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Abstract

:

Mandibular retrognathism occurs by insufficient mandibular growth and causes several issues, such as respiratory difficulty and diminished masticatory function. At present, functional orthodontic appliances are used for stimulating mandibular growth in pediatric cases. However, the effectiveness of functional appliances is not always stable in daily practices. A more effective, reliable, and safer therapeutic method for mandibular growth promotion would be helpful for growing mandibular retrognathism patients. As we previously discovered that nutritional supplementation of myo-inositol in growing mice specifically increases mandibular endochondral growth, we performed preclinical animal experiments in rabbits in this study. Briefly, six-week-old male Japanese white rabbits were fed with or without myo-inositol supplementation in laboratory chow until 25 weeks old, and 3D image analysis using micro CT data and histological examinations was done. Myo-inositol had no systemic effect, such as femur length, though myo-inositol specifically augmented the mandibular growth. Myo-inositol increased the thickness of mandibular condylar cartilage. We discovered that the nutritional supplementation of myo-inositol during the growth period specifically augmented mandibular growth without any systemic influence, even in rabbits. Our results suggest the possibility of clinical use of myo-inositol for augmentation of the mandibular growth in growing mandibular retrognathism patients in the future.
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1. Introduction


Mandibular retrognathism arises from insufficient mandibular growth, culminating in diminutive and retruded mandibular morphology [1,2]. It can lead to several issues, such as respiratory difficulty, temporomandibular joint disorders, diminished masticatory function, and esthetic concerns [3,4,5]. Orthodontic camouflage treatment or orthognathic surgical treatment is chosen in adult cases [6]. In some cases, non-surgical treatments such as mandibular advancement oral appliances and nasal positive air pressure (nCPAP) are used to improve obstructive sleep apnea (OSA) symptoms [7]. The American Association of Orthodontists released guidance to practicing orthodontists on the suggested role of the specialty of orthodontics in the management of obstructive sleep apnea [8], in which it announced that OSA can have many serious consequences if left untreated, and orthodontists should consider incorporating OSA screening for their patients. On the other hand, the growth promotion of the mandible is achieved by the use of functional orthodontic appliances in pediatric cases [9].



A functional appliance is reported to induce mandibular growth by augmentation of endochondral growth in mandibular condylar cartilage and remodeling of the temporomandibular joint [10,11]. In addition to skeletal change, dentoalveolar change also contributes to improving the retruded lower arch, Class II malocclusion [12]. In other words, functional appliances appear to be effective in improving Class II malocclusion in the short term by modifying both dentoalveolar and skeletal relationships. On the other hand, there are contradictory reports on the effects of functional appliances in the long term. Cacciatore et al. [13] reported that Class II malocclusion was corrected even in long-term evaluation judged by the value of Wits appraisal, which evaluates intermaxillary relationships based on the occlusal plane [14]. However, the long-term improvement of Class II malocclusion was relatively weak, judged by the Pogonion to Nasion perpendicular, which exhibits the relationship between the chin and cranial base [13]. A clinical trial revealed that the treatment timing for functional appliances influences long-term skeletal change [15]. Together, functional appliances give stable and effective results in the short term, though the improvement of Class II malocclusion in the long term was controversial in terms of skeletal effects.



In addition to the issue mentioned above, a functional appliance has another possible drawback because it is a removal appliance. The effect of functional appliances depends on the degree of cooperation and compliance [16,17]. Therefore, removable functional appliances could only obtain dentoalveolar correction of Class II malocclusion without clinically significant skeletal changes [18]. Judged by these circumstances, the efficacy of functional appliances may not consistently manifest in routine clinical applications [19], which demands a more efficient, dependable, and secure therapeutic approach to stimulate mandibular growth.



The primary determinant of mandibular growth predominantly relies on the process of endochondral ossification in mandibular condylar cartilage [20]. Endochondral ossification is modulated by various determinants, including genetic factors [21], hormonal regulation [22], and nutritional aspects [23]. Among these factors, growth factors such as insulin-like growth factor 1 (IGF-1) [24,25,26] or growth hormone [27] were used to induce mandibular growth by local injection into temporomandibular joint cavity in experimental animals. Because these factors augment cartilage growth not only in mandibular condylar cartilage but also in the growth cartilage of limbs, local injection into the temporomandibular joint cavity is required to obtain specific mandibular growth [28]. This topical application makes it difficult for clinical use.



As to nutritional factors which augment chondrocytic growth and differentiation, lipophilic vitamins [29], glucosamine and chondroitin sulfate [30], glucose and glucose-derived sugars [31], and vitamin D [32] were reported factors. Regarding the correlation between nutrition and mandibular growth, it was observed that murine subjects deficient in myo-inositol synthase and inositol monophosphatase exhibited pronounced mandibular retrognathism [33]. In the report, the administration of maternal mice with supplementary myo-inositol successfully ameliorated mandibular retrognathism among neonatal mice. Myo-inositol is one of the sugar alcohols with a small molecular weight. These results imply that the addition of myo-inositol could potentially enhance the process of endochondral growth in the mandible.



We previously reported that nutritional supplementation of myo-inositol in growing mice specifically increases mandibular endochondral growth [34]. In the report, we further examined the mechanisms underlying the specific augmentation of mandibular endochondral growth and found that phosphatidylinositol 3-kinase catalytic delta polypeptide (PIK3CD) is the key enzyme to produce phosphatidylinositol from myo-inositol [35,36]. Furthermore, myo-inositol augments not only chondrocytic growth but also chondrocytic differentiation in cultured Pik3cd-expressing chondrocytes to a similar extent by BMP4 [37].



In this manuscript, we examined the extent of the augmentation in mandibular growth by myo-inositol supplementation in rabbits with future clinical applications in mind.




2. Materials and Methods


2.1. Animal Experiment with Rabbits


The protocols for animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Tsurumi University (Nos. 20A009 and 29A053), and animal experiments were performed in compliance with the Regulation for Animal Experiments and Related Activities at Tsurumi University and the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines for preclinical studies. The animals used in our experiments were six-week-old male Japanese white (JW) rabbits (Tokyo Laboratory Animals Science Co., Ltd., Tokyo, Japan). We purchased ten JW rabbits at five weeks old, which first stayed in the facility for 1 week as an acclimation period. They were pooled and randomized, then divided into two groups (n = 5 each): control and myo-inositol group. As to the number of samples for experiments, we performed a power analysis using a calculated effect size (2.58) from previous data [34]; power analysis in the condition of effect size = 2.58, alpha error probability = 0.05, power = 0.8, which gave the required sample size as 4.



Rabbits in the control group were fed a normal diet (myo-inositol content: 9.5 mg/kg; Labo R Grower, Nosan Corp., Yokohama, Japan), and the myo-inositol group was fed a diet supplemented with myo-inositol (myo-inositol content: 66 g/kg; Fujifilm Wako chemicals, Osaka, Japan). Experimental animals were housed under a 12 h light/dark cycle with ad libitum access to food and deionized water during the experimental period. The facility maintains appropriate temperature, humidity, ventilation, and lighting. Also, it has a structure and strength to prevent the escape of experimental animals and prevent odors, noise, and waste from adversely affecting the surrounding environment.



To eliminate the possible influence of mastication of the laboratory chow on mandibular growth [38,39], the diet of both groups was mixed with water, which made the diet paste form and mastication unnecessary. All rabbits were fed the above diet from 6 to 25 weeks old. Body weight was measured once a week during the experimental period.



Rabbits were anesthetized by CO2 inhalation and euthanized by intraperitoneal injection of over-dose pentobarbital (200 mg/kg; Nacalai Tesque, Inc., Kyoto, Japan) at 25 weeks old. The maxilla, the mandible, and the femur were excised, and the specimens were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight. These specimens were then scanned with Micro computed tomography (micro CT) and used for histological examinations.




2.2. Micro Computed Tomography Analysis


Specimens were scanned with a micro CT system (InspeXio SMX-225 CT; Shimadzu Corp., Kyoto, Japan) at the condition of the X-ray tube current = 70 mA, tube voltage = 160 kV, slice thickness = 0.611 mm, with remaining blinding by handling the data by unique numbering. Reconstituted DICOM data were then rendered into 3D images using RadiAnt Dicom viewer (Medixant Inc., Poznań, Poland) and analyzed with multi-planar reconstruction (MPR) mode. Three screen settings, XY-plane, YZ-plane, and ZX-plane, were used for the analysis. The length of the mandible, maxilla, and femur were measured in MPR mode. We used the following reference points for measurements. Cd: the condylar maximal projecting point of the mandibular angle. Al: the mesial alveolar bone apex of the mandibular first molar. Mu3: the distal alveolar bone apex of the maxillary third molar. Iu: the palatal alveolar bone apex of the maxillary incisor. Trochanteric fossa (Tf), and patellar surface of femur (Ps). The distance between Cd to Al, Mu3 to Iu, and Tf to Ps were measured as the length of the mandible, maxilla, and femur, respectively. The measurement errors for the mandibular length were 0.46 mm when a single investigator measured the same sample at a 2-week interval.




2.3. Preparation of Histological Sections


The rabbit’s specimen was decalcified with Morse’s solution (Fujifilm Wako chemicals) for six weeks. Then, specimens were washed with PBS, dehydrated with Et-OH, and embedded in paraffin. Serial histological sections (7 µm thick) were then prepared. Femur sections were prepared along with the longitudinal axis of the femur. The sections of the mandibular condyle were prepared along with the longitudinal axis of the condylar neck, including the sagittal plane.




2.4. Histological Analysis for the Thickness of the Mandibular Condylar Cartilage


Deparaffinized histological sections were used for hematoxylin and eosin (H-E) staining and Alcian Blue staining. Briefly, H-E staining was performed using hematoxylin and eosin dyes (Fujifilm Wako chemicals), and Alcian Blue staining was performed using an Alcian Blue staining kit (Bio Future Technologies Inc., Tokyo, Japan), according to the manufacturer’s instructions. Stained sections were used for the measurement of the thickness of the mandibular condylar cartilage. The thickness of each layer was measured using Image J software version 1.52 (National Institutes of Health, Bethesda, MD, USA). We divided the mandibular condylar cartilage into three layers: fibrous layer, proliferative cell layer, and maturative cell layer. The fibrous layer consists of fibrous connective tissue, which protects the underlying layers. The proliferative cell layer is composed of polygonal-shaped cells with faint cytoplasm. The maturative cell layer is characteristic of chondrocytes [40].




2.5. Immunohistochemical Staining for Pik3cd


The deparaffinized histological sections were quenched for endogenous peroxidase activity by incubation with 0.3% H2O2 in methanol for 30 min; then the sections were treated with Block Ace (DS Pharma Biomedical Inc., Osaka, Japan) for 1 h. The sections were incubated with anti-Pik3cd monoclonal antibody (150-fold dilution; ma5-26520, Thermo Fisher Scientific, Waltham, MA, USA) in Can Get Signal® immunostain immunoreaction enhancer solution (Toyobo Co., Ltd., Osaka, Japan) for 2 h at room temperature. After washing with PBS containing 0.5% Tween 20 (PBS-T), the sections were incubated with peroxidase-conjugated secondary antibody (1000-fold dilution; A90-216P, Fortis Life Sciences, Waltham, MA, USA) for 2 h at room temperature, then thoroughly washed with PBS-T. Then, sections were flooded with DAB solution (Vector Laboratories, Burlingame, CA, USA) and incubated for 1 min at room temperature. Photographs were taken with a microscope (BZ-9000; Keyence Co., Osaka, Japan).



The percent of stained area per field was calculated by using Image J software from 9 images of both mandibular condylar cartilage and femur articular cartilage.




2.6. Statistical Analysis


Data are expressed as the mean ± standard deviation (SD) or mean ± standard error of the mean (SEM). Comparisons were performed using the Student’s t-test by Microsoft Excel (Microsoft Corp., Redmond, WA, USA). A p < 0.05 was considered statistically significant.





3. Results


3.1. Myo-Inositol Had No Effect on Body Weight


Firstly, time-course changes in body weight in both groups were examined to determine whether myo-inositol supplementation influences systemically or not (Figure 1). As 6 weeks old is just after weaning, the mean body weight of both groups increased with age until they were 25 weeks old. Both groups seemed to reach a plateau and maintained their body weight until the end of the experiment. No statistically significant difference in body weight at each time point between the groups was observed during the whole experimental period.



This result suggests that myo-inositol does not have a promotional effect on systemic body growth.




3.2. Myo-Inositol Had No Effect on Maxillary Length and Femur Length


We then analyzed micro CT data of the maxillary and femur to clarify whether myo-inositol had an influence systemically (Figure 2). The maxillary length of the control group was 45.0 ± 1.5 mm, and that of the myo-inositol group was 43.4 ± 1.6 mm, and no statistically significant difference between the groups was observed. As to the femur length, the control group was 91.3 ± 0.9 mm, and the myo-inositol group was 90.6 ± 1.1 mm. There was no statistically significant difference between the groups in femur length. This result suggests that myo-inositol does not have any promotional effect on bone growth in the maxilla and femur.




3.3. Myo-Inositol Specifically Augmented the Mandibular Growth


Next, we measured the mandibular length by micro CT and found that the average length of the control and myo-inositol groups was 74.95 ± 0.53 mm and 78.40 ± 0.59 mm, respectively (Figure 3). There were statistically significant differences between the groups. There was about 4.7% augmentation of mandibular length by myo-inositol. This result suggests that myo-inositol has specific augmentation of mandibular growth.




3.4. Pik3cd Is Strongly Expressed in Mandibular Condylar Cartilage


Previously, we discovered that Pik3cd is specifically strongly expressed in mandibular condylar cartilage in mice [34], which gives specific augmentation of mandibular growth by myo-inositol. Therefore, the expression of Pik3cd in rabbit cartilage tissues was examined. Immunohistological staining clearly demonstrated that mandibular condylar cartilage strongly expresses Pik3cd as compared to femur articular cartilage (Figure 4a–d). There was no difference in the extent of Pik3cd expression in the same cartilage between the groups; in other words, mandibular condylar cartilage exhibited strong Pik3cd expression as compared to femur articular cartilage in both groups. The calculated percent area of pik3cd positive in mandibular condylar cartilage was 8.3 ± 0.5, and that of femur articular cartilage was 0.4 ± 0.1. There was a statistically significant difference between mandibular condylar cartilage and femur articular cartilage. This result suggests that Pik3cd was specifically strongly expressed in mandibular condylar cartilage, even in rabbits.




3.5. Myo-Inositol Increased the Thickness of Mandibular Condylar Cartilage


We further examined the augmentation of mandibular growth histologically (Figure 5). The images of H-E staining clearly recognize the surface fibrous layer and the underlying proliferative cell layer, though it was relatively difficult to separate the proliferative cell layer and the underlying maturative chondrocyte layer (Figure 5a,b). On the other hand, the images of Alcian Blue staining clearly recognize the proliferative cell layer and underlying maturative chondrocyte layer (Figure 5c,d). In both stainings, the maturative chondrocyte layer seemed to be thicker in the myo-inositol group as compared to that of the control group.



We then measured the thickness of each cell layer between the groups using both images of H-E staining and Alcian Blue staining (Figure 5e,f). The thickness of whole layers was statistically significantly thicker in the myo-inositol group (356.5 ± 8.2 μm in H-E staining and 336.0 ± 14.4 μm in Alcian Blue staining) as compared to that in the control group (278.8 ± 5.1 μm in H-E staining and 287.2 ± 6.8 μm in Alcian Blue staining) in both images. There was no statistical difference in the thickness of the fibrous layer between the groups (H-E staining: 209.8 ± 2.4 μm in the control group and 209.8 ± 6.9 μm in the myo-inositol group; Alcian Blue staining: 209.7 ± 7.6 μm in the control group and 209.6 ± 9.1 μm in the myo-inositol group). The thickness of the maturative chondrocyte layer was thicker in the myo-inositol group (169.0 ± 5.2 μm in H-E staining and 157.4 ± 6.6 μm in Alcian Blue staining) as compared to that in the control group (108.6 ± 4.2 μm in H-E staining and 118.8 ± 3.5 μm in Alcian Blue staining). Interestingly, the proliferative cell layer was thicker in the control group (39.6 ± 1.1 μm in H-E staining and 41.3 ± 1.5 μm in Alcian Blue staining) than in the myo-inositol group (30.8 ± 1.0 μm in H-E staining and 30.9 ± 1.9 μm in Alcian Blue staining). These results suggest that myo-inositol would increase the maturative cell layer, which results in the increase of the whole layer of mandibular condylar cartilage.





4. Discussion


In this manuscript, we discovered that the nutritional supplementation of myo-inositol in laboratory chow during the growth period specifically augmented mandibular growth without any systemic influence, not only in mice [34] but also in rabbits. Myo-inositol is one of the sugar alcohols, with a molecular weight of 180.16, and is known to play a role as a number of secondary messengers in eukaryotic cells [41]. Myo-inositol is naturally present in a variety of foods, including fruits, beans, grains, and nuts [42]. Our results indicated that growth augmentation of the mandible with myo-inositol requires no local injection but just simply needs to supplement the food. As to the specificity of growth augmentation in mandibular condylar cartilage by myo-inositol, Pik3cd expression was extensive in mandibular condylar cartilage as compared to femur articular cartilage. This site-specific Pik3cd expression, similar to the results of mice [34], would play a role in the myo-inositol-mediated sole augmentation of mandibular growth. Our results suggest the possibility of internal orthodontic treatment, which would check and supplement myo-inositol for the growing mandibular retrognathism patients.



As to the extent of growth augmentation in the mandible by supplementation of myo-inositol, it was 4.7% induction in our experiments using rabbits. Our previous experiment revealed 8.4% induction in mice [34]. Comparing the percentage of induction in both animals, the induction in rabbits was relatively smaller than in mice despite the fact that the concentration of myo-inositol in laboratory chow was the same in both experiments. One possible explanation for this reduction in rabbits may be the difference in the amount of food intake. Though we provided free access to water and food throughout the experiment for both animals, experimental animals sometimes played with food, which reduced the actual food intake [43]. Detailed estimation of actual food intake should be monitored in future experiments. Another explanation might be the difference in the reactivity to myo-inositol. There was no report describing the comparison of absorption efficiency of myo-inositol from the intestinal tract, which affects the difference in serum myo-inositol concentration between the animals.



Review articles summarize the mean increase in mandibular length by functional appliances such as Herbst and Sander Bite Jumping. Adriana et al. reported that the Sander Bite Jumping reported the greatest increase in mandibular length, 3.4 mm, followed by Twin Block, Bionator, Harvold Activator, and Frankel devices [44]. Stefanos et al. reported that the Herbst appliance gave a greater 1.5 mm increase in mandibular length [45]. Ra’ed et al. compared both skeletal and dental effects of the Herbst appliance anchored with temporary anchorage devices and the Herbst appliance alone and found that the Herbst appliance anchored with temporary anchorage devices exhibited longer mandibular length by a mean difference of 3.7 mm as compared to the Herbst appliance alone. Considering the mean mandibular length (Condylion to Gnathion) in Japanese adult males is 125.5 mm [46], the percentage of above mandibular growth augmentation would be 2.7, 1.2, and 2.9%, respectively. Therefore, mandibular growth augmentation by nutritional supplementation of myo-inositol is superior to functional appliance. Our results were obtained in animal experiments; further validation in clinical research is mandatory in the future.



As to the effects of functional appliances, not only skeletal [10,11] but also dentoalveolar effects [12] are reported to be pivotal. Furthermore, a functional improvement from the point of the airway in relation to OSA was also reported [47]. Therefore, the extent of effectiveness in the correction of Class II malocclusion is dependent on the parameter for evaluation. Improvement of Class II malocclusion was achieved and judged by the value of Wits appraisal [13], which evaluates the intermaxillary relationship based on the occlusal plane [14]. However, the improvement of Class II malocclusion was relatively weak, judged by Pogonion to N-perpendicular, which indicates the relationship between the chin and cranial base [13]. The mandibular growth augmentation by myo-inositol was evaluated by the length of the mandible, which solely depends on the mandibular growth. Therefore, augmentation of mandibular growth by myo-inositol would be useful from the point of the skeletal effects.



Regarding the growth potential of the mandible, previous research demonstrated that mastication [48,49,50], functional interference between maxillary and mandibular dental arch [51,52,53,54,55], and growth potential at mandibular condylar cartilage [56,57,58] play pivotal roles. Some orthodontists use functional appliances with clenching training and obtain some additive growth augmentation for functional appliance therapy [59]. Therefore, a combination of these parameters, such as mastication and growth potential simultaneously with myo-inositol application, has a chance to augment mandibular growth more effectively. Prediction of mandibular growth prior to the treatment is mandatory for orthodontists, and there are many methods for prediction, such as the Jarabak method [60].



There are some reported nutritional factors that augment chondrocytic growth and differentiation. Lipophilic vitamins such as Vitamins A, D, E, and K [29], glucosamine and chondroitin sulfate [30], glucose and glucose-derived sugars [31], and vitamin D [32] were reported to have positive effects on chondrocytic growth and differentiation. Interestingly, a potential role for vitamin D in sleep arousals was reported [61]. These factors exhibit non-specific augmentation of cartilage and chondrocyte growth. Therefore, specific mandibular growth augmentation with these factors is quite difficult to obtain. Local injections are necessary for mandibular-specific growth augmentation in case of the use of growth factors [28,62,63]. Considering this local injection, nutritional supplementation of myo-inositol has an advantage compared to the other growth factors from the point of safety perspective. Growth hormone therapy has been indicated to increase height in children with short stature. However, this method has various drawbacks, including the need for frequent injections and the positive correlation between IGF-1 blood levels and the incidence of prostate, breast, and colorectal cancers [64].



This study has some limitations. Regarding the role of Pik3cd in myo-inositol-mediated growth augmentation, we did not perform any inhibition experiments against Pik3cd. However, our previous report clearly demonstrates that the inhibition of Pik3cd by a chemical inhibitor almost completely inhibited myo-inositol-mediated augmentation of chondrocyte proliferation in mice [34]. Together, Pik3cd would play a role in myo-inositol-mediated growth augmentation, even in rabbits. Further confirmatory experiments are necessary on whether Pik3cd plays a role in myo-inositol-mediated growth augmentation, even in rabbits.



Histological examination revealed that myo-inositol increased the thickness of mandibular condylar cartilage, especially the thickness of the maturative cell layer. Coincidentally, Pik3cd expression was intense in the maturative cell layer, which makes sense that nutritional supplementation of myo-inositol augments cellular proliferation and cartilage differentiation. As we previously discovered that myo-inositol augments chondrocytic differentiation [37] and proliferation [34] in mice, our results confirmed that nutritional supplementation of myo-inositol in laboratory chow during growth period specifically augmented mandibular growth by the increase of the maturative cell layer of mandibular condylar cartilage. Mandibular condylar cartilage is generally divided into five layers: fibrous layer, proliferative cell layer, transitional cell layer, maturative cell layer, and hypertrophic cell layer [65]. In this present study, we divided it into three layers, fibrous layer, proliferative cell layer, and maturative cell layer. The fibrous layer consists of fibrous connective tissue, which protects the underlying layers; the proliferative cell layer is composed of polygonal-shaped cells with faint cytoplasm; and the maturative cell layer is characteristic of chondrocytes [40]. These layers exhibit different cell statuses, such as gene expression profiles [66], which would make different reactivity against various factors, including myo-inositol.



As to the pharmacological use of myo-inositol against diseases, there are several established targets. Dietary supplements for polycystic ovary syndrome are one of the common pharmacological uses of myo-inositol [67,68]. Myo-inositol is also used for bipolar disorder [69] and gestational diabetes [70]. Besides these pharmacological uses, myo-inositol is thought to be a higher-safety substance. Sixty-five substances have been designated by the Minister of Health, Labor and Welfare, Japan, as substances that are clearly not hazardous to human health. Myo-inositol is included in the list. In addition, the review article indicated that even the highest dose of myo-inositol (12 g/day) induced only mild gastrointestinal side effects such as nausea, flatus, and diarrhea, which signified higher safety of myo-inositol [71]. As we confirmed specific mandibular growth by nutritional supplementation of myo-inositol in mice and rabbits experiments, a clinical test is necessary to clarify the effectiveness of myo-inositol in humans. Regarding the safety test of myo-inositol in humans, since myo-inositol is already being used as a treatment for other diseases, it is assumed that there is no need to conduct new safety studies.



Figure 6 summarizes our proposed orthodontic treatment for the patient with mandibular retrognathism during the growth period in the near future. At present, orthodontists use functional appliances such as the Bionator or Activator for the treatment of mandibular retrognathism by the augmentation of mandibular growth, though the effect is lowly predictable, especially in the long term. In the future, nutritional supplementation of myo-inositol would be a potential therapeutic treatment for patients with mandibular retrognathism during the growth period. Orthodontists would check not only inter-maxillary relationships but also monitor serum myo-inositol levels during the growth period and supplement myo-inositol in case the patients exhibit low levels of myo-inositol.



Together, skeletal Class II is not just the problem of intermaxillary relationships between the maxilla and mandible but exhibits functional problems, including sleep [8] and temporomandibular disorders [4,5], which severely reduce quality of life [72,73]. Therefore, prevention or improvement of skeletal Class II during the growing stage would be highly beneficial for the patients.




5. Conclusions


In conclusion, we discovered that the nutritional supplementation of myo-inositol during the growth period specifically augmented mandibular growth without any systemic influence not only in mice [34] but also even in rabbits. Our results suggest the possibility of clinical use of myo-inositol for augmentation of the mandibular growth in growing mandibular retrognathism patients in the future.







Author Contributions


Conceptualization, H.K. and M.S.; methodology, Y.K. and S.W.; software, M.S. and S.M.; validation, M.S. and T.I.; formal analysis, S.T., M.S., S.M. and S.W.; investigation, H.K., M.I. and M.S.; resources, M.S. and H.T.; data curation, H.K. and T.I.; writing—original draft preparation, M.S. and H.K.; writing—review and editing, H.K. and H.T.; visualization, S.W., M.S. and H.K.; supervision, H.K.; project administration, H.T.; funding acquisition, H.K., S.T., T.I., C.A. and S.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported in part by the following Grants-in-Aid for Scientific Research from the Japan Society for the Promotion of Science: 22K10256, 22K10257, 22K10281, 21K10197, 21K10199, 23K09427, and 21K21026.




Institutional Review Board Statement


The protocols for animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Tsurumi University (Nos. 20A009 and 29A053), and animal experiments were performed in compliance with the Regulation for Animal Experiments and Related Activities at Tsurumi University.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author upon reasonable request.




Acknowledgments


The authors acknowledge Yuki Yamaguchi for precious technical assistance.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Elsasser, W.A.; Wylie, W.L. The craniofacial morphology of mandibular retrusion. Am. J. Phys. Anthropol. 1948, 6, 461–473. [Google Scholar] [CrossRef]

	



Egermark-Eriksson, I.; Ingervall, B.; Carlsson, G.E. The dependence of mandibular dysfunction in children on functional and morphologic malocclusion. Am. J. Orthod. 1983, 83, 187–194. [Google Scholar] [CrossRef] [PubMed]

	



Hamada, T.; Ono, T.; Otsuka, R.; Honda, E.; Harada, K.; Kurabayashi, T.; Ohyama, K. Mandibular distraction osteogenesis in a skeletal class ii patient with obstructive sleep apnea. Am. J. Orthod. Dentofac. Orthop. 2007, 131, 415–425. [Google Scholar] [CrossRef] [PubMed]

	



Henrikson, T.; Ekberg, E.C.; Nilner, M. Symptoms and signs of temporomandibular disorders in girls with normal occlusion and class ii malocclusion. Acta Odontol. Scand. 1997, 55, 229–235. [Google Scholar] [CrossRef]

	



Kjellberg, H. Juvenile chronic arthritis. Dentofacial morphology, growth, mandibular function and orthodontic treatment. Swed. Dent. J. Suppl. 1995, 109, 1–56. [Google Scholar]

	



Raposo, R.; Peleteiro, B.; Paço, M.; Pinho, T. Orthodontic camouflage versus orthodontic-orthognathic surgical treatment in class ii malocclusion: A systematic review and meta-analysis. Int. J. Oral Maxillofac. Surg. 2018, 47, 445–455. [Google Scholar] [CrossRef]

	



Gregg, J.M.; Zedalis, D.; Howard, C.W.; Boyle, R.P.; Prussin, A.J. Surgical alternatives for treatment of obstructive sleep apnoea: Review and case series. Ann. R. Australas. Coll. Dent. Surg. 2000, 15, 181–184. [Google Scholar]

	



Behrents, R.G.; Shelgikar, A.V.; Conley, R.S.; Flores-Mir, C.; Hans, M.; Levine, M.; McNamara, J.A.; Palomo, J.M.; Pliska, B.; Stockstill, J.W.; et al. Obstructive sleep apnea and orthodontics: An american association of orthodontists white paper. Am. J. Orthod. Dentofac. Orthop. 2019, 156, 13–28.e11. [Google Scholar] [CrossRef] [PubMed]

	



Jena, A.K.; Duggal, R.; Parkash, H. Skeletal and dentoalveolar effects of twin-block and bionator appliances in the treatment of class ii malocclusion: A comparative study. Am. J. Orthod. Dentofac. Orthop. 2006, 130, 594–602. [Google Scholar] [CrossRef]

	



Cevidanes, L.H.; Franco, A.A.; Gerig, G.; Proffit, W.R.; Slice, D.E.; Enlow, D.H.; Yamashita, H.K.; Kim, Y.J.; Scanavini, M.A.; Vigorito, J.W. Assessment of mandibular growth and response to orthopedic treatment with 3-dimensional magnetic resonance images. Am. J. Orthod. Dentofac. Orthop. 2005, 128, 16–26. [Google Scholar] [CrossRef]

	



Cevidanes, L.H.; Franco, A.A.; Gerig, G.; Proffit, W.R.; Slice, D.E.; Enlow, D.H.; Lederman, H.M.; Amorim, L.; Scanavini, M.A.; Vigorito, J.W. Comparison of relative mandibular growth vectors with high-resolution 3-dimensional imaging. Am. J. Orthod. Dentofac. Orthop. 2005, 128, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Zymperdikas, V.F.; Koretsi, V.; Papageorgiou, S.N.; Papadopoulos, M.A. Treatment effects of fixed functional appliances in patients with class ii malocclusion: A systematic review and meta-analysis. Eur. J. Orthod. 2016, 38, 113–126. [Google Scholar] [CrossRef] [PubMed]

	



Cacciatore, G.; Ugolini, A.; Sforza, C.; Gbinigie, O.; Plüddemann, A. Long-term effects of functional appliances in treated versus untreated patients with class ii malocclusion: A systematic review and meta-analysis. PLoS ONE 2019, 14, e0221624. [Google Scholar] [CrossRef] [PubMed]

	



Jacobson, A. The “wits” appraisal of jaw disharmony. Am. J. Orthod. 1975, 67, 125–138. [Google Scholar] [CrossRef] [PubMed]

	



Pavoni, C.; Lombardo, E.C.; Lione, R.; Faltin, K., Jr.; McNamara, J.A., Jr.; Cozza, P.; Franchi, L. Treatment timing for functional jaw orthopaedics followed by fixed appliances: A controlled long-term study. Eur. J. Orthod. 2018, 40, 430–436. [Google Scholar] [CrossRef] [PubMed]

	



Marra, P.M.; Fiorillo, L.; Cervino, G.; Cardarelli, F.; Cicciù, M.; Laino, L. Elastodontic treatment with oral bio-activators in young children. Minerva Dent. Oral Sci. 2022, 71, 270–276. [Google Scholar] [CrossRef] [PubMed]

	



McSherry, P.F.; Bradley, H. Class ii correction-reducing patient compliance: A review of the available techniques. J. Orthod. 2000, 27, 219–225. [Google Scholar] [CrossRef]

	



Al-Dboush, R.; Soltan, R.; Rao, J.; El-Bialy, T. Skeletal and dental effects of herbst appliance anchored with temporary anchorage devices: A systematic review with meta-analysis. Orthod. Craniofacial Res. 2022, 25, 31–48. [Google Scholar] [CrossRef]

	



Cozza, P.; Baccetti, T.; Franchi, L.; De Toffol, L.; McNamara, J.A., Jr. Mandibular changes produced by functional appliances in class ii malocclusion: A systematic review. Am. J. Orthod. Dentofac. Orthop. 2006, 129, 599.e1–599.e12, discussion 599.e1–599.e6. [Google Scholar] [CrossRef]

	



Orliaguet, T.; Dechelotte, P.; Scheye, T.; Vanneuville, G. The relationship between meckel’s cartilage and the development of the human fetal mandible. Surg. Radiol. Anat. 1993, 15, 113–118. [Google Scholar] [CrossRef]

	



Doraczynska-Kowalik, A.; Nelke, K.H.; Pawlak, W.; Sasiadek, M.M.; Gerber, H. Genetic factors involved in mandibular prognathism. J. Craniofacial Surg. 2017, 28, e422–e431. [Google Scholar] [CrossRef] [PubMed]

	



Koffi, K.A.; Doublier, S.; Ricort, J.M.; Babajko, S.; Nassif, A.; Isaac, J. The role of gh/igf axis in dento-alveolar complex from development to aging and therapeutics: A narrative review. Cells 2021, 10, 1181. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Yi, J.; Li, Y. Effects of nutrition and hormones on functional appliance treatment outcome in patients with skeletal class ii malocclusion. J. World Fed. Orthod. 2020, 9, 9–12. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, A.S.; Hatch, N.E.; Hayami, T.; Jheon, A.; Kapila, S. Igf-1 tmj injections enhance mandibular growth and bone quality in juvenile rats. Orthod. Craniofacial Res. 2022, 25, 183–191. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, S.; Itoh, K.; Ohyama, K. Local administration of igf-i stimulates the growth of mandibular condyle in mature rats. J. Orthod. 2004, 31, 138–143. [Google Scholar] [CrossRef]

	



Itoh, K.; Suzuki, S.; Kuroda, T. Effects of local administration of insulin-like growth factor-i on mandibular condylar growth in rats. J. Med. Dent. Sci. 2003, 50, 79–85. [Google Scholar]

	



Khan, I.; El-Kadi, A.O.; El-Bialy, T. Effects of growth hormone and ultrasound on mandibular growth in rats: Microct and toxicity analyses. Arch. Oral Biol. 2013, 58, 1217–1224. [Google Scholar] [CrossRef] [PubMed]

	



Fukaya, S.; Kanzaki, H.; Miyamoto, Y.; Yamaguchi, Y.; Nakamura, Y. Possible alternative treatment for mandibular asymmetry by local unilateral igf-1 injection into the mandibular condylar cavity: Experimental study in mice. Am. J. Orthod. Dentofac. Orthop. 2017, 152, 820–829. [Google Scholar] [CrossRef]

	



Zheng, X.Y.; Liang, J.; Li, Y.S.; Tu, M. Role of fat-soluble vitamins in osteoarthritis management. J. Clin. Rheumatol. 2018, 24, 132–137. [Google Scholar] [CrossRef]

	



Messina, O.D.; Vidal Wilman, M.; Vidal Neira, L.F. Nutrition, osteoarthritis and cartilage metabolism. Aging Clin. Exp. Res. 2019, 31, 807–813. [Google Scholar] [CrossRef]

	



Mobasheri, A.; Vannucci, S.J.; Bondy, C.A.; Carter, S.D.; Innes, J.F.; Arteaga, M.F.; Trujillo, E.; Ferraz, I.; Shakibaei, M.; Martín-Vasallo, P. Glucose transport and metabolism in chondrocytes: A key to understanding chondrogenesis, skeletal development and cartilage degradation in osteoarthritis. Histol. Histopathol. 2002, 17, 1239–1267. [Google Scholar] [PubMed]

	



Hernigou, P.; Sitbon, J.; Dubory, A.; Auregan, J.C. Vitamin d history part iii: The “modern times”—New questions for orthopaedic practice: Deficiency, cell therapy, osteomalacia, fractures, supplementation, infections. Int. Orthop. 2019, 43, 1755–1771. [Google Scholar] [CrossRef] [PubMed]

	



Ohnishi, T.; Murata, T.; Watanabe, A.; Hida, A.; Ohba, H.; Iwayama, Y.; Mishima, K.; Gondo, Y.; Yoshikawa, T. Defective craniofacial development and brain function in a mouse model for depletion of intracellular inositol synthesis. J. Biol. Chem. 2014, 289, 10785–10796. [Google Scholar] [CrossRef]

	



Yamaguchi, Y.; Kanzaki, H.; Miyamoto, Y.; Itohiya, K.; Fukaya, S.; Katsumata, Y.; Nakamura, Y. Nutritional supplementation with myo-inositol in growing mice specifically augments mandibular endochondral growth. Bone 2019, 121, 181–190. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Eichberg, J. A myo-inositol pool utilized for phosphatidylinositol synthesis is depleted in sciatic nerve from rats with streptozotocin-induced diabetes. Proc. Natl. Acad. Sci. USA 1990, 87, 9818–9822. [Google Scholar] [CrossRef]

	



Clayton, E.; McAdam, S.; Coadwell, J.; Chantry, D.; Turner, M. Structural organization of the mouse phosphatidylinositol 3-kinase p110d gene. Biochem. Biophys. Res. Commun. 2001, 280, 1328–1332. [Google Scholar] [CrossRef] [PubMed]

	



Tohyama, S.; Kanzaki, H.; Ishikawa, M.; Ishikawa, M.; Katsumata, Y.; Arai, C.; Ida, T.; Wada, S.; Shimoyama, M.; Shugo, M.; et al. Myo-inositol augments chondrocytic differentiation. Dent. Oral Maxillofac. Res. 2023, 9, 1000399. [Google Scholar] [CrossRef]

	



Enomoto, A.; Watahiki, J.; Yamaguchi, T.; Irie, T.; Tachikawa, T.; Maki, K. Effects of mastication on mandibular growth evaluated by microcomputed tomography. Eur. J. Orthod. 2010, 32, 66–70. [Google Scholar] [CrossRef]

	



Hichijo, N.; Kawai, N.; Mori, H.; Sano, R.; Ohnuki, Y.; Okumura, S.; Langenbach, G.E.; Tanaka, E. Effects of the masticatory demand on the rat mandibular development. J. Oral Rehabil. 2014, 41, 581–587. [Google Scholar] [CrossRef]

	



Mizoguchi, I.; Nakamura, M.; Takahashi, I.; Kagayama, M.; Mitani, H. An immunohistochemical study of localization of type i and type ii collagens in mandibular condylar cartilage compared with tibial growth plate. Histochemistry 1990, 93, 593–599. [Google Scholar] [CrossRef]

	



Croze, M.L.; Soulage, C.O. Potential role and therapeutic interests of myo-inositol in metabolic diseases. Biochimie 2013, 95, 1811–1827. [Google Scholar] [CrossRef] [PubMed]

	



Clements, R.S., Jr.; Darnell, B. Myo-inositol content of common foods: Development of a high-myo-inositol diet. Am. J. Clin. Nutr. 1980, 33, 1954–1967. [Google Scholar] [CrossRef] [PubMed]

	



Fuentes-Verdugo, E.; López-Tolsa, G.E.; Pascual, R.; Pellón, R. Environmental enrichment accelerates the acquisition of schedule-induced drinking in rats. Behav. Process. 2023, 212, 104934. [Google Scholar] [CrossRef] [PubMed]

	



Santamaría-Villegas, A.; Manrique-Hernandez, R.; Alvarez-Varela, E.; Restrepo-Serna, C. Effect of removable functional appliances on mandibular length in patients with class ii with retrognathism: Systematic review and meta-analysis. BMC Oral Health 2017, 17, 52. [Google Scholar] [CrossRef] [PubMed]

	



Matthaios, S.; Tsolakis, A.I.; Haidich, A.B.; Galanis, I.; Tsolakis, I.A. Dental and skeletal effects of herbst appliance, forsus fatigue resistance device, and class ii elastics-a systematic review and meta-analysis. J. Clin. Med 2022, 11, 6995. [Google Scholar] [CrossRef] [PubMed]

	



Miyajima, K.; McNamara, J.A., Jr.; Kimura, T.; Murata, S.; Iizuka, T. Craniofacial structure of japanese and european-american adults with normal occlusions and well-balanced faces. Am. J. Orthod. Dentofac. Orthop. 1996, 110, 431–438. [Google Scholar] [CrossRef]

	



Tahmasbi, S.; Seifi, M.; Soleymani, A.A.; Mohamadian, F.; Alam, M. Comparative study of changes in the airway dimensions following the treatment of class ii malocclusion patients with the twin-block and seifi appliances. Dent. Med. Probl. 2023, 60, 247–254. [Google Scholar] [CrossRef]

	



Weijs, W.A. The functional significance of morphological variation of the human mandible and masticatory muscles. Acta Morphol. Neerl. Scand. 1989, 27, 149–162. [Google Scholar]

	



Simoes, W.A. Insights into maxillary and mandibular growth for a better practice. J. Clin. Pediatr. Dent. 1996, 21, 1–7. [Google Scholar]

	



Pepicelli, A.; Woods, M.; Briggs, C. The mandibular muscles and their importance in orthodontics: A contemporary review. Am. J. Orthod. Dentofac. Orthop. 2005, 128, 774–780. [Google Scholar] [CrossRef]

	



Iodice, G.; Danzi, G.; Cimino, R.; Paduano, S.; Michelotti, A. Association between posterior crossbite, skeletal, and muscle asymmetry: A systematic review. Eur. J. Orthod. 2016, 38, 638–651. [Google Scholar] [CrossRef]

	



Pirttiniemi, P.; Peltomäki, T.; Müller, L.; Luder, H.U. Abnormal mandibular growth and the condylar cartilage. Eur. J. Orthod. 2009, 31, 1–11. [Google Scholar] [CrossRef]

	



Dibbets, J.M.; Carlson, D.S. Implications of temporomandibular disorders for facial growth and orthodontic treatment. Semin. Orthod. 1995, 1, 258–272. [Google Scholar] [CrossRef] [PubMed]

	



Woods, M. Overbite correction and sagittal changes: Late mixed-dentition treatment effects. Aust. Orthod. J. 2001, 17, 69–80. [Google Scholar] [CrossRef] [PubMed]

	



Shaik, S.; Vivek Reddy, G.; Perala, J.; Thejasri, K.; Singaraju, G.S.; Mandava, P. Sagittal positional changes of the mandible following alignment and levelling of class ii division 2 cases: An observational study in decelerating stages of adolescent growth spurt. Cureus 2022, 14, e32653. [Google Scholar] [CrossRef]

	



Hinton, R.J.; Jing, J.; Feng, J.Q. Genetic influences on temporomandibular joint development and growth. Curr. Top. Dev. Biol. 2015, 115, 85–109. [Google Scholar] [PubMed]

	



Hinton, R.J. Genes that regulate morphogenesis and growth of the temporomandibular joint: A review. Dev. Dyn. 2014, 243, 864–874. [Google Scholar] [CrossRef]

	



Stocum, D.L.; Roberts, W.E. Part i: Development and physiology of the temporomandibular joint. Curr. Osteoporos. Rep. 2018, 16, 360–368. [Google Scholar] [CrossRef]

	



Kouno, K.; Kuroe, K.; Ito, G. Effects of the biting type activator on class ii subjects in the mixed dentition. Orthod. Waves Jpn. Ed. 2005, 64, 106–113. [Google Scholar]

	



Siriwat, P.P.; Jarabak, J.R. Malocclusion and facial morphology is there a relationship?: An epidemiologic study. Angle Orthod. 1985, 55, 127–138. [Google Scholar]

	



Kanclerska, J.; Wieckiewicz, M.; Nowacki, D.; Szymanska-Chabowska, A.; Poreba, R.; Mazur, G.; Martynowicz, H. Sleep architecture and vitamin d in hypertensives with obstructive sleep apnea: A polysomnographic study. Dent. Med. Probl. 2024, 61, 43–52. [Google Scholar] [CrossRef]

	



Feizbakhsh, M.; Razavi, M.; Minaian, M.; Teimoori, F.; Dadgar, S.; Maghsoodi, S. The effect of local injection of the human growth hormone on the mandibular condyle growth in rabbit. Dent. Res. J. 2014, 11, 436–441. [Google Scholar]

	



Kaur, H.; Uludağ, H.; El-Bialy, T. Effect of nonviral plasmid delivered basic fibroblast growth factor and low intensity pulsed ultrasound on mandibular condylar growth: A preliminary study. Biomed. Res. Int. 2014, 2014, 426710. [Google Scholar] [CrossRef] [PubMed]

	



Ciampolillo, A.; De Tullio, C.; Giorgino, F. The igf-i/igf-i receptor pathway: Implications in the pathophysiology of thyroid cancer. Curr. Med. Chem. 2005, 12, 2881–2891. [Google Scholar] [CrossRef] [PubMed]

	



Luder, H.U.; Leblond, C.P.; von der Mark, K. Cellular stages in cartilage formation as revealed by morphometry, radioautography and type ii collagen immunostaining of the mandibular condyle from weanling rats. Am. J. Anat. 1988, 182, 197–214. [Google Scholar] [CrossRef] [PubMed]

	



Basudan, A.M.; Aziz, M.A.; Yang, Y. Implications of zonal architecture on differential gene expression profiling and altered pathway expressions in mandibular condylar cartilage. Sci. Rep. 2021, 11, 16915. [Google Scholar] [CrossRef] [PubMed]

	



Kiani, A.K.; Donato, K.; Dhuli, K.; Stuppia, L.; Bertelli, M. Dietary supplements for polycystic ovary syndrome. J. Prev. Med. Hyg. 2022, 63, E206–E213. [Google Scholar]

	



Kotlyar, A.M.; Seifer, D.B. Women with pcos who undergo ivf: A comprehensive review of therapeutic strategies for successful outcomes. Reprod. Biol. Endocrinol. 2023, 21, 70. [Google Scholar] [CrossRef]

	



Janiri, L.; D’Ambrosio, F.; Di Lorenzo, C. Combined treatment of myo-inositol and d-chiro-inositol (80:1) as a therapeutic approach to restore inositol eumetabolism in patients with bipolar disorder taking lithium and valproic acid. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 5483–5489. [Google Scholar]

	



Motuhifonua, S.K.; Lin, L.; Alsweiler, J.; Crawford, T.J.; Crowther, C.A. Antenatal dietary supplementation with myo-inositol for preventing gestational diabetes. Cochrane Database Syst. Rev. 2023, 2, Cd011507. [Google Scholar]

	



Carlomagno, G.; Unfer, V. Inositol safety: Clinical evidences. Eur. Rev. Med. Pharmacol. Sci. 2011, 15, 931–936. [Google Scholar] [PubMed]

	



Coban, G.; Buyuk, S.K. Sleep disordered breathing and oral health-related quality of life in children with different skeletal malocclusions. Cranio 2022, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Fowler, P.; King, T.; Lee, M.; Erasmus, J. Retrospective study of eligibility for orthognathic surgery using the index of orthognathic functional treatment need (ioftn). Br. J. Oral Maxillofac. Surg. 2018, 56, 416–420. [Google Scholar] [CrossRef] [PubMed]








[image: Dentistry 12 00049 g001] 





Figure 1. Myo-inositol had no effect on body weight. The change in body weight during the experiment was monitored every week. The mean body weight of the control group is shown by a square and solid line, and the myo-inositol group is shown by a circle and dotted line. Results are expressed as mean ± SD. There was no statistically significant difference between the groups. NS: no significant difference between the groups. 
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Figure 2. Myo-inositol had no effect on maxillary length and femur length. The maxillary and femur lengths in each group were measured using micro CT images. Results are expressed as mean ± SD. Open bars represent the control group, and closed bars represent the myo-inositol group. NS: no significant difference between the groups. 
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Figure 3. Myo-inositol specifically augmented the mandibular growth. The length of the mandible in each group was measured using micro CT images. Results are expressed as mean ± SD. Open bars represent the control group, and closed bars represent the myo-inositol group. *: p < 0.05 between the groups. 
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Figure 4. Pik3cd is strongly expressed in mandibular condylar cartilage. Representative images of immunohistochemical staining for Pik3cd taken under an ×20 objective lens are shown. (a,b) exhibits background level staining by using only secondary antibody, (c,d) exhibits the positive staining for Pik3cd by using primary and secondary antibodies, (a,c) are the sections of mandibular condylar cartilage, and (b,d) are the sections of femur articular cartilage. Bar: 100 μm. (e) indicates the percent positive area per field in mandibular condylar cartilage (MCC) and femur articular cartilage. Results are expressed as mean ± SEM. *: p < 0.05. 
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Figure 5. Myo-inositol increased the thickness of mandibular condylar cartilage. Representative images of H-E staining (a,b) and Alcian blue staining (c,d) are shown. (a,b) are the sections of the control group, and (b,d) are the sections of the myo-inositol group. Bar: 100 μm. (e,f) represents the mean layer thickness of the groups. (e) shows the thickness measured with the H-E stain, and (f) shows the thickness measured with Alcian blue staining. Results are expressed as mean ± SEM. *: p < 0.05 between the groups. 
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Figure 6. Schematic illustration of our proposed orthodontic treatment. At present, orthodontists use functional appliances such as the Bionator or Activator for the treatment of mandibular retrognathism by the augmentation of mandibular growth, though the effect is lowly predictable, especially in the long term. In the future, nutritional supplementation of myo-inositol would be a potential therapeutic treatment for patients with mandibular retrognathism during the growth period. 
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