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O diabetes mellitus tipo 1 (DMT1) é uma doença metabólica caracterizada por 

hiperglicemia devido a alterações na secreção e/ou ação da insulina. A hiperglicemia 

crônica compromete o metabolismo, a estrutura e o reparo ósseo. Terapias adjuvantes, 

como a oxigenoterapia hiperbárica, têm sido propostas a fim de melhorar a estrutura e o 

reparo ósseo em condições desfavoráveis, como ocorre no DMT1. O objetivo do presente 

estudo foi avaliar os efeitos da oxigenoterapia hiperbárica associado à insulinoterapia nas 

propriedades biomecânicas e reparo ósseo em rato com diabetes tipo I. Para isso, foram 

utilizados 48 ratos, distribuídos em seis grupos iguais. As análises utilizadas foram análise 

macroscópica, microtomografia computadorizada (MicroCT), espectroscopia no 

infravermelho transformada de Fourier (FTIR), teste de flexão em três pontos e 

histomorformetria à microscopia de luz. Além disso, utilizou-se o modelo de reparo ósseo 

para elaboração de um novo método de análise histomofométrica de abordagem 

automática, comparando-o a métodos manual (padrão outro) e semiautomatizado. Os 

resultados mostraram que a diabetes mellitus tipo I altera a microestrutura óssea,  

anisotropia e dimensão fractal, além de reduzir a espessura cortical e comprometer a 

composição e a dureza da matriz óssea. Os tratamentos combinados de oxigenoterapia 

hiperbárica e insulinoterapia demonstraram reduzir esses efeitos adversos, sugerindo 

potencial terapêutico significativo para manejo de complicações ósseas em pacientes 

diabéticos. O método automatizado de análise histomofométrica proposto, bem como os 

métodos manual e semiautomatizado foram eficazes para medir a formação óssea, sem 

diferenças estatísticas significativas entre eles. No entanto, a abordagem automática 

reduziu, significativamente, o tempo necessário para a análise, em comparação com os 

métodos manual e semiautomatizado. Concluiu-se que a associação das terapias com 

oxigenação hiperbárica e insulina diminui os efeitos negativos da hiperglicemia em ratos 

diabéticos, melhorando as propriedades e a regeneração ósseas. E, o método automatizado 

oferece uma avaliação rápida e precisa, com potencial para reduzir o viés e padronizar a 

análise histomofométrica, sugerindo que essa técnica pode ser utilizada de forma 

confiável para quantificação da matriz óssea.

Palavras-chave: Análise automatizada; Regeneração óssea; Diabete mellitus, Tipo I; 

Oxigenação hiperbárica
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Type 1 diabetes mellitus (DMT1) is a metabolic disease characterized by 

hyperglycemia due to changes in insulin secretion and/or action. Chronic hyperglycemia 

compromises bone metabolism, structure, and repair. Adjuvant therapies, such as 

hyperbaric oxygen therapy, have been proposed to improve bone structure and repair in 

unfavorable conditions, as occurs in DMT1. The objective of the present study was to 

evaluate the effects of hyperbaric oxygen therapy associated with insulin therapy on 

biomechanical properties and bone repair in rats with type I diabetes. For this, 48 rats 

were used, distributed into six equal groups. The analyses used were macroscopic 

analysis, microcomputed tomography (MicroCT), Fourier transforms infrared 

spectroscopy (FTIR), three-point bending test, and histomorphometry under light 

microscopy. Furthermore, the bone repair model was used to develop a new 

histomorphometry analysis method with an automatic approach, comparing it to manual 

and semi-automated methods. The results showed that type I diabetes mellitus alters the 

bone microstructure, anisotropy and fractal dimension, in addition reduce cortical 

thickness and compromise the bone matrix composition and hardness. However, 

combined treatments of hyperbaric oxygen therapy and insulin therapy have been shown 

to reduce these adverse effects, suggesting significant therapeutic potential for managing 

bone complications in diabetic patients. The proposed automated method of 

histomorphometry analysis, as well as the manual and semi-automated methods, were 

effective in measuring bone formation, without significant statistical differences between 

them. However, the automatic approach significantly reduced the time required for 

analysis compared to manual and semi-automated methods. It was concluded that the 

association of therapies with hyperbaric oxygenation and insulin reduces the negative 

effects of hyperglycemia in diabetic rats, improving bone properties and regeneration. 

And, the automated method offers a fast and accurate assessment, with the potential to 

reduce bias and standardize histomorphometry analysis, suggesting that this technique 

can be used reliably to quantify bone matrix.

Keywords: Automated analysis; Bone regeneration; Diabetes mellitus Type I; 

Hyperbaric oxygenation; Insulin therapy
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O Diabetes Mellitus tipo 1 (DMT1) é uma condição metabólica definida, 

principalmente, pela hiperglicemia, que resulta de deficiências na produção de insulina 

ou na sua função. Atualmente, cerca de 415 milhões de pessoas em todo o mundo são 

afetadas por essa doença, número que se prevê aumentar para 643 milhões até 2030, 

segundo a International Diabetes Federation (2021). O diabetes tipo 1 é identificado como 

uma doença autoimune que danifica as células β do pâncreas, que produzem insulina, 

podendo ou não restar tecido funcional. As origens do diabetes tipo 1 são variadas, 

incluindo fatores como infecções virais, efeitos colaterais de medicamentos e reações 

autoimunes, que resultam na morte celular e subsequente deficiência de insulina, 

elevando os níveis de glicose no sangue (Wang et al., 2017). 

A hiperglicemia crônica ocasionada pela DMT1 altera negativamente a 

microarquitetura e as propriedades biomecânicas do tecido ósseo (Ay et al., 2020; Limirio 

et al., 2024). Além disso, o DMT1 compromete a reparação óssea, aumenta o risco de 

fraturas (Bai et al., 2020; Starup-Linde et al., 2016) e está relacionado a maiores taxas de 

complicações durante procedimentos cirúrgicos (Martin et al., 2016). Estudos sugerem 

que o comprometimento ósseo é devido ao excesso de produtos de glicação avançada 

(AGEs) no sangue e sua incorporação no tecido ósseo (Yang et al., 2015). A acumulação 

de AGES nos ossos interfere na qualidade da matriz e na diferenciação e função das 

células ósseas (Yang et al., 2015).

Atualmente, a terapia com insulina é o tratamento de escolha para pacientes com 

DMT1. Seu uso é capaz de reduzir os níveis de glicose no sangue e permitir que sejam 

controlados. Estudos recentes mostram que pacientes com DMT1 com glicemia 

controlada são significativamente menos afetados pelos efeitos deletérios no tecido ósseo 

em suas propriedades biomecânicas e microarquitetura (Limirio et al., 2024) e nas taxas 

de densidade mineral (Susuki et al., 2022). Além do seu papel na regulação da glicose, a 

insulina tem sido reconhecida pelo seu impacto na saúde óssea. Os receptores de insulina 

estão presentes nos osteoblastos e osteoclastos, indicando uma influência direta no 

metabolismo ósseo (Thrailkill et al., 2005). Além disso, foi demonstrado que a insulina 

estimula a produção de fatores de crescimento como o fator de crescimento semelhante à 
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insulina 1 (IGF-1), que é essencial para o crescimento e reparação óssea (Thrailkill et al., 

2005).

Novas terapias têm sido investigadas e propostas para melhorar o processo de 

reparação óssea, especialmente em condições desfavoráveis, como o diabetes. A terapia 

de oxigenação hiperbárica ganhou reconhecimento por seu potencial em aprimorar a 

reparação óssea (Dias et al., 2018), melhorar a microcirculação (Mathieu et al., 2006), e 

reduzir a inflamação (Benson et al., 2003). Essa terapia consiste na oferta de oxigênio 

puro (100%) em um ambiente pressurizado a um nível acima da pressão atmosférica. 

Estudos relataram que a oxigenação hiperbárica aumenta a quantidade de oxigênio 

no sangue e promove a angiogênese em tecidos lesionados, aumentando a quantidade de 

oxigênio e nutrientes no local lesionado (Jan et al., 2009), acelerando o processo de 

reparação em tecidos moles (Kalani et al., 2002) e tecidos mineralizados (Rocha et al. 

2015; Dias et al. 2018). No tecido ósseo, a oxigenação hiperbárica mostrou melhorias nas 

propriedades mecânicas ósseas, aumentando a força e rigidez do fêmur em animais com 

DMT1 (Limirio et al. 2018). Um estudo de Kawada e colaboradores (2013) demonstrou 

que essa terapia, em camundongos saudáveis, aumenta a taxa de aposição mineral óssea 

e interfere positivamente na reabsorção do calo ósseo e na consolidação de fraturas, 

acelerando o processo de remodelação óssea nesta situação.

Os efeitos específicos da terapia de oxigênio hiperbárico e da terapia de insulina 

nos ossos de pacientes com DMT1 não são completamente compreendidos. O uso 

combinado de oxigenação hiperbárica e terapia com insulina pode oferecer uma 

abordagem sinérgica.  A oxigenação hiperbárica fornece o suporte de oxigênio necessário 

para as atividades celulares envolvidas na reparação óssea, enquanto a terapia com 

insulina visa o equilíbrio metabólico subjacente associado ao diabetes. O presente estudo 

contribui para o entendimento de como essas terapias interferem nas características e 

propriedades mecânicas dos ossos.

Além disso, a quantificação precisa de eventos biológicos é crucial para a 

avaliação dos efeitos das terapias e da condição sistêmica, especialmente em doenças. A 

análise histomorfométrica é frequentemente usada avaliar parâmetros histológicos. As 

ferramentas computacionais utilizadas em imagens digitalizadas ou o método de 

contagem com um observador treinado (através de análise visual) são bastante comuns 
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em análises histológicas qualitativas e quantitativas (Mendes et al., 2020; Soares et al., 

2019). Geralmente, o método tradicional de análise histológica demanda um longo tempo 

de análise e depende significativamente da experiência do operador, o que pode ocasionar 

viés no processo analítico.

Com os avanços tecnológicos, os sistemas de análises automatizadas têm sido 

estudados para sua aplicação na avaliação de imagens histológicas. Esses sistemas 

permitem a análise de um maior número de imagens em um tempo reduzido. Além disso, 

as análises automatizadas podem aumentar a eficiência e precisão do processo analítico, 

sendo semelhantes ao método tradicional de análise, realizada por um observador 

experiente (padrão ouro) (Gonzalez & Madeiras, 2018; Hammes et al., 2018; Steiner et 

al., 2018).

O objetivo do presente estudo foi avaliar o efeito da associação da oxigenoterapia  

hiperbárica e da insulinoterapia na microarquitetura, composição química, propriedades 

mecânicas e a reparação óssea em ratos com Diabetes Mellitus Tipo I. Além disso, propor 

um método automatizado de análise histomorfométrica para quantificação da matriz 

óssea, comparando-o com métodos convencionais. A hipótese do estudo foi que a 

associação das terapias com oxigenação hiperbárica e insulina afeta positivamente a 

microarquitetura, a composição da matriz, a propriedades biomecânicas dos ossos e 

reparação óssea em ratos com DMT1. Assim, essas intervenções juntas poderiam ter o 

potencial de eliminar as consequências do DMT1 e tornar a estrutura óssea similar à de 

ratos normoglicêmicos. Também, hipotetizou-se que o método automatizado de análise 

histomorfométrica de matriz óssea apresenta maior precisão e menor tempo de análise, 

comparado a métodos convencionais.
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Linhares CRB, Rabelo GD, Limirio PHJO, Venâncio JF, Silva IGRS, Dechichi P. 

Automated bone healing evaluation: New approach to histomorphometric analysis. 

Microsc Res Tech. 2022;85(10):3339-46.
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1 | INTRODUCTION

Precise quantification of biological events is crucial for the evaluation

of drug effects and systemic conditions, especially in diseases. Histo-

morphometric analysis is often used to analyze and compare groups

under experimental conditions and assess histological parameters. The

computational tools used in digitized images or the counting method

with a trained observer (through visual analysis) are quite common

when using microscopic qualitative and quantitative evaluations

(Mendes et al., 2020; Soares et al., 2019). Generally, the traditional

histological analysis method has a lengthy analysis time and depends

significantly on the operator's experience, which can introduce bias in

the analytical process.

With technological advances, computer-aided analysis systems

have been studied for their application in the evaluation of histological

images. These tools are called computer-aided diagnosis (CAD) and

enable analysis through an automated approach using computational

algorithms. These systems allow the analysis of large images, in signifi-

cantly greater numbers, in a shorter time, thereby reducing the time

required for analysis. In addition, they may increase the efficiency and

accuracy of the analytical process, which is usually similar to the visual

analysis performed by an experienced observer (Gonzalez &

Woods, 2018; Hammes et al., 2018; Steiner et al., 2018).

Several studies have used the counting method with trained

observers in digital images to analyze tissue repair, especially bone

healing and remodeling under adverse conditions (Batista et al., 2015;

Dias et al., 2018; Rocha et al., 2016). However, there is a lack of stud-

ies that present an automated approach to analyze the bone matrix.

The present study compared the conventional methods and to

proposed a new one based on total automation, using a well-known

experimental method for bone repair analysis. Therefore, for the anal-

ysis of the new methodology we used an experiment model of rats

with type I diabetes mellitus (T1DM) and hyperbaric oxygenation

(HBO) therapy, that has been used successfully to evaluate bone heal-

ing by histological analysis (Dias et al., 2018). T1DM is a metabolic dis-

ease (Wang et al., 2019) that causes hyperglycemia (Napoli

et al., 2017; Palermo et al., 2017) which affects bone structure and

repair (Nyman et al., 2011). HBO therapy has been suggested as an

adjuvant therapy to improve and accelerate bone regeneration (Dias

et al., 2018; Limirio et al., 2018; Rocha et al., 2016).

Results obtained from the experimental model, the present study

aimed to compare three different methods of histological evaluation

of bone repair: (1) a conventional visual evaluation through histomor-

phometric analysis, using a 144-points grid to quantify the bone

matrix; (2) a semi-automatic method based on the segmentation of

bone matrix from the soft tissue, to assess the total bone matrix per-

centage; and (3) an automatic approach, developed in this study,

through the creation of a plug-in for ImageJ software, including dis-

tinct steps for image processing and a thresholding binarization for

the bone matrix. The hypothesis was that automated image analysis

using a computer-aided analysis system can present greater precision

and less time consumed compared to visual quantitative analysis per-

formed by an experienced observer.

2 | MATERIAL AND METHODS

2.1 | Study design

All experimental protocols involving animals were approved by the

Committee on the Ethics of Animal Use and Care of the Federal Uni-

versity of Uberlândia (permit number 026/14). Twelve male Wistar

rats (Rattus norvegicus) weighing 240 ± 20 g at the age of 8 weeks

were housed under standard conditions. After 1 week of acclimatiza-

tion, the animals were randomly assigned and equally distributed into

the following four groups (n = 3): non-diabetic (N), non-diabetic +-

HBO (NH), diabetic (D), and diabetic + HBO (DH). TDMI induction,

follow-up evaluation, glycemic assessment, surgical procedure, and

HBO therapy were performed as described by Dias et al. (2018), the

only change made was in the induction dosage (50 mg/kg). All animals

were euthanized 37 days after diabetes induction, the femurs were

dissected, the epiphyses were removed, and the diaphyses were

immediately fixed in 4% paraformaldehyde solution in phosphate-

buffered saline for 48 h. Subsequently, the diaphyses were decalcified

in 4.13% EDTA for 5 weeks and embedded in paraffin. Six semi-serial

histological sections (5 μm) were obtained from each animal: three in

hematoxylin–eosin (HE) and three in Mallory's trichrome (MT). All his-

tological sections were scanned using the Aperio AT Turbo Scanner

(Leica Biosystems Imaging, Inc. Nußloch, Germany) at 20� magnifica-

tion. The digitized histological images were visualized using the Aperio

ImageScope imaging program and exported as TIFF files.

The digital histological images containing the bone defect were

analyzed by the counting method by a trained observer using the

point grid, semi-automated, and automated image analysis methods.

2.2 | Histological quantitative method—visual

analysis with point grid

Histological images stained with HE were used for visual analysis,

using a point grid performed by an experienced observer. The analysis

was performed using Image-Pro Plus software (Version 4.5.0.29;

Media Cybernetic, Inc., Rockville, MD), with a 144-point grid posi-

tioned over the selected areas containing the new bone. In summary,

from the region of interest (ROI) at the bone defect, three areas were

extracted for analysis with the grid, two near the cortical disruption,

and one at the clot (Figure 1a). Each area selected was transformed

into an image in TIFF format, with an area of 431 � 431 μm2

(Figure 1b). After calibration (association of the number of pixels in

the image with real measurements of the physical world), the

144-point grid was overlaid, and each point corresponding to the

bone was marked in pink. The bone matrix was manually marked and

then quantified and expressed as percentages. Point counting was

performed by the same operator who was blinded to the groups. Any

disagreements between the two examiners were resolved by a third

examiner. The inter-reviewer reliability of data extraction was calcu-

lated by determining the percentage of agreement and the correlation

coefficient (kappa, 5% level of significance).
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2.3 | Histological semi-automated image analysis

(computer-assisted)

A semi-automated computer-assisted method was performed in the

histological sections stained with MT to quantify bone neoformation,

as a percentage (Figure 2). Digital images were uploaded to Adobe

Photoshop CS6 (Adobe System Inc., San Jose, CA) image editor soft-

ware for soft tissue removal. Using the ImageJ software (Version

1.53a; National Institutes of Health, Bethesda, MD), the images were

converted into binary images and the ROI was delimited by four

lines, extending from the edges of the cortical bone to the opposite

cortical, using the draw tool (Figure 3) (Batista et al., 2015; Dias

et al., 2018). The percentage of neoformed bone matrix within the

ROI was calculated using the measurement tool. Binarization and

thresholding were performed by the same operator who was blinded

to the groups.

2.4 | Histological automated image analysis

(computer-assisted)

Histological images stained with HE were used for this analysis,

through the assessment and segmentation of the bone matrix, fol-

lowed by quantification (as a percentage). A plug-in to be used in the

ImageJ software was created using the following well-defined

sequence of steps to evaluate the bone matrix.

1. Calibration of the scale.

2. Conversion of the image to 8 bit.

3. Adjustment of the contrast and saturation, followed by normaliza-

tion and equalization of the image.

4. Quantification of bone matrix defined using a threshold interval of

158–215.

5. Generation of results (doc) with the percentage of pixels within

the binary image.

F IGURE 1 (a) Histological image (stained with hematoxylin and eosin, HE) of a longitudinal section of the femur in the bone lesion area,

showing ruptured cortical (CR), opposite cortical (CO), clot (C), bone neoformation region (*), and select areas (green squares). (b) Image generated

by the image-pro plus software, illustrating the grid of points (bone matrix: Pink; marrow: Green; blood vessel: Blue) on the histological image

used for bone matrix quantification

F IGURE 2 Histological image (stained with Mallory's

trichrome, MT) of a longitudinal section of the femur in the

bone defect area, showing the disrupted cortex (CR), the

opposite cortical (CO), the clot (C), and the bone

neoformation (BM)

F IGURE 3 A digitized histological image of a longitudinal

section of the diaphysis of the femur after soft tissue was removed.

The binary image reveals the region of interest (red rectangle),

showing the disrupted cortex (CR), the opposite cortical (CO), the clot

(C), and the bone neoformation region (BM)
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The thresholding interval used for segmentation was defined

through the analysis of all images, with the definition of a global

threshold that fitted in all images. The programming language Java

was used to write the code. The files were saved in .java format and

compiled, generating the .class file, which was installed in ImageJ.

The algorithm and code for the plug-in that was created, is acces-

sible on GitHub at https://github.com/igorgonribs/imagej-plugin-

histology-ufu/tree/main and in the supplementary material.

2.5 | Measurement of analytical time

The time consumed for each method was measured in seconds, and a

comparison of the time spent on each of the three methods was

performed.

2.6 | Statistical analysis

Statistical analysis was performed using Sigma Plot (Version 13.1;

Systat Software Inc, San Jose, CA) statistical software. The results

obtained were subjected to the Kolmogorov–Smirnov normality test,

followed by the two-way ANOVA and finally the Tukey test. Results

are presented as mean ± standard deviation (SD). Differences were

considered to be statistically significant at α < 0.05.

The PASW Statistics software (Version 18.0.0; SPSS Ltd Software

Inc, Quarry Bay, Hong Kong) was used for agreement verification

among the methods. The results obtained were subjected to Bland–

Altman analysis and subsequently to the regression linear test for veri-

fication of proportion bias (the tendency for values to be above or

below the average). Results are presented as mean bias ± standard

deviation (SD), and the upper and lower limits of agreement are pre-

sented as mean ± 1.96 � SD. Statistical agreement was considered

at α > 0.05.

3 | RESULTS

Throughout the experimental procedure, the diabetic animals (D and

DH) maintained hyperglycemia (glucose levels above 300 mg/dl),

weight reduction, polyphagia, polydipsia, and polyuria, observed from

the increase in feed and water intake, and urinary excretion. The suc-

cess rate of diabetes induction in animals was 95% and mortality was

less than 10%. The mean and standard deviation values for the glu-

cose level are shown in Table 1. The mean glicemic index of total

periods showed that N and NH had lower glycemia than D and DH,

respectively (Figure 4a). There were increase glucose level in the D

group (p < .01) compared 30–37 days, however, the DH group

(p < .01) decrease glucose level compared the periods of 30–37 days

(Figure 4b).

The histomorphometric results are shown in Table 2. The bone

matrix analysis in HE (Figure 5a) and MT (Figure 5b) stains showed

that group D had lower values than groups N and DH (p < .01). The

bone matrix automated method (Figure 5c) revealed similar grad point

visual analysis.

3.1 | Bland–Altman analysis results

The Bland–Altman analysis showed that the visual method and semi-

automated image analysis method also displayed strong agreement.

The mean difference between the visual method and automated

TABLE 1 The means and standard deviation values of glucose level

Glucose level (mg/dl)/groups Non-diabetic (N) Non-diabetic + HBO (NH) Diabetic (D) Diabetic + HBO (DH)

Day 0 96.1 ± 6.7 96.5 ± 6.4 333.2 ± 26.3 313.6 ± 50.4

Day 15 97.2 ± 11.8 97.6 ± 7.3 322.5 ± 16.3 541.0 ± 67.8

Day 30 96.8 ± 5.7 100.4 ± 11.8 416.0 ± 9.1 549.0 ± 69.3

Day 37 92.2 ± 10.47 83.4 ± 6.18 558.33 ± 39.2 270.0 ± 46.2

Total mean 95.6 ± 2.3 94.4 ± 7.5 332.5 ± 22.8 419.1 ± 146.6
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F IGURE 4 Glucose values analysis in

the different groups. *p < .05. (a) Glucose

level/(b) glucose level 30 � 37 days/non-

diabetic � N/non-diabetic + HBO � NH/

diabetic � D/diabetic + HBO � DH
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image analysis method for bone matrix quantification was �12.78

± 2.70, and the limits of agreement were �18.07 and �7.49, respec-

tively. No statistically significant difference was estimated by these

two methods (p = .10), and no proportion bias tendency was seen in

the regression linear results. The p-value of the averages was p = .16

(Figure 6a).

The Bland–Altman analysis demonstrated that the visual method

and automated image analysis method displayed strong agreement.

The mean difference between the visual method and automated

image analysis method for bone matrix quantification was �4.07

± 6.56, and the limits of agreement were 8.79 and �16.93, respec-

tively. No statistically significant difference was estimated by these

two methods (p = .055), and no proportion bias tendency (there was

no tendency for values to be above or below average) was seen in the

regression linear results. The p-value of the averages was .89

(Figure 6b).

3.2 | Assessment of the analytical time and the

accuracy of the methods

The time consumed analysis, showed a significant statistically differ-

ence (*p < .001) between groups automated, visual, and semi-

automated method. The automated method (0.08 ± 0.0, seconds) had

significantly lower values than the visual method (904.67 ± 3.77) and

semi-automated method (303.33 ± 2.99).

The mean accuracy was 83.84 ± 7.20% for the automated

method compared with the visual analysis method. The accuracy

TABLE 2 Histomorphometric results

Parameters/groups Non-diabetic (N) Non-diabetic + HBO (NH) Diabetic (D) Diabetic + HBO (DH)

Bone matrix (visual analysis) 36.7 ± 1.1Aa 36.8 ± 1.2Aa 28.3 ± 2.7Bb 36.2 ± 1.5Aa

Bone matrix (semi automated analysis) 24.1 ± 2.4Aa 26.1 ± 1.1Aa 14.7 ± 3.7Bb 22.0 ± 3.6Aa

Bone matrix (automated image analysis) 28.31 ± 0.97Aa 32.93 ± 3.85Aa 26.51 ± 3.18Aa 33.84 ± 1.42Bb

Note: The mean and SD values of histomorphometric analysis in the bone regeneration area. In the rows, different capital letters indicate significant

differences for diabetic factors (N and NH groups vs. D and DH groups), and different lowercase letters indicate significant differences for hyperbaric

oxygen therapy (N and D vs. NH and DH) (p < .05).

F IGURE 5 Histomorphometric

analysis of the parameters in the different

groups (*p < .05). (a) Histomorphometric

results of histological bone matrix visual

image analysis. (b) Histomorphometric

results of histological semi-automated

image analysis. (c) Histomorphometric

results of histological automated image

analysis
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calculated for the semi-automated method with the visual analysis

method was 68.15 ± 4.41%.

4 | DISCUSSION

The hypothesis of this study was confirmed since the automated

computer-assisted method resulted in similar findings as the visual-

manual method while showing a significant reduction in the time

spent on the histological evaluation process. The automated method

showed significant agreement with the visual method, also revealing

high accuracy (high precision of the results and low risk of error), with

the possibility of standardization, together with a reduction in working

time and biases in the analysis process. Taking these results into

account, it is suggested that researchers who have been trying to

improve their analysis for the diagnosis and quantification of bone

matrix could benefit from the proposed automated method.

Regarding the automatization of histological evaluation, some

methods are being developed using more sophisticated algorithms,

such as those used in artificial intelligence. Methods such as machine

learning and its sub-methods such as neural networks and deep learn-

ing (Hammes et al., 2018; Jones et al., 2009; Lamprecht et al., 2007;

Silva et al., 2019) have been studied with promising results. Neverthe-

less, there are simple methods that are more democratic, based on the

use of software and plug-ins, available in the public domain and are

free of charge. One such free software program is ImageJ, which is

available from the National Institutes of Health. Several plug-ins

related to segmentation tools are available for use in all images,

including all histological figures (Schindelin et al., 2015). Segmentation

using a threshold was sufficient to create an automated method in

this study, together with other image processing steps, which allowed

for the creation of a plug-in for bone formation/repair evaluation

(Schindelin et al., 2015). Plug-ins and macros can be implemented

using the ImageJ software (Reyes-Fernandez et al., 2019). In addition,

previous studies using semi-automated methods have already

assessed segmentation by thresholding, but without automatization

(Batista et al., 2015; Dias et al., 2018; Rocha et al., 2016). The automa-

tization in this study was not just created but also tested, and the

resulting significant reduction in the time of analysis was encouraging.

Automated methods are of great importance in microscopic anal-

ysis and are useful tools (Batista et al., 2015; Gonzalez &

Woods, 2018; Hammes et al., 2018). The results obtained by automa-

tization demonstrated the advantage of reducing the time required

for analysis by 11,250X, while maintaining high accuracy (83.84%),

when compared with the visual analysis performed by an experienced

observer, and by 3750X when compared with the semi-automated

method. In addition, all methods displayed strong agreement, present-

ing similar results. It was observed that there is no difference in the

significance between the three types of analysis, and similar results to

this study were demonstrated in the literature using different experi-

mental conditions (Reyes-Fernandez et al., 2019; Tamminga

et al., 2016), confirming that the automated and semi-automated

method proposed can be used reliably.

In addition to the developed method, our findings on the effects

of HBO on the initial bone repair process in animals with normoglyce-

mia and diabetes are consistent with previous studies (Dias

et al., 2018; Okubo et al., 2001; Rocha et al., 2016; Wu et al., 2007)

and increased the knowledge about this adjuvant therapy in the litera-

ture concerning bone healing improvement. The results presented in

this animal experimental study, together with other human studies,

suggest that HBO therapy is a safe and valuable strategy that could

be used to enhance and improve regenerative clinical therapies, espe-

cially in conditions with alterations in bone metabolism, such as diabe-

tes (Dias et al., 2018; Rocha et al., 2016).

F IGURE 6 (a) Agreement between visual and semi-automated methods (Bland–Altman plot). (b) Agreement between visual and automated

methods (Bland–Altman plot)
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In the present study, diabetic animals submitted to HBO therapy

showed decrease glucose levels after the surgery. T1DM substantially

reduces the number of pancreatic β cells, but the remaining cells still

have some degree of function (Fotino et al., 2013; Prabowo

et al., 2014). Some studies have shown that use an appropriate proto-

cols of HBO therapy can significantly decrease oxidative stress and

reduced reactive oxygen species (ROS) production, which reduced

apoptosis and increased proliferation of β-cells (Faleo et al., 2012;

Fotino et al., 2013; Rajagopalan et al., 2012; Prabowo et al., 2014).

Thus, the increase insulin production reduce glycemic levels,

approaching the normality systemic condition (Lu et al., 2008).

In addition to the creation of the automatized method for histo-

logical evaluation, this study aimed to create a tool that was easily

accessible, improving the popularization of the use of this and other

segmentation tools and was also easy to install in ImageJ. The use of

public domain software should be encouraged to improve and democ-

ratize microscopic analysis tools for researchers worldwide.

4.1 | Limitations

The limitations of the proposed automated method should be dis-

cussed. The global threshold for all images and the process of segmen-

tation produce some issues, such as the loss of information (Kim

et al., 2018; Reyes-Fernandez et al., 2019; Tamminga et al., 2016).

Therefore, it is necessary to conduct more studies on automatization

applications in microscopic analysis for the improvement of segmenta-

tion tools. The plug-in proposed in this study works well in some con-

ditions, with specific staining, usage of good quality images, and an

adequate background. The data should not be extrapolated to other

stains without calibration and adjustment of the Java programming

features.

5 | CONCLUSION

The automated computer-assisted method for histological evaluation

achieved similar results to the visual-manual method while presenting

some benefits concerning standardization and reduced analysis time.

All three methods used (visual-manual, semi-automated, and auto-

mated) for histological evaluation were successful in bone matrix anal-

ysis. The automated method demonstrated high accuracy, suggesting

that this method should be encouraged under experimental conditions

to evaluate the bone repair process.
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Type I diabetes mellitus (T1DM) is a metabolic disorder characterized by chronic 

hyperglycemia, that negatively alters microarchitecture and biomechanical properties of 

bone tissue (Ay et al. 2020; Limirio et al., 2024). In addition, T1DM compromise bone 

healing, increased fracture risk (Bai et al., 2020; Starup-Linde et al., 2016), and is related 

to higher rates of complications during surgery procedures (Martin et al., 2016). Studies 

suggest that bone impairment is due to the excess of advanced glycation end products 

(AGEs) in blood and its incorporation in the bone tissue (Yang et al., 2015). The 

accumulation of AGEs in the bone interferes in matrix quality and differentiation and 

function of bone cells (Yang et al., 2015). 

Currently, insulin therapy is the treatment of choice for patients with DMT1. This 

use is able to reduce blood glucose levels and allow it to be controlled. Recent studies 

show that patients with TIDM with controlled glycemia are significantly less affected by 

deleterious effects on bone biomechanical and microarchitecture tissue (Limirio et al., 

2024), and mineral density rates (Susuki et al., 2022).

New therapies have been investigated and proposed to improve the bone repair 

process, especially in unfavorable conditions, such as diabetes. Hyperbaric oxygenation 

therapy (HO) has gained recognition for its potential to enhance bone repair (Dias et al., 

2018), improved microcirculation (Mathieu et al., 2006), reduction of inflammation 

(Benson et al., 2003), and antibacterial effects (Mathieu et al., 2006). It consists of pure 

oxygen supply (100%) in a pressurized environment at a level above the atmospheric 

pressure, normally two to three more atmospheres. 

Studies have reported that HO increases the amount of oxygen in blood and 

promotes angiogenesis in injured tissues, increasing the amount of oxygen and nutrients 

in the injured site (De Wolde et al., 2021; Jan et al., 2009), accelerating the repair process 

in soft (Izumino et al., 2020; Kalani et al., 2002) and mineralized tissues (Rocha et al. 

2015; Dias et al. 2018). In the bone tissue, HO showed improvement in bone mechanical 

properties, increasing the strength and rigidity of the femur in TIDM animals (Limirio et 

al. 2018). Other studies demonstrate that HO, in healthy mice, increases the rate of bone 

mineral apposition and positively interferes with bone callus resorption and fracture 
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consolidation, accelerating the bone remodeling process in this situation (Kawada et al., 

2013).

The specific effects of hyperbaric oxygen therapy and insulin therapy on the bones 

of patients with T1DM are not completely understood. The present study contributes to 

the understanding how these therapies interfere with bone 

. 

The objective of this study was to evaluate the effect of hyperbaric oxygenation 

(HO) and insulin therapy (IT) on microarchitecture, chemical composition and 

mechanical properties in tibiae of rats with type I Diabetes Mellitus (T1DM). The study 

hypothesis is that the association of hyperbaric oxygen therapy and insulin therapy 

positively affect microarchitecture, matrix composition, and bone mechanical properties 

in rats with T1DM. Thus, these interventions together could have the potential to 

eliminate the consequences of DM and make its bone structure similar to that of 

normoglycemic rats.

–
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α

The success rate of diabetes induction in animals was 95% and mortality was less 

than 10%. Before induction, the mean glycemic levels of the animals were measured at 

102.85 mg/dL. The mean glucose levels in different time measures for all groups are 

shown in Table 1 and Figure 1.

Table 1: Mean and standard deviation of Glucose level values at experimental times in the different 
groups

Normoglycemic (N); Normoglycemic + HO (NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin 

(DI); Diabetics + HO + Insulin (DIH). 
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Figure 1:  Glucose level in the different groups. * p<0,05. Normoglycemic (N); Normoglycemic + HO 

(NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin (DI); Diabetics + HO + Insulin (DIH).The 

mean and SD values of glucose level analysis.
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streptozotocin, based on the toxic effect of this drug on pancreatic β cells, that induces a 
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Abstract

This study aimed to evaluate the effect of hyperbaric oxygenation (HO) and insulin 

therapy (IT) on bone regeneration in the femurs of rats with Type I Diabetes Mellitus 

(T1DM). Forty-eight rats were divided into 6 groups (n=8): Normoglycemic (N); 

Normoglycemic + HO (NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin 

(DI); Diabetics + HO + Insulin (DIH). T1DM was induced by intravenous injection of 

streptozotocin (50mg/Kg). The DI and DIH groups received 4UI of NPH insulin/day. 

Thirty days after induction, bone defects were performed in the femurs of all groups. 

Immediately after surgery, the NH, DH, and DIH groups were submitted to HO for 7 days. 

After this period, all animals were euthanized, the femurs removed, and fixed in 10% 

buffered formaldehyde. The femurs were analyzed by computed microtomography 

(micro-CT) considering: volume fraction (BV/TV) and bone surface (BS/BV); number 

(Tb.N), thickness (Tb.Th), separation (Tb.Sp) and connectivity (Conn.Dn) of trabeculae; 

fractal dimension (FD) and degree of anisotropy (DA). Then, the femurs was 

demineralized and processed to paraffin embedded. The bone matrix percentage was 

quantified in histological images. The results of the BV/TV and Tb.Th  showed lower 

values group D than N and DI. In the BS/BV, group D showed a greater value than N and 

DI. In the FD, the N and NH groups showed higher values than D and DH, respectively. 

In Tb.N, Tb.Sp, Conn.Dn and DA there was no significant difference. In the 

histomorphometry, the groups D and DH showed lower percentage of the bone matrix 

when compared to the groups N, NH, DI, and DIH. No statistical difference was observed 

between groups N, NH, DI and DIH. It is concluded that T1DM compromised bone 

regeneration, and insulin therapy associated with HO reduced remarkably the bone 

deleterious effects of T1DM.

Keywords: Diabetes Mellitus; Bone regeneration; Hyperbaric Oxygenation
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Introduction

Bone regeneration is a challenge in diabetic individuals, since the chronic 

hyperglycemia compromise angiogenesis and cells recruitment to the injury site, leads to 

delay in wound healing (Ay et al. 2020). This delay in the initial stages lead a cascading 

effect on bone repair processes. Osteoblast reduces the ability to produce the essential 

bone matrix components, that compromises the early stages of bone repair and may lead 

to suboptimal callus formation at the fracture site (Claes et al., 2011; Claes et al., 2012). 

Moreover, occurs formation of altered bone matrix composition caused by accumulation 

of advanced glycation end-products (AGEs) (Ay et al. 2020), and increased inflammation 

(Rubin, 2017; Vashishth, 2009). Persistent inflammation may lead to aberrant bone 

remodeling, affecting the strength and stability of the healed bone (Claes et al., 2012), 

and a higher risk of surgical complications (Martin et al., 2016).

Studies have suggested that Hyperbaric Oxygenation may stimulate osteogenesis, 

angiogenesis, and collagen production, essential for effective bone repair (Gajendrareddy 

et al., 2017; De Wolde et al., 2021). In the case of type I Diabetes Mellitus, impaired 

vascularization and reduced oxygen supply to bone tissues are common challenges. HO 

has the potential to counteract these issues by promoting the formation of new blood 

vessels and enhancing oxygen availability, thereby supporting the bone regeneration 

process. Improved vascularization ensures that essential nutrients and oxygen reach the 

site of bone repair, fostering a more robust and efficient healing process (Eldisoky et al., 

2023). Furthermore, other studies have shown that HO can lower blood glucose in T1DM 

(Prabowo et al., 2014).

Hyperbaric oxygenation involves exposing patients to pure oxygen at increased 

atmospheric pressure. This results in a significant elevation of oxygen levels in the blood, 

promoting oxygen delivery to tissues, including the surgical site. In diabetics, 

compromised vascularization can limit oxygen supply to the healing bone. HO addresses 

this by enhancing oxygen diffusion, creating an oxygen-rich environment conducive to 

optimal bone repair (Jan et al., 2009; Izumino et al., 2020). In this context, hyperbaric 

oxygen therapy (HO) has been recognized for enhancing tissue healing by increasing 

oxygen delivery to compromised areas. In addition, HO stimulate angiogenesis (Mathieu 
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et al., 2006), reduce inflammation (Benson et al., 2003), increase collagen synthesis 

(Gajendrareddy et al., 2017), improving wound healing (Limirio et al. 2018; Dias et al., 

2018).

The classic diabetes treatment is insulin therapy. Insulin, a hormone produced by 

the pancreas, plays a crucial role in glucose metabolism. Individuals with T1DM lack 

insulin, leading to elevated blood glucose levels. Apart from its role in glucose regulation, 

insulin has been recognized for its impact on bone health. Insulin receptors are present on 

osteoblasts and osteoclasts, indicating a direct influence on bone metabolism (Thrailkill 

et al., 2005).  Furthermore, insulin has been shown to stimulate the production of growth 

factors like insulin-like growth factor 1 (IGF-1), which is essential for bone growth and 

repair (Thrailkill et al., 2005).

The combined use of hyperbaric oxygenation and insulin therapy may offer a 

synergistic approach to address bone regeneration in T1DM. Hyperbaric oxygenation 

provides the necessary oxygen support for cellular activities involved in bone healing, 

while insulin therapy targets the underlying metabolic imbalance associated with 

diabetes. The present study evaluated the potential synergistic effects of hyperbaric 

oxygenation and insulin therapy on bone regeneration in the femurs of rats with T1DM.

Material and methods

Experimental procedure

–
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The induction, monitoring, and glycemic evaluation for Type 1 Diabetes Mellitus 

(T1DM) followed the methodology outlined by Limirio et al. (2018), with the sole 

modification being the induction dosage adjusted to 50 mg/kg. Blood glucose levels were 

assessed at intervals of 2, 30, 37, and 44 days post-diabetes induction using a glucometer 

(Accu Check Active, Roche, Jaguaré, SP, Brazil). Animals maintaining blood glucose 

levels exceeding 200 mg/dL were classified as diabetic. It was administered 4UI  insulin 

daily in the DI and DIH group (1UI at 7 am and 3 UI at 7 pm).

Clinical manifestations associated with diabetes, such as increased appetite 

(polyphagia), excessive thirst (polydipsia), and body weight, was measured in a 

quantitative analysis.

The Hyperbaric Oxygen therapy (HO) sessions started 30 days after induced 

T1DM and were performed as described by Rocha et al. (2015). The HO sessions were 

daily, in a cylindrical pressure chamber (Ecobar 400, Ecotec Equipamentos e Sistemas 

Ltda®, Mogi das Cruzes, SP,Brazil) at 2.5 ATA, in 90-minute sessions, with a total of 

seven sessions conducted.

The animals were euthanized after 44 days. Both femurs were removed by 

disarticulation and immediately placed in gauze impregnated with physiological saline 

solution and then kept frozen in a freezer (-20ºC) (Limirio et al., 2018).

Micro-CT

The femurs underwent scanning to capture high-quality images, with a focus on 

selecting the bone defect are as the region of interest (ROI). Micro-CT scans were 
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conducted using a Sky-Scan 1272 scanner from Bruker in Kontich, Belgium, with the 

following parameters: 80 kV voltage, 125 μA tube current, 1mm aluminum filter, 180° 

rotation, 0.6 rotation step, and 8 μm resolution pixel size (Figure 1). The conversion of 

linear X-ray attenuation coefficients to volumetric tissue mineral densities was achieved 

through a calibration scan of the hydroxyapatite (HA) phantom. Image reconstruction was 

conducted using NRecon software (v.1.6.9.10, Bruker, Kontich, Belgium) and automatic 

processes were employed to distinguish and separate trabecular and cortical bone (CT 

Analyzer, v. 1.14.4.1+(64-bit), SkyScan, Bruker, Kontich, Belgium) (Figure 2) (Figure 

3).

The parameters used to analyze the bone repair area were: Bone volume fraction 

(BV/TV); Trabecular Number (Tb.N  [1/mm]); Trabecular separation (TB.Sp [mm]); 

Degree of anisiotropy (DA); Bone surface fraction (BS/BV mm-1); Trabecular thickness 

(TB.Th); Fractal dimension (FD); Connectivity density (Conn.Dn).

Figure 1: Pre-scan initial image (SKYSCAN 1272, Bruker, Belgium). Scanning carried out with a 

resolution of 08 µm (80kvp, 125 µA). Post-scanning, the 3D reconstruction area was delimited.
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Figure 2: A - Transaxial section showing cortical bone and lesion area. B - Delimitation of the region of 

interest (ROI) containing the lesion area and spinal space.

Figure 3: 3D MicroCT Reconstruction Model: This image displays a detailed three-dimensional model 

showcasing the bone lesion area.

Histomorphometric analysis

The histological processing (fixation, decalcification, inclusion, microtomy, and 

staining) followed the methodology outlined by Linhares et al. (2022). The quantification 

of the bone matrix employed the histological automated image analysis method as 

detailed in Linhares et al. (2022).
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Figure 4: A - Histological image showing the region of the lesion (ROI). Hematoxylin and Eosin, 4X. B - 

Binary image showing the region of injury (ROI).

Statistical analysis

Statistical analysis was performed using statistical software Sigma Plot 13.1® 

(Systat Software Inc, San Jose, CA, USA). The results obtained were submitted to the 

Kolmogorov-Smirnov normality test and subsequently to the Two-Way ANOVA followed 

by the Tukey test. Results are presented as mean ± standard deviation (SD). Differences 

were considered statistically significant when α < 0.05.

Results

The success rate of diabetes induction in animals was 95% and mortality was less 

than 10%. Before induction, the glycemic levels of the animals were measured at 105 

mg/dL. The mean glucose levels in different time measures for all groups are shown in 

Table 1 and Figure 5.

After induction, the diabetic group (D) and diabetic group + HO (DH) was 

increased feed consumption, water intake, and urinary excretion confirmed weight 

reduction, polyphagia, polydipsia, and polyuria. The mean of body weight, the water and 

food consumption values in different time measures for all groups are shown in Table 2.
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Table 1: Glucose level values at experimental times in the different groups

Normoglycemic (N); Normoglycemic + HO (NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin 

(DI); Diabetics + HO + Insulin (DIH). The mean and SD values of glucose level analysis. 

✱

✱
✱

✱
✱

✱

Figure 5:  Glucose level in the different groups. * p<0,05. Normoglycemic (N); Normoglycemic + HO 

(NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin (DI); Diabetics + HO + Insulin (DIH). The 

mean and SD values of glucose level analysis.

Table 2: Parameters values in the different groups
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Normoglycemic (N); Normoglycemic + HO (NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin 

(DI); Diabetics + HO + Insulin (DIH). The mean and SD values of body weight analysis. 

Micro-CT

Micro-CT analysis showed a higher values of bone volume fraction (BV/TV), 

trabecular thickness (TB.Th), bone surface fraction (BS/BV mm-1), fractal dimension 

(FD)  in the N, NH, DI  and DIH groups than D  and DH groups. 

The Micro-CT analysis results are show in Table 3 and Figure 6. 
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Figure 6:  MicroCT analysis of the parameters in the different groups.* p<0.05. Bone volume 

fraction (BV/TV); Trabecular Number (Tb.N  [1/mm]); Trabecular separation (TB.Sp [mm]); Degree of 

anisiotropy (DA); Bone surface fraction (BS/BV mm-1); Trabecular thickness (TB.Th); Fractal dimension 

(FD); Connectivity density (Conn.Dn). The mean and SD values of histomorphometric analysis in the bone 

regeneration area.

Histological analysis

In the group N (Figure 7A; 7B), the histological analysis showed ROI partially 

filled with primary bone, many osteoblasts, and few osteoclasts. 

The NH group (Figure 7C; 7D) also showed primary bone filling almost all of the 

ROI. The trabeculae were thicker compared to other groups, with many areas of 

osteoclastic activity. There were few red blood cells and many young osteoblasts 

associated with osteoid matrix. Bone regeneration in NH Group was at a more advanced 

stage compared with N Group. 

Histological morphology in D (Figure 7E; 7F) and DH (Figure 7G; 7H), groups 

was similar to that of N Group, but in the diabetic were observed thinner trabecular with 

few osteoclasts. However, the diabetic group with HO (DH) showed increase in the bone 

regeneration process when compared with the diabetic group (D), and apparently similar 

to N group.
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In DI (Figure 7I; 7J) and DIH (Figure 7K; 7L), groups were similar to N and NH 

they are very close to the condition of the normoglycemic presenting a discrete reduction 

trabecular with few osteoclasts.
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Figure 7: Histological images of femur cross-section. Hematoxylin and Eosin.  Normoglycemic 

(N); Normoglycemic + HO (NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin (DI); Diabetics 

+ HO + Insulin (DIH).
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Histomorphometric analysis

The N (30.88 ± 1.40), NH (32.00 ± 1.40), DI (29.52 ± 1.25) and DIH (30.19 ± 

1.43) groups showed a higher bone matrix values than D (27.79 ± 1.23) and DH (28.96 ± 

2.22). 

The Histomorphometric analysis results are show in Figure 8

✱ ✱✱

✱
✱

Figure 8: Histomorphometric results of histological image analysis in the different groups (*p < 0.05).  

Normoglycemic (N); Normoglycemic + HO (NH); Diabetics (D); Diabetics + HO (DH); Diabetics + Insulin 

(DI); Diabetics + HO + Insulin (DIH).

Discussion

Diabetes Mellitus, a chronic metabolic disorder characterized by hyperglycemia, 

has far-reaching implications beyond its primary effects on glucose metabolism. Recent 

research has shed light on the intricate relationship between diabetes and bone health, 

revealing significant negative effects on bone tissue biomechanics (Limirio et al., 2024).    

The present study used an animal model. T1DM induction was done through 

intravenous administration of streptozotocin, based on the toxic effect of this drug on 
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pancreatic β cells, that induces a model of T1DM (Deeds et al., 2011) similar to that found 

in humans (Prabowo et al., 2014). The intravenous administration of streptozotocin is 

currently the most stable and similar model to reproduce the disease, with a low rate of 

reversal and mortality (Dias et al., 2018; Deeds et al., 2011).

The analysis of bone repair was performed using bi-dimensional 

histomorphometry in histological images (Batista et al., 2015; Dias et al., 2018) and three-

dimensional using microcomputed tomography (Limirio et al., 2022). These methods 

together allowed a better evaluation of the bone repair process. In histological images, it 

was possible to evaluate the repair tissue qualitatively and quantitatively the production 

of bone matrix. Furthermore, MicroCT images allowed three-dimensional analysis of the 

bone matrix's constitution and the microarchitecture of this matrix at the repair site. The 

association of these analysis methods favored the analysis of the repair process in 

diabetics submitted to insulin therapy and HO allowing the evaluation of possible 

repercussions of these therapies on bone properties, after the repair was completed.

Trabecular thickness and trabecular separation are important indicators of bone 

structural health A reduced Tb.Th  and TB.Sp may indicate a weaker bone structure, while 

a higher Tb.Th  and TB.Sp suggests a more robust and potentially more future resistant 

bone tissue (Limirio et al., 2024). Therefore, changes in trabecular thickness and 

trabecular separation caused by diabetes disease can impact future bone biomechanics by 

influencing load-bearing capacity and resistance to fractures. Cortical bone, responsible 

for providing structural support, may also be adversely affected, further compromising 

bone biomechanics (Limirio et al., 2024). In the present study, these parameters in the D 

and DH groups showed significant differences when compared with N, NH, DI, and DIH 

groups.  These occur because T1DM causes a chronic inflammatory state, which can 

contribute to the impairment of bone turnover and repair, negatively impacting trabecular 

microarchitecture (Cipriani et al., 2020). Furthermore, T1DM causes decreased bone 

mineral density and bone formation and increased bone resorption (Salhotra et al., 2020). 

This leads to changes in the microarchitectural structure of bones, including a decrease in 

the number and thickness of trabecular (Limirio et al., 2024).

The groups submitted the oxygenation hyperbaric showed a higher formation of 

bone matrix compared with the other groups. Thereby demonstrating that the oxygenation 
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hyperbaric contributes to accelerated wound healing, because HO emerges as an 

intervention with potential positive effects on bone repair in diabetics post-surgery: 

enhanced oxygen supply, stimulation of angiogenesis (Mathieu et al., 2006), reduction of 

inflammation (Benson et al., 2003), antimicrobial properties, collagen synthesis and 

osteogenesis (Gajendrareddy et al., 2017), accelerated wound healing (Eldisoky et al., 

2023; Thom, 2011; Dias 2018).

Furthermore, hyperbaric oxygenation has been shown to improve glycemic 

control by enhancing insulin sensitivity and glucose uptake in tissues. By creating a 

hyperoxic environment, HO helps mitigate the stress-induced hyperglycemic response, 

promoting glycemic normalization in diabetic patients (Prabowo et al., 2014). Groups 

NH, DH, and DIH showed a lower glucose level compared with the N, D, and DI, 

respectively. This suggests a potential for partial restoration of insulin-producing 

function, leading to decreased glucose levels and bringing diabetic individuals closer to 

normoglycemia (Prabowo et al., 2014).

Conclusion

The present study showed that association of insulin therapy and HO improved 

early bone regeneration in diabetic rats and proved to be an important treatment to 

minimize the deleterious effects of diabetes on bone regeneration, bringing them closer 

to normoglycemic rats.
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