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Background

With the frequent use of Bisphosphonates (BPs), the morbidity of BP-related osteonecrosis of the jaw (BRONJ) is also increasing. However, the prevention and treatment of BRONJ is faced with enormous challenges. This study aimed to illuminate the influence of BP administration in the rat mandible and explore the feasibility of discriminating BRONJ lesion bone with Raman spectroscopy.





Materials and methods

First, we explored the time- and mode-dependent effects of BP administration on the rat mandible with Raman spectroscopy. Second, the BRONJ rat model was constructed, and the lesion and healthy bone components were analyzed using Raman spectroscopy.





Results

When only BPs were administered, no rats showed BRONJ symptoms, and no difference could be found in the Raman spectra. However, when combined with local surgery, six (6/8) rats showed BRONJ symptoms. The Raman spectra also showed a significant difference between the lesion and healthy bone.





Conclusion

In the progression of BRONJ, BPs and local stimulation play an essential role. Both BPs administration and local stimulation need to be controlled to prevent BRONJ. Moreover, BRONJ lesion bone in rats could be discriminated with Raman spectroscopy. This novel method would become a complement in the treatment of BRONJ in the future.
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1 Introduction

Bisphosphonates (BPs), that act as antiresorptive drugs, have been widely used in the prevention and treatment of osteoporosis, osteolysis associated with bone metastases, Paget’s disease of bone, and hypercalcemia (1–5). The morbidity of bisphosphonate-related osteonecrosis of the jaw (BRONJ) complications also increased because of the frequent administration of BPs (6). BRONJ can cause pain, tooth mobility, halitosis, paresthesia, bone sequestrum formation, and intra-oral or extra-oral fistula, greatly affecting the patient quality of life (7). The unclear pathogenesis of BRONJ still hinders its prevention and treatment.

McDonald et al. (8) hold the view that osteoclasts can take up BPs deposited in bone, which leads to the inactivation and retraction of the ruflled membrane, hence breaking the balance of bone metabolism. Walter et al. (9) showed that BPs could inhibit the proliferation, differentiation, adhesion, and migration of endothelial cells, induce programmed death of vascular endothelial cells, and lead to the inhibition of angiogenesis. After observing the pathological section of necrotic bone tissue, Boff et al. (10) found that many bacterial toxins and inflammatory factors released by actinomycetes could induce programmed osteoclast death, which results in the formation of necrotic bone. Some researchers found that BPs are more likely to be released and activated in an acidic environment, and are more cytotoxic, which reveals the promoting effect of infection and inflammation in the BRONJ formation (2). Despite these findings, the pathogenesis of BRONJ has not been fully established.

Currently, BRONJ treatment is still controversial. Although conservative treatment could slow down the progression of BRONJ and relieve the patient’s clinical symptoms, surgical removal of necrotic bone still needs to be considered in all BRONJ stages (11). Moreover, because of the difficulty of determining the extent of the affected bone, too much bone tissue may be removed during surgery, leading to unnecessary complications or rapid recurrence. Therefore, it would be of great significance for BRONJ patients if a novel way can be established to accurately determine the extent of lesion bone.

Many methods have been used to evaluate bone tissue structure and components, such as micro-CT, X-ray diffraction, and infrared spectroscopy. However, all of these methods have their limitations (12). Raman spectroscopy (a nondestructive measurement method) has been widely used in many fields, such as materials science, chemistry, physics, biology, and medicine. Compared with previous methods, Raman spectroscopy has its unique advantages: 1) as Raman is a scattering phenomenon, it can be used in reflection mode on solid samples; 2) in contrast to Fourier-transform infrared spectroscopy (FTIR), this technique is relatively insensitive to water, allowing for the analysis of fully hydrated samples; 3) as a nondestructive technique, the same sample can be examined using other methods later; and 4) it can simultaneously detect organic and mineral phases (12). Because of these unique advantages, various research studies have focused on using Raman spectroscopy to detect biological samples like tumors and bone tissues (13–15). However, the use of Raman spectroscopy to discriminate BRONJ has rarely been reported.

Therefore, this study aimed to analyze the structure and composition of the mandible bone tissue before and after BP administration and further explore the feasibility of discriminating the BRONJ lesion bone with Raman spectroscopy.




2 Materials and methods



2.1 Materials and animals

Zoledronate (ZA) was purchased from Aosaikang Pharmaceutical Co., Ltd (JiangSu, China). The Sprague Dawley (SD) rats (female, 4–6 weeks) were brought from the Comparative Medicine Centre of Yangzhou University. All animal procedures were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of Nanjing University, and the Animal Ethics Committee of the Institute Affiliated Stomatology Hospital, Nanjing University Medical School approved the experiments. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Nanjing University. The rats were acclimated for 1 week to the local environment (24, 12h/12h light dark cycle).




2.2 Time-dependent effects of BP administration on the rat mandible

Thirty (16) rats were prospectively and randomly divided into 5 groups. All rats were injected with a dose of ZA (100 μg/kg) (17) or an equivalent dose of normal saline (NS) through the tail vein once a week for 8 weeks (Figure 1A). On week 9, all rats were sacrificed, and their mandibles were dissected for Raman spectroscopy and pathological examination.




Figure 1 | Time-dependent effects of BP administration on the rat mandible. (A) Schedule of BP administration to rats. (B) Pathology images show increased trabeculae with increased BP administration times in the cancellous bone region. (C, D) The Raman spectra from different groups and the derived parameters show no significant difference in the mandibular components and structure.






2.3 Mode-dependent effects of BP administration on the rat mandible

Previous studies showed that the risk of BRONJ is higher in patients taking intravenous BPs compared with oral BPs (18). Twelve (12) rats were prospectively and randomly divided into 4 groups to compare the effects of different administration methods on the mandible. Rats in the experimental group were given ZA (100 μg/kg) by tail vein injection, gavage, and local submucosal injection, respectively, every week (Figure 2A). On week 9, all rats were sacrificed, and their mandibles were dissected for Raman spectroscopy and pathological examination.




Figure 2 | Method-dependent effects of BP administration on the rat mandible. (A) Schedule of BP administration to rats. (B) Pathology images show increased trabeculae in the cancellous bone region with the BP administration compared with the control group. (C, D) The Raman spectra from a different group and the derived parameters show no significant difference in mandibular components and structure (iH: subcutaneous injection, iV: intravenous injection, and PO: oral administration).






2.4 The Raman spectral difference between the lesion and normal bone in the BRONJ mandible

To explore the feasibility of discriminating BRONJ lesion bone with Raman spectroscopy, BRONJ rats model were adopted. Eight (8) rats were given ZA (100 μg/kg) by tail vein injection every week for four (4) weeks. On week 5, surgical stimulation was performed in the rat’s right mandible. Specifically, after removing the hair in the right mandible, the skin was disinfected with 75% ethyl alcohol. Then, a 1 cm incision was made along the lower margin of the mandible to the bone surface. The bone tissues below the molars were ground by slow ball drilling with ice water to the marrow cavity. Finally, the muscle and skin were sutured (17). The rats were fed for another 4–6 weeks until BRONJ symptoms developed. Then, these rats were sent for Micro-CT imaging to confirm the successfully constructed rat BRONJ model. Additionally, the lesion bone tissues acquired from the right mandible and the healthy bone acquired from the left mandible were dissected for Raman spectroscopy examination. Finally, all bone samples were sent for further pathological examination to further validate. BRONJ lesion bone was characterized by necrotic bony trabeculae demonstrating empty osteocyte lacunae in the pathological images.




2.5 Raman spectroscopy examination

Following soft tissue removal, the bone tissues below the molars were cut using dental drillers under constant irrigation with distilled water. Slices were then placed on a microscope slide to acquire spectra.

A portable Raman spectrometer (ATR3110, Opus Tiancheng Optoelectronics co. LTD, China) detected all the bone samples with a laser (300 mW; 785 nm). Data were recorded between 200–2600 cm-1 at a resolution of approximately 6 cm-1. Five (5) spectra were recorded from random sites on each sample. Each spectrum resulted from 2 accumulations, each with a 10 s exposure time. The spectra from each bone sample were averaged to give representative spectra for that bone. Cosmic rays, noise, and the underlying background signal were removed from each spectra using OriginPro 2017 SR2 software. Average spectra were calculated for each bone type by summing all the spectra and dividing by the number of spectra for that group of bone. Spectra were then analyzed in 2 different ways: by directly comparing Raman bands from different groups (Table 1) and by comparison of parameters derived from the Raman spectrum from different groups as follows (12, 19, 20):

	Mineral to Matric ratio: calculated by dividing the value from the intensity of Phosphate ν4 (mineral) peak (589 cm-1) by Amide III (matric) peak (~1260 cm-1), which reflects the mineralization of the bone;

	Carbonate to Phosphate ratio: calculated by dividing the value from the carbonate peak (1070 cm−1) by the phosphate ν4 peak;

	Full Width at Half Maximum Height of Phosphateν1 peak (961 cm-1) (FWHM): this value, together with the carbonate to phosphate ratio, reflects the degree of crystallinity of the mineral part of the bone;

	The relative amount of HPO42-: calculated by dividing the value from the HPO42- (1003 cm-1) by the phosphateν4 peak;

	Amide III to Amide I ratio: calculated by dividing the value from the Amide III peak by the Amide I peak (~1680 cm-1), which reflects the abundance of two kinds of structure within the collagen matrix.




Table 1 | Raman bands for the bone tissues.






2.6 Micro-CT examinations

A small animal micro-CT (Hiscan XM, Suzhou Heisfeld information technology co. LTD, China) was used for all CT imaging. Micro-CT scan parameters were as follows: Power: 8 W, Voltage: 60 V, Electric current: 133.3 μA, Detector mode: binging 2×2, Slice thickness: 50 μm, and Repetition time: 75 ms. The CT imaging was processed by SeProcessPro Version.1 software (Version 1.0, Suzhou Heisfeld information technology co. LTD, China).




2.7 Pathological examination

Bone samples were decalcified in EDTA (pH 7.20) at 4°C for 21 days. Decalcified samples were embedded in paraffin using the standard method. Then, a series of 4 μm sections were prepared. A professional pathologist observed Hematoxylin-Eosin (HE) stained sections using a light microscope (Nikon H550S, Tokyo, Japan).




2.8 Statistical analysis

Statistical analysis was performed using SPSS statistical software (version 23.0, IBM, Chicago, Illinois, USA). Values are presented as the mean ± standard deviation. Mean values from each parameter were compared using 2-way ANOVA with times and modes of BP administration as the two independent variables. The Student’s t-test was used to compare the parameter difference between the affected and healthy bone of the mandible. Raman bands and parameters derived from Raman spectra were presented for principal component analysis. P < 0.05 was considered statistically significant.





3 Results



3.1 Time-dependent effects of BP administration on the rat mandible

After different BP administration times, all right mandibles were dissected for further Raman spectroscopy examination and pathological examination. The averaged Raman spectra of the different groups are shown in Figure 1C. No difference could be seen between these groups in the Raman spectrum and the parameters derived (Figure 1D). However, the pathology images show that, with the increase of BP administration times, there are increased trabeculae in the cancellous bone region (Figure 1B).




3.2 Mode-dependent effects of BP administration on the rat mandible

All right mandibles were dissected for further Raman spectroscopy examination and pathological examination after the BPs were administered differently to the rats. The averaged Raman spectra of the different groups (Figure 2C). No difference could be seen between these groups in the Raman spectral and the parameters derived (Figure 2D). But compared with the control group, trabeculae in the cancellous bone region increased in the iV, iH, and PO groups (Figure 2B), and trabeculae in the cancellous bone region increased the most in the iV group.




3.3 The Raman spectra difference between the lesion and normal bone in the BRONJ mandible

BRONJ was successfully constructed in six (6) out of the eight (8) rats tested (Figure 3A, B, E). All mandibles, including the lesion and healthy bones, were analyzed by Raman spectroscopy. The average Raman spectra are shown in Figure 3C. The Mineral to Matric ratio showed significant increases in lesion bone compared with healthy bone (Mineral to Matric ratio: from 2.22 ± 0.09 to 24.06 ± 1.61, P<0.0001) (Figure 3D). While Carbonate to Phosphate ratio, the relative amount of HPO42, and FWHM had significant decreases in lesion bone compared with healthy bone (Carbonate to Phosphate ratio: from 0.528 ± 0.013 to 0.102 ± 0.010, P<0.001, the relative amount of HPO42-: from 0.136 ± 0.005 to 0.076 ± 0.008, P<0.0001, FWHM: from 17.5 ± 0.124 to 15.58 ± 0.126, P<0.0001)




Figure 3 | The Raman spectra difference between the lesion and normal bone in the BRONJ mandible. (A) Schedule of the rat BRONJ model construction. (B) The camera and micro-CT image of the rat with BRONJ. (C) The Raman spectrum from healthy and lesion bone in the rat mandible with BRONJ shows significant differences. (D) Various parameters derived from Raman spectra show obvious changes in mandibular components and structure. (E) The pathological image shows the formation of dead bone and infiltration of inflammatory cells, further confirming the successful construction of the BRONJ model of rat. **** = P<0.0001.






3.4 PCA analysis

The first two principal component loadings describe the primary information obtained from the PCA: PC1 and PC2 (Figure 4). Among them, PC1 accounted for 77.0% of the variance within the data, which reflects the changed mandible bone tissue composition, and PC2 accounted for 11.8% of the variance, which reflects the unchanged mandible bone tissue composition. The scores from PC1 from lesion bone of BRONJ and healthy bone were significantly different (-2.99 ± 0.98 to 2.99 ± 0.27, P<0.01), but not in PC2 (-0.13 ± 0.39 to 0.13 ± 0.63, P= 0.74).




Figure 4 | PCA analysis comparing the lesion bone of BRONJ and healthy bone.







4 Discussion

In previous studies, different animals were chosen to mimic the disease progression of BRONJ. For instance, Burr DB (21) and Pautke C (22) et al. successfully constructed the BRONJ animal model using beagles and miniature pigs after long-term administration of BPs, but these methods were not widely adopted because of the high cost. Compared with large animals, there are several advantages to utilizing SD rats to build the BRONJ model (23). First, SD rats are mammals, and the completed gene map shows similarities between rats and human genes. Second, resulting from the large size of its jaw bone, it is convenient for experimental operation. Third, SD rats breed rapidly and are easy to feed, allowing for cheaper experiments. In this study, SD rats were selected to construct the BRONJ model.

After reviewing previous studies, BRONJ animal models were all constructed based on repeated administration of BPs and traumatic stimulation such as tooth extraction and local surgery (17, 23–25). According to previous literature, Bisphosphonates (P-C-P) are chemically stable derivatives of pyrophosphate (P-O-P), with the oxygen being replaced by carbon that renders protection against breakdown by hydrolysis and mediates a tight binding to the hydroxyapatite crystals in the bone (26). In this study, we first explored the time- and method-dependent effects of BP administration on the rat mandible with the help of Raman spectroscopy and pathological examination. However, no obvious difference was found from the Raman spectra which aroused our suspicions. So the bone tissues were further sent to perform pathological examination image, and the results showed increased trabeculae in the cancellous bone region with increased BP administration times. This means the bone tissue was indeed affected by BPs administration. Through further investigating the previous literatures, we found BPs would reduce the absorption of bone tissues and disrupt the balance of bone remodeling by inhibiting osteoclast activity (26). In other words, it does not affect the composition of the mandible when only BPs is administered. This also means local stimulation may play a more important role in the genesis of BRONJ. Moreover, trabeculae increased the most using intravenous administration, compared with a local injection or oral administration. Previous studies have reported that when administered intravenously, BP is loaded into the bone and accumulates 142.8 times faster than when administered orally (27). Therefore, it can be concluded that there is a positive correlation between the changes in mandibular structure and the BP dose administered. But only with the administration of BPs, no rats showed symptoms of BRONJ. Next, we began to build the SD rat model of BRONJ with repeated intravenous administration of BPs and local stimulation by grinding the mandible. Finally, six (6/8) rats showed symptoms of BRONJ. This means that BP administration and local stimulation play an essential role in BRONJ development. Lastly, BRONJ can be prevented by reducing trauma, infection, and other local stimulation as well.

Currently, conservative and surgical treatment regimens are recommended (2–5, 10). However, the more knowledge we gain regarding BRONJ, the more surgical therapy is recommended because the success rates are higher, the progression of the disease can be controlled, and the diagnosis of osteonecrosis can be proved histologically (28). It is difficult for surgeons to accurately decide the boundaries of lesion bones that will allow for the balance of preserving healthy bone and removing the lesion bone completely (16, 29–31). Therefore, it is significant to establish an appropriate method to distinguish the boundaries between the lesion and healthy bone accurately. In this study, both lesions and healthy bone were detected by Raman spectroscopy. The Raman spectrum shows a significant difference between the lesion and healthy bone. Therefore, during the surgery, the surgeon could utilize Raman spectroscopy to determine the surgical boundary before removing BRONJ lesion bone tissue. Moreover, Raman spectroscopy could also be used to monitor the surgical wound after removing BRONJ lesion bone to ensure the completely removal of lesion bone. That means it may be a novel, feasible method for surgeons to accurately remove lesion bone in a patient with BRONJ utilizing the Raman spectrum.
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