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Abstract: The application of periodontal tissue in regenerative medicine has gained increasing interest
since it has a high potential to induce hard-tissue regeneration, and is easy to handle and graft to
other areas of the oral cavity or tissues. Additionally, bone morphogenetic protein-2 (BMP-2) has
a high potential to induce the differentiation of mesenchymal stem cells into osteogenic cells. We
previously developed a system for a gene transfer to the periodontal tissues in animal models. In
this study, we aimed to reveal the potential and efficiency of periodontal tissue as a biomaterial for
hard-tissue regeneration following a bmp-2 gene transfer. A non-viral expression vector carrying
bmp-2 was injected into the palate of the periodontal tissues of Wistar rats, followed by electroporation.
The periodontal tissues were analyzed through bone morphometric analyses, including mineral
apposition rate (MAR) determination and collagen micro-arrangement, which is a bone quality
parameter, before and after a gene transfer. The MAR was significantly higher 3-6 d after the gene
transfer than that before the gene transfer. Collagen orientation was normally maintained even after
the bmp-2 gene transfer, suggesting that the bmp-2 gene transfer has no adverse effects on bone quality.
Our results suggest that periodontal tissue electroporated with bmp-2 could be a novel biomaterial
candidate for hard-tissue regeneration therapy.

Keywords: periodontal tissue; BMP; gene therapy; collagen micro-arrangement; bone quality

1. Introduction

Periodontal tissue consists of the gingiva, periodontal ligament (PDL), and alveolar
bone. Mesenchymal stem cells (MSCs) occur in periodontal tissue, including the PDL [1-3].
MSCs are a heterogeneous population derived from mesenchymal tissue and have the
functional capacity to differentiate into bone, cartilage, and adipose cells in vitro [4,5]. PDL
is also an essential factor for dental implant therapy; it is especially related to microbial
contamination [6]. In addition to self-regeneration, periodontal tissue has a high potential
to induce hard-tissue regeneration, such as tooth and bone tissues [1-5,7]. In regenerative
therapy, the handling and grafting of periodontal tissue to other areas of the oral cavity or
other tissues is a simple process for surgeons [8,9].
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Bone morphogenetic protein (BMP) has a high potential to differentiate MSCs into os-
teogenic cells [10-14]. However, the application of BMP-based biomaterials for bone regenera-
tion has limitations [15-18]. For example, BMP-2 requires a high-quality purification process
for human tissue application, and it causes the biomaterials with BMP-2 high cost [15-18].
Adequate scaffolds, such as apatite or collagen, are required to retain BMP-2 at the target site
because only BMP-2 is released and spreads immediately after injection [15-20]. Recombinant
BMP-2 has been utilized for bone regeneration therapy [21-24]. However, long-term and
high-dose BMP-2 treatment leads to osteoclastogenesis owing to negative feedback [25].

We previously developed a gene transfer system for ectopic bone formation in the
skeletal muscles of rats [26-29]. For our gene transfer system, we constructed non-viral
vectors: pCAGGS-bmp-2, which produces human BMP-2 homodimers [26] and pCAGGS-
bmp-2/7, which produces human BMP-2/7 heterodimers [29]. pCAGGS can express external
genes temporarily at the injection site [30]. Therefore, we considered that our pPCAGGS
constructs could be applied to the regeneration of periodontal tissues, such as alveolar bone.

Of these two constructs, BMP-2/7 heterodimer is known to have a greater potential
to induce ectopic bone formation [29,31]. Therefore, at first, we tried applying pCAGGS-
bmp-2/7 for alveolar bone induction in rats; we successfully induced the formation of new
alveolar bone after the transfer of this gene expression vector to periodontal tissue [32].
However, BMP-2 also has a high potential to induce the differentiation of mesenchymal
stem cells to osteogenic cells [29]. Moreover, recombinant human BMP-2 has already been
used clinically [33,34]. Therefore, in this study, we applied our pCAGGS-bmp-2 construct
for alveolar bone regeneration by transferring it to the periodontal tissues of rats.

To verify the safety and efficacy of the new biomaterials, it is essential to evaluate the
quality of bone formed. Bone tissue has highly organized microstructures composed of
oriented collagen and apatite crystallites, which play essential roles in bone mechanical
functions [35,36]. However, obtaining an appropriate anisotropic collagen/apatite mi-
crostructure during the process of bone regeneration remains a great challenge [37] because
collagen/apatite orientation is regulated by complex biological events that occur in an
in vivo environment. In this study, we attempted to reveal the potential and efficiency of
periodontal tissue as a biomaterial for hard-tissue regeneration following a bmp-2 gene
transfer by in vivo electroporation.

2. Materials and Methods
2.1. Preparation of bmp-2 Gene Expression Plasmids

The pCAGGS plasmid was donated by Prof. J. Miyazaki of Osaka University. The
construction of the pCAGGS-bmp-2 plasmid has been described previously [26,29]. We
prepared the plasmid vectors using a Qiagen EndoFree Plasmid Giga Kit (Qiagen, Hilden,
Germany) using Escherichia coli DH5 culture.

2.2. Gene Transfer to Rat Periodontal Tissue

Nine-week-old male Wistar rats were purchased from Kurea (Osaka, Japan) and main-
tained under specific pathogen-free conditions in our animal facility. Rats were allocated
into the control group without bmp-2 and the bmp-2 gene-injected groups
(n = 3 per group). Rats were anesthetized by the subcutaneous injection of medetomidine
hydrochloride (0.5 mg/kg, Dormitor, Zenoaq, Fukushima, Japan), midazolam (4 mg/kg,
Sandoz, Basel, Switzerland), and butorphanol (5 mg/kg, Beltfoul; Meiji, Tokyo, Japan).
Each plasmid (0.5 ug/uL) was injected into the palatal region of periodontal tissue in the
first molar of the maxilla targeting the periosteal and periodontal ligament. Electroporation
(conditions: 32 pulses of 50 V for 50 ms) was delivered directly to the tissue via needle-type
electrodes (Neppa Gene, Tokyo, Japan) using a portable electroporation device (Genepulser;
Ohta, Okayama, Japan). All procedures were approved by the Animal Care and Use
Committee of Osaka Dental University (Approval number: 19-02016).
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2.3. Bone Double Staining

Nine-week-old male Wistar rats (1 = 3 per group) were injected intraperitoneally with
calcein (10 mg/kg) 3 days before gene transfer. Gene transfer was performed after the
intraperitoneal injection of tetracycline hydrochloride (30 mg/kg). We injected calcein
3,9, 15, and 20 days after gene transfer, and tetracycline 6, 12, and 18 days after gene
transfer (Figure 1). Rats were euthanized with an overdose of sodium pentobarbital 21 days
after gene transfer. The maxillary regions of the rats were dissected and fixed with 70%
ethanol for 8 days, stained with Villanueva Osteochrome Bone stain for 10 days, dehydrated
with increasing concentrations of ethanol, and embedded in methyl methacrylate with
decalcification [34].

3d 6d 9d 12d 1 I5d 1 8|d 20d 21 d

T 1

ﬂﬁﬂﬁﬁﬁ T

calcein Gene calcein calcein calcein calcein

transfer &
tetracycline

tetracycline  tetracycline tetracycline sacrifice

Figure 1. Scheme of injections for bone double staining with calcein and tetracycline hydrochloride.
We first injected calcein intraperitoneally. Three days later, we injected tetracycline hydrochloride
and, simultaneously, gene transfer was performed. We injected calcein again 3, 9, 15, and 20 days after
gene transfer, and tetracycline 6, 12, and 18 days after gene transfer. Finally, the rats were euthanized
21 days after gene transfer.

2.4. Bone Morphometric Analyses

After polymerization, we obtained 10-um frontal sections from the mesiolingual
center of the upper first and second molars. We observed the sections by fluorescence
microscopy under UV visible irradiation to detect tetracycline (364 nm) and calcein (477 nm)
staining. The distance between the calcein and tetracycline signal was measured vertically
in 10 different points within the region affected by gene transfer using a Histometry RT
Camera (System Supply, Tokyo, Japan). The 10 selected points were those in which signals
of calcein and tetracycline were lined horizontally, and the surface of alveolar bones was
smooth. Statistical comparisons of MAR were performed between the data at each specific
time point and that before gene transfer as a reference data with no effects of gene transfer,
using unpaired two-tailed t-tests.

2.5. Collagen Orientation Analyses

To investigate the effects of bmp-2 gene transfer on bone quality in the alveolar bone
around the upper first molar, this study focused on three bone regions from rats with
or without bmp-2 gene injection as follows: (i) control group with sham operation (no
bmp-2 injection); (ii) bmp-2-injected group; and (iii) opposite side of the bmp-2-injected
group without treatment. This study used groups (i) and (iii) as comparison groups for
the bmp2-injected group. The non-decalcified bone sections after bone morphometric anal-
yses were used in this analysis. Bone sections were observed using a two-dimensional
birefringence measurement system (WPA-micro; Photonic Lattice, Miyagi, Japan) attached
to an upright microscope (BX60; Olympus, Tokyo, Japan). Birefringence analysis of colla-
gen was performed using WPA-VIEW software (v2.4.2.9; Photonic Lattice), as previously
described [35,36]. The orientation order parameter fg was calculated based on the angle
distribution of the collagen against the reference direction. Here, fg is a value ranging
from —1 (collagen perfectly aligned perpendicular to the reference direction) to 1 (collagen
perfectly aligned parallel to the reference direction). Statistical analyses were performed
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using a one-way analysis of variance followed by post-hoc Tukey’s honestly significant
difference comparisons.

3. Results
3.1. Bone Labeling and Mineral Apposition Rate (MAR)

We found nine sites with double staining in the alveolar bones of the first and second
molars (Figure 2). We set the baseline level as the MAR value 3 days before the gene
transfer; MAR values for the first molar or second molar (Figure 2) after the gene transfer
were then compared with the baseline level. These values were assessed every 3 days
from 0 to 20 days. In the empty plasmid vector group, we could not find any significant
differences in MAR values for the first and second molars (Figure 3A,C). However, we
found a significant difference in MAR values for the first molar between 3-6 days after the
gene transfer and before the gene transfer (Figure 3B). In comparison, the MAR values for
the second molar after the gene transfer did not differ significantly from those before the
gene transfer (Figure 3D).

control bmp-2

second molar first molar

20d
15d 18d

9d 12d
3d 6d
-3d 0 d Gene transfer

g 20d
. “5d.18d
9d 12d
3d 6d
-3d 0d Gene transfer

Figure 2. Histomorphometric analysis by bone double staining with calcein (green line) and tetra-
cycline (yellow line) in the alveolar bone of the first or second molars. As a control group: alveolar
bone in the first molar electroporated with pCAGGS, or alveolar bone in the second molar of those
electroporated with pCAGGS in the first molar. As bmp-2 group: alveolar bone in the first molar
electroporated with pCAGGS-bmp-2, or alveolar bone in the second molar of those electroporated
with pCAGGS-bmp-2 in the first molar. The nine lines are labeled by calcein and tetracycline. Scale
bar, 200 um.
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Figure 3. (A) MAR of alveolar bone in the first molar electroporated with pCAGGS. (B) MAR of
alveolar bone in the first molar electroporated with pCAGGS-bmp-2. (C) MAR of alveolar bone in
the second molar following transfer of pCAGGS to the first molar. (D) MAR of alveolar bone in the
second molar following transfer of pCAGGS-bmp-2 to the first molar. We set basal MAR values based
on recordings made 0-3 days before gene transfer. Each bar represents population standard deviation
of the mean. * p < 0.05 for MAR vs. basal MAR values obtained from unpaired two-tailed ¢-tests.

3.2. Collagen Fiber Orientation

Figure 4 shows collagen orientation in terms of alveolar bone quality around the upper
first molar. Birefringence analysis revealed a two-dimensional distribution of collagen
orientation direction. The color map (Figure 4D-F) and histogram (Figure 4G-I), that are
drawn using the bone surface direction as the reference axis, clearly showed that collagen
was aligned approximately parallel to the bone surface direction in the frontal plane. The
degree of collagen orientation along the bone surface direction was not significantly differ-
ent between experimental groups (Figure 4G). This indicated that the bmp-2 injection did
not result in a deterioration of the collagen micro-arrangement. The findings obtained here
suggest that the bmp-2 gene transfer has no adverse effect on the collagen microstructure
during bone formation.
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Figure 4. Assessment of bone quality based on collagen orientation. (A-C) Collagen orientation
map in the frontal section. Arrows indicate the preferential direction of collagen orientation. (D-F)
High-resolution mapping of collagen orientation direction distribution in the squared regions of
(A-C). The blue color indicates the preferential orientation of collagen along the bone surface direction.
(G-I) Quantified collagen orientation distribution in the squared regions of (A—-C). The bone surface
direction coincides with 0 degrees (J) Degree of collagen orientation along the bone surface direction.
There was no statistical dif-ference in bone quality among the groups, suggesting that bone with
sound quality was formed in the bmp-2 injected group. N.S.: not significant.

4. Discussion

In this study, we evaluated the potential of periodontal tissue to regenerate alveolar
bone after a bmp-2 gene transfer via in vivo electroporation. In our previous study, we
induced new alveolar bone growth in original bone tissues (similar to mini-modeling), after
transferring pCAGGS-bmp-2/7 to periodontal tissues [32]. On the other hand, we could not
observe new alveolar bone growth in the present study (data not shown). However, when
we examined alveolar bone regeneration for 3 weeks after the bmp-2 gene transfer, via the
measurement of MAR after bone double staining with calcein and tetracycline. MAR is
one of the parameters of bone morphometric analyses [38]. Bone morphometric analyses
could catch the chronological change in bone formation or regeneration [39,40]. In this
study, we found that MAR was significantly higher 3-6 days after the bmp-2 gene transfer
than before the gene transfer. This suggests that the periodontal tissues transferred with
PCAGGS-bmp-2 have the potential to increase alveolar bone regeneration, even though no
new alveolar bone was observed.

In contrast, there were no significant differences in MAR before and 3 weeks after the
gene transfer in the control group. We did not find any significant differences in MAR
between 0-3 days after the bmp-2 gene transfer and before the gene transfer. In our previous
study, there was also no significant difference in MAR for up to 3 days after the bmp-2/7 gene
transfer compared with the bmp-2/7 and lacZ gene transfer [32]. We assumed that it might
take 3 days for the exogenous BMP-2 derived from the bmp-2 gene transfer to accumulate
in the periodontal tissues and affect the MAR of the alveolar bone. We need more detailed
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studies to elucidate this assumption, such as time-course studies for exogenous BMP-2
derived from a gene transfer.

However, it is a concern that a bmp-2 gene transfer, which increases MAR, would
have adverse effects on bone quality, such as the bone matrix (collagen and apatite) micro-
arrangement, because MAR is negatively related to the preferential orientation of colla-
gen/apatite [41-43]. The effect of a gene transfer on the anisotropic micro-arrangement of
the bone matrix in regenerated bone is unknown, in spite of the importance of the bone
matrix quality for the mechanical function of bone. Impaired bone mechanical function,
owing to disturbed collagen/apatite orientation, has been shown in various bone disorders,
such as osteoporosis [44], osteopetrosis [45], cancer metastasis [46], and chronic kidney
disease [47]. Thus, the maintenance of an intact collagen/apatite orientation during bone
regeneration is imperative for realizing proper bone mechanical function. Regenerative
therapy with a bimp-2 gene transfer did not result in the deterioration of collagen orientation,
as revealed in this study. Thus, we propose that a bmp-2 gene transfer, which is expected to
increase MAR with no adverse effects on bone quality, could be a beneficial technique for
bone regenerative medicine.

Gene therapy has been used to treat general disease rather than local disease [48-50].
In the gene transfer system developed in this study, with a nonviral plasmid vector and
in vivo electroporation, we could control the gene transfer area because electrodes played
an important role in restricting, as external genes could be transferred only in the area
stimulated by electricity [29]. This explains why there were no significant differences in the
MARSs of the alveolar bone in the second molar from basal levels before the gene transfer.
Collectively, these results suggest that periodontal tissues after a brnp-2 gene transfer could
serve as novel biomaterials for bone regeneration. However, the amount of the bmp-2 gene
transfer and the transfer scheme need to be optimized to further promote osteogenesis,
which will be a future challenge. Furthermore, future analysis might include examin-
ing regeneration beyond the alveolar bone surrounding periodontal tissues by grafting
periodontal tissue transferred with bmp-2 to defecated bone tissue, and inducing bone
regeneration by other methods, such as uMRI or uCT [51], not only bone morphometric
analyses including MAR measurement.

5. Conclusions

The periodontal tissues bmp-2 gene, transferred by non-viral plasmid vectors and
in vivo electroporation, had a high potential to increase MAR from 3 to 6 days after the
gene transfer. Despite the elevated MAR, bone quality characterized by collagen orientation
remained normal. Thus, periodontal tissue after a bmp-2 gene transfer presents as a novel
biomaterial candidate for hard tissue regeneration therapy, which enhances bone formation
without adverse effects in bone quality, without also requiring artificial scaffolds and
expensive proteins.
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R.O. and H.Y,; resources, T.N., H.M., K.B. and K.O.; writing—original draft preparation, M.Y.K. and
T.I; writing—review and editing, M.YK,, T1, RO, HY, MK, S.Y,, KN., TN., HM.,, K.B. and K.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Grants-in-Aid for Scientific Research from the Japan Society
for the Promotion of Science (18H05254, 19K10122, 20K05132, 20K12682).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Committee of Animal Experiments and approved by the Osaka Dental University (protocol code
19-02016, 13 May 2019).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 993 8 of 10

References

1. Lekic, P.; McCulloch, C.A. Periodontal ligament cell population: The central role of fibroblasts in creating a unique tissue. Anat.
Rec. 1996, 245, 327-341. [CrossRef]

2. Uccelli, A.; Moretta, L.; Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 2008, 8, 726-736. [CrossRef]
[PubMed]

3. Han, J.; Menicanin, D.; Gronthos, S.; Bartold, PM. Stem cells, tissue engineering and periodontal regeneration. Aust. Dent. ]. 2014,
59, 117-130. [CrossRef] [PubMed]

4. Xu, X.Y,; Li, X.; Wang, J.; He, X.T,; Sun, H.H.; Chen, EM. Concise review: Periodontal tissue regeneration using stem cells:
Strategies and translational considerations. Stem Cells Transl. Med. 2019, 8, 392-403. [CrossRef] [PubMed]

5. Polimeni, G.; Xiropaidis, A.V.; Wikesjow, UM.E. Biology and principles of periodontal wound healing/regeneration. Periodontol
2000 2006, 41, 30—47. [CrossRef] [PubMed]

6. D’Ercole, S.; S” Addazio, G.; Lodovico, D.S.; Traini, T.; Giulio, D.M.; Sinjari, B. Porphyromonas Gingivalis Load is alanced by 0.20%
chlorhexidine gel. A randomized, double-blind, controlled, microbiological and immunehistochemiscal human study. J. Clin.
Med. 2020, 9, 284. [CrossRef] [PubMed]

7. Trubiani, O.; Pissicannella, ].; Caputi, S.; Marchisio, M.; Mazzon, E.; Paganelli, R.; Diomede, F. Periodontal ligament stem cells:
Current knowledge and future perspectives. Stem Cells Dev. 2019, 28, 995-1003. [CrossRef]

8. Andrei, M,; Dinischiotu, A.; Didilescu, C.A.; Ionita, D.; Demetrescu, I. Periodontal materials and cell biology for guided tissue
and bone regeneration. Ann. Anat. 2018, 216, 164-169. [CrossRef]

9.  Tomokiyo, A.; Wada, N.; Maeda, H. Periodontal ligament stem cells: Regenerative potency in periodontium. Stem Cells Dev. 2019,
28,974-985. [CrossRef]

10. Bessho, K.; Carnes, D.L.; Cabin, R.; Ong, L. Experimental studies on bone induction using low-molecular-weight poly (DL-
lactide-co-glycolide) as a carrier for recombinant human bone morphogenetic protein-2. J. Biomed. Mater. Res. 2002, 61, 61-65.
[CrossRef]

11. Carreira, A.C.; Alves, G.G.; Zambussi, W.F.; Sogayar, M.C.; Granjeire, ]. M. Bone morphogenetic proteins: Structure, biological
function and therapeutic applications. Arch. Biochem. Biophys. 2014, 561, 64-73. [CrossRef] [PubMed]

12. Hussain, A.; Takahashi, K.; Sonobe, J.; Tabata, Y.; Bessho, K. Bone regeneration of rat calvarial defect by magnesium calcium
phosphate gelatin scaffolds with or without bone morphogenetic protein-2. J. Maxillofac. Oral Surg. 2014, 13, 29-35. [CrossRef]
[PubMed]

13.  Tannoury, C.A.; An, H.S. Complications with the use of bone morphogenetic protein 2 (BMP-2) in spine surgery. Spine 2014, 14,
552-559. [CrossRef]

14. Bibbo, C.; Nelson, J.; Ehrlich, D.; Rougeux, B. Bone morphogenetic proteins: Indications and uses. Clin. Podiatr. Med. Surg. 2015,
32,35-43. [CrossRef] [PubMed]

15. Agarwal, R.; Garcia, A.]. Biomaterial strategies for engineering implants for enhanced osseointegration and bone repair. Adv.
Drug Deliv. Rev. 2015, 94, 53-62. [CrossRef] [PubMed]

16. Poon, B.; Kha, T.; Tran, S.; Dass, C.R. Bone morphogenetic protein-2 and bone therapy: Success and pitfalls. J. Pharm. Pharmacol.
2016, 68, 139-147. [CrossRef]

17.  Lin, D.; Chai, Y.; Ma, Y,; Duan, Y.; Yuan, Y,; Liu, C. Rapid initiation of guided bone regeneration driven by spatiotemporal delivery
of IL-8 and BMP-2 from hierarchical MBG-based scaffold. Biomaterials 2017, 196, 122-137. [CrossRef]

18.  Niu, H.; Ma, Y,; Wu, G; Duan, B.; Wang, Y.; Yuan, Y.; Liu, C. Multicellularity-interweaved bone regeneration of BMP-2-loaded
scaffold with orchestrated kinetics of resorption and osteogenesis. Biomaterials 2019, 216, 119216. [CrossRef]

19. Notodihardjo, F.Z.; Kakudo, N.; Kushida, S.; Suzuki, K.; Kusumoto, K. Bone regeneration with BMP-2 and hydroxyapatite in
critical-size calvarial defects in rats. J. Craniomaxillofac. Surg. 2012, 40, 287-291. [CrossRef]

20. Choi, ].W,; Jeong, W.S.; Yang, S.J.; Park, E.J.; Oh, T.S.; Koh, K.S. Appropriate and effective dosage of BMP-2 for the ideal
regeneration of calvarial bone defects in beagles. Plast. Reconstr. Surg. 2016, 138, 64-72. [CrossRef]

21. Kusumoto, K,; Bessho, K.; Fujimura, K.; Konishi, Y.; Ogawa, Y.; Ilizuka, T. Self-regenerating bone implant: Ectopic osteoinduction
following intramuscular implantation of a combination of rhBMP-2, atelopeptide type I collagen and porous hydroxyapatite. J.
Craniomaxillofac. Surg. 1996, 24, 360-365. [CrossRef]

22. Wang, J; Li, D; Li, T; Ding, J.; Liu, B.; Chen, X. Gelatin tight-coated poly (lactide-coglycolide) scaffold incorporating rhBMP-2 for
bone tissue engineering. Materials 2015, 10, 1009-1026. [CrossRef] [PubMed]

23. Mikai, A.; Ono, M,; Tosa, I.; Nguyen, H.T.T,; Hara, E.S.; Nosho, S.; Kimura-Ono, A.; Takarada, T.; Kuboki, T.; Oohashi, T.
BMP-2 /beta-TCP local delivery for bone regeneration in MRON]-like mouse model. Int. J. Mol. Sci. 2020, 21, 7028. [CrossRef]
[PubMed]

24. Lee,].; Yun,].; Kim, K.H.; Koo, K.T;; Seol, Y.J.; Lee, Y.M. Periodontal regeneration using recombinant human bone morphogenetic
protein-2 and bilayer collagen matrix. J. Craniofac. Surg. 2020, 31, 1602-1607. [CrossRef]

25. Carragee, EJ.; Chu, G.; Rohatgi, R.; Hurwits, E.L.; Weiner, B.K.; Yoon, S.T.; Comer, G.; Kopjar, B. Cancer risk after use of
recombinant bone morphogenetic protein-2 for spinal arthrodesis. J. Bone Jt. Surg. Am. 2013, 95, 1537-1545. [CrossRef]

26. Kawai, M.; Bessho, K.; Kaihara, S.; Sonobe, J.; Oda, K.; lizuka, T.; Maruyama, H. Ectopic bone formation by human bone

morphogenetic protein-2 gene transfer to skeletal muscle using transcutaneous electroporation. Hum. Gene Ther. 2003, 14,
1547-1556. [CrossRef] [PubMed]


http://doi.org/10.1002/(SICI)1097-0185(199606)245:2&lt;327::AID-AR15&gt;3.0.CO;2-R
http://doi.org/10.1038/nri2395
http://www.ncbi.nlm.nih.gov/pubmed/19172693
http://doi.org/10.1111/adj.12100
http://www.ncbi.nlm.nih.gov/pubmed/24111843
http://doi.org/10.1002/sctm.18-0181
http://www.ncbi.nlm.nih.gov/pubmed/30585445
http://doi.org/10.1111/j.1600-0757.2006.00157.x
http://www.ncbi.nlm.nih.gov/pubmed/16686925
http://doi.org/10.3390/jcm9010284
http://www.ncbi.nlm.nih.gov/pubmed/31968610
http://doi.org/10.1089/scd.2019.0025
http://doi.org/10.1016/j.aanat.2017.11.007
http://doi.org/10.1089/scd.2019.0031
http://doi.org/10.1002/jbm.10169
http://doi.org/10.1016/j.abb.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25043976
http://doi.org/10.1007/s12663-013-0478-7
http://www.ncbi.nlm.nih.gov/pubmed/24644393
http://doi.org/10.1016/j.spinee.2013.08.060
http://doi.org/10.1016/j.cpm.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25440416
http://doi.org/10.1016/j.addr.2015.03.013
http://www.ncbi.nlm.nih.gov/pubmed/25861724
http://doi.org/10.1111/jphp.12506
http://doi.org/10.1016/j.biomaterials.2017.11.011
http://doi.org/10.1016/j.biomaterials.2019.05.027
http://doi.org/10.1016/j.jcms.2011.04.008
http://doi.org/10.1097/PRS.0000000000002290
http://doi.org/10.1016/S1010-5182(96)80037-0
http://doi.org/10.3390/ma8031009
http://www.ncbi.nlm.nih.gov/pubmed/28787985
http://doi.org/10.3390/ijms21197028
http://www.ncbi.nlm.nih.gov/pubmed/32987737
http://doi.org/10.1097/SCS.0000000000006517
http://doi.org/10.2106/JBJS.L.01483
http://doi.org/10.1089/104303403322495052
http://www.ncbi.nlm.nih.gov/pubmed/14577916

Materials 2022, 15, 993 90of 10

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Kawai, M.; Bessho, K.; Maruyama, H.; Miyazaki, J.; Yamamoto, T. Human BMP-2 gene transfer using transcutaneous in vivo
electroporation induced both intramembranous and endochondral ossification. Anat. Rec. A Discov. Mol. Cell. Evol. Biol. 2005,
287,1264-1271. [CrossRef] [PubMed]

Kawai, M.; Bessho, K.; Maruyama, H.; Miyazaki, J.; Yamamoto, Y. Simultaneous gene transfer of bone morphogenetic protein
(BMP)-2 and BMP-7 by in vivo electroporation induces rapid bone formation and BMP-4 expression. BMC Musculoskelet. Disord.
2006, 7, 62. [CrossRef] [PubMed]

Kawai, M.; Maruyama, H.; Bessho, K.; Yamamoto, H.; Miyazaki, ].I.; Yamamoto, T. Simple strategy for bone regeneration with a
BMP-2/7 gene expression cassette vector. Biochem. Biophys. Res. Commun. 2009, 390, 1012-1017. [CrossRef] [PubMed]

Niwa, H.; Yamamura, K.; Miyazaki, J. Efficient selection for high-expression transfectants with novel eukaryotic vector. Gene
1991, 108, 193-199.

Israel, D.L].; Nove, T.; Kern, K.M.; Kaufman, R.J.; Rosen, V.; Cox, K.A.; Wozney, ]. M. Heterodimeric bone morphohenetic proteins
sow enhanced actibities in vitro and in vivo. Growth Factors 1996, 13, 291-300. [CrossRef] [PubMed]

Kawai, M.; Kataoka, Y.; Sonobe, J.; Yamamoto, H.; Inubushi, M.; Ishimoto, T.; Nakano, T.; Maruyama, H.; Miyazaki, J.; Yamamoto,
T.; et al. Non-surgical model for alveolar bone regeneration by bone morphogenetic protein-2/7 gene therapy. J. Periodontol. 2018,
89, 85-92. [CrossRef] [PubMed]

Gomes-Ferreira, P.H.; Okamoto, R.; Ferreira, S.; De Okiveira, D.; Momesso, G.A.; Faverani, L.P. Scientific evidence on the use of
recombinant human bone morphogenetic protein-2 (thBMP-2) in oral and maxillofacial surgery. Oral Maxillofac. Surg. 2016, 20,
223-232. [CrossRef] [PubMed]

Herfold, A.S. The use of recombinant human bone morphogenetic protein-2 (thBMP-2) in maxillofacial trauma. Clin. J. Traumatol.
2017, 20, 1-3. [CrossRef] [PubMed]

Nakano, T.; Kaibara, K.; Tabata, Y.; Nagata, N.; Enomoto, S.; Marukawa, E.; Umakoshi, Y. Unique alignment and texture of
biological apatite crystallites in typical calcified tissues analyzed by micro-beam X-ray diffractometer system. Bone 2002, 31,
479-487. [CrossRef]

Ishimoto, T.; Nakano, T.; Umakoshi, Y.; Yamamoto, M.; Tabata, Y. Degree of biological apatite c-axis orientation rather than bone
mineral density controls mechanical function in bone regenerated using recombinant bone morphogenetic protein-2. J. Bone
Miner. Res. 2013, 28, 1170-1179. [CrossRef]

Ozasa, R.; Matsugaki, A.; Matsuzaka, T.; Ishimoto, T.; Yun, H.S.; Nakano, T. Superior alignment of human iPSC-osteoblasts
associated with focal adhesion formation stimulated by oriented collagen scaffold. Int. J. Mol. Sci. 2021, 22, 6232. [CrossRef]
Frost, M. Tetracycline-based histological analysis of bone remodeling. Calcif. Tissue Res. 1969, 3, 211-237. [CrossRef]

Hsieh, Y.D.; Devlin, H.; Roberts, C. Early alveolar ridge osteogenesis following tooth eztraction in the rat. Archs. Oral Bol. 1994,
39, 425-428. [CrossRef]

Chen, H.; Xu, X;; Liu, M.; Zhang, W.; Ke, H.; Qin, A.; Tang, T.; Lu, E. Sclerostin antibody treatment causes greater alveolar crest
height and bone mass in an ovariectomized rat model of localized periodontitis. Borne. 2015, 76, 141-148. [CrossRef]

Ozasa, R.; Matsugaki, A.; Isobe, Y.; Saku, T.; Yun, H.S.; Nakano, T. Construction of human induced pluripotent stem cell-derived
oriented bone matrix microstructure by using in vitro engineered anisotropic culture model. J. Biomed. Mater. Res. A 2018, 106,
360-369. [CrossRef] [PubMed]

Moriishi, T.; Ozasa, R.; Ishimoto, T.; Nakano, T.; Hasegawa, T.; Miyazaki, T.; Liu, W.; Fukuyama, R.; Wang, Y.; Komori, H.; et al.
Osteocalcin is necessary for the alignment of apatite crystallites, but not glucose metabolism, testosterone synthesis, or muscle
mass. PLoS Genet. 2020, 16, e1008586. [CrossRef] [PubMed]

Kashii, M.; Hashimoto, J.; Nakano, T.; Umakoshi, Y.; Yoshikawa, H. Alendronate treatment promotes bone formation with a
less anisotropic microstructure during intramembranous ossification in rats. J. Bone Miner. Metab. 2008, 26, 24-33. [CrossRef]
[PubMed]

Ozasa, R.; Ishimoto, T.; Miyabe, S.; Hashimoto, ].; Hirao, M.; Yoshikawa, H.; Nakano, T. Osteoporosis changes collagen/apatite
orientation and young’s modulus in vertebral cortical bone of rat. Calcif. Tissue Int. 2019, 104, 449-460. [CrossRef] [PubMed]
Ishimoto, T.; Sato, B.; Lee, ].W.; Nakano, T. Co-deteriorations of anisotropic extracellular matrix arrangement and intrinsic
mechanical property in c-src deficient osteopetrotic mouse femur. Bone 2017, 103, 216-223. [CrossRef] [PubMed]

Sekita, A.; Matsugaki, A.; Nakano, T. Disruption of collagen/apatite alignment impairs bone mechanical function in osteoblastic
metastasis induced by prostate cancer. Bone 2017, 97, 83-93. [CrossRef]

Wakamatsu, T.; Iwasaki, Y.; Yamamoto, S.; Matsuo, K.; Goto, S.; Narita, I.; Kazama, J.].; Tanaka, K.; Ito, A.; Ozasa, R.; et al. Type I
angiotensin II receptor blockade reduces uremia-induced deterioration of bone material properties. J. Bone Miner. Res. 2021, 36,
67-79. [CrossRef]

Dobayashi, M.; Goda, K.; Maruyama, H.; Fujisawa, M. Erythropoietin gene transfer into rat testes by in vivo electroporation may
reduce the risk of germ cell loss caused by cryptorchidism. Asian J. Androl. 2005, 7, 369-373. [CrossRef]

Abe, S.; Hanawa, H.; Hayashi, M.; Yoshida, T.; Komura, S.; Watanabe, R.; Lie, H.; Chang, H.; Kato, K.; Kodama, M.; et al.
Prevention of experimental autoimmune myocarditis by hydrodynamics-based naked plasmid DNA encoding CTLA4-Ig gene
delivery. J. Card. Fail. 2005, 11, 557-564. [CrossRef]


http://doi.org/10.1002/ar.a.20245
http://www.ncbi.nlm.nih.gov/pubmed/16247797
http://doi.org/10.1186/1471-2474-7-62
http://www.ncbi.nlm.nih.gov/pubmed/16887039
http://doi.org/10.1016/j.bbrc.2009.10.099
http://www.ncbi.nlm.nih.gov/pubmed/19854156
http://doi.org/10.3109/08977199609003229
http://www.ncbi.nlm.nih.gov/pubmed/8919035
http://doi.org/10.1902/jop.2017.170328
http://www.ncbi.nlm.nih.gov/pubmed/28820323
http://doi.org/10.1007/s10006-016-0563-4
http://www.ncbi.nlm.nih.gov/pubmed/27236776
http://doi.org/10.1016/j.cjtee.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28236566
http://doi.org/10.1016/S8756-3282(02)00850-5
http://doi.org/10.1002/jbmr.1825
http://doi.org/10.3390/ijms22126232
http://doi.org/10.1007/BF02058664
http://doi.org/10.1016/0003-9969(94)90173-2
http://doi.org/10.1016/j.bone.2015.04.002
http://doi.org/10.1002/jbm.a.36238
http://www.ncbi.nlm.nih.gov/pubmed/28921822
http://doi.org/10.1371/journal.pgen.1008586
http://www.ncbi.nlm.nih.gov/pubmed/32463816
http://doi.org/10.1007/s00774-007-0782-8
http://www.ncbi.nlm.nih.gov/pubmed/18095060
http://doi.org/10.1007/s00223-018-0508-z
http://www.ncbi.nlm.nih.gov/pubmed/30588540
http://doi.org/10.1016/j.bone.2017.06.023
http://www.ncbi.nlm.nih.gov/pubmed/28716550
http://doi.org/10.1016/j.bone.2017.01.004
http://doi.org/10.1002/jbmr.4159
http://doi.org/10.1111/j.1745-7262.2005.00075.x
http://doi.org/10.1016/j.cardfail.2005.04.005

Materials 2022, 15, 993 10 of 10

50. Akata, K.; Maruyama, H.; Neichi, T.; Miyazaki, J.; Gejyo, F. Effects of erythropoietin-gene electrotransfer in rats with adenine-
induced renal failure. Am. J. Nephrol. 2003, 23, 315-323. [CrossRef]

51. Sinibaldi, R.; Conti, A.; Sinjari, B.; Spadone, S.; Pecci, M.; Palombo, M.; Komlev, V.S.; Ortoew, M.G.; Tromba, G.; Capuani, R,;
et al. Multimodal-3D imaging based on uMRI and pCT techniques bridges the gap with histology in visualization of the bone
regeneration process. Tissue Eng. Regen. Med. 2018, 12, 750-761. [CrossRef] [PubMed]


http://doi.org/10.1159/000072913
http://doi.org/10.1002/term.2494
http://www.ncbi.nlm.nih.gov/pubmed/28593731

	Introduction 
	Materials and Methods 
	Preparation of bmp-2 Gene Expression Plasmids 
	Gene Transfer to Rat Periodontal Tissue 
	Bone Double Staining 
	Bone Morphometric Analyses 
	Collagen Orientation Analyses 

	Results 
	Bone Labeling and Mineral Apposition Rate (MAR) 
	Collagen Fiber Orientation 

	Discussion 
	Conclusions 
	References

