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INTRODUCTION 

S TATEMENT OF THE P ROBLEM 

The association between diabetes mellitus and osteoporosis remains 

controversial. Although the metabolic abnormalities of diabetes potentially 

affect bone metabolism, structure and mineral density, 1 the extent of their 

contribution to the increase in fracture risk noted in individuals with type-1 

and type-2 diabetes is still debated, 2. In addition to changes in bone 

metabolism,3 there are bone-specific changes that may be important, 

including: 

• The onset of diabetes in adolescence may result in a decreased peak 

bone mass. 4 

• There is a difference in degree of bone loss between type-1 and type-2 

diabetes. In some studies, type-2 has been associated with an 

increase in bone mineral density. 5 

• Some studies report an increase in bone fragility, particularly in type-2 

diabetes, which may contribute to fracture risk6 independent of bone 

mineral density. 7 

• Bone metabolism may be affected by the late complications of diabetes 

(e.g., renal failure). 8 
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• The risk of fracture may be increased by a fall secondary to visual 

impairment, cerebrovascular disease, or neuropathy. 
9 

• Localized bone loss related to diabetic neuropathy may increase the risk 

of fracture of the foot and ankle. 8 

• Specific treatments may influence fracture rates. 

Diabetes mellitus is associated with increased risk of osteopenia, 
10

,
11 

and 

bone fracture. However, the mechanisms accounting for diabetic bone 

disorders are unclear. Bone micro-CT scans of diabetic rats showed a 

significant impairment in trabecular bone microarchitecture, density and 

other morphometric parameters. 12 

Diabetic osteopenia causes an increase in risk of bone fracture and a delay 

in healing of fractures, and affects the quality of life. 13
. However, the 

mechanisms responsible for this disease have not been clearly identified. 

Many derangements associated with diabetes, such as oxidative stress, 

hyperglycemia and body weight loss, should be considered in the 

pathogenesis of diabetic osteopenia. Among these, oxidative stress is a 

potential cause. Oxidative stress is induced by a variety of mechanisms, 

including the glycation reaction , the polyol pathway, protein kinase C

dependent activation of membranous NADPH oxidase, and the 
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mitochondrial electron transport chain under diabetic conditions.
14 

It is 

thought to play an important role in the pathogenesis of diabetic 

microangiopathies, such as nephropathy, neuropathy, and retinopathy.
15 

Concerning bone metabolism, in vitro studies have shown that oxidative 

stress inhibits osteoblastic differentiation and induces osteoblast insults 

and apoptosis, 16 Thus, oxidative stress may be related to the pathogenesis 

of diabetic osteopenia. 17 

To investigate the mechanisms by which diabetes affects bone and explore 

the relationship between oxidative stress and diabetic osteopenia, an 

animal model that represents diabetic osteopenia as seen in diabetic 

human is necessary. 

S IGNIFICANCE 

Enhancing enzyme activity pharmacologically or genetically might be 

beneficial for bone disease such as osteoporosis and rheumatoid arthritis. 

REVIEW OF THE LITERATURE 

BONE DISEASE IN DIABETES MELLITUS 

Diabetes affects an estimated 6-8°/o of the population worldwide. 
18 

This 

widespread disorder is often associated with changes in bone health, which 

are still poorly understood. To date, there has been no generally accepted 
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definition of diabetic osteopathy. The changes in bone mineral density, 

bone turnover markers and frequency and type of fractures that occur in 

the two major clinical types of diabetes (type 1 and type 2) differ because 

they are associated with different pathogenetic mechanisms inducing these 

disorders. While reduction of bone mineral density most often occurs in 

type 1 diabetes, 19 type 2 diabetes, as shown in various studies, may show 

a normal, reduced or increased bone mineral density in comparison to that 

of healthy controls. 20 Both vertebral and non-vertebral fractures are found 

to have increased incidence in both types of diabetes, this is attributed to, 

in addition to the changes in the mineral density of bones, a number of 

concomitant factors such as visual impairment, diabetic neuropathy, etc. 21 

There are studies demonstrating that women with type 1 diabetes are at a 

significantly higher risk of hip fractures.22 The mortality rate in the first year 

after a diabetic patient sustains a fracture of the neck of the femur in men is 

about 36°/o, and in women about 21 o/o. 23 

The changes in bone mineral density in diabetes are caused by a number 

of disorders--negative calcium balance, hypoinsulinemia, deteriorated renal 

function, increased production of advanced glycation end products, low 

peak bone mass, increased production of inflammatory cytokines, etc. 24 

Studies in bone histomorphometry in type 1 diabetes have generally, but 
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not always, shown a low turnover of bone with a reduction in bone 

formation and, to a lesser degree, bone resorption .25 The decrease in bone 

formation is manifested by reduced serum concentrations of osteocalcin, a 

marker of osteoblastic activity. In comparison, resorption markers (such as 

serum tartrate resistant acid phosphatase and urinary hydroxyproline are 

increased in some patients, perhaps related to alterations in renal 

function. 26 

Similar changes have been noted in diabetic patients who progress to end

stage renal disease. 27 Compared to normal subjects, patients with 

diabetes are more likely to have a dynamic bone disease (including that 

associated with aluminum deposition), whereas hyperparathyroid bone 

disease is infrequent, occurring in less than 10% of cases. 28 

The mechanism for the reduced bone turnover in type 1 diabetes is likely 

multifactorial.29 Studies in uremic rats suggest that lack of insulin may 

diminish bone turnover. 30 However, insulin deficiency may also be 

important earlier, since decreased bone formation can be demonstrated in 

type 1 diabetics before the onset of clinical renal disease. 26 

The anabolic effects of insulin may be mediated through the insulin-like 

growth factor-1 (IGF-1) pathway. In type 1 diabetes, low levels of insulin 
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and IGF-1 may impair osteoblast function. In contrast, obesity-induced 

insulin resistance in type 2 diabetes leads to increased levels of insulin and 

IGF-1 , with a possible anabolic effect on bone .31 

The accumulation of advanced glycation end-products (AGE) in collagen as 

a result of hyperglycemia may also contribute to the reduction in bone 

formation . 32 Low bone turnover, with a reduction in unmineralized bone 

matrix and increased collagen glycosylation, may contribute to increased 

fragility of diabetic bone .The increase in bone fragility can not be predicted 

by measurement of bone density. 33 

Another factor that can affect bone metabolism in diabetes is 

hypercalciuria. 34 The mechanism by which this occurs is not clear, but it 

can be ameliorated with insulin. 34 Both the loss of bone mineral and 

functional hypoparathyroidism may play a contributory role . 

BONE DENSITY 

Type 1 diabetes 

Children and adolescents with type-1 diabetes have reduced bone mineral 

density (BMD) of the forearm, which appears constant over time. 19 It is 

less clear whether this deficit is present at the lumbar spine. Variable 
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findings have been reported ranging from reduction in trabecular, but not 

cortical , BMD, to no deficit when BMD is corrected for weight. It is 

hypothesized that any defect in BMD is due to a failure to acquire 

endosteal bone during growth. 35 

In adults with type 1-diabetes, lumbar BMD is usually normal, while femoral 

BMD is reduced. 36 In most studies there was no relationship demonstrated 

between BMD and the duration of diabetes or glycemic control. However, 

these findings have not been consistent. 24 One study of premenopausal 

women, for example, found increased lumbar BMD and normal femoral 

BMD. 37 In another study, lumbar BMD was low; this study included a high 

proportion of patients with retinopathy and neuropathy, suggesting that 

microvascular disease can influence BMD. 38 A link between neuropathy 

and low femoral neck BMD has also been reported. 39 

Type 2 diabetes 

The majority of studies in type 2 diabetes have found that BMD is normal or 

increased in the lumbar spine, femoral neck, and mid and distal radius. 40 

These findings were observed in both women and men.41 As expected, 

BMD correlated with body mass index. However, in those studies that 

corrected for body mass index, increased BMD was independent of 

Abou Nahlah Page 9/67 



obesity. 42 

A study of older, well-functioning patients with type 2 diabetes showed 

higher hip, total body, and volumetric spine BMD in black and white men 

and women compared with their appropriate controls, although a lower 

spine bone volume was found in diabetic subjects, which may possibly 

decrease bone strength. 

A longitudinal 12-year study of 109 patients with both type 1 and type 2 

diabetes reported two major findings. 43 

• Radial BMD was lower in diabetic than in normal subjects in both groups 

at baseline. 

• The rate of decline in radial BMD over time was similar between normal 

subjects and patients with type-1 diabetes, but was less in patients 

with type-2 diabetes, suggesting that the original deficit was reversed. 

The authors proposed that impaired osteoblast recruitment or function was 

responsible for the original reduction in BMD and that low bone turnover 

diminished age-related bone loss in older patients with type 2 diabetes. 

One limitation of these findings is that BMD could only be measured in 

subjects who completed the study, which comprised just over one-half of 

the original study population. 
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One group of individuals with type 2 diabetes who appears to be at risk for 

an increased rate of bone loss is women treated with thiazolidinediones. 44 

Additional studies are warranted to further explore this area. 

FRACTURE 

Although two studies cou ld not detect a relationship between diabetes and 

fractures, 45
,
46 the majority have demonstrated an increased risk. 47

,
48 

• In the Women's Health Initiative Observational Study, 49 a prospective 

cohort study of 93,676 postmenopausal women, women with type 2 

diabetes (n = 5285) had an increased risk of fracture after seven 

years of follow-up compared with women without diabetes (adjusted 

relative risk [RR] 1.20, 95% Cl 1.11-1.30). 

• A systematic review and a meta-analysis of diabetes and fracture showed 

similar increases in risk of hip fracture in patients with either type 1 

diabetes (RRs 6.3 and 6.9, respectively) or type 2 diabetes (RRs 1. 7 

and 1.4, respectively). 50 Results from the meta-analysis also showed 

that BMD was increased in the spine and hip in type 2 diabetics but 

decreased at both sites in type 1 diabetics. Fracture risk was higher 

and BMD lower in those with diabetic complications. 
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In population-based studies, an association between risk of fractures 

(proximal humerus, vertebra , and hip) and longer diabetes duration, 

diabetic retinopathy, advanced cortical cataract, neuropathy, and insulin 

treatment has been described. 51 In one study, the association between 

retinopathy and fracture risk remained significant after adjusting for visual 

acuity, suggesting that retinopathy may be acting as a proxy for severe 

diabetic microvascular disease. 51 An increased risk of falling in older 

diabetic women also has been reported . 

In a retrospective study, an increased incidence of foot fractures, 

predominantly metatarsal, has also been described in diabetic athletes. 52 

Fractures were more common in men and were associated with a long 

duration of disease. In addition, diabetic neuropathy has been associated 

with osteopenia in both hands and feet, metatarsal fractures, and a 

subsequent risk of osteopathy. 53 

The possibility that fracture risk is associated with disease duration and 

presence of long-term complications was also illustrated by a retrospective 

population-based cohort study of 82,000 adults with diabetes and over 

236,000 matched non-diabetic controls. 54The risk of osteoporotic fractures 

(RR 1.15, 95% Cl 1.09-1 .22) and hip fractures (RR 1.40, 95o/o Cl 1.28-1 .53) 

was increased in adults with long-term diabetes, whereas fracture risk was 
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decreased in newly diagnosed diabetes (RR 0.91 , 95o/o Cl 0.86-0.95 and 

0.83, 95°/o Cl 0.75-0.92 for osteoporotic and hip fractures, respectively). 54 

Fracture risk may also be related to therapy. A Diabetes Outcome 

Progression Trial (ADOPT) reported a higher rate of fractures in women 

newly diagnosed with diabetes randomly assigned to receive four years of 

rosiglitazone, as opposed to metformin or glyburide. 55 

Taken together, the above data suggest that BMD is lower in patients with 

type 1 diabetes and normal or increased in patients with type 2 diabetes. 

However, fracture risk appears increased in both groups, possibly related 

to other factors, such as changes in bone architecture and increased risk of 

falling . The clinical evaluation of fracture risk in patients with diabetes 

mellitus is the same as in patients without diabetes and includes 

assessment of BMD and clinical risk factors. A fracture risk assessment 

tool , such as the World Health Organization Fracture Risk Assessment 

Tool (FRAX), 56 can be used to express the probability of fracture over a 

specified period of time. However, for a given BMD T -score or FRAX score, 

the risk of fracture may be higher in older adults with diabetes compared 

with those without diabetes. At present, the FRAX algorithm does not 

include diabetes as a risk factor. Fracture risk assessment, including a 

description of FRAX and the clinical applications of fracture risk 
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assessment, has been reviewed in detail. 56 

Fracture healing 

Prolonged fracture healing has been reported in both type 1 and type 2 

diabetes. 57 This occurred in patients with displaced fractures and those 

treated by open reduction, while healing time was normal in patients with 

non-displaced fractures. Reduced bone turnover, as mentioned above, may 

account for the delay in healing. 

Oxidative Stress: 

Oxidative stress is defined as "a measure of the prevailing level of reactive 

oxygen species (ROS) in a biological system" . This definition 

acknowledges the continuous presence of ROS in biological systems, at 

some level determined by the relative rates of their formation and 

consumption. 

Oxidative stress in diabetes: 

Oxedeative stress is a feature of all chronic diseases; it is a sign of cellular 

stress, injury, and apoptosis. A number of ways have been suggested in 

which the damaging effects of hyperglycaemia can be mediated or 

enhanced by reactive oxygen species. Hyperglycaemia can degrade 

antioxidant enzyme defenses, thereby allowing reactive oxygen species to 

damage other enzymes and also structural proteins. Both glucose and its 
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glycation products are strongly reducing , and will generate radicals if free 

iron (or copper) is present. The diminution and oxidation of the glutathione 

pool will have consequences for xenobiotic metabolism as well as oxidative 

stress. 11 

Oxidative stress in bone: 

Oxidative stress is characterized by an increased level of reactive oxygen 

species (ROS) that disrupts the intracellular reduction-oxidation (redox) 

balance. Although initially shown to be involved in aging, physiological roles 

for ROS in regulating cell functions and mediating intracellular signals have 

emerged. In bone tissues, recent studies have demonstrated that ROS 

generation is a key modulator of bone cell function and that oxidative status 

influences the pathophysiology of mineralised tissues. 58 

THE 12/15-LIPOXYGENASE (LOX)3 

The 12/15-Lipoxygenase (LOX)3 belongs to a family of lipid-peroxidizing 

enzymes that catalyze the oxygenation of polyunsaturated fatty acids to 

their corresponding hydroperoxy derivatives.59 In mice, the enzyme 

generates 12( S)-hydroperoxyeicosatetraenoic acid (HpETE) from 

arachidonate, which is subsequently converted into secondary products 

including 12-hydroxyeicosatetraenoic acid (12-HETE), while in humans 15-

HpETE is the predominant isomer. In mice, the predominant population 
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expressing 12/15-LOX is resident peritoneal macrophage (M<p ), with mRNA 

levels - 1000 times higher than any other tissue. Resident M<p plays a key 

role in peritoneal inflammation so the physiological role of 12/15-LOX in 

mice could involve the regulation of peritoneal M<p functions and 

inflammatory responses in that tissue. In support of previous statement, 

deficiency of 12/15-LOX in thioglycolate-elicited peritoneal M<p alters their 

in vitro phenotype, resulting in decreased IL-4 induction of the scavenger 

receptor CD36, decreased stimulation of IL-12 synthesis by LPS, and 

attenuated phagocytic removal of apoptotic cells. High levels of exogenous 

12/15-LOX products (e.g., lipoxins) and plant 15-LOX administered to the 

peritoneal cavity during inflammation appear to suppress neutrophil influx; 

however, the activity and function of the endogenous murine enzyme and 

its products in this organ during inflammation have not been examined. 

12/15 LIPOXYGENASE (LO)OLO FAMILY 

LOs belong to a family of non-heme iron containing enzymes that can 

stereo-specifically incorporate oxygen into PUFAs to form a series of 

bioactive lipid mediators. The LO family can be found widely in plants and 

animals. 60There are several systems for nomenclature and classification 

of LO family members, either based on the positional specificity of 
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arachidonic acid oxygenation (i.e., 5LO, 12LO and 15LO) or based on 

tissue distribution (i.e., platelet 12LO, leukocyte 12LO and epidermis LO). 

However, with the discovery of new LO a member, this nomenclature 

becomes confusing because some of the enzymes are expressed in 

multiple tissues and some of the LOs may catalyze the formation of 

multiple lipid mediator products depending on the PUFA substrate (i.e., 

18:2 vs. 20:4 ). In 1999, Kuhn et. al. proposed classifying the LO family by 

the phylogenetic tree . This classification leads to 4 subfamilies of LO: 

12/15LO, 5LO, platelet 12LO and epidermis type LO. With this 

classifcation, the enzymes with similar sequence, structure, and activity are 

grouped together, regardless of tissue distribution, which makes it less 

confusing to study the function of these enzymes in different animal 

models. 

12/15l0 SPECIES HOMOLOGY, TISSUE AND CELLULAR DISTRIBUTION 

Murine, rat, bovine and porcine leukocyte 12LO, rabbit reticulocyte 15LO 

and human 15L0-1 share similar sequence and enzymatic activity. Based 

on Kuhn's classification, they belong to the same 12/15LO subfamily. 59 

The tissue distribution of 12/15LO is different among species. It was first 

purified and characterized from porcine leukocytes. 61 In mice, 12/15LO is 

highly expressed in macrophages. With in situ hybridization technique, Sun 
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and Funk found that 12/15LO was detectable in resident peritoneal 

macrophages, but not in macrophages isolated from other organs such as 

lung and bone marrow. Furthermore, they reported that only 30-40% of 

resident peritoneal macrophages express high levels of 12/15LO, which 

suggested that this enzyme was specific to certain subsets of 

macrophages. In a recent study, they reported that there was only residual 

expression of 12/15LO in thioglycollate-elicited peritoneal macrophage 

compared to resident peritoneal macrophage. 62However, there was 

evidence of 12/15LO expression in other tissues. When bone marrow in 

apoE knockout mice was replaced with 12/15LO, apoE double knockout 

bone marrow, there was only residual 12/15LO expression detectable in 

most of the organs compared to a poE knockout mice receiving bone 

marrow from apoE knockout mice, which indicated that 12/15LO was 

mainly expressed in bone marrow derived cells such as macrophages. 63 

Interestingly, when apoE knockout mouse bone marrow was replaced with 

12/15LO deficient bone marrow, adipose tissue and kidney still expressed 

high levels of 12/15LO, indicating that the parenchymal cells in these 

organs also express this enzyme. Cell culture studies showed that 12/15LO 

expression was increased when 3T3-L 1 preadipocyte cells were 

differentiated to mature adipocytes. In vitro studies also showed that 
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12/15LO was detectable in pancreatic islet cell lines such as NIT -1 and J3-

TC3 cells , but expression in primary pancreatic J3 cells was not reported . In 

addition, 12/15LO was expressed in endothelium of 12/15LO transgenic 

mice generated using the whole 12/15LO genomic sequence, including the 

7kb upstream promoter and 2kb downstream enhancer element, 

suggesting that 12/15LO was also likely expressed in endothelial cells. The 

human 15L0-1 expression was mainly found in epithelial cells in the upper 

airway, reticulocytes, and macrophages. 64 With respect to cellular 

localization, 12/15LO is predominantly found in the cytosol. In cell culture 

studies, addition of low density lipoprotein (LDL) resulted in recruitment of 

12/15LO to the cell membrane (58). This recruitment could be blocked by 

addition of LDL receptor related protein (LRP) anti-serum, which indicated 

the involvement of LRP in the process of 12/15LO translocation and 

activation. 65 

12/15l0 ENZYME ACTIVITY 

The substrates of 12/15LO are free PUFAs, such as arachidonic acid, 

linoleic acid and a-linolenic acid , as well as the esterified forms of these 

fatty acids in the phospholipid (PL) and cholesterol ester (CE) fraction of 

LDL. 12/15LO catalyzes the oxygenation of arachidonic acid with dual 

positional specificity to form 12 hydroperoxyeicosatetraenoic acid 
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(12pHETE) and 15pHETE. The C12 and C15 oxygenation activity of this 

enzyme is not equal and varies among species. Murine leukocyte 12LO 

produces more 12pHETE than 15pHETE, while human 15L0-1 produces 

more 15pHETE than 12pHETE due to several amino acid differences in the 

fatty acid binding domain. The linoleic acid product catalyzed by 12/15LO is 

13 hydroperoxyoctadecadienoic acid (13pHODE). These hydroperoxy 

products are rapidly reduced to form 12HETE, 15HETE and 13HODE, 

respectively. 66 In cooperation with 5LO, 12/15LO can also catalyze the 

formation of lipoxins from arachidonic acid. Unlike the free radical-mediated 

PUFA oxidation, the reaction catalyzed by 12/15LO is stereospecific with 

predominantly S stereoisomers formed such as 12 (S)-HETE, 15 (S)-HETE 

and 13 (S)-HODE. 66 

12/15 l o AND B ONE 

Recent studies have implicated novel regulatory pathways in bone biology, 

including both the neuroendocrine system and metabolic pathways linked 

to lipid metabolism. 57 Variations in the lipoprotein receptor-related protein 5 

(LRP5), part of the Wnt- frizzled pathway, were independently identified by 

linkage in high and low bone mass families. Subsequently, other high bone 

mass syndromes have been shown to have mutations in this gene. Neural 
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studies have shown the skeletal regulatory activity of leptin and 

neuropeptide Y receptors via the hypothalamus. Subsequently, the beta

adrenergic pathway has been implicated, with important changes in bone 

mass. The lipoxygenase 12/15 pathway, identified through inbred mouse 

models and through pharmacologic studies with specific inhibitors, has also 

been shown to have important effects on bone mass. These studies 

exemplify the value of genetic models both to identify and then confirm 

pathways by mutational study and pharmacologic interventions. Continuing 

candidate gene studies, often performed with multiple loci, complement 

such discoveries. However, these studies have not focused on the clinical 

endpoint of fracture and few have included large enough groups to 

engender confidence in the associations reported . 

Recent evidence points towards an additional role of 12/15-LO as a 

negative regulator of bone mass in mice. Both 12/15-LO knock out (KO) 

and wild-type (WT) mice treated with a pharmacological inhibitor of 12/15-

LO exhibited a higher whole body bone mineral density and improved 

femoral structura l competence. 68 Moreover, polymorphisms within the 

human 15-LO gene have been associated with bone mineral density in 

humans. Nevertheless, the mechanisms underlying the negative impact of 

15-LO and 12/15-LO on bone mass remain elusive. Pharmacological 
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inhibition of 12/15-LO significantly inhibited osteoclastogenesis in vitro. 

Consistent with this, 12/15-LO KO OC precursor cells displayed a reduced 

capacity to differentiate into fully matured OC. Conversely, the addition of 

the 12/15-LO products 12-HETE or 15-HETE triggered enhanced 

osteoclastogenesis, thereby supporting a prominent role of 12/15-LO in the 

regulation of OC differentiation. 

Studies using 12/15-LO KO mice and analysis of polymorph isms of the 

human 15-LO gene suggested a role of these enzymes as negative 

regulators of systemic bone mass, through changing the rate of OC 

differentiation and the number of bone-resorbing OC's. 

IL-4 is a pleiotropic immune cytokine secreted by activated T(H)2 cells that 

inhibits bone resorption both in vitro and in vivo. The cellular targets of IL-4 

action , as well as its intracellular mechanism of action, remain to be 

determined. IL-4 inhibits receptor activation of NF-kappaB ligand-induced 

osteoclast differentiation through an action on osteoclast precursors that is 

independent of stromal cells. Interestingly, this inhibitory effect can be 

mimicked by both natural , as well as synthetic peroxisome proliferator

activated receptor gamma1 (PPARgamma1) ligands, and can be blocked 

by the irreversible PPARgamma antagonist, GW 9662. These findings 
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suggest that the actions of IL-4 on osteoclast differentiation are mediated 

by PPARgamma1 , an interpretation strengthened by the observation that 

IL-4 can activate a PPARgamma1-sensitive luciferase reporter gene in 

RAW264. 7 cells. Inhibitors of enzymes such as 12/15-lipoxygenase and the 

cyclooxygenases that produce known PPARgamma1 ligands do not 

abrogate the IL-4 effect. These findings, together with the observation that 

bone marrow cells from 12/15- lipoxygenase-deficient mice retain 

sensitivity to IL-4, suggest that the cytokine may induce novel 

PPARgamma1 ligands. PPARgamma1 plays an important role in the 

suppression of osteoclast formation by IL-4 and may explain the beneficial 

effects of the thiazolidinedione class of PPARgamma1 ligands on bone loss 

in diabetic patients. 

The 12/15-lipoxygenase gene ALOX15 is reported to be a negative 

regulator of BMD in knockout mice. Nonetheless results are controversial 

as over-expression of ALOX15 protects against inflammation-related bone 

loss. The variant alleles of rs2619112 and rs916055 and their haplotypes of 

ALOX15 are associated with high BMD in pre-menopausal women but low 

BMD in post- menopausal women. This suggests that ALOX15 is a dual 

modulator of BMD variation with opposing effects in pre- and post

menopausal women.69 
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12/15L0 AND ATHEROSCLEROSIS 

As we reviewed above, 12/15LO can oxidize the esterified form of PUFAs 

in LDL, which can accelerate the formation of foam cells. In addition, 15L0-

1 enzymatic activity was detected in human atherosclerotic lesions. 70 

These data suggest that 12/15LO might be involved in development of 

atherosclerosis. Several studies have been carried out to evaluate the role 

of 12/15LO on atherosclerosis. Some of these studies demonstrated that 

12/15LO was a pro-atherogenic enzyme, whereas others suggest that it 

attenuated atherosclerosis. 71 

The first animal model used to study the effect of 12/15LO on 

atherosclerosis was the human macrophage-specific 15L0-1 transgenic 

rabbit. 71 The results showed that the human 15L0-1 transgenic rabbit fed 

a high cholesterol diet developed less atherosclerosis than wild type 

littermates, suggesting that 12/15LO expression was anti-atherosclerotic. 

Following this study, the 12/15LO knockout mouse model was created by 

Funk's group 71 and a series of atherosclerosis studies were performed in 

different mouse atherosclerosis susceptible backgrounds. Studies from this 

group reported that 12/15LO promoted atherosclerosis by increasing in vivo 

oxidative status. Antioxidant supplementation of LDLrKO mice attenuated 
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atherosclerosis to a similar level as 12/15LO-LDLr double knockout mouse. 

These studies suggested a relationship between atherosclerosis and the 

oxidative activity of 12/15LO. 12/15LO was also reported to increase 

endothelium expression of intercellular adhesion molecule 1 (ICAM-1 ), 

which in turn increased recruitment of macrophages to atherosclerotic 

lesions and exacerbated the development of atherosclerosis. These mouse 

model studies suggested that 12/15LO expression was pro-atherosclerotic. 

However, in a recent study, Merched eta/. provided opposing evidence that 

12/15LO expression protected mice from atherosclerosis development. 

They performed studies with 12/15LO deficient and human 15L0-1 

transgenic mice. They also replaced apoE knockout mice with 12/15LO

apoE double knockout mouse bone marrow and studied the development 

of atherosclerosis. Results from all these mouse models came to the same 

conclusion that 12/15LO expression was anti-atherosclerotic. They 

proposed that the anti-inflammatory lipid mediators produced by 12/15LO, 

such as lipoxin A4, resolvins and protectins, protected the mice from 

atherosclerosis. 72 

12/15l0 AND DIABETES 

The expression of 12/15LO in pancreatic islets and insulin-releasing cell 
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lines has made this enzyme a candidate for diabetes studies. 12-HETE, a 

12/15LO product, induced apoptosis in pancreatic islet cell lines, 

suggesting that 12/15LO might be involved in type 1 diabetes. 73 

In 2008, McDuffie eta/. reported that 12/15LO deficient mice had improved 

glucose tolerance and reduced severity of insulitis with a non-obese 

diabetes background. When challenged with glucose, the islets from 

12/15LO deficient mice secreted more insulin and responded faster to the 

clearance of excess blood glucose than control mice . These studies 

showed that 12/15LO products were toxic to pancreatic ~ cells and could 

cause damage to pancreatic islets and induce type 1 diabetes. However, 

recent studies from the same group also showed that the inflammatory 

response caused by 12/15LO products could impair insulin-signaling 

pathways and induce insulin resistance and type 2 diabetes. When 

12/15LO deficient mice were challenged with a western diet, fasting 

glucose and insulin levels were lower than wild type mice. Both glucose 

and insulin tolerance of 12/15LO knockout mice were improved compared 

to control mice. In addition, they showed decreased macrophage infiltration 

into adipose tissue in 12/15LO deficient mice. 74 Based on these studies, 

12/15LO and its enzymatic products may have dual effects on the 

development of diabetes. The toxic effect of 12-HETE can damage 
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pancreatic islets and induce type 1 diabetes. At the same time, 12/15LO 

can impair the insulin-signaling pathway and cause insulin resistance. 

PURPOSE 

The purpose of this study is to: 

- Detect the effect of diabetes mellitus on bone architecture and mineral 

density and to test whether 12/15LO plays a role in such effect 

HYPOTHESES 

H YPOTHESIS #1 

Diabetes has a negative effect on bone architecture and mineral density 

H YPOTHESIS #2 

12/15 LO is involved in the maintenance of normal bone quality both under 

normal and diabetic condition 
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MATERIALS AND METHODS 

OVERVIEW OF METHODS 

Experiments were performed on wild-type C57BL/6J and 12-LOX-deficient 

mice. Animals Were obtained from the Jackson Laboratory, Heterozygous 

females were then bred with homozygous males to produce homozygous 

and heterozygous littermates. Genotyping was performed according to the 

protocol provided by the Jackson laboratory using PCR. 

19 mice in four groups were examined: 

Group 1: Diabetic Wild Type: This group consists of 4 animals. 

Group 2: Diabetic Knockout: This group consists of 5 animals. 

Group 3: Control Wild Type: This group consists of 4 animals. 

Group 4: Control Knockout: This group consists of 6 animals. 

All mice were sacrificed on postnatal day 17 and tibia, femur and vertebra 

bones were collected from each animal. Each specimen was scanned 

using micro-CT scanner (Skyscan 1172; Skyscan, Aartlesaar, Belgium) 

with the same scanning parameters. 

All scans were analyzed with CTAN software. Figure 1. 
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Figure 1: Overview of methods 
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DETAILED METHODOLOGY 

Animals: 

Wild-type C57BL/6J mice and 12-LOX deficient mice (86.12982-Aiox 15 

<tm1 Fun>/J) were obtained from the Jackson Laboratory (Bar Harbor, ME), 

12/15-LOX knockout (KO): mutation produced by Funk and colleagues, 75 

and to generate mice lacking leukocyte 12/15 LOX, back-crossing was 

performed by breeding male 12/15-LOX knockout mice and C57BL/6 

females to generate heterozygous females . Heterozygous females were 

then bred with homozygous males to produce homozygous and 

heterozygous littermates. Genotyping was performed according to the 

protocol provided by the Jackson laboratory using PCR. 

Mouse model: 

Experiments were performed on wild-type C57BL/6J and 12-LOX-deficient 

mice. The groups comprised control , OIR wild type, OIR treated with the 

LOX pathway inhibitor baicalein, and OIR 12-LOX-deficient mice. Murine 

pups were incubated in high oxygen (75%) for 5 days, from postnatal day 7 

to postnatal day 12, followed by 5 days in room air (postnatal day 12-17). 

One group of OIR mice was treated with baicalein (20 mg/kg/day i.p) on 

postnatal days 12-16. All mice were sacrificed on postnatal day 17 and 
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tibia, femur and vertebra bones were collected from each animal. Six to 

eight-week-old mice received streptozototocin (55 mg/Kg). Mice with a 

glucose level of 0.250 mg/dl or greater were considered diabetic. The 

streptocin-induced db/db mice were maintained for 8 weeks, then sacrified. 

After the animals were sacrificed, they were dissected to extract the 

following bones: Tibia, Femur and Vertebrae. 

Four groups of mice were examined: 

Group 1: Diabetic Wild Type: This group consists of 4 animals. 

Group 2: Diabetic Knockout: This group consists of 5 animals. 

Group 3: Control Wild Type: This group consists of 4 animals. 

Group 4: Control Knockout: This group consists of 6 animals. 
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Figure 2: Common sites for bone specimens in mice. 

Each specimen was scanned using micro-CT scanner (Skyscan 1172; 

Skyscan, Aartlesaar, Belgium) with the same scanning parameters. 

The scans dataset was then transferred to software to be three

dimensionally reconstructed using the same reconstruction parameters for 

all groups (Skyscan Nrecon program company, Kontich , Belgium). Two 

hydroxyapatite phantoms of known density (0.25 and 0.75 mg/cc) were 

scanned with a corresponding parameter for each group. The 

reconstructed datasets were loaded to the image analysis software (CTAN, 

Kontich , Belgium) after being calibrated with the phantoms. Only volumes 
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of interest within the cortical bone were used to analyze bone mineral 

density. Only volumes of interest within cancellous bone were used to 

analyze other parameters (percent bone volume, trabecular thickness, 

trabecular separation, trabecular number, trabecular bone pattern factor, 

degree of anisotropy, structure model index ), the volume of interest was 

determined to be 100 slices in each of the tibia and femur and 25 slices in 

each of 41
h and 51

h lumbar vertebrae. 

The cancelous bone in the lower head of femur, upper head of tibia, L4 and 

L5 were chosen as area of interest for all study parameters except bone 

mineral density. Mid-shaft of Femur and Tibia were chosen as the area of 

interest for BMD. 

Scanning Parameters: 

Total volume of the volume-of-interest (VOl). 

Measured in both 2 nd and 3 rd. The 2 nd measurement is simply the total 

number of voxels of (solid and space) in the VOl times the voxel volume. 

The 3 rd volume measurement is very similar but based on the hexahedral 

marching cubes volume model of the VOl. 
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Percent bone volume (BV/TV): 

The proportion of the tissue volume occupied by binarised solid objects. 

This parameter is only relevant if the studied volume is fully contained 

within a biphasic region of solid and space such as a trabecular bone 

region , and does not for example extend into or beyond the bounding 

cortical wall of bone. 

Trabecular thickness (Tb.Th) : 

Calculation- or estimation- of Tb.Th from 20 measurements requires an 

assumption about the nature of the structure. Three simple structure 

models, the parallel plate, the cylinder rod and the sphere model, provide 

the range of values within which a hypothetical "true" thickness will be 

located. 

With 30 image analysis by micro-CT, a true 30 thickness can be measured 

which is model-independent. This is determined as an average of the local 

thickness at each voxel representing solid (or bone) (Ulrich eta/. 1999). 

Local thickness for a point in solid is defined by Hildebrand and 

Ruegsegger (1997a) as the diameter of a sphere which fulfils two 

conditions: 

(a) The sphere encloses the point (but the point is not necessarily the 
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center of the sphere); 

(b) the sphere is entirely bounded within the solid surfaces. 

Histomorphometrists typically measure a single mean value of bone Tb.Th 

from a trabecular bone site. However a trabecular bone volume - or any 

complex biphasic object region -can also be characterised by a 

distribution of thicknesses. CT -analyser outputs a histogram of thicknesses 

with an interval of two pixels. 

Trabecular separation (Tb.Sp) : 

Trabecular separation is essentially the thickness of the spaces as defined 

by binarisation within the VOl. It can also be calculated either from 20 

images with model assumptions or directly in 30. 

In practice, in trabecular bone analysis it is not appropiate to employ 20 

model assumptions, especially because the "plate-like" or "rod-like" 

character of trabecular bone can change both between bone samples and 

from one end of a studied bone volume to the other. Therefore Skyscan 

analysis software can measure Tb.Sp directly and model-independently in 

30 from micro-CT images by the same method used to measure trabecular 

thickness (see above). 
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Trabecular number (Tb.N) : Structure linear density or trabecular number 

implies the number of traversals across a trabecular or solid structure made 

per unit length on a linear path through a trabecular bone region. 

Again , the complexities of model dependence are eliminated by true 30 

calculation of Sr.L.O I Tb.N from micro-CT images. 

Trabecular bone pattern factor (Tb.Pf) : 

This is an index of connectivity of trabecular bone. It was applied by these 

authors to 20 images of trabecular bone, and calculates an index of 

relative convexity or concavity of the total bone surface, on the principle 

that concavity indicates connectivity (and the presence of "nodes"), and 

convexity indicates isolated disconnected structures (struts). Tb.Pf is 

calculated in 20 (slice-by-slice) and in 30, by comparing area and 

perimeter (or volume and surface, respectively) of binarised sol id before 

and after an image dilation. 

Where structural/trabecular connectedness results in enclosed marrow 

spaces, then dilation of trabecular surfaces will contract the perimeter. By 

contrast, open ends or nodes will have their perimeter expanded by surface 

dilation. As a result, lower Tb.Pf signifies better connected trabecular 

lattices while higher Tb.Pf means a more disconnected trabecular structure. 
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A prevalence of enclosed cavities and concave surfaces can push Tb. Pf to 

negative values- as with the structure model index (SMI) . 

Degree of anisotropy (DA): 

Isotropy is a measure of 3d symmetry or the presence or absence of 

preferential alignment of structures along a particular directional axis. Apart 

from percent volume, DA and the general stereology parameters of 

trabecular bone are probably the most important determinants of 

mechanical strength (Odgaard 1997). Mean intercept length (MIL) and 

Eigen analysis are used to calculate DA, and these involve some quite 

advanced engineering mathematics. However the essentials of the MIL 

Eigen analysis can be summarised in normal English. 

Consider a region or volume containing two phases (solid and space), both 

having complex architecture, such as a region of trabecular bone. We can 

study this volume to determine isotropy. If the volume is isotropic, then a 

line passing through the volume at any 3d orientation will make a similar 

number of intercepts through the solid phase. A bag of marbles would be 

isotropic. However a packet of spaghetti would be non- isotropic, or 

anisotropic, since lines going along the direction of the spaghetti would 

make few intercepts along the spaghetti rods while lines crossing at right-
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angles would make many intercepts. Mean intercept length (M IL) analysis 

measures isotropy (it is usual to talk of measurement of the negative 

quantity anisotropy). Mean intercept length is found by sending a line 

through a 30 image volume containing binarised objects, and dividing the 

length of the test line through the analysed volume by the number of times 

that the line passes through or intercepts part of the solid phase. Note that 

in this MIL calculation the intercept length may correlate with object 

thickness in a given orientation but does not measure it directly. Therefore 

it will give an accurate result if analysing a volume containing a sufficiently 

large number of objects, but is not suitable for analysis of single or small 

numbers of objects. For the MIL analysis, a grid of lines is sent through the 

volume over a large number of 3d angles. The MIL for each angle is 

calculated as the average for all the lines of the grid. The spacing of this 

grid can be selected in CTan preferences (the "advanced~~ tab). This 

requires that a spherical region is first defined within which the MIL analysis 

will be done and isotropy measured, since the test lines must all cross the 

·sphere centre and have an equal distribution of lengths, covering all 3d 

angles but distributed at random. In CTan you can actually set a spherical 

volume of interest (VOl). However if a non-spherical VOl is set, the MIL 

analysis fits a sphere enclosing the VOl. 
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Structure model index (SMI): 

Structure model index indicates the relative prevalence of rods and plates 

in a 3d structure such as trabecular bone. SMI can be thought of as a 

measurement of surface convexity. This parameter is of importance in 

osteoporosis of trabecular bone, which is characterized by a transition from 

plate-like to rod-like architecture. An ideal plate, cylinder and sphere have 

SMI values of 0, 3 and 4 respectively. Structure model index is defined in 

terms of the relative prevalence of rods and plates in a 3d structure such as 

trabecular bone. The calculation of SMI is based on dilation of the 3d voxel 

model, that is, artificially adding one-voxel thickness to all binarised object 

surfaces. This is also the basis of the Tb.Pf parameter (see above), which 

explains why changes in both parameters correlate very closely with each 

other. 

It should be noted that concave surfaces of enclosed cavities represent 

negative convexity to the SMI parameter, since dilation of an enclosed 

space will reduce surface area causing S' to be negative. Therefore regions 

of bone containing a prevalence of enclosed cavities- such as regions with 

relative volume above 50%- can have negative SMI values. As a 

consequence, the SMI parameter is sensitive to relative volume, and this 
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can accentuate differences between experimental groups in the measured 

SMI value. 

Statistical Analysis 

All parameters were analyzed using ANOVA with two factors (diabetic vs. 

non-diabetic and wild type vs. KO). A separate two-way ANOVA was used 

to analyze each parameter for the femur, tibia, 4th vertebra, 5th veterbra, 

and BMD data. If no interaction was present between the two factors, main 

effects were analyzed. In the presence of significant interaction, pairwise 

comparisons among the 4 groups (diabetic wild type, diabetic KO, non

diabetic wild type, non-diabetic KO) were performed using the Tukey

Kramer method. The Shapiro-Wilk test was used to test the normality 

assumption and, if violations were found , rank-based statistical methods 

were used. Results are given as mean ±SO and p < 0.05 was considered 

statistically significant. 

Data Description: 

Independent Variables 

Phenotype (KO, WT); Disease (Normal, Diabetes) 

Type of variables 
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Continuous 

Dependent Variables 

Micro-CT parameters in femur, tibia, and vertebrae including: 

bone volume, trabecular pattern, structure model index, trabecular 

thickness, trabecular number, trabecular separation, degree of Anisotropy 

and bone mineral density 
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Results: 

Based on the Shapiro-Wilk test results, there were no serious violations 

of the normality assumption, so standard ANOVA methods were used. 

For the femur data, the only parameters showing a significant 

difference were Trabecular Bone Pattern Factor and Degree of 

Anisotrophy. For Trabecular Bone Pattern Factor, the interaction between 

the two factors was not significant, nor was the main effect for diabetic vs. 

non-diabetic. However, the main effect for wild type vs. KO was significant 

(p = 0.036). For Degree of Anisotrophy, the interaction between the two 

factors and the main effect for wild type vs. KO were not significant, but the 

main effect for diabetic vs. non-diabetic was significant (p = 0.024). 

Summary statistics for these significant comparisons are given in Table 1. 

For the tibia data, all of the parameters except Trabecular Separation 

and Degree of Anisotrophy showed a similar pattern, in which the 

interaction between the two factors and the main effect for diabetic vs. non

diabetic were not significant, but the main effect for wild type vs. KO was 

significant. The p-values for the significant wild type vs. KO comparisons 

were as follows: Percent Bone Volume (p = 0.046), Trabecular Bone 

Pattern Factor (p = 0.007), Trabecular Thickness (p = 0.015), Trabecular 

Number (p = 0.025), and Structure Model Index (p = 0.009). For 
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Trabecular Separation and Degree of Anisotrophy, the interaction between 

the two factors was not significant, nor were the main effects for diabetic 

vs. non-diabetic and for wild type vs. KO. Summary statistics for the 

significant comparisons are given in Table 2. 

There were no significant results for either the 4th vertebra or 5th 

vertebra data. 

For the BMD data, the only bone showing a significant difference was 

the femur. For this bone, the interaction between the two factors was 

significant (p = 0.028), so simple effects were analyzed. Summary 

statistics for the four combinations of the levels of the two factors are given 

in Table 3. Note that for the diabetic animals, mean BMD was higher in the 

wild type group relative to the KO group, whereas, for the non-diabetic 

animals, mean BMD was higher in the KO group. However, none of these 

pairwise comparisons were statistically significant. 

For femur data, it shows that group 4 (Non diabetic KO) has the worse 

bone quality of the four groups in regards to bone volume, trabecular bone 

volume, structure model index, trabecular thickness and trabecular number 

(Figure 3). These findings are in constant with data from Tibia (figure 4 ). 
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Table 1. Summary Statistics for Significant Femur Results 

Parameter Group 

Trabecular KO 
Bone Pattern 
Factor 

Wild 
Type 

Degree of Diabetic 
Anisotropy 

Non-
Diabetic 

Sample 
Size* 

10 

8 

8 

10 

* Number of subjects with complete data. 

Abou Nahlah 

Mean± S.D 

28.41 ± 13.91 

15.23 ± 10.81 

0.47 ± 0.13 

0.68 ± 0.19 

Minimum Maximum 

-1 .29 45.55 

2.65 33.08 

0.32 0.69 

0.42 0.92 
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Table 2. Summary Statistics for Significant Tibia Results 

Parameter Group 

Percent Bone KO 
Volume 

Wild 
Type 

Trabecular KO 
Bone Pattern 
Factor 

Wild 
Type 

Trabecular KO 
Thickness 

Wild 
Type 

Trabecular KO 
Number 

Wild 
Type 

Structure KO 
Model Index 

Wild 
Type 

Sample 
Size* 

11 

8 

11 

8 

11 

8 

11 

8 

11 

8 

* Number of subjects with complete data. 

Abou Nahlah 

Mean± S.D 

0.62 ± 0.76 

2.88 ± 3.35 

38.34 ± 25.83 

11 .08±9.46 

0.08 ± 0.04 

0.13 ± 0.41 

0.06 ± 0.06 

0.18 ± 0.15 

2.67 ± 0.38 

2.08 ± 0.50 

Minimum Maximum 

< 0.01 2.01 

0.39 10.62 

8.82 98.32 

1.79 25.41 

0.04 0.19 

0.09 0.21 

< 0.01 0.17 

0.05 0.51 

2.01 3.25 

1.43 2.72 
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Table 3. Summary Statistics for Femur BMD Results 

Diabetic 
Status 

Diabetic 

Non-Diabetic 

Group 

KO 

Wild 
Type 

KO 

Wild 
Type 

Sample 
Size* 

4 

4 

6 

4 

* Number of subjects with complete data. 

Abou Nahlah 

Mean± S.D 

1.05±0.17 

1.19±0.02 

1.21 ± 0.06 

1.14±0.05 

Minimum Maximum 

0.80 1.19 

1.17 1.22 

1.14 1.31 

1.08 1.19 
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Femur DiabeticWT Diabetic KO Non Diabetrc WT Non Drabetic KO 
Bone Volume 2.9821225 2.93903 2 617375 1.875051667 

± ± ± ± 
2.83401128 4.953972223 1.251292961 2.533260539 

Trabecular Pattern 20.3166225 32.9253025 10.1356175 25 39338333 
± ± ± ± 
11.91791614 9.133917077 7 83656963 15.76447186 

Structure Model 2.82427 2.9353675 2.108435 2.719597143 
Index ± ± ± ± 

0.596484595 0.136913736 0.496353202 0.65874 

Trabecular 0.13150 0 08330 0 13083 0.09664 
Thickness ± ± ± ± 

004549 0.02495 0 03873 0.04500 

- -

Trabecular Number 0 20292 0 26484 0 21231 0 14r)61 
± ± ± ± 
0.14028 0.40085 0.11583 0.12363 

Trabecular 0 66331 0.63005 0.79357 0.71035 
Separatron ± ± ± ± 

0.08059 0.31256 0 27067 0.13290 

Degree of Anisotropy 0.49809 0.45179 0.71336 0 66523 
± ± ± ± 
0.16941 0.10954 0.21600 0 18607 

BMD 118994 1.04852 1.13809 1 21133 
± ± ± ± 
0.02243 0.17237 0.05395 0.05905 

Table 4: Mean and Standard deviation of bone volume, trabecular pattern, 

structure model index, trabecular thickness, trabecular number, trabecular 

separation, degree of anisotropy and bone mineral density in femur. 
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Figure 3 Box Plots of: A: bone volume, B:trabecular pattern, C:structure 

model index,D: trabecular thickness,E: trabecular number,F: trabecular 

separation, G:degree of anisotropy andH: bone mineral density in femur. 

Micro CT analysis showed a decrease in degree of anisotropy in the 

diabetic animals, and an increase in trabecular bone pattern factor in KO 

mice. Among the diabetic animals, femur BMD was significantly decreased 

in KO animals, in the non diabetic animals, femur BMD was increased in 

KO animals. 
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Tibia D1abeticWT DiabetiC KO Non DiabetiC WT Non D1abetic KO 

Bone Volume 4.01574 1.04785 1.74106 0.26663 
± ± ± ± 
4.67973 0.88155 088774 0 43148 

Trabecular Pattern 9.89093 21.64660 12.26175 52.25329 
± ± ± ± 
10 36158 14.40945 9.89419 25.63959 

-Structure Model 
I ms 

2.43325 2 18178 2 87466 
Index ± ± ± 

. ~.43655 0.37290 0.59480 0.28025 

-=-Trabecular Thickness 0.13750 0.10595 0.12828 0.05733 
± ± ± ± 
0.05766 0.05076 0.02505 0 01965 

--=-Trabecular Number 0.22833 0.08687 0.13351 0.03599 
± ± ± ± 
0 20620 0.05882 0.04952 0 04502 

Trabecular 0.70000 0.81262 0.77324 0.79099 
Separation ± ± ± ± 

0.15047 0.09548 0.16796 0 18166 

- Degree of Amsotropy 0.58792 0.71941 0.74694 0 87368 
± ± ± ± 
0 22758 0.19238 0.16952 0.12122 

BMD 0.89491 0.84583 0.91982 0.83917 
± ± ± ± 

0.11032 0.10640 0.06546 0.20078 

Table 5: Mean and Standard deviation of bone volume, trabecular pattern, 

structure model index, trabecu lar thickness, trabecular number, trabecular 

separation, degree of anisotropy and bone mineral density in tibia. Micro 

CT analysis showed decreases in percent bone volume, trabecular 

thickness, and trabecular number, and increase in trabecular pattern and 

structure model index in KO animals. 
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Figure 4 Box Plots of: A: bone volume,B: trabecular pattern, C:structure 

model index, D:trabecular thickness, E:trabecular number, F:trabecular 

separation, G:degree of anisotropy and H:bone mineral density in tibia. 

Micro CT analysis showed decreases in percent bone volume, trabecular 

thickness, and trabecular number, and increase in trabecular pattern and 

structure model index in KO animals. 
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"""" Vertebra 4 DiabeticWT DiabetiC KO Non Diabetic WT Non Diabetic KO 

Bone Volume 23 31517 1 .' ·1 4SO• ·1 17 '6 '.' l 30 97339 

± ± ± ± 
4.18855 14.39149 6.49494 11.41100 

Trabecular Pattern 11.23598 14 37254 15.54346 5.43890 

± ± ± ± 
2.12174 12.64523 6.91392 4.42076 

Structure Model 2 01-135 ] .06!155 2.37246 1.56786 

Index ± ± ± ± 
0.23676 0.60669 0.35022 0.43035 

-- - --
Trabecular 0.09772 0.09207 0.10017 0.11221 

Thickness ± ± ± ± 
0.00653 0.01753 0.01546 0.01249 

~ 

Trabecular Number 2.38204 2.48940 1.72467 2.74535 

± ± ± ± 
0.38399 1.23093 0 .54304 0.87968 

I Trabecular 0.20958 0 .21295 0.22503 0 19417 

Separation ± ± ± ± 
0.05598 0 .04342 0 .01827 0.02611 

I I 

Table 6: Mean and Standard deviation of bone volume, trabecular pattern, 

structure model index, trabecular thickness, trabecular number, trabecular 

separation and degree of anisotropy in L4. Micro CT analysis showed no 

significant difference between the groups. 
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Figure 5 Box Plots of: A: bone volume, B:trabecular pattern, C:structure 

model index, D:trabecular thickness, E:trabecular number, F:trabecular 

separation And G:degree of anisotropy in L4. Micro CT analysis showed no 

significant difference between the groups. 
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.--
~rtebrae 5 DiabetlcWT DiabetiC KO Non D1abetic WT Non Diabetic KO 

Bone Volume 2'3 33128 291081' 18 q6~35 17 82845 
± ± ± ± 
2.35581 15.25682 1 65196 3.73102 

Trabecular Pattern 12 26475 11 3'>425 11 12992 14 (11-!028 
± ± ± ± 
1.69423 8.68238 2.23369 0.98780 

Structure Model 2.11392 19 '')75 2.18028 2 1c'•i85 
Index ± ± ± ± 

0.19968 0.31878 0.17622 0.13216 

f-=-· 
Trabecular 0.09766 0.10408 I 0 'i56 0.09321 
Thickness ± ± ± ± 

0.00794 0.02482 0.00563 0.00822 

f--=-· 
Trabecular Number 2 39188 2 62780 1.92487 1.92966 

± ± ± ± 
0.18731 1.00301 0.14875 0.46277 

r-Trabecular 0.20542 0.20818 0.21617 0.21961 
Separation ± ± ± ± 

0 01925 0.01946 0.01886 0.04725 

1- . 
Degree of An1sotropy 0.48796 0.56799 0.62192 0.57906 

I 
± ± ± ± 
0.10001 0.21349 0.16990 0 17550 

Table 7: Mean and Standard deviation of bone volume, trabecular pattern, 

structure model index, trabecular thickness, trabecular number, trabecular 

separation, degree of Anisotropy and bone mineral density in L5. Micro CT 

analysis showed no significant difference between the groups. 
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Figure 6 : Box Plots of: A bone volume, B:trabecular pattern, C:structure 

model index, D:trabecular thickness, E:trabecular number, F:trabecular 

separation, G:degree of anisotropy and H:bone mineral density in L 5. 

Micro CT analysis showed no significant difference between the groups. 
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Discussion: 

In the present study, analysis of the femur micro CT demonstrated a 

decrease in degree of anisotropy in the diabetic animals, and an increase 

in trabecular bone pattern factor in KO mice. In the tibia, there were a 

decrease in percent bone volume, trabecular thickness, and trabecular 

number, and increase in trabecular pattern and structure model index in KO 

animals. Among the diabetic animals, femur BMD was significantly 

decreased in KO animals, in the non diabetic animals, femur BMD was 

increased in KO animals. 

High blood glucose level has been reported to trigger the oxidative 

stress process in many cell types via both increased production of ROS 

and decreased endogenous antioxidant capacity.76
,
7z Inflammation is 

another mechanism that might be involved in bone loss associated with 

diabetes. Diabetic conditions are also known to increase the level of 

inflammatory cytokines such as IL-113, IL-6 and TNF-a. 
78

,
79 

Numerous 

studies indicate the involvement of these cytokines in the process of bone 

loss with or without diabetes. 80
,
81 

These results indicate that, diabetes by itself did not significantly 
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affect bone morphometric parameters at the examined sites. However, 

there was a consistent trend, although statistically insignificant that 

knockout diabetic animals had worse bone quality and quantity than either 

normal or diabetic wild-type animals. Group 4 (Non diabetic KO) 

consistently showed the least favorable bone quality of all four groups in 

regards to bone volume, trabecular bone volume, structure model index, 

and trabecular thickness and trabecular number. 

Various mechanisms have been suggested to be responsible for the 

pathogenesis of diabetic-induced osteopenia. One of the most widely 

accepted mechanisms is the oxidative stress associated with 

hyperglycemia. Earlier studies documented that hyperglycemia can trigger 

oxidative stress resulting in alteration of bone metabolism and 

architecture.82 ,83 Oxidative stress can also considerably provoke cellular 

dysfunctions and damage in a variety of cell types such as bone cells via 

generation of a free radical known as ROS. 
84

,
85 

Although 12/15-lipoxygenase (12/15-LO) has been implicated as a 

negative regulator of systemic bone mass in mice and humans, the 

underlying mechanisms remain elusive. 12/15-LO is a positive regulator of 

osteoclast development. Studies using 12/15-LO KO mice and analysis of 

polymorph isms of the human 15-LO gene suggested a role of these 
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enzymes as negative regulators of systemic bone mass. Since the rate of 

OC differentiation and the number of bone-resorbing OC are major 

determinants of bone mass, we set out to determine a potential role of 

12/15-LO in bone quality. Our results indicates 12/15-LO KO affected the 

bone quality negatively which might be explained by inhibition of 

osteoclasts, which may inhibit bone remodeling . 

Hyperglycemia is implicated in the development of diverse diabetic 

complications, such as retinopathy, nephropathy, and neuropathy.86 

Animal studies have shown that the resultant hyperglycemia is associated 

with defects in the micro-architecture of bone.87 Thrailkill and co-workers 

reported that, hyperglycemia partially altered microstructure of trabecular 

and cortical bone.881n addition, hyperglycemia itself can potentiate the 

oxidative stress process. 88 

Micro-CT is an excellent alternative approach to image and quantify 

cancellous bone in three dimensions. 89 First introduced by Feldkamp and 

colleagues in the late 1980s 90
, it has become the "gold standard" for 

evaluation of bone morphology and microarchitecture in different animal 

models. The excellent reproducibility and accuracy of 1-JCT measurements 

of bone morphology have been established in several studies. The 
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accuracy of !JCT morphology measurements has been evaluated by 

comparing them with traditional measures from 20 histomorphometry both 

in animal 91 and in human specimens. 89 These studies show that 20 and 

30 morphologic measurements by !JCT generally are highly correlated with 

those from 20 histomorphometry. According to Bouxsein and coworkers, 92 

there are numerous advantages to using !JCT for assessment of bone 

mass and morphology in examined specimens. It allows for direct 30 

measurement of trabecular morphology, such as trabecular thickness and 

separation, rather than inferring these values based on 20 stereologic 

models, as is done with standard histologic evaluations. In addition, !JCT 

allows the analysis of a significantly larger volume of interest when 

compared with 20 histology and measurements can be performed with a 

much faster throughput than typical histologic analyses of 

histomorphometric parameters using un-decalcified bone specimens. 

Finally, the assessment of bone morphology by !JCT scanning is 

nondestructive which allows the subsequent use of the same samples for 

further assays, such as histology or mechanical testing. 

We evaluated nine micro CT parameters, which include percent bone 

volume, trabecular thickness, trabecular separation, trabecular number, 

trabecular bone pattern factor, degree of anisotropy, structure model index, 
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bone mineral density, accurate measurement of all these parameters are 

more reliable method to evaluate bone quality, than other methods used in 

previous studies such as dual-energy X-Ray absorptiometry 93
, or failure 

load and stiffness94 which give a limited understanding of bone 

architecture. 

In our study, we found a difference in bone quality between long 

bones (femur and tibia) and vertebra (L4, L5), and more effect of the role of 

12/15-LO in femur and tibia, these differences can be explained through 

the fact that femur and tibia contain more cortical bone in comparing with 

more cancellous bone in vertebrae. These finding may suggest using long 

bone as examined sites to study such effects. 

Our data also indicate a role of 12/15-LO in bone quality, as inhibition 

of 12/15-LO activity might affect bone quality negatively. Kronke and co

workers studied the effect of specific 12/15-LO inhibitor CDC on OC 

differentiation in vitro, and found that addition of CDC significantly inhibited 

OC differentiation in a dose-dependent manner. 68 These results suggest 

that 12/15 LO KO may improve bone mass. Conversely, our study that 

evaluated bone architecture indicates a negative effect of 12/15 LO KO in 

bone quality. 
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Klein and co-workers examined the skeletal phenotype of 12/15-LO 

KO mice and found that body weight and whole-body BMD were similar for 

the two strains.94 These findings are consistent with our finding in this 

study. 

Urano and co-workers analyzed genotypes in DNA samples from 319 

healthy postmenopausal Japanese women and measured the lumbar spine 

BMD and total body BMD of participants. The results suggested that the 

ALOX15 gene may be a genetic determinant of BMD in postmenopausal 

women. It should be mentioned that measurements were done by dual

energy X-ray absorptiometry using the fast scan mode which is less 

accurate than micro CT. 

Future studies that evaluate the changes occur in bone architecture 

in 12/15 LO KO will permit better understanding of the effect of 12/15 

Lipoxygenase in bone and the underling mechanism of these effects. 
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Summary: 

Our results suggest a negative effect of 12/15 Lipoxygenase KO on 

bone. This effect is exaggerated in case of diabetes comorbidity. Such 

effect might be explained through inhibition of osteoclasts, which may 

inhibit bone remodeling . Further studies are planned to confirm the 

preliminary data and explore underlying mechanisms. 
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