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ABSTRACT 

 

Background: Diabetes is a world-wide health problem. Among the diabetes related 

comorbidities, low-energy-trauma fracture is one of the major causes of morbidity and 

mortality of patients, due to the increased fracture risk in comparison with normal group 

and the impaired healing procedure after fracture. Bone morphogenetic proteins are well-

known for their osteoinductive functions. BMP-6, which is a newly-discovered member 

to the BMP family, has been reported to show potent bone-forming effects and take active 

part in glucose metabolism. Although the mechanisms are barely understood, the 

properties of BMP-6 make it a promising promoter of fracture healing in the diabetic. It 

was hypothesised that if a reasonable BMP was selected for the treatment of bone fracture, 

the healing procedure could be improved and the diabetic condition could also be relieved.  

 

Aim: Find an efficient way to enhance fracture healing by applying gene therapy to a 

diabetic rat model.  

 

Stages & objectives: 1) Build a closed femoral transverse fracture rat model and 

investigate the role of BMP-6 in normal fracture healing. A self-designed guillotine 

system was employed to induce transverse fracture. Before in vivo experiment, cadavers 

were used to calibrate the system so that it was able to produce stable and repeatable 

transverse fracture in rats’ femurs. The role of BMP-6 in normal fracture healing was 

studied. 2) Build a fracture model in diabetic rats and investigate the relation between 

BMP-6 and impaired fracture healing. Type 1 diabetes was induced by streptozotocin 

intraperitoneal injection. Radiological, histological and biomechanical comparison was 

made between fracture healing in diabetic and non-diabetic rats. The association between 

BMP-6 and fracture healing in the diabetic was investigated. 3) Carry out local BMP-6 

gene delivery to fractured rats with diabetes and investigate effects of gene therapy on 

fracture and diabetic metabolic disorders.  

 

Outcomes: 1) Fracture model building was successful. BMP-6 was significantly 

increased during normal fracture healing. 2) Stable hyperglycaemic symptoms were 

achieved after STZ injection. A significant inhibition in the expression of endogenic 

BMP-6 was found related to the impaired fracture healing in diabetic rats. 3) After BMP-

6 gene delivery, polyphagia, polydipsia and polyuria was improved. Blood glucose was 

lowered significantly (p<0.05). The size, calcification ratio and mechanical endurance of 

calluses increased significantly (p<0.05). 

 

Achievements & Benefits: A stable and repeatable fracture model in diabetic rats was 

built and optimized during this study. Impaired fracture healing was found in diabetic rats. 

This rat model could be valuable to researchers who are interested in the interaction 

between endocrine system and skeleton system.  

 

To our knowledge, it was the first time that the negative effect of diabetes on the 

expression of endogenic BMP-6 was reported. It was the first time that BMP-6 gene 

therapy was applied to a fracture model in diabetic rats. It was also the first time that 

fracture healing and diabetic metabolic disorders were improved by only one single gene 

therapy. The results of this study brought new understandings of the endocrine and 

skeleton system. They could bring new prospect to the treatment of fracture and diabetic 

metabolic disorders. 
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Chapter 1 Introduction 

 

1.1 Fracture and its treatments 

Fracture is common in daily life and clinical practice. It is estimated that 4% of the 

population in the UK, 50% of middle aged men and 4 out of 10 elderly women have 

sustained fracture. In developing countries these numbers may be even greater. Patients 

with bone fracture need to be socially cared for and clinically treated. Bone fracture 

imposes a huge financial burden on the healthcare system. For example, in 2000, the 

health and social care expenditure for hip fracture in the UK alone amounted to an 

estimated £726 million. 

 

A standard procedure has been built up for the diagnosis and treatment of fracture. Most 

patients with fracture nowadays are mainly diagnosed with radiological examinations and 

then treated with a three-step therapy. The first step is reduction, which includes closed 

or opened reduction and means recovering the bone fragments to their anatomical 

positions. The second step is fixation, which prevents excessive movements of the broken 

bones with external fixators, e.g. splints and plaster cast, or internal fixators, e.g. pins or 

plates and screws. The final step is function rehabilitation, which includes recovering the 

function of fractured bones and affiliated muscles. 

 

Although bone is one of the few organs in the body that can spontaneously heal and 

restore function without scarring, 5%~10% of fracture heals slowly or ends up with non-

union (Sudkamp et al. 1993). The reasons for this are still not totally clear, though it is 

more common in smokers (Kwiatkowski et al. 1996), alcohol or nicotine abusers 

(Chakkalakal 2005), patients with chronic diseases like diabetes (Gandhi et al. 2006), the 

elderly (Gruber et al. 2006) and patients with osteoporosis (Giannoudis et al. 2007). 
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Healing is also difficult under conditions where a large segment of bone is lost because 

of injury, infection or tumor resection (McKee 2006). Although autologous bone-grafting 

has become the gold standard of non-union treatment, the donor sites available within the 

skeletal system for harvesting autogenous bone grafts are limited. Additionally, it would 

expose patients to additional surgical procedures with their associated complications such 

as local infections, paresthesia, and pain at the donor sites (Bostrom et al. 1996). Allograft, 

which means transplanting dead bony tissue from cadavers or even other species, also has 

its own disadvantages. It is biologically inactive and decreases in strength over time in 

the host. Berrey et al. (1990) found a 25% failure rate of allograft within a mean time of 

28.6 months. A retrospective review from Hornicek et al. (2001) was performed on 163 

non-unions out of 945 patients who underwent allograft transplantation (17.3%) for 

various benign and malignant tumors at the authors' institution between 1974 and 1997. 

This study revealed that the order of allograft from the highest rate of non-union to the 

lowest was as follows: alloarthrodesis, intercalary, osteoarticular, and alloprosthesis. 

Wheeler and Enneking (2005) reported a 60% failure rate of allograft in 10 years. They 

found that a 50% loss in strength of allograft tissues was noted after 10 years in vivo. 

Loss of strength was correlated with an increase in micro-fracture prevalence and 

decrease in bone mineral density within the retrieved allograft cortex. Additionally, 

allograft has immunological and infectious disease risks.  

 

1.2 Diabetes and fracture 

Similarly, diabetes is a major health problem. It is said that there are altogether 3.2 million 

people diagnosed with diabetes in the UK and another possible 630,000 having 

undiagnosed diabetes (NHS). There are two major types of diabetes. In type 1 diabetes 

mellitus (T1DM), autoimmune destruction of the pancreatic β-cells results in an absolute 

requirement for exogenous insulin in the patients. Defects in the secretion of insulin and 
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peripheral resistance to the action of insulin contribute to type 2 diabetes mellitus (T2DM), 

the more prevalent form of diabetes that accounts for >90% of cases. 

 

Among the diabetes-related complications, low-energy-trauma fracture is one of the 

major causes of morbidity and mortality of patients with diabetes world widely, due to 

the increased fracture risk in comparison with normal group and the impaired healing 

procedure after fracture (Vestergaard 2007). 

 

Although bone mineral density (BMD) is considered as a gold standard for evaluating 

fracture risk in non-diabetic population and it does decrease in patients with T1DM, 

accumulated evidence shows that T2DM patients have high fracture risk and increased 

BMD values. A meta-analysis showed that patients with T2DM had higher hip BMD than 

non-diabetic controls, despite an increased risk (1.4 fold) of hip fracture (Vestergaard 

2007), suggesting that BMD values may not reflect bone fragility in T2DM and there may 

be changes in bone geometry and micro architecture. Another explanation to this is that 

body mass may affect the accuracy of BMD measurement which is gained by dual energy 

X-ray absorptiometry (DXA). In particular, increased body mass index (BMI) may lead 

to overestimation of BMD (Bolotin et al. 2003). Because over 65% of adults with T2DM 

have metabolic syndrome (Maggi et al. 2006), which is characterized by abdominal 

obesity, this possibility should be considered when interpreting the results of DXA scan 

images. 

 

Skeleton and endocrine are not two isolated systems. Although the main function of bones 

is to support body weight, to provide attachments for muscles during movement and to 

form cavities which protect organs, recent studies revealed that bone plays important roles 

in glucose and fat homeostasis and interacts with energy metabolism as an endocrine 
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organ. Osteocalcin, one of the osteoblast-specific secreted proteins, has several hormonal 

features and is secreted into the general circulation from osteoblasts (Hauschka et al. 

1989). Recent animal studies have shown that osteocalcin action is related to not only 

bone metabolism but also energy metabolism (Lee et al. 2007). They showed that 

osteocalcin improves glucose metabolism and reduces fat mass, while osteocalcin 

deficient mouse aggravated these processes. Serum osteocalcin level was found to be 

negatively correlated with plasma glucose level (Kanazawa et al. 2009) and positively 

associated with insulin sensitivity (Fernandez et al. 2009).  

 

On the other hand, diabetes also has significant influence on bone formation and fracture 

healing. Terada et al. (1998) found that high glucose concentration impaired the 

proliferative response of osteoblasts to insulin like growth factor-1 (IGF-1) and delayed 

osteoblast differentiation. Sustained hyperglycaemia, which is common in diabetic 

patients, increases formation of advanced glycation endproduct (AGE) that can signal 

through cell-surface receptors for AGE (RAGE). Santana et al. (2003) demonstrated that 

osteoblasts over-expressed RAGE in the diabetic in comparison with control group and 

in non-diabetic animals. AGE treatment caused a dose-dependent reduction in bone 

forming. These researches suggest that both hyperglycaemia itself and its end products 

have negative effects on bone formation and fracture healing. 

 

1.3 Bone morphogenetic protein and its role in fracture and diabetes 

Urist (1965), the discoverer of bone morphogenetic protein (BMP) family, established his 

study in the osteoinductive function of bone matrix. It was the first time that decalcified 

bone was reported to show more potent osteoinductive function than common, calcified 

allografts. Urist proposed the idea in his later study (Urist et al. 1967) that implanted bone 

matrix was holding certain osteoinductive factor, which would lead host stem cells to 
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differentiate into osteoblasts. His explanation to the superiority of decalcified bone in 

osteoinduction was that the factor's action was hindered by bone mineral in calcified bone 

(Urist et al. 1970). This osteoinductive factor was found to be low molecular weight 

protein (15-18 kDa) and later proved to be the monomer form of BMPs (Urist et al. 1982). 

 

BMP is a subfamily of the transforming growth factor-β (TGF-β) superfamily. Thus far, 

around 20 different proteins have been named BMPs in human, but not all members are 

truly osteogenic (Table 1.1). 

 

Table 1.1 Overview of BMPs 

BMP Involved in Refs. 

BMP-1 Metalloprotease, cartilage development (Kessler et al. 1996) 

BMP-2 Bone and cartilage formation (Wozney et al. 1988, Chen et 

al. 2004) 

BMP-3 BMP inhibitor, bone formation (Daluiski et al. 2001) 

BMP-4 Teeth and bone formation (Chen et al 2004, Vainio et al. 

1993, Bessa et al. 2009) 

BMP-5 Cartilage development (Kingsley et al. 1992) 

BMP-6 Bone and cartilage formation, liver (Bobacz et al. 2003, 

Vukicevic et al. 2009) 

BMP-7 Renal development (Dudley et al. 1995, Luo et al. 

1995) 

BMP-8 Bone and cartilage formation (DiLeone et al. 1997) 

BMP-9 Central nervous system (CNS), liver, 

angiogenesis 

(Bessa et al 2009, Song et al. 

1995, López-Coviella et al. 

2000, Scharpfenecker et al. 

2007) 

BMP-10 Morphogenesis of the heart (Bessa et al. 2009, Chen et al. 

2004) 

BMP-11 CNS (Bessa et al. 2009) 

BMP-12 Tendons, cartilage (Fu et al. 2003) 

BMP-13 BMP inhibitor, tendons (Shen et al. 2009) 

BMP-14 Cartilage (Bessa et al. 2009, Storm et al. 

1994) 

BMP-15 Oocyte development (Dube et al. 1998) 

 

Cho et al. (2002) and Yu et al. (2010) found that BMPs induce a sequential cascade of 

events leading to chondrogenesis, osteogenesis, angiogenesis and controlled synthesis of 
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extracellular matrix throughout different stages of fracture healing (Figure 1.1). 

 

 

Figure 1.1 BMPs in different stages of fracture healing 

 

Among the BMPs, BMP-2 and BMP-7 are most widely studied, and have been approved 

for clinical use in treatment of fracture non-union and spinal fusion since 2000 and 2001, 

respectively. Though there is no case report about the adverse effect so far, in vivo and in 

vitro studies revealed that they may have potential danger to human health. BMP-2 and 

BMP-7 represent well established double-edged swords in carcinogenesis, known as 

tumour-suppressors in early stages but tumour-promoters in late stages of tumour 

progression (Pardali et al. 2009, Massague 2008). BMP-2, -4 and -7 were found over-

expressed in various cancers (Singh et al. 2010). Expression of BMP-2 and BMP-4 is 

increased in endothelial cells at sites of atherosclerotic plaques (Corriere et al. 2008, 

Bostrom et al. 1993, Sorescu et al. 2003).    

 

Despite the potential danger mentioned above, it was doubtable whether BMP-2 and -7 

represented the most osteogenic ones until Kang et al. (2004) compared bone-forming 
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activity of 14 BMPs using recombinant adenovirus-mediated gene delivery. They found 

that BMP-2, -6, -7 and -9 were the most potent osteoinductive BMPs and in addition to 

BMP-2 and BMP-7 that were used in clinical trials, BMP-6 and BMP-9 could represent 

more effective osteogenic factors for bone regeneration in a clinical setting (Figure 1.2). 

A significantly lower quantity of BMP-6 than BMP-7 was required for healing of critical 

size ulnar bone defects in rabbits. This in vivo dosage difference was supported by 

experiments showing that BMP-6 was more resistant to noggin inhibition than BMP-7 

due to one amino acid difference which resulted in increased resistance to noggin (Song 

et al. in press). 

 

Figure 1.2 Bone-forming activity of 14 BMPs (Kang et al. 2004). Cultured cells were 

infected with different types of Adenoviral-BMP vectors (+) and empty Adenoviral 

vectors (-). Successful infection was proved by BMP positive bands from Western Blot 

(a). Bone-forming function was represented by alkaline phosphatase activity (b). The 

comparison among 14 BMPs revealed that BMP-6 and -9 were the most osteogenic ones. 

 

BMP-6 plays an important role in bone forming. Jung et al. (2008) reported that BMP-6 

was responsible for enhanced osteoblast differentiation and bone formation from 
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mesenchymal stem cells. BMP-6 was reported to inhibit the differentiation of 

mesenchymal stem cells to the osteoclast linage in rats with osteoporosis (Simic et al., 

2006). BMP-6 gene knocked-out mice showed decreased trabecular bone volume and 

suppressed bone formation (Kugimiya et al., 2005). The endochondral bone formation 

was found impaired after bony defects were induced in the femurs of these mice. 

 

With more and more types of BMPs being discovered, their functions reach far beyond 

the skeleton system, which even raise argument that the name of this protein family 

should be changed from bone morphogenetic proteins to body morphogenetic proteins. 

Among their functions, the roles as regulators of glucose and fat metabolism are of great 

importance.  

 

Chen et al. (2003) found that purified recombinant BMP-9 potently inhibited hepatic 

glucose production and activated the expression of key enzymes in lipid metabolism. In 

freely fed diabetic mice, a single subcutaneous injection of BMP-9 reduced blood glucose 

to near-normal levels, with maximal reduction period of 30 hours after treatment. They 

also showed that BMP-9 reduced blood glucose in both normal and diabetic murine 

models. The ability of BMP-9 to down-regulate glucose levels seemed to be associated 

with the promotion of insulin release in pancreatic β-cells, the regulation of metabolic 

signalling through glycogen synthase kinase (GSK) in muscle, and the inhibition of 

hepatic glucose production. 

 

BMP-6 has the similar function. Grasser et al. (2007) reported that BMP-6 was able to 

significantly increase the expression of insulin-like growth factor-I (IGF-I) and 

epidermal growth factor (EGF). Therefore, they concluded that it was possible BMP-6 

showed its effects on the skeleton and endocrine systems through activation of IGF-I 
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and EGF pathways. Osteocalcin, released by osteoblasts, decreases the blood glucose 

level for 60 min following the application (Ferron et al. 2008). BMP-6 increases the 

number of osteocalcin positive osteoblasts in bone marrow and blood levels of 

osteocalcin (Simic et al. 2006). But its long-term effects are eventually attributed to the 

differentiation of mesenchymal stem cell into functional epithelial pancreatic β-cells 

which are capable of releasing insulin (Jiang et al. 2002). 

 

Additionally, BMPs have other functions making them promising agents for diabetes and 

its complications. The effect of BMP-7 in protecting the kidney function against injury 

has been well established (Vukicević et al. 1998). Additionally, there is also evidence to 

support the role of BMP-6 in protecting the renal proximal tubule cells against hydrogen 

peroxide induced cell injury (Yan et al. 2009). BMPs may prevent or slow down the 

procedure of chronic renal failure, which is one of the complications of late stage diabetes. 

Korf-Klingebiel et al. (2011) reported that Fibroblast growth factor 9 (FGF-9) promoted 

myocardial vascularization and hypertrophy with enhanced systolic function and reduced 

heart failure mortality after myocardial infarction. They found that FGF-9 was able to 

increase the expression of BMP-6 by 6.8 fold in cultured human coronary artery 

endothelial cells. FGF-9 showed its promotive effects via paracrine release of BMP-6. It 

made BMP-6 a potential protector against diabetic cardiopathy. 

 

1.4 Gene therapy 

Gene therapy was originally designed to encounter conditions with genetic disorders. 

However, its value in treating non-genetic diseases was soon revealed. As its name 

suggests, gene therapy involves alteration of genetic information of the hosts, e.g. patients 

or experimental animals, to achieve therapeutic purposes. The alteration mentioned here 

includes either positive or negative effects on gene expression. It could be up-regulated 
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via over-expression when more proteins are needed to treat clinical conditions. On the 

other hand, if a condition itself is caused by over-expression of certain endogenic gene, it 

could be down-regulated via a technique called gene silence. All of these effects are 

achieved with the help of vectors, which are the vehicles used to transfer genetic materials 

into target cells. To up-regulate certain protein, complementary DNA (cDNA) of this 

protein is wrapped with vectors and delivered into the host. On the other hand, to down-

regulate the expression of certain protein, small RNA, which is able to block to function 

of message RNA (mRNA), is delivered.  

 

Protein therapy involves the application of recombinant proteins, e.g. insulin, to patients 

for therapeutic purposes. While protein therapy is a frequently-used method in modern 

clinical work, gene therapy, to a large extent, is still in the lab. Compared with the existing 

protein therapy, the effects of gene therapy are more constant because it alters the amount 

of certain protein on the transcriptional (from DNA to mRNA) and translational (from 

mRNA to protein) levels, which makes it a superior choice for long-term conditions. 

Additionally, though viral vectors used in gene therapy may raise safety concern, it could 

be controlled by modifying the vectors into unhazardous ones. On the other hand, the 

amount of proteins required to achieve therapeutic goals in protein therapy is usually 

many orders of magnitude greater than their endogenic level, which could not only easily 

trigger immune responds in the hosts, but also costs a lot of money.  

 

1.5 Questions remain to be settled  

As stated above, both fracture and diabetes are common situations in daily clinical work 

and both of them require great expenditure in human resource and financial budget. More 

importantly, they are not two isolated clinical conditions. Generally, diabetes has been 

reported as one of the risk factors of delayed union and non-union in fracture healing. 
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Specifically, on the molecular basis, various types of proteins have been proved to play 

roles as connections between skeleton and endocrine systems, among which BMP is a 

protein family that is not only crucial in bone formation and healing but also takes active 

part in biological pathways in other systems all over the body. BMP-6 and -9 showed 

potent osteoinductive function and acted as a regulator in glucose metabolism based on 

previous study form other researchers. However, based on our knowledge, there was no 

study focusing on the expressional changes of these two types of BMPs in animal models 

representing fracture healing in the diabetic. Nor was there any research applied gene 

therapy encoding these two proteins to fractured animals with diabetes. On the other hand, 

the existing protein therapy involving recombinant human BMPs has its own drawbacks, 

which calls for exploration into new treatments, e.g. gene therapy.   

 

1.6 Aims and objectives 

Aim 

Find an efficient way to enhance fracture healing by applying gene therapy to a diabetic 

rat model.  

 

Objectives 

1) Build a closed femoral transverse fracture rat model and investigate the role of BMP-

6 in normal fracture healing. 

 

2) Build a fracture model in diabetic rats and investigate the relation between BMP-6 and 

impaired fracture healing. 

 

3) Carry out local BMP-6 gene delivery to fractured rats with diabetes and investigate 

effects of gene therapy on fracture and diabetic metabolic disorders. 
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The PhD project has been ethically approved by the Welfare and Ethical Use of Animals 

Committee of University of Dundee and Shanxi Medical University, China (Appendix). 

The design and production of the guillotine system and part of cadaver test of transverse 

fracture model was finished in Ninewells hospital, UK. The in vivo model building of 

transverse fracture, fracture in the diabetic and the stage of gene therapy were carried out 

in Department of Anaesthesia and National Educational Key Laboratory of Cellular 

Physiology, Shanxi Medical University, China. 

 

1.7 Statistics  

The results were processed with SPSS® 19 (IBM®, USA) and Excel® 2013 (Microsoft®, 

USA) presented as means and standard deviations. T-test and one-way ANOVA with post 

hoc LSD test were performed to analyse the differences between groups. Non-parametric 

test was used if the results were not normal distributive. In each case, a p value<0.05 was 

considered significant. 

 

As for power analysis, major parameters used by previous researchers for quantitative 

analysis included bone mineral content (g), histomorphometry (mm2), callus volume 

(mm3), strength (Nm) and stiffness (Nm/rad). Different measurements may require 

different sample size. According to previous studies (Betz et al., 2007) and statistical 

methods (Armitage et al., 2002), given statistical power as 80%, type 2 error as 0.05 and 

clinical difference as 10%, it is estimated that the minimums of sample size for each 

parameter should be 7 for bone mineral content, 36 for strength, 15 for stiffness, 5 for 

callus volume, 66 for histomorphometry, and so on. The majority of previous studies have 

used the sample sizes as between 7 to 12, and occasionally 24. Overall, we were expected 

to use about 12 rats per “treatment” (diabetic + BMPs / controls). Therefore, best effort 
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was made to fulfil the sample size in later in vivo study.  

 

1.8 The structure of this thesis 

In the beginning of this thesis (Chapter 2,3 and 4), techniques which were widely used in 

this study would be introduced in detail. Those techniques included histomorphological 

assay, biomechanical evaluation and Western Blot. While in rare cases some steps were 

following the standard ones from textbooks, most of the technical details were modified 

based on our own experimental conditions. And the mechanisms behind those 

modifications were discussed in this thesis. It could be a valuable reference to other 

researchers. 

 

The main stages of this study would be described in Chapter 5, 6 and 7. These stages were 

designed based on the objectives of this PhD project. In Chapter 5, a self-designed 

guillotine system would be introduced. Transverse fracture model was built with the 

system and the role of BMPs in normal fracture healing was discussed. In Chapter 6, 

fracture model was combined with chemical induced diabetes. The role of BMPs in 

fracture healing in the diabetic rats was studied. In Chapter 7, Lentiviral BMP-6 was 

delivered into the marrow cavities of rats with femoral fracture and diabetes as gene 

therapy. The effects of the gene therapy on fracture healing and diabetic metabolic 

disorders were reported.   
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Chapter 2 Histomorphological assay of healing calluses 

 

2.1 Introduction 

2.1.1 General concepts 

The word histomorphology is actually a combination of histology and morphology, which 

means using the techniques from histology to study the morphology of collected tissue 

samples or cultured cells. In general, the samples are firstly fixed with chemicals, e.g. 

paraformaldehyde, to prevent degradation and maintain the structure of tissues during 

later staining and washing. The fixed samples would be embedded in certain medium, e.g. 

paraffin or freeze medium, sectioned, mounted on slides and stained with different 

biological dyes according to experimental requirements. The slides are then installed to a 

light microscope or electron microscope and studied for the morphological details.  

 

2.1.2 The basic mechanisms of haematoxylin-eosin (HE) stain, Masson stain and 

immunohistochemistry (IHC) 

Haematoxylin-eosin (HE) stain is the most classic and widely-used histological method. 

It provides general information of tissue samples. The basic principle of HE stain is the 

specific combination of DNA and haematoxylin. In the double-helical structure of DNA 

molecules, the phosphate groups stretch outwards. They are acidic and negatively-

charged. Haematoxylin molecules are basic and positively-charged, thus they could form 

strong chemical bonds with those phosphate groups of DNA. Haematoxylin is red-

coloured in acidic condition while blue-coloured in basic or neutral conditions. 1% HCl-

alcohol solution could eliminate those uncombined haematoxylin in the specimen, which 

enhances the contrast between nuclei and plasma. However, the solution also transformed 

combined haematoxylin from blue-coloured to red-coloured. Therefore, the slides should 

be dipped in DD water after discoloration with HCl-alcohol to terminate the reaction and 
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also help combined haematoxylin regain their blue colour by restoring pH from acidic to 

neutral.  

 

Masson stain could help to distinguish different types of tissues by putting them into 

different colours. The mechanism of Masson stain results from the relation between the 

size of various dye molecules and the density of different types of tissues. Specifically, 

for those tissues with high density, such as bony tissue, the free rooms within the specimen 

are quite small thus only those dyes with small molecular size, e.g. acid fuchsin, could 

stably combine with such tissue. Dyes with lager molecular size, e.g. aniline blue, could 

not stably fit into those small rooms within the specimen, thus they would be washed 

away in later stripping steps even if they have achieved loose combination with highly-

compact tissue. On the other hand, for those tissues with loose structure, e.g. cartilage, 

the rooms within the specimen are larger than the molecular size of acid fuchsin, thus acid 

fuchsin would simply pass through these tissues instead of combining with them. Only 

dyes with larger molecular size could stably combine with these types of tissues. That is 

the reason why Masson stain could put bony tissue into red while cartilage into blue. 

 

The basic mechanism of IHC is based on the specific combination of antibody and antigen. 

The target protein in tissue section is detected with specific primary antibody. Then those 

combined primary antibody is taken as antigen and detected with specific secondary 

antibody. Finally, the combined secondary antibody is stained with certain dye, e.g. DAB, 

thus the existence and distribution of target protein in the tissue section could be observed 

under microscope. 

 

Although histomorphological evaluation is not routine in clinical practice for patients 

with skeletal issues, it has been widely used in pre-clinical animal study as an important 
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way to measure the quality of healing bones. The knowledge in histomorphology of 

healing bone could be a powerful guide to clinical decision-making and long-term post-

operatively functional rehabilitation of bones and joints of patients. Therefore, 

histomorphological evaluation was employed in this study to investigate and compare the 

characteristics of healing bones among different groups. The purpose of this chapter was 

to introduce the histomorphological methods which were employed in later chapters. 

Some optimization and modification were made to the protocol so that the 

histomorphological analysis of callus samples could be carried out in a more efficient way.  

 

2.2 Reagents and solutions employed in histomorphological study 

The reagents and solutions used in this step were prepared according the following 

formulas.  

 

 Double distilled water (DD water) 

 

 Haematoxylin solution: haematoxylin 1 g, aluminium potassium sulphate 15 g and 

absolute alcohol 10 mL were dissolved in 200 mL DD water. The mixture was boiled 

and filtered. 10 mL acetic acid was added to the cooled mixture before use. 

 

 Eosin solution: 1 g eosin was dissolved in 100 mL DD water. 

 

 1% HCl-alcohol solution: 1 mL hydrochloric acid (12 mol/L) was combined with 99 

mL 75% alcohol and fully mixed. 

 

 Acid fuchsin solution: 1 g acid fuchsin and 1 mL acetic acid were dissolved in 99 mL 

DD water. 



17 

 

 

 0.2% acetic acid solution: 0.2 mL acetic acid was added to 100 mL DD water.  

 

 1% molybdophosphoric acid solution: 1 g molybdophosphoric acid was dissolved in 

100 mL DD water. 

 

 Aniline blue solution: 2 g aniline blue and 2 mL acetic acid were dissolved in 98 mL 

DD water.  

 

 Rabbit-anti-rat primary antibody (Bioss®, China) 

 

 Goat-anti-rabbit immunohistochemistry kit (Boster®, China) 

 

 Diaminobenzidine (DAB, Boster®, China)  

 

 Phosphate buffered saline (PBS): NaCl 8 g, KCl 0.2 g, Na2HPO4 1.44 g and KH2PO4 

0.24 g were dissolved in 1000 mL DD water.  

 

 Microtome (Leica® CM 1850, Nussloch, Germany) 

 

2.3 Methods  

The basic steps of this stage are shown in the following flow chat. 
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Figure 2.1 The basic steps of histomorphological assay 

 

2.3.1 Harvest and fixation of tissue samples 

The rat femurs were collected after euthanasia with muscles eliminated and periosteum 

reserved. The samples were then fixed in paraformaldehyde solution for 72 hours. The 

distal and proximal ends of femurs were then cut off with a stainless steel saw, leaving 

only the mid-shaft calluses for further study.  

 

2.3.2 Decalcification 

The decalcification stage was of great importance in the histomorphological study of 

healing callus. As one of the hardest tissues, calcified bone could not be sectioned with 

the same method as other tissues, such as tumour and muscle. Although calcified bone 

could be sectioned with diamond blade, it would be far beyond the budget of the PhD 

project. To find the most suitable and time-efficient method, three ways of decalcification 

were tested during our experiment.  

 

In the beginning, the mid-shaft calluses were decalcified in 10% Ethylene Diamine 

Tetraacetic Acid (EDTA) solution in room temperature. This method provided satisfying 

result while also brought up problems. It was a considerable time-consuming procedure, 

which took 4-5 weeks for the cortex to reach the similar hardness as cartilage. Although 
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the callus samples had been processed with paraformaldehyde solution, it was difficult to 

preserve them in room temperature for such a long time, especially in summer. Moreover, 

these samples could not be stored in fridge during decalcification. Low temperature would 

lead to both a fall in the solubility of EDTA and lower frequency of thermodynamic 

motion of EDTA molecules. Both these two changes would result in lower decalcification 

efficiency, which means the procedure would take even longer than 4 weeks.  

 

Then the decalcification reagent was replaced by hydrochloric acid (1 mol/L). The 

calluses reached satisfying hardness within two days. However, though no significant 

difference was found in HE and Masson stain between calluses decalcified with EDTA 

and hydrochloric acid, IHC assay failed in all the samples decalcified with hydrochloric 

acid. No clear positive spot was detected. It seemed that antigenicity of BMP-6 and -9 

molecules in the calluses had been altered by hydrochloric acid, thus they were no longer 

detectable with specific antibodies. 

 

Finally, we turned back to EDTA. The samples were dipped in 10% EDTA solution and 

the decalcification temperature was increased from room temperature to 40 °C to enhance 

the frequency of thermodynamic motion. The whole procedure was reduced from four 

weeks to only one week. The EDTA solution was changed every two days during this 

period. Each time when changing the decalcification working fluid, the callus samples 

were washed in 75% alcohol for one minute and the hardness of the samples was checked 

with fingers. The decalcification procedure was finished when the cortex reached the 

similar hardness as cartilage. HE, Masson and IHC stain showed satisfying results. 

 

2.3.3 Dehydration 

Dehydration of tissue samples before embedding is a necessary step. Otherwise, 
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excessive water inside the samples may form ice crystals during freezing and cause 

damage to the cellular structure. The samples were washed in PBS solution for 5 minutes 

× 3 times before moved on to 30% sucrose solution for dehydration. The samples were 

fully dehydrated when they sunk to the bottom of the sucrose solution, which would take 

about 24 hours.  

 

2.3.4 Embedding and sectioning  

The dehydrated samples were placed in cylinder moulds and covered with tissue optimum 

cutting temperature (OCT) freeze medium. No bubble was allowed in the medium. The 

filled moulds were then put in -70 °C for concretion and storage.  

 

The cooling system of the microtome was set to -30 °C before sectioning. Then the 

specimens were taken out from the moulds and let stand in the cooled microtome for three 

hours’ temperature balancing.   

 

The slides, which were thin glass sheets used to hold objects for examination, were 

prepared in polylysine solution before use. Polylysine offered additional stickiness 

between specimens and slides, which prevent specimen loss during later wash and stain. 

Moreover, polylysine also acted as preservative to protect specimens from microorganism.  

 

The embedded specimens were then cut into 5 μm thick sections (Figure 2.2) along the 

femoral axis. Those well-cut sections were transferred to slides. The slides were dried in 

draught cupboard and stored in -70 °C for further staining and observation.  
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Figure 2.2 Sample sectioning. The tissues samples were embedded in cylinder moulds 

with OCT-freeze medium. The concreted cylinder was installed to the microtome and cut 

into 5 μm sections.  

 

2.3.5 Haematoxylin-eosin (HE) Stain 

To gain the general knowledge of the collected tissue samples, HE stain was employed in 

this study. The following steps were carried out for HE stain. 

 

1) The slides were dipped in haematoxylin solution for 60 seconds. 

 

2) 1% HCl-alcohol solution was dropped onto the specimens for discoloration for 5 

seconds. 

 

3) The slides were then washed in DD water for 10 seconds × 3 times to eliminate extra 

haematoxylin and HCl-alcohol solution.  

 

4) The slides were dipped in eosin solution for 10 seconds and washed in DD water for 

10 seconds × 3 times. 
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5) The slides were dried and sealed by cover glass with Canada balsam for long-term 

storage.  

 

2.3.6 Masson Stain 

Masson stain, which could put bone in red while cartilage in blue, was used in this study 

to provide rough estimations of the percentage of bone and cartilage in calluses. The 

following steps were carried out for Masson stain. 

 

1) The slides were dipped in haematoxylin solution for 5 minutes. 

 

2) 1% HCl-alcohol solution was dropped onto the specimens for discoloration for 5 

seconds. 

 

3) The slides were then washed in DD water for 10 seconds × 3 times. 

 

4) The slides were dipped in acid fuchsin solution for 5 minutes. 

 

5) The slides were then washed in 0.2% acetic acid solution for 10 seconds. 

 

6) 1% molybdophosphoric acid solution was dropped on the specimen and let stand for 

5 minutes. 

 

7) Aniline blue solution was dropped on the specimens and let stand for 5 minutes.  

 

8) The slides were then washed in 0.2% acetic acid solution for 10 seconds. 
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9) The slides were dried and sealed by cover glass with Canada balsam. 

 

2.3.7 Immunohistochemistry (IHC) 

IHC assay was employed in this study to show the distribution of target proteins (BMPs 

and 3FLAG) within the tissue samples. It was also able to give rough quantifications of 

target proteins. The precise quantifications were done with Western Blot assay. The 

following steps were carried out for immunohistochemical test. 

 

1) The slides were washed in PBS solution for 5 minutes × 3 times. 

 

2) 5% BSA solution was dropped on the specimens as blocking reagent and let stand in 

room temperature for 30 minutes. 

 

3) Extra BSA solution was discarded before primary antibody (dilution 1:300) was 

added. The primary antibody incubation took place in 4 °C for 16 hours (overnight). 

 

4) The slides were washed in PBS solution for 5 minutes × 3 times. 

 

5) Secondary antibody was added to specimens (dilution 1:1000) and incubated in 37 °C 

for 30 minutes. 

 

6) The slides were washed in PBS solution for 5 minutes × 3 times. 

 

7) The strept avidin-biotin complex (SABC) working fluid was dropped on specimens 

and incubated in 37 °C for 30 minutes.  
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8) The slides were washed in PBS solution for 5 minutes × 3 times. 

 

9) Extra PBS solution was discarded and wiped with filter paper before the slide was 

placed under microscope. The DAB working fluid was added to the specimens and 

the reaction procedure was under observation. The slide was put into DD water to 

terminate the DAB reaction when medium brown positive spots were detected with 

microscope.  

 

10)  The slides were dried and sealed by cover glass with Canada balsam. 

 

2.4 Results  

2.4.1 Haematoxylin-eosin (HE) Stain 

2.4.1.1 Intact femurs  

The bone matrix was red stained by eosin while the osteocytes, whose nuclei were blue 

stained by haematoxylin, could be seen among the collagen fibres within bone matrix 

(Figure 2.3). The bone matrix was divided into different layers, also known as bone 

lamellas. While the collagen fibres in the same layer were parallel to each other, the 

collagen fibres in two consecutive layers were in perpendicular direction. This interlocked 

construction helped increase the strength of cortex. As all the collagen fibres in bone 

matrix were red stained, sometimes it was difficult to tell their directions. Based on our 

observation, an easier way to tell the direction of fibres was the shape of the osteocytes 

within them. If the collagen fibres in certain layer were parallel to the view plane of the 

microscope, osteocytes in this layer would be spindle-shaped due to the tension of the 

fibres (Figure 2.3, s). On the other hand, if the collagen fibres in certain layer were 

perpendicular to the view plane, osteocytes in this layer would be round-shaped (Figure 

2.3, r). The Haversian system, also known as osteon, could be clearly seen in those layers 
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parallel to the direction of the long bone. The Haversian system was consisted of a central 

canal and multiple layers of concentric circular Haversian lamellas around it (Figure 2.3, 

H). Vessels and nerve fibres went through the cortex in the central canals. The Haversian 

system was the most important supportive structure in long bones.  

 

The lateral sides of periosteum and endosteum were consisted of red-stained perforating 

fibres, which helped to fix periosteum and endosteum onto the cortex. The interior layers 

of periosteum and endosteum were made up of blue-stained osteoprogenitor cells (Figure 

2.3, P). Different types of blood cells and haemopoietic cells could be seen in bone 

marrow.  

 

 

Figure 2.3 The micro-structure of cortex under HE stain. Periosteum (p) was marked 

by several layers of osteoprogenitor cells. Round (r) or spindle (s) shaped osteocytes 

could be seen among red-stained fibres. Vessels went through the cortex via the central 

canals of Haversian systems (H). 
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2.4.1.2 Fractured femurs  

Compared with histological descriptions of normal bony tissue, histological descriptions 

of healing bones are relatively fewer in textbooks and articles, which was, however, of 

great importance to this study. Because this PhD project was designed to evaluate the 

therapeutic effects of BMP gene therapy on fracture in the diabetic, it was necessary to 

firstly gain knowledge about the histological properties of normal fracture healing. Based 

on our observation, the fracture ends were surrounded by a spindle red-stained callus. 

Calcification started from the four angles formed by periosteum and cortex (Figure 2.4).  

 

Figure 2.4 A healing bone under HE stain. The fracture ends were surrounded by 

spindle callus tissues. Calcification started from the four angles formed by cortex and 

periosteum. 

 

There were two types of evolvement which should be noticed inside the spindle callus. 

One of them happened in the direction perpendicular to the axis of the femur, from 

periosteum to fracture ends. In the lateral part of callus, fibroblasts, which were newly 

developed from progenitor cells in the periosteum, piled closely together. These 
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fibroblasts matured as chondrocytes and were pushed towards the median side of the 

callus by their successors. The matured chondrocytes increased in size and got separated 

by the gradually accumulated extracellular matrix (Figure 2.5). The other evolvement was 

in the direction parallel to the axis of the femur. Ossification started at the four angles 

formed by periosteum and cortex, where calcification happened in extracellular matrix as 

the chondrocytes were replaced by osteocytes. The procedure of calcification turned the 

transplant extracellular matrix into woven bone (Figure 2.6). Osteoblasts could be 

detected within the trabecular of the woven bone, while the space between the trabecular 

was filled with marrow-like tissue. Osteoclasts could also be seen on the edges of 

trabecular, which took part in the absorption and remodelling of the callus. The medullary 

cavity at the fracture site was closed by red-stained callus tissue whose histological 

property was similar to that of the spindle callus. 

 

 

Figure 2.5 The evolvement from fibroblasts to chondrocytes 
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Figure 2.6 The evolvement from chondrocytes to osteocytes. The black lines indicated 

the boundaries between different types of tissues. These two evolvements, from fibrous 

tissue to cartilage and from cartilage to woven bone were pictured from the same callus 

sample. They revealed a dynamic picture of the interaction among different types of 

tissues during fracture healing. 

 

2.4.2 Masson stain 

The distribution of different types of tissues under Masson stain was similar to that of HE 

stain. The difference was that, though all nuclei were still stained dark blue, plasma and 

extracellular matrix were stained with different colours based on their tissue types. The 

plasma and extracellular matrix of uncalcified tissues were stained green or blue while 

those of calcified tissue were stained red (Figure 2.7).   
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Figure 2.7 A healing bone under Masson stain. The right picture was a zoomed in view 

of the red circle in the left picture. Uncalcified tissues were stained blue while calcified 

tissues were stained red. 

 

2.4.3 Immunohistochemistry 

The slides assigned for IHC assay were labelled with immune-specific antibody, instead 

of being stained with any biological dyes, thus the transparency of specimens was 

reserved so Diaminobenzidine (DAB) positive spots could be easily detected. The brown 

positive spots could be seen in all types of tissue in callus. 

 

 

Figure 2.8 A healing bone under IHC. The right picture was a zoomed in view of the 

red circle in the left picture. These brown-coloured positive spots indicated the target 

proteins.  

 

The detailed description about the difference in HE, Masson and IHC among groups at 
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different time points during fracture healing will be reported in later chapters.  

 

2.5 Discussions 

2.5.1 The comparison of paraffin section and frozen section 

Generally speaking, frozen section is employed in clinical work for quick diagnose as the 

tissue samples do not need to be fixed in paraformaldehyde. For many years, paraffin 

section has been the prior choice for lab researchers. That is not only because paraffin 

section could be preserved for a longer period than frozen section, which is true, but also 

because it was considered that thinner sections could be achieved via paraffin embedding, 

which made histological details easier to be detected with microscope. However, paraffin 

section has many disadvantages. Firstly, the whole procedure to prepare paraffin section 

is longer than that of frozen section and many of these steps involve substances which 

could be dangerous to human health, such as dimethylbenzene. Secondly and more 

importantly, the preparation procedure would compromise the antigenicity of proteins 

inside the specimen, which requires additional repair to restore the antigenicity if paraffin 

section is assigned for IHC test. On the contrary, the preparation procedure of frozen 

section is more time-efficient and the antigenicity of proteins is well preserved during the 

procedure. Moreover, as the development of technology, frozen section nowadays could 

reach the same thickness as paraffin section. Therefore, to a great extent, frozen section 

could take the place of paraffin section in lab work. In our own study, the tissue samples 

were processed with paraformaldehyde because they needed to be decalcified in 40 °C 

for several days. One thing that should be noticed about frozen section is that the tissue 

samples should be fully dehydrated before OCT embedding. Otherwise excessive water 

may form ice crystal, which could destroy the histological structure of the tissue specimen. 
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Chapter 3 Biomechanical test 

 

3.1 Introduction 

The main function of the skeleton system is to support body weight and provide 

attachment for muscles. The movements of different body parts are generated from 

muscular contractions while bones play the role as leverage. Therefore, biomechanical 

evaluation is an important component of orthopaedics. In clinical work, biomechanical 

information of patients is usually collected via functional test, e.g. walking or weight 

bearing. However, in animal research, especially those using rodent models, in vivo 

functional tests of bone are sometimes difficult due to the small size of the animals. Thus 

in most studies the author reviewed, biomechanical tests of animal bones were conducted 

ex vivo, meaning that bones were firstly collected after euthanasia and then installed to 

certain devices for mechanical tests (Betz et al. 2006 and 2007).  

 

In the previous studies carried out by other researchers, ready-made devices, which were 

usually used to test materials, were employed. Most of the previous studies in 

biomechanical properties of healing bones employed parameters named strength and 

torsional stiffness. Strength was usually tested with three-point bending system, with 

distal and proximal ends of the long bone supported and a gradually descending blade 

applying a constant force on the mid-shaft healing callus until it reached breaking point. 

The result of strength test took Newton meter (Nm) as its unit. It actually stood for the 

energy it took to re-break healing calluses. Torsional stiffness was tested in the following 

way by previous researchers. Two ends of the fractured long bone were embedded with 

certain material (e.g. bone cement). Then the two ends were fixed to a torsion device after 

the material was concreted. One of the fracture ends started to rotate along the axis of the 

long bone with constant energy and angular speed until the callus was broken. Therefore, 
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the results of this test stood for the rotating energy per degree it required to break a healing 

bone and took Newton meter per degree (Nm/rad) as unit. 

 

However, there was no such device in our lab and it would be beyond the budget of the 

PhD project to purchase one. Therefore, the aim of this chapter was to design and produce 

our own system based on the similar principle that had been reported by other researchers. 

The self-designed system should be able to perform repeatable tests on healing bones and 

produce stable results which reflected their biomechanical properties.  

 

3.2 Methods and materials  

3.2.1 The basic principle of the self-made device 

The basic principle of the self-made device was that water was pumped into a cola bottle 

with a constant speed to generate a pressure in the upright direction. This gradually-

increased pressure was acting on the mid-shaft callus of the collected femur until the 

callus was broken. Meanwhile, the pressure was transferred to a computer via a transducer 

and a pressure curve was recorded. Thus the mechanical endurance of calluses could be 

concluded from the pressure curves and compared among groups (Figure 3.1).  
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Figure 3.1 A overall picture of the self-made testing device. A peristaltic pump was 

employed to pump water into the cola bottle with a constant speed. Thus a gradually-

increased pressure was generated in the upright direction. The pressure was working on 

the femur sample and transferred to a computer via a transducer. 

 

3.2.2 Installation of the components of the device 

The components of the self-designed pressure measuring device were installed in a 

transplant cuboid box made of 10 mm thick polymethyl methacrylate. There were three 

horizontal platforms in the box and a round hole in each platform. The size of holes in the 

upper two platforms just enough to hold a 2 L cola bottle. The diameters (115 mm) of 

these two holes were 2 mm longer than that of the bottle, thus the bottle could be kept in 

upright direction with less friction. The diameter (15 mm) of the hole in the third platform 

was shorter than that of the cap of the cola bottle but longer than that of the tail of a 5 mL 

syringe. Therefore, the tail of syringe could pass the hole and support the bottle while the 

bottle could not pass the hole and crash on the lower parts of the device. There were 
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another two holes (diameter 40 mm) in the lower two platforms, which were designed to 

hold the iron stand. The front wall below the third platform was absent, which formed an 

operating window (Figure 3.2).  

 

 

Figure 3.2 The original blue print of the polymethyl methacrylate box 

 

A drivepipe was fixed to an iron stand to hold a 5 mL syringe and keep it in upright 
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direction. There was a blunt blade attached to the bottom of the syringe. A transducer was 

installed between the syringe and the blade, which was connected with a computer and 

able to transform pressure into electric signal. The syringe and the transducer were filled 

and connected with water (Figure 3.3). The distance between two supporters was set 

based on the average length of rats’ femurs (33.5 mm), which was concluded from the 

cadaver study described in Chapter 5. A peristaltic pump was employed to pump water 

gradually into the cola bottle with a constant speed (1 L/minute). The contacting parts 

between components were covered with Vaseline to reduce friction.  

 

 

Figure 3.3 A closer look at the self-made testing device. The syringe and the transducer 

were connected by water. The pressure, which was generated from the accumulated water 

in the cola bottle, was passed on to the blunt blade via the water in the syringe and 

functioning on the femur. Meanwhile, the pressure was transformed into electric signal 

by the transducer and sent to a computer. 

 

The electric signal was collected and analysed by a software named RM6240 bio-signal 

collecting system (Chengdu, China). The lead of transducer was switched to the one for 

biological pressure measurement (usually used for blood pressure).  
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3.2.3 Calibration of the device 

After the device had been installed, it was necessary to calibrate it and check whether it 

was able to produce stable and repeatable results which reflected the mechanical property 

of certain material. In other words, a group of objects, which were made of the same 

material and of the same size, were needed to test the device in the first place. If the 

readings generated from these objects were similar, it would prove the credibility of the 

device. Then we turned to objects that were easy to get in a medical lab, which were 

cotton swabs. The wooden sticks of cotton swabs were of the same diameter and length 

and, of course, were made of the same material.     

 

During the calibration, the two ends of the cotton swab were placed on the supporters. 

The blunt blade was placed on the mid-point of the wooden stick. Before the pump was 

turned on, the reading on the monitor screen was calibrated to zero thus the pressure 

reading was only generated from the accumulated water in the bottle. Pressure resulted 

from the weight of the components above the transducer was excluded. Then the 

peristaltic pump was switched on. A direct proportional curve showed on the monitor 

screen as water in the bottle accumulated, indicating that pressure on the wooden stick 

was gradually increasing. When the stick was broken, the blade and the syringe upon it 

lost support and fell and so did the cola bottle. However, the bottle only fell for a short 

distance and then was stopped by the third platform (because the diameter of the central 

hole in the third platform was smaller than that of the bottle cap). Therefore, the pressure 

on the transducer was removed. The curve on the monitor screen showed a sharp decrease 

to the baseline. The peak of the curve indicated the pressure it took to break the stick.  

 

The readings generated from cotton swabs were distributed within a narrow range. 
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Therefore, it proved the ability of the device to reveal mechanical properties of tested 

materials.  

 

3.2.4 Practical measurement 

During the practical tests of healing bones, the collected femur was placed according to 

its anatomical position, with its distal and proximal ends on two supporters and the blunt 

blade on the mid-shaft callus. Then the entire testing procedure was conducted as 

described above. The readings reflecting the mechanical endurance of healing calluses 

were recorded and compared among groups (Figure 3.4).  

 

 

Figure 3.4 An example of the pressure carve collected from the device. The reason 

why the curve was not started from the base line was that a pre-load was added to shorten 

the entire testing procedure. A direct proportional curve showed up as the water in the 

cola bottle accumulated. The peak of the curve indicated the breaking pressure of the 

healing bone. 

 

 

3.3 Results 

The femurs collected at the ends of the second and fourth post-fracture weeks were broken 
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with the self-designed device. The breaking pressure of each femur was recorded and 

compared among groups. For specific results, please check relevant chapters. 

 

3.4 Discussions 

3.4.1 The capability of the system 

As the maximum load capacity of the transducer was 400 kPa, once the pressure exceeded 

that number, it would result in irreversible damage to the transducer system. Therefore, 

the self-designed device was unable to run biomechanical test on intact femurs or those 

well-healed fractured femurs from non-diabetic rats at the eighth post-fracture week. 

However, it was able to work on calluses from different groups at the second and fourth 

post-fracture week as ossification of calluses was not fully completed at these time points 

and it took less than 400 kPa to re-break these calluses. Therefore, the self-designed 

device made it possible to reveal and compare the biomechanical endurance of non-

diabetic, diabetic and genetically modified calluses at the second and fourth post-fracture 

weeks.  

 

3.4.2 The similarity and difference between two self-made devices 

The device used for biomechanical test actually worked in the same principle as the one 

for fracture induction (Chapter 5). The both were designed based on three-point bending 

system. The difference was that, while femoral fracture was induced by a sudden impact, 

calluses were re-broken by gradually increased pressure. There were reasons to employ 

two types of force in similar systems. Firstly, inducing transverse fracture in a long bone 

required a sudden impact rather than an accumulated pressure. If femurs were over-

bended by a gradually increased force, the shape of fracture ends could be oblique or 

spiral, which would widen the standard deviation of data gathered in later observation 

and result in misleading interpretation of the data. Specifically speaking, one of the 
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decisive factors of fracture healing is the contact area between two fracture ends. 

Generally, oblique and spiral fracture heals faster than transverse fracture, because 

fracture ends in these two types have larger contact areas. Therefore, if fracture type was 

not strictly controlled, the quality of calluses may not only result from the overall 

condition of rats (diabetic or not) or the effect of applied therapy (genetically modified or 

not). On the other hand, biomechanical test required accumulated force so that a gradually 

increased curve and a clear cut could be monitored and recorded, which indicated a more 

accurate breaking pressure of the healing callus. Based on our observation, the healing 

calluses tended to break along the original fracture line at the end of biomechanical test. 

It confirmed that the results collected from this stage indicated the pressure required to 

break the calluses from their intrinsic weak points, instead of the pressure it took to break 

other parts of the tested femurs than the calluses, which could possibly happen if the 

mechanical endurance was tested with a sudden impact.  

 

Referring to Chapter 5, functions of the two similar systems mentioned above could be 

built in one. Take the fracture-inducing device as a prototype, the main column, to which 

the blunt blade is attached, could be replaced by a syringe-like structure. When the device 

is applied to fracture creation, the syringe could be emptied and the system works just as 

described in previous chapter. When employed in biomechanical test of healing calluses, 

the syringe could be filled with water and connected with a transducer. The 500 g free 

falling weight is then replaced by a water tank which stands upon the impact disc. Water 

is pumped into the tank to create a gradually increased force in the upright direction. This 

design would be put into practice in future study.   

 

3.4.3 Comparison with previous studies 

Compared with the traditional strength tests introduced in the first part of this chapter, the 
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self-made device worked in a similar fashion. The blunt blade was placed on the callus 

and let stand still without any decline until the bone broke again. Thus the bone was 

broken by an increased pressure, which was provided by the accumulated water in the 

cola bottle, instead of a moving blade with constant speed and force. Consequently, the 

results of strength test generated from our device stood for pressure, not energy. Although 

there were some differences between the traditional methods and ours, the results we got 

still can reveal varied healing procedure among groups.  

 

The self-designed device could perform similar test. The fractured femur could be placed 

on the supporters with one end fixed and an attachment, which should be perpendicular 

to the axis of the bone, connected to the other end. Instead of working directly on the bone 

itself, the blunt blade would perform a downward force in the upright direction on the 

attachment. Then it would be turned into a rotating force along the axis of the long bone 

(Figure 3.5). Although this test was not actually performed, it was predictable that the 

curve would be similar to that acquired from the strength test. A gradually increased curve 

would show up until it reached a sharp cut, indicating the torsional limit of the healing 

callus. However, there were certain difference between the traditional methods to test 

torsional stiffness and our plan. In previous studies, the specific device applied a 

continuous rotating force along the axis of the tested long bone. In other words, the 

direction of applied force was changing and in keeping with the tangent line of turning 

circle every degree it rotated. On the other hand, the experimental plan with our device 

mentioned above could only provide an instantaneous force in the tangent direction, 

which could not change along with the rotation of bony axis.  

 



41 

 

 

Figure 3.5 The concept picture of the torsional test performed by our device. Instead 

of working directly on the tested material, the blade performed a pressure on an 

attachment which was perpendicular to the tested material. Thus the pressure would be 

transformed from the upright direction into a torsional one. 

 

The main reason why torsional stiffness test was not practically carried out in this study 

was the limitation of the sample size. As a callus would be broken at the end of the 

mechanical test, it could not be used in both strength and torsional stiffness tests. In other 

words, if both of these two types of tests were carried out, the sample size employed in 

the mechanical part needed to be doubled. It would add enormous workload to the entire 

PhD project. In future studies, the experimental plan of torsional stiffness test mentioned 

above could be put into practice.  

 

3.5 Conclusions 

In conclusion, the self-made system reached our expectations. The strength test and 

experimental plan for torsional stiffness test slightly differed from those reported in 

previous study. Instead of resembling the methodology of other researchers completely, 
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what was important was that stable and repeatable results, which stood for mechanical 

properties of the healing calluses and could be compared among different groups, were 

generated from our device. However, there were limitations in this system. The most 

obvious one was that it was unable to run test on well-healed bones whose mechanical 

endurance exceeded 400 kPa. In the future study, a new transducer with a wider capacity 

could be applied to solve the problem. 
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Chapter 4 The Optimization of Western Blot 

 

4.1 Introduction 

Western Blot (protein immunoblot) is a widely-used technique for protein analysis. The 

technique was originally developed by Towbin (1979) and named Western Blot by 

Burnette (1981). The basic principle of this technique is that proteins are separated in gel 

electrophoresis based on their molecular weight, which resolves the issue of the cross-

reactivity of antibodies to those antigens (proteins) with different molecular weight (a 

drawback of ELISA assay). Generally speaking, there are two most-frequently used 

polyacrylamide gel electrophoresis (PAGE) systems, Tris gel and Tricine gel. Tricine gel 

is specifically designed for small proteins with low molecular weight (around 10 kDa) 

while Tris gel is suitable to both small and large proteins. As it had been revealed in our 

preliminary experiment that the molecular weight of BMP-6 positive bands ranged from 

90 kDa to 10 kDa, Tris gel was chosen. Then the separated proteins are transferred to a 

membrane, nitrocellulose (NC) or polyvinylidene fluoride (PVDF) in an electric field, 

where they are detected by specific primary antibodies according to antibody-antigen 

specific combination. Then the combined primary antibodies are taken as antigens and 

detected by modified secondary antibodies. The secondary antibodies are designed either 

to build bonds with certain dye molecules, e.g. diaminobenzidine (DAB), or activate 

electrochemiluminescence (ECL) in a dark room. Thus the amount of target protein on 

the membrane could be represented by the darkness or optical density of the stained bands. 

Then these bands are quantified with a specific imaging device and compared among 

groups.  

 

As the technique involves multiple steps and an entire procedure (including stripping and 

re-incubation) takes up to 4 days, even tiny changes in a single step could result in totally 
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different results. Moreover, the result of Western Blot could also vary due to the property 

of target proteins, antibodies, blocking reagents and other experimental conditions. 

Therefore, the purpose of this chapter is to introduce each step of Western Blot in detail 

based on the 7-month practical experience of the author. Although the detailed protocol 

of Western Blot is not identical among different labs because of their experimental 

conditions, e.g. the manufacturer of equipment and reagents, the author’s experience in 

optimizing many steps of Western Blot could be valuable to other researchers.  

 

4.2 Materials 

The following reagents and devices were used in this stage. 

 

 Femoral callus samples  

 

 Double distilled water (DD water) 

 

 Lysis buffer: Leupeptin (Solarbio®, Beijing) 2 mg, Aprotinin (Solarbio®, Beijing) 4 

mg and Polyoxyethylene nonylphenol ether (Np-40, Solarbio®, Beijing) 2 mL were 

dissolved in 180 mL DD water.  

 

 30% Acrylamide (Acr): 14.5 g Acrylamide (Solarbio®, Beijing) and 0.5 g N, N’-

Methylene Bisacrylamide (Solarbio®, Beijing) were dissolved with DD water and 

diluted to the volume of 50 mL.  

 

 1.5 M Tris-HCl (pH 8.8): 9.085 g Tris (Solarbio®, Beijing) was dissolved with DD 

water and diluted to the volume of 50 mL. PH was adjusted to 8.8 with HCl (10 

mol/L). 
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 1 M Tris-HCl (pH 6.8): 6.055 g Tris was dissolved with DD water and diluted to the 

volume of 50 mL. PH was adjusted to 6.8 with HCl. 

 

 10% sodium dodecyl sulfate (SDS): 10 g SDS (Solarbio®, Beijing) was dissolved 

with DD water and diluted to the volume of 100 mL. 

 

 10% Ammonium persulfate (APS): 5 g Ammonium persulfate (Solarbio®, Beijing) 

was dissolved with DD water and diluted to the volume of 5 mL. 

 

 N, N, N’, N’-Tetramethylethylenediamine (TEMED, Solarbio®, Beijing) 

 

 TBST Buffer: NaCl 4.4 g, 1 M Tris-HCl (pH 6.8) 10 mL and Tween 20 (Sigma®, 

USA) 0.25 mL were diluted with DD water to the volume of 500 mL. 

 

 Blocking Buffer (also used as primary and secondary antibody incubation buffer): 5 

g skim milk powder (Inner Mongolia Yili® Industrial Group Limited by Share Ltd, 

China) was dissolved with TBST buffer and diluted to the volume of 100 mL. 

 

 Electrophoresis Buffer: 4.53 g Tris, 28.23 g Glycine (Solarbio®, Beijing) and 15 mL 

10% SDS were dissolved with DD water and diluted to the volume of 750 mL. 

 

 Transfer Buffer: 3.03 g Tris, 14.4 g Glycine and 210 mL methanol were dissolved 

with DD water and diluted to the volume of 1000 mL. 

 

 Striping Buffer: 6.25 mL 1 M Tris-HCl (pH 6.8), 20 mL 10% SDS, 0.7 mL β-
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Mercaptoethanol and 73 mL DD water. 

 

 Electrochemiluminescence (ECL, Thermo Scientific®, USA) 

 

 Sample Loading Buffer (Beyondtime®, China) 

 

 Molecular Marker (Beyondtime®, China) 

 

 Rabbit-Anti-Rat Primary Antibody (Bioss®, China) 

 

 Goat-Anti-Rabbit Secondary Antibody (Santa Cruz®, USA) 

 

 0.45μm PVDF Transfer Membrane (Millipore®, USA) 

 

 Bio-Rad Electrophoresis and Transfer system (Bio-Rad®, USA) 

 

 Bio-Rad Chemdoc XRS® system and Quantity One® software (Bio-Rad®, USA) 

 

4.3 Methods 

An ideal Western Blot result should have the following properties: 1) target bands should 

show strong positive ECL signal with few false positive spots on the background. When 

measured with Quantity One® software, the optical density of background should be close 

to zero while the optical density of a target band should be like a steep normal curve 

(Figure 4.1), which means the curve rises sharply till its peak and falls to its foot in a 

mirror pattern. 2) All bands should be straight and horizontal. All lanes should be of the 

same width and perpendicular to the bands. The basic steps of Western Blot employed in 
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this study are shown in the following flow chat (Figure 4.2). To achieve stable and 

repeatable satisfying results mentioned above, many pilot experiments were designed and 

carried out to optimize the protocol of Western Blot, which was the most time-consuming 

yet most valuable part of this chapter. Although each Western Blot system has its unique 

features, the experience obtained in this part could be a helpful guide to other researchers.   

 

 

Figure 4.1 The distribution of optical density of ideal (left) and average (right) 

Western Blot results. Bands from an ideal Western Blot result should be narrow, straight, 

horizontal and clear. 

 

 

Figure 4.2 The basic steps of Western Blot 

 

4.3.1 Protein extraction  

The aim of this step was to extract protein molecules out from callus samples for later 
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quantificational study. Protein extraction was unspecific. Therefore, various kinds of 

proteins were extracted, of which most were structural proteins (those form the cellular 

skeleton).  

 

Empty 5 mL centrifuge tubes were weighted on electric scale before the extraction 

procedure was started. The distal and proximal ends of the newly harvested femurs were 

cut off with a stainless steel saw. If the extraction procedure could not be started right 

after the femurs were collected, the samples should be stored in -70 °C. However, the 

protein samples used for quantification analysis must not be fixed in paraformaldehyde 

solution, which would result in failure in later Western Blot assay. 

 

The mid-shaft callus was grinded in liquid nitrogen (-196.56 °C) until it became pink 

powder-like matter. Then the grinded callus was transferred to the 5 mL centrifuge tube 

and weighted on the electric scale again. The difference between the weight of an empty 

centrifuge tube and a filled one indicated the weight of grinded callus. Then cell lysis 

buffer was added into the tube according to the ratio of 3 μL/mg grinded tissue. The tissue 

and lysis buffer mixture was stirred with a high-speed homogenizer for 10 seconds in ice 

bath. The centrifuge tube was then fixed to a shaker and stored in 4 °C for 16 hours 

(overnight) with gentle shake. The overnight shake ensured maximum contact between 

samples and lysis buffer, thus protein molecules were fully extracted from the samples 

into the solution. 

 

On the next day, the sample was centrifuged (Sigma®, USA) with 3000 r/min in 4 °C for 

20 minutes. The supernatant was then extracted, divided into 200 μL/tube and stored in -

70 °C for protein quantification and further use. 
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4.3.2 Protein quantification (bicinchoninic acid method, BCA) 

The basic principle of BCA protein quantification method is that Cu2+ could be reduced 

by protein to Cu+. Bicinchoninic acid could combine with Cu+ and result in purple-

coloured final production, whose optical absorption peaks at 562 nm (manual, Thermo 

Scientific®, USA). This property makes Bicinchoninic an ideal detector of protein. This 

step gave a total count of proteins in the callus extractions, of which large part were 

structural proteins, e.g. cellular skeleton, while secreted proteins, e.g. BMPs, only took 

up a small part. Therefore, the quantification of total protein had little connection with 

the final quantification of target proteins (BMP-6 and -9). The main purpose of this step 

was to help determine the loading volume of electrophoresis. The total proteins of 

extractions were quantified according to the following steps. 

 

1) Standard protein fluid and DD water were added to the first lane of a 96-well board 

(Figure 4.3) based on the following table.  

 

Table 4.1 Components of the first lane (standard curve) 

Well NO. A B C D E F G H 

standard protein fluid (μL) 0 1 2 4 8 12 16 20 

DD water (μL) 20 19 18 16 12 8 4 0 

corresponding protein 

quantity (μg) 

0 0.5 1.0 2.0 4.0 6.0 8.0 10.0 

 

2) Protein samples were diluted to appropriate concentration before they were loaded to 

the following lanes of the 96-well board. 3 μL protein sample fluid and 17 μL DD water 

were added to each well. 

 

3) BCA working fluid A and B (Thermo Scientific®, USA) were combined according to 

the volume ratio of 50:1 and fully mixed to form the final quantification working fluid. 
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200 μL quantification working fluid was added to each well. 

 

4) The 96-well board was then shaken on a horizontal shaker for 30 seconds and incubated 

in 37 °C for 30 minutes. Optical density value (OD) of each well was examined (the 

length of light wave was set to 562 nm). The protein quantity was used as horizontal 

ordinate while OD value was used as the vertical ordinate to draw a standard curve based 

on the first lane (Figure 4.3). 

 

 

Figure 4.3 The loaded lanes (left) and the standard curve (right). The optical density 

(OD) values of standard protein samples were measured and a curve was drawn based on 

the protein quantities and their corresponding OD values. 

 

5) Protein quantity of samples could then be calculated based on the standard curve. The 

concentration of protein samples was gained when the protein quantity was divided by its 

loading volume (3 μL). If a protein sample had been diluted, the dilute ratio should also 

be taken into consideration when calculating its concentration. 

 

Both the overnight protein extraction and centrifugation on the next day should be 

conducted in 4 °C to avoid protein loss caused by degradation. Although enzyme inhibitor 

had been added to the lysis buffer, other necessary methods should also be taken to ensure 

as much protein was extracted and reserved as possible. The sample could be diluted to 
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reach an appropriate concentration level for protein quantification and Western Blot if the 

concentration of the original extraction was too high. However, if the concentration of 

extraction was lower than the required level to satisfy the sensitivity of protein 

quantification and Western Blot, it was difficult to concentrate the protein extraction. 

 

4.3.3 Preparation of 12% SDS-PAGE gel  

The most frequently used Tris gels are 10%, 12% and 15%. The percentages indicate the 

concentration of Acr in the gel. The higher the concentration is, the more suitable it is for 

proteins with low molecular weight. As BMP-6 showed multiple bands, ranged from 90 

kDa to 10 kDa, 12% gel was chosen in this study. 15% and 10% gels were tested in 

preliminary experiments. The spaces between bands in a 15% gel were too narrow, which 

led to difficulty in distinguishing multiple BMP-6 positive bands. On the other hand, the 

spaces in a 10% gel were wide enough. However, low concentration of Acr rendered the 

gel too fragile to handle, which meant the gel was easily broken during washing and 

transferring. The endurance of materials in each step was of great importance as the entire 

four-day procedure would have to be started all over again if one single step failed to 

deliver expected results. Therefore, 10% gel was excluded. 12 % gel was made according 

to the following formula.     

 

10 mL separation gel was consisted of DD water 3.3 mL, 30% Acr 4.0 mL, 1.5 M Tris-

HCl (pH 8.8) 2.5 mL, 10% SDS 0.1 mL, 10% APS 0.1 mL, TEMED 0.004 mL. 4 mL 

concentration gel was consisted of DD water 2.8 mL, 30% Acr 0.66 mL, 1 M Tris-HCl 

(pH 6.8) 0.5 mL, 10% SDS 0.04 mL, 10% APS 0.04 mL, TEMED 0.004 mL.  

 

5 mL separation gel was injected into the glass tank (Bio Rad®, USA) gradually and sealed 

with 1 mL DD water. It took about 40 minutes for the separation gel to concrete. Then, 
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after the water seal was poured off, 2 mL concentration gel was injected upon the 

separation gel and a 10-well comb (Bio Rad®, USA) was inserted into it. The glass tank 

was stored in 4 °C for 16 hours (Figure 4.4). 

 

 

Figure 4.4 Preparation of SDS-PAGE gel. The gel was let stand in 4 °C till its full 

concretion before use. 

 

The overnight storage of gels in 4 °C before electrophoresis was important. Although the 

separation and concentration gel concreted within 40 minutes in general, the dividing line 

between them still moved up and down gently even hours after concretion based on our 

observation. This indicated that the internal structure of gel may still vary after concretion 

and it took hours for it to become stabilized. This technical detail also had effects on 

Western Blot results. The bands acquired from stabilized gel were narrower and straighter 

than those form newly concreted gel (Figure 4.5). Our explanation was that the 

stabilization of the internal structure of gel helped to constrain protein of the same 

molecular weight within a narrower space. 
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Figure 4.5 Bands acquired from newly concreted (left) and stabilized (right) gels. 

Overnight storage in 4 °C resulted in narrower and straighter bands. 

 

4.3.4 Preparation of protein samples 

The protein samples were defrozen from -70 °C. 10 μL sample loading buffer was added 

to 40 μL protein extraction (volume ratio 1:4). The mixture was heated in boiling water 

for 5 minutes and centrifuged with 3000r/minute for 1 minute. 

 

4.3.5 Electrophoresis 

The purpose of electrophoresis was to separate different types of proteins in the samples 

based on their molecular weight.  

 

The comb was pulled out before use. The wells were washed with DD water. After setting 

up Bio Rad® electrophoresis system, the inner tank (formed by two glass tanks with two 

lower glass plate face to face) was filled with electrophoresis buffer and the rest of 750 

mL buffer was put in the outer tank. 10 μL supernatant of boiled protein-loading buffer 

mixture was loaded to each well (Figure 4.6).  
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Figure 4.6 The electrophoresis system. 10 μL molecular weight marker was added to 

the left-most lane of each gel and the rest lanes were holding protein samples of the same 

volume. 

 

Electrophoresis was started with constant voltage of 60 V. It was switched to 120 V when 

the blue indicator from the loading buffer reached the boundary between concentration 

and separation gel. Electrophoresis was stopped when the indicator reached the bottom 

of the glass tank. The whole electrophoresis stage was in 4 °C (Figure 4.7). 
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Figure 4.7 Gels after electrophoresis (stained with Coomassie brilliant blue). 

Multiple blue-stained bands indicated that all proteins in the samples had been separated 

based on their molecular weight. 

 

The loading quantity to each well should be appropriate and equal. Although some 

textbooks and materials on Western Blot stated that the best loading quantity should be 

60~100 μg protein each well, 30~60 μg served us with the ideal results. Greater loading 

quantity may result in a bottleneck-shaped swelling in the lane, indicating that too much 

protein was stuck there and not able to get through in electrophoresis. This may lead to 

bold smiling and dislocated bands which were strong, bent and aligned to a wrong 

molecular weight marker on the PVDF membrane (Figure 4.8). On the other hand, smaller 

loading quantity made the target bands harder to detect with ECL because of the protein 

loss during electrophoresis and transfer. Protein could run straight down in 

electrophoresis because of the vertical electric field. When the loading quantity of two 

adjoining lanes were significantly different, it added a horizontal electric field to the 

original vertical one because protein was negatively charged when combined with loading 

buffer. This may cause protein to run in the direction of the join force of the two electric 
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fields, leading to oblique lanes. In most cases, dilution of protein extraction between 

different groups was not far from each other. Thus same loading volume could roughly 

equal to same loading protein quantity. 

 

 

Figure 4.8 The layout of bands on gels and PVDF membranes with different loading 

quantity. a, c=100 μg protein each well; b, d=30 μg protein each well. Appropriate 

loading quantity was crucial to good results of both electrophoresis and ECL imagining. 

 

4.3.6 Assembling the transfer sandwich 

The gel was peeled off from the glass tank and then the concentrate gel was removed with 

a gel cutter (Bio Rad®, USA). The separation gel was washed in transfer buffer for 15 

minutes. In the meantime, filter paper (Bio Rad®, USA) and PVDF membrane were 

prepared. To avoid short circuit, the right size of these three parts should be separation 

gel > PVDF > filter paper. The PVDF membrane was activated in methanol for 10 seconds 

and washed in transfer buffer for 5 minutes. The transfer sandwich was assembled 

according to the following order: cassette (black), sponge pad, 3 filter papers, separation 
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gel, PVDF membrane, 3 filter papers, sponge pad and cassette (white, Figure 4.9). 

 

 

Figure 4.9 Components of the transfer sandwich 

 

There should be no bubbles between different layers in the transfer sandwich. The basic 

principle of transfer procedure was that negatively-charged protein was moved from the 

gel to positively-charged (by dipping in methanol) PVDF membrane in a transverse 

electric field. Bubbles in the transfer sandwich may create insulation zones in the electric 

field, which prevented protein from transferring. If bubbles happened to locate where the 

target bands were, they would result in negative defects in the positive bands, which 

would affect quantification of the bands (Figure 10). 
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Figure 4.10 A defect in the target band caused by bubbles. An acid fuchsin-negative 

defect (red arrow) in the positive band. The defect indicated the absence of protein on the 

PVDF membrane. The reason was that the transferring of protein from PAGE gel to the 

PVDF membrane was prevented by the insulation zones caused by the bubbles. 

 

4.3.7 Transfer 

The purpose of this step was to transfer those separated proteins from the gel on to a 

membrane where they could be detected by specific antibodies and quantified. 

 

An ice box was placed next to the black cassette. The transfer tank was filled with transfer 

buffer. The entire transfer procedure was conducted under constant voltage of 60 V for 1 

hour. 

 

Cooling of the electrophoresis and transfer system was important as they were two heat-

producing procedures. Electrophoresis should be conducted in 4 °C to prevent smile (bent) 

bands. In the transfer tank, the ice box should be placed next to the black cassette, which 

means closer to the gel inside the sandwich, to prevent the gel from melting by heat. 

 

There was no gold standard for the voltage used in electrophoresis and transfer. The basic 

principles for choosing the suitable voltage were: 1) the slower the electrophoresis 

procedure was, the better results it tended to produce. Thus electrophoresis should be 

conducted under low voltage. However, efficiency should also be taken into consideration. 
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The electrophoresis procedure may take hours if the voltage was too low. Based on the 

author’s experience, 60 V was the suitable choice which produced straight and narrow 

bands. Additionally, it was able to make the procedure shorter than one hour (about 40 

minutes). 2) As for the transmembrane procedure, inner balance was required between 

the voltage and duration. Specifically, if the voltage was too high or the duration was too 

long, proteins could pass through the membrane and get into the transfer buffer. On the 

other hand, if the voltage was too low or the duration was too short, it may not be enough 

for the proteins to be transferred on to the membrane from the gel. On both of these two 

occasions, the amount of proteins on the membrane would not be enough for later ECL 

quantificational analysis. According to the author’s experience, the combination of 60 V 

and 1 hour was able to produce satisfying results.  

 

4.3.8 Blocking 

The purpose of blocking was to reduce the false positive signals on the membrane during 

ECL imaging. Those blocking reagents, e.g. milk powder or bovine serum albumin, were 

actually protein molecules. These protein molecules would cover the empty spaces on the 

membrane which had not been taken by bands. Blocking reduced the chance that 

antibodies formed unspecific combination with the membrane.   

 

After being taken out from the transfer sandwich, the PVDF membrane was dipped in 

blocking buffer (room temperature) with gentle shake for 2 hours. The blocking buffer 

(also used as antibody incubation buffer) may greatly affect the results. Besides those 

purchased blocking reagents, two kinds of self-prepared blocking buffer are generally 

used in Western Blot, naming bovine serum albumin (BSA) and skim milk powder. We 

had tried both and finally chose skim milk powder because BSA, in our experimental 

conditions, seemed to failed to block the membrane as numbers of irregular-shaped false 
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positive bands were detected (Figure 4.11). It indicated that the blocking effect might 

require balance among the blocking reagents (BSA or milk powder), type of membrane 

(NC or PVDF, 0.2 μm or 0.45 μm), molecular weight of target protein and solubility of 

antibodies in incubation buffer. Also, some details should be noticed when choosing milk 

powder as blocking reagent. Firstly, it should be skim. Because lipid would cause multiple 

false positive spots on the membrane (Figure 4.12). Secondly, the buffer should be filtered 

before use. Large lactoprotein may also cause multiple false positive spots on the 

membrane. Thirdly, the buffer should be fresh. The filtered buffer should be stored in 4 °C. 

Smell and clots should be checked before use. The storage of buffer, blocking and 

antibody incubation should be conducted under airtight conditions to avoid contamination 

from the air. Deteriorated blocking buffer could damage both the antibody and the 

membrane. Last but not the least, the blocking reagents (BSA or milk powder) should be 

dissolved in TBST or PBST buffer, instead of simple TBS or PBS buffer. The last T in the 

names stands for Tween 20, which is a kind of surfactant. Tween 20 in the incubation 

buffer could reduce false positive bands and spots by preventing non-specific 

combination of the antibody. 

 

 

Figure 4.11 PVDF membranes blocked with skim milk powder (left) and BSA (right). 

Although BSA was also a widely-used blocking reagent, it was not functioning well in 

the Western Blot system in this study. 
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Figure 4.12 PVDF membranes blocked with 0.8% (left) and 1.2% lipid (right) skim 

milk powder. Excessive lipid in the milk powder could cause false positive spots, which 

should be prevented. 

 

4.3.9 Primary antibody incubation  

Primary antibody incubation was the step in which target proteins, such as BMP-6 and -

9 in this study, were detected with specific antibodies. These antibodies would be taken 

as antigens, marked with secondary antibodies and quantified in later stage. Rabbit-anti-

rat BMP-6 antibody was diluted with blocking buffer to the dilution of 1:300. The PVDF 

membrane was incubated in 4 °C with gentle shake for 16 hours (overnight). 

 

The incubation temperature was crucial. Although there was an unwritten formula that 1 

hour in 37 °C = 3 hours in room temperature = overnight (16 hours) in 4 °C, it was not 

working in our experiment. Considering that a lot of time would be saved if the overnight 

primary antibody incubation in 4 °C could be replaced by 1-hour incubation in 37 °C, a 

small controlled experiment was designed. One protein sample was electrophoresed and 

transferred to four membranes, two 0.2 μm PVDF and two 0.45 μm PVDF. One 0.2 μm 

PVDF and one 0.45 μm were incubated in 37 °C for 1 hour while the other two were 

incubated overnight in 4 °C. The results showed that, when detected with Acid Fuchsin 

(unspecific protein detector), two 0.2 μm PVDF membranes were all in red while two 

0.45 μm PVDF membranes showed red bands on white background. However, when 

detected with ECL, only the 0.45 μm PVDF incubated overnight in 4 °C showed clear 
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bands. Two 0.2 μm PVDF membranes were all in black under ECL while no band was 

detected on the 0.45 μm PVDF incubated 1 hour in 37 °C (Figure 13). The results 

indicated that protein transfer to the 0.2 μm PVDF membranes failed. Protein spread all 

over the membranes instead of forming bands. Although bands were transferred to 0.45 

μm PVDF membranes successfully, one-hour incubation in 37 °C failed to combine 

antibody with the target protein. It was natural to hypothesize that one hour in 37 °C 

equalled to overnight in 4 °C because thermodynamic motion may play an important role 

in the combination of antibody and target protein. Higher temperature meant more 

frequent movement of antibody, which increased the chance that antibody met and 

combined with target protein. However, this hypothesis had been denied by our results. It 

was concluded from the above that overnight incubation in 4 °C could not be replaced by 

1 hour in 37 °C. Moreover, 0.2 μm PVDF membrane did not fit our experiment system. 

 

Figure 4.13 Comparison of different incubation conditions with 0.2 and 0.45 μm 

PVDF membranes. The result indicated that 0.2 μm PVDF membrane did not fit the 

Western Blot system while overnight incubation in 4 °C was necessary for 0.45 μm PVDF 

membrane. 
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Nitrocellulose (NC) membrane was not tested in our preliminary experiment because of 

its fragility. As Western Blot procedure in this study took up to three days, with multiple 

times of incubation and stripping, NC membrane was not able to undergo those steps. 

Therefore, it was excluded during our early experiment design. What need to be 

emphasized here is that the preliminary experiment mentioned above was based on our 

own Western Blot system. Thus the experience may not be suitable for other researchers 

using a different system or target protein. For example, if the study was aimed to quantify 

only one target protein with a single band, like BMP-9, multiple incubation and stripping 

would not be necessary. In that case, NC membrane could also be a good choice. 

Additionally, as stated in the first part of this chapter, a satisfying Western Blot result 

required an optimum combination of many components, including the target protein, 

antibodies and blocking reagent. Any changes in one of these components could lead to 

dramatic changes in methods and results. It may be possible that 16 hours’ incubation in 

4 °C could be replaced by 1 hour in 37 °C, when a different blocking reagent was 

employed, when the antibodies were purchased from other biochemistry companies or a 

different target protein was chosen. Other combinations of these parameters were not 

tested due to the time limit of this PhD project. For example, 2 hours’ incubation in 37 °C 

or 1 hour in 40 °C might be working in our own system. Therefore, it requires further 

study to explore the most efficient combination of these parameters. 

 

4.3.10 Secondary antibody incubation 

Primary antibodies were taken as antigens and detected with Secondary antibodies. These 

secondary antibodies were combined with horseradish peroxidase (HRP), which could 

activate ECL solution and give out luminescence. The optical density of the luminescence 

stood for the amount of target proteins and was used for quantification.  
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The PVDF membrane was washed in TBST buffer for 5 minutes ×3 times after being 

taken out from the primary antibody working fluid. In the meantime, goat-anti-rabbit 

secondary antibody was diluted with blocking buffer to the dilution of 1:2000. Then the 

PVDF membrane was incubated in the secondary antibody working fluid in room 

temperature for 2 hours. 

 

4.3.11 Imaging and quantification  

The PVDF membrane was washed in TBST buffer for 10 minutes ×3 times after 

secondary antibody incubation. ECL working fluid A and B were combined according to 

the volume ratio of 1:1 and dripped on the PVDF membrane uniformly. Then the 

membrane was manually exposed in Chemdoc XRS® system (under chemi high 

sensitivity mode with iris fully opened) for 60 seconds. The acquired image was then 

analysed with Quantity One® software.  

 

4.3.12 Stripping 

Stripping is the technique that washes primary and secondary antibody away from the 

membrane so the membrane could be reused. Stripping offers a solution when target and 

reference proteins are of the similar molecular weight. The most frequently-used 

reference proteins are glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 37 kDa), β-

actin (43 kDa) and tubulin (55 kDa). They are all housekeeper proteins whose expression 

in certain tissue is considered as constant. It is important to set an appropriate reference 

protein in Western Blot to correct the uncontrolled deviation. In most cases, target protein 

shows one or two positive bands (like BMP-9). Then one reference protein could be 

chosen from those three mentioned above, making sure its molecular weight differs at 

least 5 kDa from that of the target protein. The PVDF membrane could then be divided 



65 

 

between the target and reference bands based on molecular weight markers and incubated 

with target and reference primary antibody separately. Another choice is to incubate the 

whole membrane with the combination of target and reference antibody. As there was no 

significant difference in results between these two methods and it was difficult to divide 

the membrane straight without drying or contaminating it, the latter option was taken in 

our BMP-9 Western Blot. However, if the target protein shows multiple bands (BMP-6) 

and no reference is 5 kDa away from those bands, the PVDF membrane should be stripped, 

re-blocked and re-incubated with reference-specific primary antibody. Although β-

Mercaptoethanol in the stripping buffer could cause protein loss, the loss in each lane was 

equal in percentage based on our calculation, which would not affect the final 

quantification of the target bands (Equation 4.1). 

 

𝑒𝐵𝑀𝑃

𝑒𝐺𝐴𝑃𝐷𝐻
/

𝑐𝐵𝑀𝑃

𝑐𝐺𝐴𝑃𝐷𝐻
=  

𝑒𝐵𝑀𝑃

(1−𝑃𝐿%)𝑒𝐺𝐴𝑃𝐷𝐻
/

𝑐𝐵𝑀𝑃

(1−𝑃𝐿%)𝑐𝐺𝐴𝑃𝐷𝐻
   (1) 

Where e stands for experimental group, c stands for control group and PL stands for 

protein loss during stripping.  

 

The exposed membrane was dripped in stripping buffer in 60 °C for 30 minutes. After 

that, the membrane was washed in TBST buffer for 5 minutes ×3 times for the next 

blocking. BMP-9 and GAPDH incubation, imaging and quantification followed the same 

methods as described above. 

 

4.4 Results  

According to the stages in method and material, BMP-6 and -9 were successfully 

identified. The detailed layout and quantification of Western Blot results would be 

reported in the following chapters. 
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4.5 Discussions  

4.5.1 The necessity to optimize Western Blot technique 

Generally speaking, there are two major ways to quantify a certain type of protein (not 

total protein) in tissue extractions, naming enzyme-linked immunosorbent assay (ELISA) 

and Western Blot. These two methods are actually based on the same mechanism, which 

is the specific combination between antibodies and antigens. Although ELISA kits are 

more commercialized and time-saving, Western Blot is still a classic method for protein 

analysis and cannot be replaced because of its unique advantages.  

 

Firstly, Western Blot is much cheaper than ELISA. Of course, this comparison is built on 

the premise that the researcher is quite familiar with Western Blot technique thus few 

repeat is needed. Theoretically, the maximum capacity of an ELISA kit is 88 protein 

samples, as the first lane of the 96-well board must be used for the standard curve. It 

roughly equals to 10 pieces of 10-well SDS-PAGE gels. Taking all the other reagents and 

antibodies into consideration, the total cost of Western Blot is still much lower.  

 

Secondly, the results of Western Blot have better credibility because they consist both 

figures and numbers while the results of ELISA are made up of pure numbers.  

 

Last but the most important, Western Blot could cover all the functions it requires for 

protein analysis while, under certain conditions, ELISA fails to. Specifically, for those 

proteins with only one existing form in vivo, such as BMP-9 in this study which showed 

a single band, there is theoretically no difference between the results of Western Blot and 

ELISA. However, for those protein with more than one form in vivo, such as BMP-6 

which showed multiple bands indicating precursors, mid-products and mature segments, 

there is dramatic difference between the results of the two methods. The results of ELISA 
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stand for a total count of proteins with the same antigenicity from a tissue sample. In other 

words, it is able to tell a sum of precursors, mid-products and mature segments. But what 

ELISA fails to tell is the percentage each component takes in the total count. As for 

Western Blot, the precursors, mid-products and mature segments of target protein are 

separated during electrophoresis and form different bands in the same lane. These bands 

could then be detected by specific antibody and quantified separately and accurately. 

When the OD values of all the positive bands in the same lane are added together, it has 

the identical meaning as the ELISA result of the same tissue sample. There could be 

conditions in which the total amounts of certain protein between two groups are not 

significantly different while the percentages of each component between groups are 

significantly different. Taking BMP-6 as an example, the total BMP-6 expression could 

be of the same level between two groups. However, it is possible that in one group the 

precursors take up the majority while in the other groups the precursors have been 

activated and transformed into mature segment. This kind of difference is definitely of 

great value. But it cannot be detected by ELISA. 

 

According the above three reasons, Western Blot is a classic and reliable method for 

protein analysis. Optimization of this technique not only bring benefits to this study, but 

also would be valuable references to other researchers. Therefore, those controlled small-

scale experiments mentioned above were designed to look into detailed mechanisms of 

Western Blot, though some of those experiments were painstaking steps.    

 

4.5.2 Universal versus specific 

What needs to be emphasized here is that while some of the experiences from this chapter 

are universal and could be adopted by other researchers using Western Blot, some of them 

might be specific and only suitable for this study.  
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In summary, based on our understanding of Western Blot, those experiences could be 

adopted by others are: 1) the gels should be let stand and stabilized before electrophoresis. 

It matters not what kind of gel is employed in the research, Tris or Tricine, or what the 

Acr concentration is, 10%, 12% or 15%. The gels are better to be stored in 4 °C fridge to 

prevent deterioration and contamination from the air. 2) No bubble is allowed between 

the layers of the transfer sandwich to avoid the formation of insulation zones. Thus 

proteins in the gel could be transferred to the membrane uniformly and quantified 

accurately. 3) Both electrophoresis and transmembrane should be conducted under cool 

conditions. 4) If milk powder is chosen as the blocking reagent, it should be skim as lipid 

could cause false positive spots during ECL imaging. 5) Protein loss during stripping 

would not affect the comparison of target protein among groups.  

 

On the other hand, the following may require further evidences when adopted by others 

are: 1) NC membrane is another frequently-used material in Western Blot, which could 

be good choice when the entire experimental procedure is short. 2) BSA, though excluded 

from this study, could be an efficient blocking reagent if it reaches inner balance with the 

antibodies and target proteins. 3) The most time-efficient combination of blocking 

temperature and duration needs future exploration. 
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Chapter 5 Close femoral mid-shaft transverse fracture model 

 

5.1 Introduction 

5.1.1 Fracture, bony defect and the development of their animal models 

As the hallmark of vertebrate species, skeleton system is of great importance to human 

for it is the basis of movements of different body parts and bearing the body weight. The 

most frequent traumatic conditions seen in daily clinical work involving skeleton system 

are bony defect and fracture. Bony defect is usually caused by high-energy trauma, such 

as gun fire in the battle field and severe traffic accident. There are also iatrogenic causes 

for bony defect, e.g. tumour resection. In these cases, a large part of bone and marrow 

tissue, including osteogenic cells and factors are lost, which often leads to non-union of 

the defect. Compared with bony defect, fracture is more frequent in daily life, which is 

mainly caused by low-energy trauma, such as falling from standing height or collision in 

sports. Except for comminuted one, most fracture manages to achieve spontaneous heal 

because no osteogenic component is lost. However, when combined with other conditions, 

e.g. diabetes, stroke and drug abuse, delayed union or non-union could also happen. As 

bony defect and fracture are common clinical conditions, they have been widely studied 

by researchers. Animal models establishing these two conditions could date back to more 

than one hundred years ago.  

 

For more than one century, the researches using bony defect animal model have been 

focused on solving the contradiction between the lack of autologous materials and the 

dissatisfying prognosis of allografts implantation. To our knowledge, one of the earliest 

studies on the treatment for bony defect that are still trackable today was from Senn 

(1889), who used demineralized bovine bone as allografts in ten patients with 

osteomyelitis and in 14 dogs with skull defects. Urist (1965) established his study in the 
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osteoinductive function of bone matrix. It was the first time that decalcified bone was 

reported to show more potent osteoinductive function than common and calcified 

allografts. Einhorn et al. (1984) conducted a systemic evaluation of the radiological and 

biomechanical properties of healed defects induced by decalcified allografts. Most of the 

defects showed radiological union. Their biomechanical study demonstrated that the 

healed bones had an energy-absorption capacity and stiffness equal to those of intact rat 

femurs. It was the first time that mechanical evaluation was applied to the prognosis of 

decalcified allografts. This study provided supplement to Urist’s theory.  

 

As the development of material science, many biomaterials are found to share similar 

properties as natural bone. One ethical shortcoming of researches in allograft using animal 

models is that one animal must be euthanized for bone harvest to treat others. The 

application of biomaterials reduces the number of animals used for such study. There are 

usually two ways to implant biomaterials into bone defects. The first is to combine 

biomaterial with osteoinductive proteins before implantation. Azad et al. (2009) applied 

absorbable collagen sponge soaked with rhBMP-2 to femoral defects in rats. The second 

way is to seed biomaterial with stem cells (genetically modified in most cases). Hsu et al. 

(2007) transducted rat bone marrow stromal cells with Lentiviral coated BMP-2 cDNA. 

Collagen-ceramic carriers were seeded with those transducted stem cells and implanted 

into segmental femoral defects in rats. Nevertheless, there were also cases in which 

osteoinductive factors were directly injected into bony defects without any help of 

biomaterials. Betz et al. (2006) applied Adenoviral BMP-2 directly to femoral defects in 

rats via percutaneous injection. Seventy-five percent of the defects achieved radiological 

union. Therefore, the medium for bony defect healing is changing along with people’s 

knowledge in life science, from dead bones to biomaterials and even without any medium.  
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As for researches in transverse fracture healing, the most well-known model building 

system was introduced by Bonnarens and Einhorn in 1984, which has been cited more 

than 1500 times after establishment (Figure 5.1). The basic principle of their device was 

similar to a guillotine or the three-point bending system used in mechanical field. The 

difference is that while three-point bending system applies a gradually increased force on 

materials, their device created fracture with a sudden impact driven by a falling weight.   

 

 

Figure 5.1 The drawing of the guillotine system introduced by Bonnarens and 

Einhorn (1984). The basic idea of this system was that animals were placed on a support 

system (B in the drawing). Their limbs were fractured with a guillotine system (C) which 

was driven by a falling weight (D). 

 

There are many differences between these two types of animal models (bony defect and 

linear fracture). Firstly and obviously, they represent different clinical conditions that 

surgeons encounter in daily work. As stated above, these two kinds of trauma generate 

from distinguished causes. Secondly, these two types of animal models require specific 
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treatment. In most cases, bony defects are fixed with external fixators. That is not only 

because the supporting function of long bones has been impaired after bone loss, thus 

external fixators could partly compensate the bones’ role in weight bearing, but also 

external fixators could save space for implantation. Imagine if bony defects were treated 

with internal fixator, meaning an intramedullary pin go through the entire marrow cavity 

and is buried into the proximal and distal ends of the long bone. Then there would be no 

space to implant any allograft or biomaterial. As for transverse fracture, the weight 

bearing function of long bone is not as seriously impaired as in the case described above 

because no bony tissue is lost. Therefore, internal fixator is enough to connect the fracture 

ends and prevent them from moving during healing procedure. Generally speaking, there 

is no need to apply external fixators to animal models with linear fracture, for at least four 

screws need to be fixed into cortex to stabilize an external fixator, which would cause 

secondary and unnecessary trauma to animals (Figure 5.2). Thirdly, the severity of trauma 

and prognosis differ between the two kinds of animal models. In most researches using 

bony defect models, 4-6 mm cortex is resected from the diaphysis, which equalled to 25-

30% of its total length. Together lost are the stem cells and osteoinductive factors in 

marrow tissue. All these rendered the bony defects failure in spontaneous heal. On the 

other hand, no cortex, stem cells nor osteoinductive factors is lost during model building 

of linear fracture. Therefore, most animals achieved spontaneous heal. This difference is 

of great importance when the effects of other pathological condition (e.g. diabetes) on 

skeletal healing are intended to be observed. Survival and wellbeing of experimental 

animals after the combination of pathological condition and skeletal trauma need to be 

taken into consideration and evaluated. Specifically, systemic pathological condition like 

diabetes would already be a considerable shock to the internal environment of animals. 

Severe skeletal trauma, such as bony defects, could not only cause enormous additional 

suffering to animals, but also lead to failure of experiment because animals may not live 
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through the observation period. As this PhD project was designed to investigate diabetes’ 

effects on skeletal healing on molecular basis and apply gene therapy to fractured rats 

with diabetes, linear fracture model was chosen.   

 

 

Figure 5.2 External (left) and internal (right) fixators by Einhorn et al. (1984). As 

their names suggest, external fixators mean the fixators are applied outside bodies while 

internal fixators are inside bodies, usually inside marrow cavities or fixed beside fractured 

bones with screws.    

 

5.1.2 Aims and hypothesis of this stage 

The aims of this stage were 1) to design and produce a guillotine system based on the 

prototype reported by Bonnarens and Einhorn (1984); 2) to calibrate the device with rat 

cadavers, making sure that it could produce stable and repeatable transverse femoral 

fracture; and 3) to build fracture model in vivo. The properties of healing callus were 

studied in radiological, histological, biomechanical and molecular basis.  

 

Our hypothesis was that BMP-6 took active part in fracture healing. In other words, the 

expression of endogenic BMP-6 would be significantly up-regulated. 

 

5.2 Methods and Materials 

5.2.1 The design and production of the guillotine system 

The self-developed device was a modification of the classical guillotine system reported 

by Frank Bonnarens and Thomas A. Einhorn (1984). The blue print was drawn with the 



74 

 

help of Auto Computer Aided Design software (AutoCAD®, Autodesk, USA). The blue 

print (Appendix) was then sent to the Department of Medical Physics (Ninewells Hospital, 

NHS Tayside) for production.  

 

The main body of the device consisted two platforms, two impact discs and a core. The 

two platforms were connected by four columns with threads. Therefore, the distance 

between upper and lower platforms could be adjusted to fit animal size. The lower impact 

disc was fixed to the upper platform while the core, which went through the lower impact 

disc and upper platform, was fixed to the upper impact disc. An impact blade was fixed 

to the bottom of the core. At the top of the core there was a 300 mm rod guiding a 500 g 

weight to hit the upper impact disc. A constraining rod went through the two impact discs 

beside the core to prevent it from rotating. Two adjusting rods were connected with the 

lower impact disc with nuts and threads and their function was to adjust the travel distance 

of the blade when the weight fell and hit the upper impact disc. A spring was installed 

around the core between the two impact discs to support the weight of the parts upon it, 

ensuring that the force working on animal limbs was generated only from the falling 

weight. Two supporters were fixed to the lower platform with screws so the distance 

between them could be adjusted based on the length of rat femurs. Both the supporters 

and the impact blade were triangle-shaped. All parts of the device were made of stainless 

steel to guarantee their endurance (Figure 5.3). 
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Figure 5.3 The self-developed device for fracture introduction 

 

5.2.2 Cadaver tests & calibration of the device  

There were 22 cadavers (4 in the Animal Resource Unit of Ninewells Hospital, Dundee 

and the other 18 in the Laboratory of Anaesthesia, Shanxi Medical University, China), 44 

femurs, used for testing the guillotine system. Body weight of each rat was recorded 

before test. All the femurs were internally fixed before fracture (as described below). At 

the end of each test, the femurs were collected and their length, diameter and fracture type 

were recorded. 

 

Initially, the self-made device was not functionally working well to produce repeatable 

transverse fracture. Several parts of the device were modified as many problems showed 

up during cadaver test. Based on our experience, some key elements were of great 

importance in the introduction of transverse fracture. Fracture could be divided into 4 

types based on the shape of fracture ends, which are green stick, transverse, spiral and 

comminuted fracture. Different types of fracture are caused by different types of impact. 
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To induce transverse fracture, the impact should firstly be linear and perpendicular to the 

longitudinal axis of femur. The system was tested on chicken wings right after it was built. 

Transverse fracture was successfully induced. However, more fracture types showed up 

when we later moved on to rat cadavers. Spiral and even comminuted fracture was found 

in rats’ femurs. The reason was that the ends of the impact blade and two supporters were 

round-shaped (diameter 5 mm) when the system was originally built. While those three 5 

mm could be regarded as three points when the system was working on chicken wings 

(average length about 100 mm), they seemed to be too much for rats’ femurs (average 

length less than 40 mm). Therefore, we made some modifications to the blade and 

supporters to sharpen them into triangle-shaped. The tips of these three triangles were still 

blunt (diameter 1 mm) to avoid cutting damage to soft tissues.  

 

Secondly, the blade should be stable and without any rotation during the impact. Although 

best effort was made to place the blade perpendicular to the femur before impact, slight 

rotation was inevitable during the impact because the rats’ thighs, instead of cylinder-

shaped, were more like irregular cones. The slight rotation could result in spiral fracture. 

Therefore, a constraining rod was added to the impact discs to prevent the blade from 

rotating (Figure 5.3).  

 

Last but not the least, transverse fracture is a combined result of the impacting force and 

the travel distance of the striker. Based on the report by Jackson et al. (1970), to produce 

transverse fracture, the travel distance of the blade should be equivalent to half the 

diameter of the mid-shaft of femur. Specifically speaking, this distance for our experiment 

was about 2.3 mm because the transverse section of femoral diaphysis was oval-shaped 

and the blade was going to hit in its long diameter direction when the femur was placed 

in abduction and external rotation (average long diameter = 4.7 mm). The impacting force 
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was generated by a 500 g weight falling from a height of 300 mm. We had tested different 

combinations of these three parameters (travel distance of the blade, the weight and its 

falling distance) on cadavers. Ideal transverse fracture required optimum combination of 

the three parameters. On one hand, the cortex would not be fractured or was only broken 

on the hit side if the impacting force or the travel distance of the blade was not enough. 

On the other hand, if the travel distance of the blade was much longer than half the 

diameter of femur, or if the femur was hit by an overwhelming impacting force, the femur 

would be over-bended instead of being stricken by a sudden impact, which resulted in 

spiral or even comminuted fracture. The internal fixation pin could also be over-bent, 

leading to misplaced fracture healing.  

 

As travel distance of the blade was closely related to rats’ femoral diameter, a way to 

estimate the diameter was needed because it could not be measured directly in vivo. It 

was hypothesized that femoral diameter was positively related to rats’ body weight. 

Cadavers (n=44) varied from two-week-old to mature adult rats were collected from other 

projects. Their body weight and mid-shaft diameter of both femurs were measured and 

recorded. When all the collected data was put together to draw a scatter diagram of the 

relationship between body weight and femoral diameter, a log curve showed up. The 

curve indicated that the femoral diameter increased significantly before body weight 

reached 100 g. After that, this trend slowed down till body weight reached 400g. Then the 

curve entered a plateau, meaning the femoral diameter almost stayed at the same level 

after body weight exceeded 400 g. This finding matched our general knowledge of body 

growth. Take human as an example, height grows fast since people are born till the edge 

of puberty. Although puberty is a period when the organ function matures, physical 

parameters like height would not grow that significantly as in the previous period. Height, 

or the shape of bones, would not change very much after people reach their adulthood, no 
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matter he/she gains or loses body weight. In conclusion, a regression equation between 

rats’ body weight and femoral diameter was obtained (Excel 2013, Microsoft, USA) as 

femoral diameter=1.0276ln (body weight)-1.349 (Figure 5.4). With this equation, it was 

possible to calculate rats’ femoral diameter and the travel distance of the impact blade 

directly based on their body weight.  

 

 

Figure 5.4 The correlation between rats’ body weight and femoral diameter. The 

equation was concluded based on 44 cadavers, which revealed the relationship between 

body weight and femoral diameter of rats.  

 

5.2.3 In vivo experiment 

5.2.3.1 Preoperative, intraoperative and postoperative animal care 

Sixteen hours preoperative fasting was applied. Because anaesthetic may inhibit bowel 

movements and cause vomit, preoperative fasting reduced the chances of intestinal 

obstruction and choking. 

 

We had tried intraperitoneal anaesthesia by urethane or chloral hydrate injection and 

found two major problems. Firstly, intraperitoneal injection could cause enteroparalysis 

and cutting damage to the bowel, which would lead to intestinal obstruction and fatal 

consequences. At the beginning of our in vivo experiment, three male adult SD rats 
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received fracture operation with intraperitoneal anaesthesia as preliminary test. Two of 

them died on the 9th and 10th postoperative day. Their body weight dropped more than 

10 g per day after operation while normal rats grew about 4 g per day averagely. Autopsy 

showed peritonitis and enlarged bowels proximal to a narrow obstruction. Secondly, it 

was difficult to balance the anaesthetic depth and duration of intraperitoneal anaesthesia. 

On one hand, if the dosage of anaesthetic was set to make sure the rat recovered from 

anaesthesia shortly after operation, the anaesthetic depth would not be enough for surgical 

cutting and drilling. On the other hand, it would take hours for the rats to wake up if the 

dosage was set to reach satisfying anaesthetic depth, which required intensive observation 

and increased the postoperative risks. These problems were settled since we switched to 

inhalation anaesthesia. 

 

Many other researchers using the similar animal model described the surgical techniques 

as an incision was made medial to the ligamentum patellae and tendon was bluntly 

dissected. The patella was dislocated laterally and joint capsule was opened to expose 

the condylar groove (Bonnarens and Einhorn, 1984). When we tried to put this description 

into practice, we found that though it was simple to dissect the tendon bluntly, dislocating 

the patella was a painstaking step as the quadriceps were one of the strongest muscle 

groups in rats. Moreover, dislocating the patella could cause tearing damage to the 

tuberositas tibiae and the quadriceps, which would lead to bleeding and malfunction of 

the limb. Therefore, we made some modifications to the surgical details. The tendon was 

only pulled laterally temporarily with double suture to expose the joint capsule, instead 

of being put in a stable dislocated position. This change required an additional hand to 

pull the suture laterally and keep the capsule exposed when the surgeon was trying to 

expose the condylar groove and drill in the internal fixation pin through there. However, 

it significantly reduced the risk of intraoperative blood loss and soft tissue damage. 
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The length of the internal fixation pin should fit the femoral length. If the pin was too 

long, the two ends of the pin could penetrate femoral cortex to cause discomfort, soft 

tissue damage and malfunction of joints. On the other hand, if the pin was shorter than 

needed, the two ends might not be fixed into the distal and proximal femoral cortex, which 

would lead to misplaced fracture healing. Moreover, unfixed pin could bounce in the 

medullary cavity when impact blade hit the bone, causing spiral or even comminuted 

fracture. Experience was required to handle this problem. The surgeon could feel a sense 

of breakthrough when the drilling pin penetrated the cortex in condylar groove. The pin 

then went down in the marrow cavity for about 20 mm before it met obstruction again, 

indicating that it had reached the proximal cortex of femur. The drilling was continued 

for 1 or 2 mm further to make sure the pin was tightly fixed into the proximal cortex. The 

extra pin outside condylar groove was then cut off thus it would not affect joint movement.  

 

Inhalation anaesthesia, sciatic nerve blocking and oral analgesic were combined to handle 

intraoperative and postoperative pain. Inhalation anaesthesia and sciatic nerve blocking 

could provide enough anaesthetic depth for surgical operations. Bupivacaine offered up 

to 8 hours’ nerve block, which was able to relieve the sharp pain of fracture site after rats 

recovered from sevoflurane. Ibuprofen in the drinking water provided further pain relief. 

The combination of the three ensured that rats lived through operation and fracture 

healing period with the least suffering. 

 

All the equipment and sheets were disinfected. Disposable surgical gloves, masks and 

other aseptic techniques were applied. Gentamicin (8000IU, 0.2mL) was injected 

subcutaneously before operation and added to drinking water (8000IU/rat/day) in the first 

two postoperative days to prevent infection. All these methods helped to secure zero post-
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operational infection case in this entire study, even in later stages when fracture was 

combined with diabetic condition. Sodium Potassium Magnesium Calcium and Glucose 

Injection was used as drinking water for the first two postoperative days to provide energy 

and necessary ions in case the rats’ appetite was affected. All rats were closely observed 

for their daily movements for the first postoperative week. 

 

5.2.3.2 Surgical procedure 

Sixteen adult male Sprague-Dawley rats (purchased from the Laboratory Animal Center 

of the Chinese People’s Liberation Army Academy of Military Medical Sciences, Beijing, 

China) were used in this stage. 

 

All rats received 16 hours overnight fasting before fracture. On the operation day, the 

animal was picked out from the cage and placed in a transplant box which was connected 

with the anaesthetic device (North America Drager®, USA. Figure 5.5a). Sevoflurane (5%) 

was vaporized in oxygen (2 L per minute). The mixture was blown into the box for 

anaesthetic introduction (Figure 5.5b). It averagely took about 6 minutes for the animal 

to enter surgical anaesthetic depth. Then the rat was moved from the box to the operating 

table. Inhalation anaesthesia continued via a self-designed two-cavity mask, whose inner 

cavity was connected with the anaesthetic device to give out sevoflurane while the outer 

cavity was connected with a vacuum pump to extract extra anaesthetic (Figure 5.5c). To 

maintain anaesthetic status, the oxygen flow was reduced to 800 mL per minute with 

3.5%~5% sevoflurane based on rat individual difference.  
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Figure 5.5 The introduction and maintenance of anaesthesia. Sevoflurane was 

vaporized from the anaesthetic device (a) to a transparent box for anaesthetic introduction 

(b). Inhalation anaesthesia continued via a self-made mask after the rat reached surgical 

anaesthetic depth (c).  

 

Left thigh of the rat was cleaned with soap, shaved and sterilized with iodophor. 

Gentamicin (8000 IU, 0.2mL) was injected subcutaneously to prevent infection. Left 

Sciatic nerve was blocked with bupivacaine (0.125%, 1mL). Both the surgical 

instruments and sheets were disinfected in autoclave, reaching the standard for human 

surgery. 

 

A 10 mm incision was made medial to the left ligamentum patellae and the tendon was 

bluntly dissected with mosquito-type haemostatic forceps (Figure 5.6 left). The 

ligamentum patellae was drawn laterally with double 1-0 suture to expose the capsula 

articularis genus. The capsule was bluntly opened with mosquito-type haemostatic 

forceps to expose the condylar groove. A 40 mm K-Wire was drilled into the marrow 

cavity in retrograde fashion from the groove as internal fixation. Drilling was stopped 

when the distal end of the pin met obstruction, which meant the pin had been drilled into 

proximal cortex of femur (Figure 5.6 right). The excessive K-Wire outside the joint 

surface was cut off. The ligamentum patellae was relocated after extra K-Wire outside the 

condylar groove was cut off. The wound was closed with 1-0 suture and disinfected again 

with iodophor. 
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Figure 5.6 Blunt dissection of ligamentum patellae (left) and the internally fixed 

thigh (right). The ligament was bluntly dissected with mosquito-type haemostatic 

forceps. The excessive K-Wire outside the joint surface was cut off after the femur was 

stably fixed. So that it would not affect joint movements. 

 

The fixed thigh was then placed in abduction and external rotation position on the 

guillotine system, with great trochanter on one supporter and supracondyle on the other. 

A 500 g weight fell freely from 300 mm to drive the blade down for 2.3 mm. 5 mL of 

Sodium Potassium Magnesium Calcium and Glucose Injection was injected 

subcutaneously to compensate blood and tissue fluid loss. The rat was then observed until 

it recovered from anaesthesia, which would averagely take less than 5 minutes. Sodium 

Potassium Magnesium Calcium and Glucose injection was also used as drinking water 

for two postoperative days to provide energy and necessary ions in case the rats’ appetite 

was affected by operation and postoperative pain. Ibuprofen (0.1 g/rat/day) and 

gentamicin (8000 IU/rat/day) were added to drinking water for two postoperative days. 

 

The rats were euthanized by overdose of anaesthetics at the end of the second, fourth and 

eighth post-fracture weeks. All rats received radiological evaluation before euthanasia. 

Rats were anesthetized with 25% urethane (1.25 g/kg, i.p.) and laid supine with the 

fractured thigh in abduction and external rotation position for X-ray examination 

(Philips® Medical system, Type 9896 010 22161, Nederland). For details of 

histomorphology, immunohistochemistry, Western Blot and biomechanical test, check 
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relevant chapters.  

 

5.3 Results 

5.3.1 Cadaver tests 

The average weight of 18 cadavers was 289.00±13.49 g (with hearts resected). The 

average length of femurs was 33.46±1.08 mm. As the transect of femoral mid-shaft was 

oval-shaped, the average short diameter of mid-shaft cross section was 3.37±0.28 mm 

and the average long diameter was 4.68±0.26 mm (Table 5.1). When the length of K-Wire 

was set to 33 mm, the fracture ends were tightly fixed while the proximal and distal ends 

of K-Wire were buried under cortical so not to affect joint movements. Repeatable 

transverse fracture was acquired when the travel distance of the blade was adjusted to 2.3 

mm (Figure 5.7). 
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Table 5.1 Data collected from cadaver test 

 Cadavers Body 

weight 

(g) 

Femur Femoral 

length 

(mm) 

distance 

between great 

trochanter and 

supracondyle 

(mm) 

short 

femoral 

diameter 

(mm) 

long 

femoral 

diameter 

(mm) 

 1 264.0 L 

(comminuted) 

    

   R 

(comminuted) 

    

 2 275.0 L 32.0 20.0 3.0 4.5 

   R 32.5 20.0 3.5 4.5 

 3 262.0 L 33.0 27.0 3.0 4.5 

   R 

(comminuted) 

    

 4 309.0 L 33.0 27.0 3.5 5.0 

   R 33.5 27.0 3.5 5.0 

 5 294.0 L 33.0 17.5 3.5 4.9 

   R     

 6 288.0 L 33.5 20.5 3.1 4.5 

   R 32.5 20.0 3.1 4.5 

 7 301.0 L 34.0 21.0 3.2 4.0 

   R 34.5 20.0 3.0 4.5 

 8 277.0 L 37.0 22.0 3.0 5.0 

   R 36.5 19.5 3.2 5.0 

 9 292.0 L 32.3 20.0 3.5 4.5 

   R 33.0 21.0 3.5 4.5 

 10 286.0 L 33.5 21.5 3.0 4.5 

   R 32.5 20.5 3.0 4.5 

 11 298.0 L 33.0 18.5 3.8 5.0 

   R 33.0 20.0 3.5 5.0 

 12 309.0 L 33.0 20.0 3.5 5.0 

   R 33.0 21.0 4.0 5.0 

 13 301.0 L 33.2 20.0 3.4 4.6 

   R 33.5 21.0 3.5 4.5 

 14 301.0 L 34.5 19.0 3.5 4.8 

   R 32.0 20.0 3.9 4.8 

 15 291.0 L 33.5 16.5 3.5 4.5 

   R 33.5 21.5 3.5 4.5 

 16 284.0 L 34.0 21.5 3.5 5.0 

   R 34.0 22.0 3.0 4.5 

 17 276.0 L 33.8 20.0 3.5 4.9 

   R 33.5 19.0 3.5 4.5 

 18 294.0 L     

   R 32.5 21.0 3.5 4.5 

Mean   289.0   33.5 20.8 3.4 4.7 

SD  13.5  1.1 2.4 0.3 0.3 
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Figure 5.7 Fractured femurs collected from cadaver test. Soft tissues were resected 

after the fractured femurs were harvested from cadavers. Thus fracture types could be 

clearly seen and evaluated. The results of cadaver test showed that the self-made 

guillotine system was able to produce stable transverse fracture after calibration.  

 

5.3.2 In vivo model building 

All the 16 rats survived operation procedure and post-operative observation period. The 

rats recovered from anaesthesia within 5 minutes after the mask was taken off. They 

started to eat and drink right after they waked. Because the sciatic nerve was blocked, 

they were not able to move their fractured limbs at will for a few hours. During the first 

24 hours after operation, the rats intentionally avoided to touch ground with the fractured 

limbs. They were able to bear their body weight with the fractured legs within 48 hours. 

On the third day, the rats could move with the fractured legs, stand up with only two rear 

legs and even play with each other. Six of them were euthanized at the end of the second 

post-operative week. Six were euthanized at fourth week and the other four were 

euthanized at eighth week.  
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5.3.3 Radiology  

All the left femurs of the 16 rats were found fractured. No comminuted fracture was 

detected. At the end of the second post-operative week, X-ray showed spindle-shaped 

calluses and obvious fracture lines located in the middle of the fractured diaphysis. The 

intensity of radiological signal was not equivalent in the whole spindle-shaped callus. 

Specifically, while the four angles formed by periosteum and fracture ends showed strong 

signal (white-coloured under X-ray), the radiological signal was relatively weak in the 

mid part of the callus (black-coloured under X-ray). At the end of the fourth post-

operative week, larger calluses were found. While vast majority of the calluses showed 

strong signal under x-ray, weak signal could still be detected in the region between the 

outer side of the callus and the original cortex of the fracture ends. At the end of the eighth 

week (Figure 5.8), spindle calluses disappeared and cortex was connected. Fracture lines 

were blurred or undetectable under x-ray. Little oval bubbles in cortex indicated that the 

outer and inner layers of callus were about to unite and it was the final stage of 

reconstruction.  

 

 

Figure 5.8 Radiological results at the end of the second, fourth and eighth 

postoperative week. The results were similar to the radiological properties of fracture 

healing in human. 

 

5.3.4 Histomorphology 

5.3.4.1 Haematoxylin-eosin (HE) stain 
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HE stain shows the general status of tissue, in which nucleuses are blue-stained while 

plasma and extracellular matrix are red-stained. The fracture ends were surrounded by a 

spindle-shaped red-stained callus at the second post-fracture week. Woven bone could be 

detected at the four angles formed by periosteum and cortex of the fracture ends. Spaces 

within the woven bone were filled by marrow-like tissues. The mid part of the callus was 

consisted of chondrocytes and uncalcified extracellular matrix. At the fourth post-fracture 

week, more chondral tissue was replaced by woven bone. Most of the fracture finished 

reconstruction at the end of the eighth post-operative week. HE stain showed two parallel 

red-stained cortex, which was a typical histomorphological sign of long bone, also known 

as double-track sign (Figure 5.9). 

 

 

Figure 5.9 Haematoxylin-eosin stain. The results indicated that at the second and fourth 

post-fracture week, the fracture ends were surrounded by spindle-shaped callus tissue. 

Calcification of the callus started from the angles form by periosteum and cortex and 

stretched towards the mid part of the callus. At the eighth week, the fracture healing 

procedure was completed. 

 

5.3.4.2 Masson stain 

Masson stain is ideal for observation of fracture healing because it could clearly put 
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different types of tissues into different colours (bone in red and cartilage in blue or green) 

and help to evaluate the percentage each tissue takes in the whole callus. The red-stained 

fracture ends were surrounded by spindle blue-stained callus at the second post-fracture 

week. Red-stained woven bone could be detected at the four angles formed by periosteum 

and cortex. At the fourth post-fracture week, larger percentage of blue chondral callus 

was replaced by red woven bone. The callus disappeared and red-stained cortex showed 

double-track sign at the end of the eighth post-fracture week (Figure 5.10). 

 

 

Figure 5.10 Masson stain. The results of Masson stain showed the same trend as HE 

stain. Additionally, they also indicated that the percentage which calcified tissue (red-

stained) took in callus increased during the healing procedure. By the end of the eighth 

week, uncalcified tissue (blue-stained) was no longer detectable.  

 

5.3.4.3 Immunohistochemistry (IHC) 

Immunohistochemistry (IHC) was applied to identify target protein in callus. It could help 

to study the distribution of target protein in different types of tissues. The results showed 

that BMP-6 and BMP-9 were highly expressed in skeleton muscles, periosteum, marrow 

and woven bone inside the callus. Positive spots were also found scattered in osteocytes 

and extracellular matrix in cortex (Figure 5.11). 
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Figure 5.11 Immunohistochemistry. BMP-6 and -9 positive spots were found in 

different types of tissue in callus, including periosteum (P), woven bone (W), cortex (C) 

and marrow (M). Positive spots were also seen inside osteocytes (OC).  
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5.3.5 Biomechanical test 

The Mechanical endurance (Table 5.2) of callus at the end of the second post-operative 

week was 81.62±41.20 kPa while it was more than doubled at the end of the fourth week 

(217.49±39.63 kPa). The mechanical endurance of callus at the eighth week and the intact 

bone was beyond the upper limit that the self-designed device (Chapter 3) could detect 

(more than 400 kPa).  

 

Table 5.2 Mechanical endurance of healing bones 

Groups 
2nd week 

(n=5) 

4th week 

(n=5) 
8th week 

Intact 

femurs 

Mechanical 

endurance(kPa) 
92.40 170.88   

 110.50 260.58   

 12.90 230.39 > 400 >400 

 61.55 255.30   

 130.73 170.30   

Mean 81.62 217.49     

SD 41.20 39.63   

 

5.3.6 Western Blot 

Only calluses from the second and fourth week groups were examined with Western Blot. 

Because there was little difference between the eighth week and intact groups found in 

radiological and histological analysis, applying protein analysis to the end stage of 

fracture healing was unnecessary. 

 

BMP-6 Western Blot result showed multiple bands. In most cases, four bands located 

between 49 kDa and 90 kDa. One was between 35 kDa and 49 kDa and another band was 

align with the marker of 35 kDa. BMP-9 showed a single band just above 49 kDa while 

GAPDH showed a single band at the molecular weight of 37 kDa (Figure 5.12).  
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Among all the BMP-6 bands, only the 35 kDa one was found to be stably related to 

fracture at both the second and fourth post-fracture week. In comparison with the non-

fractured femurs, this 35 kDa BMP-6 was significantly increased in fractured femurs 

(P<0.05). As for BMP-9, quantification of the single band indicated that the optical 

density of intact bones was significantly higher than that of callus (p<0.05). In other 

words, BMP-9 seemed to be decreased during fracture healing (Figure 5.13).  

 

 

Figure 5.12 Distribution of positive bands from Western Blot assay 
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× Significantly higher than intact femurs (p<0.05), ×× Significantly lower than intact femurs (p<0.05) 

 

Figure 5.13 Quantification of Western Blot assay. 35 kDa BMP-6 was significantly 

increased during fracture healing while BMP-9 was significantly decreased. 

 

5.4 Discussion  

5.4.1 Different stages in fracture healing procedure 

Fracture healing could be divided into four stages, which are hematoma formation 

(inflammation), fibrocartilaginous callus formation (chondrogenesis), bony callus 

formation (osteogenesis) and remodelling.  

 

Inflammatory respond is initiated the moment fracture happens and lasts for 2~3 days. 

Tissue damage caused by fracture leads to bleeding and fills the gap between fracture 

ends with blood. The blood coagulates within hours and forms a hematoma around the 

fracture site. Inflammatory cells start infiltration and secrete varies of inflammatory 

factors. These factors not only draw more inflammatory cells to the fracture site via 

chemotaxis, but also start the cascade reaction of fracture healing. At this stage, X-ray 

shows clear fracture line across the fracture site (Figure 5.14). 
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Figure 5.14 X-ray pictures on the fracture day from preliminary experiment 

 

Chondrogenesis stage starts when new vessels and fibroblasts from endosteum and 

periosteum infiltrate the hematoma. The hematoma would be gradually replaced by 

hyaline cartilage, which forms a spindle provisional callus around the fracture ends. At 

this stage, X-ray shows a low-density (compared with cortex) spindle shade surrounding 

the fracture line. This stage would last for about one week. 

 

Osteogenesis stage is initiated at the second postoperative week when osteoblasts from 

endosteum and periosteum start to invade the provisional callus. Ossification begins at 

the angles formed by periosteum (or endosteum) and cortex and gradually stretches to the 

whole provisional callus. Mineral ions condense in the extracellular matrix around 

osteocytes and replace the hyaline cartilage with woven bone. The bony callus is a 

combination of outer callus, which is generated by osteoblasts from periosteum, and inner 

callus, which is generated by osteoblasts from endosteum and mesenchymal cells from 

bone marrow. The bony callus could not reach the strength of normal cortex at this stage 

and need further remodelling. X-ray shows blurred fracture line. The density of the 

spindle callus is close to that of the cortex. 

 

The remodelling stage starts right after ossification is initiated and lasts till the eighth 

post-fracture week. The ossified woven bone in the callus is gradually replaced by cortex, 
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which has greater strength to answer the functioning stress of the bone. The fracture site 

recovers to its original shape under the combined function of osteoblasts and osteoclasts. 

X-ray shows at the end of the eighth post-fracture week both the fracture line and the 

spindle callus disappear and the cortex is connected. Little oval bubbles inside the cortex 

indicate that it is the final stage of remodelling and the outer and inner callus are about to 

unite. In fact, most human fracture is clinically healed within 6 weeks, which means the 

bone is functionally recovered though remodelling has not finished radiologically.  

 

Autopsy, radiological and histomorphological examinations revealed that the fracture 

healing procedure of our rat model was similar to those common stages of human fracture 

healing. 

 

5.5 Conclusions 

Although the self-made device was based on the idea from other researchers, it helped us 

to gain brand new understandings of fracture. To our knowledge, it was the first time that 

the correlation between rats’ body weight and femoral diameter was reported (Figure 5.4). 

Our hypothesis about the role of BMP-6 in normal fracture healing was proved. Although 

the osteoinductive function of BMP-6 had been reported by other researchers, this was 

the first time that the functioning form of BMP-6 (the 35 kDa one) was clearly indicated. 
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Chapter 6 Chemical induced type 1 diabetes rat model 

 

6.1 Introduction 

As stated in the first chapter, diabetes nowadays is a world-wide health crisis. Type 1 

diabetes is an autoimmune disease leading to the destruction of the insulin-producing 

pancreatic β-cells while type 2 diabetes is associated with insulin resistance and a lack of 

appropriate compensation by pancreatic β-cells leading to a relative insulin deficiency. 

People’s knowledge about these two types of endocrine disorders is far from enough. Due 

the limitations of human research, diabetic animal models are built aiming to simulate the 

pathogenesis of these two types of diabetes. In the beginning of this chapter, research 

articles using diabetic animal models were carefully reviewed in order to choose the 

suitable type for our project.  

 

6.1.1 Type 1 diabetic animal models 

Based on its pathogenesis, type 1 diabetic animal model building involves introduction 

of absolute lack of insulin. Two common ways to achieve that are found after reviewing 

experimental articles in recent years. The first way to induce absolute insulin deficiency 

is to damage pancreatic β-cells to reduce insulin production. β-cells could be destroyed 

via chemical, virus infection and spontaneous autoimmune respond.  

 

6.1.1.1 Chemical induced type 1 diabetic models 

The most widely-used chemicals to induce diabetes-like symptoms in animals are 

streptozotocin (STZ) and alloxan. The molecular structure of these two chemicals are 

similar to that of glucose, thus they could be taken up by pancreatic β-cells via glucose 

transporter (Bansal et al. 1980). The mechanism of STZ involves reduction in cellular 

adenosine triphosphate (ATP) volume to inhibit insulin production (Sandler and Swenne, 
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1983) and fragmentation & alkylation of DNA (Szkudelski, 2001). West et al. (1996) 

reported that two hours after STZ injection (80 mg/kg i.p.), hyperglycaemia was observed 

and blood insulin levels decreased. Six hours later, blood insulin levels increased and 

hypoglycaemia occurred. After being taken up by β-cells, alloxan is reduced to dialuric 

acid and then re-oxidized back to alloxan, creating a redox cycle to generate superoxide 

radical which causes damage to DNA. The advantage of chemical-induced diabetic 

animal model is that the severity of hyperglycaemic symptoms can be adjusted based on 

the dosage of applied chemicals. Specifically speaking, if a study is designed to look into 

mild diabetic condition, low dose of chemical should be used. If, on the other hand, severe 

diabetic symptoms are expected in the animal model, the dosage of chemical could be 

increased to achieve that. Moreover, the cost of chemical-induced model is much lower 

than other model types. However, its disadvantage lies in the adverse effects on other 

organs. Therefore, the overall wellbeing of animals should be closely monitored after 

chemical application. 

 

6.1.1.2 Virus induced type 1 diabetic model 

Viral infection has been reported as one of the causes of human type 1 diabetes 

(Vanderwerf et al. 2007). Virus could either damage β-cells directly or activate immune 

respond which causes secondary damage to β-cells (Jun and Yoon 2003). Coxsackie B 

virus, Encephalomyocarditis virus and Kilham rat virus have been used to induce diabetic 

symptoms in animals. Herrath et al. (1997) applied a kind of genetically modified virus 

to animals, thus a defined viral antigen of lymphocytic choriomeningitis virus (LCMV) 

was expressed on the β-cell membrane. The animals would not become insulin deficient 

until they were infected with LCMV, which activated immune system and led to specific 

attack on β-cells. That was a brand new idea because the timing of the onset of diabetic 

symptoms could be fully controlled by researchers.   
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6.1.1.3 Spontaneous type 1 diabetic models 

The most commonly used spontaneous type 1 diabetic rat models are Biobreeding (BB) 

rats and LEW.1AR1/Ztm-iddm (LEW) rats, which are selected and bred from their wild-

type ancestors. Symptoms of hyperglycaemia show up spontaneously in these rats around 

the age of 8 weeks and do not require any external intervention. There are certain 

differences between BB and LEW rats. First of all, the susceptibility towards diabetes is 

different between these two types of animals. While 90% BB rats develop diabetes, the 

incidence for LEW rats is only around 60% (Jorns et al. 2005). Secondly, the severity of 

diabetic symptoms differs between these two types of models. Hyperglycaemic symptoms 

in BB rats are quite severe, thus they require insulin therapy to survive. In contrast, LEW 

rats only develop mild symptoms and are able to live well without insulin application. 

Thirdly, LEW rats exhibit a pre-diabetic period with pancreatic infiltration approximately 

a week before obvious symptoms show up. This period allows researchers to conduct 

analysis of different stages in the immune cell infiltration. Nevertheless, no such period 

is detected in BB rats, in which diabetic symptoms are just developed directly (Jorns et 

al. 2005).  

 

6.1.1.4 Type 1 diabetic model induced by misfolded insulin molecule 

Besides the destruction of β-cells, there is another way to induce absolute insulin 

deficiency and build type 1 diabetic animal model. AKITA mice were firstly reported in 

Akita, Japan. Spontaneous genetic mutation in these mice leads to misfolding of insulin. 

In other words, pancreatic β-cells in these animals are functioning well and able to 

produce adequate insulin. However, structural misfolding rendered the protein no 

biological activity as normal insulin molecule. Therefore, unlike the above cases in which 

β-cells are damaged by either chemical, viral infection or autoimmune respond, type 1 
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diabetes in AKITA mice is caused by malfunction of the defective insulin.  

 

6.1.2 Type 2 diabetic animal models 

Based on its pathogenesis, animal models of type 2 diabetes usually involve peripheral 

insulin resistance and/or pancreatic β-cell damage. As obesity (lifestyle) is one of the 

greatest risk factors of human type 2 diabetes, most of the current animal models are 

obese, which is caused by either genetic mutation or high fat & glucose feeding. 

 

6.1.2.1 Genetically mutated type 2 diabetic models 

The most widely used obesity models related to genetic mutation are defective in leptin 

signal pathway. Leptin induces satiety, thus a lack of functional leptin in these animals 

leads hyperphagia and obesity. Zucker diabetic fatty rats (ZDF) have mutated leptin 

receptors and become obese at around 4 weeks of age (Phillips et al., 1996). Peripheral 

insulin resistance shows up after the onset of obesity and could not be compensated due 

to the increased apoptosis rate of pancreatic β-cells (Pick et al. 1998). 

 

6.1.2.2 High fat & glucose fed type 2 diabetic models 

Obese animal model induced by high fat feeding was firstly reported by Surwit et al. 

(1988). High fat feeding leads to hyperinsulinaemia and altered glucose homeostasis. 

Salido et al. (2012) introduced a new type 2 diabetic model for study in diabetic 

retinopathy. High glucose drinking was combined with low dosage STZ injection to 

simulate the pathological conditions in human type 2 diabetes that obesity induced insulin 

resistance is accompanied with malfunction of pancreatic β-cells.  

 

6.1.3 BMP-6 and diabetes 

As a newly-discovered member of the BMP family, there are few researches on BMP-6 
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compared with the widely-studied BMP-2 and BMP-7. However, those studies have 

already proved the important role of BMP-6 in bone formation and glucose metabolism. 

Simic et al. (2006) reported that BMP-6 was able to promote differentiation of bone 

marrow stromal cells into osteoblast linage. Osteocalcin, released by osteoblasts, was 

reported to decrease the blood glucose level for 60 min following application (Ferron et 

al. 2008). Therefore, BMP-6 could down-regulate blood glucose via osteocalcin. Jiang et 

al. (2002) revealed the role of BMP-6 in the development of fetal pancreas. It was found 

to take part in the differentiation of mesenchymal stem cells into functional pancreatic β-

cells which were capable of releasing insulin. 

 

6.1.4 Diabetic model design of this study—aims and hypothesis 

The aim of this stage was to build a stable and repeatable fracture model in diabetic rats 

so that the role of diabetes in fracture healing could be studied in radiological, histological, 

biomechanical and molecular basis. As stated in the first chapter, patients with type 1 

diabetes have been reported to suffer from increased fracture risk and impaired fracture 

healing procedure (Vestergaard 2007). Moreover, bone mineral density (BMD), the gold 

standard of bone quality, is found to be decreased in these patients. Nevertheless, on the 

other hand, the relationship between type 2 diabetes and the skeleton system is uncertain. 

Some researchers found that type 2 diabetes affected the skeleton system in the same 

fashion as type 1 diabetes, naming it led to increased fracture risk and impaired healing 

procedure. However, there were also reports indicating that BMD was found increased in 

patients with type 2 diabetes (Vestergaard 2007). Additionally, fracture risk of patients 

with type 2 diabetes was reported to be decreased by some researchers. Their explanation 

was that, as type 2 diabetes is resulted from obesity in most cases, increased body mass 

in these patients could act as buffer to reduce the shock which may cause fracture (Bolotin 

et al. 2003). Therefore, as this PhD project was designed to look in to the effects of 
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diabetes on fracture healing in molecular basis and apply gene therapy to enhance the 

healing procedure, a stable and cost-efficient animal model was required. STZ-induced 

type 1 diabetic model has the following advantages. Firstly, as the negative effects of type 

1 diabetes on skeleton system is certain, difference in therapeutic outcome between 

groups could only be caused by the applied treatment, but not contradiction or variation 

in the animal model itself (like type 2 diabetes). Secondly, the cost of chemical induced 

diabetic model is much lower than that of the virus induced or spontaneous ones. Thirdly, 

STZ has a wide diabetogenic dosage, which gives it the ability to induce diabetic 

symptoms with different severity. Nevertheless, the safety window of alloxan is quite 

narrow. Even light overdosing could lead to toxicity, especially to the kidney (Szkudelski 

2001). 

 

As it had been revealed in the chapter Closed femoral mid-shaft transverse fracture model 

that the expression of endogenic 35 kDa BMP-6 was significantly increased during non-

diabetic (normal) fracture healing, our hypothesis was that the decrease of endogenic 

BMP-6 expression could be the connection between diabetic conditions and impaired 

fracture healing. However, to our knowledge, there was little research about the effects 

of diabetic conditions on endogenic BMP-6. Therefore, it needed to be clarified whether 

endogenic BMP-6 was affected by diabetes before applying BMP-6 expressing vectors 

as gene therapy in the final stage. Additionally, as the variety in forms of endogenic BMP-

6 had already been proved in last chapter, detailed analysis was planned to reveal whether 

all forms of BMP-6 were affected by diabetes, or only forms of certain molecular weight 

were affected.  

 

6.2 Materials  

 Streptozocin (STZ, Sigma®, USA) 
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 Double Distilled Water (DD water) 

 

 STZ working fluid A: 2.1 g citric acid was dissolved in 100 mL DD water. 

 

 STZ working fluid B: 2.94 g sodium citrate was dissolved in 100 mL DD water. 

 

 STZ injection: STZ working fluid A and B were combined by 1:1 (pH was adjusted 

to 4.2). STZ was dissolved in the combination by the ratio of 100 mg/1mL. 

 

6.3 Methods  

6.3.1 The pilot experiment about the dosage of STZ 

At the beginning of this stage, a pilot experiment was designed to decide the dosage of 

STZ used for diabetes introduction. It took both effectiveness in model building and 

animal welfare into consideration, which meant to induce stable diabetic symptoms with 

as little STZ as possible.  

 

STZ is an antibiotic that is produced by Streptomyces and well-studied for its 

experimental use to induce diabetic animal models. Solutions should be prepared just 

before use, since the product is unstable. The EP tubes which held STZ solution were 

wrapped with black paper to keep light out. Its maximum solution stability is at pH 4. 

After injection, STZ is taken up by pancreatic β cells via the glucose transporter GLUT2. 

Its toxicity depends on the potent alkylating properties combined with the synergistic 

action of nitric oxide and reactive oxygen species that contribute to DNA fragmentation. 

Finally, stable hyperglycaemia develops. There is no gold standard for the dosage of STZ 

used in diabetic model building. A single dose below 40 mg/kg b.w. may be ineffective 
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(Szkudelski, 2001). A dosage of 40 mg/kg was chosen as the minimum dose. Among all 

3 rats injected with the minimum dose, only one showed slight symptoms of 

hyperglycaemia (polyphagia, polydipsia, polyuria and loss of body weight) and reached 

the diagnostic criterion of 11.1 mmol/L in random plasma glucose test. Moreover, the 

growth rate of body weight from one of the three disqualified rats even significantly 

exceeded that of normal rats, showing obvious obesity (Figure 6.1). 

 

 

Figure 6.1 Results of pilot experiment with 40 mg/kg STZ. It indicated that among the 

three rats, only one (orange) showed a decreased growth rate in body weight combined 

with elevated blood glucose. Thus the dosage of 40 mg/kg was not enough to induce 

stable diabetic symptoms.  

 

Then the dose of STZ was increased to 50 mg/kg. Blood glucose level of all 3 rats 

exceeded the diagnostic criterion. Each of them showed typical symptoms of 

hyperglycaemia (Figure 6.2). More importantly, none of the 3 rats died of STZ injection 

and diabetes it caused. We did not try the dosage of 45 mg/kg ourselves. Our Chinese 

colleagues found later in their research that a single injection of STZ at the dose of 45 

mg/kg itself was not enough to produce stable diabetic model. However, when combined 

with high fat and glucose feeding, stable type 2 diabetic animal model was achieved. In 

light of the above, 50 mg/kg was the ideal dose of STZ in our experiment to produce 

stable type 1 diabetic animal model, which balanced the effectiveness with animal welfare. 
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Figure 6.2 Results of pilot experiment with 50 mg/kg STZ. It indicated that the growth 

rate of body weight was slowed down in all three rats compared with that of normal rats 

(3.3 g/day). More importantly, stable elevation in blood glucose was found in all three 

rats.   

 

6.3.2 The importance of pre- and post-injection fasting 

Yue et al. (2003) described in their research that STZ injection should be conducted after 

overnight fasting. However, they did not clarify the reasons. Based on our analysis, firstly, 

intraperitoneal injection of STZ may cause stress reaction to the bowels. Overnight 

fasting before injection could reduce to risk of intestinal obstruction resulted from bowel 

movement inhibition. Secondly and more importantly, as the DNA toxicity of STZ could 

only affect β-cells after being taken up via glucose transporter GLUT2, glucose in the 

food would act as the competitor of STZ and reduce the chance that STZ got into β-cells. 

In other words, overnight fasting before injection increased the sensitivity of β-cells 

towards STZ’s effect. 

 

However, only overnight fasting was not enough to achieve stable diabetic animal models 

based on our experience. If rats were given food right after injection, their blood glucose 

level and severity of diabetic symptoms could still vary greatly in later observation. The 

best explanation to this was that the effect of STZ was not instant. West et al. (1996) 

concluded that within 6 hours after injection, streptozotocin initiated pancreatic β-cell 

damage which led to the development of diabetes. Rats could not be forced to start eating 
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after injection, though most of them were hungry after overnight fasting. Rats’ appetite at 

that time was based on their individual responsiveness to anaesthesia and intraperitoneal 

injection. For those who started eating right after they recovered from anaesthesia, 

glucose in the food could still act as competitor of STZ before pancreatic β-cells were 

damaged. Therefore, blood glucose level and other diabetic symptoms would be mild or 

even absent in these rats during later observation. On the other hands, for those whose 

appetite was affected and not willing to eat, injected STZ had enough time to be taken up 

by β-cells without competing with glucose. Their pancreatic β-cells would suffer from 

more severe damage than their counterparts with good appetite, which led to higher blood 

glucose level and more typical diabetic symptoms.  

 

In light of the above, 3 hours’ additional post-injection fasting was applied to provide 

STZ enough time to be taken up by pancreatic β-cells via glucose transporter without any 

competition. This change turned out to be important to achieve stable diabetic animal 

models, which helped to narrow the standard deviation of diabetic parameters among 

different individuals. Moreover, the combination of pre- and post-injection fasting 

contributed to reducing the required STZ dosage, which was beneficial both ethically and 

economically. 

 

6.3.3 The importance of carrying out intraperitoneal injection under general 

anaesthesia 

The importance of conducting intraperitoneal injection under general anaesthesia has 

been discussed in the chapter Closed femoral mid-shaft transverse fracture model. 

Anaesthetic condition reduced the risk of cutting damage to the bowels and other organs 

by the needle. Moreover, conducting intraperitoneal injection under general anaesthesia 

was important not only to animal welfare, but also to successful diabetic model building. 
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If the injection was conducted without any anaesthetics or with those anaesthetics whose 

effect was unstable, e.g. diethyl, rats could still be moving or even struggling during 

injection. Thus it would be difficult for the researcher to choose the same injection point 

and finish the injection with the same speed and fashion for each animal, which would 

inevitably widen the standard deviation of diabetic parameters among individuals.   

 

6.3.4 The timing of inducing fracture to diabetic rats 

The reason why fracture was induced at the end of the second post-injection week was 

that we believed it was the time point when injected rats reached stabilized diabetic 

pathological conditions, where there were no significant fluctuations in the parameters 

reflecting the severity of diabetes, such as water & food intake, urine production and 

blood glucose. This time point was of great value to our experiment because, firstly, the 

femoral fracture model should be built upon stabilized diabetic pathological conditions 

so that it was able to resemble fracture healing in diabetic patients. Secondly, the surgical 

procedure to induce fracture was already a considerable trauma. The rats may not survive 

the surgical procedure if it was combined with diabetic events such as severe 

hypoglycaemia or insulin rush. Even if the rats did survive the surgery, unstable diabetic 

status could cause additional suffering during fracture healing. In conclusion, finding an 

appropriate timing to introduce fracture was of great technical and ethical meaning to 

ensure both successful model building and animal welfare. 

 

During the pilot experiment, body weight and blood glucose level were measured at 5 pm. 

every day (they were measured every three days in the later experiment), which could be 

regarded as fasting body weight and blood glucose because of rats' nocturnal living habit. 

Based on our observation, body weight and blood glucose level showed alternate 

fluctuation during the first two post-injection weeks. Specifically, the value of body 
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weight reached its peak when the value of blood glucose dropped to its bottom and vice 

versa. The cycle of the fluctuation was about 3-4 days (Figure 6.3). Both of these two 

parameters became more stable after the second post-injection week. Our explanation to 

the alternate fluctuation was that it took time for the rats to adjust when the balance of 

their internal environment had been disturbed by STZ injection. In light of previous study 

(West et al. 1996), hypoglycaemia occurred within 6 hours after injection, indicating that 

the toxic destruction of pancreatic β-cells had been initiated and insulin in storage had 

been released into circulation. The rats were then driven to feed by hunger caused by 

hypoglycaemia. When the food was digested and absorbed, damaged pancreatic β-cells 

failed to secrete sufficient insulin to respond to the increased blood glucose. In turn 

hyperglycaemia showed up, leading to rats' discomfort and affecting their appetite. The 

reduction in food intake would then cause hypoglycaemia. The cycle of hypoglycaemia 

and hyperglycaemia followed by the cycle of hunger and satiety resulted in the fluctuation 

of blood glucose and body weight mentioned above. The alternate fluctuation would stop 

only when the destruction of β-cells came to an end and when the rats' internal 

environment got adjusted to the absence of adequate insulin. Then the rats would reach a 

suitable diabetic pathological condition for further studies on diabetes' effect on other 

traumatic or pathological conditions. Therefore, we chose to induce femoral fracture at 

the end of the second post-injection week. 
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Figure 6.3 The alternate fluctuation of body weight and blood glucose after STZ 

injection from the pilot experiment. It indicated that the internal environment of 

injected rats had not reached a stable plateau during the first two weeks. Thus the delayed 

introduction of femoral fracture not only ensured animal welfare, but also brought the 

animal model closer to clinical work. Because in most human cases, fracture happens 

upon chronic and relatively stable diabetic conditions. 

 

6.3.5 A fracture model in diabetic rats 

Twenty-four male adult SD rats (255.67±7.31 g) received intraperitoneal injection of STZ 

(50 mg/kg) after 16 hours overnight fasting. The intraperitoneal injection was carried out 

under general anaesthesia. The introduction and maintenance of inhalation anaesthesia 

were conducted as described in the chapter Closed femoral mid-shaft transverse fracture 

model. The injection point was chosen at lower abdomen, lateral to the linea alba, to avoid 

damage to important organs. The skin was disinfected with iodophor before injection. The 

rats were monitored until recovered from anaesthesia. Water was supplied right after 

injection while food was supplied 3 hours after injection. Rats’ behaviour, body weight, 

urine production, food and water intake were closely monitored. As rats are nocturnal rats, 

fasting blood glucose was tested at 5 pm. Blood and urine glucose were tested on the first 

post-injection day and every three days.  

 

At the end of the second post-injection week, femoral transverse fracture was induced as 
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described in the chapter Closed femoral mid-shaft transverse fracture model. 

Radiological, histomorphological and immunohistochemical test were conducted at the 

second, fourth and eighth post-operative week. Biomechanical test and Western Blot were 

conducted at the end of the second and fourth week only. The size and calcification ratio 

of callus were calculated based on radiological results of the fourth week with ImageJ® 

software (National Institutes of Health, USA). The collected data from diabetic rats was 

compared with that from non-diabetic rats in last chapter (taken as the control group) to 

reveal the effects of diabetes on fracture healing. 

 

6.3.6 The calculation of callus size and calcification ratio 

The size of callus could be represented by its diameter. This parameter needed to be 

calibrated according rats’ individual difference. Therefore, the callus diameter was 

divided by the mid-femoral diameter of the same limb (Figure 6.4). To evaluate the 

calcification ratio of the callus, the x-ray results were transformed into grey-scale pictures 

(black and white) with the help of ImageJ® software. The white parts stood for the 

calcified tissue. Therefore, the calcification ratio of callus was measured by the 

percentage those white parts took in the whole callus (Figure 6.5).  

 

Figure 6.4 An example of how the callus size was evaluated 
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Figure 6.5 An example of how the calcification ratio of callus was calculated 

 

6.4 Results  

One rat died after STZ injection. Another died during anaesthetic introduction for fracture 

operation. All the other 22 rats lived through their observation period. They were 

randomly assigned into 3 groups and euthanized at the end of the second (n=6), fourth 

(n=11) and eighth (n=5) post-fracture week, respectively.  

 

6.4.1 Type 1 diabetic model 

6.4.1.1 Behaviour  

Rats appeared to be anxious during the first a few days after injection, which could be 

explained by the discomfort caused by intraperitoneal STZ injection. Injected animal 

were less active than the normal group in later observation.  

 

6.4.1.2 Body weight 

While normal SD rats grew 3.31±0.65 g per day, injected rats (diabetes mellitus, DM) 

grew much slower (0.74±0.42 g/day) and their body weight almost stayed the same 

(Figure 6.6). 
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× Significantly lower than normal group (p<0.05) 

Figure 6.6 Body weight of diabetic and normal control groups. It could be seen from 

the left picture that average body weight of the STZ-injected rats stayed at the same level 

while the body weight of the normal rats grew gradually. Statistically, the daily growth 

rate of injected rats was significantly lower (p<0.05) than that of the normal rats (right). 

 

6.4.1.3 Food and water intake 

Food intake of injected rats doubled and water intake reached seven times of normal 

control (Figure 6.7). 

 

 

Figure 6.7 Water and food intake of diabetic and normal groups. Compared with 

normal rats, stable elevation in water & food intake was found in the injected rats.  

 

6.4.1.4 Urinary production 

Urinary production increased significantly in the injected group based on visual 
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estimation. It was reasonable because water intake of the STZ-injected rats increased 

about seven times. However, as it was difficult to separate rats’ urine from stool and 

residue of commercial chew, exact measurement of urinary volume was not conducted. 

 

6.4.1.5 Blood glucose 

On the first day after STZ injection, blood glucose level was found increased significantly 

(p<0.01) compared with normal rats and stayed at same level ever after (Figure 6.8). 

 

 

× Significantly higher than normal control group (p<0.01). 

Figure 6.8 Blood glucose level of diabetic and normal control group. On the first post-

injection day, there was a significant increase in blood glucose level in the injected rats 

compared with the non-injected. 

 

6.4.1.6 Urine glucose 

Urine glucose test showed strong positive (++++) in the injected rats (Figure 6.9).  
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Figure 6.9 Urine glucose test of the diabetic rats. Compared with the indicator, the 

STZ-injected rats (both test papers in the figure) showed even darker colour than the 

upper limit in urine glucose test. 

 

According to 2013 American Diabetes Association (ADA) Standards of Medical Care in 

Diabetes, human diabetes could be diagnosed with classic symptoms of hyperglycaemia 

(polyphagia, polydipsia, polyuria and loss of body weight) combined with random plasma 

glucose 11.1 mmol/L. The chemical-induced diabetic animal model successfully 

resembled human diabetes. 

 

6.4.2 Fracture healing in diabetic rats 

6.4.2.1 Radiology  

X-ray showed that, at the second and fourth post-fracture week, diabetic calluses were 

much weaker than their control counterparts. At the eighth post-fracture week, non-

diabetic group had almost finished fracture reconstruction while diabetic ones still had 

not (Figure 6.10). 
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Figure 6.10 Radiological results of the calluses at the end of the second, fourth and 

eighth post-fracture week. Based on radiological evaluation, diabetes had negative 

effects on fracture during the entire healing procedure.  

 

Some calluses, especially from the diabetic group, were too weak to be seen at the end of 

the second post-fracture week while most calluses had been absorbed by the end of the 

eighth post-fracture week. Thus only the radiological results at the end of the fourth week 

were employed in quantificational analysis. Based on the calculation (Figure 6.11), the 

ratio of callus diameter to femoral diameter was 1.64±0.14 in diabetic group at the end of 

the forth post-fracture week, which was significantly lower (p<0.05) than that of non-

diabetic rats (2.14±0.18). The calcification ratio of diabetic calluses (53.40±6.49%) was 

also significantly lower (p<0.05) than that of non-diabetic calluses (60.61±2.13%). 

 

 

 

 



115 

 

 

× Significantly lower than normal group (p<0.05) 

Figure 6.11 Size and calcification ratio of callus and the end of the fourth post-

fracture week. The size and calcification ratio of callus added quantificational data to 

radiological analysis as complement to visual evaluation of x-ray pictures. These two 

parameters revealed the quality of callus. It could be concluded from the calculation that 

diabetic conditions had negative effects on the quality of callus. 

 

6.4.2.2 Histomorphology 

6.4.2.2.1 Haematoxylin-eosin (HE) stain 

HE stain shows the general status of tissue. The red-stained callus was significantly 

smaller in the diabetic group at the second and fourth post-fracture week. At the eighth 

post-fracture week, fracture in the non-diabetic was well healed and showed typical 

double-track sign as intact bones. However, cortex of the diabetic rats was in two layers, 

indicating it was still under reconstruction (Figure 6.12). 
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Figure 6.12 HE stain of healing calluses. The results showed that at the end of the 

second and fourth week, callus size from the diabetic group was significantly smaller than 

that of the normal group. At the end of the eighth week, calluses from the normal group 

had finished reconstruction while calluses from the diabetic group had not. 

 

6.4.2.2.2 Masson stain 

The size of blue-stained callus was significantly smaller in the diabetic group at the 

second and fourth post-fracture week. Moreover, there was less red-stain woven bone 

inside the diabetic callus. Non-diabetic cortex was all in red at the eighth week while large 

part of blue stain still appeared in diabetic group. All the above meant that ossification 

procedure in diabetic callus was much slower than in normal ones (Figure 6.13).  
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Figure 6.13 Masson stain of healing calluses. Besides the conclusions from HE part, 

Masson stain indicated that calcification in the diabetic calluses was slower than the 

normal group.  

 

6.4.2.2.3 Immunohistochemistry 

Judging from the results, there was larger part of absence of BMP-6 positive spots in the 

diabetic callus at the end of the second post-fracture week. At the end of the eighth week, 

less positive spots were detected in the diabetic cortex compared with the non-diabetic 

one (Figure 6.14). 

 

 

Figure 6.14 IHC of healing calluses. IHC of diabetic calluses showed less positive spots 

than the normal group during the entire healing procedure. 
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6.4.2.3 Western blot 

BMP-6 western blot result showed multiple bands. Four of them located between 49 kDa 

and 90 kDa. One was between 35 kDa and 49 kDa and another band was align with the 

marker of 35 kDa. BMP-9 showed a single band just above 49 kDa while GAPDH showed 

a single band at the molecular weight of 37 kDa (Figure 6.15).  

 

 

Figure 6.15 ECL imaging of BMP-6, -9 and GAPDH Western Blot assay. It could be 

seen that the distribution of target bands among different lanes was of the similar pattern, 

though there were differences in the darkness (optical density) of target bands among 

individuals, which required further precise quantification. 

 

The values of optical density of all bands were measured with Quantity One® software 

(Bio Rad, USA). The values of BMP-6 and BMP-9 were standardized by being divided 
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by the GAPDH values. Then the standardized values were compared between different 

groups.  

 

Among all the BMP-6 bands, only the 35 kDa one was found to be stably related to 

fracture and diabetes at both the second and fourth post-fracture week. In comparison 

with the non-fractured femurs, this 35 kDa BMP-6 was significantly increased in 

fractured femurs in both diabetic and non-diabetic rats. However, the values of fractured 

and non-fractured femurs from diabetic rats were much lower than their non-diabetic 

counterparts. Specifically, compared with the non-diabetic rats, the values of fractured 

and non-fractured femurs from diabetic ones were reduced by 25.95% and 19.15% 

respectively at the end of the second post-fracture week. The reductions were 34.01% and 

18.83% at the end of the forth week. Therefore, it can be concluded that BMP-6 activity 

was affected by diabetes and reduced by 20-30%. No such trends were found in BMP-9 

(Figure 6.16). 
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BMP-6 Western Blot results of callus extractions showed multiple bands. The optical 

density values of all bands of different molecular weight were quantified and compared 

between groups. Although the pattern of band layout was not strictly identical among each 

lane (sample), four most-frequently showed bands, including the 35 kDa one, were 

compared and analysed. As the exact molecular weight of the other three bands was 

unknown (not align with any molecular marker), they were marked as BMP-6-1, -2 and -

3 (Figure 6.17). Unlike the 35 kDa BMP-6, optical density of all the other three bands 

was found lower in fractured femurs from the normal rats at the end of both the second 

and forth post-fracture week. As for diabetic rats, the optical density of the three bands 

showed no certain relationship between the fractured and non-fractured.  
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Figure 6.17 The impact of fracture and diabetes on different forms of BMP-6. It 

could be concluded that among all the positive bands of BMP-6, only the 35 kDa one was 

closely related to fracture healing and diabetic conditions. 
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6.4.2.4 Biomechanical test 

Based on the result of biomechanical test (Table 6.1), the mechanical endurance of 

diabetic callus was significantly lower than that of non-diabetic callus at both the second 

and fourth post-fracture weeks. But only the difference from the fourth week group was 

found statistically significant (p<0.05). 

 

Table 6.1 Mechanical endurance of calluses 

× Significantly lower than normal group (p<0.05) 

 

6.5 Discussions  

6.5.1 BMP-6, diabetes and fracture 

As the molecular weight of BMP-6-1, -2 and -3 was higher than 35 kDa, if 35 kDa BMP-

6 was the functioning form, the other three could be its precursor and mid-products. 

Therefore, as the 35 kDa BMP-6 was significantly increased in the fractured femurs, the 

volume of precursor and mid-products naturally lower because of the shift among 

precursor, mid-products and final product. However, optical density of some of these 

precursor and mid-products was found higher in diabetic fractured femurs compared with 

diabetic intact femurs, indicating that the transforming procedure from precursor to 

functioning segment was inhibited by diabetic condition. Therefore, based on our results, 

diabetes not only affected the total expression of BMP-6, which could be roughly 

Groups  2nd week  4th week  

  normal (n=5) DM (n=4) normal (n=5) DM (n=6) 

Mechanical 

endurance(kPa) 
92.40 30.19 170.88 211.92 

 110.50 28.72 260.58 212.80 

 12.90 48.66 230.39 108.45 

 61.55 87.93 255.30 148.61 

 130.73  170.30 151.60 

    137.73 

Mean 81.62 48.88 217.49 161.85× 

SD 41.20 23.88 39.63 38.33 
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estimated by the number of positive spots in IHC stain, but also slowed down the mature 

procedure of the 35 kDa functioning segment. These two reasons could together result in 

the decrease of the 35 kDa BMP-6 in diabetic rats. Based on the results of our study, there 

was a relation between the decrease of BMP-6 expression and impaired fracture healing 

in the diabetic rats. Although diabetes has been reported to affect the skeleton system in 

many ways, e.g. via the high-glucose internal environment itself or the excessive end 

products of glucose which has been mentioned in the first chapter, the decrease in 

endogenic BMP-6 could be a crucial clue that linked diabetic condition and affected 

fracture healing together. It offered scientific basis to the later gene therapy, because it 

followed a simple medical principle that provide the patients with what they need and 

what they are lack of. Moreover, the ratio of 35 kDa BMP-6 to GAPDH at the end of the 

second post-fracture week was 30-40 times higher than that ratio at the fourth week, 

which indicated that BMP-6 mainly took part in the early stage of fracture healing 

(chondrogenesis and early osteogenesis). It provided indication in the timing of gene 

therapy in the later stage of our experiment.  

 

6.5.2 Diabetic animal care 

In this chapter we would mainly focus on diabetic animal care, as pre and post-fracture 

care has been discussed in the chapter Closed femoral mid-shaft transverse fracture model.  

 

Adequate food and drinking water should be provided after STZ injection. The first post-

injection week was the most dangerous period for the rats because of the fluctuation of 

blood glucose mentioned above. Food supply was crucial to tackle the severe 

hypoglycaemia caused by insulin rush when STZ started to damage pancreatic β-cells. 

Compared with food, water supply was more important to ensure rats’ survival. 

Malfunction of β-cells led to inadequate blood insulin level after meal. Therefore, large 
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quantity of water intake was required to help to discharge the unabsorbed glucose from 

urinary system to prevent acidosis and coma. Based on our observation, rats’ food and 

water intake increased three and seven times after STZ injection, respectively. These 

numbers proved the importance of extra food and water supply to diabetic rats.  

 

Body weight was a convenient parameter for monitoring rats’ general status after STZ 

injection. While normal adult male SD rats grew about 3.31 g per day, their diabetic 

counterparts grew only 0.74 g per day averagely based on our observation. Although 

blood glucose was not tested every day after injection, it could be told from the growth 

ratio whether diabetic model had been successfully built. In very rare cases, if the rat’s 

bowel had been damaged by intraperitoneal injection and obstruction happened, the rat 

then would not be able consume any food. Consequently, its body weight fell sharply by 

about 10 g/day since the injection till the end of first post-injection week when it died. 

Once obstruction happened, there was no turning back for the rat. Therefore, euthanasia 

should be introduced once the sharp fall in body weight has been detected in two 

continuous days. 

 

Since the urine production increased significantly after STZ injection, the padding got 

wet in a very short time and sometimes needed to be replaced twice per day. The problem 

required attention because the rats’ immune system had already been compromised since 

the onset of diabetes. If they lived in a humid and high-glucose environment, especially 

after surgical fracture, for a long time, there would be high risks of sickness and infection. 

The metabolic animal boxes were specially designed for this situation, which separated 

rats from the padding with wires. However, another problem showed up that, because of 

the immobility caused by inhalation anaesthesia, analgesics and nerve block, rats’ 

fractured limbs could get stuck in the slots between wires and affect fracture healing. Our 
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solution to this contradiction was to apply metabolic boxes in those two post-injection 

weeks before surgical fracture. That would help to keep rats’ fur tide and clean, which 

reduced the risk of intraoperative infection. Then during the first post-operative week, 

rats were raised in normal boxes, which meant they lived directly on the padding, to avoid 

the issue mentioned above. The padding was changed twice per day to ensure a dry and 

clean living condition. After that week, rats were moved back to metabolic boxes because 

they had already regained the ability to move the fractured limbs at will. The combination 

of these two living conditions provided diabetic rats maximum time in dry and clean 

environment while not affecting their fracture healing. 

 

6.6 Conclusions 

The aim of the stage was to build stable and repeatable diabetic model and combine 

diabetes with femoral fracture. Thus the effects of diabetes on fracture healing could be 

studied in radiological, histological, biomechanical and molecular basis. The hypothesis 

was that the decreased endogenic BMP-6 expression could be the connection between 

diabetic conditions and impaired fracture healing.  

 

The fracture model in the diabetic rats was successful. The hypothesis was proved. 

According to the results, radiological, histological and biomechanical analyses revealed 

that diabetic conditions had significant negative effects on the speed of fracture healing 

and quality of callus. Western Blot assay of callus extractions showed that the decreased 

endogenic 35 kDa BMP-6 was in accordance with impaired fracture healing in diabetic 

rats. It had been revealed in the 5th chapter that 35 kDa BMP-6 was significantly increased 

during fracture healing in non-diabetic rats. Thus this type of BMP-6 was considered to 

be the functioning form. The results of this chapter confirmed that conclusion. As Western 

Blot assay of callus extractions showed multiple bands, other positives bands, besides the 
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35 kDa one, were employed in a systemic analysis to study their roles in fracture healing 

and diabetes. The analysis indicated that these forms of BMP-6 could be the precursor 

and mid-products of the 35 kDa one. More importantly, the transformation from precursor 

to functioning segment was inhibited by diabetic conditions. 

 

To our knowledge, this was the first time that the impact of fracture and diabetes on 

different forms of BMP-6 was studied in detail. It was also the first time that the 

functioning form of BMP-6 was clearly described. The mechanism behind these changes 

requires future study. 
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Chapter 7 Gene therapy on fracture in diabetic rats 

 

7.1 Introduction 

7.1.1 The history of therapies 

7.1.1.1 Natural therapy (herbs and animal products) 

The history of therapies could be divided into four stages. In the beginning, ancestors 

found in their daily activities that certain material they collected directly from the nature, 

such as plant or animal products, had stable relief on discomforts or wounds. The 

knowledge accumulated and passed down through generations as experience via story 

telling or written records. This was the first stage of therapy. People applied natural 

resources to simple cases without knowing the mechanism.  

 

7.1.1.2 Chemical therapy 

Along with the development of chemistry came people’s awareness that it was actually 

certain chemicals in the leaves of animal products that mattered to the wellbeing of 

human. Those chosen chemicals were extracted from natural resources and purified. That 

was the second stage of therapy. People knew exactly what elements they were taking as 

medicine. What they did not fully understand at that time was the changes those chemicals 

made inside human body.  

 

7.1.1.3 Protein therapy 

During last century, the knowledge of physiology extended from tissue level to molecule 

level. People started to realize that different types of proteins played important roles in 

the formation and function of body. The therapeutic effects of chemicals were via 

changing the amount or function of certain protein in most cases. What also be realized 

was that the pathological mechanism behind some clinical conditions was the disorder of 
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certain proteins. Then there came the idea of protein therapy. For those cases caused by 

malfunction or deficiency of protein, recombinant proteins were applied as supplement. 

The well-known example is the application of recombinant insulin to diabetes, which is 

caused by absolute deficiency of insulin (type 1) or relative insulin deficiency combined 

with peripheral resistance (type 2). For those cases caused by abnormal accumulation of 

protein or increase in sensitivity of protein receptors, inhibitors or antagonists (referred 

as blockers when working on receptors and channels) were applied to down-regulate the 

volume or activity of target proteins. The application of β-receptor blocker to 

hypertension and coronary heart disease is an example for this case. That was the third 

stage of therapy.  

 

As for the protein therapy for fracture healing, the most well-known protein family is 

bone morphogenetic proteins (BMPs), which belong to the transforming growth factor 

super family. Many members from the BMP family, such as BMP-2, -4 and -7, have been 

widely studied. BMP-2 and -7 have been approved for clinical application for long bone 

healing and spinal fusion in 2000 and 2001, respectively. As new members of BMP 

family were discovered, some of them have been reported to show more potent 

osteoinductive function than BMP-2 and -7. Moreover, the role of BMPs has reached far 

beyond the skeleton system. They have been reported to take active parts in almost every 

organ, which even raised the argument that the name of this protein family should be 

changed from bone morphogenetic protein to body morphogenetic protein. BMP-6 is one 

of the newly discovered BMPs. It has been reported not only to show stronger 

osteoinductive function than other BMPs, but also to take part in glucose and fat 

metabolism (Ferron et al. 2008).  
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Many problems and drawbacks in protein therapy remained to be settled. The first one is 

about its therapeutic effects. The effects could be limited and discontinuous because the 

synthesis of target protein within the host is not up-regulated. Although the exogenous 

target protein needs to be administered at extremely high doses of several milligrams – 

many orders of magnitude greater than their natural concentration, its number would 

experience a sharp fall shortly after delivery (e.g. by injection in most reports) due to 

catabolism and local blood flow. Secondly, safety of protein therapy is an issue. Both the 

extremely high concentration and those misfolded structure in recombinant protein 

products could trigger immune responses. Last but not the least, the cost of protein 

therapy is way beyond the budget of average patients. Take recombinant BMP-2 (Infuse®, 

USA) as an example, a single dose can cost around $5000.   

 

7.1.1.4 Gene therapy 

It is said that one of the three greatest events in last century was Human Genome Project 

(HGP), which was firstly raised in 1985 and finally finished in the May of 2006. The 

study in gene brought an explosion in knowledge. People learnt that DNA and RNA were 

the foundation of life. Theoretically, there would be little need for chemical or protein 

therapy if the genetic information is interpreted and controlled. Up or down regulation of 

certain protein could be achieved via overexpressing or silencing of its gene. Therefore, 

the idea of gene therapy was raised. As its name suggests, gene therapy involves the 

transfer of genes to hosts for therapeutic purposes. Gene therapy was originally developed 

as a means of curing genetic diseases. But in recent years its potential use in treating non-

genetic disorders has become increasingly appreciated. In the context of bone healing, the 

aim is to deliver complementary DNAs (cDNAs) encoding osteogenic proteins to the 

fracture site. Successful gene delivery and expression leads to the continuous local 

synthesis of osteogenic protein, which is likely to have undergone post-translational 
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modification and, unlike the recombinant product, to be uncontaminated by inactive, 

misfolded products that can trigger immune responses. 

 

7.1.2 The key elements of gene therapy 

Gene therapy for fracture, like any other story, involves the pronouns such as which 

(which gene to choose as the target gene), when (the timing for gene delivery), where 

(where to deliver the gene, locally or systemically), what (what kind of vector to use) and 

how (how the gene is delivered, directly or indirectly).  

 

7.1.2.1 Which gene to choose as the target gene 

The BMP family is not the only option for genetic enhancement of fracture healing. As 

bones are highly vascularized organs, angiogenic factors, such as vascular endothelial 

growth factor (VEGF), are also important. Peng et al. (2002) proved that the healing of 

cranial defects in mice could be enhanced by VEGF gene delivery and inhibited by VEGF 

antagonist. However, the first stage of endochondral ossification does not require blood 

supply, which limits the application of angiogenic factors in long bone healing. As for 

BMP gene transfer, the best-acknowledged series of study is from the team led by Dr. 

Christopher Evans, in which Adenoviral vectors coding BMP-2 were directly applied to 

femoral defects in rats (Betz et al. 2007).  

 

7.1.2.2 When to deliver the gene 

The average healing procedure of fracture takes 6-8 weeks. Fracture healing could be 

divided into four stages, hematoma formation (inflammation), fibrocartilaginous callus 

formation (chondrogenesis), bony callus formation (osteogenesis) and remodelling. 

Different growth factors function in different stages of fracture healing. Therefore, the 

timing for certain gene delivery should be taken into consideration. Dr. Evans’ team 
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(2007) reported that delayed administration of Adenoviral BMP-2 resulted in better 

healing of femoral defects in rats. Other researchers also looked into the issue of timing, 

which would be discussed in detail in later section of this chapter. In short, the therapeutic 

effects of gene delivery require a match between the characteristics of target gene and 

preparation of the host to accept it.  

 

7.1.2.3 Where to deliver the gene 

Although it is possible to deliver vectors systemically into the circulation, systemic gene 

therapy is usually applied to chronic conditions which affect multiple organs. Shen et al. 

(2002) reported that the transducted cells were able to home to fracture site to create a 

genetic payload. However, evidence is needed to compare the therapeutic and adverse 

effects of systemic and local gene delivery to fracture cases. Because systemic application 

of osteogenic factors is considered to increase the risk of ectopic bone formation, most 

study in gene therapy for fracture used local delivery. The only case in skeleton system 

that is considered suitable for systemic gene therapy is osteoporosis, where there is 

disseminated loss of bone (Kostenuik et al., 2004).  

 

7.1.2.4 What vector to use 

Vector is the vehicle used to transfer target gene to hosts. While viral gene transfer is 

known as transduction, non-viral gene transfer is called transfection. The advantages and 

disadvantages of these two types of vectors have been introduced in the first chapter. 

Basically, though the non-viral vectors are considered to be superior in safety, most of 

the laboratory study and clinical trials today are using viral vectors for gene delivery 

because they are much more efficient than the non-viral vectors. Compared with the 

widely-used Adenoviral vectors, Lentiviral vectors are relatively new to the field of 

genetic engineering. Virk et al. (2008) conducted a systemic comparison of Adenoviral 
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BMP-2 and Lentiviral BMP-2 to reveal their difference in fracture healing and found that 

Lentiviral vectors showed longer and more constant effects. In short, successful 

Adenoviral gene delivery could produce high titre of target protein within a short period 

(3 weeks tops based on Virk’s research). The production of target protein by Lentiviral 

gene delivery is lower than that of Adenoviral vectors. But it is more stable and lasts for 

a longer time (longer than 8 weeks). Therefore, Adenoviral vectors are usually applied to 

acute conditions while Lentiviral vectors are more suitable for chronic conditions. That 

is why most researches in gene therapy for fracture used Adenoviral vectors. However, 

when fracture is complicated by certain chronic or systemic conditions, such as diabetes 

in this PhD project, Lentiviral gene delivery would be a better choice.   

 

7.1.2.5 How to deliver the gene (direct or indirect gene therapy) 

As their names suggest, direct gene therapy means the vectors are applied to hosts directly 

while indirect gene therapy means vectors are firstly introduced to cultured cells in vitro. 

Then the transducted cells would be applied to hosts. Generally speaking, indirect gene 

therapy is considered to be safer because the type of transducted cells is controlled. Only 

the cultured cells are infected by virus. The vectors for genetic engineering are designed 

to be replicate-deficient, meaning they are not able to infect other host cells after the 

application of transducted cells. However, Dr. Evans’ team applied Adenoviral BMP-2 

vectors directly to rats’ femoral defects (Betz et al. 2007). Expected therapeutic effects 

were detected and no obvious adverse effects, such as ectopic bone formation, were 

found. Therefore, whether or not indirect gene therapy is truly superior in safety needs 

further evidence. Moreover, when gene therapy is supposed to show effects in different 

cell linages, it would be inconvenient to separate different types of stem cells, culture and 

infect them with vectors and then transfuse them back to hosts. Introducing the vectors 

directly to a mixed pool of stem cells would be a more efficient way. In our study of 
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fracture healing in diabetic rats, the vectors are expected to infect hematopoietic cells and 

mesenchymal stem cells to correct diabetic metabolic disorder and enhance fracture 

healing separately. Injecting the vectors directly into femoral marrow cavity, which is a 

rich pool of hematopoietic and mesenchymal stem cells, would be a better way to serve 

the purpose.  

 

This study was designed based on the fact that among the diabetes-related complications, 

low-energy-trauma fracture is one of the major causes of morbidity and mortality of 

patients with diabetes. The animal model was a combination of two pathological 

conditions, naming diabetes and fracture. Based on the findings in our previous 

experiment (the 5th and 6th chapters), the 35 kDa BMP-6 was significantly elevated during 

fracture healing in normal rats. Decreased expression of 35 kDa BMP-6 was found in 

accordance with impaired fracture healing in diabetic rats. Our hypothesis was that BMP-

6 gene therapy would show effects on both diabetes and fracture healing, which meant it 

was able to correct diabetic metabolic disorder and improve the impaired fracture healing 

at the same time. 

 

7.2 Methods and materials 

7.2.1 The BMP-6 expressing Lentiviral vectors 

The BMP-6 expressing Lentiviral vectors (GV341) were custom-made and provided by 

GeneChem® Co., Ltd (Shanghai, China). The sequence of genetic tags in the vector was 

Ubi-MCS-3FLAG-SV40-puromycin. Human BMP-6 gene (NM_001718) was chosen as 

the target gene and assembled to the vector. The sequence of the target gene is listed blow. 

 

ATGCCGGGGCTGGGGCGGAGGGCGCAGTGGCTGTGCTGGTGGTGGGGGCTG

CTGTGCAGCTGCTGCGGGCCCCCGCCGCTGCGGCCGCCCTTGCCCGCTGCCG
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CGGCCGCCGCCGCCGGGGGGCAGCTGCTGGGGGACGGCGGGAGCCCCGGC

CGCACGGAGCAGCCGCCGCCGTCGCCGCAGTCCTCCTCGGGCTTCCTGTACC

GGCGGCTCAAGACGCAGGAGAAGCGGGAGATGCAGAAGGAGATCTTGTCG

GTGCTGGGGCTCCCGCACCGGCCCCGGCCCCTGCACGGCCTCCAACAGCCG

CAGCCCCCGGCGCTCCGGCAGCAGGAGGAGCAGCAGCAGCAGCAGCAGCT

GCCTCGCGGAGAGCCCCCTCCCGGGCGACTGAAGTCCGCGCCCCTCTTCATG

CTGGATCTGTACAACGCCCTGTCCGCCGACAACGACGAGGACGGGGCGTCG

GAGGGGGAGAGGCAGCAGTCCTGGCCCCACGAAGCAGCCAGCTCGTCCCA

GCGTCGGCAGCCGCCCCCGGGCGCCGCGCACCCGCTCAACCGCAAGAGCCT

TCTGGCCCCCGGATCTGGCAGCGGCGGCGCGTCCCCACTGACCAGCGCGCA

GGACAGCGCCTTCCTCAACGACGCGGACATGGTCATGAGCTTTGTGAACCT

GGTGGAGTACGACAAGGAGTTCTCCCCTCGTCAGCGACACCACAAAGAGTT

CAAGTTCAACTTATCCCAGATTCCTGAGGGTGAGGTGGTGACGGCTGCAGA

ATTCCGCATCTACAAGGACTGTGTTATGGGGAGTTTTAAAAACCAAACTTTT

CTTATCAGCATTTATCAAGTCTTACAGGAGCATCAGCACAGAGACTCTGACC

TGTTTTTGTTGGACACCCGTGTAGTATGGGCCTCAGAAGAAGGCTGGCTGGA

ATTTGACATCACGGCCACTAGCAATCTGTGGGTTGTGACTCCACAGCATAAC

ATGGGGCTTCAGCTGAGCGTGGTGACAAGGGATGGAGTCCACGTCCACCCC

CGAGCCGCAGGCCTGGTGGGCAGAGACGGCCCTTACGACAAGCAGCCCTTC

ATGGTGGCTTTCTTCAAAGTGAGTGAGGTGCACGTGCGCACCACCAGGTCA

GCCTCCAGCCGGCGCCGACAACAGAGTCGTAATCGCTCTACCCAGTCCCAG

GACGTGGCGCGGGTCTCCAGTGCTTCAGATTACAACAGCAGTGAATTGAAA

ACAGCCTGCAGGAAGCATGAGCTGTATGTGAGTTTCCAAGACCTGGGATGG

CAGGACTGGATCATTGCACCCAAGGGCTATGCTGCCAATTACTGTGATGGA

GAATGCTCCTTCCCACTCAACGCACACATGAATGCAACCAACCACGCGATT

GTGCAGACCTTGGTTCACCTTATGAACCCCGAGTATGTCCCCAAACCGTGCT
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GTGCGCCAACTAAGCTAAATGCCATCTCGGTTCTTTACTTTGATGACAACTC

CAATGTCATTCTGAAAAAATACAGGAATATGGTTGTAAGAGCTTGTGGATG

CCAC 

 

The constructed vectors were screened by puromycin. The final titre of the vector was 

2E+8 TU (transducing unit)/mL. This step was carried out by the manufacturer.  

 

7.2.2 Safety issue 

Lentiviral vectors were modified from human immunodeficiency virus (HIV). 

Nevertheless, the vectors were built to be replicate-deficient, meaning the vectors could 

infect host cells but were not able to produce new virus after infection. The hazardous 

genetic segments in original HIV, which would cause immunodeficiency, were cut off 

and replaced by target gene and other genetic tags during modification. Therefore, the 

vectors were theoretically safe. However, necessary protection was still taken during the 

experiment. Double surgical gowns, masks and gloves were worn. All the steps involving 

Lentiviral vectors were carried out in biosafety cabinet (Figure 7.1). Used surgical 

equipment and gloves were dipped in 70% alcohol for 30 minutes before discarded.    
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Figure 7.1 The author working at the biosafety cabinet 

 

7.2.3 Ex vivo experiment 

According to experimental animal ethical requirements and general experiment design, 

the viral vectors should be firstly applied to cultured cells to check their abilities of 

infection, target protein production and safety. The reason why myocardial cells, instead 

of mesenchymal stem cells (MSC), were used in this stage was that, in comparison with 

the multiple steps to harvest and separate MSC described in previous study (Virk et al., 

2011), myocardial cells were easier to get. Additionally, co-workers in our lab were 

experienced in techniques of rats’ myocardial cells culture. More importantly, the aim of 

this stage was to evaluate whether the vectors had lethal cellular toxic effects and their 

abilities to infect living cells and produce target protein. The transducted cells were only 

used for IHC and Western Blot to identify and quantify the target protein, instead of being 

transplanted back into living rats as in some previous study. Endogenic BMP-6 had been 

found in almost every organ, including the heart. The multiplicity of infection (MOI) 

values needed for Lentiviral infection of cultured rats’ MSC and myocardial cells were 
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of the same order of magnitude, meaning their susceptibility towards lentivirus were 

similar. In light of the above, myocardial cells offered a competent and convenient choice 

for this stage.  

 

Multiplicity of infection (MOI) is a virological concept, indicating the ratio of agents (e.g. 

virus) to infection targets (e.g. cultured cells). For example, when referring to a group of 

cells inoculated with virus particles, the MOI value is the ratio of the number of virus 

particles to the number of target cells present in the certain space (e.g. culture dishes). As 

the MOI increases, the percentages of cells infected with at least one viral particle also 

increases. 

 

Besides the target gene, many other segments in the viral gene could express protein and 

help to identify and separate the infected cells. Anti-Puromycin gene, which gives the 

infected cells resistance to Puromycin, is a tag widely used in genetic engineering. In our 

study, this genetic tag was applied to calculating the titre of vectors by our manufacturer. 

Green fluorescent protein (GFP) is a genetic tag whose protein production gives out 

automatic fluorescence. Once fluorescence is detected, it means the host has been infected 

and the viral gene is expressing. This property is often employed to identify the 

successfully infected cells and tissues under microscope. However, a critical drawback of 

GFP protein is its rapid fading rate. The automatic fluorescence could only be detected 

within a few days. Exposure to light would speed up the fading of fluorescence. 

Therefore, another genetic tag named 3FLAG was chosen for this study. The protein 

production of 3FLAG has no fluorescence but could be detected by specific antibody. 

Positive results in IHC indicates the existence of 3FLAG protein, proving that infection 

is successful and the viral gene is expressing. 
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Figure 7.2 The basic steps of ex vivo experiment. After being transplanted to the culture 

cluster, the cells were incubated for 24 hours thus they became adherent. Then the 

cultured cells were infected with empty vectors or BMP-6 expressing vectors. The cells 

were incubated for another 48 hours after infection and then assigned to IHC or Western 

Blot analysis.  

 

Rat myocardial cells were kindly offered by colleagues from our lab. Cell count was 

conducted under microscope. Five million myocardial cells were transplanted into each 

well of a cell culture cluster (Corning®, USA) with a disinfected suction pipet. 2 mL 

Dulbecco's modified eagle medium (DMEM) culture medium (10% BSA, 5-BrdU 0.1 

mmol/L) was added to each well. Altogether 8 wells were used. Two disinfected cover 

glasses were placed in well 7 and 8, respectively. The cell culture clusters were incubated 

in CO2 incubator (Thermo®, USA) with temperature of 37 °C and 5% CO2 flow for 24 

hours (Figure 7.2).  

 

Then culture medium was replaced. Well 1 and 2 were left intact. Empty Lentiviral 

vectors were added into well 3, 5 and 7 according to the ratio of 20:1 (MOI=20) based on 

cell count. BMP-6 overexpressing Lentiviral vectors were added to well 4, 6 and 8 at the 

same MOI. The cell culture cluster was returned to the CO2 incubator and let stand for 8 

hours for viral infection. Then culture medium in the wells was discarded. The wells were 

gently washed with PBS 5 minutes×3 times to clean extra virus. Fresh DMEM culture 

medium was added and replaced every 24 hours.  
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Cell culture was terminated 48 hours after infection. All the 8 wells were gently washed 

with PBS 5 minutes×3 times. Lysis buffer (20 μL) was added to well 1-6 while 4 % 

paraformaldehyde solution (2 mL) was added to well 7 and 8. The combination of 

cultured cells and lysis buffer in wells 1-6 was transferred to 1.5 mL Eppendorf tubes 

with cell scraper (Corning®, USA) and placed in ice for one hour. Then the samples were 

centrifuged in 4 °C (12000 g, 10 minutes). The supernatant was collected and stored in -

70 °C for further Western Blot analysis. Cover glasses in well 7 and 8 were taken out 

after being fixed in paraformaldehyde solution for one hour and applied for 3 FLAG IHC 

analysis (Figure 7.2). For technical details of Western Blot and IHC, check previous 

chapters.  

 

7.2.4 In vivo experiment 

7.2.4.1 Optimization of the surgical details of gene delivery 

There are various ways to deliver the target gene to the fracture site. For those researches 

using bony defect models, target gene could be either directly injected the chamber 

formed by the two defect ends and muscles around or seeded in certain biomaterial and 

implanted into the defect. For closed transverse fracture model there was no room for 

biomaterial implantation, directly percutaneous injection might be still working. 

However, problems came up during practical application, among which the most serious 

one was hard to locate the fracture line without radiological guidance or a second surgical 

procedure. In previous study conducted by other researchers (Betz et al., 2007), 

percutaneous injection of target gene was successfully done with the help of a guiding 

hole in the external fixator, which led the needle directly to the mid-point of the defect. 

In the case of our study, internal fixation pins were employed instead. Therefore, there 

was no external guidance for percutaneous injection. It was much more difficult to insert 



141 

 

the needle into a linear fracture lesion than into a 6 mm defect. Other problems would 

show up when the vectors are not injected into the marrow cavity via the fracture line. 

Their osteoinductive function could be compromised because they are separated from the 

marrow stromal cells by periosteum and cortex. Moreover, ectopic bone formation could 

happen because large numbers of vectors have direct contact with soft tissues around the 

fracture ends. 

 

A modification of the internal fixation pin was also taken into consideration for gene 

delivery in the transverse fracture model. Instead of standard K-Wire, a hollow internal 

fixation pin, or an internal fixation pipe, filled with vector solution would serve as a pool 

of target gene, which released transducing unites gradually into the marrow cavity. As 

both the distal and proximal ends of the internal fixator should be buried in the femoral 

cortex to ensure the fracture ends were tightly fixed, a simple pipe was not able to release 

target gene into marrow cavity. An array of tiny holes was required on the shaft of the 

pipe to enable the interaction between vectors and marrow tissue. However, the stability 

of fixation had already been compromised when the standard a K-Wire was replaced by 

a hollow pipe. Tiny holes on the shaft would further reduce the endurance of the fixator, 

rendering it increased risk of bending or even breaking when the impactor hits the bone. 

Additionally, the described gene-releasing internal fixator required custom manufacture, 

the cost of which was way beyond the budget of this PhD project.        

 

Finally, intramedullary gene injection during the introduction of fracture seemed to be 

our best option. A single injection into the marrow cavity via the drilling hole in the 

condylar groove would relieve rats from the risks and suffering of the second surgical 

intervention. Moreover, intramedullary gene delivery would give vectors direct contact 

with marrow tissue, including mesenchymal stem cells, and also separation from soft 
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issues around the fracture site, which ensures the osteoinductive function of target gene 

and reduces the chance of ectopic bone formation at the same time. 

 

At the beginning, the surgical details of intramedullary gene delivery were designed as 

following steps. The overnight fasting, anaesthesia, sciatic nerve block and the exposure 

of the joint surface were conducted as described in previous chapters. Then a 1 mm 

(diameter) K-Wire was used as a drilling bit to create a hole in the condylar groove. The 

electric drill was switched to a retrograde fashion to pull the K-Wire out right after a sense 

of breakthrough had been felt by the surgeon, indicating that the drilling bit had penetrated 

the cortex in condylar groove into the marrow cavity. After that, vector solution was 

drawn into a 50 μL micro injector and delivered into marrow cavity via the drilling hole. 

Finally, the K-Wire was drilled into marrow cavity after the needle was taken out. This 

time, the K-Wire went through the entire cavity and was fixed into the proximal femoral 

cortex tightly as an internal fixation pin. However, it turned out to be difficult to find the 

drilling hole and insert the needle of micro injector into marrow cavity through it when 

we tried to put this surgical design into practice. Once the K-Wire had been pulled out, 

the drilling hole in condylar groove would soon be covered by exuded blood and Synovial 

fluid. The opened joint capsule could also sometimes block the operating field even the 

ligamentum patellae had been pulled laterally with double 1-0 suture. Then in most cases, 

it required blind attempts with the tip of the micro injector to locate the drilling hole, 

which could cause damage to the needle because the strength of the needle was much 

weaker than that of a K-Wire. Additionally, the sharp tip of needle could cause tissue 

damage and bleeding, which not only increased the intra-operation risks, but also the 

bleeding might fill up the free space inside the marrow cavity, leaving no room for 

intramedullary gene delivery.  
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To solve the encountered problems, multiple changes were made to the surgical details. 

A 20-mm hollow drilling bit was modified from the needle of a syringe. The external 

diameter of the bit was 0.9 mm, 0.1 mm smaller than the diameter of the K-Wire, while 

the internal diameter of the bit was just wider than the diameter of the micro-injecting 

needle. The size of the hollow drilling bit gave it several advantages. First of all, the total 

length of the bit was 20 mm and there was about 5 mm installed inside the electric drill. 

Therefore, the actual length of the drilling part was only about 15 mm. This length was 

enough to penetrate the cortex in condylar groove while not to cause additional tissue 

damage when drilling, which reduced the chance of intramedullary bleeding and ensured 

enough free space for gene delivery. Secondly, the 0.9-mm external diameter guaranteed 

that the K-Wire could be tightly fixed to the distal femoral cortex after the bit had been 

pulled out, because the first drilling hole was 0.1 mm smaller than the second one. Finally, 

the internal diameter of the bit made it a perfect guidance for the micro injector. The 

electric drill was disconnected from the bit after the cortex was penetrated, leaving it 

sticking into the condylar groove as a guiding device into the marrow cavity. Then the 

needle of micro injector was able to go through the hollow bit smoothly into the marrow 

cavity to finish gene delivery (Figure 7.3). This saved the step of blind attempts with the 

tip of micro injector. The hollow bit was installed to the electric drill again and pulled out 

in a retrograde fashion after the needle had been taken out carefully. A 1 mm K-Wire was 

drilled into the marrow cavity via the previous drilling hole to fix the bone tightly. Then 

femoral fracture was induced as described in previous chapter.           
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Figure 7.3 Gene delivery via the self-designed hollow drilling bit 

 

7.2.4.2 Preliminary studies 

As stated above, in vivo gene therapy involved many detailed questions. For example, 

when was the most suitable timing for gene delivery? Or how many vectors should be 

applied to each rat? There were no gold standards for these questions, because gene 

therapy was a relatively new method. Only five results could be found on Pubmed with 

the three key words lentivirus, fracture and healing, of which three were research articles. 

These three articles were about a series of researches on indirect gene therapy using 

lentivirus-coated BMP-2 cDNA to treat bony defects in rats’ femurs from a same research 

group (Virk et al. 2007, 2008 and 2011). There was no previous report about BMP-6 

Lentiviral gene therapy on diabetic femoral transverse fracture rat models. Another reason 

for the preliminary experiment was that these parameters could vary according to the 

experimental design and conditions. Therefore, systemic analysis and preliminary 

experiments were carried out aiming to find answers to these questions based on our own 

experimental design and conditions. The preliminary studies brought enormous ethical 
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benefits because they helped to calibrate different kinds of parameters before these 

parameters were applied to large-scale groups. Additionally, the preliminary studies also 

had economic benefits as fewer rats, vectors and other reagents would be wasted in trial 

and error in later stages.  

 

7.2.4.2.1 The type of vector to use 

Firstly, it had to be chosen between viral and non-viral vectors. Although non-viral 

vectors were considered to be superior in safety, they were excluded from this research 

because of their low efficiency in gene delivery compared with viral ones.  

 

Secondly, we needed to decide which viral vector to use in our study. Adenovirus and 

lentivirus are most frequently used viral vectors in genetic engineering. Adenoviral 

vectors are cheaper and ex-vivo experiment by Virk et al. (2008) showed that Adenoviral 

vectors produced 3.6 times more target protein than Lentiviral vectors during the first 24 

hours after transduction. However, they also revealed that the expression of target protein 

in vivo by Lentiviral vectors kept at a relatively high level and lasted longer than 8 weeks, 

while the Adenoviral production of target protein faded quickly and was no longer 

detectable after only 3 weeks. Moreover, Virk's research also indicated that Lentiviral 

vectors significantly exceeded in long-term effects though failed to produce as much 

protein during the first a few days as Adenoviral vectors. Our own study was designed to 

apply BMP-6 gene to diabetic fractured rats. Concluded from the 6th chapter, the total 

healing procedure, including remodelling, of fracture was longer than 8 weeks in diabetic 

rats. The reason why we chose BMP-6 as our target gene was that BMP-6 had been 

reported not only to have more potent osteoinductive effect but also to take part in glucose 

and fat metabolism as a regulator. Our hypothesis was that BMP-6 gene therapy could 

accelerate fracture healing and correct diabetic metabolic disorders at the same time, 
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which meant BMP-6 had therapeutic effects on both of the pathologic conditions. In light 

of the above, Lentiviral vectors turned out to be our preference for its longer and more 

constant protein production matched the requirement of fracture healing in the diabetic 

rats.  

 

7.2.4.2.2 Direct or indirect? Local or systemic? 

It also had to be decided between direct and indirect gene delivery methods. Some 

problems and drawbacks were found after carefully reviewing Virk's (2008) study about 

indirect gene therapy on rats' femoral defects. Firstly, their methodology was described 

as a 6 × 4 × 4 mm section of collagen-ceramic carrier was mixed with cells in a sterile 

Eppendorf tube and allowed to soak for 5 min and then they stated that the number of 

transducted cells on the carrier was 5 million. That might only be an estimation based on 

the material the carrier was made of and the titre of the cultured cells. The exact number 

of functioning transducted cells implanted to each animal was actually not known. 

Secondly, the survival and function of those millions of implanted cells were doubtable. 

We carried out a calculation based on cell count of human bone marrow and found that, 

even if the marrow cavity of rat's femur was completely filled up with active red marrow 

tissue, there were only thousands of mesenchymal stem cells, letting alone the facts that 

the marrow cavity could not be filled up with marrow tissue and a large part of it was 

inactive yellow marrow in adult rats. It is well known that the function and differentiation 

of stem cells, to a large extent, are based on their interaction with the extracellular matrix 

which provides attachment and different functioning factors. The millions of implanted 

mesenchymal stem cells significantly exceeded the original number of that type of cells 

in rats. Moreover, a considerable part of bone marrow was lost when the bone defect was 

induced, which further widened the gap between the number of stem cells and the amount 
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of extracellular matrix they required to differentiate into osteoblast cell linage and 

produce osteoinductive factors.  

 

There is a pair of contradiction in gene therapy for fracture in diabetic rats. Accelerating 

the healing procedure in fracture site requires localized gene therapy to produce high 

concentration of osteoinductive protein around the fracture ends, while diabetic 

conditions require systemic application of gene therapy to correct metabolic disorders. 

Hsu et al. (2007) reported that local concentration of osteoinductive protein must reach a 

certain threshold to activate its therapeutic function. On one hand, if gene therapy is 

applied systemically, extremely large numbers of vectors are needed to reach the local 

threshold at the fracture site, which would not only be expensive but also harmful to rats. 

Ectopic bone formation could happen and it could lead to lethal consequences if the 

number of vectors is beyond rats' tolerance of viral infection. On the other hand, if gene 

therapy is applied locally, small numbers of vectors would be enough to satisfy the 

threshold for fracture healing. However, target protein in circulation might not be enough 

to make changes to diabetic conditions. Intramedullary direct BMP-6 gene therapy could 

offer a solution to balance the contradiction. Because femoral marrow cavity is a mixed 

pool of various stem cells, Lentiviral-coated BMP-6 gene could be transducted to 

different types of cells after intramedullary injection. While transducted mesenchymal 

stem cells differentiate into osteoblasts and enhance local fracture healing, transducted 

hematopoietic cells bring part of the target gene into circulation when they mature, which 

could achieve systemically correction of diabetic metabolic disorders.  

 

7.2.4.2.3 How many vectors to use 

Then we needed to decide on the volume of vectors that we were going to inject into the 

marrow cavity. As the volume of injected vectors was limited by the volume of free space 
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inside the marrow cavity, we did some calculation and estimation of the latter one. We 

reviewed all the radiological results of fractured femurs in diabetic rats at the end of 

second post-operative week we collected from previous experiments. As growth rate in 

diabetic rats slowed down significantly than their non-diabetic counterparts, it was 

assumed that little change happened to the shape of femur and the volume of marrow 

cavity during those two post-fracture weeks. The marrow cavity was taken as cylinder-

shaped in our calculation. The total volume of femoral marrow cavity of diabetic rats 

weighing around 300 g was estimated to be roughly 60 μL. Next, a smaller cylinder, 

which stood for the internal fixation pin inside the marrow cavity, was excluded from the 

total volume. Then we got the volume between the pin and the inner-most surface of 

femoral shaft, which was around 40 μL. However, what we were unable to see and 

estimate based on radiological results was the volume of marrow tissue existing in that 

space of 40 μL and how many vectors would be spilled out from the fractured femurs. 

 

To solve those problems, a small-sample preliminary experiment was designed to test the 

empty space in rats' femoral marrow cavity which could be used for injection and the 

distribution of the injected liquid during fracture healing procedure. Two normal male SD 

rats were employed in this stage. A hole was drilled at the condylar groove with a self-

designed hollow drilling bit (diameter 0.9 mm) after the articular surface had been 

exposed, penetrating into the marrow cavity. Then the electric drill was disconnected 

from the bit, leaving the hollow bit in the condylar groove as a tunnel into the marrow 

cavity. 50 μL 1% azoblue (Evan's blue) solution was drawn into a micro injector. Then 

the needle of the micro injector was inserted carefully into the marrow cavity via the 

hollow drilling bit until it met obstruction, meaning the tip of the needle had reached the 

proximal femoral cortex.  The injection procedure was stopped when azoblue was just 

about to overflow out of the drilling bit. The injected volume was recorded. The needle 
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was pulled out slowly before the drilling bit was installed to the electric drill again and 

pulled out in a retrograde fashion. A 40 mm K-Wire (diameter 1 mm) was drilled into 

marrow cavity via the same hole created by the hollow drilling bit and fixed into the 

proximal cortex tightly. Closed transverse fracture was induced according to previous 

description. Two days after fracture, the rats were euthanized and the fractured thighs 

were harvested and checked for fracture type and distribution of the blue stain. The results 

of this preliminary test demonstrated that the free space inside the marrow cavity which 

could be used for intramedullary injection was about 30 μL. Moreover, it also revealed 

that most of the blue stain was restricted inside the marrow cavity and little was detected 

in soft tissue around the fracture sites two days after fracture (Figure 7.4). Therefore, the 

results not only gave us indication about the volume of intramedullary injection, but also 

confidence that serious ectopic viral infection would not be likely to happen in our case.          

 

 

Figure 7.4 The distribution of intramedullarily injected Evan’ blue. The results of 

this small-scale preliminary experiment showed that most of the blue stain was restricted 

inside the marrow cavity. 

 



150 

 

In the series study carried out by Virk et al. (2007, 2008 and 2011), MOI values were all 

set to be 25, meaning the number of BMP-2 overexpressing Lentiviral vectors was 25 

times the number of the cultured mesenchymal stem cells. However, they applied this 

ratio in their three articles without clarifying the reason. The titre of Lentiviral vectors, to 

a great extent, is decided by the size of the target gene. Specifically, the larger the target 

gene is, the lower the titre would be. In the case of our study, BMP-6 cDNA was more 

than 1500 bp, which limited the vector titre from reaching 10e9/mL order of magnitude. 

The titre provided by our manufacture was 2×10e8/mL. Therefore, if we chose to adapt 

those numbers from Virk's articles, naming 5 million infected target cells and a MOI value 

of 25, 125 million vectors would be needed for intramedullary injection per rat. 

Considering the vector titre, that number meant more than 500 μL in volume, which was 

even far beyond our estimation of the total volume of an empty marrow cavity (about 60 

μL). Another reason why we chose not to adapt Virk's methodology in our own study lay 

in the difference in animal model. In Virk's research, a 6-mm critical-sized full-thickness 

defect was created in the mid-shaft of rat's femur. The size of the defect equalled to 25%-

30% the length of the diaphysis and the marrow tissue inside the defect, including 

mesenchymal stem cells and extracellular matrix, was also lost. The critical wound and 

the lack of osteoinductive cells and factors rendered the defect failure in automatic 

healing. However, our traumatic animal model only involved linear closed transverse 

fracture, which meant no bony tissue nor osteoinductive components were lost during the 

model building. Although the pathological background of diabetes led to slower healing 

procedure and weaker callus compared with the non-diabetic control group based on our 

previous experiments, most of the fracture in diabetic rats finally managed to heal 

spontaneously without any demand for additional enhancement of bone formation. Our 

hypothesis of the therapeutic effects of BMP-6 gene delivery was that it could bring both 

the speed and quality of fracture healing and blood glucose level closer to normal. 
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Therefore, less vectors were needed than Virk used in their study to meet our 

expectations. Moreover, as stated before, there was no solid evidence about the exact 

number, survival nor functioning status of the implanted cells in Virk's study. In other 

words, the actual number of those implanted cells which survived and finally acted as 

healing enhancer might be far less than 5 million.       

 

7.2.4.2.4 The timing for gene delivery 

The timing of gene delivery was taken into consideration during our protocol design. 

Bertone et al. (2002) revealed enhanced healing of a rabbit ulnar defect when 

administration of Ad.BMP-6 was delayed from 3 hours to 7 days after operation. Betz et 

al. (2007) reported that the incidence of radiological union of rats' femoral defects was 

markedly increased when administration of Ad.BMP-2 was delayed until days 5 and 10, 

at which point 86% of the defects healed. These time points also provided greater bone 

mineral content within the defect site and improved the average mechanical strength of 

the healed bone. Many possible explanations could be found to support the superiority of 

the delay administration of gene therapy. Firstly, in the early days of bony defect, stable 

hematoma is not formed yet. Ectopic bone formation resulted from the leakage of vectors 

injected shortly after operation was reported by Bertone et al. (2004). Secondly, during 

the first a few days after the defect is created, the function of periosteum is inhibited 

because of the critical trauma and the chemotaxis procedure, which would attract more 

osteoinductive components towards the wound to enhance repair, is just about to start. 

Therefore, it may be more efficacious to delay the injection until the periosteum has 

become activated and osteoprogenitor cells have migrated into the defect. Moreover, the 

susceptibility of the host towards viral vectors varies throughout the entire healing 

procedure. Ito et al. (2003) demonstrated in a murine model that expression of the 
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coxsackievirus and adenovirus receptor (CAR), the receptor used by adenovirus, peaked 

5 days after fracture.  

 

However, no study on the timing of Lentiviral vectors delivery to fractured animal model 

was found. This may due to the fact that gene delivery with Lentiviral vectors is a 

relatively new method in genetic engineering, comparing with the widely-used 

Adenoviral vectors. More importantly, based on our knowledge, the timing of Lentiviral 

vectors delivery is not that influential as that of Adenoviral vectors delivery. One crucial 

reason why Adenoviral gene delivery at different time points was reported to lead to 

significant difference in prognoses was that Adenoviral vectors could only induce a short-

term surge of target gene expression, though the production of target protein during the 

first a few days was significantly higher than that of Lentiviral vectors. The rapid fading 

rate of Adenovirus-mediated gene expression is largely due to the considerably strong 

immunogenicity of the Adenoviral coat itself, which results in a quick activation of the 

host's immune system to respond to the Adenoviral vectors. Another possible reason is 

that, as DNA virus, the genome of Adenovirus does not integrate with high frequency 

into host-cell DNA. Therefore, the short-term effect of Adenoviral vectors requires a strict 

match between the timing of injection and the preparation of the host's osteoinductive 

abilities, which means that the surge of adenovirus-mediated gene expression should be 

in accordance with the concretion of the hematoma, the re-activation of the periosteum, 

the chemotaxis of the bone-repairing factors and the expression peak of Adenoviral 

receptors on the host's cells.  

 

Based on research from Virk et al. (2008), the expression of target protein from Lentiviral 

vectors, on the other hand, could last for more than 8 weeks after host's cells were 

transducted. Additionally, no obvious fall in the production of target protein during that 
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period was found. This constant target gene expression frees the restriction of timing, 

meaning whenever the hematoma concretes, the periosteum is activated and 

osteoinductive factors are transported to the fracture site via chemotaxis, there would 

always be enough target protein to take part in the healing procedure.  

 

7.2.4.2.5 The risk of ectopic bone formation 

Another problem was the possibility of ectopic bone formation. The surgical methods of 

all those researches applying adenovirus-mediated direct gene therapy to bony defect 

healing were similar. The vectors were injected into a tight chamber formed by the two 

ends of bony defect and muscles around them. In other words, the vectors had direct 

contact with soft tissues, which could be a critical reason for ectopic bone formation they 

observed in their study. In the case of our experiment, vectors were injected into the 

marrow cavity and separated from the soft tissues. Although a few vectors might leak 

from the fracture line and contacted with soft tissues after transverse fracture was induced, 

the titre of the leakage would not be enough to activate bone formation in ectopic 

positions. This was concluded from the preliminary experiment using Evan’s blue, in 

which little soft tissue around the fracture site was found blue stained. It was also proved 

by radiological results that no ectopic bone formation was detected among all the 

genetically treated rats. 
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7.2.4.3 In vivo model building 

 

Figure 7.5 The basic steps of in vivo experiment 

 

The basic steps of in vivo experiment are shown in the above flow chart (Figure 7.5). 

Twenty-eight adult male SD rats were employed in this stage. Type 1 diabetes was 

induced by STZ intraperitoneal injection (50 mg/kg). Rats were housed in 12 hours’ light-

dark circled condition with controlled temperature and supplied with commercial chew 

and tap water ad libitum.  

 

Two weeks after STZ injection, closed femoral transverse fracture and genetic 

intervention were introduced. Twenty-eight rats were randomly assigned into diabetic 

control group (n=10), empty vector group (n=6) and gene therapy group (n=12). Rats 

were prepared and anesthetized and the joint surface was exposed as described in previous 

chapters.  

 

For rats from empty vector group and gene therapy group, a self-designed 20 mm hollow 

drilling bit was drilled into marrow cavity via condylar groove. The electric drill was then 

disconnected, leaving the drilling bit as a tunnel into marrow cavity. The needle of a 50 

μL micro injector was carefully inserted into marrow cavity through the drilling bit. Rats 

from the empty vector group each received 5 million empty Lentiviral vectors while rats 
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from the gene therapy group each received 5 million BMP-6 overexpressing Lentiviral 

vectors. The hollow bit was installed to the electric drill again and pulled out in a 

retrograde fashion after the needle had been taken out carefully. Then, a 1 mm K-Wire 

was drilled into the marrow cavity via the previous drilling hole to fix the bone tightly. 

For rats from diabetic control group, left femurs were directly fixed with K-Wire. Then 

closed femoral transverse fracture was induced as described in previous chapters. 

 

Rats were then observed until they recovered from anaesthesia, which would averagely 

take less than 5 minutes. Ibuprofen (0.1 g/rat/day) and Gentamicin (8000 IU/rat/day) were 

added to drinking water in the first two post-operative days for analgesia and infection 

prevention. Rats' daily activity, water & food intake, urinary production and body weight 

were closely observed. At the end of the fourth post-fracture week, rats were euthanized 

by over-dose of anaesthetic and evaluated for the therapeutic effects of BMP-6 

overexpressing Lentiviral vectors on both fracture and diabetes. 

 

7.2.4.4 Radiology 

To gain general understanding of the healing calluses, the rats from all three groups were 

assigned for radiological examination. They were anesthetized with 25% urethane (1.25 

g/kg, i.p.) and then laid supine with the fractured thigh in abduction and external rotation 

position for X-ray examination. The size of the calluses was evaluated by the ratio of the 

diameter of callus to the diameter of femur (mid-shaft). The calcification ratio of calluses 

was measured with ImageJ® software. Both femurs of each animal were collected after 

X-ray examination.  
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7.2.4.5 Histomorphology  

Histomorphological study was employed to reveal the histological distribution of the 

collected callus samples. The femur samples for histomorphological test were fixed in 

4% paraformaldehyde solution for 72 hours. The distal and proximal ends of femurs were 

then cut off with a stainless steel saw, leaving only the mid-shaft calluses for further study. 

The calluses were dipped in 10% Ethylene Diamine Tetraacetic Acid (EDTA) solution 

and placed in 40 °C for decalcification. The decalcified samples were dehydrated in 30% 

sucrose solution for 24 hours before they were embedded in Tissue optimum cutting 

temperature (OCT)-Freeze Medium and cut into 5 μm sections with a microtome (Leica® 

CM 1850, Nussloch, Germany). The slides were then assigned for HE stain, Masson stain 

and immunohistochemistry. 

 

7.2.4.6 Biomechanical test 

Biomechanical test was employed to reveal the mechanical endurance of the collocated 

calluses. A self-designed device (the 3rd chapter) was employed to test the force it takes 

to break certain material (healed bones). A pump was set to draw certain volume of water 

per minute into a bottle. Therefore, the bottle offered a gradually-increased pressure in 

the upright direction. The pressure was passed on to the to-be-tested material via a blade. 

Between the bottle and the blade there was a transducer which transformed pressure into 

electrical signal and sent it to a computer. The pressure it took to re-break the healed 

bones was recorded. 

 

7.2.4.7 Western Blot assay of callus extractions 

Western Blot assay was employed to show the difference in local expression of BMP-6 

among groups. The mid-shaft callus was grinded in liquid nitrogen until it became pink 

powder-like matter and transferred to the 5 mL centrifuge tube. Cell lysis buffer was 
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added into the tube according to the ratio of 1 mg/3 μL. The centrifuge tube was then 

fixed to a shaker and stored in 4 °C overnight for protein extraction. The protein samples 

were combined with Western Blot loading buffer (Beyotime®, China) according to the 

volume ratio of 4:1. 10 μL of each sample was loaded to 12 % SDS-PAGE gel and 

electrophoresed in Bio-Rad Blotting System (Bio-Rad®, USA) under constant voltage of 

120 V. Then the samples were transferred to 0.45 μm PVDF membrane under constant 

voltage of 60 V for one hour. The PVDF membrane was blocked with 5% skim milk 

powder solution in room temperature for 2 hours. Then it was incubated with rabbit-anti-

rat BMP-6 primary antibody (1:300, Bioss®, China) overnight in 4 °C and goat-anti-rabbit 

secondary antibody (1:2000, Santa Cruz®, USA) for 2 hours in room temperature. The 

PVDF membrane was exposed with ECL solution (Thermo®, USA) in Chemdoc XRS 

system (Bio-Rad®, USA). The acquired image was then quantified with Quantity One 

software (Bio-Rad®, USA). After that, the membrane was stripped and incubated with 

rabbit-anti-rat GAPDH primary antibody (1:2000 Abcam®, USA) and the secondary 

antibody. Then exposure and quantification were repeated.  

 

7.2.4.8 Serum studies 

Serum of each rat from all three groups was collected. Serum glucose, insulin and 

triglyceride level were tested. Western Blot assay was also employed to reveal the 

difference in peripheral expression of BMP-6 among groups.  

 

As introduced in the 2nd chapter, the calluses samples assigned for histological analysis 

must be fixed in paraformaldehyde solution. However, the samples assigned for Western 

Blot assay must not be fixed. The samples used in biomechanical test would be broken so 

they cannot be used in histological study. Therefore, the collected femurs from each group 

were assigned into two sub-group, one for histological study and the other for 
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biomechanical test. The broken samples were grinded in liquid nitrogen and used in 

Western Blot assay after biomechanical tests. As there were 14 wells in two PAGE-gels 

for sample loading, 4 samples from each of 3 groups were used in Western Blot. As for 

serum insulin and triglyceride tests, we used spared materials which were kindly offered 

by our Chinese colleagues instead of purchasing brand new ELISA kits. That was why 

not all samples were included.   

 

7.3 Results 

7.3.1 Ex vivo experiment 

Western Blot quantification of cultured cells showed that, compared with intact cells 

(0.195±0.004), 35 kDa BMP-6 increased by 83% (0.357±0.006) in cells infected with 

BMP-6 overexpressing vectors. A rise of the target protein was also detected in cells 

infected with empty Lentiviral vectors (0.304±0.006), which was, however, less 

significant (Table 7.1). 3FLAG immunohistochemistry of cells infected with BMP-6 

overexpressing vectors and empty Lentiviral vectors showed positive results (Figure 7.6).  

 

Table 7.1 Western Blot of 35 kDa BMP-6 in cultured cells 

 Intact BMP-6 overexpressing vector empty vector 

Wells 0.191 0.351 0.310 

 0.199 0.363 0.299 

Mean 0.195 0.357 0.304 

SD 0.004 0.006 0.006 
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Figure 7.6 3FLAG Immunohistochemistry of cultured cells. Positive spots (brown) in 

the pictures indicated the expression of 3FLAG. 3FLAG is the protein product of an 

intrinsic genetic tag within the genome of the Lentiviral vectors. The expression of 

3FLAG protein in cultured cells indicated that the vectors were able to infect living cells, 

integrate their genome into the host DNA and initiate transcription and translation.   

 

7.3.2 In vivo experiment 

Type 1 diabetes was successfully induced in all 28 rats (check the 6th chapter for 

diagnostic criterion). One rat died during Sciatic nerve blocking. The other 27 lived till 

the end of the fourth post-fracture week. No obvious difference in rats’ daily activities 

was found between 3 groups. 

 

7.3.2.1 Body weight 

During the first two post-fracture weeks, body weight of the rats from all three groups 

increased. However, a gradual fall was found in the body weight of rats from the gene 

therapy group during the third and fourth post-fracture weeks while body weight of rats 

from the other two groups continued growing (Figure 7.7). For the entire post-fracture 
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observation period, average body weight of diabetic control group (average daily growth 

rate 0.800±1.034 g) and empty vector group (average daily growth rate 0.590±1.010 g) 

increased while that of gene therapy group decreased slightly (average daily growth rate 

-0.370±0.610 g). Significant difference (p<0.05) in daily growth rate was found between 

diabetic control group and gene therapy group. The difference between gene therapy 

group and empty vector group was also significant while that between diabetic control 

group and empty vector group was not (Figure 7.8). 

 

 

Figure 7.7 Body weight of three groups over four post-fracture weeks. Body weight 

of the rats from diabetic control group and empty vector group showed continuous growth 

during the four-week observation period, though the latter group showed a lower growth 

rate. Body weight of rats from gene therapy group also increased during the first two 

weeks while a slight fall appeared during the third and fourth week.  
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× Significantly lower than diabetic control and empty vector group (p<0.05) 

Figure 7.8 Daily growth rates of three groups over four post-fracture weeks. The 

daily growth rates of body weight of rats from diabetic control group and empty vector 

group were at the similar level while body weight of rats from the gene therapy group 

experienced a slight negative growth. 

 

7.3.2.2 Water and food intake 

Similar to the pattern of body weight, no obvious difference was found in daily water and 

food intake among three groups during the first two post-fracture weeks. However, water 

and food intake of diabetic control group and empty vector group stayed at the same level 

during the third and fourth post-fracture weeks while that of gene therapy group showed 

a significant fall (Figure 7.9 and 7.10).  
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Figure 7.9 Daily food intake of three groups 

 

 

Figure 7.10 Daily water intake of three groups.  Both food and water intake of all 

three groups were at the same level with some fluctuations during the first two post-

fracture weeks. Since the third week, food and water intake of rats from gene therapy 

group showed significant falls while no such changes happened to the other groups. 

 

7.3.2.3 Urinary production 

As it was difficult to separate rats’ urine from stool and residue of commercial chew, 

exact measurement of urinary volume was not conducted. Based on visual estimation, 

there was no obvious difference in urinary production between diabetic control group and 

empty vector group. However, urinary production of gene therapy group was significantly 

lower than the other 2 groups (Figure 7.11). 
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Figure 7.11 Difference in urine production between groups 

 

7.3.2.4 Radiology  

The left femurs of all rats were fractured and under healing (Figure 7.12). The size of 

calluses of gene therapy group was significantly larger (p<0.05) than diabetic control 

group (Table 7.2 and Figure 7.13). Calluses of rats from empty vector group were also 

found to be larger than diabetic control group (p<0.05), but smaller than gene therapy 

group (p>0.05). Gene therapy group had the highest percentage of calcified tissue in 

callus among the three groups (Table 7.3 and Figure 7.14), followed by empty vector 

group and diabetic control group. However, none of the difference was statistic significant 

(p>0.05).  
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Figure 7.12 Radiological results of three groups. It could be seen on the x-ray pictures 

that all the femurs were fractured and under healing. The callus from gene therapy group 

had the largest size and highest calcification ratio (white parts inside the callus). The 

fracture line was blurred. While for the callus from diabetic control group, the callus was 

small and almost undetectable. The fracture line was wide and clear. The callus quality 

of empty vector group was between the other two groups. 

 

Table 7.2 The ratio between callus diameter and femoral diameter 

  

diabetic 

control 

(n=8) 

gene 

therapy 

(n=10) 

empty 

vector 

(n=6) 

Callus diameter/femoral diameter 1.417 3.000 1.737 

 1.500 2.105 2.778 

 1.600 3.333 2.167 

 1.778 1.938 1.850 

 1.667 2.143 1.947 

 1.556 1.842 2.100 

 1.800 2.333  

 1.800 2.053  

  1.875  

  1.688  

Mean 1.640 2.343 × 2.096 ×× 

SD 0.137 0.501 0.337 
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             ×, ×× Significantly higher than the diabetic control group (p<0.0

5) 

Figure 7.13 Callus size of three groups. The callus size was measured by the ratio of 

the callus diameter to the mid-shaft femoral diameter. Two rats from diabetic control 

group and one rat from gene therapy group were excluded because no obvious callus was 

detected with X-ray. Gene therapy group had the highest value (2.343±0.501). The second 

highest value was found in the empty vector group (2.096±0.337). Both of these two 

values were significantly (p<0.05) higher than that of diabetic control group 

(1.640±0.137). 

 

Table 7.3 Calcification ratio of calluses 

  
diabetic 

control (n=8) 

gene therapy 

(n=10) 

empty vector 

(n=6) 

Callus calcification ratio (%) 44.237 59.173 66.527 

 54.958 51.862 53.026 

 64.240 46.259 60.827 

 54.973 55.708 60.354 

 53.751 55.770 48.806 

 56.693 58.778 51.744 

 42.692 61.064  

 55.627 61.765  

  63.737  

  58.558  

Mean 53.396 57.267 56.881 

SD 6.490 4.890 6.153 
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Figure 7.14 Callus calcification ratio of three groups. The distribution of calcification 

ratio values among three groups was similar to that of callus size described above. 

However, no significant difference (p>0.05) was found among groups. 

 

7.3.2.5 Serum glucose 

The serum glucose level of rats from gene therapy group (50.20±9.28 mmol/L) was 

significantly (p<0.05) down-regulated compared with diabetic control group 

(86.40±19.74 mmol/L) and empty vector group (69.83±14.71 mmol/L). The serum 

glucose level of empty vector group was also lower than that of diabetic control group, 

but not significantly (p>0.05, Table 7.4 and Figure 7.15).  
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Table 7.4 Serum glucose of three groups 

  
diabetic control 

(n=10) 

 gene therapy 

(n=11) 

empty vector 

(n=6) 

Serum glucose (mmol/L) 72  47 79 

 83  44 81 

 86  48 58 

 103  49 89 

 96  57 46 

 104  41 66 

 51  64  

 85  49  

 63  67  

 121  36  

   51  

Mean 86.40  50.20 × 69.83 

SD 19.74  9.28 14.71 

 

 

                        × Significantly lower than the other two groups (p<0.001) 

Figure 7.15 Serum glucose level of three groups. Compared with diabetic control 

group, serum glucose of rats from gene therapy group was significantly lower (p<0.05). 

Although serum glucose of empty vector groups was also lower than diabetic control 

group, the difference was not significant (p>0.05). 

 

7.3.2.6 Histomorphology 

The size of callus from the diabetic control group was found smaller than the other two 

groups. No obvious cartilage was detected in the diabetic control group with Masson 

stain. No difference was found in the distribution of BMP-6 IHC positive spots among 
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three groups. While BMP-6 IHC positive spots could be seen in all tissue types (e.g. cells 

and extracellular matrix) in callus, 3FLAG IHC positive spots were restricted inside cells 

(Figure 7.16).  
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Figure 7.16 Histomorphological analysis of three groups. Gene therapy group had the 

largest callus size and the strongest BMP-6 positive IHC stain among three groups. 

Positive results of 3FLAG IHC from gene therapy group and empty vector group 

indicated that the Lentiviral vectors had successfully infected living cells in vivo. 
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7.3.2.7 Biomechanical test 

The endurance of calluses from the diabetic control group (161.85±38.33 kPa) was 

significantly lower (p<0.05) than the other 2 groups. No significant difference (p>0.05) 

was found between gene therapy group (237.57±28.79 kPa) and empty vector group 

(284.25±53.17 kPa) (Table 7.5 and Figure 7.17). 

 

Table 7.5 Mechanical endurance of calluses 

 diabetic control gene therapy empty vector 

Endurance (kPa) 211.92 239.00 360.00 

 212.80 209.00 273.00 

 108.45 223.00 293.00 

 148.61 266.00 211.00 

 151.60 218.00  

 137.73 215.00  
  293.00  

Mean (kPa) 161.85 237.57× 284.25×× 

SD (kPa) 38.33 28.79 53.17 
                                                  

 

×, ×× Significantly higher than diabetic control group (p<0.05) 

Figure 7.17 Mechanical endurance of calluses from three groups 
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7.3.2.8 Western Blot assay of callus extractions 

Western Blot quantification of 35 kDa BMP-6 in the callus extraction showed that, 

compared with the diabetic control group, the protein volume in both gene therapy group 

and empty vector group increased (Table 7.6 and Figure 7.18). However, only the 

difference between gene therapy group and diabetic control group was statistical 

significant (p<0.05).   

 

Table 7.6 The optical density values from callus Western Blot assay 

 
35 kDa BMP-6 

(Int×mm) 

GAPDH 

(Int×mm) 

35 kDa BMP-

6/GAPDH 

diabetic control 1 44.6 3939.2 0.011 

diabetic control 2 51.2 3100.8 0.017 

diabetic control 3 50.2 1192.0 0.042 

diabetic control 4 93.0 4086.4 0.023 

Mean   0.023 

SD   0.017 

gene therapy 1 91.8 944.4 0.097 

gene therapy 2 341.2 6143.6 0.056 

gene therapy 3 29.6 696.0 0.043 

gene therapy 4 242.4 4337.8 0.056 

Mean   0.063 

SD   0.021 

empty vector 1 242.8 4712.2 0.052 

empty vector 2 85.2 362.4 0.235 

empty vector 3 45.8 9644.0 0.005 

empty vector 4 41.4 975.2 0.042 

Mean   0.083 

SD   0.089 
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                   × Significantly higher than diabetic control group (p<0.05) 

Figure 7.18 BMP-6 Western Blot quantification of callus extractions. BMP-6 

expression in the gene therapy group was significantly up-regulated compared with 

diabetic control group. Although empty vector group had the highest value, no significant 

difference was detected when comparing with the other two groups due to the large SD 

value. 

 

7.3.2.9 Western Blot assay of serum BMP-6 

Western Blot of serum was employed to detect the difference in peripheral BMP-6 

between gene therapy group and empty vector group. The reason why diabetic control 

group was excluded from serum BMP-6 Western Blot and later insulin & triglyceride 

ELISA assay was due to the budget of this PhD project.  

 

Surprisingly, while BMP-6 showed multiple bands in callus extractions, only a single 

band was detected in serum. This single band located between 19 kDa and 26 kDa 

molecular weight markers and was absent in some Western Blot results of callus 

extractions (Figure 7.19). As there was no GAPDH in serum, the optical density values 
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of BMP-6 positive bands were used directly for quantification. No difference was 

detected in peripheral BMP-6 level between gene therapy group and empty vector group 

(Table 7.7 and Figure 7.20).  

 

 

Figure 7.19 BMP-6 Western Blot of callus and serum. The results of serum Western 

Blot showed a single band while Western Blot of callus extractions showed multiple 

bands.  

 

Table 7.7 The optical density values from serum Western Blot assay 

  gene therapy (n=11) empty vector (n=6) 

OD (Int×mm) 796.0 5238.4 

 1189.4 4404.0 

 757.6 15.6 

 7373.0 3253.4 

 4227.0 2236 

 277.4 722.6 

 2787.8  

 6802.6  

 328.6  

 33.8  

 2453.6  

Mean 2457.0 2645.0 

SD 2499.1 1869.3 



174 

 

 

Figure 7.20 BMP-6 Western Blot quantification of serum. There was no difference 

(p>0.05) in serum BMP-6 level between gene therapy group and empty vector group. The 

optical density values were widely scattered, which resulted in extremely large standard 

deviations.  

 

7.3.2.10 ELISA assay of serum insulin 

No significant difference was found in the serum insulin level between gene therapy 

group and empty vector group (Table 7.8 and Figure 7.21).  

 

Table 7.8 Serum insulin levels from ELISA assay 

 gene therapy (n=9) empty vector (n=6) 

serum insulin (ng/mL) 0.616 0.508 

 0.235 0 

 0.481 0.697 

 0.350 0.805 

 0 0.517 

 0.437 0.779 

 0.568  

 0  

 0.442  

Mean 0.348 0.551 

SD 0.213 0.272 
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Figure 7.21 ELISA assay of serum insulin. No significant difference (p>0.05) was 

found in the serum insulin level between gene therapy group and empty vector group. 

 

7.3.2.11 ELISA assay of serum triglyceride 

The reason why serum triglyceride was tested was that the transparency of serum was 

obviously different when observed with bare eyes. While serum from the gene therapy 

group was clear and light yellow-coloured as normal, serum from other groups was thick 

white milk-like liquid (Figure 7.22), which matched the clinical sign of chylemia. 

However, no difference in serum triglyceride level was detected with ELISA between 

groups (Table 7.9 and Figure 7.23). 

 

 

Figure 7.22 The transparency of serum from gene therapy group and empty vector 

group 
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Table 7.9 Serum triglyceride levels from ELISA assay 

 
gene therapy 

(n=6) 

empty vector 

(n=6) 

serum triglyceride (mmol/L) 7.096 7.096 

 7.458 6.753 

 6.671 7.647 

 6.508 7.744 

 8.353 7.009 

 9.021 6.350 

Mean 7.518 7.100 

SD 0.902 0.484 

 

 

Figure 7.23 ELISA assay of triglyceride. No significant difference (p>0.05) was found 

in the serum triglyceride level between gene therapy group and empty vector group, 

though the transparency of serum was obviously different. 

 

7.4 Discussions 

7.4.1 Ex vivo experiment 

The results of Western Blot showed the abundance of target protein (BMP-6) inside the 

cultured cells. Based on the quantification of bands, cells which were not infected by 

Lentivirus showed the lowest BMP-6 production. It reflected endogenic BMP-6 in 

myocardial cells. The target protein expression increased by about 50% in cells infected 

with empty vectors than the uninfected ones, which indicated that viral infection itself 

was able to change cellular protein production. This finding affirmed the necessity of 

adding an empty vector infecting control group to the later in vivo study, which would 
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help to deny the possibility that the difference we detected in the genetically treated group 

was simply caused by viral infection, instead of the up-regulation of target gene. BMP-6 

production in the treated group increased by about 20% compared with the empty vector 

group. This elevation was found stable in re-test though it was not significant. This 

finding proved that, besides the effect of viral infection, the transducted target gene up-

regulated the expression of BMP-6. However, limited by the budget of this PhD project, 

ELISA analysis of the culture medium was not carried out. As a secreted protein, it was 

reasonable to speculate that large part of BMP-6 had been released into culture medium 

before cells were employed for Western Blot. This might explain the reason why the 

elevation of intracellular BMP-6 in the genetically treated group was not significant 

compared with the empty vector group. Nevertheless, what had been done in the cell 

culture stage was enough to prove that the vectors were able to successfully infect animal 

cells and help to produce more BMP-6. Moreover, no obvious reduction in the number of 

cultured cells nor mutation was found after Lentiviral infection, indicating that the vectors 

were safe to be applied to further in vivo study. Although an empty vector group was also 

designed in later in vivo experiment to deny the effects of viral infection itself (and results 

showed it had effects on fracture healing), it was less important to compare gene therapy 

group with empty vector group than with diabetic control group, because the effects of 

target gene could not be isolated from vectors and buffer in practice. That was why we 

chose to focus on the difference between gene therapy group and diabetic control group 

in later in vivo experiment.  

 

An interesting finding revealed in our previous experiment was that the correlation 

between protein concentration of callus extraction and its GAPDH Western Blot 

quantification was poor. Theoretically, as GAPDH belongs to housekeeping protein 

family, its expression in certain type of tissue is constant. In other words, GAPDH 
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quantification should be directly proportional to protein concentration of tissue 

extraction. That is the reason why GAPDH is widely used in Western Blot as reference 

to correct the loading error between different lanes. Our best explanation to the poor 

correlation we found was that callus contained various types of tissue, such as bone, 

cartilage, marrow and blood. The percentage each type of tissue took was individually 

different in calluses. The expression of GAPDH also varied among each type of tissue. 

These two reasons together contributed to the poor correlation between GAPDH 

quantification and protein concentration of total callus extraction. In the cell culture stage, 

Collagenase type II was used to separate myocardial cells from tissue fragments. 5-BrdU 

was added into culture medium to inhibit the growth of other types of cells. Therefore, 

the histological purity of cultured cells was quite high, meaning most of the cells were of 

the same type (myocardial cells). Fine correlation was found between GAPDH and 

protein concentration of cell extraction, which in turn proved our explanation mentioned 

above. 

 

7.4.2 Interpretations of the results of in vivo experiment—achievements and 

limitations  

Our hypothesis in the stage was that BMP-6 gene therapy would show positive effects on 

both diabetes and fracture healing, which meant it was able to correct diabetic metabolic 

disorder and improve the impaired fracture healing at the same time. The results proved 

our hypothesis.  

 

As for fracture healing, the size of callus and biomechanical endurance increased 

significantly in the gene therapy group compared with the diabetic control group. The 

calcification ratio of calluses from the gene therapy group was also found higher, though 

the difference was not statistical significant. Western Blot quantification of 35 kDa BMP-
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6 in callus extraction was 2.7 fold higher in gene therapy group than in the diabetic control 

group. Considering the results from our previous stage that impaired fracture healing in 

diabetic rats was found in accordance with decreased expression of 35 kDa BMP-6, the 

results from current chapter once again proved that there was a relation between 35 kDa 

BMP-6 and fracture healing in diabetic rats. 

 

Human diabetes could be diagnosed with classic symptoms of hyperglycaemia 

(polyphagia, polydipsia, polyuria and loss of body weight) combined with an increase of 

blood glucose level. These diagnostic criteria were employed in our diabetic model 

building. In light of the results we collected in the gene therapy stage, food & water intake 

and urinary production of BMP-6 transducted rats were significantly lower than the other 

two groups (diabetic control group and empty vector group). More importantly, serum 

glucose level of rats from gene therapy group was also significantly down-regulated. All 

of these changes happened spontaneously after gene delivery while rats from all three 

groups were housed under same condition and enough food and drink were provided. 

Importantly, no such changes were found in the empty vector group. Therefore, it could 

be concluded that intra-operation intramedullary Lentiviral BMP-6 gene delivery to 

diabetic fractured rats effectively corrected diabetic metabolic disorder and brought the 

disrupted dynamic balance of internal environment towards the normal side to a great 

extent.  

 

To our knowledge, this study was the first one applying gene therapy to fracture in 

diabetic rats. And, of course, it was also the first study that achieved therapeutic effects 

on diabetes and fracture at the same time with only one target gene modification. 
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7.4.2.1 Serum BMP-6 and diabetic symptoms  

Serum BMP-6 showed a single positive band in Western Blot assay while callus 

extractions showed multiple bands. Other members from the transforming growth factor 

super family, such as BMP-2 and BMP-7, were reported to mature as 16~18 kDa 

monomers but function as 32~36 kDa dimers. No relevant study on the molecular weight 

of different types of BMP-6 was found. If BMP-6 shared the same properties as other 

BMPs, it would in turn prove our finding that the 35 kDa BMP-6 was the functioning 

form which took an active part in fracture healing and was affected by diabetic condition. 

While there were multiple forms of BMP-6, from precursors to active functioning 

segments, inside cells, it existed in serum in a single form of monomer. To our knowledge, 

it was the first time that the molecular form of serum BMP-6 was clearly indicated. No 

significant difference was found in serum BMP-6 among groups. 

 

Our speculation to the fact that significant improvements were detected in diabetic 

symptoms after BMP-6 gene delivery while no significant difference was found in serum 

BMP-6 level was that the changes happened intracellularly. During our experiment 

design, the hypothesis that intramedullary BMP-6 gene delivery would show therapeutic 

effects on both pathological conditions, naming fracture and diabetes, which required 

both local and peripheral BMP-6 function, was based on the fact that marrow tissue in the 

femoral medullary cavity was the largest pool of mesenchymal stem cells and 

hematopoietic cells. While transducted mesenchymal stem cells differentiated into 

osteoblasts to enhance local fracture healing, transducted hematopoietic cells would bring 

part of the target gene into circulation when they matured, which could achieve systemic 

correction of diabetic metabolic disorders. Serum was the part of blood after clotting and 

centrifugation. Therefore, all cells in blood were excluded. In the future study, the blood 

clot would be employed to Western Blot analysis in the same fashion as callus extraction. 
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It is predictable that multiple bands would show up in the Western Blot result. Difference 

in the quantification of bands, especially the 35 kDa ones, between groups could lead to 

explanation to the improvements of diabetic symptoms. Additionally, the reason why 

Western Blot was used to analyse BMP-6 in serum was that no previous study was found 

clearly indicating the different forms of BMP-6 inside cells and in serum. Once it is 

confirmed that there is only one single form of BMP-6 in serum, enzyme linked 

immunosorbent assay (ELISA) would be a more efficient way of protein analysis, which 

was concluded based on our experience of Western Blot.  

 

The only symptom of hyperglycaemia that was not improved in our study was the loss of 

body weight. This may be mainly due to the spontaneous decrease in food intake in the 

gene therapy group. Even if the peripheral insulin sensitivity was improved by BMP-6 

gene delivery, that could be far from enough to compensate the decrease in food intake 

because of the absolute lack of insulin caused by STZ injection during T1DM model 

building. One thing should be emphasized is that, although food & water intake and body 

weight deceased in the rats from gene therapy group, no evidence was found indicating 

that these rats were approaching systemic failure based on our observation of their daily 

activities. More importantly, impaired fracture healing in these rats was significantly 

improved, which strongly indicated that their internal environment and entire status had 

been pushed towards to normal side to a great extent. In future study, T2DM animal model 

should be employed to reveal the effects of delivered BMP-6 on glucose storage and body 

weight. Predictably, relative deficiency of insulin in T2DM, instead of absolute 

deficiency in T1DM, would lead to different results. 
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7.4.2.2 ELISA assay of serum insulin and triglyceride level 

Serum insulin and triglyceride level were examined with ELISA. No significant 

difference was detected between gene therapy group and empty vector group. As for 

insulin, the result was reasonable because all rats used in this stage received STZ injection 

(50 mg/kg) to induce type 1 diabetes, which meant the vast majority of pancreatic β-cells 

were equally destroyed. The remaining β-cells, even if were stimulated by exogenous 

BMP-6, might not be enough to make statistically detectable difference in insulin 

production. However, it was hard to explain the significant down-regulation of blood 

glucose level in the gene therapy group because insulin is the only hormone that has been 

reported to bring down blood glucose. The best interpretation so far would be that the 

intramedullarily injected Lentiviral BMP-6 had somehow altered insulin sensitivity of 

peripheral tissues. Therefore, although no significant difference was found between 

groups in serum insulin level, its effects could be amplified in the gene therapy group due 

to enhanced insulin sensitivity. This could also in turn explain the reason why symptoms 

of hyperglycaemia (polyphagia, polydipsia, and polyuria) were improved in gene therapy 

group. These symptoms are caused by the malfunction of insulin (deficiency in T1DM 

while combined with peripheral resistance in T2DM). Glucose absorbed by the digestive 

system could not be transported into peripheral tissue cells for storage as in normal case. 

Lack of glucose storage means disability to stabilize blood glucose level. Hypoglycaemia 

would happen several hours after food intake and causes the sense of hunger. That is the 

reason for polyphagia. The absorbed glucose, instead of being taken up by cells, goes 

directly to the urinary system and causes an increase in the osmotic pressure of urine, 

which would lead to dehydration (polydipsia) and more urine production (polyuria). 

Those improvements in gene therapy group indicated that the transducted rats had partly 

regained their ability to stabilize blood glucose level. Stabilized blood glucose led to a 

reduction in the extra requirement for food (polyphagia), which would in turn bring down 
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glucose concentration in urinary system and reduce urine production. The sense of thirst 

caused by high osmotic pressure in blood and urine would also be relieved. All of these 

could be explained by enhanced insulin sensitivity. In future experiments, fasting insulin 

resistance index (FIRI) and homeostasis model assessment (HOMA) should be used to 

test insulin sensitivity. Tissue samples from other organs, especially liver and skeleton 

muscles which are important to glucose storage, could be collected for test of the amount 

and sensitivity of insulin receptors. If insulin receptors in tissues from gene therapy group 

are found to be up-regulated, then our speculation above would be proved. If, on the other 

hand, still no difference is found in insulin receptor activity, it is possible that BMP-6 is 

a factor independent from insulin to down-regulate blood glucose level. If so, this study 

would lead to a brand new boundary of the knowledge in metabolism and treatments for 

metabolic disorders.  

 

In future study, cholesterol and other factors related to hyperlipemia need to be tested to 

reveal the cause of changes in serum property.   

 

7.4.2.3 In vivo effects of the Lentiviral vector 

The Lentiviral vector itself was able to mildly increase BMP-6 expression, which had 

been proved in our ex vivo experiment. Therefore, an empty vector control group was 

employed during in vivo study to make sure that any change found in the Lentiviral BMP-

6 transducted rats was not only caused by viral infection itself. Based on the results, rats 

from the empty vector group did show some evidence about enhancement of local fracture 

healing. However, in most cases, the enhancement was mild and not significant as that in 

the gene therapy group. Moreover, no systemic effect on diabetic condition was detected 

in rats transducted with the empty Lentiviral vectors. The reason why local effects of the 

vector were much more obvious than its peripheral effects could be that the effects were 
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caused by inflammatory response to viral infection. As a large part of vectors were 

constrained around the fracture site by concretion of hematoma, the number of vectors in 

rats’ circulation would be far from virusemia to trigger systemic inflammatory response.  

 

7.4.2.4 The limitation of the radiological evaluation 

There were limitations in evaluating the size and calcification ratio of calluses based on 

X-ray results. All fractured femurs were placed in abduction and external rotation position 

for X-ray examination, which means X-ray results showed the sagittal plane of the thighs. 

Therefore, diameters and calcification ratio could only reflect calluses’ condition on the 

vertical plane. In future study, micro-CT could be employed to reconstruct the three-

dimensional image of calluses, which would lead to more precise measurement of size 

and calcification ratio.  

 

7.4.3 Power analysis of the gene therapy stage 

As it was the first time that the described gene therapy was applied to fractured rats with 

diabetes, some methods and parameters reflecting the results in this chapter were different 

from previous researches. Therefore, after all the parameters were measured and recorded, 

we conducted a power analysis based on our own data to examine whether or not the 

sample size of certain groups needed to be extended in future study. 

 

Given statistical power as 80%, type 2 error as 0.05 and clinical difference as 20%, it is 

estimated that the minimum sample size for each parameter of the gene therapy group 

should be 6 for mechanical endurance (we used 7), 3 for calcification ratio (we used 10), 

18 for callus size (we used 10), and 13 for serum glucose (we used 11). As conclusion, 

most parameters of the gene therapy group were able to satisfy the statistical requirement.  
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However, we also found that for the control groups (diabetic control and empty vector), 

their sample sizes were not enough to meet the statistical requirement. It was mainly due 

to the limited time and budget of this PhD project, though best effort was made to enlarge 

the sample size and generate as much data as possible. Despite this shortcoming, we were 

trying to explore a relatively new field and promising results were found and reported. In 

the future study, more rats would be assigned to control groups based on our power 

analysis. 
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Chapter 8 Conclusions 

 

As stated in the first chapter, the aims and objectives of the entire PhD project were:  

 

Aim 

Find an efficient way to enhance fracture healing by applying gene therapy to rats with 

diabetes.  

 

Objectives 

1) Build a closed femoral transverse fracture rat model and investigate the role of BMP-

6 in normal fracture healing. 

 

2) Build a fracture model in diabetic rats and investigate the association between BMP-6 

and fracture healing. 

 

3) Apply local BMP-6 gene delivery to fractured rats with diabetes and investigate effects 

of gene therapy on fracture and diabetes. 

 

In Chapters 2, 3 and 4, the methods which were employed in this study to evaluate the 

quality of calluses were introduced in detail. In histological assay (Chapter 2), three ways 

were used to reveal different properties of callus sections, which were HE stain, Masson 

stain and immunohistochemistry. A self-designed device was used to study the 

biomechanical properties of healing calluses (Chapter 3). Simple as it may seemed, it was 

able to produce stable results which reflected bending stiffness of the tested calluses. 

Although Western Blot is a widely-used method for protein analysis, its protocol varies 

according to different experimental conditions. In Chapter 4, many pilot studies were 
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described aiming to optimize the Western Blot procedure so that it could produce ideal 

results. While some of the results of pilot studies were based on our experimental 

conditions, others were universal and valuable to other researchers. 

 

Concluded from the results of Chapters 5, 6 and 7, the aims and objectives were all 

achieved. In Chapter 5, a unique three-point bending device was built based on the theory 

by previous researchers. The device was calibrated and optimized via cadaver tests so that 

it was able to produce stable and repeatable transverse fracture in rats’ femurs. The 

correlation between rats’ body weight and femoral diameter was obtained from cadaver 

tests. It was the first time that such correlation was reported. During in vivo experiment, 

the radiological, histological, mechanical and molecular properties of normal calluses 

were carefully investigated. Western Blot assay revealed that the expression of endogenic 

35 kDa BMP-6 was significantly increased during fracture healing. It was the first time 

that the functioning form of BMP-6 was reported. 

 

In Chapter 6, chemical-induced type 1 diabetic model was chosen after reviewing 

different kinds of diabetic animal models. Stable and repeatable diabetic model was 

achieved after several pilot experiments, which balanced the efficiency of model building 

and animal welfare. The radiological, histological, mechanical and molecular studies of 

diabetic calluses showed obvious impaired healing. Western Blot assay revealed that, 

compared with the non-diabetic rats, the expression of endogenic 35 kDa BMP-6 was 

significantly decreased in diabetic calluses. Additionally, among all the positive bands of 

BMP-6, only the 35 kDa one was stably related to fracture healing and diabetic conditions. 

There were clues indicating that the transformation from BMP-6 precursor to functioning 

segment was inhibited by diabetes. It was the first time that the effects of diabetes on 

endogenic BMP-6 was reported. The decreased expression and inhibition of 
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transformation could be a crucial link between diabetes and impaired fracture healing.  

 

In Chapter 7, custom-made Lentiviral BMP-6 overexpressing vectors were applied as the 

reagents of gene therapy. The vectors were firstly applied to culture cells to evaluate their 

safety and effectiveness. In vivo gene delivery was conducted after a series of pilot studies 

aiming to optimize the technical details. The results of in vivo experiment showed that 

intramedullary Lentiviral BMP-6 delivery led to an overall improvement in the quality of 

diabetic calluses. More importantly, the gene therapy showed significant therapeutic 

effects on systemic diabetic symptoms. To our knowledge, it was the first time that BMP-

6 gene therapy was applied to a fracture model in diabetic rats. It was also the first time 

that impaired fracture healing and metabolic disorders were improved by only one single 

gene therapy. 

 

There were limitations in this PhD project, which had been discussed in relevant chapters. 

In the future, attention should be paid to the mechanism behind the therapeutic effects we 

detected in the gene therapy stage. While the diabetic metabolic disorders were 

dramatically corrected, no significant change was found in peripheral insulin level. In the 

future, peripheral tissues, e.g. liver and skeleton muscles, could be tested for insulin 

sensitivity. Type 2 diabetic animal model could be employed to provide a whole picture 

of the relationship between diabetes, fracture healing and BMP-6. 
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