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ABSTRACT 

Type two diabetes (T2D) is a chronic, progressive heterogonous syndrome with a genetic and 

environmental origin. It is now recognized as an epidemic with a high morbidity and mortality 

rate. The endocrinology of type 2 diabetes (T2D) and its predisposing factors have been studied 

extensively, while diabetic skeletopathy has received negligible research. Previous studies report 

that fractures in T2D vary with specific sub regions in bones, therefore prompting our study to 

focus mainly on the femoral head and neck as well as the humerus head. Femoral neck fractures 

are the commonest, followed by the proximal femur, distal radius and proximal humerus. 

 

Susceptibility to fracture is a sequelae of poor bone remodeling. Poor bone remodeling is 

established at molecular and cellular levels. It depends on the activity of osteoblasts, osteocytes 

and osteoclasts, which are under the influence of TGF-β1, a pro-osteogenic cytokine, together 

with BMP3, an anti-osteogenic cytokine.T2D induced bone marrow adipocity and the 

accumulation of AGEs in cortical bone have also been implicated in increasing susceptibility to 

fracture. It is still unclear how T2D affects molecular and cellular elements that culminate in 

weaker bones observed in diabetic patients. In addition, it is debatable if T2D affects the skeleton 

at disease onset or later in the disease. Therefore, this study aimed to characterize T2D induced 

skeletopathy and related it to age, in the Zucker Diabetic Sprague Dawley (ZDSD) rat, using the 

femur and humerus. 

 

This study initially confirmed the diabetic state by monitoring animal weights, fasting blood 

glucose levels, and fasting oral glucose tolerance tests (OGTTs) every fortnight. Then triglyceride 

levels and quantified serum levels of osteoregulatory hormones such as insulin and osteocalcin 

were monitored. To assess oxidative stress, Malondialdehyde (MDA) serum levels were also 

determined by ELISA.   

Once diabetes was successfully induced, rats were grouped according to strain and age at 

termination. Termination age was at 20 weeks and 28 weeks . The Sprague Dawley (SD) rats were 
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the controls, while the Zucker Diabetic Sprague Dawley rats (ZDSD) were the experimental 

groups. These were designated as SD20WK (n=8) and ZDSD20WK (n=7) respectively.  Another 

batch was designated as SD28WK (n=8), and ZDSD (n=15) that were terminated at 28 weeks of 

age. The latter were further divided into moderate diabetes (ZDSD28WK-MOD) (n=9) and severe 

diabetes (ZDSD28WK-SVD) groups (n=6). 

 

Bilateral humeri and femora were harvested then fixed in 10% buffered formalin. Right proximal 

femora and humeri were scanned using a 3D-μCT scanner (Nikon XTH 225L) to analyse trabecular 

morphometric parameters, cortical bone area and medullary canal area. Biomechanical strength 

was analyzed by three point bending tests using a universal tensile tester. Left proximal femora 

and humeri were processed for histology. Some sections were stained with Haematoxylin and 

Eosin (H&E) to assess normal histologic morphology and adipocyte quantification. Remnant 

sections were immunolabelled using the anti-TRAP and anti-ALP antibodies for osteocyte and 

osteoblast quantification respectively, to assess osteolysis and osteogenesis. Immunolocalization 

of AGEs, TGF-β1 and BMP3 was also conducted to investigate their role in diabetic skeletopathy. 

 

We found that diabetes affected osteoblastogenesis as measured by ALP positive cells and bone 

marrow adipocytes. TRAP positive osteocytes numbers were increased in the presence of T2D, 

suggesting an increased osteolysis. There was reduced TGFB1 expression with increased BMP3 

expression. The number of AGEs immuno-positive cells as well as its extracellular expression was 

increased. Our finding suggest that osteoblast and osteocyte numbers are regulated by TGFβ1 

and BMP3 in both bones, under the influence of AGEs. 

 

Our findings from osteometry, 3-point bending tests and Micro CT support that diabetes weakens 

bone. The diabetic effect results in lighter, shorter hollow bones that perform poorly under 

loading, as well as exhibit unfavourable trabeculae microarchitecture. Our findings confirm that 

T2D causes increased fragility in the proximal femur and humerus as well the mid-diaphysis. 

These perturbations occur early and late in the disease, and they are also exacerbated by the 

presence of hyperglycemia.  
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We conclude that the ZDSD rat can be used as a translational model for diabetic skeletopathy at 

cellular and molecular level, and it can be extrapolated to humans after consideration of other 

factors like, basal metabolism, age, sex and skeletal loading patterns. We recommend optimal 

control of blood glucose levels at all stages of the disease to reduce the incidence of fractures in 

diabetic patients. 
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1.0 INTRODUCTION 

1.1 Background to the study 

Diabetes is a chronic condition characterized by sustained hyperglycemia resulting from a 

syndrome of metabolic disorders (Care, 2019). In 2019, the global diabetes prevalence was 

estimated to be 9.3% (463 million people), expected to rise to 10.2% (578 million) by 2030 and 

10.9% (700 million) by 2045 (Saeedi et al., 2019; Sun et al., 2022). Although initially prevalent in 

adults, it now affects adolescents and children, more especially in obese populations (Reinwald 

et al., 2009; Peterson et al., 2015; Cousin et al., 2022). The mortality rate is approximately 5 

million annually (Cho et al., 2018).  Diabetes is classified into several subtypes such as gestational, 

type 1, type 2, with the latter being most common at 90-95% of all those diagnosed with diabetes 

(Care, 2019). Although T2D is a preventable non-communicable disease, it causes a huge financial 

burden on health and social services especially in developing countries (Blakytny et al., 2011) due 

to its complications which require multidisciplinary treatment and management. 

 

Complications arising from T2D affect multiple organs, resulting in cardiovascular disease 

(Hamann et al., 2011), retinopathy (Peterson et al., 2015), polyneuropathy (Starup-Linde and 

Vestergaard, 2016), nephropathy (Hamann et al., 2011) and skeletopathy (Reinwald et al., 2009; 

Hamann et al., 2011). Well known skeletal complications of T2D are Charcot’s neuro-arthropathy, 

diabetic foot syndrome and more recently recognized, diabetic skeletopathy (Hamann et al., 

2011). Despite evidence pointing towards the link between hyperglycemia and susceptibility to 

osteoporosis, fractures, mal-unions and non-unions (Bonds et al., 2006; Hamann et al., 2011), 

diabetic skeletopathy has received negligible research (Hamann et al., 2011; Oei et al., 2013). 

Skeletopathy is largely a result of compromised skeletal integrity at a physical and cellular as well 

as molecular level. Skeletal integrity is dependent on a tightly regulated bone homeostasis by:  

(i) Bone turnover cells osteocytes, osteoblasts, osteoclasts (Booth et al., 2013). 

(ii) Osteoregulatory hormones (parathyroid hormone, osteocalcin, and insulin (Neer et 

al., 2001; Ferland-McCollough et al., 2018; Ducy, 2020). 

(iii) Glycemic levels as they contribute towards bone marrow adiposity (Piccinin and Khan, 

2014).  
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(iv) Molecules such as advanced glycation end products (AGEs) (Kislinger et al., 1999; 

Piccinin and Khan, 2014; Singh et al., 2015) and malondialdehyde (MDA) (Del Rio et 

al., 2005; Tiwari et al., 2013), are elevated in T2D.  

(v) The osteogenic cytokine, transforming growth factor beta-1 (TGFβ1) (Wang et al., 

2018) and its antagonist bone morphogenetic protein-3 (BMP-3) (Wu et al., 2016).  

 

Although research links T2D with compromised bone integrity, there is debate about data that 

points to this link (Hamann et al., 2011). This is possibly due to a lack of an appropriate animal 

model.  Most animal studies have used various animal models such as the Goto-Kakizaki (GK) rat, 

a non-obese model (Castrillón et al., 2011), mouse models (db/db, ob/ob) (Chandrasekera and 

Pippin, 2014; Peterson et al., 2015), the Zucker Diabetic Fatty rat (ZDF) (Prisby et al., 2008; 

Chandrasekera and Pippin, 2014; Peterson et al., 2015) and the Zucker Diabetic Sprague Dawley 

(ZDSD) rat (Reinwald et al., 2009; Peterson et al., 2015).  The ZDF has been a gold standard for a 

while but its disadvantage is that it becomes diabetic before it reaches skeletal maturity in 

contrast to the ZDSD rat (Fajardo et al., 2014; Peterson et al., 2015).  

 

The widely used ZDF rat undergoes monogenetic mutations of leptin and its receptor, inducing 

hyperphagia that triggers hyperglycemia (Fajardo et al., 2014),and a propensity to pancreatic 

beta cell failure (Peterson eta al., 2015). While this results in diabetes, it often occurs prior to 

skeletal maturity in this rat model (Fajardo et al., 2014).   Considering that leptin gene mutations 

are rare in humans, this makes such an animal model of diabetes inappropriate for skeletal 

studies (Peterson et al., 2015).  In contrast, the ZDSD rat mimics a phenotype and disease 

progression pattern like humans whereby they develop pre-diabetic metabolic syndrome, insulin 

resistance and T2D diabetic complications just as in humans (Peterson et al., 2015).  All this occurs 

without altering the leptin gene and skeletal maturity timelines in the ZDSD.  

 

In this study, skeletal integrity is investigated using this relatively recent translational animal 

model of T2D, the Zucker Diabetic Sprague Dawley (ZDSD). To investigate how diabetes 

compromises bone quality at mechanical, cellular and molecular level, several investigative 

methods are undertaken. We started by monitoring body mass, fasting blood glucose levels, Oral 
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Glucose Tolerance Tests (OGTT) to confirm diabetes. How diabetes affected serum levels of 

osteoregulatory hormones osteocalcin and insulin is assessed by ELISA. The study then, employed 

histological means to assess trabeculae morphology and bone adiposity.  We evaluated bone 

microarchitecture by Micro-focus X-ray Computed Tomography (Micro CT) and bone 

biomechanical strength was evaluated by 3-point bending tests. We then investigated how T2D 

affected osteolysis and osteoblastogenesis, by quantifying Tartrate Resistant Alkaline 

Phosphatase (TRAP) immunopositive osteocytes, and Alkaline Phosphatase (ALP) 

immunopositive osteoblasts respectively. The expression of the pro-osteogenic growth factor 

TGF-β1, and the anti-osteogenic cytokine, BMP-3 were investigated by immunohistochemistry. 

Finally, the intracellular and extracellular expression of advanced glycation end products (AGEs) 

was determined by immunohistochemistry.  
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1.2 LITERATURE REVIEW 

1.2.1 Diabetes mellitus 

Diabetes is a chronic progressive syndrome of metabolic disorders (Ozougwu et al., 2013; 

Hurtado and Vella, 2019), characterized by chronic hyperglycemia (Ozougwu et al., 2013).   It 

emanates from multifactorial causes such as a sedentary lifestyle, high carbohydrate diet (Kohei, 

2010) as well as genetic predisposition (Scheen, 2003). This condition  exists  in multiple forms 

(Care, 2019) that can be classified into: (i) Type 1 diabetes; (ii) Type 2 diabetes; (iii) Gestational 

diabetes that occurs in the third trimester when there was no prior diagnosis of diabetes; (iv) 

Other forms of diabetes such as neonatal, maturity onset diabetes of the young (MODY), 

pancreatic disease origin (pancreatitis, cystic fibrosis), organ transplant induced, or chemically 

induced (glucocorticoids, HIV/AIDS antivirals). The most common of these are Types 1 and 2 

diabetes (Care, 2019). 

 

T1D 

Type 1 diabetes (T1D) is an autoimmune reaction to pancreatic islet cell proteins leading to their 

destruction and subsequent insulin deficiency (Holt, 2004; Zaccardi et al., 2016).  This type has 

approximately 9.5% prevalence (Mobasseri et al., 2020). Autoantibodies may be directed at 

pancreatic beta cells (i) cytoplasmic proteins (ii) surface antigens (iii) antigens such as anti-insulin 

antibodies and glutamic acid decarboxylase (Ozougwu et al., 2013). Autoimmune destruction of 

these pancreatic beta cells leads to islet atrophy, with subsequent reduced insulin production 

(Ozougwu et al., 2013).   

 

T2D 

Between 90 and 95% of diagnosed diabetes is classified as T2D (Care, 2019). Its etiology is linked 

to multiple risk factors such as obesity, age, ethnicity, genetic predisposition, and history of 

gestational diabetes, smoking, heavy alcohol consumption, and metabolic syndrome (Kohei, 

2010; Ozougwu et al., 2013; Zaccardi et al., 2016; Zheng et al., 2018; Care, 2019; Hurtado and 

Vella, 2019). T2D exhibits a multistage progression that begins with insulin resistance prior to 

hyperinsulinemia which compensates for the tissue resistance (Scheen, 2003), although 
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normoglycemia is maintained (Zheng et al., 2018).  This stage is followed by pancreatic beta cell 

failure and apoptosis, until severe uncontrollable hyperglycemia ensues (Del Prato, 2009).   

 

1.2.2 History of diabetes 

Several researchers report how diabetes has evolved over the past 400 years (DOBSON, 1967; 

Jorgens, 2006; Polonsky, 2012; Lakhtakia, 2013; Blaslov et al., 2018; Zheng et al., 2018).  As 

narrated by Baslov et al., (2018) and Polonsky K, (2012) its initial discovery was in 1552 B.C by 

ancient Egyptians. It was first described as a disease that is characterized by polyuria, emaciation 

and death.  Other authors report the initial discovery of diabetes in the 1600s as a disease with 

an excessively sweet tasting urine (Minkowski, 1890; Polonsky, 2012; Lakhtakia, 2013; Zaccardi 

et al., 2016).   

 

The term ‘diabetes insipidus’ is derived from the Greek language ‘diabainen’ which means ‘to go 

through’ implying excessive passing of urine by the kidneys, and the Latin word ‘insapere’ 

meaning tasteless (DOBSON, 1967; Zajac et al., 2010). The term ‘diabetes mellitus’ meaning 

‘honey’ and ‘siphon’ was later introduced by  Greek physician Aretaeus, to reflect the sweet taste 

of urine (Blaslov et al., 2018). In the 1600s the term ‘mellitus’ replaced the term ‘insipidus’ to 

confirm that the urine had a sweet taste (DOBSON, 1967).  Years later, between 1735-1784, 

Mathew Dobson of Liverpool actually measured the concentration of glucose in urine to 

demonstrate that the ‘sweet taste’ was due to sugar in the urine (Polonsky, 2012).     

  

Understanding T2D pathophysiology in the last century 

 At the beginning of the 19th century, French physicist, Claude Bernard and other researchers 

demonstrated that diabetes was due to abnormal glucose homeostasis that was under the 

control of the liver, hormones and the central nervous system (Polonsky, 2012; Zaccardi et al., 

2016; Blaslov et al., 2018).  During the same period, Claude Bernard observed that a puncture on 

the floor of the 4th ventricle in the brain induces diabetes, thus confirming the brain as a 

glucoregulatory organ (Morton and Schwartz, 2011).   This observation was later validated by the 

discovery of the leptin pathway that explains how the hormone leptin interacts with the central 

nervous system (CNS) in regulating glucose homeostasis (Morton and Schwartz, 2011).  In the 
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1920s, a French physician Jean Vague, observed that upper body obesity was associated with a 

cluster of risk factors (hypertension, low levels of high-density lipoprotein cholesterol, 

dyslipidemia) that seemed to predispose individuals to diabetes (Morton and Schwartz, 2011; 

Polonsky, 2012; Blaslov et al., 2018). The term metabolic syndrome was introduced in the 1950s 

to describe this cluster of risk factors (Blaslov et al., 2018). In 1988 Gerald Reaven postulated that 

insulin resistance was the underlying factor to metabolic syndrome, and he renamed it syndrome 

‘X’ (Reaven, 2005; Blaslov et al., 2018). 

 

Insulin discovery  

The link between diabetes and insulin was clarified in 1889 when a pancreotomy was performed 

on a dog that later died from diabetes (Minkowski, 1890; Polonsky, 2012; Blaslov et al., 2018). In 

1910, Edward Albert Sharpey-Schafer hypothesized that diabetes was caused by a deficiency in 

a substance produced by the pancreas islets, and named it insulin (Polonsky, 2012).  This was 

later identified in 1869 by Langerhans (Zaccardi et al., 2016). Insulin is derived from the Latin 

word ‘insula’, meaning an ‘island’ when referring to the islets of Langerhans (Polonsky, 2012).  In 

1921 Frederick Banting and Charles Best reversed diabetes in dogs, using an extract from 

pancreatic islets (Polonsky, 2012; Blaslov et al., 2018).  James Collip and John Macleod extracted 

purified insulin from bovine pancreases that was used to treat diabetic patients (Polonsky, 2012).   

 

After the discovery of insulin, diabetes research focused on insulin secretion and its effect on 

peripheral tissues (Morton and Schwartz, 2011).  The role of insulin in regulating glucose 

metabolism was only demonstrated in the 1920s, where a distinction between insulin dependent 

and non-insulin-dependent diabetes was suggested (Allan, 1972). However, it was only in the 

1950s that reliable tests for circulating blood insulin levels were developed, thus confirming the 

differences between the two types of diabetes (Zaccardi et al., 2016).   

 

Distinguishing between T1D and T2D 

In 1936 Harold Himsworth postulated that most patients with diabetes have insulin resistance 

rather than insulin deficiency (Himsworth, 1936; Polonsky, 2012).  The next 30 years developed 

immunologic techniques which identified autoimmune diseases that destroy pancreatic beta 
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cells in insulin dependent diabetes (Zaccardi et al., 2016). During the same period, more 

experiments were conducted to demonstrate insulin resistance by peripheral insulin sensitive 

tissues to further distinguish the two types of diabetes (Zaccardi et al., 2016). Differences 

between the two types of diabetes were formally adopted around 1979 where new definitions 

of type I diabetes (replacing insulin dependent diabetes) and type II diabetes (replacing non-

insulin-dependent diabetes) were introduced (Zaccardi et al., 2016).    As cellular and molecular 

understanding of T2D advances, there is a drive to depart from a glucocentric classification of 

T2D to a more pathophysiologic classification that will encompass a description of the patient 

phenotype as well (Zaccardi et al., 2016). 

 

1.2.3 Prevalence of T2D  

Worldwide prevalence   

The International Diabetes Federation (IDF) estimated that 1 in 11 adults aged between 20 to 79 

years had diabetes mellitus in 2015, a total of 415 million people (Zheng et al., 2018). The global 

diabetes prevalence in 2019 is estimated to be 9.3% (463 million people), rising to 10.2% (578 

million) by 2030 and 10.9% (700 million) by 2045 (Sun et al., 2022). The prevalence is higher in 

urban (10.8%) than rural (7.2%) areas, and in high-income (10.4%) than low-income countries 

(4.0%) (Saeedi et al., 2019; Sun et al., 2022). One in two (50.1%) people living with diabetes do not 

know that they have diabetes (Saeedi et al., 2019; Sun et al., 2022). Amongst the population 

diagnosed with diabetes, 90-95 % have T2D (Cho et al., 2018; Pheiffer et al., 2018; Zheng et al., 

2018; Care, 2019). The escalating epidemic is compounded by an explosive population growth, 

ageing populations, urbanization, poor eating habits, leading to obesity due to a sedentary 

lifestyle (Zheng et al., 2018).   

 

Although T2D was initially thought to be an adulthood disease, it has become more prevalent 

among obese adolescents in their second decade, where it coincides with adolescent insulin 

resistance (D'Adamo and Caprio, 2011).  In the past  two decades, T2D only affected 3% of the 

adolescent population but of late it has escalated to 40% of newly diagnosed cases of adolescent 

T2D (D'Adamo and Caprio, 2011).   
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China and India are the leading epicenters for T2D, with the USA having the 3rd highest number 

of diabetic persons, in addition, North America, the Caribbean islands and Pacific nations also 

experience a high incidence of T2D (Zheng and Wang, 2001; Abubakar et al., 2015).  The Middle 

East is another emerging epicenter with a prevalence ranging between 9.5% and 25.4% of the 

general population (Al‐Rubeaan et al., 2015).  

 

The Global Burden of Disease Study conducted in 2013 classified T2D as the 9th major cause of 

reduced life expectancy (Abubakar et al., 2015).  In 2010 it was estimated that 3.96 million adults 

aged between 20 to 79 years died from T2D, whereas in 2015 the International Diabetes 

Federation (IDF) raised the estimate to 5 million deaths (Abubakar et al., 2015; Cho et al., 2018). 

Medical costs for diabetics are three times higher, the IDF estimated that in 2015 alone 12% 

($673 billion) of the global health budget was spent on the treatment of diabetes and its 

complications (Abubakar et al., 2015).  Latin America spends an average of 25% on treatment of 

T2D, thus causing the heaviest financial burden on health budgets, in fact T2D is considered as 

the leading cause of mortality in Mexico and Brazil (Arredondo, 2014). 

 

T2D Prevalence in SA and its associated health burden 

South Africa experiences the same risk factors for T2D that predisposes every country to an 

increased prevalence of T2D. About 50% of diabetics in the world remain undiagnosed with 

roughly 60.2% being found in low and middle class income brackets in Africa which includes South 

Africa (Cho et al., 2018; Pheiffer et al., 2018; Zheng et al., 2018). The prevalence of T2D in South 

Africa increased from 5.5 % to 9% between 2000 and 2009 (Bradshaw et al., 2007; Manyema et 

al., 2015; Pheiffer et al., 2018).  In 2000 it was estimated that 87% of diabetic cases were due to 

obesity, in 2013, 38% of men and 69% of women were classified as overweight (Bradshaw et al., 

2007; Pheiffer et al., 2018).  

 

In 2015 the Global Burden of Disease Study ranked a high Body Mass Index (BMI) and 

hyperglycemia as the second and third contributors of mortality and disability in South Africa 

(Abubakar et al., 2015; Pheiffer et al., 2018). Here, (in South Africa) 76% of deaths of individuals 

below 60 years are due to T2D, this poses an economic challenge in the country because it 
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appears T2D affects the most economically productive sector of the population (Pheiffer et al., 

2018).  Other than the disease itself, multiple diabetic complications (macro/microvascular 

disease, neuropathy, retinopathy, renal disease, hypertension, amputations) exacerbate the 

economic burden on the health system (Bertram et al., 2013), leading to increased morbidity and 

mortality.  In 2009, T2D related amputations were estimated at 2000 procedures annually 

(Manyema et al., 2015; Pheiffer et al., 2018).   

 

The economic burden is related to hospital costs, chronic medication, disability grants and 

absenteeism from work of both the diabetic individual and the caretaker (Manyema et al., 2015; 

Pheiffer et al., 2018).   Health expenditure for diabetics is projected to increase by 50% between 

2010 and 2030 with a capital spend ranging from $1.1 billion to $2.2 billion by 2030 (Manyema 

et al., 2015).  Average hospitalization costs in 2009 were R27 000 for diabetics compared to R18 

000 for none diabetic patients (Manyema et al., 2015).  Therefore, it is imperative to undertake 

more studies to assess the link between T2D and compromised bone integrity, in order to reduce 

mortality, morbidity and financial implications related to skeletal complications caused by T2D.  

 

1.2.4 Abnormal glucose homeostasis as a precursor to T2D 

The aim of glucose homeostasis is to maintain serum glucose concentrations within a narrow 

physiological range while sustaining a balance between glucose utilization, dietary glucose 

delivery and endogenous glucose production (Aronoff et al., 2004; Giugliano et al., 2008). To 

maintain homeostasis, glucoregulatory hormones such as pancreatic hormones (insulin, 

glucagon, and amylin), adipocyte hormone (leptin), gut hormones, glucose dependent 

insulinotropic hormones, epinephrine, cortisol and growth hormone (Aronoff et al., 2004; 

Giugliano et al., 2008; Morton and Schwartz, 2011) work in tandem as summarized in Table 1.  

The functions and levels of glucoregulatory hormones depend on the fed or fasting state.  The 

fed state results in glycolysis, glycogen synthesis, lipid synthesis, fructose/galactose metabolism.  

The fasting state results in gluconeogenesis, glycogenolysis, protein catabolism and ketone body 

metabolism (Nakrani et al., 2020). A disruption in glucose homeostasis results in hyperglycemia 

associated with T2D (Morton and Schwartz, 2011).  
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Table 1:1 Glucoregulatory hormones and their functions 

Hormone Organ Function Effect on Plasma 
Glucose Levels 

Glucagon Pancreatic alpha-
cells 

• Glycogenolysis 
• Hepatic gluconeogenesis 
• Hepatic ketogenesis 

Increase 

Insulin Pancreatic beta-
cells 

• Promotes cellular glucose uptake 
• Suppresses post prandial glycogen secretion 
• Promotes protein and fat synthesis 

Decrease 

Amylin Pancreatic islet 
amyloid deposits 

• Suppresses post prandial glucagon secretion 
• Reduces gastric emptying 
• Suppresses food ingestion and body weight 

Decrease 

GLP-1 Intestinal L-cells • Enhances post prandial insulin secretion 
• Suppresses post prandial glucagon secretion 
• Reduces gastric emptying 
• Suppresses food ingestion and body weight 
• Promotes pancreatic beta cell integrity 

Decrease 

 

1.2.5 Pathogenesis of T2D 

Insulin facilitates the uptake of glucose by insulin sensitive target tissues such as the liver, muscle 

and adipose tissue (Kowalski and Bruce, 2014; Adeva-Andany et al., 2019). Impaired insulin 

sensitivity by target tissues and pancreatic beta cell dysfunction are the main precusors to T2D 

(Kahn, 2003; Scheen, 2003; Zaccardi et al., 2016).  T2D exhibits a multistage progression 

beginning with target tissue resistance as well as excessive insulin secretion to compensate for 

insulin resistance (Scheen, 2003).  At this stage, subjects are normoglycemic but 

hyperinsulinemic, as pancreatic beta cells adapt to the demand (Scheen, 2003).  This stage is 

followed by a decline in pancreatic beta cell numbers and loss of body mass.  Finally, a period of 

overt uncontrollable hyperglycemia ensues (Del Prato, 2009).   

 

1.2.6 Lipid peroxidation process 

Hyperglycaemia, hyperlipidaemia and hypercholesterolaemia found in T2D, create an 

environment that stimulates lipid peroxidation. This process (Del Prato, 2009; Li et al., 2011; 

Ayala et al., 2014; Xu and Porter, 2015) follows these steps (Fig. 1) :  (1) Initiation: Pro-oxidants 

like HO2 (Hydroperoxyl) .and HO.(hydroxide ion) abstract hydrogen atoms close to the carbon-

carbon double bonds of unsaturated lipids to form  lipid centered radicals. (2) Propagation: The 
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lipid centered radicals react with oxygen to form lipid peroxy radicals. The lipid perox yradicals 

abstract hydrogen from other unsaturated lipid molecules to form other lipid centered radicals 

that will again react with oxygen to form more peroxy radicals.  This process initiates a sequence 

of chain reactions that generate even more reactive radicals.  (3) Termination:  The progression 

of the chain reaction proceeds until advanced lipo-oxidation end products (LPO) are formed.  

Anti- oxidants like Vitamin C and Vitamin E donate hydrogen to the lipid peroxy radical to form a 

non- radical lipid hydroperoxide.   The end products are primary hydroperoxides and secondary 

carbonyl compounds such as malondialdehyde (MDA) (Paul and Snyder, 2010; Tiwari et al., 2013; 

Ayala et al., 2014) (Fig 1). 

 

Malondialdehyde (MDA) serum levels are elevated in diabetic patients (Del Rio et al., 2005; Tiwari 

et al., 2013). This molecule is cytotoxic and permeates cell membranes to react with 

intracytoplasmic and intranuclear macromolecules, and adversely affects gene expression, 

causing irreversible protein damage (Slatter et al., 2000; Negre-Salvayre et al., 2010; Tiwari et al., 

2013). MDA cross links collagen and elastin making these proteins resistant to proteolysis by 

enzymes (Slatter et al., 2000; Tiwari et al., 2013), therefore affects skeletal integrity. 

 
 

Figure 1.1:  Lipid peroxidation process (Illustration G.F Dlamini) 
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1.2.7 Increased skeletal fractures in T2D  

Treatment of diabetes is mainly targeted at the endocrinology aspect of the diseases. This is 

despite multiple scientific reports in both humans (Karim et al., 2019; Lekkala et al., 2019) and 

rats (Prisby et al., 2008; Reinwald et al., 2009; Castrillón et al., 2011; Creecy et al., 2016) 

highlighting the link between T2D and its effect on bone mass, bone mineral density (BMD) 

(Vestergaard et al., 2009), bone turnover (Lekkala et al., 2019), bone microarchitecture, bone 

strength, bone resistance and susceptibility to fractures (Dobnig, 2006; Reinwald et al., 2009; 

Vestergaard et al., 2009; Creecy et al., 2016; Lekkala et al., 2019).   

 

A large cohort study (Rotterdam study) of 6655 men and women aged 55 years and older found 

that non vertebral fractures were higher in patients with T2D, likewise other studies on 

osteoporotic fractures found that women with T2D aged 65 years or older, had an increased risk 

for hip, proximal humerus and foot fractures respectively (Moseley, 2012). A women’s health 

initiative cohort observational study found that women above 40 years of age with T2D have 82% 

risk for hip fractures (Valderrabano and Linares, 2018). Another systemic review and meta-

analysis of diabetic subjects showed an increased risk of hip and proximal humerus fractures 

(Schwartz, 2003; Dobnig, 2006; Hamann et al., 2011; Creecy et al., 2016; Valderrabano and 

Linares, 2018). Proximal humerus fractures (PHF) are the most frequent after femoral neck and 

wrist fractures (Chu et al., 2004). This risk of fractures is often underestimated using Dual X-ray 

absorptiometry (DXA), BMD, T-score, Fracture prediction tool (FRAX) (Schwartz, 2003).   

 

Studies on the ZDF rat  distal femur using Micro CT, and immunohistochemistry, found lower 

trabeculae numbers thinner trabecular, lower mineralized bone tissue volume, impaired 

osteoblast differentiation and less mineralized matrix formation in diabetics compared to 

controls (Ahmad et al., 2003; Blakytny et al., 2011; Hamann et al., 2011).  

 

1.2.8 Long bone structure and function 

To understand diabetic skeletopathy, knowledge of long bone structure and function is crucial. 

Long bones have a diaphysis, proximal and distal epiphysis (Fig.2). The diaphysis is made of 
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cortical bone that surrounds a central marrow cavity while both epiphysis are comprised of a 

trabeculae bone lattice that is surrounded by cortical bone (Junqueira and Carneiro, 2003). 

 

Bone is comprised of a mineralized inorganic and organic multicellular specialized connective 

tissue.  The organic content (type I collagen), the inorganic component (hydroxyapatite crystals), 

bone turnover cells (osteoblasts, osteocytes, osteoclasts, bone lining cells) are all embedded in a 

proteoglycan and glycoprotein ground substance, to form bone tissue (Junqueira and Carneiro, 

2003). Bone tissue forms discrete morphologically diverse bones (Florencio-Silva et al., 2015) that 

are joined together by tendons, ligaments and muscle to form the skeleton (Junqueira and 

Carneiro, 2003). Skeletal function is to maintain stature, provide support, locomotion, 

attachment sites (muscles, tendons, ligaments) protect vital organs, and act as a metabolic organ 

(calcium and phosphate homeostasis) (Feng and McDonald, 2011). The skeleton is comprised of 

flat, short and long bones (Junqueira and Carneiro, 2003). Long bones such as the femur and 

humerus consist of a middle marrow filled hollow called the diaphysis, this is made up of cortical 

bone. At the extreme ends of the diaphysis, are the proximal and distal epiphysis, made of 

trabecular bone, that is covered by a thin layer of cortical bone (Chapurlat and Confavreux, 2016) 

(Fig. 2).  
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Figure 1.2: Macroscopic and microscopic features of bone. The epiphysis and diaphysis are shown. 
Circumferential and interstitial lamellae as well as multiple Harvesian systems are visible. Illustrated by N. 
Gulubane and G. Dlamini. Modified from Junqueira and Carneiro, 2003; Kierszenbaum and Tres, 2015.  
 

Cortical bone 

Cortical bone or compact bone characteristically exhibits parallel, calcified collagen fibers 

arranged into layers or lamellae (Junqueira and Carneiro, 2003). These lamellae can be 

concentric, surrounding a Harvesian canal to form an osteon or Harvesian system (Kierszenbaum 

and Tres, 2015).  The central Harvesian canal contains nerves, lymphatics, blood vessels, it 

branches laterally to form Volkman’s canals (Junqueira and Carneiro, 2003). In the diaphysis of 

long bones lamellae are typically arranged into outer circumferential lamellae (adjacent to the 

periosteum), inner circumferential (adjacent to the endosteum), between the outer and inner 

circumferential lamellae are interstitial lamellae, plus multiple osteons or Harvesian systems 

(Junqueira and Carneiro, 2003) (Fig 2).  Interstitial lamellae are remnants of old Harvesian 

systems that were destroyed during remodeling and growth, and each discrete Harvesian system 

is surrounded by a cement line (Junqueira and Carneiro, 2003).  

 

Interspersed between the lamellae are osteocytes.  These (osteocytes) are cell which were 

initially osteoblasts that got trapped in their own calcified matrix.  Osteoblasts originate from 

osteoprogenitor cells found in the periosteum and endosteum, these osteoblasts secrete osteoid 

that gets mineralized on a helical scaffold of parallel collagen fibers giving bone tissue its 

lamellate appearance (Kierszenbaum and Tres, 2015).  Collagen fibers allow for flexibility in bone 

while the mineral content gives bone its strength.  Osteocytes are the most abundant and long 

lived bone cells that reside in lacunae (Florencio-Silva et al., 2015).  They project their cytoplasmic 

processes in small tunnels within the bone called canaliculi, and communicate with each other 

via gap junctions (Kierszenbaum and Tres, 2015).  This chain of communication eventually 

reaches the Harvesian and Volkman’s canals housing nerves, lymphatics and blood vessels 

(Junqueira and Carneiro, 2003; Kierszenbaum and Tres, 2015), to facilitate nutrition and gaseous 

exchange.  This osteocyte perilacunae and pericanaliculi network has been found to be 
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responsible for localized bone remodeling, mechanosensing and mechanotransduction (Qing et 

al., 2012; Dole et al., 2017). 

 

Trabecular, cancellous or spongy bone 

Cancellous bone is found at the epiphyseal ends of hollow long bones, and inner surfaces of 

marrow cavities (Junqueira and Carneiro, 2003).  Epiphyseal cancellous bone is covered by a thin 

layer of cortical bone (Kierszenbaum and Tres, 2015; Chapurlat and Confavreux, 2016).  It forms 

a lattice of interconnected rod-like and plate like partitions called trabeculae (Hsu et al., 2013), 

hence it is sometimes called trabeculae bone. The inter-trabeculae spaces are filled with bone 

marrow and bone marrow cells (Hsu et al., 2013). Trabeculae lamellae are arranged as an 

irregular network due to the non-parallel orientation of its collagen fibers. Cancellous or 

trabecular bone is highly porous (40-95%) depending on age (Lin and Dass, 2018).  The highly 

porous architecture allows for the transmission of stress loads to the stronger cortical bone, 

therefore provides structural support regardless of lower bone density (Feng and McDonald, 

2011).  Trabeculae bone has the same cell types as cortical bone, and is a major site of bone 

remodeling, therefore prone to most bone diseases (Feng and McDonald, 2011) Fig. 2. 

1.2.9 Bone remodeling 

The purpose of adult bone remodeling is to maintain optimal bone strength by repairing micro 

cracks during skeletal adaptation, as well as maintain calcium homeostasis (Raggatt and 

Partridge, 2010; Kierszenbaum and Tres, 2015). Bone remodeling is a physiologic process 

described as mineral deposition by osteoblasts, resorption by osteoclasts and matrix 

maintenance by osteocytes, (Feng and McDonald, 2011; Booth et al., 2013). It is tightly regulated 

and coordinated by osteoregulatory hormones (Seibel, 2005; Feng and McDonald, 2011; 

Henneicke et al., 2014), cytokines, and growth factors (Seibel, 2005).  It occurs in anatomical 

structures known as basic multicellular units (BMU), and requires a coordinated sequence by 

bone lining cells, osteocytes, osteoclasts and osteoblasts (Feng and McDonald, 2011). Osteocytes 

act a mechanosensors of these micro cracks and initiate the bone remodeling cascade (Feng and 

McDonald, 2011; Florencio-Silva et al., 2015). An imbalance in bone remodeling results in either 

osteoporotic or osteopetrotic bone diseases (Florencio-Silva et al., 2015), and an increased bone 
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fragility. The remodeling cascade follows four major distinct and overlapping processes (Feng and 

McDonald, 2011; Kierszenbaum and Tres, 2015) as outlined below (Fig 3): 

1. Activation:  where osteoclast precursors are recruited to a specific site, then 

differentiates into osteoclasts.  

2. Resorption: bone resorption is initiated and additional mesenchymal stem cells and 

osteoprogenitors are recruited to resorption sites.   

3. Reversal: osteoblasts reverse the resorption process, by lining the resorption cavity and 

initiate osteoid secretion.  

4. Formation: at this final stage, osteoblasts continue to secrete osteoid that is then 

mineralized.  Osteoblasts are trapped in the mineralized matrix and are now referred to 

as osteocytes. Osteocytes maintain the bone matrix, while acting as mechanosensors for 

future micro cracks.  

 

 
Figure 1.3: Stages in bone remodelling.  Illustrated by N. Gulubane and G.Dlamini 

 

1.2.10 Effect of T2D on bone remodeling cells (osteocytes, osteoblasts, osteoclasts and 
adipocytes) 

Osteocytes  

Osteocytes comprise 95 % of the total bone cell population (Bellido, 2014), they are 

interconnected via a network of canaliculi and gap junctions to exchange nutrients, oxygen and 

waste material (Picke et al., 2019). Initially, osteocytes were considered as inactive cells, but are 

now regarded as active cells that undertake bone remodeling in their vicinity via peri-lacunae and 



Chapter 1: Introduction, Literature review, Aims and Objectives 

20 
 

peri-canaliculi networks (Qing et al., 2012; Abubakar et al., 2015; Dole et al., 2017). This network 

facilitates their function as mechanosensors and mechanotransductors in response to bone 

overload, fatigue and micro damage (Burger, 1998; Kaya et al., 2017).   This network is impaired 

in T2D, resulting in an impaired mechanosensing and mechanotransduction response (Picke et 

al., 2019). Osteocytes regulate osteoblasts, osteoclasts and bone lining cell activity, via osteocyte 

osteolysis or peri lacuna-canaliculi remodeling (Burger, 1998; Dole et al., 2017).  This causes direct 

resorption and deposition of the bone matrix in their immediate environment, in response to 

lactation, hibernation and pathologic conditions like diabetes (Qing et al., 2012; Dole et al., 2017).   

 

Apoptotic osteocytes are increased in T2D (Picke et al., 2019), these apoptotic osteocytes attract 

osteoclast precursors to their vicinity, and increase bone matrix resorption, therefore, increased 

bone fragility (Burger, 1998; Bellido, 2014).  Osteocytes express the bone matrix catabolic 

enzyme TRAP (a standard marker for osteoclasts) intracellularly, where its presence is further 

confirmed by the expression of TRAP mRNA signals in osteocytes (Nakano et al., 2004; Qing et 

al., 2012; Kaya et al., 2017)(Nakano et al., 2004; Qing et al., 2012; Kaya et al., 2017).   

 

 Osteoblasts are significant in bone formation, they synthesize collagen, secrete osteoid and 

mineralize the organic matrix under the influence of ALP (Picke et al., 2019).   ALP is produced by 

several tissues including bone, moreover, bone specific alkaline phosphatase expressed by 

osteoblasts, and promotes osteoid formation and bone mineralization (Leung et al., 1993). 

Immunohistochemistry studies on the distal femur of the ZDF rat, found impaired osteoblast 

differentiation, less osteoblast numbers and less mineralized matrix formation in diabetic rats 

(Ahmad et al., 2003; Blakytny et al., 2011; Hamann et al., 2011). Some studies report a reduction 

in osteoid volume and thickness in the iliac crest of individuals with T2D (Picke et al., 2019).    

 

Adipocytes 

Bone marrow adipocytes originate from pluripotent skeletal stem cells, (previously called bone 

marrow mesenchymal stromal cells) capable of differentiating into osteoblastic, chondrogenic 

and hematopoietic cell lineages (Kim and Schafer, 2016; Ferland-McCollough et al., 2018). T2D 

increases bone marrow adipocytes in both humans (Kim and Schafer, 2016) and rats (Piotrowska 
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and Tarnowski, 2021). These increased bone marrow adipocytes are associated with an increased 

prevalence of hip fractures (Kim and Schafer, 2016). T2D favors the differentiation of skeletal 

stem cells into adipogenic cell lineages while suppressing the differentiation of osteogenic cell 

lineages (Gillet et al., 2017; Ferland-McCollough et al., 2018).  In addition, the molecule sclerostin 

secreted by osteocytes, induces bone marrow adiposity (Fairfield et al., 2018). Pathologic 

conditions like oxidative stress, dyslipidemia, hypoinsulinemia and hyperinsulinemia that are 

common in T2D, also increase bone marrow adiposity (Piccinin and Khan, 2014). These studies 

suggest that bone marrow adiposity in T2D functions as an adverse contributor to bone 

remodeling, and increases skeletal fragility.   

 

Hormonal control of bone remodelling 

Under normal physiologic processes, bone homeostasis is tightly regulated by multiple 

osteoregulatory hormones such as parathyroid hormone (PTH), osteocalcin and insulin (Neer et 

al., 2001; Seibel, 2005; Feng and McDonald, 2011). Insulin is an osteo-anabolic hormone that 

increases osteoblast numbers, osteoblast function, reduces osteoblast apoptosis and osteoclast 

activity (Huang et al., 2010).  It acts directly on bone via insulin receptors (Huang et al., 2010), or 

synergistically with other anabolic agents such as PTH (Thrailkill et al., 2005).  

 

The hormone PTH is necessary for controlling serum calcium and phosphate levels, therefore 

regulates bone homeostasis (Thrailkill et al., 2005; Raggatt and Partridge, 2010; Goettsch et al., 

2014; Florencio-Silva et al., 2015). An imbalance in PTH levels results in either osteoporotic or 

osteopetrotic bone diseases (Florencio-Silva et al., 2015). Hyperactive parathyroid glands release 

excessive calcium from bones resulting in osteoporosis (Neer et al., 2001; Goettsch et al., 2014).  

In T2D, poor glycemic control leads to excessive urinary loss of calcium, this stimulates 

hypersecretion of PTH, causing accelerated bone resorption and increased bone fragility (Cipriani 

et al., 2020).  Serum levels of PTH and osteocalcin are used as bone turnover markers in diseases 

such as diabetes induced skeletopathy (Kemink et al., 2000; Thrailkill et al., 2005; Huang et al., 

2010). 
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Osteocalcin, is an osteoblast derived hormone that is exclusively found in bone tissue (Booth et 

al., 2013; Ferron and Lacombe, 2014).  Its serum levels are used to assess glucose metabolism 

(Im et al., 2008) and bone turnover (Kemink et al., 2000).   It increases pancreatic beta cell 

proliferation, insulin secretion, and increases insulin sensitivity by peripheral tissues (Lee et al., 

2007; Booth et al., 2013; Kanazawa, 2015; Cipriani et al., 2020). Studies on osteocalcin receptor 

knockout mice exhibited reduced islet numbers, hyperglycemia, glucose intolerance, and 

reduced osteoblast mediated bone mineralization (Fulzele and Clemens, 2012; Ferron and 

Lacombe, 2014).   

Calcitriol, Calcitonin and Sex Hormones 

Calcitriol action is to increase intestinal absorption of calcium and phosphorus, thus supplying 

minerals for the skeleton. Calcitonin can block bone breakdown by inactivating osteoclasts, 

Calcitonin may be more important for maintaining bone development and normal blood calcium 

levels in early life. Oestrogen and testosterone both have effects on bone. Oestrogen acts on 

both osteoclasts and osteoblasts to inhibit bone breakdown at all stages in life. Oestrogen and 

testosterone may also stimulate bone formation.  

 

Type I collagen is the most abundant protein component of bone, and C- and N-terminal 

telopeptides of type I collagen (CTX and NTX) are both fragments of type I collagen from the 

telopeptide region. CTX is the product of cathepsin K-mediated bone resorption, as direct 

digestion of bone with cathepsin K, causes CTX release. Hence is usable as a bone turnover 

marker. 

 

1.2.11 Transforming growth factor beta (TGF-β) superfamily, from ligand to transcription for 
osteogenesis. 

Members of the TGF superfamily of growth factors, consist of TGFβs, activins and bone 

morphogenetic proteins (BMPs) (Massaous and Hata, 1997). These growth factors and cytokines 

function as local mediators in bone homeostasis, to maintain a balance between bone resorption 

and deposition (Seibel, 2005).  For this to occur, the TGF-β superfamily of growth factors that 

include TGF-β1 and BMPs are crucial in encoding for cell cycles, cell differentiation, proliferation, 

migration, adhesion and survival, via SMAD dependent or non-SMAD dependent signaling 



Chapter 1: Introduction, Literature review, Aims and Objectives 

23 
 

pathways (Massaous and Hata, 1997; Horbelt et al., 2012; Yang et al., 2014). Transcriptional or 

signaling aberrations of the TGF-β and BMP superfamily are one of the causes of multiple diseases 

that include skeletal pathology (Horbelt et al., 2012). The subfamilies of TGF-β1, and BMP-3 that 

will be investigated in this study, are significant in bone remodeling and the maintenance of bone 

homeostasis.  

Osteogenic cytokine TGF-beta 1  

 The cytokine TGF-β1 is an abundant cytokine found in bone matrix (Ehnert et al., 2010; Horbelt 

et al., 2012; Wu et al., 2016). It is responsible for regulating the differentiation, proliferation and 

migration of osteoprogenitor cells (Tang et al., 2009; Ehnert et al., 2010). TGF-β1 stimulates 

osteoblast proliferation and chemotaxis (Janssens et al., 2005; Wu et al., 2016). It exists as a 

latent extracellular complex that gets activated by proteases and subsequently binds to type I 

receptors (TβRI,ALK5) and type II receptors (TβRII) to trigger the intracellular signalling cascade 

(Ehnert et al., 2010; Yang et al., 2014; Wu et al., 2016) (Fig 4 ).  TβRII induces the 

transphosphorylation of TβRI which then phosphorylates receptor-activated Smads (R-Smad) 

Smad 2 and 3, and other non-Smad receptors within the cytoplasm (Horbelt et al., 2012) (Fig. 4).  

At this stage, Smad 7 negatively regulates R-Smad signalling by blocking the phosphorylation of 

the Smad receptors (Wu et al., 2016). Phosphorylated R-Smad 2 and 3 bind to their common 

partner Smad-4, or bind other non Smad receptors, to form co-Smad complexes that migrate to 

the nucleus (Ehnert et al., 2010). These co-Smad complexes bind co-factors that trigger the 

regulation of gene expression to promote osteoprogenitor cell differentiation, proliferation, and 

chemotaxis, increasing osteoblast activity (Janssens et al., 2005; Ehnert et al., 2010; Yang et al., 

2014; Wu et al., 2016).  Again Smad 6 and 7 regulates the Smad signaling cascade by blocking the 

translocation of co-Smad complexes into the nucleus (Wu et al., 2016). 

BMP subfamily and its antagonist BMP3  

The BMP subfamily influences the commitment of mesenchymal precursor cells to differentiate 

into osteoprogenitor cells that will eventually mature into osteoblasts and osteocytes (Oei et al., 

2013; Matzelle et al., 2016; Wu et al., 2016).  It regulates bone homeostasis via Smad or non-

Smad BMP signalling pathways. Extracellular BMP binds to type II receptors that 

transphosphorylate type I receptors, that subsequently phosphorylate R-Smads, 1, 5 and 8 

(Horbelt et al., 2012; Yang et al., 2014) (Fig. 4).  Phosphorylated R-Smads (1, 5, and 8) form 
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complexes with Smad 4, translocate to the nucleus and co-opt other co-factors and mediate gene 

expression associated with osteogenesis (Ehnert et al., 2010; Horbelt et al., 2012; Yang et al., 

2014; Wu et al., 2016). Smad 6 and 7 act as negative regulators of the Smad dependent signalling 

pathways whereby they block the phosphorylation of R-Smads as well as the translocation of co-

Smad complexes into the nucleus (Wu et al., 2016).   

 

Anti-osteogenic cytokine BMP3 

BMP3 is an anti-osteogenic cytokine (Wu et al., 2016) secreted by osteoblasts and osteocytes 

(Kokabu and Rosen, 2018).  It is the most abundant BMP within the bone matrix, accounting for 

approximately 65% of the total BMP content in demineralized bone (Kokabu and Rosen, 2018).  

BMP-3 is a non-signalling molecule that antagonizes the BMP signalling pathway, it competes via 

the TGFβ-Activin common pathway (Bahamonde and Lyons, 2001). It binds competitively to the 

activin receptor (ActRIIB), and opposes R-Smad 2 and 3 signalling (Wu et al., 2016; Kokabu and 

Rosen, 2018). It suppresses osteoblastogenesis by repressing BMP-Smad signalling (Wu et al., 

2016; Kokabu and Rosen, 2018).  Its effect manifests as reduced BMD, reduced trabeculae 

volume and thinner cortical bone (Gamer et al., 2009; Horbelt et al., 2012; Wu et al., 2016; 

Kokabu and Rosen, 2018) therefore increased bone fragility Fig.4. 

 
Figure 4:TGFβ1 and BMP signalling pathway.  Illustrated by G.F Dlamini 
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1.2.12 Advanced glycation end products (AGEs) affect bone homeostasis and biophysical 
properties  

Bone matrix AGEs are active biomolecules formed by an abnormal, non-enzymatic (Yamamoto 

and Sugimoto, 2016) glycation of proteins, lipids, nucleic acids and proteins (Sun et al., 2012; 

Sanguineti et al., 2014; Yamamoto and Sugimoto, 2016; Thomas et al., 2018).  Long standing 

diabetic hyperglycemia facilitates the formation of AGEs that compromise skeletal integrity 

(Singh et al., 2015).  The longstanding hyperglycemia causes the glycation of bone collagen and 

compromises the biophysical properties of bone (Thomas et al., 2018).  About 95% of the organic 

content of bone is comprised of type I collagen which contributes its material strength 

(Yamamoto and Sugimoto, 2016) therefore, the accumulation of AGEs in bone matrix collagen 

affects bone toughness and increases fragility, increased bone fragility is proportional to the 

duration of T2D (Creecy et al., 2016).    

 

In addition, AGEs accumulation also occurs in bone cells (Creecy et al., 2016) that express a 

surface receptor for AGEs called RAGE, thus enabling the binding of AGEs to osteocytes, 

osteoblasts and osteoclasts, adversely compromising their function (Kislinger et al., 1999; Singh 

et al., 2015; Plotkin et al., 2019). Alterations  of bone proteins by AGEs, inhibits osteoblast 

proliferation, differentiation, induces osteoblast apoptosis, increases bone resorption by 

osteoclasts (Sanguineti et al., 2014; Singh et al., 2014; Yamamoto and Sugimoto, 2016)and 

osteocytes (Plotkin et al., 2019).  The effect of AGEs on bone cells affect bone remodelling, 

therefore compromises skeletal integrity (Thomas et al., 2018).   

 

1.2.13 Effect of T2D on biomechanical properties of bone  

T2D affects structural and material properties of trabecular and compact bone, leading to 

reduced mechanical strength and increased fragility (Fajardo et al., 2014; Creecy et al., 2016).  

Usually, bone mechanical tests are performed on cortical bone of whole long bone diaphysis,  

(Jepsen et al., 2015), these include compression testing (push) (McCalden et al., 1997; Yeni et al., 

2004), tensile testing (pull) (Kotha and Guzelsu, 2007), torsion (twist) (Turner and Burr, 1993) and 

bending testing (Margolis et al., 2006; Lekkala et al., 2019). A widely used method to assess 
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biomechanical properties of long bones is the three-point bending test (Leppanen et al., 2006). 

This involves securing a whole bone onto a material testing machine that is gradually loaded until 

broken. 

 

The three-point bending test provides various parameters that describe different aspects of bone 

fragility (Jepsen et al., 2015). These parameters are derived from the force displacement curve 

(Fig. 5), and describes the following: i) Displacement (Deflection) – the amount of vertical 

deviation from the horizontal plane required to fracture the bone. ii) Maximum force- the 

amount of force required to cause deformation. Iii) Break Force – the amount of force required 

to fracture the bone. iv) Yield Point-indicates the value of the load at the yield point which is 

where the load-displacement plot deviates from linearity. v) Time - the duration that the bone 

withstands the force until a fracture. v) Work to fracture (Energy-to-fracture) is defined as the 

total area under the curve. It represents the work that must be done to fracture the bone. A 

tough bone requires more work to fracture (Jepsen et al., 2015). 

 

  
 

Figure 5: A Force dispacement curve. B 3- point bend instrument 

 

1.2.14 Trabecular bone morphometry in T2D using 3-D micro-CT 

Whole bone or structural biomechanics as described by the 3-poing bend test, depend on bone 

size, whereas micro-CT (µCT) morphologic tests are independent of bone size (Jepsen et al., 

2015).  For this reason, minimum bone test standards dictate that these two tests must be 
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combined when analyzing bone biomechanical properties (Jepsen et al., 2015).  Micro-CT 

assesses quantitative trabecular bone morphometric indices such as bone tissue volume to total 

volume (BV/TV), Trabecular thickness (TbTh) trabecular number (TbN) and trabecular spacing 

(TbSp) (Bouxsein et al., 2010; Jepsen et al., 2015; Creecy et al., 2016). In the cortex, parameters 

such as cross-sectional area (area enclosed by the periosteum), medullary cavity area (area 

enclosed by the endosteum) and cortical thickness (difference between the cross sectional area 

and medullary area) are reported in long bones (Bouxsein et al., 2010; Jepsen et al., 2015).  

Cortical bone thickness measurements reflect cellular activity on the endosteal surface and 

periosteal surfaces therefore bone remodelling (Jepsen et al., 2015).  Studies on ZDF and ZDSD 

rat femora and tibiae report loss of trabecular bone, reduced bone mechanical properties and 

increased bone fragility with the progression of T2D (Prisby et al., 2008; Reinwald et al., 2009; 

Creecy et al., 2016). 
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1.3 AIM 

 

To characterise the skeletopathy of the femur and humerus of ZDSD rats 

 

1.4 OBJECTIVES: 

1.4.1  To  confirmation the development of  diabetes in an experimental of diabetes by 

measuring the following parameters. 

i) Rats were weighed weekly 

ii) Fasting blood glucose levels were recorded once a week 

iii) Fasting oral glucose tolerance tests (OGTTs) were measured monthly.  

 

1.4.2 To provide a biochemical analysis in and experimental model of diabetes mellitus 

by measuring the following parameters. 

i) Triglyceride levels were measured with a TG meter  

ii) To assess how diabetes affects hormones that are involved in bone homeostasis.  

Serum concentrations of osteocalcin, and insulin were quantified using ELISA. 

iii) To assess oxidative stress, Malondialdehyde (MDA) serum levels were 

determined by ELISA  

 

1.4.3 To characterize bone strength and trabecular morphometric parameters in an 

experimental model of diabetes mellitus by analysing the following parameters 

i) The biomechanical strength was analyzed by three point bending tests using a 

universal tensile tester 

ii) Cortical bone area, medullary area, trabeculae thickness, trabeculae volume and 

trabeculae numbers were analyzed using Three Dimensional Micro-focus X-ray 

Computed Tomography (3D-µCT) 

 

1.4.4 To characterize  bone by histological and Immunohistochemical analysis in an 

experimental model of diabetes mellitus. 
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a) Histological analysis of bone trabecular morphology and adiposity was performed 

using hematoxylin and Eosin (H&E) stain. 

b) Immunohistochemical analysis  

i) Expression of the osteogenic growth factor (TGF-β1) and the antagonistic 

growth factor (BMP-3) were evaluated to understand whether T2D 

compromises bone quality through altering osseous tissue cytokine 

expression. 

ii) To assess osteolysis and osteogenesis, osteocytes and osteoblasts were 

immunolabelled using the anti-TRAP and anti-ALP antibodies, respectively. 

iii) Immunolocalization of AGEs was conducted to investigate their role in 

diabetic skeletopathy. 

 

1.5 Hypothesis  

 

Diabetes negatively affects skeletogenic cytokines, increases bone marrow adiposity and increases bone 

fragility irrespective of severity and duration.
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2.0 INTRODUCTION 

Type two diabetes (T2D) is a chronic, progressive heterogonous syndrome with a genetic and 

environmental origin (Zaccardi et al., 2016; Care, 2019). It is now recognized as an epidemic with 

a high morbidity and mortality rate (Mohan et al., 2007). In 2019, the prevalence of this disease 

was 9.3% (463 million people), estimated to rise to 10.2% (578 million) by 2030 and 10.9% (700 

million) by 2045, with one in two (50.1%) people living with diabetes being unaware of their 

diabetic state (Cho et al., 2018; Saeedi et al., 2019; Sun et al., 2022).  

The main feature of T2D is sustained hyperglycemia with tissue resistance to insulin, and 

subsequent pancreatic beta cell failure that results in hypoinsulinemia (Giugliano et al., 2008; Del 

Prato, 2009; Ozougwu et al., 2013; Zaccardi et al., 2016).  According to the WHO, metabolic 

syndrome (MetS) or prediabetes precedes T2D (Organization, 2006).  Prediabetes is as a cluster 

of risk factors (central obesity, insulin resistance, hyperlipidemia, and raised fasting glucose 

levels) that establish an intermediate state between asymptomatic hyperglycemia and fully 

blown symptomatic T2D (Garber et al., 2008; Giugliano et al., 2008; Alberti, 2009; Del Prato, 

2009; Peterson et al., 2015).  

Several animal models of T2D that describe chemically induced (streptozocin; alloxan) 

(Chandrasekera and Pippin, 2014), surgically induced, (Reinwald et al., 2009; Chandrasekera and 

Pippin, 2014), genetically induced (ZDF; knockout mice (ob/ob; db/db) (Chandrasekera and 

Pippin, 2014; Peterson et al., 2015) and combined diet and genetic induced (ZDSD) (Reinwald et 

al., 2009; Peterson et al., 2015) diabetes, and its skeletal complications (Reinwald et al., 2009; 

Chandrasekera and Pippin, 2014) exist in the literature.  ZDF rat has monogenetic mutation that 

is responsible for the initiation of obesity and subsequent insulin resistance. The ZDSD rat does 

not have these mutations but still has obesity metabolic syndrome and diabetes. Produced by 

crossing diet induced obese (DIO) rats derived from the Crl:CD(SD) strain (exhibiting polygenetic 

obesity and insulin resistance) with homozygous lean ZDF/Crl rats (which expresses beta cell 

failure with the Leprfa/Leprfa genotype). Was addressed in chapter 11 

In this study, this relatively new model of T2D, the ZDSD rat as our translational model for 

diabetes.   The ZDSD was chosen  because it shares similar characteristics of T2D progression as 
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humans, therefore, studies performed on the ZDSD rat can be extrapolated to humans (Peterson 

et al., 2015).  Initially, ZDSDs develop prediabetes prior to overt diabetes just like humans 

(Peterson et al., 2015).  ZDSDs are daytime feeders, a trait they share with humans as opposed 

to other species that are nocturnal feeders (Reinwald et al., 2009; Creecy et al., 2016).  

Another advantage of the ZDSD rat is that obesity and diabetes develop between 15 and 17 

weeks in both sexes, which coincides with skeletal maturity in male rats (Fajardo et al., 2014; 

Creecy et al., 2016).  However, development of diabetes and skeletal maturity in females is 

variable (Fajardo et al., 2014; Peterson et al., 2015), hence the decision to use males only in our 

study.   

Tissue resistance to insulin exacerbates hyperglycemia, this causes hyperinsulinemia, followed 

by hypoinsulinemia as the disease the progresses, due to pancreatic beta cell death (Aronoff et 

al., 2004; Giugliano et al., 2008; Del Prato, 2009). Physiologically, insulin inhibits lipolysis of 

visceral and subcutaneous fat, but T2D induced hypoinsulinemia triggers lipolysis of these fat 

stores, causing dyslipidemia (Morigny et al., 2016).  Dyslipidemia is characterized by constant 

hypertriglyceridemia and hypercholesterolemia as disease and age progress (Boden and Laakso, 

2004; Peterson et al., 2015).  Another adverse effect of insulin resistance is sarcopenia, caused 

by abnormal protein synthesis in muscle tissue, leading to reduced muscle mass (Boden and 

Laakso, 2004; Gougeon, 2013).  The combined effect of sarcopenia and lipolysis leads to drastic 

weight loss as the disease progresses.  It is  proposed that weight loss and reduced insulin levels 

will be observed once rats are diabetic and as the disease progresses. 

Hyperglycemia and hyperlipidemia accelerate the production of reactive oxygen species (ROS) 

that feed into toxic lipid peroxidation processes, to produce bio toxic molecules like MDA 

(Jaganjac et al., 2013; Wang et al., 2018).  Elevated MDA serum/plasma levels were observed in 

diabetic patients and hyperglycemic mice in previous studies (Del Rio et al., 2005; Tiwari et al., 

2013).  MDA causes oxidative stress in various tissues and adversely affects cell cycles (Slatter et 

al., 2000; Negre-Salvayre et al., 2010; Ayala et al., 2014). 

A diagnosis of T2D in humans is reached when fasting blood glucose (FBG) levels are >126 mg/dL 

(>7.0 mmol/L), where fasting is defined as no caloric intake for at least 8 hours.  Random glucose 
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tests are >200 mg/dL (11.1 mmol/L), and blood glucose levels are >200 mg/dL (>11.1 mmol/L), 

two hours following an oral glucose tolerance test (OGTT) (Organization, 2006; Vijan, 2010; Care, 

2019). The global prevalence of impaired OGTTs is estimated to be 7.5% (374 million) in 2019 and 

projected to reach 8.0% (454 million) by 2030 and 8.6% (548 million) by 2045 (Saeedi et al., 2019; 

Sun et al., 2022).  

Peterson et al., (2014) defines the diabetic state in ZDSDs as fed glucose levels >13.88mmol/L, 

with more than 200% increase in the area under the curve (AUC) following an OGTT.  These 

authors (Peterson et al., 2015) further qualify diabetes as overt if there is weight loss, reduced 

insulin levels, and diabetes defining parameters are exceeded. 

To confirm the development of diabetes and provide a biochemical analysis in and experimental 

model of diabetes mellitus, fasting glucose were monitored levels every 2 weeks, and performed 

OGTT monthly.  Triglyceride levels were also be monitored every 2 weeks.  Rats were weighed 

weekly, while MDA, osteocalcin and insulin were recorded at 20-weeks and 28-weeks.     
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2.1 MATERIALS AND METHODS 

2.1.1 Ethics Clearance 

Ethics approval for the study has been granted by the University of the Witwatersrand Animal 

Ethics Committee (AESC 2015/07/28/C). 

2.1.2 Rats 

In this study, 38 male rats consisting of 16 Sprague Dawley (SD) and 22 Zucker Diabetic Sprague 

Dawley (ZDSD) rats were used. The SD rats, which served as controls were sourced from the 

Central Animal Services (CAS) University of the Witwatersrand. The ZDSD rats came from 

PreClinomics, Indianapolis, Indiana, USA.  The SD rats were used as the non-diabetic controls 

because they are the parental strains of the ZDSD rats (Creecy et al., 2016).  All rats were housed 

one per cage, maintained under pathogen free conditions, in a temperature-controlled 

environment of 230C ± 20C under a 12-hour light and dark cycle.  

Grouping 

The rats were grouped according to strain and age at termination. SD (n=8) and ZDSD (n=7) rats 

were terminated at 20 weeks of age. These were designated as SD20WK and ZDSD20WK, 

respectively (Fig. 2.1).  Another batch of SD rats (n=8) designated SD28WK, and 15 ZDSD rats were 

terminated at 28 weeks of age. The latter were further divided into moderate diabetes 

(ZDSD28WK-MOD) (n=9) and severe diabetes (ZDSD28WK-SVD) groups (n=6) (Fig 2.1). Because 

of variations in experimental designs, definitions of diabetes may differ. This study has defined 

the diabetic groups based on oral glucose tolerance test (OGTT) as follows:  

(i) ZDSD20WK rats terminated at 20 weeks of age with >7.0 mmol/L fasting blood glucose 

(FBG) prior to glucose load and >10.0 mmol/L two hours after glucose loading.   

(ii) moderately diabetic (ZDSD28WK-MOD) rats terminated at 28 weeks of age  that had >8.0 

mmol/L fasting blood glucose (FBG) prior to glucose load and > 12 .5 mmol/L two hours 

after glucose loading, more than 50% increase in area under the curve (AUC) after oral 

glucose tolerance test (OGTT). 
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(iii) Severely diabetic rats (ZDSD28WK-SVD) had >11.2 mmol/L fasting blood glucose (FBG) 

prior to glucose load and >23.0 mmol/L two hours after glucose loading, and more than 

200% increase in AUC. 

The ZDSDs terminated at the age of 28 weeks showed differences in glucose handling, hence the 

subdivision into ZDSD28WK-MOD and ZDSD28WK-SVD group. 

Dietary Scheme 

All rats were fed ad libitum a standard Purina 5008 chow (Lab diet, St Louis, MO) and given water, 

ad libitum.  At 15 weeks, the ZDSD rats were changed into a high fat diet (5SCA, Test diet, 

Richmond, IN), where 47.7% of the kilocalories is derived from fat. These rats were switched back 

to the standard Purina 5008 chow after 6 weeks. The high fat diet was used to synchronize the 

onset of hyperglycemia in the ZDSD rats (Creecy et al., 2016).  

 2.1.3 Blood tests 

Fasting blood glucose and triglycerides monitoring 

Rats were fasted for 12 hours overnight prior to blood glucose measurements. A glucometer 

(Performa Accutrend, Roche Diagnostics, Germany) was used to measure fasting blood glucose 

weekly. The blood was obtained by lancing the tail vein. Rats showing a sustained fasting blood 

glucose above >8.0 mmol/L were classified as moderately diabetic (ZDSD28WK-MOD), while rats 

measuring >11.2 mmol/L were considered severely diabetic (ZDSD28WK-SVD). Fasting blood 

triglycerides measurements were obtained by GCT meter (Accutrend Plus, Roche Diagnostics, 

Germany).  Both tests were performed every 2 weeks. 

Oral glucose tolerance tests (OGTTs) 

Oral glucose tolerance tests (OGTTs) were performed monthly following a 12 hour fast. Fasting 

glucose levels were recorded at time zero (T0) before receiving an oral glucose load (2 g/kg). 

Glucose levels were measured from blood collected from the tail vein at 15, 30, 60 and 120 min 

intervals after the glucose load. 
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2.1.4 Biochemical tests 

Insulin, malondialdehyde (MDA), and osteocalcin 

Intracardiac blood was aspirated at termination and collected into serum separating tubes, then 

centrifuged at  relative centrifugal force (RFC) of 1409 for 10 minutes. Serum was decanted into 

aliquots that were stored at minus 80◦C for serum analysis of insulin, MDA and total osteocalcin 

concentrations. All biochemical tests were performed by ELISA.   Rat OC/BGP (Osteocalcin) ELISA 

Kit, (Insulin) ELISA Kit, MDA E-BC-K025-M, all from Elabscience Houston Texas USA.  

2.1.5 Statistical analysis 

The data were managed in Microsoft Excel Office 365 (Microsoft Corporation) and analysed using 

SPSS® version 28 (IBM®). ANOVA with LSD post-hoc was used for multiple group comparisons of 

means. Significance level was set at p < 0.05.  
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Figure 2.1: Schematic presentation of study design 
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2.2 RESULTS 

2.2.1 Body mass 

Body mass: 13-20-weeks  

Both study groups showed a steady body mass gain until week 16 where the ZDSD body mass 

started to decline (SD, 570.33 ±33.48g; ZDSD, 510.66 ± 12.11g) (Fig. 2.2).  Significant differences 

between the SD20WK and ZDSD20WK (p<0.001) were observed from week 18 onwards with the 

continued body mass decline among ZDSD rats (Fig. 2.2).  By week-20 the SDs (590.83 ± 6.69g) 

had gained 20.5g compared to the ZDSDs (450.00 ± 66g) that had lost 60.66g (Fig. 2.2).  

 

 

Figure 2.2: Changes in body mass from 13 to 20 weeks of age.  A reduction in body mass in the 
ZDSD20WK is observed from week-18 until week-20 (p<0.001). SD20WK; Sprague Dawley rats 
aged 20 weeks. ZDSD20WK; Zucker Diabetic Sprague Dawley rats aged 20 weeks. Errors bars 
represent standard deviation 
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Body mass: 13-28-weeks 

Rats in all the study groups showed a steady body mass gain up to week -17 (Fig. 2.3).  By week-

18, the ZDSD-MOD (530.31 ± 22.50g) and ZDSD-SVD (519.67 ± 10.45g) had a lower body mass 

compared to SD (540 ± 12.18g) controls (Fig. 2.3). As such, significant differences were observed 

between SD28WK and both ZDSD28WK-MOD and ZDSD28WK-SVD (p<0.001) from week 18 until 

termination (Fig. 2.3).  At 28 weeks the SDs (610.75 ± 20.66) had gained 70.63g compared to both 

ZDSD-MOD (521.45 ± 11.23g) and ZDSD-SVD (490 ± 20.15g) that had lost 8.86g and 29.47g 

respectively (Fig. 2.3).  

 

 

Figure 2.3: Changes in body mass from 13 to 28 weeks of age. A gradual reduction in mass is 
exhibited from week 18 in ZDSD28WK-MOD and ZDSD28WK-SVD when compared to SD28WK 
(*p<0.001 for both). SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, 
respectively. ZDSD20WK, ZDSD28WK-MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague 
Dawley rats aged 20 weeks, and aged 28 weeks moderately diabetic and severely diabetic, 
respectively.  Errors bars represent standard deviation.  
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2.2.2 Oral glucose tolerance tests 

OGTT: 20-week-old 

Average glucose levels at time zero were significantly higher in ZDSD20WK (19.28 ± 6.31 mmol/L) 

compared to SD20WK (4.6 ± 0.57 mmol/L controls) (p<0.001) (Fig. 2.4). The same trend was 

observed 2 hours post administration of the glucose load, with ZDSD20WK exhibiting significantly 

higher glucose values (24.08 ± 1.88mmol/L) than SD20WK (6.81 ± 0.61 mmol/L) controls 

(p<0.001) (Fig. 2.4).   ZDSD20WK exhibited a 270% increase in the mean AUC (2999±159.80 mmol 

min/dL) compared to SD20WK (812. 40 ± 40.44 mmol min/dL). 

 

 

Figure 2.4: Oral glucose tolerance test and AUC at 20-weeks. Average values of the glucose 
tolerance exhibited abnormal glucose disposal by ZDSD20WK, and optimal glucose handling by 
the SD20WK (p<0.001).   After 2 hours following administration of glucose, the ZDSD20WK had 
the highest area under the curve compared to SD20WK (p<0.001). SD20WK; Sprague Dawley rats 
aged 20 weeks. ZDSD20WK; Zucker Diabetic Sprague Dawley rats aged 20 weeks. Errors bars 
represent standard deviation 
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OGTT: 28-week-old 

The SD28WK (4.70 mmol/L) controls exhibit lower glucose values at time zero compared to ZDSD-

MOD (8.25 mmol min/dL) and ZDSD-SVD (11.20 mmol/L) (p=0.014, p<0.001 respectively) (Fig. 

2.5).  This significant trend is maintained 2hrs post administration of the glucose bolus, with 

SD28WK controls (6.53 mmol/L) showing lower values than ZDSD-MOD (12.97 mmol/L) together 

with the ZDSD-SVD (23.27 mmol/L) (p<0.001) for both (Fig. 2.5). The ZDSD-MOD (1314 ± 136.5 

mmol min/dL) and ZDSD-SVD (2434 ± 320.60 mmol min/dL) show an increase (71.2% and 217% 

respectively) in mean AUC when compared to SD28WK (767.50 ± 29.64 mmol min/dL) controls.  

 

 

Figure 2.5: Oral glucose tolerance test and AUC at 28-weeks.  Average glucose tolerance values 
show inefficient glucose disposal by the ZDSD28WK-SVD and ZDSD28WK-MOD compared to the 
SD28WK (p=<0.001, p=0.014 respectively).  The ZDSD28WK-SVD had the largest mean AUC 
(p<0.001), followed by the ZDSD28WK-MOD (p=0.014) when compared with the SD28WK 
controls. SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. 
ZDSD20WK, ZDSD28WK-MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 
weeks, and aged 28 weeks, moderately diabetic and severely diabetic, respectively. Errors bars 
represent standard deviation 
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2.2.3 Fasting blood glucose 

Fasting blood glucose: 12 to 20-weeks 

Significant differences were observed between the SD20WK (5.7mmol/L) controls and 

ZDSD20WK (7.70 mmol/L) from week 12 (p=0.001) until week 20, with the ZDSD20WK (22.07 

mmol/L) exhibiting higher numbers compared to SD20WK (4.07 mmol/L) (p<0.001) (Fig. 2.6). 

 

 

 

 

 

 

 

 

 

Figure 2.6: Fasting blood glucose at 12 to 20 weeks.  SD20WK vs ZDSD20WK. p= 0.001 at week-
12. p<0.001 from week-14 to week- 20. SD20WK and SD28WK; Sprague Dawley rats aged 20 and 
28 weeks, respectively. ZDSD20WK, ZDSD28WK-MOD and ZDSD28WK-SVD; Zucker Diabetic 
Sprague Dawley rats aged 20 week s, and aged 28 weeks, moderately diabetic and severely 
diabetic, respectively. Errors bars represent standard deviation 
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Fasting blood glucose: 12-28-weeks 

The SD28WK (5.1 ± 0.41 mmol/L) controls exhibit lower values compared to ZDSD-MOD (8.1 

±0.57 mmol min/dL) and ZDSD-SVD (8.55 ± 1.66 mmol/L) (p<0.001 for both) at week-12 (Fig. 2.7).   

The same trend is shown at week 28, with SD28WK (4.99 ± 0.31 mmol/L) controls recording lower 

glucose levels compared to ZDSD-MOD (7.11 ± 0.13 mmol/L) and ZDSD-SVD (13.38  ± 1.61 

mmol/L) (p=0.019; p<0.001 respectively) (Fig. 2.7).  

 

 

 

 

 

 

 

 

Figure 2.7: Fasting blood glucose at 12 to 28 weeks. SD28WK vs ZDSD28WK-MOD and 
ZDSD28WK-SVD (p=0.019, p<0.001 respectively). ZDSD28WK-MOD vs ZDSD28WK-SVD (p<0.001). 
SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, 
ZDSD28WK-MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and 
aged 28 weeks moderately diabetic and severely diabetic, respectively. Errors bars represent 
standard deviation 
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Insulin levels 

SD20WK controls (10.45ng/ml ± 3.66) exhibited significantly higher insulin levels compared to 

ZDSD20WK (1.70 ± 0.48 10.45ng/ml) (p<0.001) (Fig .2.8).  This trend is repeated at 28 weeks, with 

the SD28WK controls (13.24 ± 3.63) recording higher insulin levels relative to ZDSD28WK-MOD 

(4.07 ± 1.20 10.45ng/ml) and ZDSD28WK-SVD (3.10 ± 0.70 10.45ng/ml) (p<0.001 respectively) 

(Fig. 2.2). Age differences were observed between the ZDSD20WK when compared with 

ZDSD28WK-SVD (p=0.003) but not the ZDSD28WK-MOD (p= 0.007) (Fig .2.8).  

 

Figure 2.8:   Serum insulin concentration.  Box-and-whisker plots show insulin levels in various 
study groups. The line inside the box represents the mean, whereas the bottom and top lines of 
the box show the 25th and 75th percentiles, respectively. The whiskers below and above the box 
show the minimum and maximum values, respectively.  

SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, 
ZDSD28WK-MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and 
aged 28 weeks moderately diabetic and severely diabetic, respectively. *; p=0.469 comparing 
SD20WK against SD28WK and #; p=0.007, p=0.003, comparing ZDSD20WK against ZDSD28WK-
MOD and ZDSD28WK-SVD respectively. 
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Triglyceride levels 

Triglyceride levels were higher in ZDSD20WK (2.06 mmol/L ±0.33) than SD20WK controls (1.70 ± 

0.53 mmol/L) but differences were not significant (p=0.789) (Fig. 2.9).  Significance is observed 

at 28 weeks, with SD28WK (1.40 ± 0.28 mmol/L) controls exhibiting lower numbers relative to 

the ZDSD28WK-MOD (2.62 ± 0.33 mmol/L) and ZDSD28WK-SVD (2.95 ± 0.31 mmol/L) (p=0.005, 

p<0.001 respectively) (Fig. 2.9).  No age differences were observed when comparing ZDSD20WK, 

with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.414, p=0.062 respectively) (Fig. 2.9). 

 

Figure 2.9: Blood triglyceride concentrations. Box-and-whisker plots show triglyceride levels in 
various study groups. The line inside the box represents the mean, whereas the bottom and top 
lines of the box show the 25th and 75th percentiles, respectively. The whiskers below and above 
the box show the minimum and maximum values, respectively.  

SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.873 comparing SD20WK against SD28WK, 
and #; p=0.414, p=0.062, comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD 
respectively. 

 



 Chapter 2: Diabetes confirmation 

48 
    

Osteocalcin serum concentration 

At 20 weeks, there were insignificant differences in osteocalcin levels between the SD20WK 

controls (9.38 ± 3.26 ng/ml) and ZDSD20WK (10.89 ± 5.87 ng/ml) (p=0.999) (Fig. 2.10).  A similar 

trend is observed at 28 weeks where SD28WK controls (18.29 ± 1.10 ng/ml) did not exhibit any 

significant differences to ZDSD28WK-MOD (15.59 ± 2.49 ng/ml) and ZDSD28WK-SVD ZDSDs (34.25 

± 2.33 ng/ml) (p= 0.999; p= 0.5022) (Fig. 2.10).  Similarities were observed between ZDSD20WK 

when contrasted with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.999; p=0.502 respectively) (Fig. 

2.10). 

 

Figure 2.10: Serum osteocalcin concentrations. Box-and-whisker plots show serum osteocalcin 
levels in various study groups. The line inside the box represents the mean, whereas the bottom 
and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers below and 
above the box show the minimum and maximum values, respectively.  

SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.999 comparing SD20WK against SD28WK 
and #; p=0.999, p=0.065 comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD 
respectively. 
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Malondialdehyde (MDA) serum concentration 

Significant differences were observed between SD20WK (4.1 nmol/µL) and ZDSD20WK (19.11 

nmol/µL) (p<0.001) (Fig.2.11).  At week-28, significance was again observed when contrasting 

SD28WK (6.2 nmol/µL) with ZDSD28WK-MOD (17.8 nmol/µL) and ZDSD28WK-SVD (11.5 

nmol/µL) (p=0.007, p<0.001 respectively) (Fig. 2.11).  Age changes are observed between the 

ZDSD20WK and ZDSD28WK-SVD (p=0.008) but not the ZDSD28WK-MOD (p=0.103) (Fig. 2.11).  
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Figure 2.11: MDA serum concentration.  Box-and-whisker plots show MDA serum levels in 
various study groups. The line inside the box represents the mean, whereas the bottom and top 
lines of the box show the 25th and 75th percentiles, respectively. The whiskers below and above 
the box show the minimum and maximum values, respectively.  

SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.746 comparing SD20WK against SD28WK, 
and #; p=0.103, p=0.008, comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD 
respectively. 
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2.3 Discussion 

Multiple models of T2D (Zucker fatty rat, ZDF rat; knockout mice (ob/ob, db/db, Goto-Kakizaki, 

streptozocin induced) have been used in the past (Reinwald et al., 2009; Castrillón et al., 2011; 

Chandrasekera and Pippin, 2014; Peterson et al., 2015).  While these have proved useful in 

diabetes studies, this study demonstrates the polygenetic ZDSD as an ideal animal model for T2D 

that can be extrapolated to humans.  We have successfully synchronized the onset of diabetes 

with a high fat diabetogenic diet (Creecy et al., 2016). Following introduction of the diabetogenic 

diet, all ZDSD rats developed symptoms that are typical of T2D such as loss of mass, low insulin 

levels, high triglyceride levels, high FBG and abnormal OGTTs (Peterson et al., 2015).    

Body mass changes 

We observed a gradual loss of body mass between week-18 and week-19 that progressed until 

week-28 in the ZDSDs.  As the rats were introduced to the diabetogenic diet at 15 weeks of age, 

this mass loss is consistent with the induction of diabetes.  Creecy et al. 2016, reports that ZDSD 

rats become diabetic within 2 weeks of switching to the high fat diet. The 28-week severely 

diabetic group exhibits the highest loss in body mass. Lipolysis and sarcopenia that leads to 

weight loss is well documented in subjects with T2D (Boden and Laakso, 2004; Gougeon, 2013; 

Morigny et al., 2016).   

Glucose handling (OGTTs and FBG) 

Further confirmation of the diabetic state is demonstrated by abnormal OGTTs and FBG levels.  

All ZDSDs exhibited FBG levels of > 7mmol/L and readings of >11.1 mmol/L after 2 hours from the 

time of receiving a glucose load (Turner and Burr, 1993; Organization, 2006; Association, 2010).  

Increases in area under the curve following OGTTs again confirm the diabetic state and suggest 

an inefficient disposal of glucose by diabetic rats.  Multiple studies have confirmed the 

development of T2D in the ZDSD rat after switching to the high fat diet (Reinwald et al., 2009; 

Fajardo et al., 2014; Creecy et al., 2016).     
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Triglycerides, insulin and osteocalcin interaction 

The diabetic state as confirmed by OGTTs and FBG levels facilitated the development of 

hypoinsulinemia for both 20-week and 28-week-old rats. Hypoinsulinemia in T2D is a result of 

persistent hyperglycemia that causes pancreatic beta cell failure and apoptosis (Kahn, 2003; 

Scheen, 2003; Thrailkill et al., 2005). The low insulin levels observed at 20 weeks suggest beta cell 

failure must have occurred much earlier in the disease, in contrast with other studies that report 

compensatory hyperinsulinemia at disease onset, followed by hypoinsulinemia as the disease 

progresses (Aronoff et al., 2004; Giugliano et al., 2008; Del Prato, 2009). In the present study, 

insulin levels were tested upon termination at 20 and 28 weeks of age. It is possible that the 

characteristic hyperinsulinemia may have been missed.  Peterson et al., (2015) reports peak 

insulin levels at week-19 before levels decline with disease progression. 

Insulin acts synergistically with the hormone osteocalcin, to regulate glucose metabolism, 

increase tissue sensitivity to insulin, increase pancreatic beta cell proliferation and increase 

insulin secretion (Lee et al., 2007; Booth et al., 2013; Kanazawa, 2015). Both carboxylated and 

uncarboxylated osteocalcin directly increase glucose transport in adipocytes and muscle cells. 

Our study reports similarities in total osteocalcin levels across all experimental groups when 

contrasted with age matched controls.  This suggests that serum osteocalcin levels were not 

affected by the diabetic state. This is in contrast with other studies on osteocalcin receptor 

knockout mice and untreated diabetic mice (Thrailkill et al., 2005) that exhibit low osteocalcin 

levels, reduced islet numbers, hyperglycemia, and glucose intolerance (Fajardo et al., 2014; 

Ferron and Lacombe, 2014). 

Hypoinsulinemia triggers lipolysis to cause elevated serum triglycerides (Morigny et al., 2016).  

Hypertriglyceridemia is linked to age and disease progression (Boden and Laakso, 2004; Peterson 

et al., 2015).  We observed higher triglyceride levels in older diabetic rats (28-week-old groups) 

suggesting that long standing hyperglycemia facilitates serum accumulation of triglycerides. 

Fasted triglyceride levels were reported to peak at 19 weeks in ZDSDs, then decline and remain 

stable after 21 weeks (Peterson et al., 2015), contrary to Reinwald et al., (2009) who reported 
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elevated triglyceride levels in diabetic ZDSDs compared to controls. Our findings agree with 

Reinwald et al, (2009) that reported elevated triglyceride levels later in the disease (33-weeks). 

Oxidative stress (MDA) 

Here, elevated MDA levels early in the disease and as the disease progresses similar to reports 

on diabetic patients and hyperglycemic mice are reported (Del Rio et al., 2005; Tiwari et al., 

2013). MDA plasma levels are used as markers of oxidative stress in clinical settings (Slatter et 

al., 2000; Negre-Salvayre et al., 2010; Ayala et al., 2014).The high glucose levels recorded from 

OGTTs and fasting blood glucose together with triglycerides may have triggered the development 

of ROS that feed into toxic lipid peroxidation processes, to produce bio toxic molecules like MDA 

(Jaganjac et al., 2013; Wang et al., 2018).  These abnormal MDA levels from week 20 signify that 

oxidative stress is established once the diabetic state is present.   

2.4 Conclusions 

In this study diabetes was successfully induced in a relatively new polygenetic model of T2D, as 

indicated by various markers that confirm the presence of T2D.  There was loss of body mass, 

abnormal OGTTs and FBG that are in line with definitions of T2D by the WHO.  There was reduced 

insulin levels in diabetic rats, a feature that is a symptom pancreatic beta cell failure due to long 

standing hyperglycemia.  Other abnormal biochemical tests include elevated MDA levels in 

diabetic rats.  Levels of the hormone osteocalcin that acts in synergy with insulin remained 

unchanged irrespective of hyperglycemia and hypoinsulinemia in ZDSD rats. 

 



 Chapter 2: Diabetes confirmation 

    

 

 

Chapter 3 

 

 

 

Tensile strength and microarchitecture of the ZDSD rat 

femur 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 Chapter 2: Diabetes confirmation 

    

TABLE OF CONTENTS 

3.0 Introduction .......................................................................................................................................... 56 

3.1 MATERIALS AND METHODS .................................................................................................................. 57 

3.1.1  Rat model for diabetes type 2 .................................................................................................. 57 

3.1.2 Bone harvesting ............................................................................................................................. 57 

3.1.3 Micro-focus X-ray Computed Tomography (Micro CT) .................................................................. 57 

3.1.5 Data analysis .................................................................................................................................. 60 

3.2 Results ................................................................................................................................................... 61 

3.2.1 Femur osteometry at week-20 and week-28 ................................................................................. 61 

Femur Bone mass ................................................................................................................................ 61 

Femur Full bone length ....................................................................................................................... 61 

Femur Biomechanical length .............................................................................................................. 61 

Femur bicondylar width ...................................................................................................................... 62 

Femur midshaft anteroposterior (AP) diameters ............................................................................... 62 

Femur midshaft mediolateral (ML) diameters .................................................................................... 63 

Femur robusticity Index ...................................................................................................................... 63 

Femur head width ............................................................................................................................... 64 

Femoral neck superoinferior (SI) length ............................................................................................. 64 

Femoral neck anteroposterior (AP) length ......................................................................................... 64 

Femur maximum force ........................................................................................................................ 65 

Femur break force ............................................................................................................................... 65 

Femur yield force ................................................................................................................................ 66 

Femur maximum time ......................................................................................................................... 66 

Femur maximum displacement .......................................................................................................... 67 

Femur stiffness .................................................................................................................................... 67 

Femur elastic modulus ........................................................................................................................ 68 

3.2.3 Proximal femur trabecular morphometry at week-20 and week-28 ............................................. 68 

Femur bone tissue volume (BV) .......................................................................................................... 68 

Femur bone tissue volume to bone tissue volume ratio (BV/TV) ....................................................... 69 

Femur trabecular thickness (TbTh) ..................................................................................................... 69 

Femur trabecular number (TbN) ......................................................................................................... 69 

Femur trabeculae spacing (TbSp) ....................................................................................................... 70 



 Chapter 2: Diabetes confirmation 

    

3.2.4 Femoral mid diaphysis cortical area and medullary canal area at week-20 and week-28 ............ 71 

Femur cortical area ............................................................................................................................. 71 

Femur medullary canal area ............................................................................................................... 71 

3.2.5 Parameters of the femur most affected by age, diabetes and is duration .................................... 72 

3.3 Discussion .......................................................................................................................................... 76 

Osteometric aspects ........................................................................................................................... 76 

3-point bending parameters ............................................................................................................... 77 

Trabecular morphometry .................................................................................................................... 78 

3.3.1 Conclusions .................................................................................................................................... 80 

 

 
 
 
 
 

 

 



Chapter 3: Femoral tensile strength and microarchitecture 

56 
 

3.0 INTRODUCTION 

Fractures of the proximal femur, also described as hip fractures, are very common.  In 1990, hip 

fractures were estimated to be 1.26 million globally, this number is expected to double in 2025, 

and increase to 4.5 million by 2050 (Gullberg et al., 1997; Emmerson et al., 2022). Hip fractures can 

occur at various points of the proximal femur such as the acetabulum of the pelvis, femoral head, 

intertrochanteric area and the femoral neck (Emmerson et al., 2022). Fractures of the femoral 

neck are the most common (Monzem et al., 2022) hence our study was focused on the proximal 

femur.  

 

There seems to be a link between T2D and increased fracture risk.  Multiple, but inconclusive 

studies elucidate the association between T2D and increased fracture risk (Janghorbani et al., 

2007; Vestergaard et al., 2009; Valderrabano and Linares, 2018). These studies analyse bone 

strength using three point bending tests, micro-CT and various osteometric tools to study the 

effect if T2D on the femur (Prisby et al., 2008; Reinwald et al., 2009; Creecy et al., 2016).  

However, these studies tend to omit correlating bone geometry with its robusticity when 

assessing bone strength.   This study, collates the geometry of the femur with its robusticity, to 

determine if the bones are long, and thin or short and thick, then evaluate how these bones 

perform when subjected to 3-point bend testing until fracture. Whole bone structural strength is 

influenced by its geometry (mass, shape and size), robusticity, and micro architectural 

organization (Patel et al.; Prisby et al., 2008; Martin and Correa, 2010; Jepsen et al., 2015).   

 

This chapter aimed to evaluate the tensile strength and the microarchitecture of the femur of 

ZDSD rats. This was done by assessing femur load (force) handing properties, osteometry, 

midshaft cortical and medullary canal areas as well as femoral head trabecular morphological 

parameters.  Further investigations were undertaken understand if  perturbations caused by 

T2D are age dependent, by comparing femora of 20-week with those from 28-week-old rats. 
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3.1 MATERIALS AND METHODS 

3.1.1  Rat model for diabetes type 2 

Rats were handled as described in section 2.1.2 

 

3.1.2 Bone harvesting 

Rats were immersed in 10% buffered formalin after abdominal and limb incisions were made to 

facilitate penetration of the fixative.    Posterior left and right limbs were removed, and muscles 

were cleaned out of the femur.  Individual bones were then stored in 10% buffered formalin to 

continue fixation until further processing. Right femora were used for biomechanical 

investigations by 3-D micro-CT and 3-point bend tests. 

 

3.1.3 Micro-focus X-ray Computed Tomography (Micro CT) 

For Micro-focus X-ray Computed Tomography (Micro CT), bilateral femora from rats terminated 

aged 20 and 28-weeks were scanned using a Nikon XTH 225/320 LC X-ray microtomograph. To 

keep the samples steady during scanning, the bones were placed in plastic tubes and mounted 

in low density Styrofoam that allows X-rays to penetrate the sample with negligible absorption. 

The plastic container with the sample inside was positioned on a rotating manipulator in the 

scanning chamber for the scanning process. Scanning parameters as listed in table 3.1. 

 

Table 3.1: Scanning parameters at week-20 and week-28 
Parameter Value 
X-ray voltage 70kv 
X-ray current 400µA 
Filter 1 mm aluminium 
Scanning resolution 20µ 
Tomographic rotation 360 degrees 
Rotation step 1 degree 
Frame averaging 4 
Scan duration  8 minutes 
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Parts of the femora and trabecular morphometry parameters studied 

Bones were weighed and a digital handheld calliper was used to determine femoral osteometric 

parameters. Full bone length, biomechanical length, bicondylar width and various femoral head 

and neck diameters, were measured, robusticity index (Patel et al.) was calculated. (Fig. 3.1 and 

Table 3.2).  Following reconstruction, VG studio Max ®3.2 was used for data analysis as previously 

described (Bouxsein et al., 2010). The trabecular morphometric parameters were studied in the 

proximal epiphysis of the bone. The following parameters were determined, the trabecular 

number, thickness, spaces and volume (Table 3.3).  

 

 

 

 

 

 

Figure 3.1. Three-dimensional reconstruction of a femur showing the various femoral head and 
neck diameters, were measured  
 

 

 

 
 
 
 
 
 
 
 
Figure 3.2. Three-dimensional reconstruction of a femur showing the parts that were 
investigated. (a), full femur length; (b), biomechanical length; (c), bicondylar breadth; (d), 50th 
(midshaft) mark; (e), proximal ROI for trabeculae morphological assessment. (Image courtesy of 
R. Ndou and G.F Dlamini). 
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Table 3.2: Femur osteometric parameters 

Parameter Description 
Full femur length The maximum length measured between the top of the greater trochanter 

and the bottom of the farthest condyle 
Biomechanical length The distance between the medial most and lateral most points on the 

epicondyles 
Bicondylar width The distance between the medial most and lateral most points on the 

epicondyles 
Midshaft AP diameter Distance between bulgiest parts in an antero-posterior direction at the 50th 

percentile 
Midshaft ML diameter Distance between bulgiest parts in a medio-lateral direction at the 50th 

percentile 
Robusticity index Sum of the ML and AP midshaft diameter multiplied by 100 and divided by 

physiological length of the femur 
Femoral head width Distance between bulgiest part in an anteroposterior, medio-lateral, supero-

inferior direction when viewed from the top 
Femoral neck SI length Between the highest and lowest point on the articular margin, taken at right 

angles to the AP length 
Femoral neck AP length Distance between bulgiest part in an anterio-posterior direction 

 
 
Table 3.3: Femur trabecular assessment parameters (adapted from (Bouxsein et al., 2010) 

Parameter Definition 
𝐁𝐁𝐁𝐁
𝐓𝐓𝐓𝐓

 (bone tissue volume to total volume) Represents the ratio of material (bone) volume to total volume. 

TbTh (mean trabecular thickness) The material (bone), calculated as follows: TbTh =2/BS/BV 
Where BS/BV is the ratio of material (bone) surface (BS) to 
material (bone) volume (BV) 

TbN (mean trabecular number) Shows the mean number of trabecular (column-like) structures 
per unit length, calculated as follows: TbN=BV/TV/TbTh 

TbSp (mean trabecular spacing) Indicates the mean distance between trabecular (column-like) 
structures, calculated as follows: TbSp=1/TbN−TbTh 

Medullary cavity area The area of a slice taken from the outer margins encompassing 
the medullary canal at the 50th percentile mark 

Cross-sectional area The area of a slice taken from the outer margins encompassing 
the shaft at the 50th percentile marks 
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3.1.4 Three-point bending test 

The right femora were subjected to a three-point bending test. The load was applied at the 

midshaft, midway between two supports that were 15mm apart. (Fig. 3.3). The femora were 

positioned such that bending occurred in an anteroposterior plane. Load-displacement curves 

were recorded at a constant speed of 5mm/min until failure. 

 

 

 

 

 

 

 

 

 

Figure 3.3: Three-point bending test instrument. The load is applied to the midshaft of the femur 

between two supports 15mm part in the mediolateral plane. 

 

3.1.5 Data analysis 

The data were managed in Microsoft Excel 2016 (Microsoft Corporation) and analyzed using 

SPSS® version 25 (IBM®). ANOVA with LSD post-hoc was used for multiple group comparisons of 

means. Significance level was set at p < 0.05. 
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3.2 RESULTS 

3.2.1 Femur osteometry at week-20 and week-28 

Femur Bone mass  

At 20 weeks of age, the ZDSD femora weighed significantly less than their SD controls (p<0.001) 

(Table 3.4).  The same trend was observed at week-28, with ZDSD28WK-MOD and ZDSD28WK -

SVD recording significantly lower values than their SD controls (p<0.001 for both comparisons).  

The SD controls exhibited age related differences, with bones of older rats (age of 28 weeks) 

weighing significantly less than the 20-week-olds (p<0.001) (Table 3.4). Similarly, ZDSD femora 

weighed less at 28 weeks (ZDSD28WK-MOD and ZDSD28WK-SVD) compared to those of 20 week 

old ZDSDs  (p=0.020 and p=0.014, respectively).  

 

Femur Full bone length  

Similarities in full femoral length were observed among 20-week-old rats between the ZDSDs and 

SD controls (p=0.596) (Table 3.4).  In contrast, at the age of 28 weeks, both ZDSD28WK-MOD and 

ZDSD28WK-SVD exhibited significantly shorter lengths compared to their SD controls (p<0.001, 

for both comparisons). Age differences were observed in SD controls between rats aged 20 and 

those aged 28 weeks, younger (20 weeks) SDs had shorter bones than older rats (p=0.001 (Table 

3.4). In contrast, ZDSD full femoral length was similar at 20 weeks of age compared to the 28-

week-old groups (ZDSD28WK-MOD #p=0.354 and ZDSD28WK-SVD p=0.059).  

 

Femur Biomechanical length 

There were similarities in biomechanical length values between 20-week-old rats when 

comparing SD controls with ZDSDs (p=0.584) (Table 3.4).  In contrast, among the 28-week-old 

rats, ZDSD28WK-MOD and ZDSD28WK-SVD exhibited shorter biomechanical lengths than their 

SD controls (p<0.001 for both comparisons). Similarities in biomechanical length were observed 

in 20-week-old SDs and 28-week-old SDs (p=0.105) (Table 3.4). On the contrary, age differences 

were observed between ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.024 and p<0.001 

respectively), with younger (20-week-old) ZDSDs having longer biomechanical lengths.   
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Femur bicondylar width 

At week-20, ZDSDs exhibited significantly shorter bicondylar widths compared to SD controls 

(p<0.001) (Table 3.4).  This significant trend of shorter bicondylar widths continued and was 

observed at week-28 when comparing ZDSD28WK-MOD (p=0.003) and ZDSD28WK-SVD 

(p<0.001) with their SD controls.  Age related differences were observed between the SD groups, 

where younger SDs (20-week-olds) had wider condyles than the 28-week-old SDs (p<0.001) 

(Table 3.4). Similarly, younger ZDSDs (20-week group) also exhibited wider condyles compared 

to older ZDSD28WK-MOD and ZDSD28WK-ZVD groups (p=0.003 and p= 0.020, respectively). 

  

Table 3.4: Osteometric measurements of the femur 

  Week-20   Week 28   

Property SD 
 (n=12) 

ZDSD 
 (n=12) 

p value SD 
 (n=12) 

ZDSD-MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

Mass (g) 1.35±0.09 1.19±0.04 <0.001 1.26±04 1.25±0.06 1.16±0.11 ^[0.005, 0.001], 
*<0.001 
 #0.001 (both) 

Full length (mm) 39.71±0.83 39.57±0.37 0.545 40.45±0.31 39.37±0.28 39.13±0.85 ^[<0.001(both),] 
*0.001 
 #0.354, 0.059 

Biomechanical 
length (mm) 

38.59±0.53 38.43±0.41 0.584 39.03± 0.53 37.85±0.68 37.18±0.47 ^[<0.001,0.003] 
*<0.105 
 #0.024,<0.001(both) 

Bicondylar width 
(mm) 

7.78±0.26 6.91±0.19 <0.001 7.14±0.21 7.11±0.07 
 

6.85±0.25 ^[0.003, <0.001], 
*<0.001 
 #0.003,0.020 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 

Femur midshaft anteroposterior (AP) diameters 

There were similarities in midshaft AP diameters between SD controls and ZDSDs at 20-weeks of 

age (p=0.063) (Table 3.5).  In contrast, at week-28, differences were observed when comparing 

SD controls with ZDSD28WK-MOD and ZDSD28WK-SVD (p<0.001 for both comparisons). No age 

related differences were observed between 20-week-old and 28-week-old SD controls (p=0.188) 

(Table 3.5).  On the contrary, 20-week-old ZDSDs exhibited wider AP diameters when compared 

with ZDSD28WK-MOD and ZDSD28WK-SVD (p<0.001 for both comparisons). 
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Femur midshaft mediolateral (ML) diameters 

At 20 weeks of age, midshaft mediolateral diameters were significantly larger in ZDSDs compared 

to SD controls (p<0.001) (Table 3.5). Similarly, 28 weeks old rats showed that both the 

ZDSD28WK-MOD and ZDSD28WK-SVD exhibited larger measurements when compared with 28-

week-old SD controls (p<0.001 for both comparisons). No age-related differences were observed 

between 20-week-old and 28-week SD controls (Table 3.5). On the contrary, 20-week-old ZDSDs 

exhibited wider ML diameters when compared with ZDSD28WK-MOD and ZDSD28WK-SVD in this 

region (p<0.001 for both comparisons). 

 

Femur robusticity Index 

At week-20, the SD controls were significantly more robust than the ZDSDs (p=0.002) (Table 3.5).  

This trend was maintained at week-28, where SD controls were more robust than ZDSD28WK-

MOD and ZDSD28WK-SVD (p<0.001 for both comparisons). Younger (20-week-old) SDs were 

significantly more robust than older (28-week-old) SDs (p=0.002) (Table 3.5). The same trend was 

observed in the ZDSD group, where younger (20-week-old) ZDSDs were more robust than older 

(28-week-old) ZDSD28WK-MOD and ZDSD28WK-SVD (p<0.001 for both comparisons). 

 

Table 3.5: Osteometric measurements of the femoral midshaft 

 Week 20 
 

 Week 28 
 

  
Property SD 

 (n=12) 
ZDSD 

 (n=12) 
p value SD 

 (n=12) 
ZDSD-MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

Mid shaft AP 
diameter (mm) 

3.80±0.15 3.61±0.09 0.063 3.69±0.20 3.61±0.35 3.83±0.44 ^[<0.001(both)] 

*0.188 

 #<0.001(both) 
Mid shaft ML  
diameter (mm) 

5.13±0.17 4.75±0.17 <0.001 5.05±0.0.26 3.61±0.35 3.83±0.44 ^[<0.001(both)] 

*0.188 

 #<0.001(both) 
Robusticity 
Index (%) 

22.49±1.17 21.13±0.44 0.002 21.21±0.85 16.65±1.39 16.71±1.04 ^[0.001(both)] 

*0.003 

#<0.001(both 
^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
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Femur head width 

The 20-week-old ZDSDs had shorter femoral head width measurements when compared with 

their SD controls (p<0.001) (Table 3.6).  In contrast, similarities with SD controls were observed 

in 28-week-old rats for both ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.403 and p= 0.188, 

respectively).  Older (28-week) SDs had significantly smaller head widths when compared with 

20-week-old SD controls (p<0.001) (Table 3.6).  On the other hand, ZDSD28WK-MOD did not 

show any age differences (p=0.706), while the ZDSD28WK-SVD (p=0.019) had smaller heads when 

compared with 20-week-old ZDSDs.  

 

Femoral neck superoinferior (SI) length 

The 20-week-old ZDSDs had shorter femoral neck SI length measurements when compared with 

their SD controls (p=0.001) (Table 3.6).  In contrast, similarities with SD controls were observed 

in 28-week-old rats for both ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.573, p= 0.172 

respectively).  Older (28-week-old) SDs had shorter femoral neck SI lengths when compared with 

20-week-old SD controls (p=0.008) (Table 3.6).  On the contrary, ZDSD femoral neck SI lengths 

were similar at 20-weeks of age compared to the 28-week-old groups (ZDSD28WK-MOD p=0.668 

and ZDSD28WK-SVD p=0.665).   

 

Femoral neck anteroposterior (AP) length 

The 20-week-old ZDSDs had similar femoral neck AP length measurements when compared with 

their SD controls (p=0.664) (Table 3.6).  The same trend was observed in 28-week-old rats when 

comparing SD controls with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.253, p= 0.618 

respectively)). No age-related differences were observed in femoral neck AP length between 20-

week-old and 28-week SD controls (p=0.420) (Table 3.6). This trend of similar femoral neck AP 

lengths was also observed in ZDSD groups, when comparing 20-week-old ZDSDs with 28-week-

old ZDSD groups (ZDSD28WK-MOD p=0.883 and ZDSD28WK-SVD p=0.089).  
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Table 3.6: Osteometric measurements of the femoral head and neck 
  Week-20   Week 28   
Property SD 

 (n=12) 
ZDSD 

 (n=12) 
p value SD 

 (n=12) 
ZDSD-MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

Femoral 
head 
width 
(mm) 

4.59±0.20 4.03±0.33 <0.001 4.14±0.30 4.06±0.21 4.28±0.32 ^[0.403,0.188], 

 *<0.001 

 #0.706,0.019 

Femoral 
neck SI  
length 
(mm) 

3.43±0.63 2.81±0.37 0.001 2.97±0.42 2.88±0.39 2.73±0.28 ^[0.573,0.172],  

 *0.008 

 #0.668,0.665 

Femoral 
neck AP 
length 
(mm) 

2.22±0.18 2.18±0.07 0.664 2.30±0.34 2.20±0.10 2.35±0.43 ^[0.253,0.618], 

 *0.420 

 #0.883,0.089 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 
 
3.2.2 Three-point bending assessment of the femur mid-diaphysis in 20- and 28-week-old rats 
 
Femur maximum force 

 The 20-week-old SD controls displayed higher values for maximum force (p=0.050), when 

compared with age matched ZDSDs (Table 3.7).  On the contrary, at week-28, similarities were 

observed between 28-week-old SD controls when compared with ZDSD28WK-MOD and 

ZDSD28WK-SVD (p=0.170 and p= 0.364, respectively).  No age-related differences were observed 

for maximum force between 20-week-old and 28-week SD controls (p=0.841) (Table 3.7). On the 

other hand, when younger (20-week-old) ZDSDs were compared with older (28-week-old) 

groups, the ZDSD28WK-MOD did not show any age differences (p=0.318), while the ZDSD28WK-

SVD (p=0.003) exhibited lower maximum force values. 

 

Femur break force 

At week-20, there were similarities in break force (Table 3.7) between 20-week-old rats when 

comparing SD controls with ZDSDs (p=0.584).  In contrast, among the 28-week-old rats, 

ZDSD28WK-MOD and ZDSD28WK-SVD exhibited a lower break force than their SD controls 

(p<0.001 for both comparisons). No age-related differences were observed in break force 
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between 20-week-old and 28-week-old SD controls (Table 3.7). On the other hand, when younger 

(20-week-old) ZDSDs were compared with older (28-week-old) groups, the ZDSD28WK-MOD did 

not show any age differences (p=0.790), while the ZDSD28WK-SVD (p=0.014) exhibited lower 

break force values. 

 

Femur yield force 

At week-20, there were similarities in yield force between 20-week-old rats when comparing SD 

controls with ZDSDs (p=0.584) (Table 3.7).  This similar trend was observed again at week-28 

between SD controls when compared with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.343, p= 

0.911 respectively). Older (28-week-old) SDs had lower yield force values when compared with 

20-week-old SD controls (p<0.038) (Table 3.7). On the contrary, ZDSD yield force values were 

similar at 20-weeks of age compared to the 28-week-old groups (ZDSD28WK-MOD #p=0.158 and 

ZDSD28WK-SVD #p=0.307). 

 

Table 3.7: Three-point bend assessment of the femur for maximum force, break force, and 
yield force. 

  Week-20   Week 28   
Property SD 

 (n=12) 
ZDSD 
 (n=12) 

p value SD 
 (n=12) 

ZDSD-MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

Maximum 
force (N) 

171.09±37.40 150.56±10.45 0.052 182.53±16.55 173.16±30.31 160.11±26.32 ^[0.170, 0.364] 
*0.841 
#0.318,0.003 

Break 
force (N) 

170±27.12 150.46±10.45 0.071 175.08±27.12 153.08±10.45 152.09±10.01 ^[0.025(both)] 
*0.628 
#0.790,0.014 

Yield 
force (N) 

119.28±26.30 118.84±14.86 0.969 104.31±32.31 94.49±12.88 93.21±43.59 ^[0.343,0.911] 
*0.038 
#0.158,0.307 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 
Femur maximum time 

There were similarities in maximum time to fracture when comparing 20-week-old rats SD 

controls with age matched ZDSDs (p=0.384) (Table 3.8).  In contrast, among the 28-week-old rats, 

ZDSD28WK-MOD and ZDSD28WK-SVD exhibited shorter maximum times to fracture than their 

SD controls (p<0.001 for both comparisons). Age differences were observed in SD controls 
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between rats aged 20 weeks and those aged 28 weeks (p<0.001), where younger (20 weeks) had 

shorter times (Table 3.8). On the contrary, age differences were observed between ZDSD28WK-

MOD and ZDSD28WK-SVD (p=0.012, p<0.001 respectively), with younger (20-week-old) ZDSDs 

having shorter maximum times to fracture.   

 

Femur maximum displacement  

At week-20, there were similarities in yield force between 20-week-old rats when comparing SD 

controls with ZDSDs (p=0.584) (Table 3.8).  This similar trend was observed again at week-28 

between SD controls when compared with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.225, p= 

0.427 respectively). Age related differences were observed between the SD controls, where 

younger SDs (20 week olds) exhibited lower maximum displacement values than 28 week old SDs 

(p<0.001) (Table 3.8). Similarly, among the ZDSD groups, younger ZDSDs (20-week group) 

exhibited lower maximum displacement values compared to older ZDSD28WK-MOD and 

ZDSD28WK-ZVD groups (p=0.040 and p=0.028, respectively). 

 
Table 3.8: Three-point bend assessment of the femur for maximum time and maximum 
displacement. 

  Week-20   Week 28   
Property SD 

 (n=12) 
ZDSD 

 (n=12) 
p value SD 

 (n=12) 
ZDSD-MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

Maximum time 
(sec) 

13.69±2.58 12.73±2.39 0.384 18.94±2.87 13.69±2.58 11.07±3.30 ^[<0.001(both)] 
*<0.001 
#0.012,<0.001 

Maximum 
displacement 
(mm) 

0.71±0.24 0.69±0.13 0.682 0.89±0.15 0.84±0.19 0.82±0.16 ^[0.225,0.427] 
*0.012 
#0.040,0.028 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 

Femur stiffness 

There were similarities in stiffness between 20-week-old rats when comparing SD controls with 

ZDSDs (p=0.384) (Table 3.9).  This similar trend was observed again at week-28 when comparing 

SD controls with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.900, p=0.360 respectively). Age 

related differences were observed between the SD controls, where younger SDs (20-week-olds) 

exhibited higher values for stiffness compared to 28-week-old SDs (p=0.019) (Table 3.9).  On the 
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contrary, stiffness values and ZDSDs were similar at 20-weeks of age compared to the 28-week-

old groups (ZDSD28WK-MOD p=0.408 and ZDSD28WK-SVD p=0.980).  

 

Femur elastic modulus 

Similarities in elastic modulus were observed in 20-week-old rats, when comparing ZDSDs and SD 

controls (p=0.0.938) (Table 3.9).  In contrast, at the age of 28 weeks, both ZDSD28WK-MOD and 

ZDSD28WK-SVD exhibited lower elastic modulus values when compared to their SD controls 

(p<0.001, for both comparisons). Age differences were observed in SD controls between rats 

aged 20 weeks and those aged 28 weeks, with older (28 weeks) having higher values than 

younger (20 weeks) SDs (p<0.001) (Table 3.9).  In contrast, ZDSD values for elastic modulus were 

similar when comparing the 20 weeks old with the 28-week-old groups (ZDSD28WK-MOD 

p=0.969 and ZDSD28WK-SVD p=0.926).    

 
Table 3.9: Three-point bending assessment of the femur for stiffness and elastic modulus.  

Week 20    Week 28   

Property SD  
(n=12) 

ZDSD 
(n=12) 

p value  SD 
 (n=12) 

ZDSD-MOD 
    (n=12) 

 ZDSD-SVD  
(n=12) 

p value 

Stiffness (N/mm) 278.64±18.87 226.67±45.41 0.136 227.46±56.47 200.76±39.13 196.93±35.70 
 

^[0.900,0.360] 
*0.019 
#0.408,0.980 

Elastic modulus 
(N/mm2) 

2709.95±433.86 2591.06±384.45 0.938 2537.08±423.90 2728.88±614.05 2372.37±414.12 ^[<0.001(both)] 
*<0.001 
#0.969,0.926 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 

3.2.3 Proximal femur trabecular morphometry at week-20 and week-28 

Femur bone tissue volume (BV) 

At 20 weeks of age, the ZDSDs exhibited lower BV ratios than their SD controls (p<0.039) (Table 

3.10). The same trend was observed with ZDSD28WK-MOD and ZDSD28WK-SVD recording 

significantly lower values than their SD controls (p=0.002 for both comparisons) No age-related 

differences were observed in BV between 20-week-old and 28-week SD controls (p=0.116) (Table 

3.10). This trend of similar BV ratios was also observed in ZDSD groups, when comparing 20-

week-old ZDSDs with 28-week-old ZDSD groups (ZDSD28WK-MOD p=0.505 and ZDSD28WK-SVD 

p=0.604).  
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Femur bone tissue volume to bone tissue volume ratio (BV/TV) 

The 20-week-old ZDSDs had lower BV/TV ratios when compared with their SD controls (p<0.001) 

(Table 3.10).  In contrast, similarities with SD controls were observed in 28-week-old rats for both 

ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.944, p= 0.955 respectively).  Older (28-week-old) SDs 

had lower BV/TV ratios when compared with 20-week-old SD controls (p<0.001) (Table 3.10). On 

the contrary, ZDSD BV/TV ratios were similar at 20-weeks of age compared to the 28-week-old 

groups (ZDSD28WK-MOD p=0.828 and ZDSD28WK-SVD p=0.936).  

 

Table 3.10:  Micro-CT evaluation of the proximal femur at week-20 and week-28 (BV, BV/TV) 

 Week 20   Week 28    
Parameter SD 

(n=12) 
ZDSD 
(n=12) 

p value SD 
(n=12) 

ZDSD-MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

BV (mm3) 30.90±8.45 26.69±3.55 0.039 34.08±2.96 27.93±3.01 27.73±2.87 ^[0.002(both)] 
*0.116 
#0.505,0.604 

BV/TV (%) 26±2 18±5 <0.001 19±9 19±2 18±2 ^[0.944,0.955] 
*<0.001 
#0.828,0.936 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively. 
BV, bone tissue volume; BV/TV, bone bone tissue volume to total volume 
 

Femur trabecular thickness (TbTh) 

Similarities were observed in trabeculae thickness when comparing 20-week-old ZDSDs with their 

age matched SD controls (p=0.692) (Table 3.11).  In contrast, among the 28-week-old rats, 

ZDSD28WK-MOD and ZDSD28WK-SVD exhibited thinner trabeculae than their SD controls 

(p=0.002 and p=0.001, respectively).  Age differences were observed in SD controls between rats 

aged 20 and those aged 28 weeks), with younger (20 weeks) having thinner trabeculae (p=0.001) 

(Table 3.11).   On the contrary, trabecular thickness was similar among ZDSDs when comparing 

20-weeks with 28-week-old groups (ZDSD28WK-MOD p=0.403 and ZDSD28WK-SVD p=0.842).  

 

Femur trabecular number (TbN) 

The 20-week-old ZDSDs had fewer trabeculae numbers when compared with their SD controls 

(p<0.001) (Table 3.11).  In contrast, similarities with SD controls were observed in 28-week-old 
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rats for both ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.884, p= 0.368 respectively).  Older (28-

week-old) SDs had fewer trabeculae when compared with 20-week-old SD controls (p<0.001) 

(Table 3.11). On the contrary, ZDSD trabeculae numbers were similar at 20-weeks of age 

compared to the 28-week-old groups (ZDSD28WK-MOD p=0.639 and ZDSD28WK-SVD p=0.740).  

 

Femur trabeculae spacing (TbSp) 

The 20-week-old ZDSDs had similar trabeculae spaces when compared with their SD controls 

(p=0.053) (Table 3.11).  In contrast, similarities with SD controls were observed in 28-week-old 

rats for both ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.851, p= 0.858 respectively).  Older (28-

week-old) SDs had more trabeculae spaces when compared with 20-week-old SD controls 

(p<0.001) (Table 3.11). On the contrary, ZDSD trabeculae numbers were similar at 20-weeks of 

age compared to the 28-week-old groups (ZDSD28WK-MOD p=0.115 and ZDSD28WK-SVD 

p=0.143).  

 

Table 3.11: Micro-CT evaluation of the proximal femur at week-20 and week-28 (TbTh, TbN, TbSp) 

  Week-20   Week 28   
Property SD 

 (n=12) 
ZDSD 

 (n=12) 
p value SD 

 (n=12) 
ZDSD-
MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

TbTh (mm)  0.33±0.14 0.31±0.04 0.692 0.46±0.10 0.35±0.08 0.32±0.07 ^[0.002,0.001] 
*0.001 
#0.403,0.842 

TbN (numerals) 2.40±1.25 0.57±0.18 <0.001 0.39±0.20 0.43±0.21 0.67±0.98 ^[0.884,0.368] 
*<0.001 
#0.639,0.740 

TbSp (mm) 0.39±0.62 1.59±.0.61 0.050 2.50±1.66 2.50±1.66 2.61±1.36 ^[0.851,0.858] 
*0.001 
#0.115,0.143 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively. 
TbTh, trabecular thickness; TbN, trabecular number; TbSp, trabecular spacing 
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3.2.4 Femoral mid diaphysis cortical area and medullary canal area at week-20 and week-28 

Femur cortical area 

The 20-week-old ZDSDs had a similar cortical area when compared with their SD controls 

(p=0.056) (Table 3.12).  The same trend was observed in 28-week-old SD controls when compared 

with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.164, p= 0.635 respectively).  No age-related 

differences were observed in cortical area between 20-week-old and 28-week SD controls 

(p=0.420) (Table 3.12). This trend of a similar area was also observed in when comparing 20-

week-old ZDSDs with 28-week-old ZDSD28WK-MOD (p=0.226), but not the ZDSD28WK-SVD 

(p=0.005) that had a larger cortical area. 

 

Femur medullary canal area 

At week 20, the ZDSDs had a larger medullary canal area when compared with their SD controls 

(p=0.001) (Table 3.12).  The same trend was observed when comparing 28-week-old SD controls 

with ZDSD28WK-MOD (p=0.145), however, ZDSD28WK-SVD exhibited larger medullary canal 

areas than 28-week-old SD controls (p=0.011) (Table 3.12). No age related differences were 

observed in medullary canal area between 20-week-old and 28-week SD controls (p=0.420) 

(Table 3.12). This trend of similar medullary canal area was also observed in ZDSD groups, when 

comparing 20-week-old ZDSDs with 28-week-old ZDSD groups (ZDSD28WK-MOD (p=0.733) and 

ZDSD28WK-SVD, (p=0.202)  

 

Table 3.12: Femur cortical area and medullary canal area at week-20 and week-28  

  Week-20   Week 28   
Property SD 

 (n=12) 
ZDSD 
 (n=12) 

p value SD 
 (n=12) 

ZDSD-MOD 
(n=12) 

ZDSD-SVD 
(n=12) 

p value 

C-area 50th 
percentile 
(mm2) 

19.97±2.58 18.26±0.71 0.056 20.41±2.09 19.26±2.37 20.83±1.56 ^[0.164,0.635] 
*0.619 
#0.226,0.005 

Medullary 
area 50th 
percentile 
(mm2) 

9.39±0.67 12.48±2.66 <0.001 9.39±0.67 10.34±1.02 11.43±1.34 ^[0.146,0.011] 
*0.161 
#0.733,0.202 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
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3.2.5 Parameters of the femur most affected by age, diabetes and is duration  

Discriminant function analysis was conducted to determine the femoral variables that are 

influenced by age, diabetes, and its duration.  The structure matrix showed that bicondylar width, 

TbN, femoral weight, femoral neck superoinferior diameter and maximum time(s) to fracture 

were the main factors influenced (Table 3.13).  

 

The discriminant analysis yielded 4 functions, although the Wilk’s lambda results indicate a good 

fit for only Functions 1, 2 and 3 (Wilk’s lambda = 0,008; 0,074; 0,443 for Functions 1, 2 and 3, 

respectively) (p<0.001). Function 4 was not significant (p=0.67). Function 1 accounted for 56.5% 

of the variability, Function 2 accounted for 35.1% whereas Function 3 accounted for only 8%. For 

the cross-validated classification, 76.7% of femora were correctly classified according to their 

diabetic (ZDSD) and control (SD) group status as well as age in the respective groupings. Among 

the SD control groups, the model correctly classified 100% of the femora as belonging to the 

SD20WK group and 75% as belonging to the SD28WK group. Among the diabetic groups, the 

model could only correctly classify half (50%) of the femora as belonging to the ZDSD20WK group. 

However, this improved with 3 quarters (75%) of the femora being correctly classified as 

belonging to the ZDSD28WK-MOD group and 83% for the ZDSD28WK-SVD (Table 3.14 and Fig. 

3.4) 
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Table 3.13:  Discriminant function analysis of the femur.  The contributing variables are arranged 
in descending order according to component 1, 2, 3, and 4, with major contributors in bold (above 
±0.3). 
 

Structure Matrix 

Parameter  
Function 

1 2 3 4 
Bicondylar width 0,586 0,092 0,153 -0,506 
Trabeculae number (TbN 0,329 0,245 0,207 0,139 
Mass 0,308 -0,119 0,087 -0,144 
Superoinferior (SI) length 0,302 -0,055 0,229 0,173 
Bone tissue volume to total volume (BV/TV) 0,356 0,242 0,173 0,388 
Midshaft medullary canal area 0,123 -0,102 0,305 -0,371 
Maximum displacement 0,117 0,185 0,113 0,118 
Biomechanical length 0,108 -0,25 0,062 -0,093 
Full length 0,102 -0,040 0,223 -0,003 
Femur midshaft (ML) mediolateral diameter 0,073 0,023 0,070 -0,093 
Femoral head width 0,072 0,097 -0,057 0,035 
Femur midshaft (AP) anteroposterior diameter 0,069 0,139 0,167 -0,152 
Femoral neck anteroposterior diameter 0,046 -0,006 0,258 -0,030 
Break force 0,015 0,041 0,542 0,314 
Bone tissue volume (BV) 0,005 -0,146 0,074 -0,232 
Midshaft cortical area -0,017 -0,002 0,538 -0,405 
Maximum force -0,081 -0,027 0,358 0,157 
Elastic modulus -0,129 0,190 0,219 -0,53 
Yield force 0.5mm N -0,154 -0,152 -0,216 0,001 
Trabeculae thickness (TbTh) -0,183 -0,025 -0,229 0,203 
Stiffness -0,185 -0,011 0,269 0,013 
Trabeculae spacing (TbSp) -0,191 -0,057 -0,154 -0,228 
Maximum time -0,231 0.632 0,016 0,165 
Function loading % 56,5 35,1 8,0 0,4 
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Table 3.14:  Discriminant function analysis of predicted group membership 

Classification Resultsa,c 
  

Group 
Predicted Group Membership Total 

  SD20WK SD28WK ZDSD20WK ZDSD28WK-MOD ZDSD28WK-SVD  

Original Count SD20WK 12 0 0 0 0 12 

SD28WK 0 10 2 0 0 12 

ZDSD20WK 0 0 10 2 0 12 

ZDSD28WK-MOD 0 0 2 10 0 12 

ZDSD28WK-SVD 0 0 0 1 11 12 

% SD20WK 100.0 .0 .0 .0 .0 100.0 

SD28WK .0 83.3 16.7 .0 .0 100.0 

ZDSD20WK .0 .0 83.3 16.7 .0 100.0 

ZDSD28WK-MOD .0 .0 16.7 83.3 .0 100.0 

ZDSD28WK-SVD .0 .0 .0 8.3 91.7 100.0 

Cross-

validatedb 

Count SD20WK 12 0 0 0 0 12 

SD28WK 0 9 2 0 1 12 

ZDSD20WK 0 1 6 5 0 12 

ZDSD28WK-MOD 0 0 3 9 0 12 

ZDSD28WK-SVD 1 0 0 1 10 12 

% SD20WK 100.0 .0 .0 .0 .0 100.0 

SD28WK .0 75.0 16.7 .0 8.3 100.0 

ZDSD20WK .0 8.3 50.0 41.7 .0 100.0 

ZDSD28WK-MOD .0 .0 25.0 75.0 .0 100.0 

ZDSD28WK-SVD 8.3 .0 .0 8.3 83.3 100.0 

a. 88,3% of original grouped cases correctly classified. 

b. Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the functions 

derived from all cases other than that case. 

c. 76,7% of cross-validated grouped cases correctly classified. 
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Figure 3.4: Illustrated discriminant function analysis of predicted group membership 
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3.3 Discussion 

The femur was selected for  this study because most long bone fractures affect this bone. This 

study investigated whether diabetes would affect osteometric measurements, midshaft cortical 

and medullary canal areas as well as proximal femoral epiphysis trabecular morphological 

parameters. We studied 3-poing bending properties to ascertain the effect of diabetes on the 

femur load (force) handing properties. Further investigations assessed whether perturbations 

caused by T2D were diabetes severity, status or age dependent. Older diabetic rats had shorter, 

lighter, and less robust bones compared to SD controls that exhibited stronger, robust bones.  

This observation suggests a diabetes induced loss of growth in length and girth of the femur with 

progression of diabetes.  Although severely diabetic rats reported larger cortical areas, their 

medullary canal areas were the largest, suggesting a short, light and hollow bone phenotype.  The 

younger diabetic bones (20-week) also exhibited a lighter hollow phenotype but showed 

similarities in bone length, biomechanical length and cortical area. Diabetic rats had reduced 

trabeculae thickness with more spacing (TSp) and lower bone tissue volume fractions. 

Discriminant function analysis revealed that osteometric, 3-point bending, and trabecular 

morphometric parameters of the rat femur were affected by age, diabetes, and its duration. 

 

Osteometric aspects 

The femora had similar biomechanical and full lengths at the age of 20 weeks when comparing 

the diabetic group with controls, even although the ZDSDs had a smaller bicondylar width. More 

pronounced changes occurred among the 28-week-old groups in which femora were shorter in 

the diabetic groups, smaller biomechanical and full lengths, as well as smaller bicondylar widths. 

This suggests that the effect of diabetes on osteometric measurements worsened with prolonged 

untreated hyperglycemia. The osteometric measurements gave an estimate of size which was 

corroborated by mass, that was lower in both diabetic rats, at the age of 20 weeks and later at 

28 weeks. This means that diabetes adversely affected bone size. Previous studies on diabetic 

ZDSD and ZDF rats also observed similarities in bone structure for younger rats (early stages of 

diabetes) (Creecy et al., 2016), and reduced femoral bone size and mass with disease progression 

(Reinwald et al., 2009; Creecy et al., 2016).  
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Robusticity is here was considered as referring to the thickness of the femurs relative to 

respective lengths. An extensive review of the scientific literature, has indicated that this is the 

first study that has investigated the robusticity of diabetic rat humeri. The rational for assessing 

femoral robusticity is our supposition that a shorter bone with a wide shaft would be stronger 

than a thin long bone. Our results showed a lower robusticity index in diabetic bones at both 20 

and 28 weeks. This supports previous literature that has shown that diabetic bones are weaker 

(Reinwald et al., 2009). The low robusticity could be a contributing factor to the diabetic bone 

weakness. 

 

3-point bending parameters 

No detectable differences in 3-point bending parameters occurred in younger rats (20 weeks old). 

In contrast, the 28-week-old rats showed that break force and maximum time to fracture were 

both lower in the diabetic rats. This lack of significant differences at the early stages could suggest 

that diabetes may not have affected bone strength at the early stages of the disease. On the 

other hand, the observation of low break force and maximum time to fracture in ZDSD rats at the 

age of 28 suggest that the bones became weaker with progression of diabetes. Therefore, it is 

recommended  that diabetes screenings should be increased and  interventions to control 

hyperglycemia be implemented early to prevent deterioration of bone quality.   

 

Among 20-week-old rats, elastic modulus was similar between the diabetic group and controls. 

Therefore, the initial phases of the diabetic state did not affect the ability of bone to deform 

(elastically). Perhaps, it would be possible to maintain this status if diabetic interventions start 

early. In 28-week-old rats, elastic modulus was higher in controls and lower in both ZDSD groups. 

This means the duration and severity of diabetes (hyperlycemia) had a crucial role in how much 

elastic deformation was possible as this deterioration in elastic modulus was observed in both 

the moderately diabetic (ZDSD28WK-MOD) and the severely diabetic group (ZDSD28WK-SVD). 

However, other studies did not find differences in elastic modulus even at 29 and 33 weeks 

(Reinwald et al., 2009; Creecy et al., 2016). These differences in study findings may be due to the 
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classification of severity of diabetes in each study. Differences may have not have been picked 

had the present study considered the moderately diabetic group (ZDSD28WK-MOD) combined 

as one with the rats belonging to the severely diabetic group (ZDSD28WK-SVD. Alternatively, 

using different glycemic threshold points to assign groups into moderately and severely diabetic 

groups would have yielded a different finding as well.  

 

When comparing stiffness at 20 and 28 weeks in each respective group, this parameter reduced 

as age increased from 20 to weeks among the SD rats. This suggests that the amount of force a 

femur absorbed, was reduced as the animal got older. Therefore, this stiffness reduction is an 

age effect. On the other hand, no significant change occurred in the ZDSDs when comparing   20- 

and 28-week-old rats. This is an indication that diabetes reduces the amount of force a femur 

absorbs before fracture is affected from the onset of diabetes and persists as the disease 

progresses. 

 

Trabecular morphometry 

The BV was consistently lower at  the age of 20 weeks and among 28-week-old rats. however, 

bone tissue volume ratio (BV/TV) was lower in the diabetic group at only 20 weeks of age. This 

shows that diabetic groups had smaller femora, meaning that diabetes had reduced overall 

femoral size. The lack of significant difference in BV/TV among 28-week-old rats suggests that 

there may have been compensatory means to maintain osseous tissues quantity as diabetes 

progressed. This is possibly because of prolonged mechanical loading as age progressed. Bone 

tissue adapts by consolidating under prolonged mechanical loading (Turner and Burr, 1993; 

Tyrovola and Odont, 2015; Iwaniec and Turner, 2016).  

 

Among the trabecular morphometric parameters, trabeculae thickness remained unaffected in 

both 20 and 28-week diabetic rats compared to their controls. Trabecular thickness (TbTh) was 

reduced in late stages of diabetes as shown by the lower TbTh in 28-week-old diabetic groups, 

while unaffected in 20-week-old diabetes groups. In contrast, trabeculae number (TbN) was 

significantly lower in 20-week-old diabetic rats, but similar among the 28-week-old groups. This 
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means that while diabetes resulted in a reduction in trabecular thickness, the trabecular number 

was not affected. Instances when trabecular number was reduced, the thickness was unaffected. 

This observation may be related to compensatory mechanisms in an attempt to maintain bone 

structural integrity in the diabetic state. This would ensure a situation where trabeculae thickness 

and trabeculae number are reduced simultaneously. Otherwise, the bone quality would be 

quickly compromised in diabetes. This observation suggests that T2D affects trabeculae 

microarchitecture independent of age in ZDSDs, whereas in SDs, there is an age-related pattern, 

where older rats exhibit fewer, more spaced, and thinner trabeculae.  Previous studies report an 

unchanged bone tissue volume fraction and trabeculae thickness in 22-week old ZDSDs, but 

significantly reduced trabeculae thickness in 29-week old ZDSDs (Creecy et al., 2016). Studies on 

male Fischer rats reported a decrease in trabeculae numbers, increase in trabeculae spacing, and 

increased trabeculae thinning with age (Uppuganti et al., 2016). 

 

The ZDSDs and SD controls had a similar midshaft cortical area when compared with their SD 

controls irrespective of age group. Controls showed no age-related differences in cortical area 

between 20-week-old and 28-week rats. However, among the ZDSDs this trend of a similar area 

was only observed in when comparing 20-week-old ZDSDs with 28-week-old ZDSD28WK-MOD 

but not the severely diabetic group (ZDSD28WK-SVD), that had a larger cortical area. This is an 

indication that the severity of diabetes had a major role in reducing cortical area, which may 

explain the observed reduction in cortical area reported in previous studies (Reinwald et al., 

2009). This phenomenon is thought to contribute the diabetic bone weakness (Jepsen et al., 

2015). 

 

At week 20 of age, the ZDSDs and SD controls had a larger medullary canal area.  Among the 28-

week-old rats, only the severely diabetic group (ZDSD28WK-SVD) exhibited larger medullary 

canal areas. The observed increased medullary canal area may be attributed to T2D induced 

endosteal bone resorption as bone marrow area expansion is linked to increased bone resorption 

by endosteal cells (Jepsen et al., 2015) that is possibly accelerated in diabetes.  A reduction in 

cortical area combined with an increased medullary canal area, would compromise the structural 



Chapter 3: Femoral tensile strength and microarchitecture 

80 
 

strength of the bone. These  results support the observed bone weakness reported in human 

studies (Janghorbani et al., 2007; Vestergaard et al., 2009; Valderrabano and Linares, 2018). 

 

Aspects of femoral parameters most affected by age, diabetes, and its duration 

Parameters related to osteometry, 3-point bending and trabecular morphometry were among 

the most affected by age, diabetes and its duration as shown by the outcome of the discriminant 

function analysis (DFA). These parameters were, bicondylar width, TbN, femoral mass, femoral 

neck superoinferior diameter and maximum time(s) to fracture were the main factors influenced. 

Some of these parameters were also significantly different in the diabetic groups when  ANOVA 

was conducted before DFA. These were: lower mass, smaller bicondylar width, less time to 

fracture and fewer trabecular in the diabetic rats.  

 

3.3.1 Conclusions 

This study confirms that T2D affects femoral osteometry, mid-diaphyseal loading, and trabeculae 

microarchitectural parameters. The diabetic effect results in lighter, shorter hollow bones that 

perform poorly under loading, as well as exhibit unfavourable trabeculae microarchitecture.  

These perturbations occur early and late in the disease, and they are also exercebated by the 

presence of hyperglycemia.  These  findings confirm that T2D causes increased femoral fragility 

in the proximal femoral head and neck as well as its mid-diaphysis, in an age dependent manner.   

Early interventions is recommended in controlling hyperglycemia, to reduce femoral head and 

neck fractures in diabetic patients. The ZDSD rat is also recommended as a suitable translational 

model that can be extrapolated to humans, as it shares a similar diabetes progression as humans. 
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4.0 INTRODUCTION 

Most research has neglected diabetic skeletopathy despite evidence that links diabetes with 

susceptibility to fractures (Bonds et al., 2006; Oei et al., 2013), especially humerus fractures.  

Proximal humerus fractures (PHF) are the most frequent after the femoral neck and wrist 

fractures (Chu et al., 2004).  A large cohort study (Rotterdam study) of 6655 men and women 

aged 55 years and older found that appendicular skeletal fractures that include the proximal 

humerus, were higher in patients with T2D, after the exclusions of risk factors for falls due to 

declining vision, a history of stroke, walking speed, neuropathy and medications that cause 

drowsiness (Schwartz, 2003).  There is still a paucity of studies that link T2D with humerus 

fractures, as most studies have mainly focused on the femur.  

 

Biomechanical properties that determine whole bone strength such as its geometry (mass, size, 

shape) (Prisby et al., 2008; Martin and Correa, 2010; Jepsen et al., 2015), together with bone 

tissue properties that are determined at molecular, cellular, matrix composition and micro 

architectural level have been reported (Forestier-Zhang and Bishop, 2016; Uppuganti et al., 

2016).  It is still unclear if T2D affects these properties in isolation or concurrently. 

   

This study profiled humerus geometry, investigated trabeculae architecture by micro-CT and 

assessed bone strength using 3-point bend till fracture, to ascertain if T2D compromises whole 

bone strength in the humerus.  We investigated the proximal epiphysis and mid-diaphysis 

because the risk of fracture in diabetes varies with specific sub regions of a bone (Ahmad et al., 

2003).  A study on spontaneously diabetic Goto-Kakizaki rat humeri found a significant loss of 

trabeculae bone, due to diabetic osteopenia (Ahmad et al., 2003).  This osteopenia led to 

impaired function of bone turn over cells, that resulted in increased bone fragility in T2D 

(Hamann et al., 2011). 
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4.1 MATERIALS AND METHODS 

 

4.1.1 Rat model for diabetes type 2  

The rat model for diabetes mellitus was established as described in section 2.1.2 

 

4.1.2 Humerus harvesting 

The humeri were collected and processed in the same manner as described in section 3.12. Left 

and right humeri were used for biomechanical investigations by 3-D micro-CT and 3-point bend 

tests. 

 

4.1.3 Three-dimensional Micro-focus X-ray Computed Tomography (3D- μCT) 

The scanning procedure used for the humerus is described in section 3.13. The scanning 

parameters used are shown in table 4.1. 

 

Table 4:1: Scanning parameters at 20 weeks and 28 weeks 
 
 

Parameter Value 
X-ray voltage 70kv 
X-ray current 400µa 
Filter 1 mm aluminium 
Scanning resolution 18µ 
Tomographic rotation 360 degrees 
Rotation step 1 degree 
Frame averaging 4 
Scan duration  8 minutes 
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Parts of the humerus trabecular parameters studied 

Bones were weighed and a digital handheld calliper was used to determine femoral osteometric 

parameters. Full bone length, bicondylar length, bicondylar breadth and various hunerus head 

diameters were measured. (Fig. 4.1 and Table 4.2).  Following reconstruction, VG studio Max ®3.2 

was used for data analysis as previously described (Bouxsein et al., 2010). The trabecular 

morphometric parameters were studied in the proximal and distal epiphysis of the bone. The 

following parameters were determined, trabecular number, thickness, spaces and volume (Table 

4.3). A cross-sectional slice from each percentile mark was captured then saved for further 

analysis on Fiji image J. From the slices, cortical area and medullary canal area of the shaft were 

measured at the 50th percentile mark of the humerus (Fig. 4.1 and Table 4.3). 

 

 

 

 

 

Figure 4.1: Three-dimensional reconstruction of a humerus showing the parts that were 
investigated.  (a), full humerus length; (b), epicondylar breadth; (c), 50th (midshaft) mark; (f), 
proximal ROI for trabeculae morphological assessment. (Image R. Ndou and G.F Dlamini). 
 

Table 4.2: Humerus osteometric parameters 

Parameter Description 

Full humerus length The maximum length that can be measured between the top 
of the humeral head and the most distant point on the distal 
humerus 

Epicondylar breadth the greatest distance between the medial and lateral 
epicondyles 

Humerus head diameter Distance between bulgiest part in an anteroposterior, medio-
lateral, supero-inferior direction when viewed from the top 

Mid diaphysis AP diameter Distance between bulgiest parts in an antero-posterior 
direction at the 50th percentile 

Mid diaphysis  ML diameter Distance between bulgiest parts in a medio-lateral direction at 
the 50th percentile 

Robusticity index Sum of the ML and AP midshaft diameter multiplied by 100 and 
divided by physiological length of the femur 

d

c

a

be
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Table 4.3:  Humerus assessment parameters by micro-CT (adapted from (Bouxsein et al., 2010). 

Parameter Definition 
𝐁𝐁𝐁𝐁
𝐓𝐓𝐓𝐓

 (bone tissue volume to total volume) Represents the ratio of material (bone) volume to total volume. 

TbTh (mean trabecular thickness) The material (bone), calculated as follows: TbTh =2/BS/BV 
Where BS/BV is the ratio of material (bone) surface (BS) to 
material (bone) volume (BV) 

TbN (mean trabecular number) Shows the mean number of trabecular (column-like) structures 
per unit length, calculated as follows: TbN=BV/TV/TbTh 

TbSp (mean trabecular spacing) Indicates the mean distance between trabecular (column-like) 
structures, calculated as follows: TbSp=1/TbN−TbTh 

Cross-sectional area The area of a slice taken from the outer margins encompassing 
the shaft at the 50th  percentile marks 

Medullary cavity area The area of a slice taken from the inner margins encompassing 
the medullary canal at the 50th percentile marks 

 

4.1.4 Three-point Bending 

The right humeri were subjected to a three-point bending test. The load was applied at the 

midshaft, midway between two supports that were 13 mm apart for the humerus (Fig. 4.2). The 

humeri were positioned such that bending occurred at the mediolateral plane.  Load-

displacement curves were recorded at a constant speed of 5mm/min until failure. 

 

4.1.5 Data, statistics and discriminant function component analysis 

The data were managed in Microsoft Excel 2016 (Microsoft Corporation) and analysed using 

SPSS® version 28 (IBM®). ANOVA with LSD post-hoc was used for multiple group comparisons of 

means. Discriminant function analysis analysis was conducted to assess how femur and humerus 

morphology parameters clustered. Significance level was set at p < 0.05. 
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4.2 RESULTS  

4.2.1 Humerus osteometry at age 20 and 28 weeks  

Humerus bone mass  

At 20 weeks of age, the ZDSD humeri weighed significantly less than their SD controls (p<0.001) 

(Table 4.4).  The same trend was observed with ZDSD28WK-MOD and ZDSD28WK–SVD, recording 

significantly lower values than their SD controls (p<0.001, for both comparisons).  The SD controls 

exhibited age related differences, with bones of older rats (age of 28 weeks) weighing 

significantly less than those of 20-week-olds (p<0.001) (Table 4.4). Similarly, ZDSD humeri 

weighed less at 28 weeks (ZDSD28WK-MOD and ZDSD28WK-SVD) compared to their 20-week-

old counterparts (p=0.002 and p=0.003, respectively compared to 20-week-olds).   

 

Humerus length 

At 20 weeks of age, ZDSD humerus lengths were significantly shorter than their SD controls 

(p=0.009) (Table 4.4).  Similarly, among the 28-week-old rats, ZDSD28WK-MOD and ZDSD28WK-

SVD exhibited shorter humerus lengths than their SD controls (p<0.001 for both comparisons). 

Age similarities in full humerus lengths were observed when comparing 20 and 28-week-old SDs 

(p=0.794) (Table 4.4). On the contrary, there were ZDSD age differences as younger (20-week-

old) ZDSDs had longer humerus lengths than the ZDSD28WK-MOD and ZDSD28WK-SVD (p<0.001 

for both comparisons). 

 

Humerus epicondylar breadth 

At 20 weeks of age, epicondylar breadth measurements were significantly wider in SD controls 

compared to ZDSDs (p<0.001) (Table 4.4). Similarly, at the age of 28 weeks, SD controls exhibited 

wider epicondylar breadth values when compared to ZDSD28WK-MOD and ZDSD28WK-SVD 

(p<0.001, for both comparisons).  Age differences were observed in SD controls between 20-

week-old and those aged 28 weeks (p=<0.001), with younger (20-weeks) rats exhibiting narrower 

epicondylar breadths (Table 4.4). In contrast, ZDSDs exhibited similarities when comparing 20-

week-old ZDSDs with the 28-week-old groups (ZDSD28WK-MOD p=0.542 and ZDSD28WK-SVD 

p=0.207).    
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Humerus head width 

At 20 week of age, humerus head width measurements were wider in SD controls than ZDSDs 

(p<0.001) (Table 4.4). In contrast, similarities with SD controls were observed in 28-week-old 

rats, for both ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.083 and p= 0.107 respectively).  Older 

(28-week-old) SDs had narrower head widths when compared to their younger 20-week-old 

counterparts (p=0.001) (Table 4.4).  On the contrary, ZDSD humerus head widths were similar 

at 20-weeks of age compared to the 28-week-old groups (ZDSD28WK-MOD p=0.762), but the 

ZDSD28WK-SVD, had significantly smaller head widths (p=0.002).  

 

Table 4.4:  Osteometric measurements of the humerus (mass, full length, epicondylar 

breadth, humerus head width). 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK, 
against SD28WK, and #; p-value comparing ZDSD-20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 

  

 Week 20    Week 28   
Parameter SD 

(n=12) 
ZDSD 
(n=14) 

p value SD 
(n=14) 

ZDSD-MOD 
(n=17) 

ZDSD-SVD 
(n=12) 

p value 

Mass (g) 0.65±0.04 0.57±0.02 <0.001 0.61±0.05 0.55±0.04 0.55±0.02 ^[<0.001, 
(both)] 
*<0.001 
#0.002,0.003 

Full  length 
(mm) 

31.66±1.55 30.81±0.35 0.009  31.58±0.34 28.88±1.26 28.84±1.0
0 

^[<0.001, 
(both)] 
*0.794 
#0.001, (both) 

Epicondylar 
breadth (mm) 

7.68±0.19 7.24±0.26 <0.001 7.37±0.24 7.31±0.15 6.70±0.48 ^[<0.001(both)] 
*<0.001 
#0.542.0.207, 

Humerus head 
width (mm) 

5.56±0.24 5.11±0.25 <0.001 5.38±0.26 5.23±0.17 5.08±0.23 ^[0.083,0.107] 
*0.001 
#0.762,0.002 
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Humerus midshaft anteroposterior (AP) diameters 

At 20 weeks of age, midshaft anteroposterior diameters were significantly larger in ZDSDs 

compared to SD controls (p<0.001) (Table 4.5).  Similarly, 28 weeks old rats showed that the 28-

week-old SD controls had larger measurements when compared with ZDSD28WK-MOD and 

ZDSD28WK-SVD (p<0.001, for both comparisons).  No age-related differences were observed 

between 20-week-old and 28-week SD controls (p=0.876) (Table 4.5). On the contrary, 20-week-

old ZDSDs exhibited larger midshaft anteroposterior diameters when compared with ZDSD28WK-

MOD and ZDSD28WK-SVD in this region (p=0.009 and p<0.001, respectively).  

 

Humerus midshaft mediolateral (ML) diameters 

The 20-week-old ZDSDs had similar midshaft mediolateral diameters when compared with their 

SD controls (p=0.195) (Table 4.5). The same trend was observed in 28-week-old rats when 

comparing SD controls with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.851 and p=0.462, 

respectively).  No age-related differences were observed in midshaft mediolateral diameters 

between 20-week-old and 28-week SD controls (p=0.163) (Table 4.5).   This trend of similar 

midshaft mediolateral diameters was also observed in ZDSD groups, when comparing 20-week-

old ZDSDs with 28-week-old ZDSD groups (ZDSD28WK-MOD p=0.766 and ZDSD28WK-SVD 

p=0.403).  

 

Humerus robusticity index 

At week-20, the SD controls were significantly more robust than the ZDSDs (p<0.001) (Table 4.5). 

This trend was maintained at week-28, where SD controls were more robust than ZDSD28WK-

MOD and ZDSD28WK-SVD (p<0.001, for both comparisons). No age-related differences were 

observed in robusticity between 20-week-old and 28-week SD controls (p=0.656) (Table 4.5).   

This trend of similarities in robusticity was also observed in ZDSD groups, when comparing 20-

week-old ZDSDs with 28-week-old ZDSD groups (ZDSD28WK-MOD p=0.867), but not in the 

ZDSD28WK-SVD that were less robust (p=0.018). 
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Table 4.5:  Osteometric measurements of the humerus (mid shaft AP, ML diameter, 

robusticity index) 

 Week 20    Week 28   

Parameter SD 
(n=12) 

ZDSD 
(n=14) 

p value SD 
(n=14) 

ZDSD-MOD 
(n=17) 

ZDSD-SVD 
(n=12) 

p value 

Mid shaft AP 
diameter (mm) 

6.26±0.25 4.75±0.49 <0.001 6.23±0.23 4.31±0.58 3.77±0.50 ^[<0.001, (both)] 
*0.876 
#0.009,<0.001 

Mid shaft ML  
diameter (mm) 

2.62±0.28 
 

2.71±0.13 0.195 2.72±0.22 2.73±0.11 2.77±0.09 ^[0.851,0.462] 
*0.163 
#0.766,0.403 

Robusticity Index 
(%) 

28.04±1.28 24.36±1.43 <0.001 28.35±1.17 24.46±2.45 22.68±1.86 ^[<0.001(both)] 
*0.656 
#0.867,0.018 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK, 
against SD28WK, and #; p-value comparing ZDSD-20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 

4.2.2 Humerus mid-diaphysis 3-point bending parameters 
 
Humerus maximum force 

The 20-week-old SD controls displayed higher values for maximum force when compared with 

age matched ZDSDs (p=0.001) (Table 4.6). On the contrary, at week-28, similarities were 

observed between 28-week-old SD controls when compared with ZDSD28WK-MOD and 

ZDSD28WK-SVD (p=0.347 and p= 0.113, respectively).  No age-related differences were observed 

for maximum force between 20 and 28-week SD controls (p=0.257) (Table 4.6. On the contrary, 

age differences occurred between 28-week-old ZDSD groups (ZDSD28WK-MOD and ZDSD28WK-

SVD (p=0.001 and p<0.001, respectively), where younger (20-week-old) ZDSDs exhibited lower 

maximum force values). 

 

Humerus break force 

The 20-week-old SD controls displayed higher values for break force when compared with age 

matched ZDSDs (p=0.032) (Table 4.6). Similarly, among the 28-week-old rats, SD controls 

exhibited higher break force than ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.032 and p=0.017, 

respectively).  No age-related differences were observed in break force between 20 and 28-week-

old SD controls (p=0.386) (Table 4.6). On the contrary, age differences were observed between 
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20-week-old ZDSD groups when compared with (ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.001 

and p<0.001, respectively) with younger (20-week-old) ZDSDs, recording lower values for break 

force  

Humerus yield force  

Among the 20-week-old groups, yield force values were significantly higher in SD controls than 

ZDSDs (p=0.003) (Table 4.6). On the contrary, at week-28, similarities were observed only 

between 28-week-old SD controls and ZDSD28WK-MOD (p=0.123), but not in ZDSD28WK-SVD 

that showed significantly lower yield force (p=0.006).  No age-related differences were observed 

in yield force between 20-week-old and 28-week-old SD controls (p=0.085) (Table 4.6). On the 

contrary, age differences were observed between ZDSD28WK-MOD and ZDSD28WK-SVD 

(p=0.004 and p<0.001, respectively), with younger (20-week-old) ZDSDs showing lower values for 

yield force.  

Table 4.6:  Whole bone biomechanical properties of the humerus loaded in 3-point bending 
(maximum force, break force, yield force) 

 Week 20 Week 28  

Parameter SD 
(n=12) 

ZDSD 
(n=14) p value SD 

(n=14) 
ZDSD-MOD 
(n=17) 

ZDSD-SVD 
(n=12) p value 

Maximum 
force (N) 97.36±8.13 75.08±7.20 0.001 100.72±18.37 95.35±20.22 89.00±13.60 

^[0.347,0.113] 
*0.257 
#0.001,<0.001 

Break force 
(N) 87.56±15.59 73.37±8.15 0.032 96.38±6.78 93.86±12.62 82.71±21.81 

^[0.032,0.017] 
*0.386 
#0.001,<0.001 

Yield force 
(N) 74.14±13.70 52.78±15.56 0.003 82.01±12.013 71.96±20.17 61.93±22.97 

 

^[0.123,0.006] 
*0.085 
#0.004,<0.001 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK, 
against SD28WK, and #; p-value comparing ZDSD-20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 

Humerus maximum time 

At week-20, there were similarities in maximum time to fracture the humerus between SD 

controls and ZDSDs (p=0.135) (Table 4.7).  On the contrary, among the 28-week-old rats, SD 

controls, exhibited higher break force values than ZDSD28WK-MOD and ZDSD28WK-SVD 

(p=0.032 and p=0.017, respectively).  No age-related differences were observed in maximum 

time between 20-week-old and 28-week-old SD controls (p=0.878) (Table 4.7). Similarly, no age 

differences were observed between ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.435 and 

p<0.400, respectively). 
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Humerus maximum displacement  

The 20-week-old ZDSDs had similar maximum displacement measurements when compared with 

their SD controls (p=0.139) (Table 4.7). On the contrary, at week-28, similarities were only 

observed between 28-week-old SD controls and ZDSD28WK-MOD (p=0.084), but not in 

ZDSD28WK-SVD that showed significantly lower values (p=0.037).  No age-related differences 

were observed in maximum displacement between 20-week-old and 28-week SD controls 

(p=0.879) (Table 4.7).This trend of similar maximum displacement was also observed in ZDSD 

groups, when comparing 20-week-old ZDSDs with 28-week-old ZDSD groups (ZDSD28WK-MOD 

(p=0.967) and ZDSD28WK-SVD (p=0.633).  

 

Humerus stiffness  

The 20-week-old SD controls displayed similar values for stiffness when compared with age 

matched ZDSDs (p=0.263) (Table 4.7). On the contrary, among the 28-week-old rats SD controls, 

exhibited a higher stiffness than ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.041 and p=0.008, 

respectively).  No age-related differences were observed in stiffness between 20-week-old and 

28-week-old SD controls (p=0.543) (Table 4.7). In contrast, age differences were observed 

between ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.010 and p=0.002, respectively), with 

younger (20-week-old) ZDSDs showing lower stiffness values.  

 

Humerus elastic modulus 

At week-20, the elastic modulus was significantly higher in ZDSDs than SD controls (p=0.026) 

(Table 4.7). Similarly, at the age of 28 weeks, both ZDSD28WK-MOD and ZDSD28WK-SVD 

exhibited significantly lower elastic modulus values compared to their SD controls (p=0.001 and 

p=0.005, respectively). Age differences were observed in SD controls between rats aged 20 and 

those aged 28 weeks (p=0.026), where younger SDs (20 weeks) had lower values for elastic 

modulus compared to those aged 28 weeks (Table 4.7). In contrast, there were similarities in 

elastic modulus values at 20 weeks of age when compared with 28-week-old groups (ZDSD28WK-

MOD #p=0.719 and ZDSD28WK-SVD p=0.918).  
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Table 4.7:  Whole bone biomechanical properties of the humerus loaded in 3-point bending 
(maximum time, maximum displacement, stiffness, elastic modulus) 

 
 Week 20 Week 28  

Parameter SD 
(n=12) 

ZDSD 
(n=14) p value SD 

(n=14) 
ZDSD-MOD 
(n=17) 

ZDSD-SVD 
(n=12) p value 

Maximum 
time (sec) 14.09±3.49 12.35±3.04 0.135 14.27±3.61 11.42±2.16 11.38±2.05 

^[0.016,0.014] 
*0.878 
#0.435,0.400 

Maximum 
displacement 
(N) 

0.71±0.17 0.62±0.15 0.139 0.71±0.18 0.62±0.11 0.59±0.08 
^[0.084,0.037] 
*0.879 
#0.967,0.633 

Stiffness 
(N/mm) 140.10±28.69 123.02±26.9

5 0.263 153.79±55.68 150.84±33.22 141.85±33.1
1 

^[0.041,0.008] 
*0.543 
#0.010,0.002 

Elastic 
modulus 
(N/mm2) 

2104.76±493.35 1630±760.09 0.026 2173.60±459.90 2126.10±282.05 1529.84±55.59 
^[0.001,0.005} 
*0.026 
#0.719,0.918 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK, 
against SD28WK, and #; p-value comparing ZDSD-20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively 
 

4.2.3 Proximal humerus trabecular morphometry at week-20 and week-28 
 
Humerus bone tissue volume (BV) 

There were similarities in BV between SD controls and ZDSDs at 20-weeks of age (p=0.121) (Table 

4.8).  This similar trend is observed, at week-28, when comparing 28-week old SD controls with 

ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.586 and p=0.804, respectively).  No age-related 

differences in BV ratios were observed between 20-week-old and 28-week-old SD controls 

(p=0.541) (Table 4.8). Similarly, 20-week-old ZDSDs did not show any age differences when 

compared with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.632 and p=0.232, respectively). 

 

Humerus bone tissue volume to bone tissue volume ratio (BV/TV) 

The 20-week-old ZDSDs had lower BV/TV ratios when compared with their SD controls (p<0.001) 

(Table 4.8). The 28-week-olds showed that SD controls had similarities with 28-week-old 

ZDSD28WK-MOD (p=0.066), but not in the ZDSD28WK-SVD that had significantly lower BV/TV 

rations (p=0.043).  Older (28-week) SDs had significantly lower BV/TV ratios when compared with 

20-week-old SD controls (p<0.001) (Table 4.8). On the other hand, ZDSD28WK-MOD and 

ZDSD28WK-SVD did not show any age differences when compared with 20-week-old ZDSDs 

(p=0.485 and p=0.775, respectively).  
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Table 4.8: Micro-CT measurement of the humerus (BV, BV/TV) 
 

 Week 20   Week 28    
Parameter SD 

(n=12) 
ZDSD 
(n=14) 

p value SD 
(n=14) 

ZDSD-MOD 
(n=17) 

ZDSD-SVD 
(n=12) 

p value 

BV (mm2) 24.99±1.97 21.19±2.22 0.121 23.51±3.02 22.27±3.38 24.11±3.67 ^[0.586,0.804] 
*0.541 
#0.632,0.232 

BV/TV (%) 27.60±9.97 11.74±4.50 <0.001 22.24±8.92 14.40±4.57 12.93±3.59 ^[0.066,0.043] 
*<0.001 
0.485,0.775 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK, 
against SD28WK, and #; p-value comparing ZDSD-20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively. 
BV, bone tissue volume; BV/TV, bone tissue volume to total volume 
 

Humerus trabecular thickness (TbTh) 

At week-20 the ZDSDs exhibited similar trabeculae thickness when compared with SD controls 

(p=0.171) (Table 4.9).  This similar trend was observed, at week-28, when comparing 28-week-

old SD controls with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.476 and p=0.145, respectively).  

No age-related differences in trabeculae thickness were observed between 20-week-old and 28-

week-old SD controls (p=0.076) (Table 4.9).  Similarly, 20-week-old ZDSDs did not show any age 

differences when compared with older (28-weeks) ZDSD28WK-MOD (p=0.056). However, the 

older (28-week) ZDSD28WK-SVD exhibited significantly thinner trabeculae than 20-week old 

ZDSDs (p=0.016). 

Humerus trabecular number (TbN) 

At week-20, there were fewer trabeculae in 20-week old ZDSDs than age matched SD controls 

(p<0.001) (Table 4.9). On the contrary, 28-week-old ZDSDs did not show any age differences 

when compared with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.615 and p=0.132, respectively). 

Older (28-week) SDs had significantly fewer trabeculae when compared with 20-week-old SD 

controls (p<0.001) (Table 4.9). On the contrary, 20-week-old ZDSDs did not show any age 

differences when compared with older (28-week) ZDSDs (ZDSD28WK-MOD and ZDSD28WK-SVD 

(p=0.632 and p=0.232, respectively).  
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Humerus trabecular spacing (TbS) 

At 20 weeks of age, the ZDSDs exhibited more trabeculae spacing than their SD controls (p<0.001) 

(Table 4.9).  The same trend was observed at 28-weeks of age where ZDSD28WK-MOD and 

ZDSD28WK–SVD had more trabeculae spaces than their SD controls (p=0.020 and p=0.001, 

respectively).  The SD controls exhibited age related differences, with bones of older rats (age of 

28 weeks) having more trabeculae spaces than the 20-week-olds (p<0.001) (Table 4.9). On the 

contrary, older (28- weeks) ZDSD28WK-MOD showed similarities when compared with 20-week-

old ZDSDs (p=0.326), whereas 28-week-old ZDSD28WK-SVD exhibited increased trabeculae 

spacing when compared with 20-week old ZDSDs. (p=0.008) 

 

Table 4.9: Micro-CT measurement of the humerus (TbTh, TbN, TbSp) 
 Week 20   Week 28    
Parameter SD 

(n=12) 
ZDSD 
(n=14) 

p value SD 
(n=14) 

ZDSD-MOD 
(n=17) 

ZDSD-SVD 
(n=12) 

p value 

TbTh (mm) 0.25±0.08 0.21±0.02 0.171 0.30±0.05 0.28±0.04 0.26±0.08 ^[0.476,0.145] 
*0.076 
#0.056,0.016 

TbN (number) 1.31±0.86 0.78±0.30 <0.001 0.76±0.31 0.59±0.23 0.47±0.14 ^[0.615,0.132] 
*<0.001 
#0.575,0.402 

TbSp (mm) 0.19 ±0.22 1.29 ±0.71 <0.001 1.21 ±0.57 1.54 ±0.71 2.03 ±0.77 ^[0.020,0.004] 
*<0.001 
#0.326,0.008 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively.   
TbTh, trabecular thickness; TbN, trabecular number; TbSp, trabecular spacing  
 

4.2.4 Humerus cross-sectional area and medullary canal area at week-20 and week-28 

Humerus cortical area  

At week 20, the cortical area was similar in ZDSDS when compared with their SD controls 

(p=0.335) (Table 4.9). The same trend was observed in 28-week-old rats when comparing SD 

controls with ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.665, p= 0.619 respectively).  No age-

related differences were observed in cortical area between 20-week-old and 28-week SD controls 

(p=0.694) (Table 4.9).   This trend of a similar cortical area at 20 and 28 weeks of age was also 

observed in ZDSD groups, when comparing 20-week-old ZDSDs with 28-week-old ZDSD groups 

(ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.063 and p=0.915, respectively).  
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Humerus medullary canal area 

At week-20, the medullary canal area was similar in 20-week-old ZDSDs and SD controls (p=0.930) 

(Table 4.9). The same trend was observed in 28-week-old rats when comparing SD controls with 

ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.714, p=0.582 respectively). No age-related 

differences were observed in medullary canal area between 20-week-old and 28-week SD 

controls (p=0.420) (Table 4.9).   This trend of a similar medullary canal area was also observed in 

ZDSD groups, when comparing 20-week-old ZDSDs with 28-week-old ZDSD groups (ZDSD28WK-

MOD p=0.677 and ZDSD28WK-SVD p=0.812).   

 

Table 4.10: Micro-CT measurement of the humerus (cortical area, medullary canal area) 
  Week 20   Week 28    
Parameter Unit SD 

(n=12) 
ZDSD 
(n=14) 

p 
value 

SD 
(n=14) 

ZDSD-MOD 
(n=17) 

ZDSD-SVD 
(n=12) 

p value 

Cortical area 
50th percentile 
(mm2) 

mm2 16.00 ±2.59 15.11 ±1.47 0.338 16.74 ±1.60 16.82 ±2.35 16.28 
±2.16 

^[0.665,0.619
] 
*0.694 
#0.063,0.915 

Medullary 
area 50th 
percentile 
(mm2) 

mm2 5.52 ±1.17 5.46 ±1.29 0.930 5.59 ±1.61 5.73 ±2.09 5.97 ±1.53 ^[0.714,0.582
] 
*0.522 
#0.677,0.812 

^ Respective comparison of ZDZD28Wk with ZDSD28WK-MOD and ZDSD28WK-SVD: *; p-value comparing SD20WK 
against SD28WK, and #; p-value comparing ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively.   
C-area, cross sectional area 
 

4.2.5 Discriminant function analysis of femur factors influenced by age, diabetes, and its 

duration in the humerus 

 

Discriminant function analysis was conducted to determine the humerus variables that are 

influenced by age, diabetes, and its duration.  The structure matrix showed that epicondylar 

breadth, midshaft anteroposterior diameter, maximum force bone length, Robusticity Index, and 

TbN were the main factors influenced (Table 4.11).  

 

The discriminant analysis yielded 4 functions, although the Wilk’s lambda results indicate a good 

fit for only Functions 1, 2 and 3 (Wilk’s lambda = 0,007; 0,135; 0,547 for Functions 1, 2 and 3, 

respectively) (p<0.001). Function 4 was not significant (p=0.064). Function 1 accounted for 82.4% 
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of the variability, Function 2 accounted for 14.2% whereas Function 3 accounted for only 2.5%. 

For the cross-validated classification, 88.4% of humeri were correctly classified according to their 

diabetic (ZDSD) and control (SD) status as well as age in the respective groupings. Among the SD 

control groups, the model correctly classified 100% of the humeri as belonging to the SD20WK or 

SD28WK group. Among the diabetic groups, the model correctly classified 92.9 of the humeri as 

belonging to the ZDSD20WK group. However, this was slightly less with older age, the model 

correctly classified humeri as belonging to the ZDSD28WK-MOD group (76.5%) and ZDSD28WK-

SVD (75%) (Table 4.12 and Fig. 4.3) 

 
Table 4.11: Discriminant function analysis of the humerus. The contributing variables are 
arranged in descending order according to component 1, 2, 3, and 4, with major contributors in 
bold (above ±0.3). 
 

Structure Matrix 

 Parameter  
Function 

1 2 3 4 
Humerus midshaft (AP) anteroposterior diameter 0,542 -0,258 0,236 -0,263 
Full length  0,348 -0,193 -0,496 0,692 
Robusticity index 0,340 -0,158 0,327 -0,594 
Trabeculae number (TbN) 0,241 0,403 -0,026 -0,023 
Humerus head diameter 0,124 -0,035 -0,068 0,120 
Humerus midshaft (ML) mediolateral diameter 0,105 -0,051 -0,167 -0,355 
Yield Force 0.5 mm N 0,102 0,072 0,285 0,170 
Elastic modulus 0,097 0,026 0,14 -0,068 
Maximum force 0,068 -0,312 0,034 0,061 
Bone tissue volume (BV) 0,029 0,057 0,218 0,211 
Maximum force 0,023 0,083 0,265 0,078 
Trabeculae thickness (TbTh) 0,021 -0,207 0,108 0,231 
Epicondylar breadth  0,004 0,608 -0,273 -0,437 
Maximum time -0,022 -0,3 0,022 0,075 
Bone tissue volume to  total volume (BV/TV) -0,027 -0,133 0,063 0,043 
Mass -0,037 0,31 0,003 -0,193 
Break force -0,067 0,173 0,495 -0,207 
Stiffness -0,107 0,266 0,152 0,094 
Trabeculae spacing (TbSp) -0,217 -0,165 0,222 0,4 
Function Loading % 82,4 14,2 2,5 0,8 
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Table 4.12: Predicted group membership 

Classification Resultsa,c 

Group 
Predicted Group Membership 

Total 
SD20WK ZDSD20WK SD28WK ZDSD28WK-MOD ZDSD28WK-SVD 

Original Count SD20WK 12 0 0 0 0 12 
ZDSD20WK 0 14 0 0 0 14 
SD28WK 0 0 14 0 0 14 
ZDSD28WK-MOD 0 0 0 15 2 17 
ZDSD28WK-SVD 0 0 0 2 10 12 

% SD20WK 100,0 0,0 0,0 0,0 0,0 100,0 
ZDSD20WK 0,0 100,0 0,0 0,0 0,0 100,0 
SD28WK 0,0 0,0 100,0 0,0 0,0 100,0 
ZDSD28WK-MOD 0,0 0,0 0,0 88,2 11,8 100,0 
ZDSD28WK-SVD 0,0 0,0 0,0 16,7 83,3 100,0 

Cross-
validated
b 

Count SD20WK 12 0 0 0 0 12 
ZDSD20WK 0 13 0 1 0 14 
SD28WK 0 0 14 0 0 14 
ZDSD28WK-MOD 0 1 0 13 3 17 
ZDSD28WK-SVD 0 0 0 3 9 12 

% SD20WK 100,0 0,0 0,0 0,0 0,0 100,0 
ZDSD20WK 0,0 92,9 0,0 7,1 0,0 100,0 
SD28WK 0,0 0,0 100,0 0,0 0,0 100,0 
ZDSD28WK-MOD 0,0 5,9 0,0 76,5 17,6 100,0 
ZDSD28WK-SVD 0,0 0,0 0,0 25,0 75,0 100,0 

a. 94,2% of original grouped cases correctly classified. 
b. Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the functions derived from 
all cases other than that case. 
c. 88,4% of cross-validated grouped cases correctly classified. 
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Figure 4.3: Illustration of predicted group membership. 
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4.3 DISCUSSION 

The current study profiled humerus geometry, investigated trabeculae architecture by micro-CT 

and assessed bone strength using three point bend till fracture, to ascertain if T2D compromises 

whole bone strength in the humerus.  We investigated the proximal epiphysis and mid-diaphysis 

because the risk of fracture in diabetes varies with specific sub regions of a bone (Ahmad et al., 

2003). Because unfavourable alterations in bone biomechanics occur at disease onset and 

progress with disease (Prisby et al., 2008), bone biomechanics of the humerus in 20-week and 

28-week-old diabetic rats was analysed. We used the male ZDSD as an animal model as it reaches 

skeletal maturity before the onset of T2D (Fajardo et al., 2014; Peterson et al., 2015). We further 

classified the older rats into diabetic or severely diabetic groups, to ascertain if disease severity 

has an impact on bone fragility. 

   

Osteometric characterization  

The SD and ZDSDs exhibited age related differences, with bones of older rats (age of 28 weeks) 

weighing significantly less than those of 20-week-olds. This shows that bone mass decreases with 

age advancement. ZDSD humeri weighed significantly less than their SD controls at both 20 and 

28 weeks of age. This finding supports the phenomenon that diabetes causes a decrease bone 

mass (Prisby et al., 2008).  

 

The humerus length, epicondylar breadth and head diameter as well as robusticity were all 

smaller in ZDSD rats than the SDs at 20 weeks of age. This was also seen at 28 weeks, except for 

the head diameter which was similar between the groups among rats of this age. The fact that 

most of these parameters were lower in the diabetic groups suggest a growth impairment effect 

of diabetes as supported by the finding of lower humerus mass in this study (Ahmad et al., 2003; 

Prisby et al., 2008). The humerus length and its robusticity did not change with age when 

comparing the 20 with the 28 weeks old SDs. This may mean that these control rats were better 

able to proportionally adjust the length and shaft width (components of robusticity) as the rats 

grew older. When comparing the ZDSDs aged 20 with those ages 28 weeks, these parameters 

were both smaller in the severely diabetic (ZDSD28WK-SVD) at an older age of 28 weeks old. This 
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shows that severe diabetes that remains untreated for a prolonged duration may render the rat 

humerus unable to match its length with shaft girth as represented by their poor robusticity in 

the ZDSDs. Robusticity is herein studied in the rat humerus of ZDSD rats for the first time based 

on our best knowledge of the English scientific literature.  

 

3-point bending and force loading limits 

Both maximum force and break force were lower in the ZDSDs than the SDs at the age of 20 

weeks with this pattern continuing for break force among the 28-week-old rats. These respective 

parameters reflect the amount of energy the humerus could take before fracture (maximum 

force) and the energy required to fracture bone (break force) once the absorbable energy limit is 

exceeded. The lower load required to fracture ZDSD rat bones corroborates previous reports 

which document that diabetes increases bone propensity to fracture (Ahmad et al., 2003; 

Reinwald et al., 2009; Creecy et al., 2016). 

 

The mean time it took to fracture diabetic bones (maximum time to fracture) was less than that 

for the controls in the 28-week-old groups while no significant differences occurred in the 20-

week-old rats. This finding is not due the aging of bones as no age-related differences were 

observed (in maximum time to fracture) between 20-week-old and 28-week-old SD controls as 

well as ZDSD rats. Taking less time to fracture only among the 28-week-old ZDSD rats means that, 

with prolonged diabetes, it became easier to fracture the bones whereas that was not the case 

in the early stages of diabetes. Again, this demonstrates the validity of our proposition that 

diabetes interventions are required at disease onset to minimize bone deterioration.  

 

The yield force among the 20-week-old groups, was significantly lower in ZDSDs than SD controls. 

In older rats, only the ZDSD28WK-SVD showed significantly lower yield force. This demonstrates 

that diabetes lowered the load limit to forces that could be applied without causing permanent 

deformation. Therefore, diabetic bones could take less load prior to deformation in the present 

study. These findings corroborate previous studies (Reddy et al., 2001). No age-related 

differences were observed in yield force between 20-week-old and 28-week-old SD controls. This 
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contrasted with the ZDSDs in which older rats (28 weeks) showed lower values for yield force 

than younger (20-week-old) ZDSDs. The lack of age differences in yield force among controls 

suggest that the lower yield force on the ZDSD28WK-SVD was due to prolonged diabetes and its 

severity and not a consequence of aging bone. In support of this, maximum displacement was 

affected only in the in the ZDSD28WK-SVD group which showed significantly less displacement. 

Since this parameter reflects bone flexibility, it means that both the duration and severity of 

diabetes may affect bone flexibility causing it to bend less under load. This may explain the 

observed higher fracture rate among diabetics as reported in human studies (Janghorbani et al., 

2007; Vestergaard et al., 2009; Valderrabano and Linares, 2018). Diabetic rats exhibited 

significantly lower elastic modulus values compared to their SD controls at both 20 and 28 weeks 

of age. Therefore, diabetes reduced the amount of load (force) that could be absorbed per unit 

area of bone without permanent deformation (ability of bone to deform elastically) (Reddy et al., 

2001; Jepsen et al., 2015).  

 

Aspects of humerus head trabecular morphometry 

In the present study, no bone tissue volume (BV) differences were observed between controls 

and the ZDSD, and no age-related differences occurred in both 20- and 28-weeks-old rats. 

However, in 20-week-old rats the bone tissue volume to bone tissue volume ratio (BV/TV) was 

lower in ZDSDs.  Among the 28-week-old rats, the severity of hyperglycemia played a role as only 

the severely diabetic group (ZDSD28WK-SVD) had significantly lower BV/TV ratios. Older (28-

week) SDs had significantly lower BV/TV ratios when compared with 20-week-old SDs whereas 

the diabetic groups did not show any age differences when comparing the 20 and 28-week-old 

ZDSDs. In normal SDs as expected and in accordance with previous literature (Uppuganti et al., 

2016). In respect of the ZDSDs, the lack of age-related changes suggests that bone tissue volume 

ratios decreased due to hyperglycemia and not the effect of aging. This is consistent with the 

findings of (Prisby et al., 2008).  

While there were no group differences in trabecular thickness (TbTh) among 20-week-old rats, 

the ZDSDs had lower trabeculae number (TbN) and greater trabecular spacing (TSp). The latter 

was also observed in older rats (20 weeks). This implies fewer and more widely spaced trabeculae 
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in the diabetic group. It suggests that there may have been less trabecular bone deposition and 

more resorption, reducing thickness while increasing spacing. This finding is in support of the 

reports that diabetes weakens bone by disturbing the balance of bone resorption and new bone 

deposition (Ahmad et al., 2003).  

 

Midshaft cortical and medullary canal properties 

The midshaft cortical and medullary canal areas showed no detectable differences between 

controls and the ZDSDs, and no age-related differences occurred in both 20- and 28-weeks-old 

rats. This was unexpected in the present study as most 3-point bending and robusticity results 

indicated weaker diabetic bones. It is possible that despite the lack of differences in cortical and 

medullary canal areas, the quality of the bone material forming the cortical area may be 

compromised by diabetes.  The lighter (lower mass) in diabetic bones in the present study further 

support this proposition.  

Hormonal influences 

Studies on osteocalcin receptor knockout mice exhibited reduced islet numbers, hyperglycemia, 

glucose intolerance, and reduced osteoblast mediated bone mineralization (Fulzele and Clemens, 

2012; Ferron and Lacombe, 2014). While both carboxylated and uncarboxylated osteocalcin 

impact bone, the present study did not distinguish between the two. Additionally, in this study 

osteocalcin remain unaffected. An imbalance in PTH levels results in either osteoporotic or 

osteoporotic bone diseases (Florencio-Silva et al., 2015). Hyperactive parathyroid glands release 

excessive calcium from bones resulting in osteoporosis. It is possible that PTH had a role in the 

trabecular morphometry in the present study. 

 

4.3.1 Conclusions 

Osteometry findings of micro CT and there-point bending tests shows that the severity and the 

duration of diabetes plays a major role in compromising bone integrity in diabetes. This humerus 

data should be interpretedwith caution in respect of its translationability to humans as this bone 

is weight bearing in rats but not in humans.  
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5.0 INTRODUCTION 

Type 2 diabetes (T2D) is now recognized as an epidemic and has a high morbidity and mortality 

rate (Mohan et al., 2007).  This condition affects about 387 million people (Zaccardi et al., 2016) 

worldwide, with a high prevalence in adults, and may affect adolescents and children (Reinwald 

et al., 2009; Peterson et al., 2015).  The predisposing factors and the endocrinology of T2D have 

been studied extensively (Del Prato, 2009) while its effect on the skeleton has received negligible 

research despite evidence linking hyperglycemia with compromised bone structural integrity 

(Bonds et al., 2006; Hamann et al., 2011).   Focus in this study is on the femoral head and neck in 

a relatively new model of diabetes, the Zucker Diabetic Sprague Dawley rat (ZDSD) as these 

regions are vulnerable to fracture in T2D (Moseley, 2012).  

 

Susceptibility to fracture is consequential from poor bone remodeling resulting from 

disturbances in the expression of cytokines and growth factors (Seibel, 2005).  Bone remodeling 

depends on the activity of osteoblasts, osteocytes and osteoclasts which are under the influence 

of TGF-β1, a pro-osteogenic cytokine (Yang et al., 2014), together with BMP3, an anti-osteogenic 

cytokine (Wu et al., 2016). TGFβ1 is an abundant cytokine found in the bone matrix (Ehnert et 

al., 2010; Wu et al., 2016). It is responsible for regulating the differentiation, proliferation and 

migration of osteoprogenitor cells (Janssens et al., 2005; Jian et al., 2006).  In contrast, BMP3 

negatively regulates osteoblastogenesis, its effect manifests as reduced BMD, reduced 

trabeculae volume and thinner cortical bone (Gamer et al., 2009; Horbelt et al., 2012).   

 

Hyperglycemia, such as in T2D facilitates the accumulation of AGEs in bone tissue and bone cells.  

AGEs bind to bone turnover cells, adversely compromising their function (Kislinger et al., 1999; 

Singh et al., 2014; Plotkin et al., 2019). T2D favours the differentiation of skeletal stem cells into 

adipogenic cell lineages while suppressing the proliferation of osteogenic cell lineages in both 

human and animal models (Kim and Schafer, 2016; Gillet et al., 2017; Ferland-McCollough et al., 

2018). A previous study reports T2D that increases bone marrow adiposity in both humans (Sheu 

et al., 2017) and obese animal models (Devlin et al., 2014) where bone marrow fat was associated 

with an increased prevalence of hip fractures (Kim and Schafer, 2016).   
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The aim of the study was to determine if osteoblast and osteocyte numbers are regulated by 

TGFβ1 and BMP3 in ZDSD rat femoral head and neck in a relatively new animal model of T2D, the 

ZDSD rat.  While the ZDSD is fast becoming the golden standard of T2D research, this study 

questioned whether it is appropriate for diabetic skeletopathy investigations.  We will 

quantitatively assess   T2D effects on adipocytes, osteoblast, osteocyte numbers, and evaluate 

the impact of T2D on TGFB1 and BMP3 expression in bone tissue.  Finally, the extracellular 

expression of AGEs, and quantify AGEs immunopositive cells will be assessed. 
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5.1 MATERIALS AND METHODS 

5.1.1  Rat model for diabetes type 2. 

Rats were handled as described in section 2.1.2 

 

5.1.2 Termination and bone harvesting 

Rats were injected with a lethal intraperitoneal dose of 1 ml sodium pentobarbital (Euthanase, 

200 mg/ml; Kyron Laboratories (Pty) Ltd, South Africa), then immersed in 10% buffered formalin, 

after abdominal and limb incisions were made, to facilitate penetration of the fixative.     Posterior 

left and right limbs were removed, and muscles were cleaned out of the femur.  Individual bones 

were then stored in 10% buffered formalin to continue fixation until further processing.  Left 

femora were used for immunohistochemical investigations. 

 

5.1.3 Tissue processing for immunohistochemical techniques 

Bone samples were fixed in 10% buffered formalin for a minimum of 14 days, then decalcified in 

20% w/v ethylenediaminetetraacetic acid (EDTA, pH 7.4) for 10 days in an incubator with regular 

gentle shaking at 45˚C.  The bones were then rinsed, and their proximal epiphysis severed about 

3mm below the inferior trochanter, then immersed in 10% buffered formalin for 24 hours before 

processing for histology.   An automatic processor (Citadel 2000, Thermo Fischer Scientific) was 

used to take the samples through ascending grades of ethanol prior to embedding in paraffin 

wax.  During embedding, bone samples were orientated longitudinally to minimize differences in 

the sectioning angle.  Bone sections were cut at 5μm thickness using a microtome (Leica RM2125 

RTS, Leica Biosystems, USA) and mounted on silane-coated glass slides.  Section sequences were 

mounted in order for specific stains, namely; Hematoxylin and Eosin  to assess femoral head and 

neck morphology, and to quantify adipocyte number as well as immunolocalization of TRAP, ALP, 

BMP3, TGFβ1 and AGEs for the same regions.  

 

5.1.4 Haematoxylin and Eosin (H&E) stain 

This method is also used to determine normal tissue structure (Totty, 2002). Sections were 

dewaxed in xylene for 10 minutes and hydrated by passing through 3 changes (1 minute each) of 



Chapter 5 Femur immunohistochemistry 
 

110 
 

absolute alcohol followed by 90% and 70% alcohol (1 minute each) and eventually into running 

tap water for 1 minute. The sections were then stained for 10 min in haematoxylin, differentiated 

in periodic acid for 10 seconds, rinsed in tap water for a minute, blued in Scott’s tap water for 2 

minutes, and rinsed again in tap water. The cytoplasm was stained with eosin by immersing the 

sections in 70% alcohol followed by eosin for 2 minutes. The sections were then dehydrated in 

increasing concentrations of alcohol before they were mounted in entellen. 

 

5.1.5 Immunohistochemistry for TRAP, ALP, BMP3, TGFβ1, AGE in the femoral head and neck  

Immunohistochemistry was conducted using the anti-TRAP antibody (ab185716) for osteocytes 

detection, anti-ALP antibody (ab108337) for osteoblasts and anti-AGE antibody (ab23722) AGEs, 

anti-BMP3 antibody (ab134724) and anti-TGF beta 1 antibody (ab92486).  All antibodies were 

sourced from Abcam.   Sections were placed in an incubator at 400C for 30 minutes and then 

deparaffinized and rehydrated in a series of graded alcohols.  They were then immersed in a 

citrate buffer (pH=6) and placed in a water bath set at 600C for 24 hours, to facilitate antigen 

retrieval.   After 24 hours sections were cooled at room temperature for 20 minutes then rinsed 

3 x 5minutes times in PBS (pH=7.4).  Endogenous peroxidase was blocked with 1% hydrogen 

peroxide (H2O2) and then the sections were washed in PBS 3 x 5 minutes.  Sections were 

transferred to a perspex plate and incubated with the primary antibodies at appropriate dilutions 

(TRAP; 1: 100, ALP; 1:200, AGE; 1: 10 000, TGFβ1, 1:400, BMP3 1: 75) and placed at 40C overnight.  

After 24 hours, sections were left on the benchtop for 20 minutes to reach room temperature 

before washing in PBS 3 x 5 minutes.  The slides were then incubated in biotinylated secondary 

antibody (Biotinylated Goat Anti-Rabbit IgG (H+L) (ab64256) for 10 minutes, and again washed in 

PBS 3 x 5 minutes.  Sections were then incubated in streptavidin HRP for 10 minutes (ab64269) 

for detection and to enhance the binding of the antibodies.  This was followed by 3 x 5 minutes 

rinses in PBS (pH=7.4).   The slides were then incubated with 3-3’ di-aminobenzidine (DAB) 

working solution while monitoring color development under a light microscope.  Once optimal 

staining was achieved the sections were, rinsed in running tap water for 5 minutes, then 

dehydrated through graded alcohol, cleared in xylene and eventually mounted in entellen. 
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5.1.6 Photography, quantification, and staining intensity of ROI (region of interest) 

A light microscope (Zeiss Axioscope 2 plus) fitted with an axiocam HRC digital camera  (Zeiss, 

Germany) connected to a PC (Hewlett-Packard, South Africa) was used to take photomicrographs 

of the stained slides. Photomicrographs were taken under different magnification scales, 50x, 

200x and 400x for anatomical orientation, quantification and cellular detail respectively.     

Anatomical landmarks were determined for both the femoral head and neck, using the H&E 

stained slides, to create consistency in quantification and staining analysis.  Non adjacent fields 

were selected, two above and two below the epiphyseal growth plate for the femoral head, and 

three non-adjacent fields were selected in the femoral neck (Fig. 5.1). Photomicrographs were 

imported into Fiji Image-J software (National Institute of Health USA) for further analysis.   TRAP 

positive osteocytes (Nakano et al., 2004; Dole et al., 2017), ALP positive osteoblasts (Miao and 

Scutt, 2002), AGEs positive bone cells and adipocytes were identified as specified in previous 

literature (Ferland-McCollough et al., 2018).   Cells were counted manually by the investigator at 

different times in the same region to check for consistency.  Immunolocalization for anti-AGEs 

antibody, anti-BMP3 antibody, and anti-TGFβ1 antibody was performed. These were graded as 

no stain, mild, moderate and intense staining. 

 

 

 

 

 

 

 

Figure 5.1: Head of the femur regions of interest. Scale bar represents 100µm  
 

 

5.1.7 Data analysis 

The data were managed in Microsoft Excel 2016 (Microsoft Corporation) and all data were 

analyzed using SPSS® version 28 (IBM®) The data was tested for normality using the Shapiro Wilks 
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test, the data was found to be normally distributed, and a One-Way ANOVA with LSD post-hoc 

test was applied for multiple group comparisons.  Ordinal data for staining intensity were 

assigned grading scales of no stain (0), mild (1), moderate (2) and intense (3).   All data (ordinal 

and numeric), significance level was set at p < 0.05. 
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5.2 RESULTS 

5.2.1 General histology and adipocyte infiltration in the femur head and neck  

Estimate of adipocyte numbers in the femoral head of 20 and 28-week-old rats  

Controls exhibited normal bone marrow cells as opposed to diabetic groups that had extensive 

adipocyte infiltration (Fig. 5.3, (a, c; b, d, e respectively). The SD20WK controls mean=31.00±9.98) 

had fewer adipocyte numbers compared to ZDSD20WK (mean=55.83±9.26) (p<0.001) in the 

femoral head (Figs. 5.2 and 5.3, a-b).  This trend of fewer adipocytes in SD28WK controls 

(mean=24.64±8.32) was maintained when compared with ZDSD28WK-MOD (mean=89.74±14) 

and ZDSD28WK-SVD (mean=71.33±6.79) (p<0.001) (Fig. 5.2 and Fig. 5.3, c-e).  No age differences 

were observed in the SD controls (p=0.281) in this femoral region. In contrast, the ZDSD groups 

had more adipocytes at 28 weeks (p<0.001; p=0.015 respectively) (Fig. 5.2). 

 
Figure 5.2 Adipocytes in the femoral head. Box-and-whisker plots of adipocyte estimation in 
various study groups. The line inside the box represents the mean, whereas the bottom and top 
lines of the box show the 25th and 75th percentiles, respectively. The whiskers below and above 
the box show the minimum and maximum values, respectively. 
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.573 and #; p=0.742; p=0.668 comparing 
ZDSD20WK against the ZDSD28WK-MOD and ZDSD28WK-SVD, respectively. 
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Figure 5.3: Femoral head general histological appearance. Adipocytes are the large round cells 

with a clear cytoplasm as depicted by the arrows in the insert Scale bar represents 100µm and 

applies to all. 

 
Estimate of adipocyte numbers in the femoral neck of 20 and 28-week-old rats 

In the femoral neck, there was an even distribution of adipocytes (Fig. 5.5). No statistical 

differences were detected in adipocyte numbers between the SD20WK controls 

(mean=5.50±3.78) and ZDSD20WK (mean=6.50±4.42) (p=0.633) (Figs. 5.4 and 5.5, a-b). Similarly, 

no differences in adipocyte quantities were observed between the SD28WK controls 

(mean=5.57±3.46) when contrasted ZDSD28WK-MOD (mean=4.89±3.72) and ZDSD28WK-SVD 

ZDSDs (mean= 5.17±2.14) (p=0.709; p=0.884 respectively) (Figs. 5.4 and 5.5, c-e). No age 

differences were observed for both 20 and 28-week SD controls (p=0.972) and ZDSD groups 

(p=0.402; p=0.525 respectively) (Fig. 5.4). 
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Figure 5.4: Adipocytes in the femoral neck. Box-and-whisker plots of adipocyte estimation in 
various study groups.  The line inside the box represents the mean, whereas the bottom and top 
lines of the box show the 25th and 75th percentiles, respectively. The whiskers below and above 
the box show the minimum and maximum values, respectively. 
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.573 and #; p=0.742; p=0.668 comparing 
ZDSD20WK against the ZDSD28WK-MOD and ZDSD28WK-SVD, respectively.  
 
 

 

 

 

 

 

 

 

 

Figure 5.5: Femoral neck general histological appearance. Adipocytes are the large round cells 
with a clear cytoplasm as depicted by the arrow in the insert Scale bar represents 100µm and 
applies to all. 
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5.2.2 Estimate of osteocyte quantity in the femoral head of 20 and 28-week-old rats 

Cells expressing TRAP (Osteocytes) 

The ZDSD20WK rats (mean=96.50±24.11) showed significantly more TRAP positive cells than 

SD20WK controls (mean=65.79±6.70) in the femoral head (p=0.001) (Figs. 5.6 and 5.7 a-d).  A 

similar trend was observed at 28 weeks, where the ZDSD28WK-MOD (mean=72.51 ±12.43) and 

ZDSD28WK-SVD (mean=73.60 ±15.58) demonstrated significantly more TRAP positive cells than 

SD28WK controls (mean=44.90 ±12.91) (p=0.001; p=0.002, respectively) (Figs. 5.6 and 5.7 e-j). 

Age differences were observed for both SDs and ZDSDs, with fewer TRAP positive cells expressed 

at 28 weeks compared to 20 weeks (p=0.019; p= 0.005 respectively) (Fig. 5.6). 

 

Figure 5.6: TRAP immunopositive cells quantity in the femoral head. Box-and-whisker plots of 
osteocyte estimation in various study groups. The line inside the box represents the mean, 
whereas the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The 
whiskers below and above the box show the minimum and maximum values, respectively.  
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.019 and #; p=0.005, comparing ZDSD20WK 
against ZDSD28WK-MOD and ZDSD28WK-SVD. 
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Figure 5.7: Femoral head TRAP Immunopositive osteocytes. The osteocytes are embedded in 
the bone matrix as depicted by the arrows in the insert and are found throughout a-j. Scale bar 
represents 100µm and applies all photomicrographs. 
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5.2.3 Estimate of osteocyte quantity in the femoral neck of 20 and 28-week-old rats 

Cells expressing TRAP (Osteocytes) 

At 20 weeks, SD20WK (mean=50.61±10.16) and ZDSD20WK (mean=46.45±12.84) exhibited 

similarities in the number of TRAP positive cells in the femoral neck (p=0.44) (Figs. 5.8 and 5.9 a-

d).  At 28 weeks these cell numbers were similar for the SD28WK controls (mean=39.31 ±9.03) 

and ZDSD28WK-MOD (mean= 40.44±7.93) (p=0.809) but not the ZDSD28WK-SVD group 

(mean=54.11±4.75) (p=0.007) (Figs. 5.8 and 5.9 e-j). Age differences were observed in the 

expression of TRAP positive cells in both SD controls and ZDSDs.  With the exception of the 

ZDSD28WK-SVD, all other groups had fewer cells at 28 weeks compared to 20 weeks (p<0.001; 

for all comparisons). The ZDSD28WK-SVD showed more TRAP positive cells than the ZDSD20WK 

comparison (p<0.001) (Fig. 5.8). 

 

Figure 5.8: TRAP immunopositive cells in the femoral neck. Box-and-whisker plots of osteocyte 
estimation in various study groups. The line inside the box represents the mean, whereas the 
bottom and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers 
below and above the box show the minimum and maximum values, respectively. 
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks, 
moderately diabetic and severely diabetic, respectively. *, #; p<0.001 for respective age comparisons.  
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Figure 5.9: Femoral neck TRAP Immunopositive osteocytes . The osteocytes are embedded in 
the bone matrix as depicted by the arrows in the insert and are found throughout a-j. Scale bar 
represents 100µm and applies all photomicrographs. 
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5.2.4 Estimate of osteoblast quantities in the femoral head of 20 and 28-week-old rats 

Cells expressing ALP (Osteoblasts) 

The SD20WK (mean=20.34±4.51) showed higher numbers of ALP positive cells than ZDSD20WK 

(mean=3.65±1.00) in the femoral head (p<0.001) (Figs. 5.10 and 5.11 a-d). This trend was 

maintained at 28 weeks, where SD28WK controls (mean=19.10±3.83) recorded higher ALP 

positive cell numbers than ZDSD28WK-MOD (mean=5.34±1.09) and ZDSD28WK-SVD 

(mean=4.65±0.77) (p<0.001) (Figs. 5.10 and 5.11 e-j). Age similarities were observed in the 

expression of ALP positive cells between SD20WK and SD28WK (p=0.413) as well as both ZDSD 

groups in this region (p=0.241; p=0.524 respectively) (Fig. 5.10). 

 

Figure 5.10: ALP immunopositive cells quantity in the femoral head. Box-and-whisker plots of 
osteoblast estimation in various study groups. The line inside the box represents the mean, 
whereas the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The 
whiskers below and above the box show the minimum and maximum values, respectively.  
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.413 and #; p=0.241; p=0.524 comparing 
ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively. 
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Figure 5.11: Femur  ALP Immunopositive osteoblasts The osteoblasts lining bone marrow spaces 
are depicted by arrows in the insert and are found throughout a-j. Scale bar represents 100µm 
and applies all photomicrographs. 
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5.2.5 Estimate of osteoblast quantities in the femoral neck of 20 and 28-week-old rats 

Cells expressing ALP (Osteoblasts) 

In the femoral neck, SD20WK (mean=7.63±1.36) exhibited more ALP positive cells than 

ZDSD20WK (mean=2.74±0.65) (p=0.001) (Figs. 5.12 and 5.11 a-d). This trend was maintained at 

28 weeks with SD28WK controls (mean=17.08 ±4.27) recording higher numbers than the 

ZDSD28WK-MOD (mean=3.41±0.95) and ZDSD28WK-SVD (mean=3.64±1.42) (p<0.001; p<0.001 

respectively) (Figs. 5.12 and 5.11 e-j). Age differences in the number of ALP positive cells were 

only observed in the comparison of SD20WK and SD28WK controls, being more in the latter 

(p<0.001).  In contrast, ZDSD groups had a similar number of these cell irrespective of age 

(p=0.241; p=0.524 respectively) (Fig. 5.12). 

 
Figure 5.12: ALP immunopositive cells quantity in the femoral neck. Box-and-whisker plots of 
osteoblast estimation in various study groups. The line inside the box represents the mean, 
whereas the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The 
whiskers below and above the box show the minimum and maximum values, respectively.  
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p<0.001 and #; p=0.241; p=0.524 comparing 
ZDSD20WK against the ZDSD28WK-MOD and ZDSD28WK-SVD, respectively. 
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5.2.10 TGFβ1 expression in the femoral head of 20-week-old and 28 week old rats 

Majority of the SD20WK controls (n=4; 66.67%) had moderate staining, with 2 rats (33.33%) 

exhibiting moderate staining to TGFβ1 (Table 5.1 and Fig 5.13).  In comparison, all the ZDSD20WK 

had mild staining (n=6; 100%).  Statistical significance was observed between the two groups 

(p=0.002) (Table 5.3). All SD28WK controls (n=7; 100%) showed mild staining, while there was no 

staining in the majority of ZDSD28WK-MOD (n=6; 66.67%) with 3 rats that exhibited mild staining 

(33.33%) (Table 5.1 and Fig 5.13).  All the ZDSD28WK-SVD (n=6; 100%) had zero staining.  

Differences between the SD28WK controls and both groups of age matched ZDSDs showed 

statistical significance (p<0.001).  Age differences were observed in both the SDs (p=0.001) and 

ZDSD groups (p<0.001; for both) (Table 5.1).   

 

Table 5.1: Femoral head TGFβ1 immunopositivity  

Femur head TGFB1 

Group 
 No stain Mild Moderate Intense 

p value 
N Count % Count % Count % Count % 

SD20WK 6 0 0 2 33.33 4 66.67 0 0  
ZDSD20WK 6 0 0 6 100 0 0 0 0 p=0.002 
SD28WK 7 0 0 7 100 0 0 0 0  
ZDSD28WK-MOD 9 6 66.67 3 33.33  0 0 0 p=0.001 
ZDSD28WK-SVD 6 6 100 0 0 0 0 0 0 #p,0.001 

# Comparison of SD28WK with ZDSD-SVD 

 

 

 

 

Figure 5.13: TGFβ1 immunopositivity grading  

Figure 5.13: Femur TGFβ immunopositivity grading. Scale bar represents 100µm and applies all 
photomicrographs. 
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5.2.11 TGFβ1 expression in the femoral neck of 20 week old and 28 week old rats 

All SD20WK (n=6; 100%) exhibited mild immunopositivity, while all the ZDSD20WK (n=6; 100%) 

displayed zero immunopositivity, with statistical significance (p<0.001) (Table 5.2 and Fig 5.13).  

At 28 weeks, all SD28WK controls (n=7; 100%) exhibited mild immunopositivity, the majority of 

ZDSD28WK-MOD (n=6; 66.67%) had zero immunopositivity, and 3 rats (33.33%) showed mild 

immunopositivity (Table 5.2 and Fig 5.13).  All ZDSD28WK-SVD (n=6; 100%) had zero 

immunopositivity.  Statistical significance was observed between the SD28WK and ZDSD28WK-

MOD and ZDSD28WK-SVD (p<0.001, for both) (Table 5.2). No age differences were observed in 

the SD controls (p=1.000), whereas differences were observed in the ZDSD28WK-MOD (p=0.023) 

but not the ZDSD28WK-SVD (p=1.000) (Table 5.2).   

 

Table 5.2: Femoral neck TGFβ1 immunopositivity  

Femur neck TGFB1 

Group 
 No stain Mild Moderate Intense 

p value 
N Count % Count % Count % Count % 

SD20WK 6 0  6 100 0 0 0 0 p<0.001 ZDSD20WK 6 6 100 0  0 0 0 0 
SD28WK 7 0 0 7 100 0 0 0 0  
ZDSD28WK-MOD 9 6 66.67 3 33.33 0 0 0 0 p<0.001 
ZDSD28WK-SVD 6 6 100 0 0 0 0 0 0 #p<0.001 

# Comparison of SD28WK with ZDSD-SVD 

 

5.2.12 BMP3 expression in the femoral head of 20 week old and 28 week old rats 

A higher proportion of the SD20WK (n=4; 66.67%) rats in the study showed no BMP3 expression, 

with only few rats showing (n=2; 33.33%) a mild expression. In contrast, mild expression was 

detected in the majority of ZDSD20WK (n=5; 83.33%) with 1 animal exhibiting moderate 

expression (16.78%) (p=0.002) (Table 5.3 and Fig 5.14).  All SD28WK controls had mild 

immunopositivity (n=7; 100%), again the majority of ZDSD28WK-SVD had mild immunopositivity 

(n=5; 83.33%) with 1 animal exhibiting moderate immunopositivity (16.67%) (p=0.486), whereas 

the majority of ZDSD28WK-SVD exhibited moderate immunopositivity (n=5; 55.67%) with mild 

immunopositivity shown by the rest of the rats (n=4; 44.44%) (p=0.015) (Table 5.3 and Fig 5.14).   
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Age differences were observed in BMP3 expression in SDs (p=0.008) whereas similarities were 

observed in the ZDSD groups (p=0.093; p=1.000 respectively) (Table 5.3). 

  



Chapter 5 Femur immunohistochemistry 
 

126 
 

Table 5.3: Femoral head BMP3 immunopositivity  

Femur Head BMP3 

Group 
 No stain Mild   Moderate Intense  

p value 
N Count % Count % Count % Count % 

SD20WK 6 4 66.7 2 33.3 0 0 0 0 
p=0.002 

ZDSD20WK 6 0 0 5 83.3 1 16.7 0 0 
SD28WK 7 0 0 7 100 0 0 0 0  

ZDSD28WK-MOD  9 0 0 4 44.4 5 55.6 0 0 p=0.015 
ZDSD28WK-SVD  6 0 0 5 83.3 1 16.7 0 0 #p=0.486 
# Comparison of SD28WK with ZDSD-SVD 

 

 

 

 

 

Figure 5.14: Femur BMP3 immunopositivity grading. Scale bar represents 100µm and applies all 
photomicrographs. 
 

5.2.13 BMP3 expression in the neck of 20-week-old and 28 week old rats 

Majority of the SD20WK controls (n=4; 66.78%) had mild immunopositivity while 2 rats (33.33%) 

had no detectable immunopositivity for BMP3.  In the ZDSD20WK, majority of rats exhibited mild 

immunopositivity (n=5; 83.30%) and only 1 animal had moderate immunopositivity (16.70%) 

(Table 5.4 and Fig 5.14).  Similarities were observed between the SD20WK and ZDSD20WK 

(p=0.069). The SD28WK controls, majority of the rats exhibited mild immunopositivity (n=6; 

85.78%), one animal (16.78%) had moderate immunopositivity (Table 5.4 and Fig 5.14).  The age 

matched ZDSD28WK-MOD had more rats (n=5; 55.67%) with moderate immunopositivity while 

4 rats (44.44%) showed mild immunopositivity.  The ZDSD28WK-SVD had a majority of rats (n=5; 

83.33%) with mild immunopositivity and 1 animal exhibiting moderate immunopositivity 

(16.78%) (Table 5.4 and Fig 5.14).  Similarities were observed between SDs and ZDSD28WK-SVD 

but not the ZDSD28WK-MOD (p=0.234; p=0.005, respectively) (Table 5.6).  No age differences 
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were observed between SDs (p=0.461) as well as the all ZDSD groups (p=0.0.118; p=1.000, 

respectively) (Table 5.4).   

 

Table 5.4: Femoral neck BMP3 immunopositivity  

Femur neck BMP3 
Group   No stain Mild Moderate Intense   p value 

N Count % Count % Count % Count %   
SD20WK 6 2 33.33 4 66.78 0 0 0 0 p=0.069 
ZDSD20WK 6 0 0 5 83.33 1 16.78 0 0  
SD28WK 7 1 14.3 6 85.78 0 0 0 0   
ZDSD28WK-MOD  9 0 0 4 44.44 5 55.67 0 0 p=0.005 
ZDSD28WK-SVD  6 0 0 5 83.33 1 16.78 0 0 #p=0.234 

# Comparison of SD28WK with ZDSD-SVD 

 
5.2.6 Percentage estimate of cells expressing AGE in the femoral head of 20 and 28-week-old 
rats 

SD20WK (mean=31.00%±9.98) presented a smaller proportion of AGE positive cells compared to 

ZDSD20WK (mean=55.83% ±9.26) in the femoral head (p<0.001) (Figs. 5.15 and 5.16 a-d).  Again 

at 28 weeks, a smaller proportion of these cells occurred in the SD28WK controls (mean=29.57% 

±6.64) compared to the ZDSD28WK-MOD (mean=66.99% ±15.56) and ZDSD28WK-SVD 

(mean=67.86%±12.40) (p<0.001 for both comparisons) (Figs. 5.15 and 5.16 e-j).  There were no 

age differences observed for both SD controls (p=0.573) and ZDSDs (p=0.742; p=0.668) in this 

femoral region (Fig. 5.15). 

 

(b) 
(d) 
(f) 
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Figure 5.15: Advanced glycation end products (AGEs) immunopositive cells quantity in the 
femoral head. Box-and-whisker plots of AGEs cell estimation in various study groups. The line 
inside the box represents the mean, whereas the bottom and top lines of the box show the 25th 
and 75th percentiles, respectively. The whiskers below and above the box show the minimum and 
maximum values, respectively.  
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.573 and #; p=0.742; p=0.668 comparing 
ZDSD20WK against the ZDSD28WK-MOD and ZDSD28WK-SVD, respectively. 
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Figure 5.16 Femoral head: AGEs immunopositive cells.  Immunopositive cells are depicted by 
arrows in the insert and are found throughout a-j. Scale bar represents 100µm and applies all 
photomicrographs 
 
 
 
  

(a) 
(c) 

(e) (i) (j) 
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5.2.7 Percentages estimate of cells expressing AGE in the femoral neck of 20 and 28-week-old 
rats 

In the femoral neck, the ZDSD20WK (mean=34.36% ±4.27)   exhibited a higher AGEs proportion 

compared to the SD20WK controls (mean=13.06% ±3.95) (p<0.001) (Figs. 5.17 and 5.16 a-d).  

Similarly at 28 weeks, SD28WK controls (mean=14.31% ±3.99) expressed a larger proportion of 

AGE positive cells compared to the ZDSD28WK-MOD (mean=46.41% ±4.49) and the ZDSD28WK-

SVD (mean=51.10% ±9.93) (p<0.001) (Figs. 5.17 and 5.16 e-j).  Age differences were observed in 

the ZDSD groups, with an increased proportion of AGEs at 28-weeks (p<0.001) but not in the SD 

control group (p=0.911) (Fig. 5.17). 

 
Figure 5.17: Advanced glycation end products (AGEs) immunopositive cells quantity in the 
femoral neck. Box-and-whisker plots of AGEs cell estimation in various study groups. The line 
inside the box represents the mean, whereas the bottom and top lines of the box show the 25th 
and 75th percentiles, respectively. The whiskers below and above the box show the minimum and 
maximum values, respectively.  
SD20WK and SD28WK, Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD, Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively.  *; p=0.573 and #; p=0.742; p=0.668 comparing 
ZDSD20WK against the ZDSD28WK-MOD and ZDSD28WK-SVD, respectively. 
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5.2.8 AGE expression in the femoral head of 20-week-old rats and 28 week old rats 

All (n=6; 100%) SD20WK exhibited mild expression of extracellular AGEs, while majority of the 

ZDSD20WK (n=5; 83.33%) showed mild immunopositivity with only 1 animal (16.70%) with 

moderate immunopositivity (Table 5.5 and Fig 5.18).  There were similarities between the 

SD20WK and ZDSD20WK (p=0.609) (Table 5.1).  Again at 28 weeks, all SD28WK (n=7; 100%) had 

mild immunopositivity while the ZDSD28WK-MOD, 2 rats (22.22%) exhibited mild 

immunopositivity, 4 rats (44.44%) had moderate immunopositivity, with 3 rats (33.33%) showing 

intense immunopositivity (Table 5.5 and Fig 5.18).  The ZDSD28WK-SVD had half the rats (50%) 

exhibiting intense immunopositivity, with 2 rats (33.33%) and only one animal (16.67%) showing 

moderate and mild expression respectively (Table 5.5 and Fig 5.18).  Statistical significance was 

observed between the SD28WK controls and both diabetic groups (p<0.001) (Table 5.1).  There 

were age differences between ZDSDs groups (p=.0.003; p=0.001 respectively), but not the SD 

controls (p=1.000) (Table 5.5). 

 

Table 5.5: Femoral head AGEs immunopositivity  

Femur Head AGE 

Group 
  No stain  Mild Moderate Intense  p value 
N Count % Count % Count % Count %  

SD20WK 6 0 0 6 100 0 0 0 0 
p=0.609 

ZDSD20WK 6 0 0 5 83.33 1 16.7 0 0 
SD28WK 7 0 0 7 100 0 0 0 0   
ZDSD28WK 9 0 0 2 22.22 4 44.44 3 33.33 p<0.001 
ZDSD28WKOVERT 6 0 0 1 16.7 2 33.33 3 50 #p<0.001 

# Comparison of SD28WK with ZDSD-SVD 

  

 

 

Figure 5.18: AGEs immunopositivity grading  

5.2.9 AGE expression in the femoral neck of 20 week old rats and 28 week old rats 

 

Figure 5.18: Femur AGEs immunopositivity grading. Scale bar represents 100µm and applies all 
photomicrographs 
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All 6 rats (100%) presented with mild immunopositivity for AGEs in the SD20WK controls and 

ZDSD20WK (n=6; 100%) (p=1.000).  At 28 weeks, all SD28WK controls (n=7; 100%) had a mild 

expression, whereas majority of diabetic ZDSDs (n=4; 44.44%) had moderate immunopositivity 

with 2 rats exhibiting intense immunopositivity while only 2 rats (22.22%) had mild 

immunopositivity (Table 5.6 and Fig 5.18).  Most of the ZDSD28WK-SVD (n=4; 66.67%) exhibited 

intense immunopositivity with the remaining 2 rats (33.33%) showing moderate 

immunopositivity (Table 5.6 and Fig 5.18).  A comparison between the SD28WK with the 

ZDSD28WK-MOD and ZDSD28WK-SVD, indicates statistical significance (p=0.001; p<0.001 

respectively) (Table 5.6).  Age differences were not observed between SD controls (p=1.000) but 

were apparent in the ZDSD28WK-MOD and ZDSD28WK-SVD (p=0.001; p<0.001) (Table 5.6). 

 

Table 5.6: Femoral neck AGEs Immunopositivity  

Femur neck AGE 

Group 
  No stain Mild Moderate Intense   
N Count % Count % Count % Count % p value 

SD20WK 6 0 0 6 100 0 0 0 0 p=1.00 ZDSD20WK 6 0 0 6 100 0 0 0 0 
SD28WK 7 1 0 7 100 0 0 0 0   
ZDSD28WK-MOD  9 0 0 3 33.3 4 44.44 2 22.22 p=0.001 
ZDSD28WK-SVD  6 0 0 0 0 2 33.33 4 66.7 #p<0.001 
# Comparison of SD28WK with ZDSD-SVD 
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5.3 DISCUSSION 

 The ZDSD rat seems to be increasingly adopted as a translational model of T2D. However, 

diabetic skeletopathy investigations using ZDSDs are scarce and this study is among the few. this 

study interrogate the hypothesis that T2D increases bone adiposity (Piccinin and Khan, 2014; Kim 

and Schafer, 2016; Ferland-McCollough et al., 2018)(Piccinin and Khan, 2014; Kim and . To 

achieve this, adipocytes were quantified in the femoral head and neck. We found that ZDSD 

groups had higher adipocyte numbers. We then employed immunolabeling methods for 

detection of ALP (osteoblasts) and TRAP (osteocytes) positive cells to evaluate the balance in the 

quantity of these cells involved in bone remodeling. More TRAP immunopositive cells were found 

in the ZDSD, with fewer ALP immunopositive cells. To understand the role of cytokines in 

regulating the quantities of osteoblasts and osteocytes in the ZDSD rat bone, the study assessed 

the expression of one osteogenic cytokine (TGFB1) as well as an antagonist (BMP3). The ZDSD 

groups had less osteogenic cytokine (TGFB1) expression, with more of the antagonist (BMP3) 

expression. Finally, the study  quantified AGEs immuno-positive bone cells together with AGEs 

extracellular expression in the femoral head neck. This showed that T2D increases the number of 

AGEs immuno-positive cells as well as its extracellular expression.  

 

Adiposity in the femoral head and neck  

T2D was found to contribute towards bone marrow adiposity (Kim and Schafer, 2016) in both 

humans (Sheu et al., 2017) and animal models (Devlin et al., 2014). This contributes to 

skeletopathy through the development of adipogenic cell lines and suppression of osteogenic cell 

lineages (Gillet et al., 2017; Ferland-McCollough et al., 2018). In the present study all ZDSDs 

exhibited higher adipocyte numbers in the femoral head, but not in the femoral neck.   This 

observation confirms that T2D increases the accumulation of adipocytes in the femoral head, and 

possibly contributes to increased bone fragility reported in T2D (Kim and Schafer, 2016; Gillet et 

al., 2017; Ferland-McCollough et al., 2018).   Although the femoral neck has the highest fracture 

risk, our observations suggest that T2D induced adiposity is not a contributory factor to the 

increased susceptibility of the femoral neck to fracture (Moseley, 2012; Valderrabano and 

Linares, 2018). Age differences were observed, with older rats (28 weeks) recording more 
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adipocytes numbers in the femoral head but not in the femoral neck.   This observation suggests 

that age,    hyperglycemia encourages femoral head trabeculae bone adiposity at disease onset 

and latter stages of diabetes T2D (Kim and Schafer, 2016; Gillet et al., 2017; Ferland-McCollough 

et al., 2018).   

 

 TRAP as a marker for osteocytes  

TRAP is typically used as a reliable marker for osteoclasts and osteoclast-precursors (Nakano et 

al., 2004).  However, recent studies show that osteocytes express this bone matrix catabolic 

enzyme during bone remodeling (Nakano et al., 2004; Qing et al., 2012; Kaya et al., 2017).  Recent 

literature has established that osteocytes in their various developmental stages also express 

TRAP (Kaya et al., 2017), including at their apoptotic phase (Nakano et al., 2004). Considering 

this, the present study used TRAP immunopositivity as a maker for osteocytes. Osteocytes are 

involved in bone matrix resorption in two ways as follows: (i) TRAP produced by osteocytes 

directly resorbs bone matrix (ii), apoptotic osteocytes attract osteoclast precursors to their 

immediate environment.  This ability to express TRAP enables osteocytes to participate in bone 

remodeling via a network of canaliculi and gap junctions. This network is reduced in T2D while 

remodeling is accentuated therefore increasing the propensity to fracture (Burger, 1998; Kaya et 

al., 2017; Picke et al., 2019).   

 

TRAP positive osteocytes in the femoral head and neck 

In the femoral head, ZDSDs had more TRAP immnopositive cells irrespective of age.  This suggests 

that active bone remodeling by osteocytes occurs throughout the diabetic state in the femoral 

head.  In contrast, the femoral neck, exhibited similarities in the number of TRAP positive cells 

irrespective of age, except for the overt ZDSDs that had more TRAP immuno-positive cells at 28 

weeks. This suggests that bone remodeling may be accentuated by the presence of 

hyperglycemia and coupled with ageing in the femoral neck.    This finding may possibly explain 

the higher prevalence of femoral neck fractures than femoral head fractures in T2D (Moseley, 

2012; Valderrabano and Linares, 2018).   
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In both the SD and ZDSD femoral head and neck, TRAP positive cells decreased with age except 

for the overt ZDSD femoral neck where there was an increase.    The age-related reduced numbers 

of TRAP immunopositive cells in SD controls and ZDSDs, could be attributed to normal physiologic 

cell apoptosis or it could be diabetes induced.   Increased osteocyte apoptosis was reported in 

T2D (Picke et al., 2019) although it also occurs as a normal physiological process in bone 

homeostasis (Plotkin et al., 2019).   

 

ALP positive osteoblasts in the femoral head and neck 

Osteoblasts express the osteogenic enzyme ALP, which is also used as a bone turnover marker.  

Its function is to synthesize collagen, secrete osteoid and mineralize the organic matrix (Čepelak 

and Čvorišćec, 2009; Bhattarai et al., 2014; Florencio-Silva et al., 2015).  In the present study, ALP 

immunopositive cells were fewer in the ZDSDs in both the femoral head and neck, in all age 

groups.    No age-related changes were observed in ALP positive cells throughout the duration of 

the diabetic state in both femoral regions studied.  This study confirms our hypothesis that T2D 

compromises osteoblastogenesis in the femoral head and neck, at all stages of the diabetic state.  

Our finding possibly explains the reduced osteoid volume and increased bone fragility found in 

T2D subjects (Ahmad et al., 2003; Blakytny et al., 2011; Hamann et al., 2011; Picke et al., 2019).  

IHC studies on distal femurs of insulin resistant ZDF rat models reported suboptimal matrix 

mineralization and reduced osteoblast numbers (Ahmad et al., 2003; Blakytny et al., 2011; 

Hamann et al., 2011).  The results of our study on the ZDSD rat femur are aligned to these 

findings. 

 

AGEs immunopositive bone cells and extracellular AGE expression in the femoral head and neck 

T2D exacerbates the expression of intracellular and extracellular AGEs in various tissues including 

bone tissue (Goldin et al., 2006).   AGEs are incorporated into the intracellular domain and alter 

intracellular signaling processes that encode for osteoblast, osteoclast, and osteocyte functions, 

adversely affecting bone turnover and bone quality (Kislinger et al., 1999; Singh et al., 2014; 

Creecy et al., 2016; Plotkin et al., 2019).   Within the extracellular matrix, AGEs crosslink bone 

matrix collagen fibrils and negatively affect the binding of collagen to adhesive matrix molecules 



Chapter 5 Femur immunohistochemistry 
 

136 
 

(Goldin et al., 2006), leading to increased bone fragility (Creecy et al., 2016).  The ZDSDs have a 

higher percentage of AGEs immuno-positive cells in the head and neck, for all groups, with the 

older rats showing more immuno-positive cells.   This finding suggests that T2D facilitates 

intracellular AGEs accumulation at disease onset and throughout the disease.  This intracellular 

AGEs accumulation compromises osteogenic cell lines, therefore, compromises bone turnover 

and bone quality (Kislinger et al., 1999; Singh et al., 2014; Creecy et al., 2016; Plotkin et al., 2019).  

Younger ZDSDs show a similar ECM expression of AGEs to their controls in both regions, while 

older rats show stronger expression with age, more especially the overtly diabetic group that 

exhibited intense immunopositivity at 28 weeks.   This study confirms an age dependent 

intracellular and extracellular AGE accumulation in T2D that is accentuated by overt 

hyperglycemia.   This could possibly explain the AGEs induced susceptibility of diabetic bone to 

fracture as reported previously (Goldin et al., 2006; Singh et al., 2014). 

 

Expression of the osteogenic cytokine, TGFβ1  

TGFβ1 is an osteogenic cytokine that exists as an extracellular complex that is translocated into 

the intracellular domain to regulate bone cell differentiation and function to maintain skeletal 

integrity (Ehnert et al., 2010; Yang et al., 2014; Wu et al., 2016). The ZDSDs exhibited less 

expression of extracellular TGFβ1 than controls in all age groups and regions.  This observation 

indicates that T2D reduces the expression of extracellular TGFβ1 irrespective of age.  This 

reduced extracellular expression could potentially compromise availability of the cytokine 

intracellularly. If correct, this may affect osteoblast numbers and function, leading to increased 

fracture risk associated with T2D (Wang et al., 2018).  Age differences were observed in ZDSDs in 

the femoral head where older (28 weeks) rats exhibit a reduced expression.   In the femoral neck, 

age differences were observed in the diabetic group but not the overtly diabetic group.  These 

observations imply that reduced expression of TGFβ1 becomes more pronounced with age in the 

femoral head. However, in the femoral neck, this reduced expression is experienced at disease 

onset and much later in the disease possibly contributing to the increased fracture risk of the 

femoral neck (Valderrabano and Linares, 2018). 
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Expression of the anti-osteogenic cytokine, BMP3 

BMP-3 is an anti-osteogenic cytokine that is secreted by osteoblasts and osteocytes, and it 

negatively regulates osteoblastogenesis by inhibiting osteoblast differentiation (Wu et al., 2016; 

Kokabu and Rosen, 2018).   Its effect manifests as reduced BMD, smaller trabeculae volume and 

thinner cortical bone (Gamer et al., 2009; Horbelt et al., 2012), therefore, increased bone fragility.  

Increased bone extracellular BMP3 expression in a mouse model led to spontaneous fractures 

while adult BMP3 knockout mice had increased bone mass (Kokabu and Rosen, 2018).   Majority 

of diabetic ZDSDs express more BMP3 in the head than the neck at 28 weeks. This finding 

suggests that T2D facilitates accumulation of the anti-osteogenic cytokine BMP3 much earlier in 

the femoral head than the neck.  No age differences were observed for both regions.  Our study 

demonstrates that T2D facilitates the accumulation of BMP3 at disease onset and latter stages 

of the disease, for both regions. This BMP3 accumulation possibly compromises bone turnover 

and (Kokabu and Rosen, 2018), and subsequent skeletal fragility (Gamer et al., 2009; Horbelt et 

al., 2012; Wu et al., 2016). BMP3 knockout mice were found to negatively affect 

osteoblastogenesis leading to increased bone fracture risk (Gazzerro and Canalis, 2006; Kokabu 

and Rosen, 2018).    

 

5.3.1 Conclusions          

This study has shown that diabetes increases adiposity in the ZDSD rat femoral head and neck. 

The high TRAP immunopositivity in the femoral neck ZDSD-28WK rats supports the commonly 

known high fracture risk in this bone region. On the other hand, fewer ALP immunopositive cells 

occurred in the ZDSDs, therefore, this study confirms our hypothesis that T2D compromises 

osteolysis and osteoblastogenesis in the femoral head and neck, at all stages of the diabetic state.  

The femoral neck exhibited reduced TGFB1 expression in both age groups showing that the 

reduction is experienced at disease onset and much later in the disease, possibly contributing to 

femoral neck weakness. We found that T2D increases the number of AGEs immuno-positive cells 

as well as its extracellular expression in the ZDSD rat femur. Our overall finding mean that 

osteoblast and osteocyte numbers are regulated by TGFβ1 and BMP3 in the ZDSD rat femur with 
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the influence of AGEs. In addition, our study demonstrates that T2D facilitates the accumulation 

of BMP3 at disease onset and latter stages of the disease, for both regions. 
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6.0 INTRODUCTION 

The endocrinology of type 2 diabetes (T2D) and its predisposing factors to have been studied 

extensively while its skeletal effects have received negligible research (Del Prato, 2009).  

Fractures in T2D are exacerbated by hyperglycemia and disease progression (Devlin et al., 2014).    

Proximal humerus fractures (PHF) account for 4 to 10% of all fractures, constituting the 2nd most 

common fractures of the upper arm (Chu et al., 2004; Iglesias-Rodriguez et al., 2021), and the 3rd 

commonest fracture site after the proximal femur and distal radius (Chen et al., 2021). A study 

on the humerus of female T2D Goto-Kakizaki rats demonstrated that fracture risk in T2D varies 

with specific sub regions in bones (Ahmad et al., 2003). This prompted our study to focus on the 

proximal humerus head of the Zuker Diabetic Sprague Dawley (ZDSD) rat.    

The cellular and molecular association between PHF and T2D has not been fully elucidated.  

However, previous studies suggest that T2D induces osteopenia (Chu et al., 2004) that 

compromises bone turnover (Martinez-Huedo et al., 2017; Schousboe et al., 2022), as well as an 

imbalance between pro and anti-osteogenic cytokines (Seibel, 2005; Sassi et al., 2018). Reduced 

bone turnover is directly linked to altered bone cell numbers and their function (Neer et al., 2001; 

Seibel, 2005; Feng and McDonald, 2011).   

TRAP as contained in osteocytes, participates in osteolysis in response to pathologic conditions 

such as T2D (Qing et al., 2012; Dole et al., 2017).  Additionally, TRAP positive osteocytes, also 

found in elevated levels in T2D, attract osteoclast precursors to their vicinity, accelerating bone 

matrix resorption and increasing bone fragility (Burger, 1998; Bellido, 2014). Osteoblasts secrete 

osteoid and mineralize the organic matrix under the influence of ALP (Bhattarai et al., 2014).  

Studies on the femur of the Zucker Diabetic Fatty rat (ZDF), found impaired osteoblast 

differentiation, reduced osteoblast numbers and less matrix mineralization in diabetes (Ahmad 

et al., 2003; Blakytny et al., 2011; Hamann et al., 2011).  Therefore, in the present study, it was 

postulated that reduced osteoblast numbers and increased expression of TRAP immune-positive 

cells in diabetic ZDSDs.   

The extracellular bone matrix cytokine TGFβ1 (Ehnert et al., 2010; Wu et al., 2016) is responsible 

for regulating differentiation, proliferation, and migration of osteoprogenitor cells (Jian et al., 
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2006; Jepsen et al., 2015). In contrast, BMP3 is antagonistic to the TGFβ1 functions (Wu et al., 

2016). In addition, T2D facilitates accumulation of extracellular AGEs that adversely crosslink 

bone matrix collagen, compromising skeletal integrity (Creecy et al., 2016). This occurs by 

inhibiting osteoblast differentiation and proliferation, induction of osteoblast apoptosis while 

increasing osteoclastic and osteocytic bone catabolism - all this increases skeletal fragility 

(Sanguineti et al., 2014; Yamamoto and Sugimoto, 2016; Singh et al., 2018; Plotkin et al., 2019). 

Relatively recent studies show that increased skeletal fragility in T2D is exacerbated by bone 

marrow adiposity due to the differentiation of skeletal stem cells into adipogenic cell lines instead 

of osteogenic cell lines (Gillet et al., 2017; Ferland-McCollough et al., 2018). 

The ZDSD rat is increasingly being adopted as a translational model of T2D, although skeletal 

studies are scanty in respect of this model. In this study will start by assessing bone samples for 

adipocyte accumulation. We will then quantify the bone turnover cells namely, osteocytes and 

osteoblasts using TRAP and ALP as cell markers respectively. Expression of the pro-osteogenic 

cytokine TGFβ1 (Yang et al., 2014), together with the anti-osteogenic cytokine BMP3 (Wu et al., 

2016), will be investigated, as they are reported to be altered in T2D (Sassi et al., 2018). The 

extent of glycation end-product accumulation will be assessed by quantifying AGEs 

immunopositive bone cells together with its extracellular expression.   
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6.1 MATERIALS AND METHODS 

6.1.1 Rats 

Rats were handled as described in section 2.1.2. 

 

6.1.2 Termination and bone harvesting 

Rats were injected with a lethal intraperitoneal dose of phenobarbital, then immersed in 10% 

buffered formalin. Abdominal and limb incisions were made, to facilitate penetration of the 

formalin fixative. Anterior left and right limbs were removed, and muscles were cleaned out of 

the humerus.  Individual bones were then stored in 10% buffered formalin to continue fixation 

until further processing.  Left humeri were used for immunohistochemical investigations. 

 

6.1.3 Tissue processing for immunohistochemical techniques 

Bone samples were fixed in 10% buffered formalin for a minimum of 14 days, then decalcified in 

20% w/v ethylenediaminetetraacetic acid (EDTA, pH 7.4) for 10 days in an incubator with regular 

gentle shaking at 45˚C.  The bones were then rinsed, and their proximal epiphysis severed about 

3mm below the intertubercular groove, then immersed in 10% buffered formalin for 24 hours 

before processing for histology.  An automatic processor (Citadel 2000, Thermo Fischer Scientific) 

was used to take the samples through ascending grades of ethanol prior to embedding in paraffin 

wax.  During embedding, bone samples were orientated longitudinally to minimize differences in 

the sectioning angle.  Bone sections were cut at 5μm thickness using a microtome (Leica RM2125 

RTS, Leica Biosystems, USA) and mounted on silane-coated glass slides.  Three sections per slide 

were mounted. Section sequences were mounted in order for specific stains, namely; 

Hematoxylin and Eosin to assess humerus head and morphology, and to quantify adipocyte 

numbers; Immunolocalization of TRAP, ALP, BMP3, TGFβ1 and AGEs for the same region.  

 

6.1.4 Haematoxylin and Eosin (H&E) stain 

This method is also used to determine normal tissue structure (Totty, 2002). Sections were 

dewaxed in xylene for 10 minutes and hydrated by passing through 3 changes (1 minute each) of 

absolute alcohol followed by 90% and 70% alcohol (1 minute each) and eventually into running 
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tap water for 1 minute. The sections were then stained for 10 min in haematoxylin, differentiated 

in periodic acid for 10 seconds, rinsed in tap water for a minute, blued in Scott’s tap water for 2 

minutes, and rinsed again in tap water. The cytoplasm was stained with eosin by immersing the 

sections in 70% alcohol followed by eosin for 2 minutes. The sections were then dehydrated in 

increasing concentrations of alcohol before they were mounted in entellen. 

 

6.1.5 Immunohistochemistry for TRAP, ALP, BMP3, TGFβ1, AGE in the head of the humerus  

Immunohistochemistry was conducted using the anti-TRAP antibody (ab185716) for osteocytes 

detection, anti-ALP antibody (ab108337) for osteoblasts and anti-AGE antibody (ab23722) 

advanced glycation end products, anti-BMP3 antibody (ab134724) and anti-TGF beta 1 antibody 

(ab92486).   All antibodies were sourced from Abcam.   Sections were placed in an incubator at 

400C for 30 minutes and then deparaffinized and rehydrated in a series of graded alcohols.  They 

were then immersed in a citrate buffer (pH=6) and placed in a water bath set at 600C for 24 hours, 

to facilitate antigen removal.   After 24 hours sections were cooled at room temperature for 20 

minutes then rinsed 3 x 5minutes times in PBS (pH=7.4).  Endogenous peroxidase was blocked 

with 1% hydrogen peroxide (H2O2) and then the sections were washed in PBS 3 x 5 minutes.  

Sections were transferred to a perspex plate and incubated with the primary antibodies at 

appropriate dilutions (TRAP; 1: 100, ALP; 1:200, AGE; 1: 10 000, TGFβ1, 1:400, BMP3 1: 75) and 

placed at 40C overnight.  After 24 hours, sections were left outside the fridge for 20 minutes to 

reach room temperature before washing in PBS 3 x 5 minutes.  They were then soaked in 

biotinylated secondary antibody (Biotinylated Goat Anti-Rabbit IgG (H+L) (ab64256) for 10 

minutes, and again washed in PBS 3 x 5 minutes.  Sections were then incubated in streptavidin 

HRP for 10 minutes (ab64269) to reduce background immunopositivity and to enhance the 

binding of the antibodies.  This was followed by 3 x 5 minutes rinses in PBS (pH=7.4).    Sections 

were then incubated with 3-3’ di-aminobenzidine (DAB) working solution while monitoring 

colour development under a light microscope.  Once optimal immunopositivity was achieved the 

sections were, rinsed in running tap water for 5 minutes, then dehydrated through graded 

alcohol, cleared in xylene and eventually mounted in entellen. 
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6.1.6 Photography, quantification, and immunopositivity intensity of ROI (region of interest) 

A light microscope (Zeiss Axioscope 2 plus) fitted with an Axiocam HRC digital camera connected 

to a PC was used to take photomicrographs of the stained slides.     Anatomical landmarks were 

determined for the humerus head, using the H&E stained slides, to create consistency in 

quantification and immunopositivity analysis.  Nonadjacent fields were selected, two above and 

two below the epiphyseal growth plate (Fig. 6.1).  Photomicrographs were imported into Fiji 

Image-J software (National Institute of Health USA) for further analysis.   TRAP positive osteocytes 

(Nakano et al., 2004; Dole et al., 2017), ALP positive osteoblasts (Miao and Scutt, 2002; 

Hawthorne et al., 2013), AGEs positive bone cells and adipocytes were identified as specified in 

previous literature (Ferland-McCollough et al., 2018).   Cells were counted manually.  

Immunolocalization for anti-AGEs antibody, anti-BMP3 antibody, and anti-TGFβ1 antibody was 

performed. These were graded as no stain, mild, moderate, and intense immunopositivity (Fig. 

6.2) 

 

 

 

 

 

 

 

Figure 6.1: Head of the humerus regions of interest. Scale bar = 100µm. Original magnification: 

50× 

 

6.1.7 Data  and statistical analysis 

The data were managed in Microsoft Excel Office 365 (Microsoft Corporation) and all data were 

analyzed using SPSS® version 28 (IBM®). The data was tested for normality using the Shapiro 

Wilks test, the data was found to be normally distributed, and a One-Way ANOVA with LSD post-

hoc test was applied for multiple group comparisons.  Ordinal data for immunopositivity intensity 
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were assigned grading scales of no stain (0), mild (1), moderate (2) and intense (3).   Data were 

given as means and standard deviation. Significance level was set at p < 0.05. 

 
6.2 RESULTS  

 
6.2.1 Humerus head general histological appearance  

Controls exhibited normal bone marrow cells (Fig. 6.2 a and c) as opposed to diabetic groups that 

had extensive adipocyte infiltration (Fig. 6.2 b, d and e). The ZDSD20WK (mean±SD=77.57±8.30) 

presented significantly higher adipocyte numbers compared to their SD20WK controls (mean±SD 

=14.83±3.19) (p<0.001) (Fig. 6.3).  Similarly, ZDSD28WK-MOD (mean±SD =108.89±6.05) and 

ZDSD28WK-SVD (mean=100±5.04) showed significantly more adipocytes compared to their 

SD28WK controls (mean±SD =17.86±1.07) (p<0.001) (Figs .6.2 and Fig.6.3).  Similarities in 

adipocyte quantity were observed in the SD controls at 20 and 28-weeks (p=0.327). In contrast, 

ZDSD28WK-MOD and ZDSD28WK-SVD had significantly more adipocytes at 28-weeks than the 

ZDSD20WK (p<0.001 for both comparisons) (Fig. 6.3).   

 

 

 

 

 

 

 

 

 

 
Figure 6.2: General histology and relative adipocyte infiltration in the humerus head. 
Adipocytes are the large round cells with a clear cytoplasm as depicted by the arrow in the insert. 
Scale bar represents 100µm and applies to a-e. 
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Figure: 6.3 Number of adipocytes in the humerus head. Box-and-whisker plots of adipocyte 
quantity in various study groups. The line inside the box represents the mean, whereas the 
bottom and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers 
below and above the box show the minimum and maximum values, respectively.  
SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.327 and #; p<0.001 for both, comparing 
ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD. 
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6.2.1 Estimation of osteocyte quantity in the humerus head of 20 and 28-week-old rats 

Cells expressing TRAP (Osteocytes) 

Higher TRAP positive cell numbers were observed in the ZDSD20WK (mean±SD =106.73±15.54) 

compared to their SD20WK controls (mean±SD =77.39±3.27) (p=0.007) (Figs. 6.4 and 6.5 a-d).  

The same pattern was observed when comparing SD28WK controls (mean=71.83±20.31) to their 

age matched ZDSD28WK-MOD (mean±SD=110.69±20.95) and ZDSD28WK-SVD (mean±SD 

=98.68±22.63) (p=0.001; p<0.001 respectively) (Figs. 6.4 and 6.5 e-j).  No age differences were 

observed for SD controls when comparing 20 and 28-week groups (p=0.589), the ZDSD groups 

were also similar when comparing these two age groups (p=0.671; p=0.435) (Fig. 6.4).  

 
Figure 6.4: TRAP immunopositive cells quantity in the humerus head. Box-and-whisker plots of 
osteoblast estimation in various study groups. The line inside the box represents the mean, 
whereas the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The 
whiskers below and above the box show the minimum and maximum values, respectively.  
SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p<0.001 and #; p=0.512; p=0.510 comparing 
ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD respectively. 
 
 



 Chapter 6 Humerus immunohistochemistry 
 

148 
 

 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Humerus TRAP Immunopositive osteocytes. The osteocytes are embedded in the 
bone matrix as depicted by the arrows in the insert and are found throughout a-j. Scale bar 
represents 100µm and applies all photomicrographs. 
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6.2.2 Estimation of osteoblast quantity in the humerus head of 20 and 28-week-old rats 

Cells expressing ALP (Osteoblasts) 

More ALP positive cells were observed in SD20WK controls (mean±SD =33.44±7.05) compared to 

ZDSD20WK (mean±SD =9.15±2.61) (p<0.001) (Figs. 6.6 and Fig 6.7 a-d).  A similar pattern was 

observed at 28 weeks where the SD28WK controls (mean±SD =14.77±3.97) exhibited significantly 

greater numbers compared to ZDSD28WK-MOD (mean±SD =9.15±2.61) and ZDSD28WK-SVD 

(mean±SD =6.56±0.54) (p<0.001 for both comparisons) (Figs. 6.6 and 6.7 e-J). The SD controls 

exhibited higher numbers of ALP positive cells at 20 weeks compared to 28 weeks (p<0.001).  

Similarities were observed between the ZDSD20WK and ZDSD28WK-MOD and ZDSD28WK-SVD 

(p=0.512; p=0.510, respectively) (Fig.6.6). 

 

Figure 6.6: ALP immunopositive cells quantity in the humerus head. Box-and-whisker plots of 
osteoblast quantity in various study groups. The line inside the box represents the mean, whereas 
the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers 
below and above the box show the minimum and maximum values, respectively.  
SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.327 and #; p<0.001 for both, comparing 
ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD. 
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Figure 6.7: Humerus ALP Immunopositive osteoblasts. The osteoblasts lining bone marrow 
spaces are depicted by arrows in the insert and are found throughout a-j. Scale bar represents 
100µm and applies all photomicrographs. 
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6.2.6 TGFβ1 expression in the humerus head of 20  and 28-week-old rats 

All the ZDSD20WK (n=7; 100%) had mild immunopositivity for TGFβ1, whereas SD20WK controls 

exhibited an equal distribution of mild, moderate and intense immunopositivity (n=2; 33.33%, 

respectively), with statistical significance (p=0.004) (Table 6.1 and Fig 6.8).  The ZDSD28WK-MOD 

and ZDSD28WK-SVD, majority of rats (n=6; 66.70, n=5; 83.33% respectively) exhibited mild 

immunopositivity.  The remaining ZDSD28WK-MOD (n=3; 33.33%) and ZDSD28WK-SVD (n=1; 

16.7%) had moderate immunopositivity.  The SD28WK controls exhibited mild, moderate and 

intense immunopositivity (n=3; 42.9%, n=3; 42.9%, n=1; 14.3% respectively).   Similarities were 

observed between the SD28WK controls, ZDSD28WK-MOD and ZDSD28WK-SVD ZDSDs (p=0.206; 

p=0.103 respectively) (Table 6.1 and Fig 6.8).  No age differences were observed between the SDs 

(p=0.387) or ZDSDs (p=0.267; p=0.612) (Table 6.1).  

 

Table 6.1: Humerus TGFβ1 Immunopositivity  

TGFβ1 

Group 
  No stain Mild Moderate Intense p value 

  N Count % Count % Count % Count % 
SD20WK 6 0 0 2 33.33 2 33.33 2 33.33 

p=0.004 
ZDSD20WK 7 0 0 7 100 0 0 0 0 
SD28WK 7 0 0 3 42.9 3 42.9 1 14.3   
ZDSD28WK-MOD 9 0 0 6 66.7 3 33.33 0 0 p=0.203 
ZDSD28WK-SVD 6 0 0 5 83.33 1 16.7 0 0 #P=0.103 

 # Comparison of SD28WK with ZDSD28WK-SVD  

 

Figure 6.8: Humerus TGFβ1 Immunopositivity graded. The grading was based on staining 

intensity. 
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6.2.7 BMP3 expression in the humerus of 20  and 28 week old rats 

Majority of ZDSD20WK (n=6; 85.70) exhibited moderate immunopositivity for BMP3, with 1 

animal (14.30%) having mild immunopositivity, while with SD20WK controls, 4 rats (66.70%) had 

mild immunopositivity and 2 rats (33.33%) had zero immunopositivity.  The SD20WK controls and 

ZDSD20WK show statistical significance (p<0.001) (Table 6.2 and Fig 6.9). At 28 weeks, all 

ZDSD28WK-SVD (n=6; 100%) exhibit intense immunopositivity, the ZDSD28WK-MOD exhibit mild 

and moderate immunopositivity (n=4; 44.44%, n=5; 55.56% respectively).  The majority of 

SD28WK controls (n=6; 85.70%) had mild immunopositivity with only 1 animal (14.30%) 

exhibiting zero immunopositivity.  Significant differences were observed between the SD28WK 

controls and both groups of ZDSDs (p=0.002; p<0.001 respectively) (Table 6.2 and Fig 6.9). 

Similarities were observed in SD20WK and SD28WK (p=0.420), again between ZDSD20WK and 

ZDSD28WK-MOD) (p=0.164),   but not the ZDSD28WK-SVD (p<0.001) (6.2). 

 

Table 6.2: Humerus  BMP3 Immunopositivity  

BMP3 Humerus head 

Group 
  No stain Mild Moderate Intense 

p value 
N Count % Count % Count % Count % 

SD20WK 6 2 33.33 4 66.7 0 0 0 0 
p<0.001 

ZDSD20WK 7 0 0 1 14.3 6 85.7 0 0 
SD28WK 7 1 14.3 6 85.7 0 0 0 0   
ZDSD28WK-MOD 9 0 0 4 44.4 5 55.6 0 0 p=0.002 
ZDSD28WK-SVD  6 0 0 0 0 0 0 6 100 #p<0.001 

 # Comparison of SD28WK with ZDSD28WK-SVD 

 

 
Figure 6.9: Humerus BMP3 Immunopositivity graded. The grading was based on staining 

intensity. 
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6.2.4 Percentage estimate of cells expressing AGEs in the humerus head of 20- and 28-week-

old rats 

The ZDSD20WK (mean=65.09±2.98) displayed significantly higher AGEs positive cell numbers 

compared to SD20WK controls (mean=14.73±6.93) (p<0.001) (Fig 6.10 and Fig 6.11). This 

significance trend also occurred at 28 weeks, with ZDSD28WK-MOD (mean=65.06±7.84) and 

ZDSD28WK-SVD (mean=58.90±9.04) displaying higher numbers compared to SD28WK controls 

(mean=29.00±2.49) (p<0.001 for both comparisons) (Fig 6.10 and Fig 6.11). The SDs had age 

differences, with more AGEs positive cells observed at 28 than 20 weeks (p=0.005). In contrast, 

similarities were observed in ZDSD20WK in the diabetic as well as ZDSD28WK-SVD at 28 weeks 

of age (p=0.999; p=0.197 respectively) (Fig 6.10).   

 

Figure 6.10: AGEs immunopositive cells in the humerus head. Box-and-whisker plots of AGEs 
cells estimation in various study groups. The line inside the box represents the mean, whereas 
the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers 
below and above the box show the minimum and maximum values, respectively.  
SD20WK and SD28WK; Sprague Dawley rats aged 20 and 28 weeks, respectively. ZDSD20WK, ZDSD28WK-
MOD and ZDSD28WK-SVD; Zucker Diabetic Sprague Dawley rats aged 20 weeks, and aged 28 weeks 
moderately diabetic and severely diabetic, respectively. *; p=0.005 and #; p=0.999; p=0.197 comparing 
ZDSD20WK against ZDSD28WK-MOD and ZDSD28WK-SVD, respectively. 
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Figure 6.11: Humerus AGEs Immunopositivity. Immunopositive cells are depicted by arrows in 
the insert and are found throughout a-j. Scale bar represents 100µm and applies all 
photomicrographs. 
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6.2.5 AGE expression in the extracellular matrix of the humerus head in 20 and 28-week-old 
rats 

All SD20WK (n=6; 100%) had mild immunopositivity for AGEs, the majority of ZDSD20WK (n=6; 

85.70%) exhibited mild immunopositivity, only 1 animal (14.30%) had zero immunopositivity.   

Similarities were observed between the SD20WK and ZDSD20WK (p=0.575).  Majority of SD28WK 

(n=5; 71.40%) exhibited mild immunopositivity while the rest of the rats had an equal distribution 

of moderate and zero immunopositivity (n=1; 14.3% respectively) (Table 6.3 and Fig 6.12).  

Majority of the ZDSD28WK-MOD (n=6; 66.70%) exhibited moderate immunopositivity, with 3 rats 

(33.33%) that had mild immunopositivity.  Again the majority of ZDSD28WK-SVD (n=4; 66.70%) 

had moderate immunopositivity, with 2 rats (33.33%) that exhibited intense immunopositivity 

(Table 6. and Fig 6.12). Similarities were observed between both SD20WK and SD28WK (p=0.420), 

and ZDSD20WK with ZDSD28WK-MOD (p=0.164), but not the ZDSD28WK-SVD (p<0.001) (Table 

6.3). 

 

Table 6.3: Humerus  AGEs Immunopositivity  

Humerus head AGEs 

Group 
  No stain Mild Moderate Intense 

p value 
N Count    % Count      % Count     % Count        % 

SD20WK 6 0 0 6 100 0 0 0 0 p=0.575 ZDSD20WK 7 1 14.3 6 85.7 0 0 0 0 
SD28WK 7 1 14.3 5 71.4 1 14.3 0 0   
ZDSD28WK-MOD 9 0 0 3 33.33 6 66.7 0 0 p=0.001 
ZDSD28Wk-SVD 6 0 0 0 0 4 66.7 2 33.33 #p<0.001 

# Comparison of SD28WK with ZDSD28WK-SVD  

 

 

 

 

Figure 6.12: AGEs Immunopositivity graded 

 

Figure 6.12: Humerus AGEs immunopositivity grading. The grading was based on staining 

intensity. 
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6.3 DISCUSSION 

Quantification of adipocytes revealed increased adiposity in the ZDSDs similar to other rat (Kim 

and Schafer, 2016), and human studies (Ferland-McCollough et al., 2018). TRAP and ALP 

immunopositive cells quantities showed that T2D promotes osteolysis and inhibits 

osteoblastogenesis in ZDSD rats. To understand the role of cytokines in the ZDSD rat skeletal 

elements, were assessed the expression of one osteogenic cytokine (TGFB1) as well as an 

antagonist (BMP3). The ZDSDs had more BMP3 expression and relatively less TGFβ1. This shows 

that T2D affects bone cells though suppression TGFβ1 expression while its antagonist (BMP3) is 

elevated.  

 

Anti-osteoblastogenic effects of adipocytes 

Multiple studies have elucidated how T2D contributes to increased bone marrow adiposity.  This 

adipogenic influence of T2D on mesenchymal stem cell (MSC) enhances the development of 

adipocytogenic cell lines while suppressing osteogenic cell lines (Piccinin and Khan, 2014; Kim 

and Schafer, 2016; Ferland-McCollough et al., 2018; Rharass and Lucas, 2018).  These marrow 

adipocytes secrete the hormone adiponectin that is anti-osteoblastogenic, pro-osteoclastogenic 

and promotes osteoblast apoptosis (Rharass and Lucas, 2018; Singh et al., 2018). This could 

partially explain the susceptibility of bones to fracture in diabetes (Gillet et al., 2017; Ferland-

McCollough et al., 2018).  In the present study, the ZDSDs exhibited higher adipocyte numbers 

compared to age matched controls, with more adipocytes recorded at 28 weeks than 20 weeks.  

Our observation implies that that age and T2D contribute to increased bone marrow adiposity 

(Kim and Schafer, 2016) in the head of the humerus. This could possibly accentuate the increased 

risk to fracture of the proximal humerus. 

 

Osteoblastogenesis and osteolysis 

To evaluate the proposition that osteocytes are active (Bellido, 2014; Dole et al., 2017; Kaya et 

al., 2017), and not dormant as previously thought (Plotkin et al., 2019), these cells were immuno-

labeled using the anti-TRAP antibody. TRAP is typically used as an osteoclast marker; however, 

recent studies have shown that osteocytes express the bone matrix catabolic enzyme TRAP as 
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they engage in osteolysis or peri lacuna-canaliculi remodeling (Dole et al., 2017; Kaya et al., 2017). 

This causes direct resorption and deposition of the bone matrix in osteocytes’ immediate 

environment in response to pathologic conditions like T2D (Nakano et al., 2004; Qing et al., 2012; 

Dole et al., 2017; Kaya et al., 2017).  In the present study, significantly more TRAP immunopositive 

osteocytes were observed in the ZDSDs and their age matched controls in alignment with 

previous research (Picke et al., 2019). These TRAP immunopositive cells trigger processes that 

attract osteoclast precursors to their vicinity, leading to increased bone matrix resorption 

(Burger, 1998; Bellido, 2014), thus contributing to osteolysis.  Additionally, our observation of no 

differences in 20 and 28-week-old ZDSDs TRAP expression suggests that high TRAP expression is 

possibly maintained as diabetes progresses, potentially immunopositivity osteolysis. This could 

explain the bone fragility manifested in T2D (Burger, 1998; Bellido, 2014; Picke et al., 2019).  

 

Osteoblastic ALP promotes osteoid formation and bone mineralization (Bhattarai et al., 2014). It 

is used as a bone turnover marker in the diagnosis of bone disease (Čepelak and Čvorišćec, 2009; 

Bhattarai et al., 2014; Florencio-Silva et al., 2015).  Studies on animal models of T2D have 

reported impaired osteoblast differentiation, reduced osteoblast numbers and poor matrix 

mineralization in T2D. This is thought to lead to increased bone fragility (Ahmad et al., 2003; 

Blakytny et al., 2011; Hamann et al., 2011).   In the present study, ZDSDs had fewer ALP positive 

osteoblasts, with no age differences.  This finding supports the proposition that T2D inhibits 

osteoblastogenesis, from the early stages of the disease including its advanced stages.  This may 

further explain the known bone fragility in T2D, and the possibility that it may start at early stages 

of the disease, at least at cellular level. 

 

Interaction of AGEs with TGFβ1 and its antagonist BMP3 

Type 2 diabetes increases the expression of AGEs both intracellularly and in the ECM (Goldin et 

al., 2006). This AGEs accumulation increases with age and diabetes progression (Goldin et al., 

2006; Singh et al., 2014). It adversely affects intracellular signalling molecules that encode for 

osteoblast, osteoclast, and osteocyte functions (Kislinger et al., 1999; Singh et al., 2014; Creecy 

et al., 2016; Picke et al., 2019). In the present study, an increased accumulation of intracellular 
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and extracellular AGEs in ZDSDs compared to their age matched controls was observed, with no 

age differences in all groups. A possibility exists that this high AGEs accumulation could interfere 

with the TGFβ1 receptors, preventing entry of the extracelullar TGFβ1 into the cells, thereby 

interfering with the osteoblastogenic role of this cytokine.  

 

While TGFβ1 expression was not significantly different between older rat groups (28 weeks) 

whereas the 20 weeks ZDSDs had significantly less expression of this cytokine.   The present study 

refers to the secreted cytokine rather than intracellular TGFβ1. Therefore, the extracellular 

TGFβ1 amounts may not be directly engaged in the cellular activities such as the well-known 

transcription for osteoprogenitor cell differentiation and function (Ehnert et al., 2010). A 

possibility exists that the AGEs accumulation may block the interaction of TGFβ1 with cellular 

components required for osteoblastogeneis gene encoding (Singh et al., 2014).  

 

In both age groups of our study, ZDSDs exhibited either moderate or intense BMP3 

immunopositivity, with no immunopositivity in the controls. These observations suggest that T2D 

reduces the expression of BMP3, and possibly suppresses osteoblast function (Gazzerro and 

Canalis, 2006; Wu et al., 2016). In support of this proposition, previous research report increased 

osteoblast activity in BMP3 null mice (Gazzerro and Canalis, 2006). Notably, intense 

immunopositivity was observed in the overtly diabetic group, possibly suggesting that BMP-3 

over expression may be associated with excessive hyperglycemia. Increased BMP3 expression 

manifests as reduced BMD, reduced trabeculae volume and thinner cortical bone (Gazzerro and 

Canalis, 2006; Horbelt et al., 2012).  

  

6.4 Conclusion 

We found that diabetes affected osteoblastogenesis as measured by ALP positive cells and bone 

marrow adipocytes. TRAP positive osteocytes numbers were increased in the presence of T2D, 

suggesting an increased osteolysis. The ZDSD groups had less osteogenic cytokine (TGFB1) 

expression, with more of the antagonist (BMP3) expression. We also found that T2D increases 

the number of AGEs immuno-positive cells, as well as its extracellular expression, thus providing 
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a conducive environment for the interaction of the osteogenic cytokine and its antagonist to 

suppress osteoblastogenesis. ZDSD groups had higher adipocyte numbers therefore increased 

marrow adiposity in T2D. We conclude that the ZDSD rat can be used as a translational model for 

diabetic skeletopathy at cellular and molecular level, and it can be extrapolated to humans after 

consideration of other factors like, basal metabolism, age, sex and skeletal loading patterns. 

 



 

 

 

 

Chapter 7 

 

 

General discussion and conclusion 
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7.0 GENERAL DISCUSSION AND CONCLUSION 

This study was aimed at characterizing T2D induced skeletopathy in the Zucker Diabetic Sprague 

Dawley (ZDSD) rat using the femur and humerus. These bones were assessed from rats 

terminated at 2 time points namely, age of 20 and 28 weeks to evaluate the effect of disease 

duration. We confirmed successful induction of diabetes by monitoring weekly body mass, 

fasting blood glucose, and conducting fasting oral glucose tolerance tests (OGTTs) every 2 weeks, 

in addition to triglycerides measurements. Serum insulin concentration was quantified by ELISA 

as well as a hormone involved in bone homeostasis, osteocalcin. The assessment of oxidative 

stress was done by determining malondialdehyde (MDA) serum levels using ELISA. The 

biomechanical strength was analyzed by 3-point bending tests using a universal tensile tester 

whereas trabecular morphometric parameters, midshaft cortical bone and medullary area were 

analyzed using Three Dimensional Micro-focus X-ray Computed Tomography (Micro CT). 

 

The diabetic state manifested as reduced weight, elevated fasting blood glucose, abnormal 

OGTTs, elevated insulin, triglyceride and MDA levels.  Levels of the osteoregulatory hormone 

osteocalcin were also increased. Diabetic bones exhibited poor loading when subjected to 3-

point bending tests until fracture, such as maximum force, break force, and maximum time.  The 

bones did not perform well when evaluated for stiffness and elastic modulus.  These two 

parameters evaluate the ability of bone to absorb forces per unit area. Following Micro-CT 

evaluation, trabecular morphometric parameters such as medulluary canal area, TbTh, TbN were 

reduced in the presence of diabetes. 

 

Histological analysis of bone trabecular morphology and adiposity was performed using 

hematoxylin and Eosin (H&E) stain.  Immunohistochemical expression of the osteogenic 

growth factor, TGF-β1 and its antagonist, BMP-3, were evaluated to understand whether T2D 

compromises bone quality through altering cytokine expression. To assess osteolysis and 

osteogenesis, osteocytes and osteoblasts were immunolabelled using the anti-TRAP and anti-ALP 

antibodies, respectively. Immunolocalization of AGEs was conducted to investigate their role in 

diabetic skeletopathy. 
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In both the femur and humerus, bone mass was lower in the diabetic rats irrespective of age or 

duration of diabetes. Bone mass reflects osseous tissue content, which in turn is controlled by 

the activity of osteoblasts and osteoclasts. In the present study, fewer osteoblasts were found in 

both bones among diabetics. This could partly explain the lower bone mass reported in this study. 

Quantification of TRAP immunopositive cells showed more cells expressing this enzyme in the 

diabetic groups irrespective of age of, disease severity or duration in the present study. This 

further explained the loss of bone mass in the diabetic rats. The osteolytic ability of TRAP positive 

cells is a major factor in depletion of bone mass. 

 

In the present study, both the femur and humerus had lower BV/TV at 20 weeks and lower BV/TV 

in the humerus of 28-week-old the severely diabetic rats. Although this parameter showed these 

differences in the way the femur and humerus were affected, it remains a demonstration of the 

detrimental effect of hyperglycemia on bone. This is an important finding as our study used both 

the femur and humerus. Had this study used only the femur, it would have underestimated the 

effects of diabetes on skeletal elements. Our study shows that diabetes affects various bones 

differently.  

 

Most osteometric measurements showed a reduction in bone size in the diabetic groups. This is 

consistent with previous studies (Reinwald et al., 2009; Creecy et al., 2016). While osteometric 

measurents give an estimation of bone size, they do not account for the geometric, non-linear 

nature of bone phenotype. To address this shortcoming, for the first time  Micro CT was used to 

estimate bone size (BV) in the femur and humerus of ZDSD rats. We found that bone tissue 

volume (BV) was lower in the diabetic rats irrespective of age or duration of diabetes in both the 

femur and humerus.  

 

Again, it is , herein, for the first-time report on the robusticity index of the femur and humerus in 

ZDSD rats. We found low robusticity in the diabetic rats irrespective of age or disease severity. 

Our study found that both the femur and humerus had lower maximum force and break force as 
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well as less time to fracture among the 28-week ZDSDs. This demonstrates bone weakness among 

diabetics.  It appears that the robusticity could have been a crucial factor as long thin bones would 

be weaker than short wider bones. This finding is corroborated by the observed wider medullary 

canals with smaller cortical area in diabetic rats, particularly in the femur.   

 

We found that diabetes altered trabecular microarchitecture for both the femoral head and neck 

as well as the humerus. This is demonstrated by the observed increased trabeculae spacing, 

reduced trabeculae numbers and diminished trabeculae thickness.  This is possibly due to 

reduced osteoblastogenesis. We found increased adiposity in the femoral head, neck and 

humerus. Adipogenesis is common under chronic hyperglycemic conditions such as in diabetes 

(Devlin et al., 2014; Sheu et al., 2017), and it usually occurs with suppression of osteogenesis (Kim 

and Schafer, 2016; Gillet et al., 2017; Ferland-McCollough et al., 2018). We propose that these 

disturbances in the balance of trabecular microarchitectural parameters may be a consequence 

of suppressed osteogenesis.  This is further corroborated by a reduced expression of the 

osteogenic cytokine, TGF-beta1 and an increased expression of the anti-osteogenic cytokine 

BMP-3. 

 

We found reduced insulin levels, elevated blood glucose, and poor glucose handling as shown by 

OGTT findings.  Hyperglycemia causes an increased expression of intracellular and extracelullar 

AGEs (Sanguineti et al., 2014; Yamamoto and Sugimoto, 2016; Singh et al., 2018; Plotkin et al., 

2019) as observed in the present study, in both the femur and humerus. Hyperglycemia 

precipitates MDA accumulation as a result of oxidative stress (Jaganjac et al., 2013; Wang et al., 

2018). MDA is an anti-osteoblastogenic agent ((Slatter et al., 2000; Negre-Salvayre et al., 2010; 

Ayala et al., 2014). The elevated MDA in the present study may have contributed to reduced 

osteogenesis.  This may further explain the weaker bones in diabetic rats as evidenced by older 

28-week ZDSD that had lower values for yield force, causing the bones to bend less under load, 

and therefore prone to fracture.  Diabetes also reduced the amount of load that could be 

absorbed per unit area in ZDSD bones, as exhibited by the low elastic modulus. 
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Limitations 

1. Only male rats were used, therefore the findings may not apply to females 

2. This is a rat study; therefore, the results must be applied with caution to humans 

3. Osteocalcin was not divided the carboxylated and undercarboxylated form 

4. A lager sample size may yield different results 

 

 

7.1 CONCLUSIONS  

 

1. We have successfully induced diabetes in a relatively new polygenetic model of T2D as 

per various markers of T2D (loss of body mass, abnormal OGTTs and FBG, reduced insulin 

levels). 

 

2. Type 2 diabetes affects femoral osteometry, mid-diaphyseal loading, and trabeculae 

microarchitectural parameters, resulting in weaker bones. These perturbations occur 

early and late in the disease and accentuated by the hyperglycemia. 

 
 

3. Aspects of femoral parameters most affected by age, diabetes, and its duration are 

bicondylar width, TbN, femoral mass, femoral neck superoinferior diameter and 

maximum time(s) as depicted by discriminant function analysis. 

 

4. Our findings from osteometry, 3-point bending tests and Micro CT support that diabetes 

weakens the humerus in the presence of T2D. Animal age and the duration of T2D also 

contribute to weaker bones. 

 

5. Discriminant function analysis showed that epicondylar breadth, midshaft 

anteroposterior diameter, bone length, Robusticity Index, and TbN were the main factors 

influenced by age, diabetes, and its duration in the humerus. 
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6. Type 2 diabetes increases adiposity in both the humerus as well as the femoral head and 

neck, while reducing osteoblastogenesis as exhibited by lower ALP 

 

7. Type 2 diabetes compromises osteolysis and osteoblastogenesis at all stages of the 

diabetic state, as shown by high TRAP immunopositivity, fewer ALP immunopositive cells. 

 

8. Type 2 diabetes causes reduced expression of TGFβ1 and increases the expression of 

BMP3, to negatively affect osteoblast and osteocyte numbers in the femoral head and 

neck, at disease onset and latter stages of the disease with an associated AGEs immuno-

positive cell as well as its extracellular accumulation and high MDA serum levels  

 

9. We also found that T2D increases the number of AGEs immuno-positive cells, as well as 

its extracellular expression, thus providing a conducive environment for the interaction 

of the osteogenic cytokine (TGFβ1) and its antagonist (BMP3) to suppress 

osteoblastogenesis in the humerus. 

 

10. We conclude that the ZDSD rat can be used as a translational model to study diabetic 

skeletopathy at cellular, molecular and bone phenotype level, and it can be extrapolated 

to humans after consideration of other factors like, basal metabolism, age, sex and 

skeletal loading patterns. 
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