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Abstract: The aim of this in vivo study was to investigate the effect of occlusal hypofunction on alve-
olar bone healing in the absence or presence of an enamel matrix derivative (EMD). A standardized
fenestration defect over the root of the mandibular first molar in 15 Wistar rats was created. Occlusal
hypofunction was induced by extraction of the antagonist. Regenerative therapy was performed by
applying EMD to the fenestration defect. The following three groups were established: (a) normal
occlusion without EMD treatment, (b) occlusal hypofunction without EMD treatment, and (c) occlusal
hypofunction with EMD treatment. After four weeks, all animals were sacrificed, and histological
(hematoxylin and eosin, tartrate-resistant acid phosphatase) as well as immunohistochemical analy-
ses (periostin, osteopontin, osteocalcin) were performed. The occlusal hypofunction group showed
delayed bone regeneration compared to the group with normal occlusion. The application of EMD
could partially, but not completely, compensate for the inhibitory effects of occlusal hypofunction on
bone healing, as evidenced by hematoxylin and eosin and immunohistochemistry for the aforemen-
tioned molecules. Our results suggest that normal occlusal loading, but not occlusal hypofunction, is
beneficial to alveolar bone healing. Adequate occlusal loading appears to be as advantageous for
alveolar bone healing as the regenerative potential of EMD.
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1. Introduction

Periodontitis is a chronic inflammatory disease caused by a dysbiotic microbiome [1,2].
In this dysbiotic periodontal environment, various microorganisms trigger inflammatory
processes that lead to the destruction of periodontal tissues [1,2]. Several local and systemic
co-factors contribute to the development and progression of periodontitis. For example,
smoking, genetic predisposition, and various systemic diseases, e.g., diabetes mellitus,
are known to promote the development of periodontitis [3-9]. Periodontitis is one of
the most common diseases and its prevalence is increasing worldwide due to rising life
expectancy, multimorbidity, and tooth preservation [10-14]. It is characterized by bone and
attachment loss and can lead to tooth loss if left untreated [2]. Socioeconomic disadvantages
such as lack of health insurance, low levels of education, poverty, and lack of access to
health care lead to more severe periodontal disease and, thus, a higher number of teeth
being extracted [15-17]. Stage IV periodontitis is associated with multiple tooth loss, tooth
hypermobility, posterior bite collapse, and/or masticatory dysfunction [18,19]. If the tooth
loss caused by periodontitis is not compensated by prosthetic, implant, and/or orthodontic
rehabilitation, hypofunction or hyperfunction may occur in some teeth [19].
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The aim of periodontal treatment is to reduce the dysbiotic biofilm, and thus stop or
delay further destruction of the periodontal soft and hard tissues [20]. This is primarily
achieved by subgingival instrumentation using hand- and power-driven instruments, and
in rare cases completed by antibiosis. Very advanced cases may require additional surgical
intervention, which usually leads to reparative healing [20-22]. When the defect mor-
phology permits, regenerative therapy procedures with enamel matrix derivative (EMD),
graft materials, and /or membranes, are also frequently used [22,23]. This periodontal
regeneration then ideally leads to the restoration of the form, structure, and function of the
lost periodontal tissues [22,23].

Enamel matrix proteins are molecules deposited on the root surface during odontoge-
nesis by cells of the Hertwig’s epithelial root sheath prior to cementum formation, which
provides the stimulus for cementogenesis [24]. Commercially available enamel matrix
proteins, i.e., EMD, for periodontal therapy are derived from porcine tooth buds, consist of
90% amelogenins, and are applied during periodontal surgery [24]. Several in vitro, in vivo
and human histological studies have demonstrated that treatment with EMD promotes
new bone formation [24]. For example, the use of EMD, either alone or in combination
with membranes and grafts, in the treatment of intrabony defects and Class II furcation
defects has been shown to improve the outcomes in several meta-analyses [25-27]. Human
histological studies confirmed that EMD promotes regenerative healing [28-30]. Some stud-
ies have shown that the effect of EMD depends on the environmental conditions, such as
inflammation, microorganisms, nicotine, glucose, adiposity, and mechanical stress [31-39].

Several studies have shown that EMD regulates key cell functions, such as adhesion,
spreading, proliferation, differentiation and survival. These effects of EMD are mediated
at molecular levels by the regulation of transcription and growth factors, cytokines, ex-
tracellular matrix molecules and factors involved in bone remodeling [24]. For example,
it has been demonstrated that EMD promotes the expression and protein synthesis of
transforming growth factor-f1, insulin-like growth factor, bone morphogenetic protein-2
(BMP-2), vascular endothelial growth factor and connective tissue growth factor in several
cell types [31,40-42]. Moreover, EMD stimulated the production of collagen type I and
periostin in periodontal cells [31,41,43]. The deposition of calcium was also enhanced by the
incubation of osteoblast-like cells with EMD [31,41]. Furthermore, EMD has been shown
to modulate wound healing by promoting both soft tissue regeneration and angiogenic
activity [31,41]. It is thought that EMD uses different intracellular pathways for its bene-
ficial effects, such as the SMAD and MAPK pathways [44—47]. Interestingly, the positive
effects of EMD seem to be reduced in an inflammatory, microbial or biomechanical envi-
ronment [31,39,41,48,49]. For example, our in vitro studies revealed that the EMD-induced
production of growth factors and matrix molecules, as well as the mineralization, is compro-
mised in the presence of biomechanical loading or proinflammatory mediators [31,39,41].
Interestingly, EMD also seems to exert anti-inflammatory effects [31]. Although EMD also
has an antimicrobial influence on cells, it is obvious that these antibacterial effects result
from the vehicle of the commercially available product [48,49]. In addition, tobacco smoke
also seems to counteract the regenerative effects of EMD [33].

To date, little is known about the effects of occlusal hypofunction, e.g., due to the
absence of an antagonistic tooth after extraction of periodontal hopeless teeth, on the
regenerative effects of EMD. It has been shown that the missing stimulatory effects of
occlusion lead to compromised alveolar and jaw bone formation [50]. Bone remodeling
involves the formation of bone as well as bone resorption, with osteoclasts playing a
crucial role in this process. Tartrate-resistant acid phosphatases (TRAPs) are a class of
metalloenzymes used as markers for osteoclasts [51]. Under normal occlusal conditions, the
alveolar bone undergoes continuous bone remodeling to adapt to mechanical stress and to
repair microdamage [52,53]. In cases of masticatory overload, the number of TRAP-positive
cells is higher than in normal occlusion [54-56]. Several molecules, such as periostin,
osteopontin and osteocalcin, are involved in bone homeostasis and regeneration [57-59]
and affected by the cellular environment, such as inflammation [60,61] and mechanical
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forces [56,60]. Periostin seems to be involved in bone loss due to the lack of balanced bone
resorption and remodeling under the conditions of mechanical unloading, such as occlusal
hypofunction [60]. A molecule that also plays a role in the bone remodeling caused by
mechanical stress is osteopontin [56,62]. Another molecule that plays an important role
in bone remodeling is osteocalcin. Osteocalcin binds closely to hydroxyapatite and forms
a complex with collagen via osteopontin. Osteocalcin is thus thought to form a bridge
between the matrix and the inorganic fraction of bone tissue [59]. Periostin, osteopontin,
and osteocalcin thus appear to be closely linked proteins [60]. Conceivably, hypofunction
may promote the healing process, such as for splinting after a bone fracture. On the other
hand, important stimulatory biomechanical stimuli for regenerative processes might be
missing. Therefore, the aim of this in vivo study was to investigate the effect of occlusal
hypofunction on alveolar bone healing in the absence and presence of EMD in an animal
model.

2. Results
2.1. Effect of Occlusal Hypofunction on Alveolar Bone Healing

After a healing period of 4 weeks, it was examined whether occlusal hypofunction
exerts an effect on bone healing and, if so, whether this effect is modulated by the ap-
plication of a regenerative material, i.e., EMD. The animals that lacked the first maxillary
molar and therefore suffered from occlusal hypofunction exhibited delayed bone regeneration
compared to the normal occlusion group, regardless of the application of EMD (Figure 1a—d).
The difference between the normal occlusion group and the occlusal hypofunction group
that was not treated with EMD was significant (p = 0.037) (Figure 1a). The application of
EMD could partially compensate for the negative effect of occlusal hypofunction on bone
healing so that the difference from the animals with normal occlusion was not significant
(Figure 1a). The sub-analysis for the separate levels (coronal, middle, apical) showed
that the bone formation was lowest at the coronal level in occlusal hypofunction with
or without EMD. The difference between normal occlusion and occlusal hypofunction
without EMD was statistically significant (p = 0.048). The data are shown in Figure S1 in
the Supplementary Material.

2.2. Influence of Occlusal Hypofunction on the Number of TRAP+ Cells

Osteoclasts were visualized by staining for TRAP as a marker of osteoclast activity,
and thus bone resorption and remodeling. As shown in Figure 2a—d, the presence of
TRAP+ cells was similar in all groups. The statistical analysis failed to reveal any significant
differences between the groups.

2.3. Effect of Occlusal Hypofunction on Periostin, Osteopontin, and Osteocalcin

Histological sections from each group were stained with different antibodies against
molecules associated with bone formation and remodeling, i.e., periostin, osteopontin,
and osteocalcin. The intensity of immunohistochemical staining was determined and then
assigned to one of five categories (very low, low, moderate, high, very high), which were
defined by the respective quintiles.
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Figure 1. Effect of occlusal hypofunction on alveolar bone healing in the presence and absence of
EMD (a). A representative image of H&E-stained tissue sections from each group is shown (b-d).
Bars show mean + SEM; n = 5 animals/group; * significant (p < 0.05) difference between groups. B
(bone), D (dentin), EMD (enamel matrix derivative), F (fenestration), hypo (occlusal hypofunction), P
(pulp), PDL (periodontal ligament).

At the defect sites in occlusal hypofunction without EMD treatment, periostin protein
synthesis was lower, although not significantly, than in the defects of the normal occlusion
group (Figure 3a—c). The application of EMD could not only compensate for the inhibitory
effect of occlusal hypofunction on periostin but even resulted in a greater periostin protein
synthesis, with a significant difference compared to the normal occlusion group (p = 0.036)
and the occlusal hypofunction group without EMD treatment (p = 0.011) (Figure 3a). The
inhibitory effect of hypofunction and the stimulatory effect of EMD on periostin synthesis
were also reflected in the different distribution of intensity categories between the groups.
The defects of the normal occlusion group and those of the occlusal hypofunction group
without EMD treatment showed low categories more frequently than those of the occlusal
hypofunction group treated with EMD (Figure 3b).
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Figure 2. Impact of occlusal hypofunction on the number of osteoclasts in the presence and absence of
EMD (a). A representative image of tissue sections stained for TRAP from each group is shown (b—d).
TRAP+ cells are indicated by black arrows (b—d). Bars show mean 4+ SEM; n = 5 animals/group; B
(bone), D (dentin), EMD (enamel matrix derivative), hypo (occlusal hypofunction), P (pulp), PDL
(periodontal ligament), TRAP (tartrate-resistant acid phosphatase).

Osteopontin, a protein involved in the maintenance of bone structure, was also de-
tectable in the histological sections. Occlusal hypofunction resulted in a significantly lower
synthesis of osteopontin (p = 0.002) (Figure 4a—c). The inhibitory effect of occlusal hypofunc-
tion was compensated by the application of EMD, i.e., the intensity of osteopontin staining
was significantly stronger in the EMD-treated occlusal hypofunction group (p = 0.007) than
in the occlusal hypofunction group without EMD application, approaching the level of the
normal occlusion group (Figure 4a—c). The distribution pattern of the intensity categories
for the individual groups confirmed the negative effect of occlusal hypofunction and the
positive influence of EMD. While high and very high osteopontin intensities were observed
in normal occlusion and occlusal hypofunction with EMD treatment, only low to mod-
erate intensity categories were found in occlusal hypofunction without EMD application
(Figure 4b).
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Figure 3. Impact of occlusal hypofunction on synthesis of periostin in the presence and absence of
EMD. Mean intensity of periostin (a). Frequency distribution of different intensity categories for
periostin. The intensity was assigned to five intensity categories (1 = very low, 2 = low, 3 = moderate,
4 = high, 5 = very high) (b). A representative immunohistochemistry image from each group is shown
(c). Bars show mean & SEM; n = 5 animals/group; * significant (p < 0.05) difference between groups.
B (bone), D (dentin), EMD (enamel matrix derivative), hypo (occlusal hypofunction), P (pulp), PDL
(periodontal ligament).
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Figure 4. Impact of occlusal hypofunction on synthesis of osteopontin in the presence and absence
of EMD. Mean intensity of osteopontin (a). Frequency distribution of different intensity categories
for osteopontin. The intensity was assigned to five intensity categories (1 = very low, 2 = low,
3 = moderate, 4 = high, 5 = very high) (b). A representative immunohistochemistry image from each
group is shown (c). Bars show mean + SEM; n = 5 animals/group; * significant (p < 0.05) difference
between groups. B (bone), D (dentin), EMD (enamel matrix derivative), hypo (occlusal hypofunction),
P (pulp), PDL (periodontal ligament).

Osteocalcin is also a protein involved in bone homeostasis. Occlusal hypofunction
resulted in a reduced synthesis of osteocalcin, which could only be slightly increased by
treatment with EMD so that the level of the normal occlusion group was not regained
(Figure 5a—c). Overall, despite the observed negative effect of occlusal hypofunction on
osteocalcin, the differences between the groups were not significant (Figure 5a). Nev-
ertheless, moderate to very high intensity categories were only observed in the normal
occlusion group, whereas low and very low intensities were only found in the two occlusal
hypofunction groups (Figure 5b).
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Figure 5. Impact of occlusal hypofunction on synthesis of osteocalcin in the presence and absence of
EMD. Mean intensity of osteocalcin (a). Frequency distribution of different intensity categories for
osteocalcin. The intensity was assigned to five intensity categories (1 = very low, 2 = low, 3 = moderate,
4 = high, 5 = very high) (b). A representative immunohistochemistry image from each group is
shown (c). Bars show mean &+ SEM; n = 5 animals/group. B (bone), D (dentin), EMD (enamel matrix
derivative), hypo (occlusal hypofunction), P (pulp), PDL (periodontal ligament).

3. Discussion

In the present study, we investigated the effects of occlusal hypofunction on alveolar
bone healing using an established fenestration defect model in rats [63,64]. Occlusal
hypofunction impaired alveolar bone healing, but this could be compensated for, although
not completely, by the application of a regenerative material. These results suggest that
normal occlusal loading is beneficial for alveolar bone healing, and the effect of normal
occlusal loading appears to be similarly critical for alveolar bone healing as the regeneration-
promoting potential of EMD.

Although some studies have addressed the role of occlusal hypofunction in preclinical
studies, we are not aware of any study to date that has addressed the effect of occlusal
hypofunction on alveolar bone healing during regenerative therapy with EMD. Ishida
et al. demonstrated that occlusal hypofunction leads to atrophic changes in the gingiva
of rats [65]. At the histological level, a disorientation of collagen fibers was observed.
In addition, connective tissue fibroblasts increased and epithelial intercellular gaps were
enlarged. At immunohistochemical level, connective tissue growth factor and lysyl oxidase
showed increased expression in the hypofunctional group [65]. Overall, therefore, occlusal
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function has been shown to be an important regulatory factor in the maintenance and
remodeling of periodontal structures, supporting our own observations in the present
study. Shimizu et al. also found that hypofunction leads to atrophic changes in the
periodontal ligament (PDL) and alveolar bone in rats [66]. The researchers found that
the PDL was narrowed in the hypofunction group. In particular, the volume of the PDL
and the volume ratio of alveolar bone to total tissues in the region of interest (ROI) were
significantly lower in the hypofunctional group. In addition, the structure of the alveolar
bone was thinner and less continuous in the hypofunction group [66]. These data are
consistent with our results, showing less bone healing of the fenestration defect in the
hypofunction group. The effects of hypofunction on interradicular alveolar bone and PDL
were studied by Kasahara et al. [67]. They found that bone volume per tissue volume
in pCT decreased with hypofunction. They also observed that the hypofunction group
had a smaller PDL volume [67]. Thus, these results further support our findings that
hypofunction has a negative impact on alveolar bone healing. The study by Kunii et al.
came to similar conclusions when they examined bone density in occlusal hypofunction
and its rehabilitation in a rat model [68]. The researchers found that hypofunction led to
decreased bone mineral density in both cancellous and cortical bone. This decrease was
reversed after the restoration of occlusion [68]. These results are in line with our findings
and show that normal occlusion is important for the healing of the alveolar bone. King
and Hughes investigated the effects of occlusal loading on ankylosis, bone, and cement
formation in the presence and absence of BMP-2 in an in vivo rat fenestration model [63].
Fenestration defects were treated with a collagen membrane with and without BMP-2.
Interestingly, this study found that bone regeneration was faster in the hypofunctional
group after 10 days, regardless of whether BMP-2 was administered. Different time periods
may explain the contradictory observations in this study compared with the above studies
and our own study. In addition, the collagen membranes were always placed in addition to
the regenerative material, i.e., BMP-2. Nevertheless, these authors conclude that occlusal
loading is an important stimulus for both remodeling and maintenance of the PDL space
during early wound healing [63].

In our study, after a healing period of four weeks, we investigated whether occlusal
hypofunction has an impact on bone healing and whether this effect is modulated by the
application of a regeneration-promoting material, i.e., EMD. The animals suffering from
occlusal hypofunction showed delayed bone regeneration compared to the group with
normal occlusion. The application of EMD could partially, but not completely, compensate
for the negative effects of occlusal hypofunction on bone healing. Furthermore, we found a
lower synthesis of periostin in the hypofunction group. This effect was more than reversed
by the application of EMD. Periostin is a molecule with multiple properties and functions.
It is important for the maintenance and regeneration of periodontal tissues and is produced
in larger quantities during the healing of bone fractures [57]. At the cellular level, this
molecule is involved in various functions, such as cell migration, recruitment, adhesion, and
proliferation [57]. By promoting the regulation and migration of fibroblasts and osteoblasts,
bone remodeling and PDL are influenced [57]. Periostin thus appears to be involved
in various phases of bone healing and regeneration [57]. The in vitro study by Wu et al.
showed that periostin accelerates the migration, proliferation, and osteogenic differentiation
of human PDL mesenchymal stem cells [69]. Kasahara et al. have shown that the expression
of periostin in PDL is reduced in the presence of occlusal hypofunction [67]. In vitro data
have revealed that periostin deficiency leads to the poor adhesion of osteoblasts to the bone
matrix, which impaired osteoblast differentiation [57]. In an in vivo study using Wistar rats,
the effects of hypofunction on PDL and changes in periostin gene and protein levels were
analyzed. The results of the study demonstrated that hypofunction was associated with
structural changes in the PDL, such as reduced PDL width and a decrease in the number
and thickness of PDL fibers. Moreover, periostin was downregulated in the hypofunction
group as compared with the control [70]. In the above studies, periostin was investigated in
PDL, as this molecule is mainly expressed and produced by PDL cells. However, periostin
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is also known to be present in alveolar bone [57,60]. As our study aimed to examine the
effects of occlusal hypofunction on alveolar bone healing, we focused on the production
of proteins associated with bone regeneration. In our study, it was also observed that a
lack of biomechanical loading, i.e., occlusal hypofunction, resulted in a reduced synthesis
of periostin, suggesting that normal occlusion exerts a positive effect on several tissue
structures of the periodontium.

Periostin deletion leads to the maladhesion of osteoblasts to the bone matrix and
impairs their differentiation into mature osteoblasts, as evidenced by the downregulation of
type I collagen, osteocalcin, osteopontin, and alkaline phosphatase expression in vitro [60].
Therefore, in addition to periostin, the regulation of osteopontin and osteocalcin syntheses
was also evaluated in our study. Occlusal hypofunction also resulted in lower osteopontin
synthesis, and this inhibitory effect of occlusal hypofunction was compensated by EMD. Ad-
ditionally, occlusal hypofunction also tended to inhibit osteocalcin production. Osteopontin
is a negatively charged, glycosylated phosphoprotein found in many tissues. Osteopontin
is produced in bone by both osteoblasts and osteoclasts. This molecule seems to be involved
in various functions within the inflammatory and tissue repair cascade [58]. Osteocalcin is
a bone protein produced mainly by osteoblasts and, to a lesser extent, by odontoblasts. It is
thought to inhibit bone mineralization, with recent studies suggesting an even broader role
for osteocalcin [59]. Several studies have addressed the expression and protein synthesis of
osteopontin and osteocalcin in periodontium. Ivanovski et al. investigated the expression
of hard-tissue-associated proteins, including osteopontin and osteocalcin, in vitro and in
histological sections [71]. Osteopontin and osteocalcin were detected in all components of
the periodontium, i.e., gingiva, PDL, cementum, and bone [71]. An investigation of the
alveolar bone healing after the extraction of a maxillary incisor in rats showed that both
bone volume and trabecular thickness increased over time. Furthermore, the osteopontin
and osteocalcin expressions were upregulated after tooth extraction, indicating that these
molecules play an important role in alveolar bone healing [72]. In relation to bone healing,
Lekic et al. immunohistochemically investigated osteopontin expression in a rat model
with periodontal window wounds. They also found that osteopontin is involved in bone
healing [73]. These studies highlight the important role of osteopontin and osteocalcin in pe-
riodontal healing. Our results show, for the first time, that these important bone-associated
molecules are reduced in the absence of occlusal loading.

We also investigated the activity of osteoclasts in the alveolar bone using TRAP
staining. Surprisingly, analysis of the stained histological sections revealed that there were
no significant differences in the total number of TRAP+ cells between the studied groups.
The fact that the number of osteoclasts was approximately the same in the groups may
be due to the fact that, in our model, we did not analyze periodontal destruction, i.e.,
resorption, but the healing process.

Two main models have been described in the literature to study the effects of occlusal
hypofunction. The occlusal hypofunction of a tooth can be induced by extracting the
antagonist or by increasing the occlusal load on the adjacent teeth [63,65-68]. In our
study, the antagonist was extracted to establish occlusal hypofunction. This model has the
advantage that the possible effect of overloading the adjacent teeth on the wound healing
area under investigation is minimal.

In addition to reducing pathogenic microorganisms and inflammatory and proteolytic
processes, periodontal therapy involves restoring lost periodontal structures through regen-
erative therapy whenever possible. Preclinical studies have shown that EMD and BMP-2
promote alveolar bone healing [74,75]. For example, EMD increased osteoprotegerin (OPG)
and decreased receptor activator of nuclear factor-kappa B ligand (RANKL), resulting in
a better OPG/RANKL ratio in vitro [74]. In addition, BMP-2 has been shown to have a
stimulatory effect on alveolar bone healing in animal studies [75]. Various animal models
are available to study alveolar bone healing, with the fenestration model used in this study
being well established [63,64]. The aim of our in vivo study was also to evaluate the effects
of occlusal hypofunction on bone healing during regenerative therapy. Both histologi-
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cally and immunohistochemically, the use of EMD generally resulted in a reduction in the
negative effects of occlusal hypofunction. The application of EMD was able to partially
compensate for occlusal hypofunction, although not completely in most cases. This con-
firms the regeneration-promoting effects of EMD reported in the literature [24,25,28,29].
EMD consists of enamel matrix proteins derived from porcine tooth buds [24,76]. EMD
regulates numerous cell functions associated with periodontal regeneration. For example,
EMD increases cell proliferation and migration, matrix molecule synthesis, angiogenesis,
and mineralization [24,77]. EMD has been shown to stimulate the synthesis of periostin,
osteopontin, and osteocalcin during regenerative therapy [30,78,79]. In addition, the
regeneration-promoting effects of EMD could also be mediated by its anti-inflammatory
properties [31,35]. Furthermore, the antibacterial properties of the EMD vehicle used for the
clinical application could contribute to the regenerative effects [32,48,80]. The regenerative
potential of EMD has been clinically proven by a lot of studies [81,82]. Histological human
sections clearly prove that periodontal regeneration can take place after the application of
EMD [28,29]. Future studies could also focus on the interactions between occlusal hypo-
function and other regenerative materials. It would also be interesting to analyze whether,
and to what extent, occlusal hyperfunction modulates bone healing in the presence or
absence of EMD or other regenerative materials.

Our study has some limitations. One limitation is that the effect of occlusal hypo-
function on alveolar bone healing was investigated only 4 weeks after the induction of the
fenestration defect. The healing process after regenerative surgical periodontal treatment is
largely completed in the first 2-3 postoperative weeks, followed by further tissue matu-
ration to adapt to the functional needs of the masticatory environment [83]. We chose to
examine bone regeneration after 4 weeks, so that tissue healing is complete but not yet fully
adapted to the functional conditions of the oral and maxillofacial systems. This decision is
consistent with many other published studies using the same surgical model. In most of
these studies, animals were sacrificed between 21 and 30 days after surgery [33,63,64,84-87].
Nevertheless, analysis at different time points during healing would provide more detailed
information on the effects of occlusal hypofunction on alveolar bone healing. By including
additional evaluation time points, e.g., at 10 and 21 days postoperatively, serial analysis of
periostin, osteopontin, and osteocalcin would have been possible and may have revealed
different kinetics of these molecules in relation to remodeling. However, a higher number
of animals would have to be sacrificed for these additional time points. The present study
also has technical limitations. Preparation of the histologic sections was associated with
technical difficulties related to the transverse plane. In some cases, the blocks had to be
melted and reembedded until the correct plane was achieved. Histological slides are always
limited, so only a restricted number of stainings could be performed. The application of
calcein would provide additional information on the mineralization rate, and therefore on
the bone regenerative processes. In the present study, only bone formation was evaluated.
Future studies or evaluations should also investigate the influence of hypofunction under
normal or regenerative conditions on other components of the periodontium, e.g., PDL and
cementum.

In a fenestration defect model in rats, we demonstrated that occlusal hypofunction
compromised alveolar bone healing and that the application of a regenerative material
partially compensated for this inhibition. These results suggest that normal occlusal loading,
but not occlusal hypofunction, is beneficial for alveolar bone healing. Adequate occlusal
loading appears to be as beneficial for alveolar bone healing as the regenerative effects of
EMD.

4. Materials and Methods
4.1. Animal Model
After receiving approval for this animal study from the University of Bonn and

the local authorities (Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen; AZ 85-51.04.2010.A394), four-week-old Wistar rats were obtained from the
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Charles River Laboratories (Sulzfeld, Germany). All animals were kept in the animal
facility of the University of Bonn according to institutionally approved protocols. All
applicable international, national, and/or institutional guidelines for the care and use of
animals have been followed. Per group, five animals (15 animals in total) were maintained
under stable environmental conditions at a room temperature of 21 °C and humidity
of 35% under a 12 h day-night cycle. All groups of animals were provided with water
and food (sniff, Soest, Germany) ad libitum. Each animal group underwent a different
experimental treatment: (1) normal occlusion with an untreated fenestration defect, (2)
occlusal hypofunction with an untreated fenestration defect, and (3) occlusal hypofunction
with a fenestration defect treated with EMD (Emdogain®, Straumann, Basel, Switzerland).

4.2. Surgical Procedures

Animals were treated under general anesthesia by using ketamine 10% (75 mg/kg)
and medetomidine (0.5 mg/kg) intraperitoneally. During surgery, animals were placed on
a warm surface to prevent hypothermia and the airways were kept clear.

To induce occlusal hypofunction, the first molar of the upper right jaw was extracted.
In brief, local anesthesia was performed in the vestibule above the first molar with articaine
1:200,000 dissolved in saline according to the body weight of the animals. The PDL was
loosened by a fine dental probe. The tooth was mobilized by using a small Heidemann
spatula. The tooth was extracted with the help of a small artery clamp. The wound was
smoothly compressed and, if needed, treated with a suture (4.0 Vicryl, Ethicon, Johnson &
Johnson Medical, Norderstedt, Germany).

In order to investigate the influence of occlusal hypofunction on alveolar bone re-
generation, a fenestration-type defect was created in the first molar of the lower right jaw
corresponding to the extracted tooth of the upper jaw. The fenestration-type defect was
created as described before [58]. Briefly, after shaving and disinfecting the skin on the right
side of the lower jaw with liquid povidone iodine, a 2 cm incision was made at the inferior
border of the mandible using a 15c scalpel (Hu-Friedy, Frankfurt am Main, Germany).
The superficial fascia, the underlying masseter muscle and the periosteum were severed
from the bone and the mandible was exposed. The tissue was carefully prepared with a
rasp until the oral mucosa was identified. The preparation was terminated to avoid injury
to the adherent keratinized gingival margin at the upper edge of the intraoral surgically
created access chamber. With a slow-speed rose bur and by using saline irrigation, the
buccal bone of the first molar of the lower right jaw was removed until the root surface was
visible. The fenestration defect was standardized with an approximate height and depth
of 2 mm and a horizontal dimension of 4 mm. The dimensions of the fenestration defect
were assessed using a standardized periodontal probe (UNC 15, Hu-Friedy) during surgery.
The upper margin of the bony defect was 1 mm from the crestal bone of the first molar.
The exposed first molar root was freed from PDL, cementum, and dentin. Root surface
was rinsed with saline and subsequently conditioned with ethylenediaminetetraacetic acid
(EDTA, PrefGel®, Straumann) for 2 min according to the manufacturer’s instructions. After
2 min of conditioning, the surface was thoroughly rinsed with saline. Animals of the group
(3) were treated with EMD (Emdogain®, Straumann). EMD was applied using a sterile
syringe so that the complete defect was covered. A double layer suture (muscle and skin) of
absorbable suture material (4.0 Vicryl, Ethicon, Johnson & Johnson Medical) was placed for
wound closure. After surgery, all animals received carprofen (5 mg/kg) as analgesia. Every
other day after surgery, and for a whole week, wound healing and the general condition of
the animals were monitored. Weight, swelling, and wound healing were controlled and
documented. None of the animals showed local or general complications, such as unnatural
weight loss or wound infection, after surgery. Four weeks after surgery, all animals were
sacrificed, and skulls were removed and stored in 4% phosphate-buffered formaldehyde
(Merck, Darmstadt, Germany) for one week for fixation.
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4.3. Histological Preparation and Staining

The histological preparation and staining of the skulls were carried out as previously
described. In short, the skulls were decalcified for 12 weeks in a 10% EDTA solution (EMD
Millipore, Billerai, MA, USA). Skulls were further prepared so that the right mandible was
separated and embedded in paraffin after dehydration in an ascending ethanol series. The
jaws were oriented in the paraffin blocks in such a manner that transversal sections with a
2.5 um thickness were cut. Sections were mounted on glass slides (Engelbrecht, Edermtinde,
Germany) and dried overnight at 37 °C. Whether the transverse plane was achieved was
checked by staining the slides according to hematoxylin and eosin (H&E; Merck) using
a standardized protocol [88] and by light microscopic examination. In case of incorrect
plane, blocks were melted and newly embedded until the correct plane was reached and all
slides including the region of interest could be cut. All sections from the region of interest
were collected and used for further staining. In order to recognize the coronal, middle, and
apical level of the defect, every tenth histological section was stained according to H&E
and controlled under a light microscope. One section of each level (coronal, middle, apical)
from all 15 animals was included in the analyses. Identification of osteoclasts was achieved
by staining the three serial sections, corresponding to the ones used for H&E staining,
using TRAP staining (Sigma-Aldrich, Taufkirchen, Germany) following the manufacturer’s
instructions.

4.4. Immunohistochemical Staining

After deparaffinization and dehydration, slides were treated by blocking endogenous
peroxidase with 0.3% methanol (Merck)/30% H;O, (Merck) for 10 min in the dark. For
periostin staining, sections were pretreated with pepsin for 20 min at 37 °C. Subsequently,
sections were pre-blocked with 1 X tris-buffered saline (Merck)/4% bovine serum albumin
(Merck) for 1 h at room temperature and incubated in a humid chamber overnight at
4 °C with a rabbit polyclonal antibody against periostin with a concentration of 1:300
(ab14041, Abcam, Cambridge, UK). For the detection of osteopontin and osteocalcin, no
pre-treatment of sections was needed. Sections were immediately incubated with a rabbit
polyclonal antibody against osteopontin with a concentration of 1:300 for 1 h at room
temperature (ab8448, Abcam) and with a mouse monoclonal antibody against osteocalcin
with a concentration of 1:1,200 overnight in a humid chamber at 4 °C (ab13418, Abcam).
Afterwards, sections were rinsed and incubated at room temperature with a goat anti-rabbit
IgG-HRP secondary antibody or a goat anti-mouse IgG-HRP secondary antibody (Dako,
Hamburg, Germany) for 30 min. Peroxidase activity was visualized by incubation with
3,3-diaminobenzidine chromogen (Thermo Fisher Scientific, Dreieich, Germany). Finally,
sections were rinsed and counterstained for 30 s with Mayer’s hematoxylin (Merck).

4.5. Histomorphometric Evaluation

Images of all sections were captured with the Axioskop 2 microscope and AxioVision
4.7 software (Carl Zeiss, Jena, Germany) at 10x magnification. The region of interest
(ROI) was selected and defined as described before (Figure S2) [64]. In brief, the root of
the first molar and the fenestration defect formed the ROI The ROI was defined within
a standardized quadrant, which included root, PDL and bone of the buccal site of the
first molar. The standardized quadrant was placed on each image and the area was cut
off within the limits of the quadrant. The new images were saved and used for further
evaluation. Analyses were conducted with the open-source programs Image] and Fiji
plug-in [89,90]. Within the ROI of H&E-stained slides, bone was manually selected and
quantified. The percentage ratio of bone area to total area of the ROI was calculated and
used for statistical analysis. TRAP+ cells were manually counted within the ROI. For
immunohistochemistry, the intensity of staining within the ROI was quantified by the Fiji
plug-in. Values were divided into five categories, defined by the respective quintiles. Thus,
values of intensity were categorized as follows: 1: very low, 2: low, 3: moderate, 4: high,
and 5: very high. They were subsequently analyzed, as described previously [64].
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4.6. Statistical Analysis

For statistical analysis, the IBM SPSS Statistics Software (Version 27, IBM SPSS, Chicago,
IL, USA) was applied. Normal distribution was examined using the Kolmogorov-Smirnov
test and the homogeneity of variances was examined using Levene’s test. Mean values
and standard errors of the means were calculated. One-sided Mann-Whitney U test and
ANOVA with post-hoc LSD were applied to detect statistically significant differences
between the groups (p < 0.05).

Supplementary Materials: The following supporting information can be downloaded at:https://
www.mdpi.com/article/10.3390/ijms24119744/s1.

Author Contributions: Conceptualization, A.D. and ].D.; methodology, A.D., ].D., A.A., S.B.-M,,
M.N.,, B.R.-D. and A.V.B.N,; validation, A.D. and A.A_; formal analysis, A.D. and A.A.; investigation,
A.D. ].D. and A.A ; resources, ].D.; data curation, A.D.; writing—original draft preparation, A.D.,
J.D., S.B.-M., M.N,, A A, BR.-D. and A.V.B.N.; writing—review and editing, A.D., ].D., S.B.-M.,,
M.N., B.R.-D., A.A. and A.V.B.N,; visualization, A.D., ].D., S.B.-M., M.N., BR.-D., A.A. and A.V.B.N,;
supervision, A.D. and ].D.; project administration, A.D. and ].D. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was supported by a grant from the German Research Foundation (Clinical
Research Unit 208; grant number DFG: DE 1593/1-1).

Institutional Review Board Statement: Approval for the animal study was obtained from the
University of Bonn Ethics Committee and local authorities (Landesamt fiir Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen; Az 87-51.04.2010.A394).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: For their valuable support and time, the authors are grateful to Ramona Menden,
Inka Bay, and Silke van Dyck.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations

B bone

BMP-2 bone morphogenetic protein 2
D dentin

EDTA ethylenediaminetetraacetic acid
EMD enamel matrix derivative

H&E hematoxylin and eosin

OPG osteoprotegerin

P pulp

PDL periodontal ligament

RANKL  receptor activator of nuclear factor-kappa B ligand
ROI region of interest

TRAP tartrate-resistant acid phosphate

Hajishengallis, G.; Chavakis, T.; Lambris, ]J.D. Current understanding of periodontal disease pathogenesis and targets for
host-modulation therapy. Periodontology 2020, 84, 14-34. [CrossRef] [PubMed]

Fragkioudakis, I.; Riggio, M.P,; Apatzidou, D.A. Understanding the microbial components of periodontal diseases and periodontal
treatment-induced microbiological shifts. ]. Med. Microbiol. 2021, 70, 001247. [CrossRef] [PubMed]

Ramseier, C.A.; Anerud, A.; Dulac, M.; Lulic, M.; Cullinan, M.P,; Seymour, G.J.; Faddy, M.]J.; Biirgin, W.; Schétzle, M.; Lang,
N.P. Natural history of periodontitis: Disease progression and tooth loss over 40 years. . Clin. Periodontol. 2017, 44, 1182-1191.

[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms24119744/s1
https://www.mdpi.com/article/10.3390/ijms24119744/s1
https://doi.org/10.1111/prd.12331
https://www.ncbi.nlm.nih.gov/pubmed/32844416
https://doi.org/10.1099/jmm.0.001247
https://www.ncbi.nlm.nih.gov/pubmed/33295858
https://doi.org/10.1111/jcpe.12782
https://www.ncbi.nlm.nih.gov/pubmed/28733997

Int. . Mol. Sci. 2023, 24, 9744 150f18

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Stohr, J.; Barbaresko, J.; Neuenschwander, M.; Schlesinger, S. Bidirectional association between periodontal disease and diabetes
mellitus: A systematic review and meta-analysis of cohort studies. Sci. Rep. 2021, 1, 13686. [CrossRef] [PubMed]

Wu, C.Z; Yuan, YH,; Liu, HH.; Li, S.S.; Zhang, BW.; Chen, W.; An, Z.].; Chen, S.Y.; Wu, Y.Z,; Han, B; et al. Epidemiologic
relationship between periodontitis and type 2 diabetes mellitus. BMIC Oral. Health 2020, 11, 204. [CrossRef]

Dicembrini, I; Serni, L.; Monami, M.; Caliri, M.; Barbato, L.; Cairo, F; Mannucci, E. Type 1 diabetes and periodontitis: Prevalence
and periodontal destruction-a systematic review. Acta Diabetol. 2020, 57, 1405-1412. [CrossRef]

Nascimento, G.G.; Leite, FR.M.; Vestergaard, P.; Scheutz, F.; Lopez, R. Does diabetes increase the risk of periodontitis? A
systematic review and meta-regression analysis of longitudinal prospective studies. Acta Diabetol. 2018, 55, 653-667. [CrossRef]
Loos, B.G.; Van Dyke, T.E. The role of inflammation and genetics in periodontal disease. Periodontology 2020, 83, 26-39. [CrossRef]
Genco, R.J.; Borgnakke, W.S. Risk factors for periodontal disease. Periodontology 2013, 62, 59-94. [CrossRef]

Available online: https://www.who.int/news-room/fact-sheets/detail /oral-health (accessed on 26 January 2023).

Broers, D.L.M.; Dubois, L.; de Lange, J.; Su, N.; de Jongh, A. Reasons for Tooth Removal in Adults: A Systematic Review. Int.
Dent. J. 2022, 72, 52-57. [CrossRef]

Wu, L.; Zhang, S.Q.; Zhao, L.; Ren, Z.H.; Hu, C.Y. Global, regional, and national burden of periodontitis from 1990 to 2019: Results
from the Global Burden of Disease study 2019. ]. Periodontol. 2022, 93, 1445-1454. [CrossRef] [PubMed]

Kanasi, E.; Ayilavarapu, S.; Jones, J. The aging population: Demographics and the biology of aging. Periodontology 2016, 72, 13-18.
[CrossRef] [PubMed]

Tonetti, M.S.; Jepsen, S.; Jin, L.; Otomo-Corgel, ]. Impact of the global burden of periodontal diseases on health, nutrition and
wellbeing of mankind: A call for global action. J. Clin. Periodontol. 2017, 44, 456-462. [CrossRef]

Baniasadi, K.; Armoon, B.; Higgs, P; Bayat, A.H.; Mohammadi Gharehghani, M.A.; Hemmat, M.; Fakhri, Y.; Mohammadi,
R.; Fattah Moghaddam, L.; Schroth, R.]. The Association of Oral Health Status and socio-economic determinants with Oral
Health-Related Quality of Life among the elderly: A systematic review and meta-analysis. Int. ]. Dent. Hyg. 2021, 19, 153-165.
[CrossRef]

Chapple, I.L.; Bouchard, P.; Cagetti, M.G.; Campus, G.; Carra, M.C.; Cocco, F.; Nibali, L.; Hujoel, P,; Laine, M.L.; Lingstrom, P;
et al. Interaction of lifestyle, behaviour or systemic diseases with dental caries and periodontal diseases: Consensus report of
group 2 of the joint EFP/ORCA workshop on the boundaries between caries and periodontal diseases. J. Clin. Periodontol. 2017,
44,39-51. [CrossRef]

Cianetti, S.; Valenti, C.; Orso, M.; Lomurno, G.; Nardone, M.; Lomurno, A.P.; Pagano, S.; Lombardo, G. Systematic Review of the
Literature on Dental Caries and Periodontal Disease in Socio-Economically Disadvantaged Individuals. Int. |. Environ. Res. Public
Health 2021, 24, 12360. [CrossRef]

Tonetti, M.S.; Greenwell, H.; Kornman, K.S. Staging and grading of periodontitis: Framework and proposal of a new classification
and case definition. J. Periodontol. 2018, 89, 159-172. [CrossRef]

Herrera, D.; Sanz, M.; Kebschull, M.; Jepsen, S.; Sculean, A.; Berglundh, T.; Papapanou, PN.; Chapple, I.; Tonetti, M.S. EFP
Workshop Participants and Methodological Consultant. Treatment of stage IV periodontitis: The EFP S3 level clinical practice
guideline. . Clin. Periodontol. 2022, 49, 4-71. [CrossRef]

Suvan, J.; Leira, Y.; Moreno Sancho, EM.; Graziani, F; Derks, J.; Tomasi, C. Subgingival instrumentation for treatment of
periodontitis. A systematic review. J. Clin. Periodontol. 2020, 47, 155-175. [CrossRef] [PubMed]

Jakubovics, N.S.; Goodman, S.D.; Mashburn-Warren, L.; Stafford, G.P.; Cieplik, F. The dental plaque biofilm matrix. Periodontology
2021, 86, 32-56. [CrossRef]

Graziani, F,; Karapetsa, D.; Alonso, B.; Herrera, D. Nonsurgical and surgical treatment of periodontitis: How many options for
one disease? Periodontolpgy 2017, 75, 152-188. [CrossRef]

Kwon, T.; Lamster, I.B.; Levin, L. Current Concepts in the Management of Periodontitis. Int. Dent. J. 2021, 71, 462-476. [CrossRef]
[PubMed]

Miron, R.J.; Sculean, A.; Cochran, D.L.; Froum, S.; Zucchelli, G.; Nemcovsky, C.; Donos, N.; Lyngstadaas, S.P.; Deschner, ].; Dard,
M.; et al. Twenty years of enamel matrix derivative: The past, the present and the future. J. Clin. Periodontol. 2016, 43, 668-683.
[CrossRef] [PubMed]

Jepsen, S.; Gennali, S.; Hirschfeld, J.; Kalemaj, Z.; Buti, J.; Graziani, F. Regenerative surgical treatment of furcation defects: A
systematic review and Bayesian network meta-analysis of randomized clinical trials. J. Clin. Periodontol. 2020, 47, 352-374.
[CrossRef] [PubMed]

Tu, YK.; Needleman, I.; Chambrone, L.; Lu, HK,; Faggion, C.M.,, Jr. A Bayesian network meta-analysis on comparisons of enamel
matrix derivatives, guided tissue regeneration and their combination therapies. J. Clin. Periodontol. 2012, 39, 303-314. [CrossRef]
Stavropoulos, A.; Bertl, K.; Spineli, L.M.; Sculean, A.; Cortellini, P.; Tonetti, M. Medium- and long-term clinical benefits of
periodontal regenerative/reconstructive procedures in intrabony defects: Systematic review and network meta-analysis of
randomized controlled clinical studies. . Clin. Periodontol. 2021, 48, 410-430. [CrossRef]

Yukna, R.A.; Mellonig, ].T. Histologic evaluation of periodontal healing in humans following regenerative therapy with enamel
matrix derivative. A 10-case series. J. Periodontol. 2000, 71, 752-759. [CrossRef]

McGuire, M.K,; Cochran, D.L. Evaluation of human recession defects treated with coronally advanced flaps and either enamel
matrix derivative or connective tissue. Part 2: Histological evaluation. J. Periodontol. 2003, 74, 1126-1135. [CrossRef]


https://doi.org/10.1038/s41598-021-93062-6
https://www.ncbi.nlm.nih.gov/pubmed/34211029
https://doi.org/10.1186/s12903-020-01180-w
https://doi.org/10.1007/s00592-020-01531-7
https://doi.org/10.1007/s00592-018-1120-4
https://doi.org/10.1111/prd.12297
https://doi.org/10.1111/j.1600-0757.2012.00457.x
https://www.who.int/news-room/fact-sheets/detail/oral-health
https://doi.org/10.1016/j.identj.2021.01.011
https://doi.org/10.1002/JPER.21-0469
https://www.ncbi.nlm.nih.gov/pubmed/35305266
https://doi.org/10.1111/prd.12126
https://www.ncbi.nlm.nih.gov/pubmed/27501488
https://doi.org/10.1111/jcpe.12732
https://doi.org/10.1111/idh.12489
https://doi.org/10.1111/jcpe.12685
https://doi.org/10.3390/ijerph182312360
https://doi.org/10.1002/JPER.18-0006
https://doi.org/10.1111/jcpe.13639
https://doi.org/10.1111/jcpe.13245
https://www.ncbi.nlm.nih.gov/pubmed/31889320
https://doi.org/10.1111/prd.12361
https://doi.org/10.1111/prd.12201
https://doi.org/10.1111/idj.12630
https://www.ncbi.nlm.nih.gov/pubmed/34839889
https://doi.org/10.1111/jcpe.12546
https://www.ncbi.nlm.nih.gov/pubmed/26987551
https://doi.org/10.1111/jcpe.13238
https://www.ncbi.nlm.nih.gov/pubmed/31860125
https://doi.org/10.1111/j.1600-051X.2011.01844.x
https://doi.org/10.1111/jcpe.13409
https://doi.org/10.1902/jop.2000.71.5.752
https://doi.org/10.1902/jop.2003.74.8.1126

Int. . Mol. Sci. 2023, 24, 9744 16 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

Sculean, A.; Junker, R.; Donos, N.; Windisch, P.; Brecx, M.; Diinker, N. Immunohistochemical evaluation of matrix molecules
associated with wound healing following treatment with an enamel matrix protein derivative in humans. Clin. Oral. Investig.
2003, 7, 167-174. [CrossRef]

Nokhbehsaim, M.; Winter, J.; Rath, B.; Jager, A.; Jepsen, S.; Deschner, J. Effects of enamel matrix derivative on periodontal wound
healing in an inflammatory environment in vitro. J. Clin. Periodontol. 2011, 38, 479-490. [CrossRef]

Inaba, H.; Kawai, S.; Nakayama, K.; Okahashi, N.; Amano, A. Effect of enamel matrix derivative on periodontal ligament cells
in vitro is diminished by Porphyromonas gingivalis. J. Periodontol. 2004, 75, 858-865. [CrossRef] [PubMed]

Corréa, M.G.; Campos, M.L.; Benatti, B.B.; Marques, M.R.; Casati, M.Z.; Nociti, EH., Jr.; Sallum, E.A. The impact of cigarette
smoke inhalation on the outcome of enamel matrix derivative treatment in rats: Histometric analysis. J. Periodontol. 2010, 81,
1820-1828. [CrossRef]

Deschner, J.; Nokhbehsaim, M. Regulatory effects of inflammatory and biomechanical signals on regenerative periodontal healing.
Int. ]. Oral. Maxillofac. Implants 2013, 28, 472-477. [CrossRef] [PubMed]

Laaksonen, M.; Salo, T.; Vardar-Sengul, S.; Atilla, G.; Saygan, B.H.; Simmer, ].P; Baylas, H.; Sorsa, T. Gingival crevicular fluid can
degrade Emdogain and inhibit Emdogain-induced proliferation of periodontal ligament fibroblasts. J. Periodontal. Res. 2010, 45,
353-360. [CrossRef] [PubMed]

De Ry, S.P; Pagnamenta, M.; Ramseier, C.A.; Roccuzzo, A.; Salvi, G.E.; Sculean, A. Five-year results following regenerative
periodontal surgery with an enamel matrix derivative in patients with different smoking status. Quintessence Int. 2022, 21,
832-838.

Takeda, K.; Mizutani, K.; Matsuura, T,; Kido, D.; Mikami, R.; Noda, M.; Buranasin, P; Sasaki, Y.; Izumi, Y. Periodontal regenerative
effect of enamel matrix derivative in diabetes. PLoS ONE 2018, 15, 0207201. [CrossRef]

Deschner, J.; Eick, S.; Damanaki, A.; Nokhbehsaim, M. The role of adipokines in periodontal infection and healing. Mol. Oral.
Microbiol. 2014, 29, 258-269. [CrossRef]

Nokhbehsaim, M.; Deschner, B.; Winter, J.; Bourauel, C.; Jager, A.; Jepsen, S.; Deschner, J. Anti-inflammatory effects of EMD in the
presence of biomechanical loading and interleukin-1f in vitro. Clin. Oral. Investig. 2012, 16, 275-283. [CrossRef]

Nokhbehsaim, M.; Deschner, B.; Winter, J.; Bourauel, C.; Rath, B.; Jager, A.; Jepsen, S.; Deschner, J. Interactions of regenerative,
inflammatory and biomechanical signals on bone morphogenetic protein-2 in periodontal ligament cells. J. Periodontal. Res. 2011,
46, 374-381. [CrossRef]

Nokhbehsaim, M.; Deschner, B.; Bourauel, C.; Reimann, S.; Winter, J.; Rath, B.; Jager, A.; Jepsen, S.; Deschner, J. Interactions of
enamel matrix derivative and biomechanical loading in periodontal regenerative healing. J. Periodontol. 2011, 82, 1725-1734.
[CrossRef]

Heng, N.H.; N’Guessan, P.D.; Kleber, B.M.; Bernimoulin, J.P.; Pischon, N. Enamel matrix derivative induces connective tissue
growth factor expression in human osteoblastic cells. J. Periodontol. 2007, 78, 2369-2379. [CrossRef] [PubMed]

Eggers, B.; Marciniak, J.; Deschner, J.; Stope, M.B.; Mustea, A.; Kramer, EJ.; Nokhbehsaim, M. Cold Atmospheric Plasma Promotes
Regeneration-Associated Cell Functions of Murine Cementoblasts In Vitro. Int. . Mol. Sci. 2021, 22, 5280. [CrossRef] [PubMed]
Zeldich, E.; Koren, R.; Nemcovsky, C.; Weinreb, M. Enamel matrix derivative stimulates human gingival fibroblast proliferation
via ERK. J. Dent. Res. 2007, 86, 41-46. [CrossRef]

Kawase, T.; Okuda, K.; Momose, M.; Kato, Y.; Yoshie, H.; Burns, D.M. Enamel matrix derivative (EMDOGAIN) rapidly stimulates
phosphorylation of the MAP kinase family and nuclear accumulation of smad2 in both oral epithelial and fibroblastic human
cells. J. Periodontal Res. 2001, 36, 367-376. [CrossRef]

Itoh, N.; Kasai, H.; Ariyoshi, W.; Harada, E.; Yokota, M.; Nishihara, T. Mechanisms involved in the enhancement of osteoclast
formation by enamel matrix derivative. J. Periodontal Res. 2006, 41, 273-279. [CrossRef]

Saito, K.; Konishi, I.; Nishiguchi, M.; Hoshino, T.; Fujiwara, T. Amelogenin binds to both heparan sulfate and bone morphogenetic
protein 2 and pharmacologically suppresses the effect of noggin. Bone 2008, 43, 371-376. [CrossRef] [PubMed]

Sculean, A.; Auschill, TM.; Donos, N.; Brecx, M.; Arweiler, N.B. Effect of an enamel matrix protein derivative (Emdogain) on ex
vivo dental plaque vitality. J. Clin. Periodontol. 2001, 28, 1074-1078. [CrossRef]

Spahr, A.; Lyngstadaas, S.P; Boeckh, C.; Andersson, C.; Podbielski, A.; Haller, B. Effect of the enamel matrix derivative Emdogain
on the growth of periodontal pathogens in vitro. J. Clin. Periodontol. 2002, 29, 62-72. [CrossRef]

Shimomoto, Y.; Chung, C.J.; Iwasaki-Hayashi, Y.; Muramoto, T.; Soma, K. Effects of occlusal stimuli on alveolar/jaw bone
formation. J. Dent. Res. 2007, 86, 47-51. [CrossRef]

Oddie, G.W,; Schenk, G.; Angel, N.Z.; Walsh, N.; Guddat, L.W.; de Jersey, J.; Cassady, A.L; Hamilton, S.E.; Hume, D.A. Structure,
function, and regulation of tartrate-resistant acid phosphatase. Bone 2000, 27, 575-584. [CrossRef]

Li, Y,; Ling, ].; Jiang, Q. Inflammasomes in Alveolar Bone Loss. Front. Immunol. 2021, 12, 691013. [CrossRef] [PubMed]

Iezzi, G.; Mangano, C.; Barone, A.; Tirone, F,; Baggi, L.; Tromba, G.; Piattelli, A.; Giuliani, A. Jawbone remodeling: A conceptual
study based on Synchrotron High-resolution Tomography. Sci. Rep. 2020, 10, 3777. [CrossRef] [PubMed]

Arita, Y,; Yoshinaga, Y.; Kaneko, T.; Kawahara, Y.; Nakamura, K.; Ohgi, K.; Arita, S.; Ryu, T.; Takase, M.; Sakagami, R. Glyburide
inhibits the bone resorption induced by traumatic occlusion in rats. J. Periodontal Res. 2020, 55, 464-471. [CrossRef] [PubMed]
Matsuda, Y.; Minagawa, T.; Okui, T.; Yamazaki, K. Resveratrol suppresses the alveolar bone resorption induced by artificial
trauma from occlusion in mice. Oral. Dis. 2018, 24, 412-421. [CrossRef] [PubMed]


https://doi.org/10.1007/s00784-003-0212-9
https://doi.org/10.1111/j.1600-051X.2010.01696.x
https://doi.org/10.1902/jop.2004.75.6.858
https://www.ncbi.nlm.nih.gov/pubmed/15295953
https://doi.org/10.1902/jop.2010.100200
https://doi.org/10.11607/jomi.te27
https://www.ncbi.nlm.nih.gov/pubmed/24278945
https://doi.org/10.1111/j.1600-0765.2009.01244.x
https://www.ncbi.nlm.nih.gov/pubmed/19909398
https://doi.org/10.1371/journal.pone.0207201
https://doi.org/10.1111/omi.12070
https://doi.org/10.1007/s00784-010-0505-8
https://doi.org/10.1111/j.1600-0765.2011.01357.x
https://doi.org/10.1902/jop.2011.100678
https://doi.org/10.1902/jop.2007.070130
https://www.ncbi.nlm.nih.gov/pubmed/18052711
https://doi.org/10.3390/ijms22105280
https://www.ncbi.nlm.nih.gov/pubmed/34067898
https://doi.org/10.1177/154405910708600106
https://doi.org/10.1034/j.1600-0765.2001.360604.x
https://doi.org/10.1111/j.1600-0765.2005.00868.x
https://doi.org/10.1016/j.bone.2008.03.029
https://www.ncbi.nlm.nih.gov/pubmed/18515207
https://doi.org/10.1034/j.1600-051X.2001.281113.x
https://doi.org/10.1034/j.1600-051x.2002.290110.x
https://doi.org/10.1177/154405910708600107
https://doi.org/10.1016/S8756-3282(00)00368-9
https://doi.org/10.3389/fimmu.2021.691013
https://www.ncbi.nlm.nih.gov/pubmed/34177950
https://doi.org/10.1038/s41598-020-60718-8
https://www.ncbi.nlm.nih.gov/pubmed/32123216
https://doi.org/10.1111/jre.12731
https://www.ncbi.nlm.nih.gov/pubmed/32153049
https://doi.org/10.1111/odi.12785
https://www.ncbi.nlm.nih.gov/pubmed/28944599

Int. . Mol. Sci. 2023, 24, 9744 17 of 18

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

Walker, C.G.; Ito, Y,; Dangaria, S.; Luan, X.; Diekwisch, T.G. RANKL, osteopontin, and osteoclast homeostasis in a hyperocclusion
mouse model. Eur. J. Oral Sci. 2008, 116, 312-318. [CrossRef] [PubMed]

Du, J.; Li, M. Functions of Periostin in Dental Tissues and Its Role in Periodontal Tissue Regeneration. Adv. Exp. Med. Biol. 2019,
1132, 63-72.

Rodan, G.A. Osteopontin overview. Ann. N. Y. Acad. Sci. 1995, 21, 1-5. [CrossRef]

Zoch, M.L,; Clemens, T.L.; Riddle, R.C. New insights into the biology of osteocalcin. Bone 2016, 82, 42—-49. [CrossRef]

Bonnet, N.; Garnero, P,; Ferrari, S. Periostin action in bone. Mol. Cell Endocrinol. 2016, 5, 75-82. [CrossRef]

Yang, D.; Liu, R,; Liu, L.; Liao, H.; Wang, C.; Cao, Z. Involvement of CD147 in alveolar bone remodeling and soft tissue
degradation in experimental periodontitis. J. Periodontal Res. 2017, 52, 704-712. [CrossRef]

Terai, K.; Takano-Yamamoto, T.; Ohba, Y.; Hiura, K.; Sugimoto, M.; Sato, M.; Kawahata, H.; Inaguma, N.; Kitamura, Y.; Nomura, S.
Role of osteopontin in bone remodeling caused by mechanical stress. |. Bone Miner. Res. 1999, 14, 839-849. [CrossRef] [PubMed]
King, G.N.; Hughes, FJ. Effects of occlusal loading on ankylosis, bone, and cementum formation during bone morphogenetic
protein-2-stimulated periodontal regeneration in vivo. J. Periodontol. 1999, 70, 1125-1135. [CrossRef] [PubMed]

Damanaki, A.; Memmert, S.; Nokhbehsaim, M.; Abedi, A.; Rath-Deschner, B.; Nogueira, A.; Deschner, J. Effects of Obesity on
Bone Healing in Rats. Int. J. Mol. Sci. 2021, 11, 13339. [CrossRef] [PubMed]

Ishida, Y.; Kanno, Z.; Soma, K. Occlusal hypofunction induces atrophic changes in rat gingiva. Angle Orthod. 2008, 78, 1015-1022.
[CrossRef] [PubMed]

Shimizu, Y.; Hosomichi, ].; Nakamura, S.; Ono, T. Micro-computed tomography analysis of changes in the periodontal ligament
and alveolar bone proper induced by occlusal hypofunction of rat molars. Korean J. Orthod. 2014, 44, 263-267. [CrossRef]
Kasahara, Y.; Usumi-Fujita, R.; Hosomichi, J.; Kaneko, S.; Ishida, Y.; Shibutani, N.; Shimizu, Y.; Okito, A ; Oishi, S.; Kuma, Y.; et al.
Low-intensity pulsed ultrasound reduces periodontal atrophy in occlusal hypofunctional teeth. Angle Orthod. 2017, 87, 709-716.
[CrossRef]

Kunii, R.; Yamaguchi, M.; Aoki, Y.; Watanabe, A.; Kasai, K. Effects of experimental occlusal hypofunction, and its recovery, on
mandibular bone mineral density in rats. Eur. J. Orthod. 2008, 30, 52-56. [CrossRef]

Wu, Z,; Dai, W.; Wang, P.; Zhang, X; Tang, Y.; Liu, L.; Wang, Q.; Li, M.; Tang, C. Periostin promotes migration, proliferation, and
differentiation of human periodontal ligament mesenchymal stem cells. Connect. Tissue Res. 2018, 59, 108-119. [CrossRef]

Choi, J.W.; Arai, C.; Ishikawa, M.; Shimoda, S.; Nakamura, Y. Fiber system degradation, and periostin and connective tissue
growth factor level reduction, in the periodontal ligament of teeth in the absence of masticatory load. J. Periodontal Res. 2011, 46,
513-521. [CrossRef]

Ivanovski, S.; Li, H.; Haase, H.R.; Bartold, P.M. Expression of bone associated macromolecules by gingival and periodontal
ligament fibroblasts. |. Periodontal Res. 2001, 36, 131-141. [CrossRef]

Hassumi, J.S.; Mulinari-Santos, G.; Fabris, A.L.D.S.; Jacob, R.G.M.; Gongalves, A.; Rossi, A.C.; Freire, A.R.; Faverani, L.P,;
Okamoto, R. Alveolar bone healing in rats: Micro-CT, immunohistochemical and molecular analysis. J. Appl. Oral. Sci. 2018, 18,
20170326. [CrossRef]

Lekic, P,; Sodek, J.; McCulloch, C.A. Osteopontin and bone sialoprotein expression in regenerating rat periodontal ligament and
alveolar bone. Anat. Rec. 1996, 244, 50-58. [CrossRef]

Galli, C.; Macaluso, G.M.; Guizzardi, S.; Vescovini, R.; Passeri, M.; Passeri, G. Osteoprotegerin and receptor activator of nuclear
factor-kappa B ligand modulation by enamel matrix derivative in human alveolar osteoblasts. ]. Periodontol. 2006, 77, 1223-1228.
[CrossRef] [PubMed]

Selvig, K.A.; Sorensen, R.G.; Wozney, ].M.; Wikesjo, U.M. Bone repair following recombinant human bone morphogenetic
protein-2 stimulated periodontal regeneration. J. Periodontol. 2002, 73, 1020-1029. [CrossRef] [PubMed]

Hammarstrom, L. Enamel matrix, cementum development and regeneration. J. Clin. Periodontol. 1997, 24, 658-668. [CrossRef]
Bosshardt, D.D. Biological mediators and periodontal regeneration: A review of enamel matrix proteins at the cellular and
molecular levels. J. Clin. Periodontol. 2008, 35, 87-105. [CrossRef] [PubMed]

Miron, R.J.; Wei, L.; Bosshardt, D.D.; Buser, D.; Sculean, A.; Zhang, Y. Effects of enamel matrix proteins in combination with a
bovine-derived natural bone mineral for the repair of bone defects. Clin. Oral. Investig. 2014, 18, 471-478. [CrossRef] [PubMed]
Shibui, T; Yajima, T.; Irie, K.; Ochi, M.; Sakakura, Y. Architecture of connective tissue regenerated by enamel matrix derivative
around hydroxyapatite implanted into tooth extraction sockets in the rat maxilla. Anat. Sci. Int. 2020, 95, 334-341. [CrossRef]
Walter, C.; Jawor, P.; Bernimoulin, J.P.; Hagewald, S. Moderate effect of enamel matrix derivative (Emdogain Gel) on Porphy-
romonas gingivalis growth in vitro. Arch. Oral. Biol. 2006, 51, 171-176. [CrossRef]

Tsai, S.J.; Ding, Y.W.; Shih, M.C.; Tu, Y.K. Systematic review and sequential network meta-analysis on the efficacy of periodontal
regenerative therapies. J. Clin. Periodontol. 2020, 47, 1108-1120. [CrossRef]

Wu, Y.C,; Lin, LK,; Song, C.J.; Su, Y.X.; Tu, Y.K. Comparisons of periodontal regenerative therapies: A meta-analysis on the
long-term efficacy. J. Clin. Periodontol. 2017, 44, 511-519. [CrossRef] [PubMed]

Susin, C.; Fiorini, T.; Lee, J.; De Stefano, J.A.; Dickinson, D.P.; Wikesjo, U.M. Wound healing following surgical and regenerative
periodontal therapy. Periodontology 2015, 68, 83-98. [CrossRef] [PubMed]

Nagata, M.J.; de Campos, N.; Messora, M.R.; Pola, N.M.; Santinoni, C.S.; Bomfim, S.R.; Fucini, S.E.; Ervolino, E.; de Almeida, ] M;
Theodoro, L.H.; et al. Platelet-rich plasma, low-level laser therapy, or their combination promotes periodontal regeneration in
fenestration defects: A preliminary in vivo study. J. Periodontol. 2014, 85, 770-778. [CrossRef]


https://doi.org/10.1111/j.1600-0722.2008.00545.x
https://www.ncbi.nlm.nih.gov/pubmed/18705798
https://doi.org/10.1111/j.1749-6632.1995.tb44614.x
https://doi.org/10.1016/j.bone.2015.05.046
https://doi.org/10.1016/j.mce.2015.12.014
https://doi.org/10.1111/jre.12435
https://doi.org/10.1359/jbmr.1999.14.6.839
https://www.ncbi.nlm.nih.gov/pubmed/10352091
https://doi.org/10.1902/jop.1999.70.10.1125
https://www.ncbi.nlm.nih.gov/pubmed/10534065
https://doi.org/10.3390/ijms222413339
https://www.ncbi.nlm.nih.gov/pubmed/34948136
https://doi.org/10.2319/092907-465.1
https://www.ncbi.nlm.nih.gov/pubmed/18947276
https://doi.org/10.4041/kjod.2014.44.5.263
https://doi.org/10.2319/121216-893.1
https://doi.org/10.1093/ejo/cjm057
https://doi.org/10.1080/03008207.2017.1306060
https://doi.org/10.1111/j.1600-0765.2011.01351.x
https://doi.org/10.1034/j.1600-0765.2001.360301.x
https://doi.org/10.1590/1678-7757-2017-0326
https://doi.org/10.1002/(SICI)1097-0185(199601)244:1&lt;50::AID-AR5&gt;3.0.CO;2-J
https://doi.org/10.1902/jop.2006.050304
https://www.ncbi.nlm.nih.gov/pubmed/16805686
https://doi.org/10.1902/jop.2002.73.9.1020
https://www.ncbi.nlm.nih.gov/pubmed/12296587
https://doi.org/10.1111/j.1600-051X.1997.tb00247.x
https://doi.org/10.1111/j.1600-051X.2008.01264.x
https://www.ncbi.nlm.nih.gov/pubmed/18724844
https://doi.org/10.1007/s00784-013-0992-5
https://www.ncbi.nlm.nih.gov/pubmed/23652357
https://doi.org/10.1007/s12565-020-00526-2
https://doi.org/10.1016/j.archoralbio.2005.07.005
https://doi.org/10.1111/jcpe.13338
https://doi.org/10.1111/jcpe.12715
https://www.ncbi.nlm.nih.gov/pubmed/28278363
https://doi.org/10.1111/prd.12057
https://www.ncbi.nlm.nih.gov/pubmed/25867981
https://doi.org/10.1902/jop.2013.130318

Int. . Mol. Sci. 2023, 24, 9744 18 of 18

85.

86.

87.

88.

89.

90.

Corréa, M.G.; Gomes Campos, M.L.; Marques, M.R.; Bovi Ambrosano, G.M.; Casati, M.Z.; Nociti, FH., Jr.; Sallum, E.A. Outcome
of enamel matrix derivative treatment in the presence of chronic stress: Histometric study in rats. J. Periodontol. 2014, 85, 259-267.
[CrossRef]

Miron, R.J.; Wei, L.; Yang, S.; Caluseru, O.M.; Sculean, A.; Zhang, Y. Effect of enamel matrix derivative on periodontal wound
healing and regeneration in an osteoporotic model. J. Periodontol. 2014, 85, 1603-1611. [CrossRef] [PubMed]

Huang, K.K.; Shen, C.; Chiang, C.Y.; Hsieh, Y.D.; Fu, E. Effects of bone morphogenetic protein-6 on periodontal wound healing in
a fenestration defect of rats. J. Periodontal Res. 2005, 40, 1-10. [CrossRef]

Fischer, A.H.; Jacobson, K.A ; Rose, J.; Zeller, R. Hematoxylin and eosin staining of tissue and cell sections. CSH Protoc. 2008, 4986,
pdb-prot4986. [CrossRef]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1902/jop.2013.130383
https://doi.org/10.1902/jop.2014.130745
https://www.ncbi.nlm.nih.gov/pubmed/24857323
https://doi.org/10.1111/j.1600-0765.2004.00752.x
https://doi.org/10.1101/pdb.prot4986
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2019

	Introduction 
	Results 
	Effect of Occlusal Hypofunction on Alveolar Bone Healing 
	Influence of Occlusal Hypofunction on the Number of TRAP+ Cells 
	Effect of Occlusal Hypofunction on Periostin, Osteopontin, and Osteocalcin 

	Discussion 
	Materials and Methods 
	Animal Model 
	Surgical Procedures 
	Histological Preparation and Staining 
	Immunohistochemical Staining 
	Histomorphometric Evaluation 
	Statistical Analysis 

	References

