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Polysacharide of Agaricus blazei
gel mitigates bone necrosis

in model of the jaws related

to bisphosphonate via Wnt
signaling

Vanessa Costa de Sousa?, Fatima Regina Nunes Sousa?, Raquel Felipe Vasconcelos?,
Gisele Angelino Barreto?, Concei¢do S. Martins*, Nilson Romero Dias*, Sislana Costa*“,
Maria Jennifer Chaves Bernardino*, George de Almeida Silva®, Nadine Linhares®,
Delane Gondim*“, Mirna Marques’, Helliada Chaves?®, Karuza Alves*, Renata Leitdo*,
Gerly A. C. Brito*, Maria Elenir Nobre Pinho Ribeiro® & Paula Goes'%°*

To investigate de effect of PAb gel on the bone tissue of rats submitted to Bisphosphonate-related
osteonecrosis of the jaws (BRONJ). Initially, 54 animals were submitted to BRONJ model by
Zoledronic Acid (ZA) (0.1 mg/kg 3x/wk for 9 wk, ip), followed by the 1st upper left molar extraction
at the 8th wk. After tooth removal, the animals were divided into 3 groups, ZA that received placebo
gel or PAb gel that received 1% PAb gel, inside the dental alveolus. The control Group (CONTROL)
received 0.1 mg/kg of 0.9% saline and then placebo gel. Three weeks after tooth extraction, the
animals were euthanized, and maxillae were colleted for macroscopic, radiographic, histological and
Raman spectomery assays. Additionally, GSK3b, beta-catenin, and Runx2 mRNA expressions were
determined. Blood samples were collected for the analysis of Bone-specific alkaline phosphatase
(BALP) levels. PAb gel improved mucosal healing, increased the number of viable osteocytes, while
it reduced the number of empty lacunae, as well as the amount of bone sequestration. Furthermore,
PADb gel positively influenced the number and functionality of osteoblasts by stimulating Wnt
signaling, thereby inducing bone remodeling. Additionally, PAb gel contributed to improved bone
quality, as evidenced by an increase in bone mineral content, a decrease in bone solubility, and an
enhancement in the quality of collagen, particularly type I collagen. PAb gel mitigated bone necrosis
by stimulating of bone remodeling through Wnt signaling and concurrently improved bone quality.
PAb gel emerges as a promising pharmacological tool for aiding in BRONJ therapy or potentially
preventing the development of BRONJ.
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Medication-related osteonecrosis of the jaw (MRON]) is a rare yet severe condition that can affect the upper or
lower jaw'. The American Association of Oral and Maxillofacial Surgeons (AAOMS) introduced this term to
encompass the increasing number of osteonecrosis cases involving the maxilla and mandible that are associated
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with other antiresorptive and antiangiogenic therapies>. Among the different types of MRONY], bisphosphonate-
related osteonecrosis of the jaw (BRON]J) has demonstrated a higher prevalence rate’, ranging from 1.6 to 14.8%
when intravenous bisphosphonates were used followed by tooth extraction®.

The pathophysiology of BRONTJ is complex and multifactorial. Although clinicians and researchers have
engaged in extensive discussions about the etiological factors of BRONJ, several key factors contribute to the
development of this condition, including bone remodeling inhibition, inflammation or infection, angiogenesis
inhibition, innate or acquired immune dysfunction, and genetic predisposition’. When examining bone
remodeling in more detail, it is well-established that osteoclast inhibition plays a central role in this process.
However, the involvement of osteoblasts and osteocytes in BRONTJ is not as thoroughly explored®. Our research
group has recently demonstrated a reduction in osteoblast numbers in a rat BRONJ model, linked to the
inhibition of Wnt signaling®. As a result, therapeutic strategies that target osteoblastogenesis could offer a
promising approach to managing BRONJ.

The primary objective of BRONTJ therapy is to prevent the onset of the disease by optimizing dental health and
avoiding dentoalveolar surgical procedures. Additionally, international professional societies have recommended
the use of drug holidays, although strong evidence supporting their effectiveness is lacking. Once the disease is
established, the use of chlorhexidine and systemic antibiotics has been proposed, but it does not always lead to
complete resolution and has limited long-term effectiveness. Furthermore, the removal of necrotic bone through
surgical procedures is typically recommended, particularly in more advanced stages of the disease. Adjunct
therapies, such as hyperbaric oxygen or ozone therapy, as well as the use of vitamin E and pentoxifylline, have
been studied. However, highly effective treatment protocols are yet to be determined?®

The urge of effective therapeutical approaches for BRONTJ has stimulated the development of new biomaterials.
Agaricus blazei (Ab) is a mushroom of the Basidomycota family that grows freely in Brazil. Ab has mainly
been used by the local population as a food ingredient, but also as a medicine against a wide range of diseases,
in particular infection and cancer’. The fruiting body of Ab is rich in B-glucans, characterized by chains of
D-glucose linked by B-type glycosidic bonds, being p- (1-3) linked backbone with (1-6) linked side branches®.
Biologically, this polysaccharide has shown immunomodulating effects®!°. On bone tissue, beta-glucan has
shown antiresorptive effects in experimental periodontitis model'""'> and positive effects on bone regeneration
and metabolism'®!*. However, no study has ever investigated the effect of the polysaccharide beta-glucan derived
from Agaricus blazei (PAb), neither topically nor systemically, on BRONJ.

In the context of addressing the need for effective therapeutic approaches for BRONJ, there has been a
growing interest in the development of new biomaterials. Agaricus blazei (Ab) is a mushroom belonging to
the Basidiomycota family and is commonly found in Brazil. While Ab has traditionally been used as a food
ingredient by the local population, it has also been employed as a remedy for a wide range of diseases, particularly
for infections and cancer’. The fruiting body of Ab is rich in B-glucans, which are characterized by chains of
D-glucose linked by B-type glycosidic bonds, with a $-(1-3) linked backbone and (1-6) linked side branches®.
Biologically, this polysaccharide has demonstrated immunomodulatory effects”!°. On bone tissue, beta-glucan
has shown antiresorptive effects in experimental periodontitis models'"'? and has had positive effects on bone
regeneration and metabolism'®"3. However, to date, no study has investigated the effects of the polysaccharide
beta-glucan derived from Agaricus blazei (PAb), whether administered topically or systemically, on BRONJ.

Hence, given the promising and beneficial effects that PAb has demonstrated on bone metabolism, and
considering that BRONTJ is primarily linked to the inhibition of bone remodeling, we have hypothesized that PAb
gel can stimulate bone formation and alleviate BRONTJ in rats. This emphasizes the application of B-glucans as a
biocompatible strategy and a potential candidate for the management of bone-related diseases.

Materials and methods

Study design and ethical aspects

This was a pre-clinical randomized and blinded study. The experiments were only initiated after approval by the

Institutional Ethics Committee for Animal Research Federal University of Ceard (UFC) (number 4411060619).
All methods were performed in accordance with the relevant guidelines and regulations described in ARRIVE

guidelines.

Animals and experimental groups

For this study, 54 female Wistar rats (12 weeks old, +200 g) (Rattus novergicus) were used. The sample size of 6
animals per group was determined in order to provide a power calculation of 80%, and significant level of p <0.05,
considering bone necrosis, defined by the percentage of empty lacunae of osteocytes (>50% in 05 fields/slide)
and presence of bone sequestration as the primary outcome variable®!*,

Throughout the whole experiment the animals were kept in cages (n=3 animals/cage) at temperature-
controlled rooms, with free food and water. After two weeks of acclimation to the laboratory environment, the
animals were divided in a blind and randomized manner. Randomization was performed by computer software,
considering the weight of the animals. Three experimental groups were established as follows:

e Control group: where the animals received 0.1 mg/kg 0.9% saline solution 3x/wk intraperitoneally (ip) for
09 weeks and then placebo gel in the dental alveolus;

® Zoledronic acid (ZA) group: the animals were submitted to bisphosphonate-related osteonecrosis of the jaws
(BRONYJ) model, and then placebo gel in the dental alveolus;

® Polyssacharide of Agaricus blazei (PAb) gel group: the animals were submitted to BRONJ model, and then
received 1.0% PAD gel in the dental alveolus;
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The gels used in this study (placebo and 1.0% PAb) were inserted in the dental socket, after tooth extraction
using a hypodermic needle (25 x 0.8 mm) previously prepared, pre-crooked and without bevel, in a single
administration®”.

The study was divided into 3 sets of experiments: in the 1st set, the collected maxillae were used for macro
and microscopic analyses. In the 2nd set the maxillae were used for radiographic and micro-Raman spectroscopy
and the 3st for PCR in time real. All analyses were performed by an experienced examiner unaware of the groups.

BRONJ-like model

It was used a BRON]J-like rat model previous reported by de Sousa Ferreira et al.%. The animals received 0.1 mg/
kg of Zoledronic Acid (Cristélia, Itapira, SP, Brazil) intraperitoneally (ip) 3x/wk for 9 weeks®!°. On the 8th
week (49th experimental day—D49/W38), all animals, previously anesthesized with ketamine and xylazine ip.,
were submitted to the extraction of 1st upper left molar [Refs.>'® with modifications]. Three weeks after tooth
extraction the animals were euthanized by overdose of anesthetics (Fig. 1).

Preparation of Agaricus blazei-glucan polysaccharides (PAb) gel

Initially, 2.0 ml of a diluted graphene oxide (GOx) solution at a concentration of 0.75 mg/mL was prepared, then
placed in an ultrasound bath for 5 min, undergoing a stirring fast and strong process. Following it was performed
the incorporation of the active ingredient: it was added 20.0 mg of Agaricus blazei -glucan polysaccharides
(PAD) register Sisgen number AC29F45 to GOx solution to the GOx solution. The gels were stirred overnight
at room temperature, then 50.0 mg of Hydroxypropylmethylcellulose (HPMC) were added to the previously
prepared suspension, obtaining the hydrogel (2.5% w/v of HPMC) according to the gel to be produced. Finally,
a process of intense agitation was successfully carried out, followed by cooling at 5 °C for 3 days to obtain
a homogeneous phase of polymer, solvent and drug. The gels were prepared after investigating the physical
properties, specificity, viscosity, kinetics and stability of the drug, in the following concentrations: 1.0% Agaricus
blazei -glucan polysaccharides Gel (1.0% w/v PAb)".

Macroscopic analysis

After euthanasia, detailed visual inspection of the maxillae was performed. Macroscopically, it was evaluated the
presence or absence of bone exposure, as well as the oral mucosa continuity solution in the extraction region®.
Data was presented in frequency.

Radiographic density analysis

For radiographic density analysis maxillae were radiographed by Digora® (Soredex, Finland), and then evaluated
with Image J 1.31 software (Image] 1.32j, National Institute of Health, USA). A region of interest (ROI) consisting
of 128 pixels was selected in the extraction site (considering as the upper limit the cervical of the second molar
extending in the apical direction). The grayscale differences of both areas were considered radiographic density
values. The analysis of the radiographic density of the ROI was performed using the histogram tool from Image
J” software, using 256 shades of gray scale, where zero indicates black and 255 white. Data were expressed in
arbitrary shades of gray's.

Histopathological analysis

After macroscopic and radiographic analyses, maxillae were demineralized in 10% EDTA buffered solution.
After 30 days of decalcification, the specimens were embedded in paraffin. Serial sections of 4 um thickness,
representing the area around the alveolar socket, obtained in a mesiodistal direction, were stained with

CONTROL
placebo gel

ZA : placebo gel w11 /p70
0.1 mg/kg of ZA 3x/wk
for 9 weeks or 0.9% H
saline solution Msksesy >  PAbgel

1.0% PAD gel

Figure 1. Experimental study design. Animals were divided into 3 groups, control, ZA and PAb gel groups.

In the Control group, the animals were not submitted to BRON]. They received a saline solution, and tooth
extraction was carried out (D49/58) and a placebo gel was placed on the dental socket. In the ZA group, the
animals received AZ (0.1 mg/kg-i.p.), and the tooth extraction was carried out (D49/S8). In PAb group, the
animals were submitted to BRONJ model, and immediately after tooth extraction, the animals received 1.0% of
PAD gel the dental socket in. All gels were administered in a single application. The animals were followed until
the day of euthanasia (D77/S11). ZA zoledronic acid, PAb polyssacharide of Agaricus blazei, w week, d day,
EXO exodontia.
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hematoxylin and eosin (HE) for histopathological and histomorphometric analysis. The histopathological analysis
was performed, at 100 x magnification and the presence of bone sequestration was evaluated using scores where
0 indicates absence and 1 indicates®"’. These parameters were presented as median and extreme values.

Cells counts were also performed. Ten fields of HE stained slide, adjacent to the extraction site, were captured
at 400 x magnification. In the same field, the number of osteocytes and empty lacuna/bone surface were counted
as well as the number of osteoblast/bone perimeter (N.Ob./B.Pm.) using Image J* software (NIH, Bethesda, MD,
USA) using the cell contain command?®. The results were expressed as mean + S.E.M.

Another section of the previously obtained paraffin block was collected for picrosirius red staining. The slides
were analysed under a normal and polarized light filter. The quantitative estimation of collagen birefringence, as
yellow-red for type I collagen and green for type III collagen®!, was determined from digital images of 6 fields
of each section (from 6 specimens per group), at 200x magnification, using Image]  software, according to de
Sousa Ferreira et al.®. Data was presented as the mean percentage + S.E.M. of collagen content per group. The
counts were performed using Image J 1.51 j8 software (NIH, Bethesda, MD, USA) and the data expressed as
mean + S.E.M.®". Data is presented as mean percentage + S.E.M.®!.

Raman microspectroscopy

Micro Raman spectrometry was used to evaluate bone composition and remodeling. For that, samples were
placed in a Micro-Raman spectrophotometer (XploRATM, Horiba JobinYvon, Paris, France) coupled to a
Confocal microscope (model XploRATM, manufactured by Horiba JobinYvon). Three spectra of each sample
were collected. For the standardization acquisitions were carried out in two distinct points, inside and outside the
dental alveolus®!*. The data were obtained by a LabSpec 6 software data acquisition command system (Horiba,
JobinYvon, Paris, France) and analyzed by the Origin 9 program (Originlab© Corporation, One Roundhouse
Plaza, Northampton, MA 01060, USA). For a better understanding the change on bone tissue the ratio of the
bands was calculated, as follows:

(1) Mineral-to-matrix ratio (MTMR) (~960 cm™'/1454 cm™): indicates the amount of bone mineralization;

(2) Carbonated-to-phosphate ratio (CTPR) (~ 1070 cm™/~960 cm™): indicates “B-type” carbonate substitution
and it is related to bone solubility.

(3) Mineral maturity ratio (~ 1030 cm™'/ ~ 1020 cm™): reflects proportion of apatitic domain compared with
non-apatitic surface domain and it is related to bone aging®.

(4) Collagen crosslinks ratio (1660 cm™/1690 cm™): measures secondary structures of collagen indicating
deterioration of collagen structural integrity?’.

(5) HA carbonate/amide I (~ 1070 cm™/ ~ 1667 cm™): used for remodeling evaluation'**,

RNA isolation and quantitative PCR

In another set of experiments, after euthanasia, the maxillae were collected, the gingival tissue removed, and
the bone tissue was macerated in liquid nitrogen using Trizol (Thermo Fischer-Waltham, Massachusetts, USA).
The extracted mRNA was quantified using Nanodrop (Thermo Fischer-Waltham, Massachusetts, USA) and then
transcribed using Superscript II (Invitrogen). Subsequently, the RT-PCR assay was carried out using SYBR_green
as a reference (ABI 7500 Fast; Applied Biosystems). The PCR condition was 50 °C for 2 min and 90 °C for
10 min, then 40 cycles at 95 °C for 15 s and 60 °C for 1 min, where the RT-PCR system at 7900HT from Applied
Biosystems. To calculate the results obtained, the threshold cycle method® was used, where they were presented
as relative fold increase related to beta-actin. Primer sequences were as following: 3-actina s: TGAGCTGAC
CAGTTCCCTCT, §3-catenin as: AAGCTCGCTCCTGTGAGTTC; Runx2 s: CCTTCCCTCCGAGACCCTAA,
Runx2 as: ATGGCTGCTCCCTTCTGAAC; GSK3b s: AGAAGAGCCATCATGTCGGG; GSK3b as: CCAAAA
GCTGAAGGCTGCTG.

Determination of bone formation

Before euthanasia, 3 ml of blood samples were obtained from the abdominal aorta from all animals, previously
anesthetized. The samples were distributed in tubes with clot accelerator for biochemical parameters and sent
to Laboratory of Clinical and Toxicological Analysis (LACT) of the of the Federal University of Ceard (UFC).
Serum levels of Bone Alkaline Phosphatase (BALP) for analysis of bone formation. Data was presented was
expressed as mean+ S.E.M.

Statistical analysis

The normality of the data was verified through the Shapiro-Wilk test. Parametric data were presented as
mean + standart error of the mean (S.E.M) after ANOVA followed by Tukey test. Non-parametric data were
presented as Median (extreme values) after Kruskal Wallis and Dunn’s Tests. In all situations, the significance level
of p<0.05 was adopted. The software used for all analyzes was IBM SPSS’ statistics 20 and charts constructed
using GraphPad Prism’ version 6.0.

Ethics approval
Approval was obtained from the ethics committee of Animal Research Federal University of Ceara (UFC)
(number 4411060619).
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Results

PADb gel protected bone tissue of rats submitted to BRONJ

The model of BRON] was effective, once the animals treated with ZA and submitted to tooth extraction presented
a significant reduction of viable osteocytes (-52%) (Fig. 2A,C) with a 6 time increase in empty lacuna (Fig. 2B,C)
compared to control. Bone sequestration was also seen in ZA group (Table 1). PAb gel, in the other hand, reversed
these findings (p < 0.05), considered hallmarks of osteonecrosis.

PAb gel mitigated BRONJ-like lesion in rats

BRONJ-like lesions were evaluated by macroscopic and radiographic analyses. Macroscopically, BRONJ was
marked by exposure of necrotic bone without mucosal healing (Fig. 3A). Radiographically, it was seen a reduction
in the radiographic density in the site of extraction (p <0.05) compared to control (Fig. 3B and C). Meanwhile,
PAb gel promoted mucosal healing and reduced necrotic lesion in maxillary bone (Fig. 3A). The treatment also
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Figure 2. PAb gel protected bone tissue. (A) Number of viable osteocytes/mm? (N.Ocy./B.Ar.); (B) Number
of empty lacunae/mm? (N.EL/B.Ar.); (C) Histological aspect of hemimaxillae. Bars represent the mean + SEM
of 6 animals per group. (*) indicates a significant difference when compared to the Control group. (#)
indicates a significant difference when compared to the ZA group. Hematoxylin and Eosin (H&E). (200 x and
400 x magnification). Black arrows indicate empty gaps. Ep epithelium, CT connective tissue, B bone, BS bone
sequestration. ANOVA and Tukey.

(0) missing 05 (83%) 01(17%) 04 (67%)
(1) present 01 (17%) 05 (83%) 02 (33%)*
Median (extreme values) 0(0-1) 2 (0-1)* 0(0-1)*

Table 1. Histopathological analysis of PAb on the presence of bone sequestration/bone necrosis. Values

are resented in Median (extreme values) of 6 animals per group. Kruskal-Wallis test followed by Dunn. ZA
zoledronic acid, PAb polyssacharide of Agaricus blazei. *Indicates difference when compared to the control.
*Indicates difference when compared to ZA group (P <0.05). Data expressed as absolute frequency (percentage
frequency).
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Figure 3. Pab gel mitigated BRON]J-like lesions. (A) Distribution of animals considering the macroscopic
aspect of bone exposure and mucosal healing in hemimaxillae. Bars represent the mean + SEM of 12 animals
per group. (B) Radiographic density (RD) of the hemimaxillae; (C) Macroscopic and radiographic aspects
of hemimaxilla. (*) indicates a significant difference when compared to the Control group. (#) indicates a
significant difference when compared to the ZA group. Yellow arrows indicate radiographic density in the
extraction site. ANOVA and Tukey.

increased, by 34%, the radiographic density in the area of dental alveolus when compared to ZA group (p <0.05)
(Fig. 3B and C).

PAb gels stimulated osteoblasts through Wnt signaling

Considering that delayed bone remodeling contributes do osteonecrosis and that osteoblasts plays a role on this
process, we have decided to investigated if PAb gel would positively improve this cell activity somehow. Initiialy,
we showed that ZA significantly reduced osteoblast count (Fig. 4A and C) and function (Fig. 4B) compared to
control. However, when PAb gel was used it was seen a significant increase in both osteoblast number (Fig. 3A
and C) and in BALP serum levels, a marker of osteoblast activity (Fig. 4B).

In order to understand the mechanism underlying the benefitial effect of Pab on osteoblast we performed
the analysis on the expression of GSK3b and beta-catenin, main players of Wnt signaling, an important pathway
related to osteoblastogenesis (Fig. 4D and E). As expected, ZA increased expression on GSK3b mRNA and
decreased beta-catenin mRNA expression. Despite the negative impact on Wnt signaling, no significant reduction
in the expression of Runx2, a marker of osteoblasts (Fig. 4F). On the contrary, PAD gel to stimulate Wnt signaling,
due to the decrease in GSK3b mRNA expression coupled with a significant increased on beta-catenin mRNA
expression. A marked increase in Runx2 mRNA expression was seen in the animals with BRONJ treated with
PAD gel confirming the findings from histomorphometric analysis.

PADb gels improve bone quality in BRONJ model

Bone quality was assessed by collagen analysis and Raman spectrometry. The animals receiving ZA and
subjected to tooth extraction presented a significant decrease (by 52%) in the amount of total collagen when
compared to Control (Fig. 5A and B). This reduction was marked by the decrease on type I collagen on ZA
group (37%) (p>0.05) (Fig. 5C) (p<0.05). No difference was observed regarding type III (Fig. 5D) (p >0.05).
In the order hand, the treatment with PAb gel increased the total amount of collagen, specially type I collagen,
and significantly decreased type III collagen when compared to ZA group, corroborating our previous findings
on osteoblast analysis.

On Raman spectrometry, it was seen that ZA reduced the amount of bone mineralization, seen by MTMR
ratio. Maxillary bones, of animals from ZA group, showed higher CTPR, indicating increased solubility. These
bones also presented increased mineral maturity ratio, compatible to older bones. Collagen crosslink ratio was
significantly higher in ZA group, corroborating collagen analyses, previously described. BRON]J was reduced
bone remodeling (HA carbonate/amide I ratio) suggested by the reduction on osteoblast cell count. PAb gel
reversed all the findings caused by BRON]J on bone tissue (Table 2).
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Figure 4. PAD gel stimulate osteoblastogenesis through Wnt signaling. (A) Number of osteoblast/bone
perimeter (N.Ob./B.Pm.); (B) Serum levels of Bone-specific Alkaline Phosphatase (BALP); (C) Histological
aspect of hemimaxillae; mRNA expression of (D) GSK3b; (E) Beta-catenin; (F) Runx2. Bars represent the
mean + SEM of 6 animals per group. (*) indicates a significant difference when compared to the Control
group. (#) indicates a significant difference when compared to the ZA group. Hematoxylin and Eosin
(H&E). (200 x magnification). ANOVA and Tukey.

Discussion

This study demonstrated that the BRONJ model in rats exhibited characteristics such as the exposure of necrotic
bone without mucosal healing and, notably, a decrease in the number of viable osteocytes with an increase in
empty lacunae®!®?%?’, mirroring the features of BRON]J lesions in humans?. The BRONJ model also had a
detrimental impact on osteoblast count and function by inhibiting Wnt signaling, thus confirming reduced bone
remodeling. Moreover, ZA (zoledronic acid) led to a reduction in total collagen, especially type I collagen in bone
tissue, as supported by collagen degradation observed in Raman spectrometry. The bone tissue subjected to the
BRONTJ model also exhibited reduced mineral content and increased solubility, resembling the characteristics
of aged bone. Importantly, the use of PAb (polysaccharide from Agaricus blazei) counteracted all the findings
observed in the ZA group. To the best of our knowledge, this is the first instance of reporting the local effect of
a polysaccharide from Agaricus blazei in a BRONJ model in rats.

It was seen that, PAb gel protected bone subjected to the BRONJ model, reducing bone exposure and
increasing the count of viable osteocyte cells. Bone necrosis is a hallmark of MRON]J. While osteocyte death
occurs as a natural part of the skeletal life cycle, the suppression of bone resorption by bisphosphonates (BPs)
has been suggested to lead to the accumulation of dead osteocytes. Prolonged exposure to BPs may also reach
cytotoxic levels for osteocytes. These accumulated necrotic osteocytes release high levels of Damage-associated
molecular patterns (DAMPs), further promoting inflammation that results in damage to oral soft and hard
tissues®. Considering the effects of beta-glucan on bone tissue, a model of steroid-induced avascular necrosis of
the femoral head in rabbits has shown that this polysaccharide reduced empty lacunae and decreased osteocyte
apoptosis. This was marked by a decrease in the expression of pro-apoptotic regulators Bax and Caspase-3, as well
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Figure 5. PADb gel improves bone quality. (A) Histological aspect of Picrosirius red stained hemimaxillae under
normal light and polarized light; (B) Percentage of total collagen content on bone tissue; (C) Percentage of

type I collagen on bone tissue; (D) Percentage of type III collagen on bone tissue. Bars represent mean + SEM
of 6 animals per group. Yellow-red indicates type I collagen and green indicates type III collagen. Yellow-red
indicates type I collagen and green indicates type III collagen. (*) indicates difference when compared to the
Control. (#) indicates difference when compared to ZA group. 200 x magnification. ANOVA and Tukey.

Ratio CONTROL ZA PAD gel
MTMR 2.576+0.453 0.502 £0.049* 2.073+0.266*
CTPR 0.825+0.136 1.694 +0.206* 0.464 +0.090
Mineral maturity 1.697 £0.345 3.522£0.703* 1.215+0.055
Collagen crosslinks 1.420+0.940 3.640 +1.040* 0.70+0.400*
HA carbonate/amide I 1.098 £0.080 0.420£0.050* 1.060+0.065*

Table 2. Effect of ATV on Raman spectroscopy parameters for bone substrates. Values are presented as
mean + SEM. ZA zoledronic acid, PAb polyssacharide from Agaricus blazei, MTMR mineral-to-matrix ratio,
CTPR carbonate-to-phosphate ratio, HA hydroxyapatite. *Indicates difference when compared to the Control
group (P <0.05). “Indicates difference when compared to ZA group (P <0.05). ANOVA and Tukey.

as an increase in the expression of the anti-apoptotic regulator Bcl-2. These findings suggest that Bax, Bcl-2, and
Caspase-3 are involved in the anti-apoptotic effects of this polysaccharide®, which aligns with our own findings.

Here, we have demonstrated that PADb increased the number of osteoblast cells and enhanced their function
by stimulating the Wnt pathway, as evidenced by increased levels of B-catenin and Runx2. Previous research
has indicated that extracts from Agaricus blazei can promote the expression of genes associated with osteoblast
activity and bone formation®'. While the impact of bisphosphonates (BPs) on bone remodeling delay is linked
to the development of BRONYJ, their effect on osteoblasts is less explored®. High doses of BPs have been reported
to arrest the osteoblast cell cycle and induce apoptosis, consequently reducing osteoblast lineage proliferation®.
Our previous research has also demonstrated the detrimental effect of BRON]J on osteoblasts and the Wnt
pathway®*>%. However, the intriguing effect of PADb gel on osteoblasts observed in this study can be attributed
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to its ability to enhance osteoblast adhesion, growth, and proliferation**. Mushroom beta-glucan has also been
found to stimulate Wnt/beta-catenin signaling in wound and healing models®. In bone tissue, beta-glucan has
been shown to reduce osteoclast numbers and concentrations of inflammatory markers like IL-1p and TNF-a,
as well as downregulate RANKL and upregulate osteoprotegerin (OPG)***’. The reduction in the proliferation
and activity of osteoclasts induced by beta-glucans undoubtedly supports osteoblast function, as evidenced by
the increase in BALP levels'®, which aligns with our own results. Collectively, these findings demonstrate that
PAD gel has the potential to restore bone remodeling, which is often reduced during the use of ZA.

In addition to the quantity of bone, the quality of this tissue is of paramount importance. PAb gel not only
improved the quantity but also the quality of collagen. Collagen, as the primary component of the extracellular
matrix’, serves as a structural framework in tissues during the healing process, influencing cell proliferation
and migration®. Type III collagen plays a crucial role in the initial stages of the healing process, where it is
synthesized by fibroblasts in the granulation tissue*’. As the wound matures and closes, type I1I collagen is broken
down, and the synthesis of type I collagen increases*’. Soundia et al.*! demonstrated that necrotic bone exhibits
disorganization in the collagen network with a predominance of type III collagen. The effects of beta-glucan
on collagen have been previously demonstrated in wound and healing models, wherein it enhances collagen
deposition and organization*2. The improved quality of collagen after using PAb gel was further confirmed by
assessing the collagen crosslink ratio through Raman spectrometry. Lower values of this ratio indicate a lesser
degree of structural deterioration in collagen, making it a valuable tool for evaluating collagen quality and
structural integrity in bone®.

In this study, the improvement in bone quality after PAb use was further verified through Raman spectrometry,
as it led to an increase in mineral content and a reduction in fragility, resulting in a more resilient and robust bone
tissue. The increase in mineral-to-matrix ratio (MTMR) indicates a higher mineral content in the bone tissue,
directly enhancing bone strength and making it more resistant to fractures*?. A higher carbonate-to-phosphate
ratio (CTPR) signifies that phosphate positions in the apatitic lattice, which are susceptible to ionic substitution,
often referred to as "B-type" carbonate substitution, are associated with reduced bone solubility. Lastly, mineral
maturity reflects the progressive transformation of non-apatitic domains into well-crystallized apatite, and it
can be influenced by alterations in bone remodeling, such as the use of bisphosphonates (BPs), which tends to
increase mineral maturity®?. While Raman spectroscopy is widely used in various fields, including the detection
of tumors in biology and medicine, its application in discriminating BRONJ has been reported only infrequently.
Our findings are consistent with some authors® and contradicted by others*, highlighting the need for additional
studies to more comprehensively evaluate BRON]J lesions using Raman spectrometry.

Despite the beneficial effect of PAb gel in treating BRONYJ, it is important to note that this study has certain
limitations. The role of Wnt signaling warrants further in-depth investigation, and in vitro assays must be
conducted to determine how PAD interacts with osteoblasts. Given the multifactorial etiology of BRONJ,
additional aspects such as the potential anti-inflammatory, antimicrobial, and angiogenic effects of PAb should
be examined in the near future.

Conclusion

In conclusion, the findings of this study suggest that the PAb gel derived from Agaricus blazei may have a
mitigating effect on bone necrosis in the model of Bisphosphonate-Related Osteonecrosis of the Jaw (BRONJ).
This study underscores the potential of PADb as a pharmacological tool to support or prevent BRONJ therapy.
Nevertheless, further investigations, including clinical trials, are essential to validate its efficacy and safety in
patients.

Data availability
The datasets generated and/or analysed during the current study are available in the Open Science Framework
repository, at Identifier: https://doi.org/10.17605/OSEIO/3MA5K.

Received: 9 November 2023; Accepted: 29 March 2024
Published online: 08 April 2024

References

1. Ferneini, E. M. Medication-related osteonecrosis of the jaw (MRONY]). J. Oral Maxillofac. Surg. Off. . Am. Assoc. Oral Maxillofac.
Surg. 79(8), 1801-1802. https://doi.org/10.1016/j.joms.2021.05.014 (2021).

2. Ruggiero, S. L. et al. American Association of oral and maxillofacial surgeons’position paper on medication-related osteonecrosis
of the jaws-2022 update. J. Oral Maxillofac. Surg. Off. . Am. Assoc. Oral Maxillofac. Surg. 80(5), 920-943. https://doi.org/10.1016/j.
joms.2022.02.008 (2022).

3. Kuroshima, S., Sasaki, M. & Sawase, T. Medication-related osteonecrosis of the jaw: A literature review. J. Oral Biosci. 61(2), 99-104.
https://doi.org/10.1016/j.job.2019.03.005 (2019).

4. Kim, H. Y. Review and update of the risk factors and prevention of antiresorptive-related osteonecrosis of the jaw. Endocrinol.
Metab. (Seoul, Korea) 36(5), 917-927. https://doi.org/10.3803/EnM.2021.1170 (2021).

5. George, E. L., Lin, Y. L. & Saunders, M. M. Bisphosphonate-related osteonecrosis of the jaw: A mechanobiology perspective. Bone
Rep. 8,104-109. https://doi.org/10.1016/j.bonr.2018.03.003 (2018).

6. de Sousa Ferreira, V. C. et al. Bisphosphonate-related osteonecrosis induced change in alveolar bone architecture in rats with
participation of Wnt signaling. Clin. Oral Investig. 25(2), 673-682. https://doi.org/10.1007/s00784-020-03551-7 (2021).

7. Wang, P, Li, X. T, Sun, L. & Shen, L. Anti-inflammatory activity of water-soluble polysaccharide of Agaricus blazei murill on
ovariectomized osteopenic rats. Evid.-Based Complement. Altern. Med. eCAM 2013, 164817. https://doi.org/10.1155/2013/164817
(2013).

8. Rop, O., Mlcek, J. & Jurikova, T. Beta-glucans in higher fungi and their health effects. Nutr. Rev. 67(11), 624-631. https://doi.org/
10.1111/j.1753-4887.2009.00230.x (2009).

Scientific Reports |

(2024) 14:8215 | https://doi.org/10.1038/s41598-024-58445-5 nature portfolio


https://doi.org/10.17605/OSF.IO/3MA5K
https://doi.org/10.1016/j.joms.2021.05.014
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.job.2019.03.005
https://doi.org/10.3803/EnM.2021.1170
https://doi.org/10.1016/j.bonr.2018.03.003
https://doi.org/10.1007/s00784-020-03551-7
https://doi.org/10.1155/2013/164817
https://doi.org/10.1111/j.1753-4887.2009.00230.x
https://doi.org/10.1111/j.1753-4887.2009.00230.x

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

. Biedron, R., Tangen, J. M., Maresz, K. & Hetland, G. Agaricus blazei Murill—Immunomodulatory properties and health benefits.

Funct. Foods Health Dis. 2(11), 428-447. https://doi.org/10.3390/nu12051339 (2012).

Hetland, G. et al. Antitumor, anti-inflammatory and antiallergic effects of agaricus blazei mushroom extract and the related
medicinal basidiomycetes mushrooms, hericium erinaceus and grifolafrondosa: A review of preclinical and clinical studies.
Nutrients 12(5), 1339. https://doi.org/10.3390/nu12051339 (2020).

Kim, Y. S. et al. Effects of polycan, a f-glucan, on experimental periodontitis and alveolar bone loss in Sprague-Dawley rats. J.
Periodontal Res. 47(6), 800-810. https://doi.org/10.1111/j.1600-0765.2012.01502.x (2012).

Park, H. S. et al. Functional polysaccharides from Grifola frondosa aqueous extract inhibit atopic dermatitis-like skin lesions in
NC/Nga mice. Biosci. Biotechnol. Biochem. 79(1), 147-154. https://doi.org/10.1080/09168451.2014.963500 (2015).

Choi, M. et al. Yeast beta-glucan mediates histone deacetylase 5-induced angiogenesis in vascular endothelial cells. Int. J. Biol.
Macromol. 211, 556-567. https://doi.org/10.1016/j.ijbiomac.2022.05.057 (2022).

de Sousa, V. C. et al. Atorvastatin reduces zoledronic acid-induced osteonecrosis of the jaws of rats. Bone 164, 116523. https://doi.
org/10.1016/j.bone.2022.116523 (2022).

Luthfi, M. et al. Expression of fibroblast cells after extraction of wistar rat teeth after topical application of okra fruit (Abelmoschus
esculentus) gel. Infect. Dis. Rep. 12(Suppl 1), 8726. https://doi.org/10.4081/idr.2020.8726 (2020).

Barba-Recreo, P. et al. Zoledronic acid - related osteonecrosis of the jaws. Experimental model with dental extractions in rats. J.
Cranio-Maxillo-Fac. Surg. Off. Publ. Eur. Assoc. Cranio-Maxillo-Fac. Surg. 42(6), 744-750. https://doi.org/10.1016/j.jcms.2013.11.
005 (2014).

Campelo, M. D. S. et al. Agaricus blazei Murill extract-loaded in alginate/poly(vinyl alcohol) films prepared by Ca2+ cross-linking
for wound healing applications. J. Biomed. Mater. Res. B Appl. Biomater. 111(5), 1035-1047. https://doi.org/10.1002/jbm.b.35212
(2023).

Goes, P, Lima, A. P, Melo, I. M., Régo, R. O. & Lima, V. Effect of Atorvastatin in radiographic density on alveolar bone loss in
wistar rats. Braz. Dent. J. 21(3), 193-198. https://doi.org/10.1590/s0103-64402010000300003 (2010).

Yanik, S. et al. Histopathological features of bisphosphonates related osteonecrosis of the jaw in rats with and without vitamin d
supplementation. Arch. Oral Biol. 65, 59-65. https://doi.org/10.1016/j.archoralbio.2015.10.010 (2016).

Jilka, R. L., Noble, B. & Weinstein, R. S. Osteocyte apoptosis. Bone 54(2), 264-271. https://doi.org/10.1016/j.bone.2012.11.038
(2013).

Junqueira, L. C., Bignolas, G. & Brentani, R. R. Picrosirius staining plus polarization microscopy, a specific method for collagen
detection in tissue sections. Histochem. J. 11(4), 447-455. https://doi.org/10.1007/BF01002772 (1979).

Farlay, D. et al. The ratio 1660/1690 cm(- 1) measured by infrared microspectroscopy is not specific of enzymatic collagen cross-
links in bone tissue. PLoS One 6(12), €28736. https://doi.org/10.1371/journal.pone.0028736 (2011).

Unal, M., Jung, H. & Akkus, O. Novel Raman spectroscopic biomarkers indicate that postyield damage denatures bone’s collagen.
J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res. 31(5), 1015-1025. https://doi.org/10.1002/jbmr.2768 (2016).

De Vasconcelos, R. F. et al. Milk kefir therapy improves the skeletal response to resistance exercise in rats submitted to
glucocorticoid-induced osteoporosis. Exp. Gerontol. 167, 111921. https://doi.org/10.1016/j.exger.2022.111921 (2022).

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods 25(4), 402-408. https://doi.org/10.1006/meth.2001.1262 (2001).

Colditz, J. et al. Postnatal skeletal deletion of dickkopf-1 increases bone formation and bone volume in male and female mice,
despite increased sclerostin expression. J. Bone Miner. Res. Off. . Am. Soc. Bone Miner. Res. 33(9), 1698-1707. https://doi.org/10.
1002/jbmr.3463 (2018).

Gong, X., Yu, W, Zhao, H., Su, J. & Sheng, Q. Skeletal site-specific effects of zoledronate on in vivo bone remodeling and in vitro
BMSCs osteogenic activity. Sci. Rep. 7, 36129. https://doi.org/10.1038/srep36129 (2017).

Ruggiero, S. L. et al. American Association of Oral and Maxillofacial Surgeons. American Association of Oral and Maxillofacial
Surgeons position paper on medication-related osteonecrosis of the jaw-2014 update. J. Oral Maxillofac. Surg. Off. J. Am. Assoc.
Oral Maxillofac. Surg. 72(10), 1938-1956. https://doi.org/10.1016/j.joms.2014.04.031 (2014).

Aguirre, J. I., Castillo, E. J. & Kimmel, D. B. Biologic and pathologic aspects of osteocytes in the setting of medication-related
osteonecrosis of the jaw (MRON]). Bone 153, 116168. https://doi.org/10.1016/j.bone.2021.116168 (2021).

Cui, D., Zhao, D. & Huang, S. Structural characterization of a safflower polysaccharide and its promotion effect on steroid-induced
osteonecrosis in vivo. Carbohydr. Polym. 233, 115856. https://doi.org/10.1016/j.carbpol.2020.115856 (2020).

Nakamura, T. et al. Agaricus blazei extract supplementation promotes bone formation in ovariectomized rats. Biosci. Biotechnol.
Biochem. 75(4), 645-651. https://doi.org/10.1271/bbb.100685 (2011).

Huang, K., El-Seedi, H. R. & Xu, B. Critical review on chemical compositions and health-promoting effects of mushroom Agaricus
blazei Murill. Curr. Res. Food Sci. 5, 2190-2203. https://doi.org/10.1016/j.crfs.2022.10.029 (2022).

Patntirapong, S., Singhatanadgit, W., Chanruangvanit, C., Lavanrattanakul, K. & Satravaha, Y. Zoledronic acid suppresses
mineralization through direct cytotoxicity and osteoblast differentiation inhibition. J. Oral Pathol. Med. Off. Publ. Int. Assoc. Oral
Pathol. Am. Acad. Oral Pathol. 41(9), 713-720. https://doi.org/10.1111/j.1600-0714.2012.01154.x (2012).

Castillo Diaz, L. A, Saiani, A., Gough, J. E. & Miller, A. F Human osteoblasts within soft peptide hydrogels promote mineralisation
in vitro. J. Tissue Eng. 5, 2041731414539344. https://doi.org/10.1177/2041731414539344 (2014).

Hsiao, C. M. et al. Inmunomodulator “mushroom beta glucan” induces Wnt/( catenin signalling and improves wound recovery
in tilapia and rat skin: A histopathological study. Int. Wound J. 13(6), 1116-1128. https://doi.org/10.1111/iw;j.12427 (2016).
Chou, W. Y. et al. Association between atopic dermatitis and colorectal cancer risk: A nationwide cohort study. Medicine 99, e18530.
https://doi.org/10.1097/MD.0000000000018530 (2020).

Silva, P. G. et al. Effect of different doses of zoledronic acid in establishing of bisphosphonate-related osteonecrosis. Arch. Oral
Biol. 60(9), 1237-1245. https://doi.org/10.1016/j.archoralbio.2015.05.015 (2015).

Cuttle, L. et al. Collagen in the scarless fetal skin wound: Detection with picrosirius-polarization. Wound Repair Regen. Off. Publ.
Wound Heal. Soc. Eur. Tissue Repair Soc. 13(2), 198-204. https://doi.org/10.1111/j.1067-1927.2005.130211.x (2005).

Tracy, L. E., Minasian, R. A. & Caterson, E. J. Extracellular matrix and dermal fibroblast function in the healing wound. Adv. Wound
Care 5(3), 119-136. https://doi.org/10.1089/wound.2014.0561 (2016).

Olczyk, P, Mencner, L & Komosinska-Vassev, K. The role of the extracellular matrix components in cutaneous wound healing.
BioMed. Res. Int. 2014, 747584. https://doi.org/10.1155/2014/747584 (2014).

Soundia, A. et al. Zoledronate impairs socket healing after extraction of teeth with experimental periodontitis. J. Dent. Res. 97(3),
312-320. https://doi.org/10.1177/0022034517732770 (2018).

Majtan, J. & Jesenak, M. B-glucans: Multi-functional modulator of wound healing. Molecules (Basel, Switzerland) 23(4), 806. https://
doi.org/10.3390/molecules23040806 (2018).

Kiin-Darbois, J. D., Libouban, H., Mabilleau, G., Pascaretti-Grizon, F. & Chappard, D. Bone mineralization and vascularization in
bisphosphonate-related osteonecrosis of the jaw: An experimental study in the rat. Clin. Oral Investing. 22(9), 2997-3006. https://
doi.org/10.1007/s00784-018-2385-2 (2018).

Xia, C., Pu, Y., Zhang, Q., Hu, Q. & Wang, Y. The feasibility of discriminating BRON] lesion bone with Raman spectroscopy. Front.
Endocrinol. 14, 1099889. https://doi.org/10.3389/fendo.2023.1099889 (2023).

Scientific Reports |

(2024) 14:8215 | https://doi.org/10.1038/s41598-024-58445-5 nature portfolio


https://doi.org/10.3390/nu12051339
https://doi.org/10.3390/nu12051339
https://doi.org/10.1111/j.1600-0765.2012.01502.x
https://doi.org/10.1080/09168451.2014.963500
https://doi.org/10.1016/j.ijbiomac.2022.05.057
https://doi.org/10.1016/j.bone.2022.116523
https://doi.org/10.1016/j.bone.2022.116523
https://doi.org/10.4081/idr.2020.8726
https://doi.org/10.1016/j.jcms.2013.11.005
https://doi.org/10.1016/j.jcms.2013.11.005
https://doi.org/10.1002/jbm.b.35212
https://doi.org/10.1590/s0103-64402010000300003
https://doi.org/10.1016/j.archoralbio.2015.10.010
https://doi.org/10.1016/j.bone.2012.11.038
https://doi.org/10.1007/BF01002772
https://doi.org/10.1371/journal.pone.0028736
https://doi.org/10.1002/jbmr.2768
https://doi.org/10.1016/j.exger.2022.111921
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/jbmr.3463
https://doi.org/10.1002/jbmr.3463
https://doi.org/10.1038/srep36129
https://doi.org/10.1016/j.joms.2014.04.031
https://doi.org/10.1016/j.bone.2021.116168
https://doi.org/10.1016/j.carbpol.2020.115856
https://doi.org/10.1271/bbb.100685
https://doi.org/10.1016/j.crfs.2022.10.029
https://doi.org/10.1111/j.1600-0714.2012.01154.x
https://doi.org/10.1177/2041731414539344
https://doi.org/10.1111/iwj.12427
https://doi.org/10.1097/MD.0000000000018530
https://doi.org/10.1016/j.archoralbio.2015.05.015
https://doi.org/10.1111/j.1067-1927.2005.130211.x
https://doi.org/10.1089/wound.2014.0561
https://doi.org/10.1155/2014/747584
https://doi.org/10.1177/0022034517732770
https://doi.org/10.3390/molecules23040806
https://doi.org/10.3390/molecules23040806
https://doi.org/10.1007/s00784-018-2385-2
https://doi.org/10.1007/s00784-018-2385-2
https://doi.org/10.3389/fendo.2023.1099889

www.nature.com/scientificreports/

Acknowledgements

We would like to thank the Laboratory of the Study and Image Processing Center (NEMPI) of the Faculty of
Medicine of the Federal University of Ceard (UFC) for all histology and digital imaging services, the Graduate
Program in Dentistry (PPGO) of UFC for Raman analysis and Laboratory of Clinical and Toxicological Analysis
(LACT) of the Federal University of Ceara (UFC) for biochemical analysis.

Author contributions

Vanessa Costa de Sousa performed the study design, data analysis and elaboration of manuscript. Nilson Romero
Dias, Sislana Costa e Maria Jennifer Chaves Bernadino contributed to the execution of the experiment, drug
administration and animal care; Gisele Angelino, Nadine Linhares, Fatima Regina Nunes Sousa and Raquel Felipe
Vasconcelos: assistance in inducing BRONJ, monitoring of treatment and histological preparation. Conceigdo
da Silva Martins was responsible for processing picrossirius red analysis. George de Almeida Silva and Maria
Elenir Nobre Pinho Ribeiro produced the gel formulation; Karuza Maria Alves Pereira was responsible for
histopathological analysis; Delane Viana Gondim, Mirna Marques and Helliada Chaves conduced data analysis
and manuscript review; Renata Ferreira Carvalho Leitdo analyzed the radiographic density and performed
manuscript editing; Gerly Anne Brito performed the critical review of the manuscript and Paula Goes supervised
the whole study, performed data analysis, elaboration and revised the manuscript. All authors gave final approval
and agreed to be accountable for all aspects of the work.

Funding
This study was funded by the National Council for Scientific and Technological Development (CNPq) process
number 402349/2021-0.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:8215 | https://doi.org/10.1038/s41598-024-58445-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Polysacharide of Agaricus blazei gel mitigates bone necrosis in model of the jaws related to bisphosphonate via Wnt signaling
	Materials and methods
	Study design and ethical aspects
	Animals and experimental groups
	BRONJ-like model
	Preparation of Agaricus blazei-glucan polysaccharides (PAb) gel
	Macroscopic analysis
	Radiographic density analysis
	Histopathological analysis
	Raman microspectroscopy
	RNA isolation and quantitative PCR
	Determination of bone formation
	Statistical analysis
	Ethics approval

	Results
	PAb gel protected bone tissue of rats submitted to BRONJ
	PAb gel mitigated BRONJ-like lesion in rats
	PAb gels stimulated osteoblasts through Wnt signaling
	PAb gels improve bone quality in BRONJ model

	Discussion
	Conclusion
	References
	Acknowledgements


