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  Background: The incidence of diabetes mellitus (DM) has increased vertiginously 

throughout the world. The worldwide estimates of DM reached 524 million according to 

data published by the International Diabetes Federation in 2017. Type 2 diabetes mellitus 

(T2DM) accounts for about 90% of DM, with the other 10% due to type 1 diabetes 

mellitus and gestational diabetes. T2DM is one systemic disease related to delayed bone 
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healing. The necessity for better treatments promoting bone healing in patients with 

T2DM has resulted in the introduction of growth factors. Current scientific evidence 

indicates that bone morphogenetic protein-2 (BMP-2) is one of the most promising 

growth factors, which can induce both orthotopic and de novo bone formation at target 

sites. This study aimed to explore whether the controlled local release of recombinant 

human bone morphogenetic protein-2 (rhBMP-2) can promote bone repair in a critical-

sized segmental defect in a rat fibula model of T2DM. 

  Methods: An experimental study was conducted on twelve 9-week-old male GK rats 

and twelve age-matched male Wistar control rats. Critical-sized segmental defects (7mm 

in length) were created at the mid-diaphysis of bilateral fibulae of all animals. Collagen 

gel containing 10 µg rhBMP-2 was implanted into the right defect site, while collagen gel 

alone was loaded into the left defect site as a control. The animals were euthanized either 

4 weeks or 8 weeks postoperatively. Based on implantation materials and the time of 

sacrifice, GK rats and Wistar rats were divided into 8 groups: Wistar-Col-4w, Wistar-

BMP-4w, GK-Col-4w, GK-BMP-4w, Wistar-Col-8w, Wistar-BMP-8w, GK-Col-8w, 

GK-BMP-8w. Clinical, micro-computed tomographic and histological analysis were 

evaluated and compared in these groups. 

  Results: In control vehicle groups the bone was not only unable to repair but that it no 

longer could maintain normal bone remodeling and had initiated bone resorption. The 

size of the defect void showed an increasing tendency over time. In rhBMP2-treated 

groups, the regenerated bone spanned the defect and completed the bone healing. In a 

comparison between rhBMP2-treated groups, the non-diabetic group had some 

superiority over the diabetic group during the healing period. The non-diabetic group 

exhibited significantly higher BV and TV than the diabetic group, however the values of 

BV/TV, Tb.Th, Tb.N, Tb.Sp and Conn.D showed only minor differences between the 

diabetic group and the non-diabetic group at each time point. 

  Conclusion: Type 2 diabetes inhibited bone healing in both control vehicle groups and 

rhBMP2-treated groups. Controlled local release of rhBMP-2 significantly stimulated 
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bone formation in non-diabetic animals, and enhanced bone repair in diabetic animals to 

near-normal levels. This study demonstrated that collagen gels loaded with rhBMP-2 

could be a valid way of promoting bone regeneration at endochondral ossification sites in 

type 2 diabetes. 
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I. INTRODUCTION 

 

Type 2 diabetes mellitus (T2DM), the most common type of diabetes mellitus (DM), is 

characterized by hyperglycemia, insulin resistance, and relative lack of insulin.1 Insulin 

resistance is the inability of cells to respond adequately to normal levels of insulin, 

mainly occurring in skeletal muscles, liver, and adipose tissue. T2DM is due to 

insufficient insulin production from β-cells in the setting of insulin resistance.2 Insulin 
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normally suppresses glucose release in the liver. However, under insulin resistance, the 

liver cannot release glucose into the blood appropriately,3 leading to glucose metabolism 

disorders. Also, DM has been closely associated with disorders in skeletal physiology and 

bone healing process4 collectively referred to as “diabetic bone disease” or “diabetic 

osteopathy”5 characterized by osteopenia6,7, decreased bone mineral content8,9, and 

delayed fracture healing10. The development of T2DM is due to a combination of three 

different factors, genetic, environmental, and behavioral factors.11 In the present study, 

we combined two factors, genetic factors and environmental factors (dietary factors) to 

create a type 2 diabetic model.  

Trauma, tumor resection, and various bone diseases frequently lead to bone defects. Since 

they do not generally heal spontaneously, their treatment demands bone grafting or major 

surgical reconstruction.12 However, these treatments are plagued with excessive 

complications and shortcomings. Infection, implant failure, dysfunctional limb, 

unplanned additional surgical procedure, high cost, and prolonged treatment time are only 

a few of the drawbacks correlated with these therapies.13-15 Moreover, individuals with 

DM have a significantly increased incidence of these complications and drawbacks 

compared with non-diabetic individuals.  

The cause of the altered skeletal physiology at a diabetic defect site remains unknown but 

is likely to involve multiple factors such as protein deficiency, neuropathy, and small 

vessel deficiency.16 The necessity for better therapies stimulating bone healing in patients 

with systemic conditions such as DM has resulted in the introduction of growth factors. 

Growth factors can recruit the host progenitor cells and stimulate them to form new bone 

via their differentiation into chondroblasts or osteoblasts. Because of their tremendous 

osteoinductive ability, many growth factors are currently being investigated for various 

tissue engineering applications.17,18 Bone morphogenetic proteins (BMPs) are the most 

intensively studied group of growth factors that are involved in the enhancement of bone 

healing.18 A number of studies have revealed that bone morphogenetic protein-2 (BMP-2) 



 

３ 

 

is one of the most promising growth factors, which can induce both orthotopic and de 

novo bone formation at target sites. BMP-2 is a member of the transforming growth 

factors beta (TGF-β) superfamily, which mediates multiple biological processes including 

regulation of bone formation.19 BMP-2 has the potential to induce bone marrow 

mesenchymal cells to differentiate into osteochondroprogenitor in addition to osteoblasts 

and chondrocytes. Recombinant human BMP-2 (rhBMP-2) is approved for clinical 

application and is commercially available, although has not been investigated to be 

effective in long bone repair by the FDA. One problem associated with the use of the 

bone morphogenetic proteins, beyond the expense and the extremely high amount that 

must be delivered for any effect, is their extremely short retention at the target location in 

vivo.20,21 Hence additional carrier materials must be utilized as well. Preclinical studies 

have shown that recombinant human forms of BMPs, especially BMP-2, BMP-4, and 

BMP-7 can regenerate lost tissue when used with an adequate carrier in critical-sized 

bone defects.22-24 

Numerous carriers have been designed for the delivery of BMP-2. Among various 

delivery vehicles, collagenous formulations have been prepared for application in tissue 

engineering.18 Several previous studies have revealed that collagen gel is one of the 

promising matrices for tissue engineering applications.25  Collagen gels can be easily 

extruded from a syringe, and stay semi-solid at rest. They are able to mix with therapeutic 

proteins and act as a cage to retain them.25 Since collagen is the most abundant protein in 

connective tissue and the main non-mineral component of bone, collagen gels and their 

breakdown products exhibit good biocompatibility.26-29 Also, collagen gels seem to not 

affect the normal physiological function at the targeted site.25 Moreover, they can 

specifically influence cellular infiltration and wound healing. In light of these advantages, 

an injectable collagen-based product, CollaShield® (Dalimtissen Co. Ltd., Seoul, Korea), 

was utilized in this experiment. This product is composed of highly purified medical-

grade collagen that underwent esterification which allowing collagen molecules to have a 

net positive charge, and the degree of esterification of collagen affects the ability of cells 
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to attach and proliferate.30 Since esterified collagen is soluble in neutral pH, this collagen 

gel has a high viscosity that helps the product to stay in site, which facilitates healing and 

protects the wound. In the present study, collagen gels loaded with rhBMP-2 were used to 

induce bone regeneration in a critical-sized segmental defect in the rat fibula. 

A critical size defect is defined as an orthotopic defect in bone that will not heal over the 

natural lifetime of an animal without intervention. Besides, therapeutics that lead to 

complete bone regeneration at these defect sites are considered to bridge nonunion 

defects or are capable of generating bone at a site and time when bone would otherwise 

not be present. 

In this study, we chose to make a bone defect model on the rat fibula over other potential 

bones because unlike in humans, this bone is uniquely fused to the adjacent tibia in 

rodents. Therefore, there is no need to introduce additional fixation after creating a 

critical size defect in a rat fibula.  

Several experimental models have been used to replicate human T2DM. Previous 

research demonstrates that Goto-Kakizaki (GK) rats can exhibit all the typical hallmarks 

that are functionally present in human type 2 diabetic patients, such as insulin resistance, 

defective insulin production, fasting hyperglycemia and fasting hyperinsulinemia.31,32 GK 

rat, a non-obese and genetic T2DM experimental animal, has been reported as a reliable 

model and widely used for studying the development of T2DM and its complications.32-39 

They were obtained by the repetition of selective breeding of glucose-intolerant Wistar 

rats.33 Therefore, this study was conducted in GK rats and Wistar control rats. 

To our knowledge, no published study exists to explore the effect of locally applied 

rhBMP-2 using collagen gel as a carrier to achieve bone regeneration in the presence of 

T2DM upon a segmental defect model. We hypothesized that diabetes would lead to 

impaired bone repair in fibular segmental defects compared with the non-diabetic state. 

Moreover, we hypothesized that rhBMP-2 would stimulate new bone regeneration in 
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non-diabetic rats and normalize the impaired new bone regeneration in diabetic rats to the 

levels of non-diabetic rats. The current study aimed to evaluate whether the collagen gels 

loaded with rhBMP-2 could restore bone regeneration to normal levels in type 2 diabetic 

animals. 
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II. MATERIALS AND METHODS 

 

2.1. Establishment of Animal model  

 

2.1.1. Animals 

Twelve 9-week-old male GK rats (diabetic group) and twelve age-matched normal Wistar 

rats (non-diabetic group), purchased from Japan SLC, Inc., were used in this study. GK 

rats received a special diet, the Surwit’s Rodent Diet with 58kcal% fat (D12331, 

Research Diets Inc., New Brunswick, NJ, USA), while Wistar rats were fed with a 

control diet, the Surwit’s Rodent Diet with 11kcal% fat (D12329, Research Diets Inc., 

New Brunswick, NJ, USA) (Table 1). Bodyweight was measured weekly and food intake 

was evaluated twice a week. Animals were housed at three rats per cage, provided with 

filtered air at a temperature of 22°± 2°C and 50% ± 10% relative humidity. The 

animals were maintained on a 12-hour light/12-hour dark cycle under specific pathogen-

free conditions and allowed free access to water and food. This study was approved by 

the Institutional Animal Use and Care Committee from the Department of Laboratory 

Animal Resources, Yonsei Biomedical Research Institute, Yonsei University College of 

Medicine, Korea (Approval IACUC No.2019-0092). 
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Table 1. Composition of rodent diets 
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2.1.2. Study design 

All animals were acclimatized for one week prior to the study. Food-intake was measured 

twice a week, body weight and random blood glucose (RBG) were evaluated weekly 

throughout the study. To confirm the establishment of the type 2 diabetic rat models, a 

glucose tolerance test (GTT) was performed at 13 weeks of age before the surgical 

intervention. After 12 hours of fasting, all animals were injected (i.p.) with a 50% glucose 

solution, using a dose of 2 g/Kg (b.w.). Blood samples were obtained from a tail tip 

punctured by a blood lancet (Sinocare Inc., PRC) before (0 min) and at the following time 

points after glucose injection: 15, 30, 60, 90, and 120 min. Blood glucose concentration 

was determined using a blood glucose meter (GA-3, Sinocare Inc., PRC). 

The critical size defect (Figure 2) was introduced into the rat fibula at 14 weeks of age. A 

mold was premade using Aquasil soft putty (Dentsply Sirona, Australia), and the size of 

the mold cavity was 1.5 × 1.5 × 7 mm. Collagen gels (Colla Shield, dalim, Korea), as 

well as rhBMP-2 (0.5 mg/ml, 0.02 ml), were injected into the mold cavity respectively. 

Then the mold was placed on a vibrator to shake the mixture well. Through the above 

method, a collagen gel bar containing 10 µg rhBMP-2 (Col-gel-BMP) was obtained. 

Collagen gel bar without rhBMP-2 (Col-gel) was made in a similar way. Either Col-gel or 

Col-gel-BMP was implanted into the critical-sized defect. The animals were euthanized 

using CO2 either 4 weeks or 8 weeks postoperatively. 

Twenty-four animals, forty-eight fibulae were included in this study. On the basis of 

implantation materials and the time of sacrifice, GK rats and Wistar rats were divided 

into 8 groups: Wistar-Col-4w, Wistar-BMP-4w, GK-Col-4w, GK-BMP-4w, Wistar-Col-

8w, Wistar-BMP-8w, GK-Col-8w, GK-BMP-8w. Experimental groups and the number of 

fibulae were presented in Table 2. 
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Figure 1. Study design 

 

 

 

Table 2. Experimental groups 

 

Groups 

Weeks after operation 

4 weeks 8 weeks 

Wistar rats / collagen gel 6 6 

Wistar rats / collagen gel-rhBMP2 6 6 

GK rats / collagen gel 6 6 

GK rats / collagen gel-rhBMP2 6 6 
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    Figure 2. Critical-sized segmental defect (7 mm) 

 

 

Figure 3. Method of blood glucose measurement 
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2.1.3 Surgical Procedure 

All animals were scheduled to fast for 12 hours prior to the surgery. Twelve male GK rats 

at 14 weeks of age and twelve male age-matched Wistar rats underwent general 

anesthesia through the use of an animal vaporizer that dispensed isoflurane (Forane, JW, 

Korea) at 4% initial induction and 2% throughout the surgery. Bilateral hind limbs were 

shaved at the level of the shank and disinfected by Povidone-Iodine. A 2-cm lateral 

incision in the skin was performed on the lower limb, along with a blunt dissection into 

the gastrocnemius muscle. A 7-mm defect at the mid-shaft of the diaphysis was made 

using a sharp surgical scissor on both fibulae. Col-gel was implanted into the defect site 

on the left fibula, while Col-gel-BMP was loaded into the defect site on the right fibula. 

The muscle wound was closed with 5-0 VicrylTM (Johnson & Johnson, Korea) 

maintaining the muscle pouch and the skin incision was closed with 4-0 VicrylTM 

(Johnson & Johnson, Korea). (Figure 4) Subcutaneous injection of meloxicam (1 mg/Kg, 

Metacam, Boehringer Ingelheim, Germany) was delivered for post-operative pain control. 

After recovery from anesthesia, animals were allowed unrestricted movement within the 

cage. 
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Figure 4. Fibula osteotomy images. (A) The fibular diaphysis was exposed through a 2 

cm-long incision. (B) A 7-mm critical-sized segmental defect was created on the 

diaphysis of the fibula. (C) Either Col-gel or Col-gel-BMP was implanted into the defect 

site. (D) The wound was sutured layer by layer. (E) Removed segmental fibula. (F) Col-

gel or Col-gel-BMP to be implanted. 
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2.2. Assessment Methods 

 

2.2.1. Macroscopic analysis 

Animals were euthanized either 4 weeks or 8 weeks postoperatively. Bilateral fibulae 

along with tibiae were dissected free from muscles and soft tissues. The degree of bone 

healing at the defect site was observed and evaluated immediately.  

 

 

 

2.2.2. Micro-computed tomographic analysis 

All fibulae along with tibiae were harvested and fixed with 10% formalin solution. 

Radiographic analyses were performed by micro-computed tomography (µCT) using 

SkyScan 1173 scanner (Bruker-CT, Kontich, Belgium) and images were obtained at 

24.86-µm pixel size at a rotation step 0.3°with an energy level of 90kV and 88 µA. 

Three-dimensional reconstructions and two-dimensional reconstructions of hind limbs 

were acquired using NRecon software (Skyscan, Version 1.7.0.4).  

Quantitative radiographic analyses were performed in two volumes: the volume of 

interest 1 (VOI 1) included the entire fibula (from the fibular head to the end which is 

fused to the adjacent tibia)(Fig. 5); the volume of interest 2 (VOI 2) included only the 7-

mm long initial defect site (Fig. 6).  

In control vehicle groups, the bone was not only unable to repair but that underwent bone 

resorption. Therefore, we first evaluated the total fibula region (VOI 1) to estimate the 

healing process in all animals. Then we evaluated bone formation in the initial defect site 
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(VOI 2) in rhBMP2-treated groups to compare the capacity of bone regeneration between 

diabetic rats and non-diabetic rats.  

In VOI 1, bone volume (BV, mm3) and bone volume fraction (BV/ TV, %) of each group 

were evaluated. Bone parameters including bone volume (BV, mm3), tissue volume (TV, 

mm3), bone volume fraction (BV/ TV, %), trabecular numbers (Tb.N, 1/mm), trabecular 

thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), and connectivity density 

(Conn.D, 1/ mm3) of rhBMP2-treated groups were assessed in VOI 2. All the bone 

parameters were evaluated by a house-field unit with Dataviewer software (Skyscan, 

Version 1.5.2). 
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Figure 5. The volume of interest 1. 

 

 

Figure 6. The volume of interest 2. 
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2.2.3. Histological analysis 

All specimens were fixed with 10% formalin, decalcified in 10% EDTA (pH7.4) for 3 

weeks at room temperature, and paraffin-embedded. Sagittal sections (5 µm thickness) 

closest to the defect center were harvested, representing the defect area of each as well as 

native bone ends on either side of the defect. Hematoxylin and eosin (H&E) staining and 

Masson’s trichrome staining were obtained to observe and analyze the new bone 

formation. All sections were analyzed by light microscopy. 
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2.3. Statistical Analysis 

Results were presented as mean ± standard error of the mean (S.E.M) of ‘n’ 

observations, where ‘n’ refers to the number of animals or fibulae used in each group. 

Statistical analyses were conducted with statistical and graphing software, GraphPad 

Prism version 6 (GraphPad Software Inc., San Diego, CA). Data between the two groups 

was evaluated with a two-tailed Student’s t-test. All groups pair-wise were assessed by 

two-way ANOVA followed by Tukey’s multiple comparison post-test. A P-value of less 

than 0.05 was considered statistically significant. 
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III. RESULTS 
 

3.1. General Characteristics 

 

3.1.1. Bodyweight 
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Figure 7. Bodyweight evaluation. Results are presented as mean ± S.E.M. 

 

When compared with Wistar control rats, GK rats were resistant to weight gain 

throughout the study. 
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3.1.2. Food and energy intake 
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Figure 8. Daily food intake and energy consumption. (A) Daily food intake (grams); (B) 

Daily energy consumption (Kcal); (C) Daily food intake normalized by the animal’s body 

weight; (D) Daily energy consumption normalized by the animal’s body weight. Results 

are presented as mean ± S.E.M. Significant differences between groups are indicated 

by *p<0.05, **p<0.01, and ****p<0.0001. 
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GK rats consumed less food and energy every day than Wistar rats, and GK rats took less 

food per day per gram than Wistar rats when food intake was normalized by the body 

weight. However, GK rats consumed more energy per day per gram than Wistar rats, 

when energy intake was normalized by the body weight. On the other hand, GK rats were 

resistant to weight gain, even when they consumed more energy per day per gram 

compared with Wistar rats. The results again attested that GK rat is a reliable non-obese 

experimental model. 
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3.1.3. Random blood glucose 
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Figure 9. Random blood glucose was measured weekly. Results are presented as mean 

± S.E.M.  

 

The random blood glucose of Wistar rats was normal and stable throughout the study. 

Instead, GK rats presented hyperglycemia when compared with Wistar rats. Besides, the 

blood glucose of GK rats showed an increasing tendency over time, which seemed to be 

associated with the high-fat diet.  
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3.1.4. Glucose tolerance test (GTT) 
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Figure 10. Glucose measured during GTT (glucose 2g/Kg (b.w)(i.p) after time 0 

collected). Results are presented as mean ± S.E.M.  

 

After 12 hours of fasting, all animals were injected (i.p.) with a 50% glucose solution, 

using a dose of 2 g/Kg (b.w.). Blood samples were obtained from a tail tip punctured by a 

blood lancet (Sinocare Inc., PRC) before (0 min) and at the following time points after 

glucose injection: 15, 30, 60, 90, and 120 min. GK rats reached a glucose peak after 30 

minutes and maintained high glucose concentration until the end of this test. Control rats 

reached a glucose peak at 15 minutes and glucose concentration decreased gradually until 

2 hours. 
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3.2. Macroscopic Analysis 

 

 

Figure 11. Grossing findings in fibulae. (A) Wistar-Col-4w; (B) Wistar-BMP-4w; (C) 

GK-Col-4w; (D) GK-BMP-4w; (E) Wistar-Col-8w; (F) Wistar-BMP-8w; (G) GK-Col-

8w; (H) GK-BMP-8w.  

 

Nonunion was observed in Wistar-Col-4w, GK-Col-4w, Wistar-Col-8w, and GK-Col-8w 

groups. Complete bone healing was observed in Wistar-BMP-4w, GK-BMP-4w, Wistar-

BMP-8w, and GK-BMP-8w groups. 
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Table 3. Clinical evaluation of defect sites. Each group contains 6 fibulae. 

 Complete bone healing Incidence (%) 

Wistar-Col-4w 0 0 

Wistar-BMP-4w 6 100% 

GK-Col-4w 0 0 

GK-BMP-4w 6 100% 

Wistar-Col-8w 0 0 

Wistar-BMP-8w 6 100% 

GK-Col-8w 0 0 

GK-BMP-8w 6 100% 
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3.3. Micro-Computed Tomographic Analysis  

Three-dimensional reconstructions and two-dimensional reconstructions of the hind limbs 

were created to identify the defect voids and newly formed bone. There was no new bone 

formation in control vehicle groups. In addition, bone resorption was observed. To 

evaluate the degree of bone resorption, the sizes of defect voids were calculated. 

Quantitative radiographic analyses were performed in two volumes, VOI 1 and VOI 2. 

We first evaluated the total fibula region (VOI 1) to estimate the healing process in all 

animals. Then we evaluated bone formation in the initial defect site (VOI 2) in rhBMP2-

treated groups to compare the capacity of bone regeneration between diabetic rats and 

non-diabetic rats.  
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3.3.1. Micro-computational analysis 

 

 

 

Figure 12. Representative three-dimensional reconstructions obtained from the micro-

computational analysis of bone healing over time. (A) Wistar-Col-4w; (B) Wistar-BMP-

4w; (C) GK-Col-4w; (D) GK-BMP-4w; (E) Wistar-Col-8w; (F) Wistar-BMP-8w; (G) 

GK-Col-8w; (H) GK-BMP-8w. 

 

In control vehicle groups the bone was not only unable to repair but that it no longer 

could maintain normal bone remodeling and had initiated bone resorption (Fig. A, C, E, 

G).  

In rhBMP2-treated groups, complete bone healing occurred by 4 weeks in 100% of the 

animals. Furthermore, the fibula was stable in the following 4 weeks beyond this point. 

The newly formed bone spanned the defect (Fig. B, D, F, H) and there appeared to be 

more additional bone on the exterior of the fibula in non-diabetic groups (Fig. B, F). 
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Figure 13. Representative two-dimensional reconstructions obtained from the micro-

computational analysis of bone healing over time in rhBMP2-treated groups. (A) Wistar-

BMP-4w; (B) GK-BMP-4w; (C) Wistar-BMP-8w; (D) GK-BMP-8w. 

 

In cross-sections, proximal and distal bone ends are shown, which were covered and 

fused by the regenerated bone. The regenerated bone appeared to be made de novo, and it 

fused to the native bone to finish healing. Defects were bridged completely by 4 weeks. 
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Figure 14. Sizes of defect voids in control vehicle groups. Results are presented as mean 

± S.E.M. Significant differences between groups are indicated by **p<0.01. 

 

After a 7-mm long segmental defect was removed from the rat fibula, bone resorption 

was observed in control vehicle groups, and the size of the defect void was getting larger 

over time. The average length of defect voids ranging from 8.0 mm to 8.7 mm in the non-

diabetic group, and ranging from 8.6 mm to 10.7 mm in the diabetic group.  

The GK-Col group resulted in a larger defect void than the Wistar-Col group. The defect 

void size of the GK-Col group was 6.4% larger at 4 weeks and 18.8% larger (p<0.01) at 8 

weeks compared with the non-diabetic group. The size of the defect void showed an 

increasing tendency over time in control vehicle groups. It should be noted that in the 

GK-Col group, the native fibula underwent significant bone resorption as time passed. 
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3.3.2. The volume of interest 1 (VOI 1) 
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Figure 15. BV (A) and BV/TV (B) were measured and compared in all 8 groups. The BV 

included the bone volume of native bone and newly formed bone. The TV was defined as 

the initial tissue volume of the intact fibula. Results are presented as mean ± S.E.M. 

Significant differences between groups are indicated by *p<0.05, ***p<0.001, and 

****p<0.0001. 

 

BV and BV/TV were dramatically increased in Wistar-BMP and GK-BMP groups over 

the control vehicle groups at each time point, again attesting the superior bone 

regeneration of rhBMP2-treated groups. Non-diabetic groups resulted in significantly 

higher BV and BV/TV than diabetic groups either at 4 weeks or 8 weeks when treated 

with rhBMP-2. The bone volume of the diabetic group was 49.43% lower (p<0.001) at 4 

weeks and 56.84% lower (p<0.0001) at 8 weeks compared with the non-diabetic group. 

BV and BV/TV showed a significant increasing tendency over time in the Wistar-BMP 

group. 
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3.3.3. The volume of interest 2 (VOI 2) 
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Figure 16. Bone parameters in rhBMP2-treated groups in IOV 2. The BV and the TV 

were determined according to the maximum bone volume or tissue volume of the 7-mm 

defect site, respectively. (A) BV, (B) TV, (C) BV/TV, (D) Tb.Th, (E) Tb.N, (F) Tb.Sp 

and (G) Conn.D of newly formed bone were showed. Results are presented as mean ± 

S.E.M. Significant differences between groups are indicated by *p<0.05 and ***p<0.001. 

 

The BV of the diabetic group was 61.2% lower (P<0.05) at 4 weeks, and 67.9% lower 

(P<0.001) at 8 weeks compared with the non-diabetic group. The TV of the diabetic 

group was 50.5% lower at 4 weeks, and 55.3% lower (P<0.05) at 8 weeks compared with 

the non-diabetic group. The diabetic group resulted in significantly lower bone volume 

and tissue volume, attesting that T2DM impaired bone regeneration in the defect site. 

However, the BV/TV values showed only minor differences between the diabetic group 

and the non-diabetic group. Of note, BV and TV showed an increasing tendency, while 

BV/TV showed a decreasing tendency as time passed, exhibiting signs of bone 

remodeling between 4 and 8 weeks. 

The Tb.Th value in rhBMP2-treated groups showed a decreasing tendency, indicating the 

trabecular thickness was getting lower, potentially due to increased vascular perfusion in 

trabeculae. The Tb.N and Tb.Sp showed an increasing and decreasing tendency 

respectively over time, indicating a denser structure at 8 weeks. 

The number of connected structures in a network can be determined by calculating the 

Euler characteristic. Trabecular bone is one such network, and its connectivity density 

(Conn.D) was calculated and compared in rhBMP2-treated groups. The Conn.D of the 

non-diabetic group was increased over time, whereas in the diabetic group, the Conn.D 

was 82.3% (P<0.05) lower at 8 weeks than that at 4 weeks. 

In a comparison between rhBMP2-treated groups, the non-diabetic group had some 

superiority over the diabetic group during the healing period. The non-diabetic group 
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exhibited significantly higher BV and TV than the diabetic group, however the values of 

BV/TV, Tb.Th, Tb.N, Tb.Sp and Conn.D showed only minor differences between the 

diabetic group and the non-diabetic group at each time point. Taken these parameters into 

account, controlled local release of rhBMP-2 can enhance bone regeneration in the non-

diabetic group, and stimulate bone formation in the diabetic group to near-normal levels. 
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3.4. Histological Analysis 

 

A                           B 

  

 

C                           D 

  
Figure 17. Representative photomicrographs of fibular ends in control vehicle groups at 

4 and 8 weeks after the operation. Sections were stained with H&E. Original 

magnification X 100. (A) Wistar-Col-4w; (B) GK-Col-4w; (C) Wistar-Col-8w; (D) GK-

Col-8w groups. 
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Histology images stained with H&E validated the µCT results. The fibular ends in control 

vehicle groups were surrounded by connective tissues and the bone ends were pointed, 

suggesting that the bone was undergoing significant resorption. The bone resorption in 

fibula was perhaps due to the lack of force. The fibular ends in diabetic groups appeared 

more pointed than non-diabetic groups, which implied T2DM’s effects on bone favored 

bone resorption. Besides, bone resorption became severer over time.  

Masson’s trichrome stained specimens showed similar results. (Fig. 18) 
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A                           B 

  

C                           D 

  

Figure 18. Representative photomicrographs of fibular ends in control vehicle groups at 

4 and 8 weeks after the operation. Sections were stained with Masson’s trichrome. 

Original magnification X 100. (A) Wistar-Col-4w; (B) GK-Col-4w; (C) Wistar-Col-8w; 

(D) GK-Col-8w groups. 
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A   B  
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G   H  

Figure 19. Representative photomicrographs of defect regions in particular the junction 
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with the native fibula after implantation of the rhBMP2-loaded collagen gel. Sections 

were stained with H&E. (A, C, E, G) Original magnification X 40. (B, D, F, H) Original 

magnification X 100. (A, B) Wistar-BMP-4w; (C, D) GK-BMP-4w; (E, F) Wistar-BMP-

8w; (G, H) GK-BMP-8w. NB: native bone; RB: regenerated bone; BM: bone marrow; the 

dashed line indicates the fusion part of the regenerated bone and native bone. 

 

The natural diaphysis is composed of cortical bone, which surrounds a central marrow 

cavity containing hematopoietic cells, adipose tissue, and supportive stromal cells. 

Regenerated cortical structures and fat-rich marrow cavity could be seen at 4 weeks and 

beyond, which were fused with the adjacent native fibula. By 8 weeks, the bone appeared 

to be considerably more mature, with thicker cortical areas that were contiguous with the 

native cortical bone, suggesting that maturation was occurring between 4 and 8 weeks. 

No evidence of collagen gels was observed in all histological images, indicating that 

collagen gels were absorbed completely within 4 weeks. 
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Figure 20. Representative photomicrographs of defect regions in particular the junction 
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with the native fibula after implantation of the rhBMP2-loaded collagen gel. Sections 

were stained with Masson’s trichrome. (A, C, E, G) Original magnification X 40. (B, D, 

F, H) Original magnification X 100. (A, B) Wistar-BMP-4w; (C, D) GK-BMP-4w; (E, F) 

Wistar-BMP-8w; (G, H) GK-BMP-8w. NB: native bone; RB: regenerated bone; BM: 

bone marrow; the dashed line indicates the fusion part of the regenerated bone and native 

bone. 
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A                           B 

  

C                           D 

  

Figure 21. Representative photomicrographs of osteoblasts in defect regions after 

implantation of the rhBMP2-loaded collagen gel. Tissues were H&E stained. Original 

magnification X 200. (A) Wistar-BMP-4w; (B) GK-BMP-4w; (C) Wistar-BMP-8w; (D) 

GK-BMP-8w. RB: regenerated bone; BM: bone marrow; arrows indicate osteoblasts. 

 

Osteoblasts (purple, indicated with arrows) rimming a bony spicule (pink) were observed 

in histological images of rhBMP2-treated groups at 4 weeks and 8 weeks. 
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A                          B  

  

C                           D 

  

Figure 22. Representative photomicrographs of cartilage remnants (purple areas) in 

defect regions at 4 weeks in rhBMP2-treated groups. Tissues were H&E stained. (A) 

Wistar-BMP-4w, original magnification X 100; (B) Wistar-BMP-4w, original 

magnification X 200; (C) GK-BMP-4w, original magnification X 100; (D) GK-BMP-4w; 

original magnification X 200. 
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Endochondral ossification, which commences from cartilage formation and is followed 

by chondrocyte hypertrophy and ossification, is a primary pathway for fibula growth. The 

evidence of endochondral ossification was examined by histological staining. At 4 weeks, 

there were a very few remnants of cartilage in some specimens of the Wistar-BMP group 

and GK-BMP group, meanwhile, the newly formed bone was remodeled to the cortical or 

cancellous bone and fused to the stump of the native bone. Whereas only bone tissue was 

shown at the defect site and no evidence of cartilage was observed at 8 weeks (not 

shown), indicating active bone formation at 4 weeks via endochondral ossification, which 

ceased at 8 weeks. 
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IV. DISCUSSION 

 

This study was conducted in GK rats and Wistar control rats. The GK rat, a polygenic 

model of type 2 diabetes, was established by Goto and his collaborators through 

repetition of selective inbreeding of glucose-intolerant Wistar rats in Japan in 1973.33 The 

GK rat is a reliable T2DM model which is characterized by non-obesity, moderate but 

stable fasting hyperglycemia, hyperinsulinemia, impaired glucose tolerance which 

appears at 2week of age in all animals and early onset of diabetic complications.32,33,40 In 

the uterus, the GK fetus shows reduced pancreatic β cell mass; in contrast, GK rats 

exhibit normal blood glucose right after they are born. GK rats present basal 

hyperglycemia, impaired insulin secretion by pancreatic β cells, and increased hepatic 

glucose production at 4 weeks of age. Only after 8 weeks of life, GK rats develop 

peripheral insulin resistance. 3 2  Thus, 9-week-old GK rats were introduced in this 

experiment.  

T2DM is a syndrome involved in interactions of different factors. A high-fat diet (HFD) 

is generally used as an experimental strategy to develop T2DM in rodents, stimulating an 

environmental influence on the metabolism of these animals.32 In this study, the special 

diet, Surwit’s Rodent Diet with 58kcal% fat was introduced as an extrinsic factor, to 

develop a severe or poorly controlled diabetic condition in GK rats. Chronic exposition to 

HFD induces liver damage, impaired glucose homeostasis, compensatory 

hyperinsulinemia to maintain normal glycemia (in the initial stage), late pancreatic β cell 

failure to produce insulin due to cell exhaustion and consequent hyperglycemia, which 

are the typical hallmarks of T2DM.32 In this study, the blood glucose of GK rats showed 

an increasing tendency over time. This result implied that HFD was able to aggravate the 

condition of T2DM. 

The rat fibula was selected for the present study over other potential bones due to its non-
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weight bearing nature. Unlike in humans, the fibula in rodents is somewhat unique 

because it is fused to the adjacent tibia. Consequently, the tibia functions as external 

support and no additional fixation is required after a segmental defect introduced, 

allowing this to be a ready and reliable model. Moreover, a rat fibula does not heal when 

a critical size defect is introduced, but rather undergoes further resorption, most likely 

due to the lack of forces on this bone.41 Hence, this model becomes one of the most 

challenging bone repair models. Furthermore, the presence of T2DM makes it more 

challenging for bone healing. 

By analyzing cross-sectional cuts through the fibula, we found that the majority of the 

new bone was made de novo, and it fused to the native bone to complete healing. 

Histological analysis confirmed the pattern of bone regeneration and showed the fusion 

of the newly formed bone with the native bone.  

Bone is formed by one of two processes: endochondral ossification or intramembranous 

ossification. Intramembranous ossification is the direct ossification of mesenchyme as 

happens during forming the template of the cranium, the mandible, and other flat bones.42 

Unlike intramembranous ossification, endochondral ossification is the process during the 

formation of long bones and the growth of the length of long bones by forming bone from 

cartilage. It follows the formation of the first skeleton of cartilage made by chondrocytes, 

which is then removed and replaced by bone, made by osteoblasts. Therefore, cartilage is 

present during endochondral ossification. Endochondral ossification and 

intramembranous ossification are also essential processes during the natural healing of 

bone fracture and defect. By analyzing histological images, chondrocytes and cartilage 

were observed in rhBMP2-treated groups at 4 weeks, which proved endochondral 

ossification was the process during bone formation in this study. 

RhBMP-2 played a key role in stimulating regeneration within a skeletal segment in this 

study. The possible mechanism of osteogenesis at the defect site was that induced by 

rhBMP-2, the accumulation of mesenchymal cells formed a de novo endochondral 
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ossification center, in which chondrocytes aggregated and differentiated into hypertrophic 

chondrocytes. BMP signaling is known to promote chondrocyte proliferation and 

hypertrophy.43 The hypertrophic chondrocytes established a scaffold for the invasion of 

blood vessels that not only initiate the formation of the bone marrow but also introduce 

osteoblast progenitors from the perichondrium for endochondral bone formation.44 It is 

progressively replaced by bone and the expanding marrow cavity from the middle, 

following resorption of the hypertrophic cartilage. 4 5  Although the histological 

examination was performed at the limited time points in the present study, these 

sequential events likely occurred in the present bone defect. 

The rhBMP2-induced regenerative response is associated with an initial accumulation of 

mesenchymal cells.46 Mesenchymal cells are natural tissue builders, they will form 

cellular structures known as ‘condensations’. These cellular modules or units are the 

seminal event in embryonic development of the skeleton and its repair or regeneration 

after trauma or clinical resection in postnatal life.47-49  

Osteochondroprogenitor cells, which are important for bone formation and maintenance, 

are progenitor cells that arise from mesenchymal cells.50 Osteochondroprogenitor cell 

condensations have the ability to differentiate into osteogenic or chondrogenic 

condensations, depending on the signaling molecules they are exposed to, giving rise to 

either bone or cartilage respectively. What drives the mesenchymal cells toward an 

osteogenic condensation versus a chondrogenic condensation is key for understanding 

developmental defects as well as for optimizing the genesis of tissue during postnatal 

healing and engineering of tissues.50 However, these remain largely unknown. Via 

different signaling molecules and combinations, the osteochondroprogenitor will 

differentiate into either osteoblasts or chondrocytes. Chondrogenic condensation is 

presaged by Notch expression and initiated by Msx-1, 2.49 Sox9 is one of the first 

transcription factors regulating the differentiation of osteochondroprogenitor cells and is 

often regarded as the master regulator of chondrocyte growth and differentiation.51 TGF-
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β determines and regulates cell lineages during endochondral ossification through Sox9 

and Runx2 signaling pathways. TGF-β will act as a stimulator of chondrogenesis, and 

an inhibitor of osteoblastic differentiation, by blocking the Runx2 factor through Smad3 

activation. Sox9 stimulates differentiation into chondrocytes. Sox9 blocked 

osteochondroprogenitor cells were found to express osteoblast marker genes, 

reprogramming the cells into the osteoblastic lineage.52,53 

Diabetes is a syndrome characterized by glucose metabolism disorders. In spite of much 

knowledge about molecular regulators, little is understood about the role of glucose 

metabolic regulation during endochondral bone development.4 5  Glucose transporter 

(Glut) is a facilitative transport protein involved in glucose translocation across the cell 

membrane. A study has revealed that Glut1 is directly required in chondrocytes for their 

proper proliferation and hypertrophy. BMP signaling appears to function upstream of 

Glut1 in cartilage development. BMP signaling induces Glut1 expression and promotes 

glucose metabolism in primary chondrocytes. BMP signaling up-regulates Glut1 through 

activation of mTORC1 and Hif1a in chondrocytes. It highlights the coordination between 

growth factor signaling and glucose metabolism during cartilage development.45 

This study is the first to introduce a collagen gel-rhBMP2 system into a rat critical-sized 

segmental defect model and has it lead to rapid healing of bone. The presence of diabetes 

makes this animal model more challenging for bone regeneration. De novo orthotopic 

bone formation can successfully be induced and directed to repair a critical size defect 

even in bone conditions that favor bone resorption. The de novo orthotopic bone 

formation, once touching the native bone, can prevent rapid bone resorption and, enhance 

bone formation, remodeling and fusion. The overall bone healing and repair occurred 

rapidly by 4 weeks. 

Collagen gels alone without rhBMP-2 led to nonunion and sizes of defect voids were 

getting larger over time, especially in the diabetic group. µCT data confirmed that 

collagen gels alone were unable to heal defects and agreed with further bone resorption 
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by introducing critical-sized segmental defects into fibula. The bone ends at the 

osteotomy sites were pointed and surrounded by connective tissues in histological images. 

Strikingly, rhBMP-2 led to the bone reunion, de novo bone formation via endochondral 

ossification at the orthotopic site, and bone remodeling at 4 weeks and beyond. When 

diabetic groups were treated with rhBMP-2, bone defects were completely bridged at 4 

weeks but the bone formation was slightly impaired compared with non-diabetic groups. 

The diabetic group resulted in significantly lower bone volume and tissue volume. 

However the values of BV/TV, Tb.Th, Tb.N, Tb.Sp and Conn.D showed only minor 

differences between the diabetic group and the non-diabetic group at each time point. 

Taken these parameters into account, controlled local release of rhBMP-2 can enhance de 

novo bone formation in the non-diabetic group, and stimulate de novo bone formation in 

the diabetic group to near-normal levels. Meanwhile, the use of rhBMP-2 therapy may 

vary depending on the location of the defect and the nature of the bone. Therefore, 

additional parameters should be considered when implementing such therapies.41 

The bone architecture was analyzed through cross-sectional images. Fusion at the defect 

site is a critical parameter in this model because the majority of the new bone was made 

de novo, and it must fuse to the native bone to complete healing. By 4-8 weeks a cortical 

bone structure began to appear in the newly formed bone (Fig. 13), suggesting that the 

bone was likely fused. Histological analysis of the bone healing within the defect 

validated the µCT results. By 4 weeks, regenerated cortical structures and fat-rich 

marrow cavity could be seen, which are fused with the adjacent native fibula (Fig. 19), 

suggesting that the bone was integrated and almost completely healed. By 8 weeks, the 

bone appeared to be considerably more mature and the cartilage was no longer present in 

the tissues. The new bone was made de novo, and contiguous with the native bone, 

producing a structure similar to the original fibula.  

In Wistar-BMP groups, many of the cases showed excessively formed bone, implying 

that high-dose rhBMP-2 could provoke excessive bone formation outside the initial 
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defect area. A standard dose of rhBMP-2 protein used to induce bone formation in a rat 

critical size defect was approximately 12 µg.54 Under the condition of using collagen gel 

as the vehicle, 10 µg rhBMP-2 seemed overdosage for the non-diabetic group. However, 

the diabetic group revealed lower bone volume and tissue volume at the defect site, and 

the shape of the newly formed bone was more regular compared with the non-diabetic 

group. This finding implies that 10 µg rhBMP-2 may be an optimal dose for diabetic 

animals in the present study, again attesting that T2DM impairs new bone formation. 

Collectively, on the given time of this study, rhBMP-2 loaded collagen gel not only 

healed the critical-sized segmental defect but also revitalized the defect into living bone 

tissue in a manner mimicking the natural healing process, thus representing a remarkable 

advance in bone regeneration. 
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V. CONCLUSION 
 

In conclusion, collagen gels in combination with rhBMP-2 led to de novo bone formation 

via endochondral ossification at the orthotopic site in diaphyseal long bone defects. 

Type 2 diabetes inhibited bone healing in both untreated and rhBMP2-treated bone 

defects. Controlled local release of rhBMP-2 significantly stimulated bone formation in 

non-diabetic animals and enhanced bone regeneration in diabetic animals to near-normal 

levels. This study demonstrated that collagen gels loaded with rhBMP-2 could be a valid 

way of promoting bone regeneration at endochondral ossification sites in type 2 diabetes. 
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ABSTRACT (IN KOREAN) 

	 

당뇨랫드	 비골의	 분절성	 골	 결손에서	 rhBMP-2와	 collagen	 gel를	 

이용한	 골	 재생	 

	 

<지도교수	 김	 형	 준>	 

	 	 

연세대학교	 대학원	 치의학과	 

	 

Xiao Tan 

	 

	 

전	 세계에서	 제2형	 당뇨병의	 발병률이	 하루가	 다르게	 높아지고	 있다.	 국제

당뇨병연맹(International	 Diabetes	 Federation)에	 따르면	 2017년	 전	 세계	 당

뇨병	 환자가	 5.24억명에	 달했다고	 한다.	 전신계통성질환인	 제2형	 당뇨병은	 골	 

재생과	 골유합에	 큰	 위해를	 미친다.	 하여	 제2형	 당뇨병	 환자의	 골	 결손에	 대

한	 치료법이	 중요한	 연구	 과제가	 되었다.	 기존	 연구에	 따르면	 성장인자	 

（growth	 factor）는	 골	 결손	 부위에	 골	 재생	 촉진	 작용이	 있는데	 골	 결손	 부

위에	 타겟팅하여	 골	 재생을	 촉진시키는	 골형태발생단백질(bone	 morphogenetic	 

protein-2，BMP-2)는	 수많은	 성장인자	 중에	 가장	 높은	 연구	 가치를	 가진	 성장
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인자	 중의	 하나이다.	 본	 실험은	 제2형	 당뇨병에	 걸린	 랫드를	 대상으로	 재조합	 

인체골형태발생단백질-2(recombinant	 human	 bone	 morphogenetic	 protein-2，

rhBMP-2)의	 국소배포가	 비골의	 분절성	 골	 결손	 부위에	 골	 재생을	 촉진시키는	 

효과가	 있는지	 연구하고자	 한다.	 	 

본	 실험에서는	 9주령의	 Goto-Kakizaki	 수컷	 랫드	 12마리와	 9주령의	 Wistar	 

수컷	 랫드	 12마리를	 대상으로	 랫드의	 비골	 양쪽에	 7mm의	 분절성	 골	 결손을	 만

들어	 주고	 오른쪽	 비골	 결손	 부위에	 10	 μg의	 rhBMP-2가	 함유된	 콜라겐	 겔

(collagen	 gel)을	 삽입하고	 왼쪽	 비골	 결손	 부위에	 대조군으로	 일반	 콜라겐	 

겔만	 삽입한다.	 수술	 후	 4주	 혹은	 8주	 째에	 랫드를	 안락사	 시킨다.	 비골	 결손	 

부위에	 삽입한	 재료와	 안락사	 시간에	 따라	 Goto-Kakizaki랫드와	 Wistar랫드를	 

8개의	 실험군으로	 나눴다.	 	 	 

대조군의	 랫드들이	 비골	 부위가	 회복이	 안되고	 시간이	 지날수록	 심지어	 골

흡수	 현상이	 발생하였다.	 RhBMP-2	 치료조의	 랫드들은	 새로운	 골형성을	 관찰	 

할	 수	 있었고	 기존	 비골과	 골융합을	 이루었고	 비골	 결손이	 수복되었다.	 나아

가rhBMP-2	 치료조에	 대한	 분석을	 통해	 비당뇨병조의	 골	 유합	 효과가	 당뇨병조

보다	 더	 뛰어나다는	 결론을	 얻을수	 있다.	 비당뇨병조의	 BV	 및	 TV수치는	 당뇨

병조보다	 현저히	 높다.	 다만	 비당뇨병조와	 당뇨병조의	 BV/TV,	 Tb.Th,	 Tb.N,	 

Tb.Sp	 및	 Conn.D	 수치	 차이는	 크지	 않다.	 
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당뇨병은	 골	 결손	 회복에	 억제	 작용이	 있다.	 RhBMP-2의	 국소배포가	 정상동

물의	 골	 결손	 부위에	 골	 재생	 촉진	 작용을	 가지고	 있다.	 또한	 당뇨병에	 걸린	 

동물이	 일반	 동물과	 비슷한	 치유	 효과를	 얻을	 수	 있도록	 골	 재생	 촉진에	 도움

이	 된다.	 따라서	 본	 연구는	 제2형	 당뇨병의	 골	 결손에서	 rhBMP-2가	 함유된	 콜

라겐	 겔이	 골	 결손	 수복에	 도움을	 줄	 수	 있음을	 제시한다.	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

핵심되는	 말:	 rhBMP-2,	 collagen	 gel,	 제2형	 당뇨병,	 분절성	 골	 결손,	 	 
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