBM was higher at 4 weeks
after implantation than 2 weeks, but no significant difference was observed in the rats were
not fed SBM, despite an increasing trend. This increase in ThTh may be due to the effect of
SBM on trabecular bone structure growth, as observed in the SBM group. The BV/TV,
BS/BV, and TbTh results suggested an improvement in trabecular bone structure continuity
in the rats were fed SBM. Thus, Vtr was higher in the rats were fed SBM compared with
those were not fed SBM. Although the within-group comparison at 2 and 4 weeks after
implantation showed an increasing trend of Vtr, no significant differences were observed in
this period. This may be due to the small number of samples included, and further
investigation with more samples may be required. There was no significant difference in
TbN between the two groups. This may be because SBM exerted its effect on the trabecular
bone structure, and not on an increase of number of trabeculae. Within-group comparison of
TbN showed that TbN was higher at 4 weeks after implantation than 2 weeks, in both
groups, likely due to the increase in the number of trabeculae during growth. Taken together,
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the present results revealed that SBM improves the peri-implant formation and BMA,
prominent with trabecular bone structure. The effect of SBM to improve the secondary
stability of the implant, and shortening of the required treatment period should be
investigated in the future study.
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Figurel.
Scanning image of the peri-implant bone for BV/TV, BS/BV, TbTh, Vtr and TbN analyses.

A 1.5-mm? area surrounding the bone socket where a 1.2-mm implant had been placed was
three-dimensionally scanned from a depth of 0.5-mm to 1.0-mm from the inner cortical
bone, resulting ina 1.5 x 1.5 x 0.5-mm volume of bone scanned.
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Figure2.
Bone quality measurement. A. Total volume (TV) is the volume of the entire figure, outlined

by the bold black line; B. Bone volume (BV) is the volume of the grey area; C. Bone surface
is the surface area within the double lines; D. Trabecular thickness (TbTh) is the distance
between the two arrows; E. Trabecular number (TbN) is the number of trabecular structures
in the dashed line; F. Trabecular star volume (Vtr) is indicated by the radial arrows.
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Figure 3. Between- and within-group comparisons of BV/TV and BS/BV
Results of BV/TV (A): BV/TV was significantly greater in the rats were fed SBM than in

those were not fed SBM at 2 and 4 weeks after implantation (P < 0.05). BV/TV also
significantly increased between 2 and 4 weeks after implantation in both groups (P < 0.05).
Results of BS/BV (B): BS/BV was significantly greater in the rats were fed SBM than in
those were not fed SBM at 2 and 4 weeks after implantation (£ < 0.05). BS/BV also
significantly increased between 2 and 4 weeks after implantation in both groups (P < 0.05).
Results of ThTh(C): TbTh was significantly greater in the rats were fed SBM than in those
were not fed SBM at 2 and 4 weeks after implantation (P < 0.05). In the SBM group, ThTh
significantly increased from 2 to 4 weeks after implantation (£ < 0.05). In the non-SBM
group, the increase in TbTh from 2 to 4 weeks after implantation was not significant (P>
0.05).
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Figure 4. Between- and within-group comparisons of Vtr

implantation implantation

and TbN

Results of Vtr(A): Vtr was significantly greater in the rats were fed SBM than in those were
not fed SBM at 2 and 4 weeks after implantation (£ < 0.05). There were no significant
increases in Vtr from 2 to 4 weeks after implantation in either of the groups (> 0.05).

Results of ThN (B): TbN was not significantly greater

in the rats were fed SBM than in

those were not fed SBM at 2 and 4 weeks after implantation (2> 0.05). TbN also
significantly increased between 2 and 4 weeks after implantation in both groups (P < 0.05).
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2 weeks after implantation 2 weeks after implantation
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Diet without SBM Diet with SBM
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Figure5.
micro-CT image. The micro-CT images of the rats were fed without SBM revealed no bone

formation at 2 weeks after implantation (A). However, bone formation was clearly observed
of the rats were fed with SBM at 2 and 4 weeks after implantation and of the rats were fed
without SBM at 4 weeks after implantation (B, C, and D), in irregular bands around the
implants.
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Mineral compositions (wt.%) of diets with and without SBM

Diet composition | With SBM | Without SBM
Calcium (Ca) 0.74 0.51
Phosphorus (P) 0.48 0.30
Magnesium (Mg) 0.35 0.05
Zinc (zZn) 0.036 0.003
Fluorine (F) 0.005 0
Carbonate (CO3) 0.12 0
Sodium (Na) 0.13 0.10
Potassium (K) 0.75 0.35
Chlorine (CI) 0.17 0.16

SBM: synthetic bone mineral
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