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Abstract

The present study aimed to evaluate the effects of HBO on bone repair after ionizing
radiation, by using histomorphometry, computed tomography and polarization microscopy.
Twenty male Wistar rats were used. One radiation dose (30 Gy) was administered on the left
leg in all animals, and after 30 days, bone defects were created in both femurs. Then, 10
animals received daily HBO sessions (2.5 ATA for 90 minutes), and all animals were
euthanized 5 or 7 days after surgery. The femurs were separated into 4 groups (n=5) for each
euthanasia time interval: Control (Right femur: Non-irradiated and Non-HBO), RXT (Left
femur: Irradiated and Non-HBO), HBO (Right femur: Non-irradiated with HBO), RXT+HBO
(Left femur: Irradiated with HBO). The bone cortical and defects were evaluated. Data were
analyzed using the Kolmogorov-Smirnov tests, unpaired t-test, and ANOVA with Bonferroni
correction. Higher HU values and new bone formation were observed in Control and HBO
groups, with improved repair. Group HBO showed predominant Yellow/Orange/Red
birefringence of collagen in the defect area. HBO improved bone repair in physiological
conditions, with increased blood vessels and bone formation. However, it was not efficient in
improving repair and collagen orientation in bone after high doses of ionizing radiation.

Keywords: lonizing radiation; Hyperbaric oxygenation; Osteogenesis; Collagen.

Resumo

O presente estudo teve como objetivo avaliar os efeitos da HBO no reparo 0sseo ap0s
radiacdo ionizante, por meio da histomorfometria, tomografia computadorizada e microscopia
de polarizagdo. Vinte ratos Wistar machos foram usados. Uma dose de radiagéo (30 Gy) foi
administrada na perna esquerda em todos os animais, e apds 30 dias, defeitos 6sseos foram
criados em ambos os fémures. Em seguida, 10 animais receberam sessfes diarias de HBO
(2,5 ATA por 90 minutos), e todos os animais foram sacrificados 5 ou 7 dias apds a cirurgia.
Os fémures foram separados em 4 grupos (n = 5) para cada intervalo de tempo de eutanasia:
Controle (fémur direito: ndo irradiado e ndo HBO), RXT (fémur esquerdo: irradiado e nédo
HBO), HBO (fémur direito: ndo-irradiado com HBO), RXT + HBO (fémur esquerdo:

irradiado com HBO). A cortical 6ssea e os defeitos foram avaliados. Os dados foram
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analisados por meio dos testes de Kolmogorov-Smirnov, teste t ndo pareado e ANOVA com
corre¢do de Bonferroni. Valores maiores de HU e neoformacéo 0ssea foram observados nos
grupos Controle e HBO, com melhora do reparo. O grupo HBO apresentou birrefringéncia de
colageno predominantemente amarela/laranja/vermelha na area do defeito. A HBO melhorou
a reparacdo 6ssea em condic@es fisioldgicas, com aumento dos vasos sanguineos e formacéao
6ssea. No entanto, ndo foi eficiente em melhorar o reparo e a orientagdo do coldgeno no 0sso
apos altas doses de radiagéo ionizante.

Palavras-chave: Radiagdo ionizante; Oxigenacdo hiperbarica; Osteogénese; Colageno.

Resumen

El presente estudio tuvo como objetivo evaluar los efectos de la HBO en la reparacion Gsea
después de la radiacion ionizante, mediante el uso de histomorfometria, tomografia
computarizada y microscopia de polarizacion. Se utilizaron veinte ratas Wistar macho. Se
administré una dosis de radiacion (30 Gy) en la pierna izquierda en todos los animales vy,
después de 30 dias, se crearon defectos 6seos en ambos fémures. Luego, 10 animales
recibieron sesiones diarias de HBO (2,5 ATA durante 90 minutos), y todos los animales
fueron sacrificados 5 o 7 dias después de la cirugia. Los fémures se separaron en 4 grupos (n
= b) para cada intervalo de tiempo de eutanasia: Control (fémur derecho: no irradiado y no
HBO), RXT (fémur izquierdo: irradiado y no HBO), HBO (fémur derecho: no HBO) -
irradiado con HBO), RXT + HBO (fémur izquierdo: irradiado con HBO). Se evaluaron la
cortical 6sea y los defectos. Los datos se analizaron mediante las pruebas de Kolmogorov-
Smirnov, la prueba t para datos no apareados y ANOVA con correccion de Bonferroni. Se
observaron valores mas altos de HU y formacion de hueso nuevo en los grupos Control y
HBO, con una mejor reparacion. EI grupo HBO mostré una birrefringencia predominante de
colageno amarillo / naranja / rojo en el area del defecto. HBO mejoro la reparacion ésea en
condiciones fisiolégicas, con aumento de los vasos sanguineos y la formacion de hueso. Sin
embargo, no fue eficaz para mejorar la reparacion y la orientacion del colageno en el hueso
después de altas dosis de radiacién ionizante.

Palabras clave: Radiacion ionizante; Oxigenacion hiperbérica; Osteogenesis; Colageno.

1. Introduction

Radiotherapy in oral cancer treatment can generate unwanted side effects because

ionizing radiation cannot distinguish tumor cells from healthy cells (Lerouxel et al., 2009;
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Chouinard et al., 2016; Sroussi et al., 2017). Consequently, the destruction of healthy tissue
limits the broad capacity for using radiotherapy. In irradiated bone there is persistent cell
hypoxia and delayed bone healing (Stone et al., 2003; Batista et al., 2014; Rocha et al., 2017),
associated with damage to osteoprogenitor cells (Chouinard et al., 2016), reduced bone
density (Mendes et al., 2019) and decreased neovascularization (Chouinard et al., 2016),
favoring bone necrosis (Dieleman et al., 2017).

Hyperbaric oxygen (HBO) increases dissolved oxygen in blood plasma, reduces
hypoxia and modulates the production of reactive oxygen species, which act as signaling
molecules, leading to upregulation of tissue metabolism (Thom, 2009; Thom, 2011,
Choudhury, 2018). HBO-mediated oxidative stress reduces inflammation (Rocha et al., 2015,
stimulates the differentiation of circulating stem/progenitor cells in vitro (Lin et al., 2014;
Gardin et al., 2020) and growth of new blood vessels from local endothelial cells in vivo
(Grassmann et al., 2015; An et al., 2019). Furthermore, HBO has bactericidal/bacteriostatic
effects (Raggio & Winters, 2018), accelerates osteoblast differentiation (Al Hadi et al., 2015),
and increases expression of vascular endothelial growth factor (VEGF) (Gardin et al., 2020)
and Runt-related transcription factor 2 (Runx2) (Lin et al.,, 2014; Rocha et al., 2015),
improving bone formation (An et al., 2019; Grassmann et al., 2015; Rocha et al., 2015; Al-
hadi et al., 2015; Park et al., 2019). In this context, the present study hypothesized that HBO
therapy might improve repair in bone compromised by ionizing radiation. Thus, the aim of
this study was to analyze the effects of HBO on bone neoformation after radiotherapy, by
different methods such as assessing the histomorphometric parameters, computed tomography

analysis and polarization microscopy for evaluating collagen.

2. Material and Methods

Animals and Experimental groups

This study was approved by Bioethics Committee for Animal Experimentation at the
Federal University of Uberlandia (CEUA #028/12) and was conducted in accordance with the
normative guidelines of the Brazilian National Council for Animal Control and
Experimentation (CONCEA). Twenty healthy male Wistar rats (Rattus norvergicus),
weighing between 250 to 350g, were used in this study. All animals were housed in standard
conditions (12-hour light/dark cycle, temperature of 22+1°C and relative humidity of 50-

60%), with food (composition: humidity, crude protein, ethereal extract, mineral, crude fiber,
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calcium and phosphorus) and water ad libitum. After one week of acclimatization, all the
animals were submitted to radiotherapy, performed on the left leg; and after 30 days, bone
defects were created in both femurs. The right legs of all animals were positioned so that they
remained out of the irradiation field. After this, the animals were separated into 2 groups:
treated with and without HBO. Ten animals received daily sessions of HBO, and all the
animals were euthanized, according to the respective group, in the time intervals of 5 or 7
days after surgery. The femurs were removed and separated into 4 groups (n=5) for each time
interval of euthanasia: Control (Right femur: Non-irradiated and Non-HBO), RXT (Left
femur: Irradiated and Non-HBO), HBO (Right femur: Non-irradiated with HBO), RXT+HBO
(Left femur: Irradiated with HBO).

Radiotherapy, Surgical Procedure, HBO and Sample Obtainment

The animals were anaesthetized with an intraperitoneal injection of 100 mg/kg
ketamine 10% and 7 mg/kg xylazine 2% hydrochloride. The left leg was positioned laterally
and immobilized by means of a wooden stick and adhesive tape. A 1.5 cm thick wax bolus
was placed on the left leg and dose of 30 Gy was administered in one session, using a Linear
Accelerator 6MeV (Varian 600-C®, Varian Medical Systems Inc. Palo Alto California/USA).
Thirty days after radiotherapy bone defects were created in both femurs as described by
Batista et al. (2014).

The HBO sessions started immediately after the surgery and were applied daily for
five or seven days, as described by Rocha et al. (2015). HBO therapy was carried out in a
cylindrical pressure chamber (Ecobar 400, Ecotec Equipamentos e Sistemas Ltda®, Mogi das
Cruzes, SP, Brazil) at 2.5 ATA for 90 minutes per session.

All animals were euthanized either 5 or 7 days after surgery, by administration of an
intraperitoneal injection with sodium thiopental and lidocaine, followed by cervical
dislocation, in compliance with the principles of the Universal Declaration on Animal
Welfare. The diaphyses containing the bone defect were immediately fixed in PBS-buffered
formalin (4%) solution (pH 7.4) for 48h at room temperature. Subsequently they were was

washed and stored in PBS-buffered solution, until Tomographic analysis was performed.

Computed Tomography (CT) Analysis

The samples were positioned in a standard device and scanned by means of a Cone-
Beam 3D scanner (Gendex, GX-CB500-ICAT) at 7mA, 120kvp and 0,125mm voxel
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resolution. Of each femur, 3 tomographic images were selected as described by Rocha et al.
(2015). The region of interest (ROI) was delimited by a rectangle, drawn from the defect
edges in cortical bone to the opposite inner surface of the cortical bone. For image-specific
calibration, 3 mm away from the ROI, one rectangle of 1 mm? in bone marrow region
(Marrow reference) was drawn, and one in the bone cortical region (Cortical Reference). The
Hounsfield scale within these three regions was assessed using specific software (i-CAT ®

Vision, Imaging Sciences International, Penn Road, Hatfield, PA).

Histomorphometric Analysis

After tomographic evaluation, the bone was decalcified in 10% EDTA (pH7.2) and
embedded in paraffin. The 5 um semi-serial sections obtained were stained with Hematoxylin
and Eosin (HE), Mallory Trichrome (MT) and evaluated by using optical microscopy (Optical
Microscope Model Olympus® BX50, Olympus Imaging America Inc. Shinjuku-ku, Tokyo /
Japan).

For histomorphometric analysis, 3 HE histological sections from each femur were
scanned using the Aperio AT Turbo scanner (Copyright©Aperio Technologies, Copyright ©
2013 Leica Biosystems Imaging, Inc.). In each histological image, two equal areas were
delimited, one in defect region and another in cortical bone, these were 3 mm away from the
defect edges. The images were analyzed by means of the Image-Pro Plus Version 4.5 program
(Media Cybernetics, Silver Spring, USA). A grid with 220 points of intersection between the

lines was generated and overlapped on the histological image (Figure 1).
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Figure 1. Histomorphometric analysis. A- Digitized image of longitudinal section of the
femur, with two areas of analysis (blue rectangle), one in defect region and another in cortical
bone; B- 220-point grid generated; C- Counting of points that matches with the structures to

be analyzed. HE.
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Source: Authors (2020).

In Figure 1, we observe location of analyzed areas and grid delimitation for counting
structures. The points that matched the components of interest in the BONE DEFECT were
counted as follows: Blood Clot; Fibrin Network; Adipose Tissue; Inflammatory Cells;
Granulation Tissue; Blood Vessels; Connective tissue; Bone Matrix/Osteocytes; Osteoclasts;
Osteoblasts; and in CORTICAL BONE: Basophilic/amorphous Areas; Blood Vessels; Bone
Matrix; Osteocytes; Empty lacunae. The results were presented in terms of density (%)
according to numbered match points on the structures, within the total number of points in the
grid as adapted from Vieira et al., (2015).

Also, the total bone neoformation was quantified in the defect region using 3 Mallory

Trichrome stained sections for each femur, as described by Batista et al., (2014). The bone
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defect (region of interest - ROI) was totally delimited with four straight lines from the edges
of the injured cortical to the opposite cortical. The percentage of bone matrix within this area
was quantified with the measuring tool of HL Image 2005++ (Western Vision, Salt Lake City,
UT, USA).

Collagen Analysis - Polarization Microscopy

The collagen analysis was performed in 3 Picrosirius Red stained histological sections
of each femur, by polarized light microscopy, using Nikon Eclipse Ti-S binocular microscope
(Nikon®, Nikon Corporation, Tokyo, Japan) and the OPTHD/Opticam program coupled to a
high-resolution Opticam camera (Opticam Microscopy Technology®, Séo José dos Campos,
Sdo Paulo, Brazil). All images were captured with a 20X objective lens against a black
background, with the same light intensity and polarizing lens angle of 90° to the light source.
The images were captured in the same regions of the histomorphometric analysis - bone
defect and cortical.

In each image, semi-quantitative analysis was performed by two blinded examiners,
using the following criteria: a) predominance of color marking, in percentage (%), whether
green or yellow/orange/red. In this analysis, mature type | collagen exhibits birefringence
from a yellow to reddish color, represented by the presence of thicker fibrils, while immature
type Il collagen is marked green; b) predominance of lamellar organization, in percentage
(%), whether present or absent. In this analysis, the collagen organization was determined
based on the appearance of the lamellae (Table 1). The mean values between the two

examiners were considered for the analysis.

Table 1. Established criteria for evaluation.

Color Marking Lamellar Organization

Yellow/Orange/Red Green Presence Absence
0% (Absent) 0% (Absent) 0% (Absent) 0% (Absent)
1/4 or 25% (L.ittle) 1/4 or 25% (L.ittle) 1/4 or 25% (L.ittle) 1/4 or 25% (L.ittle)

1/2 or 50% (Moderate) 1/2 or 50% (Moderate) 1/2 or 50% (Moderate) 1/2 or 50% (Moderate)

More than 1/2 or 50%  More than 1/2 or 50%  More than 1/2 or 50%  More than 1/2 or 50%
(Abundant) (Abundant) (Abundant) (Abundant)

Source: Authors (2020).
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In Table 1, it is important to notice the criteria for collagen evaluation.

Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad Prism® version 5.0 for
Windows, San Diego, CA, USA). Initially, the values obtained were submitted to the
Kolmogorov-Smirnov normality test. The parameters were analyzed using unpaired t-tests
(for comparison of each group over time) and ANOVA with Bonferroni correction (for
comparison between groups in each time interval). The differences were considered

statistically significant if p <0.05.
3. Results
Computed Tomographic (CT) Analysis
Bone marrow reference showed similar HU values in all groups. The cortical reference
had higher HU values in Control and HBO groups in both the 5- and 7-day time intervals.

Furthermore, HU values progressively increased over the time intervals in the bone defect in
Control and HBO groups (Figure 2).
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Figure 2. Hounsfield Unit (HU) values of evaluated groups, in 5 and 7 days. A- Bone marrow
reference values; B- Cortical reference values; C- Bone defect values. (*p<0.05).
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Source: Authors (2020).

In Figure 2 is shown the tomographic results in cortical reference, marrow reference

and bone defect, in all evaluated groups.
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Histological and histomorphometry analysis

The bone defect of Control Group, at day 5, showed a reduced blood clot, and
predominance of granulation tissue. Inflammatory cells and primary bone were observed in
the periphery of the defect. At day 7, the defect was filled with primary bone with new vessels
and few areas of granulation tissue (Figure 3).

In HBO Group, at day 5, the bone neoformation filled half of the defect area and
extended into medullary canal. The primary bone had osteoblasts with cytoplasmic
basophilia, and many osteocytes recently enclosed in the new bone matrix. The development
of blood vessels and organized granulation tissue was observed. At day 7, the primary bone
completely filled the defect area and extended largely into the medullary canal, with defined
trabeculae (Figure 3).

In the groups that underwent radiotherapy several morphological alterations were
observed. In bone defect area in the RXT and RXT+HBO Groups, in 5 and 7 days, no bone
neoformation was observed. The defect area showed reticular fibrin network, eventual fat
cells and a disorganized blood clot. Some sparse collagen fibers and chronic inflammatory
infiltrate were also observed (Figure 3).

At 5 and 7 days, the cortical region in all groups showed lamellar cortical bone with
channels containing blood vessels. Furthermore, in bone matrix osteocytes, empty lacunae,
and basophilic lines were observed, but these were more disorganized in the RXT groups.
Moreover, basophilic/amorphous areas within the bone matrix were observed in all groups,
but larger number in the irradiated groups (Figure 3).

11




Research, Society and Development, v. 9, n. 11, 4339119948, 2020
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v9i11.9948

Figure 3. Histological images of bone defect and cortical region of the groups, in the 5 and 7 days. Cortical bone (c); Bone marrow (m);
Newformed bone (nb); Clot (*); Granulation tissue (gt); Fibrin network (f); Inflammatory infiltrate (i); Basophilic/amorphous areas (x);
Basophilic lines (black arrow); Blood vessels (v); Adipose tissue (ta). HE, X4 and X20.

Control - DAY 5 RXT - DAY 5

Source: Authors (2020).
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Note in Figure 3 the histological images of the bone defect and cortical region of the
groups, in the 5 and 7 days.

In the non-irradiated groups, histomorphometry analysis of the bone defects showed
increase in bone matrix/osteocytes, osteoblasts, blood vessels, and connective tissue in both
Control and HBO Groups. Osteoclasts were rarely found, but these were present in higher
numbers in Group HBO in the 7 day. In the time interval between 5 and 7 days, there was a
reduction in granulation tissue in both the Control and HBO groups. In the irradiated groups,
(RXT and RXT+HBO) larger numbers of blood clots, fibrin networks, inflammatory cells and
adipose tissues were observed (Figure 4).

In cortical region of Groups RXT and RXT+HBO, larger areas of
basophilic/amorphous tissue and empty lacunae were observed. The density of the blood
vessels and osteocytes was reduced in irradiated when compared with the non-irradiated

groups. The bone matrix density was similar among the groups (Figure 4).

13
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Figure 4. Histomorphometric analysis of groups, in 5 and 7 days.
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Source: Authors (2020).

Note in Figure 4 the graphs of histomorphometric analysis of the bone defect and
cortical region of the groups, in the 5 and 7 days.

The statistical analysis showed significant increase in new bone formation (%) in
Group HBO compared with the Control in the 5-day time interval (p<0.05). There was no
significant difference between Control and HBO Groups in the 7-day time interval. There was
no bone formation in Groups RXT and RXT+HBO at 5 and 7 days (Table 2).
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Table 2. New bone formation (%) in the ROI (bone defect) of groups, in 5 and 7 days.

Time Intervals New bone formation (%)
Control 7.06 £ 3.71*
HBO 15.95 + 7.68*
DAY 5
RXT 0
RXT+HBO 0
Control 23.10 £ 7.40
HBO 28.10 £5.40
DAY 7
RXT 0
RXT+HBO 0

Source: Authors (2020).

In Table 2, it is important to notice that in irradiated groups, no bone formation was

observed.

Collagen Analysis

In Group HBO, predominance of Yellow/Orange/Red collagen material was observed
both in the defect and cortical areas, in the 5- and 7-day time intervals (p<0.05). In Groups
Control, RXT and RXT+HBO, predominant Green birefringence was observed in the bone
defect region, indicating the presence of type IlI collagen in the 5- and 7-day time intervals.
Only Group HBO showed predominant Yellow/Orange/Red birefringence in the bone defect
in the 5- and 7-day time intervals (p <0.05) (Figure 5).

In all groups, lamellar organization of collagen bundles was observed mainly near the
bone surface and less frequently within cortical bone. Whereas in the bone defect, collagen
bundles with lamellar organization were rarely observed, with Groups Control and HBO
showing significant difference when compared with Groups RXT and RXT+HBO (p<0.05)
(Figure 5).
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Figure 5. Digitized images of bone defect and cortical bone and, visualized by polarization

microscopy. Cortical bone (c); New bone formation (nb). Picrosirius, X10. Color marking in
percentage (A-B) and Lamellar organization (C-D) of groups, in 5 and 7 days (*p<0.05).
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Note in Figure 5 the differences in collagen of the bone defect and cortical region of
the groups, in the 5 and 7 days.

4. Discussion

This study investigated the effect of HBO on bone repair and collagen orientation after
radiation exposure in an animal model. Deleterious effects of ionizing radiation on bone tissue
can persist for long periods and the complications in irradiated bone appear to be dose
dependent (Lerouxel et al., 2009; Limirio et al., 2019). The single dose of 30 Gy radiation has
previously been used in other studies of our group (Batista et al. 2014, Rocha et al., 2017;
Soares et al., 2018; Limirio et al., 2019). This higher dose increases the risk of ORN
(Dieleman et al., 2017) when compared with doses of 50-70 Gy, indicated for cancer
treatment by multifractionated delivery (Ohrnell et al., 1997; Lerouxel et al., 2009). Thus, the
single dose of 30 Gy was sufficient to cause bone damage, allowing the repair of bone in poor
conditions to be evaluated (Batista et al. 2014, Rocha et al., 2017; Soares et al., 2018; Limirio
et al.,, 2019). Although higher radiation doses would increase the probability of ORN
occurring (Lerouxel et al., 2009), surprisingly, in our study no animals developed
osteonecrosis. Apparently, the development of ORN may require more time for significant
cumulative radiation damage to appear (Dieleman et al., 2017). In addition, the environment
of the femur differs from that of the oral cavity, as it has a smaller bacterial population, which
may have contributed to our results.

The primary effect of radiation on bone is atrophy, with a marked reduction in its
functional components and decline in repair capacity (Hopewell, 2003; Lerouxel et al., 2009).
The body itself is incapable of repairing the damage, and the severe blood vessel atrophy
results in loss of bone cells, dysregulated interactions between cell populations and hypoxia
(Stone et al., 2003). Supposing that bone requires increased cell proliferation to achieve
healing, our results confirmed existing findings that radiation significantly reduced the bone
healing process (Stone et al., 2003; Batista et al., 2014; Rocha et al., 2017). Specifically,
irradiated bone marrow-derived mesenchymal stem cells (BMSCs) have exhibited declined
viability and impaired osteogenic differentiation (Bai et al., 2020; Chouinard et al., 2016),
with reduced bone cell phenotype replacement (Bai et al., 2020), as observed in Group RXT.
The reduction in BMSCs post-irradiation could be one of the important causes of radiation-
induced bone deterioration (Bai et al., 2020).

In this sense, HBO treatment in irradiated tissues is interesting, because it enhances
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the growth of new blood vessels (Grassmann et al., 2015; An et al., 2019) and osteogenic
differentiation of mesenchymal stem cells (Lin et al., 2014; Gardin et al., 2020) thereby
accelerating repair (Rocha et al., 2015). However, in our study, bone healing was markedly
compromised after radiotherapy, and HBO failed to reverse the damage. In fact, in Group
RXT+HBO, we also observed a reduction in blood vessels and bone cells; no bone formation
was found, and the defect was filled with loose, poorly organized tissue. These results are
conflicting with others who have demonstrated improved bone regeneration (Park et al., 2019)
and angiogenesis (An et al., 2019) in irradiated (12Gy single dose) calvaria defects after HBO
treatment. This most probably occurred due to different experimental models, considering that
damage by radiation occurs in a dose-dependent manner (Lerouxel et al., 2009; Limirio et al.,
2019; Bai et al., 2020). To our knowledge, the main target for the physiological action of
HBO is tissue hypoxia (Choudhury et al., 2018). However, it is possible that after high doses
of radiation, such as applied in our study, angiogenic impairment was so great that vascular
response remained low and the oxygen perfusion in the bone defect was insufficient to correct
the cellular imbalance (Jereczek-Fossa et al., 2002; Choudhury et al., 2018). Unfortunately,
this is one of the limitations of HBO treatment, as oxygen can only be locally delivered to
areas receiving adequate blood supply (Choudhury et al., 2018). Perhaps, significant vascular
recovery after high dose radiotherapy requires a higher number of HBO sessions.

In the present study, the contralateral non-irradiated femurs were used as Control and
HBO groups, in a paired study, for comparison with Groups RXT and RXT+HBO,
considering that alterations in bone repair caused by radiation are not observed at sites far
from the irradiated field (Rocha et al., 2017). In Control Group, repair occurred as intended
and HBO clearly accelerated the initial events of bone healing. In Group HBO, there was
increase in blood vessels, bone neoformation and collagen maturation when compared with
the other groups. New blood vessel formation is an important condition for adequate bone
repair, since it allows local oxygenation, delivers nutrients, removes waste products, and
provides cells and mediators (Sirin, 2011). During HBO, the amount of oxygen dissolved in
the plasma occurs resulting in hyperoxygenation of tissues. This leads to intracellular
generation of reactive oxygen species (ROS) and nitrogen, activating oxygen mediated
oxidative stress (Thom, 2009; Thom, 2011; Choudhury et al., 2018). Soon after the end of the
session, PO2 returns to normal levels and the chemical mediators released stimulate cellular
functions with enhanced angiogenesis, rapid resolution of inflammation, collagen synthesis
and osteogenesis (Thom, 2009; Thom, 2011; Rocha et al., 2015; Choudhury et al., 2018),
similar to our findings. This is in agreement with the studies of Wang et al. (2005) and
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Kawada et al. (2013) in which HBO improved osteoblast function when applied during the
early stages of bone healing, with increased expression of VEGF (Gardin et al., 2020, type |
collagen (Al Hadi et al., 2015 and Runx-2 (Rocha et al., 2015, Al Hadi et al., 2015). It seems
feasible to think that in Group HBO, nutrients were delivered more rapidly to the tissue by
newly formed vessels, allowing better bone repair and cell function.

Bone undergoing healing usually contains a substantial amount of immature collagen,
which is later replaced by mature collagen (Vieira et a., 2015; Mendes et al., 2019). Given
this fact, a smaller amount of mature collagen would indicate more immaturity of newformed
bone. There is strong evidence that collagen synthesis and maturation is dependent on oxygen
supply (Sen, 2009; Gajendrareddy et al 2017), as hyperoxia stimulates the synthesis of basic
fibroblast growth factor (bFGF) (Thom, 2009; Thom, 2011), favoring bone matrix production.
This may have contributed to our results demonstrating predominance of mature type |
collagen (yellow to reddish color) after HBO in the cortical bone and defect. Other authors
have demonstrated that HBO improved collagen maturation in bone (Limirio et al., 2018) and
in the periodontal ligament (Gajendrareddy et al., 2017). Nevertheless, our collagen results
should be interpreted with caution because polarized light measurements were applied to
assess the collagen color, predominance, and arrangement, but not in a fully quantitative way.

It is well accepted that bone exhibits birefringence dependent upon the composition
and orientation of its collagen, with differences in brightness observed by polarized light
microscopy (Bromage 2003). However, it must be considered that mineralized collagen
bundles in natural bone are made up of collagen fibrils and hydroxyapatite mineral crystals,
which function as a unit in the bone structure (Georgiadis et al., 2016). The images obtained
by the polarization method are susceptible to changes depending on the collagen
content/density (i.e. matrix-to-mineral ratio) (Bromage 2003, Georgiadis et al., 2016), which
are not uniform throughout a bone section. As such, our findings obtained from demineralized
slides allowed limited comparative evaluation of collagen in bone, as hydroxyapatite mineral
crystals were removed, which could lead to incorrect interpretations when used without other
parameters. In fact, it is suggested that radiation induced specific changes in the collagen
mature/immature crosslink ratio, and collagen/hydroxyapatite ratio (Limirio et al., 2019). But
it has not yet been elucidated whether these changes might also be found after HBO
treatment.

An interesting finding in the cortical region, was the larger number of
basophilic/amorphous areas and evident lamellar disorganization in the irradiated groups.

These findings agreed with those of Rabelo et al. (2010), who found reduction in bone matrix
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and high heterogeneity in the microarchitecture of Harvers channels after radiotherapy,
revealing less organized bone. Although the cartilaginous nature of these areas was not
confirmed in the present study, we hypothesized that these basophilic/amorphous areas would
be similar to highly calcified cartilage islands found by Shipov et al. (2013) and Bach-
Gansmo et al. (2013) within rat cortical bone. The authors suggested that these disorganized
regions represented residual areas of endochondral ossification that were not remodeled, not
resorbed, and not replaced by lamellar bone on rat maturity (Shipov et al., 2013; Bach-
Gansmo et al., 2013). The increased occurrence of such areas, accompanied by lamellar
disorganization in irradiated groups, indicated compromised endochondral ossification due to
radiation, as previously reported by Rocha et al. (2016).

The cone beam tomography, used in this study, is often associated with degradation of
grayscale fidelity of the image finally displayed (Molteni et al., 2013; Pawels et al., 2015). In
general, smaller irradiated volumes, such as those used in our study, are less prone to
inaccurate CT numbers/HU, caused by scattered radiation and by non-ideal geometry
(Molteni et al., 2013). But even with appropriate image acquisition, care should be taken
when interpreting quantitative measurements of density obtained with cone beam
tomography. Despite these limitations, the method provided important information. Our CT
findings demonstrated greater HU values only at 7 days in Control and HBO groups
suggesting mineralization of the new formed bone in this time interval. Usually, repair must
enter the late stage of osteogenesis to present mineralized bone resulting in higher HU values.
The chronology of bone healing is characterized by the presence of clot; migration and
proliferation of MSCs; granulation tissue formation with infiltration of inflammatory cells,
angiogenesis, proliferation of fibroblasts and collagen synthesis; and, finally, bone formation
and remodeling (Vieira et al., 2015).

In the present study, after radiotherapy, the greatest differences occurred in the defect
rather than cortical bone, as expected. The first events are usually cellular and vascular
(Hopewell, 2003; Lerouxel et al., 2009), followed by damage to the remodeling system and
then, to bone structure (Rabelo et al., 2010; Soares et al., 2018; Limirio et al., 2019). It would
appear that the effects of radiation on bone tissue structure (cortical bone) should take place in
some period after the radiation exposure, rather than immediately (Soares et al., 2018; Limirio
et al., 2019). This is related to the time elapsed between the time when the cellular and
vascular changes occur (immediately) and the time when significant impairment can be seen

in macroscopic bone morphology and architecture.
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4. Conclusion

Our results indicated that HBO improved bone repair and collagen arrangement in
physiological conditions, with increased blood vessels and bone neoformation. However,
HBO did not improve the repair of bone after the high ionizing radiation dose. It is necessary
to establish more standardized protocols for this therapy, with longer periods of evaluation.
Thus, future studies should be performed in order to clarify the role of HBO in bone after

radiotherapy.
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