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1. Introduction 
 

1.1. Diabetes mellitus 
 

Diabetes mellitus (DM) is a chronic metabolic disease associated with abnormally high levels of glucose 

circulating in the blood. With currently 537 million adults living with diabetes, it is one of the fastest 

growing health challenges of our century, and its prevalence is still increasing, reaching almost eight 

hundred million by 2045[1,2]. The alterations in glucose metabolism in diabetes are caused by the 

changes in insulin synthesis and production or its utilization. Insulin is a pivotal hormone secreted by 

the pancreas, and, together with glucagon, insulin regulates the glucose levels in the blood. With 

increasing glucose levels in the blood, the pancreatic ꞵ-cells release insulin into the circulation, leading 

to increased cellular glucose intake, resulting in lower serum glucose levels. On the other side, the low 

glucose concentration stimulates the pancreatic α-cells to release glucagon, allowing stored glycogen 

to be converted into glucose. This mechanism balances the circulating blood glucose concentrations 

at normal levels. Impaired insulin sensing causes glucose accumulation in the blood, resulting in 

hyperglycemia—the defining feature of diabetes. Reduced ability of individual patients to regulate 

glucose concentration effectively, leading to several diabetic complications. We recognize different 

mechanisms for DM development together with diverse manifestations and impact of the disease, and 

therefore, DM is classified mainly into type 1 diabetes and type 2 diabetes [3]. 

Type 1 diabetes mellitus (T1DM) accounts for 10% of all diabetes cases worldwide and is juvenile-onset 

or in early adulthood. The etiology of T1DM is caused by autoimmune destruction of the pancreatic ꞵ-

cells leading to insulin deficiency [4,5]. Type 2 diabetes mellitus (T2DM) stands for approximately 90% 

of all affected individuals worldwide and is usually diagnosed later in a patient's lifetime. In contrast to 

T1DM, in T2DM, the pancreas still produces insulin, but either the quality is poor or the cellular 

receptors do not respond to insulin, causing insulin resistance [6,7]. 

Hyperglycemia in DM can lead to an increase in oxidative stress, which contributes to the progression 

of diabetes and its complications [8–10]. DM is associated with alterations in cellular homeostasis, 

causing increased vascular permeability and apoptosis of specific vascular cells, contributing to an 

increased risk of developing vascular complications affecting both large (macrovascular) and small 

(microvascular) blood vessels [11] (Figure 1). Macrovascular complications lead to a higher stroke 

incidence, coronary heart disease (CHO), and peripheral vascular disease. Microvascular complications 

contribute to diabetic neuropathy (nerve damage), nephropathy (kidney disease), and retinopathy 

(eye disease). Damaged nerves and vascularity can lead to ulceration, gangrene, and, in extreme cases, 

limb amputations [3,12,13]. Recently, fragility fractures were identified as an important complication 
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linked to both T1DM and T2DM. Fracture risk is often underdiagnosed in DM individuals and is 

associated with excess morbidity, mortality, and decreased life quality of patients [14]. 

 

 

 

Figure 1. Effects of microvascular and macrovascular complications in diabetes mellitus. Chronic hyperglycemia 

in diabetic patients is associated with the development of microvascular complications affecting the capillaries 

and leads to the development of retinopathy, nephropathy, and neuropathy. Furthermore, diabetes is also 

associated with macrovascular complications causing damage to the arteries, leading to coronary and 

cerebrovascular disease. Recent research also identified bone fragility as a diabetes-related complication. 

Diabetic complications greatly influence the rate of mortality and morbidity of the disease and affect the life 

quality of diabetic individuals. Modified from Shamim, Diabetes An Old Disease, a New Insight, 2019. 
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1.2. Hierarchical structure and bone quality 
 

Human bone is a complex biological material with many irreplaceable bodily functions. The primary 

function of the skeleton is to provide a structural scaffold that supports and allows for movement 

[15,16]. Furthermore, bone tissue serves as a reservoir for essential minerals (such as calcium, 

phosphorus, and magnesium), takes part in hematopoiesis (production of blood cells), and provides a 

shield for vital organs. The bone consists of an extracellular matrix and living cells. The extracellular 

matrix of the bone tissue contributes to its mechanical properties. At the same time, the living cells 

facilitate the exchange of nutrients, hormones, and other regulatory factors between the bone and 

other tissues [17,18]. Also, bone is a dynamic tissue that undergoes continuous bone remodeling, 

ensuring the maintenance of strength and mineral balance that influences an individual's overall health 

and well-being [19]. 

One of the main indicators of bone health is the density of the bone tissue or bone mineral density 

(BMD). BMD provides information on the mineral content, which is predominantly determined by 

calcium and is measured radiographically. Dual-energy X-ray absorptiometry (DXA) is a diagnostic 

method that measures BMD, and it is used to diagnose bone loss (e.g., osteoporosis) and to assess 

fracture risk [20]. A decrease in BMD often signals compromised bone strength and an increased 

susceptibility to fractures. However, the fracture resistance of a bone is not only determined by its 

quantity but also by the quality of the bone tissue. Therefore, it is crucial to consider additionally the 

cellular, structural, compositional, and mechanical parameters, generally referred to as bone quality 

parameters [21]. Recognizing the importance of bone quality can be essential for predicting fracture 

risks and developing effective strategies for osteoporosis management and other bone-related 

disorders. The bone quality parameters vary across different length scales, ranging from macro to 

nanoscale, due to the hierarchical organization of human bone [19] (Figure 2). 

The unique combination of strength, flexibility, and resistance of bone has its foundation in the 

hierarchical structure. The bone matrix is structurally arranged into dense cortical and trabecular 

(cancellous or spongy) bone. The trabecular bone is composed of numerous trabeculae that make up 

the internal framework of the bone and are enclosed by the bone marrow, which plays a crucial role 

in the production of blood cells, thus serving as a metabolically active bone compartment [22,23]. The 

dense bone compartment, cortical bone, is composed of micrometer-sized building blocks called 

osteons. Osteons contain centrally located Haversian canals carrying blood vessels and nerves that 

provide nutrients and signaling molecules [24]. The Haversian canal is surrounded by concentric 

lamellae comprising of layers of collagen fibers. These lamellae are organized in alternating patterns 
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of twisted plywood structure. Each lamellar layer comprises mineralized collagen fibrils formed of 

hydroxyapatite nanocrystals placed within the collagen molecules [22,25,26]. 

 

Figure 2. Hierarchical structure of human bone. Long bones have two main bone compartments: spongy 

trabecular and compact cortical bone. The main building block of cortical bone is an osteon containing blood 

vessels and nerves in the central part named the Haversian canal. Each osteon consists of several layers of 

concentric lamellae, and each lamella consists of assembled collagen fibers. In bone, the mineralized collagen 

fibril serves as the tiniest structural unit. It is composed of collagen molecules that are arranged periodically with 

embedded mineral crystals in between.  

 

During the initial bone formation stages, the organic matrix is produced by osteoblasts (bone-forming 

cells). This young, unmineralized bone matrix is called osteoid and becomes slowly harder due to 

subsequent nucleation of mineral particles within the collagen fibrils, increasing bone hardness 

[27,28]. Because the formation of a single osteon occurs at different time points, each osteon has a 

unique arrangement of collagen fibrils and mineralization levels and, therefore, a different tissue age. 

A recently formed osteon is considered a younger tissue compared to older and more mineralized 

regions of osteonal fragments called interstitial bone [29,30]. The stability of the bone matrix further 

improves as the tissue age increases. This is achieved in the organic phase by the controlled formation 

of enzymatic and non-enzymatic cross-links between collagen molecules and in the inorganic phase 

via the transformation of an amorphous mineral particle to a more structurally ordered crystal [31]. 

An increased risk of fractures can occur under pathological conditions when there are changes in bone 

quality parameters at any length scale. In osteoporosis, the reduced trabecular thickness and increased 

cortical porosity contribute to higher fracture risk [32]. Moreover, secondary osteoporosis, with 
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underlying conditions e. g., diabetes mellitus, medication, or even immobilization, also leads to 

alterations in bone quality, resulting in increased bone fragility [14,33–35].  

 

1.3. Bone quality in diabetes mellitus 
 

Diabetes has a significant impact on bone health, leading to alterations in bone mineral density, 

composition, and strength. These changes increase the likelihood of fractures and musculoskeletal 

complications, which are frequently disregarded in diabetes management. Diabetes is recognized as a 

risk factor for increased bone fragility and a risk of osteoporosis-associated fractures [14,36].  

Commonly used measurements for fracture risk using DXA based on BMD underestimate the fracture 

risk for patients with both T1DM and T2DM. Additionally, past studies have drawn a relationship 

between T1DM and reduced BMD due to a chronic lack of anabolic actions of insulin, whereas T2DM 

patients usually present with normal or even increased BMD (Figure 3). Nevertheless, both types of 

DM patients are at increased fracture risk [37,38]. These findings indicate that diabetes not only affects 

bone quantity but also negatively affects bone quality.  

Diabetes can lead to an increased likelihood of falls and injury due to several associated risk factors. 

These risk factors include poor vision, reduced balance, peripheral neuropathy, stroke, and physical 

disability. Additionally, poor bone quality in diabetes, when combined with frequent falls, increases 

the chances of experiencing fractures [39]. While both type 1 and type 2 DM have been linked to higher 

chances of bone fractures, the reasons behind diabetic bone fragility can differ between the two types 

[40,41]. 

Fracture risk is significantly higher in T1DM patients compared to T2DM patients. This is reflected in a 

recent meta-analysis where it is reported that T1DM increases hip fracture risk by a relative risk (RR) 

of 4.93, whereas in T2DM, the hip fracture risk is increased by an RR of 1.33 [42]. Differences in BMD 

do not solely cause diabetic bone fragility. Changes in bone microstructure and the intrinsic properties 

of the bone material itself may also influence diabetic bone quality. A study of postmenopausal T2DM 

women revealed increased cortical porosity in the radius and increased pore volume in the tibia among 

T2DM women compared to controls [43]. Furthermore, DM is characterized by a low bone turnover 

status, increased levels of sclerostin (inhibits osteoblast-induced bone formation), and 

osteoprotegerin (inhibits osteoclast-induced bone resorption) [44]. The decrease in bone turnover 

markers in diabetic patients is associated with chronic hyperglycemia [44,45].  
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Figure 3. Bone microarchitecture in type 1 (T1DM) and type 2 diabetes mellitus (T2DM). High-resolution 

peripheral quantitative computed tomography images of distal tibia and radius in T1DM and T2DM patients 

compared to healthy controls. Annotations 1–2 show impaired bone microarchitecture characteristics in T1DM 

and the catabolic effect of insulin shortage is demonstrated by the reduced volume of trabecular bone at the 

distal radius. Annotation 3 demonstrates the increased cortical porosity in T2DM. Annotations 4–5 show 

enhanced bone microarchitecture characteristics associated with T2DM. Modified from Walle et al., 2022. 

 

Altered glucose metabolism in diabetes leads to prolonged exposure to hyperglycemia, causing the 

accumulation of advanced glycation end-products (AGEs). AGEs are a heterogeneous group of 

compounds originating from the Maillard reaction between the protein amino group and carbonyl 

group from a reducing sugar [46]. Due to high heterogeneity, some AGES are fluorescent, cross-link 

forming, or both [47] (Figure 4). Type I collagen is a major component of the bone matrix and, 

therefore, a crucial determinant of bone strength. Collagen is a protein with a long half-life, and chronic 

hyperglycemic conditions allow more side-chain glycation [45], resulting in increased AGEs 

accumulation among diabetic patients compared to healthy populations [48]. AGEs accumulation in 

bone tissue introduces physical changes to the collagenous matrix negatively associated with bone 

mechanical properties [49] compared to stabilizing enzymatic cross-linking arising during the collagen 

maturation processes [31].  

Pentosidine is a fluorescent cross-linking forming type of AGE. It is often used as a marker of total 

fluorescent AGEs content in bone. In T2DM individuals is, increased urine pentosidine levels associated 

with a higher incidence of clinical and vertebral fractures compared to non-diabetic individuals [50]. 

Similarly, elevated serum pentosidine levels were associated with more prevalent fractures in T1DM 

patients [51]. In addition, a higher pentosidine content was also found in trabecular bone from T1DM 

patients with fracture history compared to healthy controls [52]. Carboxymethyllysine (CML) is another 

type of AGE that is highly abundant in bone. Compared to pentosidine, CML is a non-fluorescent and 

non-cross-linking type of AGE, and it is considered a biomarker for aging and oxidative stress in tissue 

[47]. Our previous work showed an increased CML content in the femoral cortical bone of T2M 

individuals compared to the healthy control group [53].  
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AGEs interact with the receptor for AGEs (RAGE). Activation of RAGE signaling includes upregulation of 

inflammation, induction of oxidative injury, and reactive oxygen species (ROS) production [54,55]. 

Elevated levels of oxidative stress in cells driven by RAGE signaling pathways lead to substantial 

changes in cellular function [55–57].These can cause alterations to bone cells [58,59], dysregulating 

bone turnover and contributing to the further development of diabetic bone disease (Figure 4). A 

range of complex factors, including hyperglycemia, oxidative stress, and the accumulation of AGEs, 

contribute to bone fragility in DM. These factors can compromise collagen properties, release 

inflammatory factors, and potentially affect the function of regulatory bone cells. 

 

 

 

Figure 4. Graphical summary of formation, classification, and interaction of advanced glycation end-products 

(AGEs). AGEs are a heterogeneous group of chemical compounds formed during the Maillard reaction. This 

chemical reaction between amino acids and reducing sugars creates an unstable Schiff base, which is rearranged 

into Amadori compounds. Amadori compounds then undergo various chemical modifications, resulting in the 

formation of AGEs. Accumulation of AGEs in tissues, especially with long half-lives like collagen, is increasing with 

advancing age or during diabetes. AGEs introduce chemical modification to collagen, which can be divided into 

three main groups based on fluorescent and cross-linking properties. RAGE is a transmembrane receptor which 

serves as a primary receptor for AGEs. Accumulation of AGEs in collagen overstimulates AGE-RAGE interactions, 

leading to increased oxidative stress and release of inflammatory cytokines and causing tissue damage.  
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1.4. Osteocytes as the mechanosensors of bone 
 

Bone is made of a complex bone matrix consisting of living cells, collagen fibers, and inorganic minerals, 

which exhibit the ideal balance of strength and flexibility crucial to its physiological function. 

Mechanosensitivity of the bone allows for maintaining this balance due to high adaptability to 

environmental changes and external factors [17–19]. 

Osteocytes are the major bone cells living inside lacunae – a small cavity embedded within the 

mineralized bone matrix. A key feature of osteocytes is to facilitate mechanosensitivity at the cellular 

level. These cells recognize mechanical stimuli and convert them into biochemical signals to modulate 

the actions of osteoblasts (bone-forming cells) and osteoclasts (bone-resorbing cells) in a process 

called bone remodeling, ensuring a dynamic balance between bone deposition and resorption to 

maintain bone homeostasis [61–63]. The position of osteocytes within the mineralized matrix led to 

the creation of nano-channels (canaliculi), through which the osteocytes are connected by long 

cytoplasmic dendrites, resulting in a communication network called a lacuno canalicular network 

(LCN). Fluid flow distributes nutrients, oxygen, signal molecules, and waste products [64,65]. The 

integrity of LCN is a critical determinant of osteocyte viability and influences bone homeostasis [62,66] 

(Figure 5). 

 

 

Figure 5. Osteocyte connectivity. Osteocyte communication is mediated by the lacuno-canalicular network 

(LCN), an extensive network of nano-canals called canaliculi through which cytoplasmic extensions interconnect 

individual osteocytes. Representative images of human cortical bone stain with Ploton silver staining visualizing 

LCN marked with black arrows between the embedded osteocytes. In the first image, the LCN is preserved, 

maintaining bone mechanosensitivity. The second image represents a significantly reduced LCN that poses 

possible alteration in mechanosensitivity and microdamage detection.  
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Osteocytes are postmitotic and can live up to 50 years thereby they are thought to be the long-lived 

cell type in human bone. The end of the osteocyte lifetime can result in one of the three major cell 

death mechanisms, including cellular apoptosis, autophagy, and necrosis [67,68]. Osteocyte apoptosis 

is vital in signaling and initiating bone-repairing mechanisms. The resorption of the damaged bone is 

initiated by apoptotic osteocytes secreting RANKL (receptor activator of nuclear factor-kappa B ligand), 

attracting the osteoclasts to the damage site. Therefore, osteocyte apoptosis is a crucial signaling 

mechanism that induces bone repair and prevents microdamage accumulation in the bone matrix 

[69,70]. With increasing age, osteocyte cell death is more frequently detected in bone tissue disorders 

such as postmenopausal osteoporosis, glucocorticoid-induced osteoporosis, and immobilization. 

These conditions are associated with a higher risk of fractures [35,71,72]. 

Viable osteocytes produce crystallization inhibitors like pyrophosphate or osteopontin to keep their 

lacunar cavity unmineralized [73,74]. When osteocyte die, osteoclasts are responsible for removing 

the affected bone area. However, if bone resorption is not locally activated, the dying osteocytes 

remain buried within the mineralized bone tissue, inaccessible to macrophages. This enables a unique 

micro-mineralization process of osteocyte lacunae or so-called micropetrosis. The process of 

micropetrosis involves the slow filling of the lacunar space with mineral occlusions until the lacuna 

becomes entirely sealed with the mineral content [65,75–77] (Figure 6).  

Figure 6. Osteocyte lacunar mineralization follows cellular apoptosis. Osteocyte cell death increases with aging 

or during bone pathologies (e.g., osteoporosis or diabetes mellitus). An increased pool of dying osteocytes 

provides more opportunities for osteocyte lacunar mineralization (micropetrosis). 1) To keep the lacunar cavity 
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unmineralized, functional osteocytes generate mineralization inhibitors (pyrophosphates) that prevent 

crystallization. 2) As the osteocyte undergoes apoptosis, it initiates the formation of lacunar mineralization by 

breaking down its cellular compartments and releasing matrix vesicles and apoptotic bodies. These cellular 

components may act as nuclei for independent mineralization processes, resulting in the development of 

calcified spherites. 3) Finally, lacunar mineralization reaches the stage where the individual mineral spherites 

fuse together and thus completely seal the lacunar cavity with minerals. Modified from Dragoun Kolibová et al., 

2022. 

 

The presence of cellular and apoptotic organelles inside the osteocyte lacunae potentially serves as 

nuclei for spontaneous mineralization processes. Magnesium is an essential intracellular ion increasing 

in the beginning phases of apoptosis, and mineralized lacunae are enriched with magnesium content, 

which further supports the theory that micropetrosis follows osteocyte apoptosis [78,79]. Therefore, 

it is generally accepted that osteocyte cell death precedes lacunar mineralization. Aging or pathologies 

like osteoporosis can increase the micropetrosis levels in bone tissue and reflect the decreasing 

number of osteocytes. Accumulation of mineralized lacunae within the bone matrix locally increases 

bone brittleness and promotes microcracking. Furthermore, mineralized lacunae block fluid flow 

within the LCN, which is essential for maintaining signal transduction and can contribute to 

compromised bone integrity in aged or diseased individuals [65,75,77]. Investigating the lacunar 

mineralization during pathological conditions could yield valuable insights into the origins of bone 

fragility. This knowledge is essential for developing effective preventive and curative measures to 

address the complications arising from high bone fragility. 

 

1.5. Objectives of this thesis 
 

The underlying mechanisms of poor bone strength in T1DM and T2DM are complex and 

multifactorial and have not yet been completely elucidated. This thesis aims to contribute 

fundamental knowledge of multiscale characteristics of the human bone matrix affected by 

diabetic bone disease, with the goal of identifying a potential novel biomarker for impaired 

bone matrix in individuals with DM.  

 

Objective 1: Multiscale characterization of bone matrix and osteocyte pathology in T1DM 

(publication 1: Dragoun Kolibová, S. et al., Acta Biomaterialia 2023) 

Increased fracture risk associated with T1DM can lead to significant patient morbidity. Osteocytes, 

which construct a mechanosensitive network within the mineralized bone matrix, are vital in regulating 

bone remodeling. Therefore, maintaining osteocyte viability is essential for ensuring proper bone 
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function. It has been demonstrated that diabetic hyperglycemia has an adverse impact on osteocyte 

viability. Additionally, the T1D-rat model has revealed an increased microdamage accumulation when 

subjected to fatigue loading. Validation of current findings in the literature on T1D-bone disease 

requires human bone material, and data on such specimens are scarce. Therefore, this project aims to 

characterize the effect of T1DM on human femoral cortical bone using an interdisciplinary approach. 

Applying novel imaging techniques for detecting and quantifying osteocyte viability, bone 

mineralization, and microdamage accumulation in the human femoral cortical bone will provide 

valuable insight into underlying mechanisms driving bone fragility in T1DM. 

 

Objective 2: Investigation of osteocyte lacunar mineralization under metabolic disorders  

(publication 2: Dragoun Kolibová, S. et al., Osteologie 2022) 

Reduced bone mineral density and increased fracture risk are the main characteristics of osteoporosis, 

which is a systemic disease that primarily affects postmenopausal women and the elderly through 

primary osteoporosis and is associated with underlying conditions like diabetes mellitus through 

secondary osteoporosis. One of the factors contributing to osteoporotic bone loss and low bone 

turnover in diabetes is an increase in osteocyte cell death. Mineralization of osteocyte-lacunae after 

osteocyte death is called micropetrosis. The level of micropetrosis increases with advancing age, 

however, the frequency of micropetrosis has not yet been characterized in metabolic bone diseases. 

This project aims to investigate the occurrence of micropetrosis in metabolic bone diseases and 

evaluate its relevance as a potential novel biomarker of altered bone quality.  

 

Objective 3: Clinical and laboratory-based assessment of bone quality indices in T2DM tibial bone 

(publication 3: Wölfel, E. M., Fiedler, I. A. K., Dragoun Kolibová, S. et al., Bone 2022) 

Assessing fracture risk through the peripheral tibia is a preferred option in clinical settings. This is done 

by combining high-resolution peripheral quantitative computed tomography (HR-pQCT) with 

measurements of areal bone mineral density (aBMD) in the spine or hip using DXA. However, increased 

fracture risk in T2DM is challenging to identify with standard clinical methods since T2DM patients 

often have normal or high bone mineral density. The increased fracture risk despite normal or high 

BMD in T2DM patients points towards impaired bone material quality, possibly influenced by AGE 

accumulation. Pentosidine, a fluorescent type of AGE creating cross-links in collagen, has been 

suggested as a possible factor contributing to bone fragility in T2D-bone disease. This project aims to 

investigate the influence of compositional changes on the bone matrix, including the accumulation of 

fluorescent AGEs and their influence on biomechanical properties in T2DM cortical tibial bone.   
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Objective 4: Evaluation of fracture resistance in T2DM cortical bone  

(publication 4: Wölfel, E. M., Bartsch, B., Koldehoff, J., Fiedler, I. A. K., Dragoun Kolibová, S. et al., JBMR 

Plus 2023) 

Aged or diseased bones tend to have reduced fracture toughness properties. In the case of 

individuals with T2DM, bone fracture toughness is primarily determined in the trabecular 

bone, and data on cortical bone toughness in T2DM are scarce. Therefore, this project aims to 

utilize a multiscale assessment approach to evaluate microstructure and bone material quality 

indices of cortical bone tissue affected by T2DM and concurrently determine the fracture 

toughness of the same tissue.  
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2. Material and methods 
 

2.1. Collection and preparation of human bone tissue for bone quality 

evaluation  
 

We evaluated the influence of diabetes mellitus on bone microarchitecture, matrix quality, and cellular 

parameters of cortical bone. We collected femoral and tibial bone specimens from human donors of 

both sexes for cortical bone quality analysis. The specimens were obtained in collaboration with the 

Institute of Legal Medicine at the University Medical Center Hamburg-Eppendorf (ethical approval: 

WT037/15). According to medical records, donors were divided into two study groups, including a 

group of donors diagnosed with diabetes mellitus (T1DM and T2DM groups) during their lifetime and 

a group of age-matched healthy donors (control group) with normal sugar metabolism. For each donor, 

we collected deidentified patient data (age, BMI). Donors in this study did not suffer from any form of 

bone disease (i.e., osteogenesis imperfecta, Paget's disease, fibrous dysplasia, or malignancy). 

Part of the collected bone material was frozen as unfixed fresh material to assess fluorescent advanced 

glycation end-products (fAGEs). The remaining cortical bone specimens were fixed in 4% 

paraformaldehyde (Sigma‒Aldrich, Darmstadt, Germany) for seven days. Several 4-mm-thick sections 

were cut out from the fixed specimens using a diamond belt saw (EXAKT Advanced Technologies 

GmbH, Norderstedt, Germany), followed by imaging the whole cross-sections in a cabinet X-ray 

system. The anterior quadrant was extracted from each cross-section and additionally fixed in 4% 

paraformaldehyde (Sigma‒Aldrich, Darmstadt, Germany) overnight before embedding in methyl 

methacrylate (MMA). The anterior quadrant from another cross-section was cut and decalcified for six 

weeks in a 20% ethylenediaminetetraacetic (EDTA) solution before paraffin embedding for 

immunohistochemistry (IHC). 

 

2.2. Multiscale analysis of human bone tissue 
 

2.2.1. Assessment of bone microstructure with microcomputed tomography 

 
The skeletal microstructure of the femoral anterior quadrant was assessed using microcomputed 

tomography (µCT 40, Scanco Medical AG, Switzerland) at a spatial resolution of 10 μm. In order to 

maintain tissue integrity, bone specimens were first fixed in 4 % formaldehyde. The X-ray settings were 

standardized to 55 kV and 145 µA with an integration time of 200 ms. A threshold of 550 mg HA/cm3 

was applied to assess cortical porosity (Ct. Po) and tissue mineral density (TMD) using Scanco image 
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processing software. Cortical thickness (Ct. Th) was calculated from the contact radiography images 

within the whole cross-section of the femoral diaphysis using ImageJ/Fiji software (NIH, USA). 

 

2.2.2. Static cellular histomorphometry 

 
Static histomorphometry was performed on the femoral cortical bone with and without T1DM. The 

fixed samples were dehydrated using increasing ethanol concentrations and embedded in MMA. We 

cut five μm-thick-sections from the embedded specimens on a microtome (Leica Microsystems, 

Wetzlar, Germany) and stained the sections with toluidine blue dye to visualize the cellular structures. 

We evaluated the cellular presence in the endocortical and periosteal regions of the femoral anterior 

quadrant using Osteomeasure software (Osteometrix, Atlanta, USA). Assessed histomorphometric 

indices were following the ASBMR nomenclature guidelines [80]. We evaluated following 

histomorphometric indices: Bone formation indices: number of osteoblasts per unit bone perimeter 

(N.Ob/B.Pm; #/mm); osteoblast surface (Ob.S/BS): percent of bone surface occupied by osteoblasts; 

osteoid volume (OV/BV; %): percent of a given volume of bone tissue that consists of unmineralized 

bone (osteoid); osteoid surface (OS/BS; %): percent of bone surface covered in osteoid; osteoid 

thickness (O.Th): mean thickness, provided in micrometers for osteoid bone. Bone resorption indices: 

number of osteoclasts per unit bone perimeter (N.Oc/B.Pm; #/mm); osteoclast surface (Oc.S/BS): 

percent of bone surface occupied by osteoclasts; eroded surface (ES/BS; %): percent of bone surface 

occupied by resorption cavities with or without osteoclasts. 

 

2.2.3. Analysis of the bone mineral density distribution using quantitative 

backscattered electron imaging  

 
The bone mineral density distribution (BMDD) and 2D morphological analysis of the osteocyte lacunae 

were evaluated via quantitative backscattered electron imaging (qBEI) based on previously established 

protocols (Roschger et al. 1998). Coplanar and polished MMA-embedded specimens were carbon-

coated before imaging to prevent charging effects under vacuum. A scanning electron microscope 

(Crossbeam 340, GeminiSEM, Zeiss AG, Oberkochen, Germany) was operated at backscattered 

electron mode at 20 keV with a constant working distance of 20 mm. We used a Faraday cup to monitor 

the current beam, and grayscale values were calibrated using pure aluminum and carbon standards. 

All parameters were monitored during imaging and kept at a constant level. We calculated calcium 

wt% from the backscattered electron images using a custom-made MATLAB code (MATLAB, Natick, 

Massachusetts) and assessed following parameters: the average calcium concentration (CaMean, 

wt%), the most frequently occurring calcium concentration (CaPeak, wt%), the heterogeneity of the 
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mineral distribution (CaWidth, wt%), and the percentage of bone area with low (CaLow, % bone area) 

and high (CaHigh, % bone area) mineralized bone [81]. 

 

2.2.4. Quantification of the osteocyte apoptosis using immunohistochemistry 

(IHC) and TUNEL assay 

 
Terminal deoxynucleotidyl transferase dUTP nick end labeling or TUNEL assay detects and visualizes 

DNA breaks during the final phase of cell death when the DNA fragments occur. The embedding 

medium was washed out from the undecalcified MMA sections using xylene, and the sections were 

rehydrated by a descending ethanol series (absolute, 90%, 80%, and distilled water). We performed 

enzymatic antigen unmasking by incubation with proteinase K for 20 minutes at room temperature 

(RT), followed by incubation with 20% EDTA for 30 minutes at 37 °C. The pretreated sections were 

stained using fluorescein from an In Situ Cell Death Detection Kit (Roche, Basel, Switzerland) overnight 

at 37 °C. After staining, the sections were washed with phosphate-buffered saline (PBS) solution and 

treated with a permeabilization solution with 0.1% Triton X-100 and 0.1% sodium citrate for 8 minutes 

at RT. The samples were then mounted using a mounting medium with DAPI stain. We determined the 

number of apoptotic cells per bone area in ImageJ/Fiji software.  

One of the key proteins in signaling cellular apoptosis is caspase-3. In order to identify and measure 

apoptosis in tissue sections, we employed immunohistochemistry staining for the caspase-3 protein. 

Decalcified paraffin sections were deparaffinized using xylene and rehydrated by a descending ethanol 

series (absolute, 90%, 80%, and distilled water). The enzymatic antigen unmasking consists of 20 min 

of incubation at RT with Proteinase K and subsequent treatment with 20% EDTA for 30 min at 37 °C. 

For staining, we used a SignalStain® Apoptosis Cleaved Caspase-3 Detection Kit (Cell Signaling 

Technology, Danvers, MA, United States). The pretreated sections were then stained in accordance 

with the manufacturer's recommendation overnight at 4°C. Following the incubation, the sections 

were washed, and apoptotic cells were detected by the 3,3-diaminobenzidine (DAB) chromogen 

(DAKO, Carpinteria, CA, USA). Lastly, the slides were counterstained in hematoxylin, washed in distilled 

water, dehydrated, and mounted. The slides were imaged using a PANNORAMIC MIDI Digital Slide 

Scanner (Sysmex Corporation, Kobe, Hyogo, Japan). The apoptotic cells were counted manually using 

an object-counting tool in Olympus cellSens software (Shinjuku City, Tokyo, Japan), and we quantified 

the total number of apoptotic osteocytes per bone area (B.Ar; #/mm2). 
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2.2.5. Microdamage accumulation assessment with laser scanning confocal 

microscopy (LSCM) 

 
Bone specimens are infiltrated with fluorescent dye rhodamine-6G before MMA embedding to 

visualize microdamage in the bone matrix. This approach enables the visualization of only the pre-

existing microcracks in the bone matrix and eliminates embedding artifacts. Laser scanning confocal 

microscopy is then used to examine the specimens. This technique is adapted from the Fuchsin 

microcrack protocol [82]. From the fixed femoral cross-sections, we cut out a 10 mm bone piece from 

the region next to the anterior quadrant using a diamond belt saw (EXAKT Advanced Technologies 

GmbH, Norderstedt, Germany). After dehydration, the bone specimens were infiltrated with 0.002 % 

WT rhodamine-6G for ten days before being embedded in MMA. With a confocal laser scanning 

microscope (Leica SP5, Leica Microsystems, Wetzlar, Germany), we imaged microcracks with a 561 nm 

laser excitation wavelength. We quantified the following parameters in ImageJ/Fiji software to assess 

linear microdamage accumulation: total number of linear microcracks per mineralized bone area (B.Ar; 

#/mm2) and total length of linear microcracks per mineralized bone area (B.Ar; μm/mm2). Microcracks 

derived from the main branch were counted as microcrack branching. 

 

2.2.6. Evaluation of the total fluorescent advanced glycation end-products 

(fAGEs) 

 
Fluorescent AGEs (fAGEs) content was measured using fluorescence spectroscopy and then normalized 

to collagen content determined by colorimetric assay. Fresh frozen tibial bone samples from the 

anterior-medial section of the mid-diaphyseal tibia were first washed and defatted by soaking them in 

70% ethanol and saline for 15 minutes each. Following a lyophilization period of 18 hours, these 

samples underwent hydrolysis in 6 M HCl (10 μl of HCl for every mg of bone) at a temperature of 110 

°C over a duration of 16 hours. Bone hydrolysates were diluted in deionized water to a final 

concentration of 0.5 mg bone/ml and centrifuged at 13,000 rpm at four °C. The obtained supernatant 

was used for the rest of the assay. 

For fluorescence measurements, we serially diluted both quinine standards (with a stock solution of 

10 μg quinine in 0.1 N H2SO4 per ml) and bone hydrolysates. The resulting solutions were measured 

in a dark 96-well plate using the multi-mode microplate reader at an excitation of 360 nm and emission 

of 460 nm.  

The total collagen content in the bone lysate was determined with a colorimetric assay using 

hydroxyproline standards (stock concentration: 2 mg/ml hydroxyproline in 0.001 N HCl). In the first 

step, chloramine-T (0.06 M chloramine-T, deionized water, 2- metoxyethanol, and hydroxyproline 
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buffer in a proportion of 2:3:5) was mixed with bone hydrolysates and standards in a 1:2 ratio. This 

mixture was then incubated in darkness at RT for 20 minutes to oxidize the hydroxyproline. The 

oxidation was terminated by adding 4.5 M perchloric acid and incubating for another 5 minutes in the 

dark. Subsequently, p-dimethylaminobenzaldehyde (200 mg/ml in 2-metoxyethanol) was added to the 

mixture, followed by an incubation period at 60 °C for 20 minutes, forming a chromophore. Following 

the incubation, the samples cooled for 5 minutes at room temperature. The absorbance of bone 

hydrolysates and hydroxyproline standards was measured at 570 nm using a multi-mode microplate 

reader (Inifinite® 200, Tecan Group Ltd., Männedorf, CH). The total fAGEs are depicted in units of ng 

quinine fluorescence per mg of collagen. The collagen content is derived from previous research 

indicating that collagen is composed of 14% hydroxyproline. The total fAGEs are presented in ng 

quinine fluorescence/mg collagen content. 
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3. Results 
 

3.1. Multiscale bone quality of cortical bone in T1DM bone disease 
 

We evaluated the bone quality in the human cortical bone, comparing the T1DM group to the age-

matched healthy control group in a multiscale manner to better understand the underlying 

mechanisms of skeletal fragility in T1DM. We analyzed the microstructure of human cortical bone at 

the femoral mid-diaphysis with micro-computed tomography (Figure 7A, B) and found no significant 

differences between the control and T1DM groups in terms of cortical thickness (p = 0.297; Figure 7C), 

cortical porosity (p = 0.776; Figure 7D), and tissue mineral density (p = 0.145; Figure 7E).  

 

Figure 7: Unchanged microstructure in femoral cortical bone of T1DM individuals. The images denote the whole 
femoral cross-section imaged with contact radiography and matching 3D scan from microcomputed tomography 
of the anterior quadrant for the (A) control group and (B) T1DM group. Parameters derived from microcomputed 
tomography did not show any differences between the control and T1DM group in (C) cortical thickness (p = 
0.297), (D) cortical porosity (p = 0.776), or (E) tissue mineral density (p = 0.145). Cohort details: 22 femoral 
samples of the mid-diaphysis, eight individuals with diagnosed T1DM, both sexes. Adapted from Dragoun 
Kolibová et al., 2023. 
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The activity of bone cells was assessed in toluidine blue–stained sections at the endocortical and 

periosteal regions using static cellular histomorphometry. The overall cellular activity was low in both 

groups. We observed osteoblasts in 28.5% of controls and in 25% of the T1DM samples in the 

endocortical region. In the periosteal region, we observed active osteoblasts in 35.7% of controls and 

25% of T1DM specimens. Osteoclasts were present in 21.4% of control samples and in 12.5% of T1DM 

samples in the endocortical area. In the periosteal region, we found active osteoclasts in only 21.4% of 

controls, whereas 37.5% of T1DM cases showed osteoclast activity. 

Osteocytes are the main mechanosensors and bone-regulating cells. Therefore, we further 

investigated their viability in cortical bone specimens. We used the TUNEL assay to visualize DNA 

breakage in the human cortical bone to identify apoptotic osteocytes. We normalized the number of 

apoptotic osteocytes per analyzed bone area. The results of TUNEL staining showed a comparable 

number of apoptotic osteocytes per bone area between the control and T1DM group in the 

endocortical (p = 0.322; Figure 8E) and periosteal regions (p = 0.239; Figure 8G). Caspase-3 IHC 

staining is a more sensitive technique and can determine earlier stages of apoptosis; therefore, it was 

used as a complementary method to quantify osteocyte apoptosis. In the T1DM group, we found a 

significantly higher occurrence of apoptotic osteocytes per bone area in the endocortical region (p = 

0.035; Figure 8D) and periosteal region (p = 0.013; Figure 8H) compared to the healthy control group. 

The last morphological state of osteocytes undergoing cell death is the mineralization of the osteocyte 

lacunae (micropetrosis). We visualized and quantified osteocyte lacunar mineralization using high-

resolution qBEI. We determined the number of fully mineralized and partially mineralized lacunae 

(Figure 9C-F) to demonstrate the longitudinal process of micropetrosis. The total number of 

micropetrotic lacunae did not differ between controls and T1DM in the endocortical (p = 0.704) and 

periosteal regions (p = 0.263). In the periosteal region, T1DM showed a significantly higher number of 

fully mineralized lacunae than controls (p = 0.043). Furthermore, we found a comparable level of 

micropetrosis in the interstitial bone between controls and T1DM in the endocortical (p = 0.906) and 

the periosteal regions (p = 0.522). In osteonal bone, the number of micropetrotic osteocytes was not 

different in the endocortical region (p = 0.183). In contrast, it was higher within osteons of the 

periosteal region in T1DM compared to controls (p= 0.049). 
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Figure 8. Increased osteocyte apoptosis in the T1D cortical bone. Illustrative images from TUNEL assay (A) 
endocortical and (B) periosteal regions of the control and T1DM groups. Illustrative images of apoptotic 
osteocyte marked in black stained with caspase-3 IHC assay from (C) endocortical and (D) periosteal regions of 
the control and T1DM groups. (E, G) A comparable level of apoptotic osteocyte from TUNEL assay. (F, H) A 
significantly increased number of apoptotic osteocytes in T1DM was detected with caspase-3 IHC (endocortical: 
p = 0.035 and periosteal: p = 0.013 regions). Cohort details: 22 femoral samples of the mid-diaphysis, eight 
individuals with diagnosed T1DM, both sexes. Adapted from Dragoun Kolibová et al., 2023. 
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Figure 9: The periosteal region of the T1DM group exhibits altered osteocyte viability. Illustrative images of 
unmineralized osteocyte lacunae in the (A) endocortical and (B) periosteal regions of the control and T1DM 
groups. Osteocyte lacunar mineralization (micropetrosis) is a gradual mineralization process. In the beginning 
phases, the osteocyte lacunae are partially filled with calcified nanospherites or by a white layer around the 
lacunar edges. Partially filled lacunae are shown from (C) endocortical and (D) periosteal regions for the control 
and T1DM groups. Completely mineralized lacunae are the last stage of the micropetrotic events. These fully 
mineralized lacunae are shown from the (E) endocortical and (F) periosteal regions for the control and T1DM 
groups. (G) In the endocortical region, the number of micropetic lacunae showed comparable values between 
the control and T1DM group in the following parameters: total number of mineralized lacunae per bone area 
(Total Mn.Lc.N/B.At; partially and fully mineralized lacunae; p = 0.570); number of fully mineralized lacunae per 
bone area (Fully Mn.Lc.N/B.At; p = 0.868); number of mineralized lacunae per interstitial bone area 
(Mn.Lc.N/B.At in interstitial area; p = 0.920); number of mineralized lacunae per osteonal bone area 
(Mn.Lc.N/B.At in osteonal area; p = 0.145). (H) In the periosteal region was found a significantly higher number 
of Fully Mn.Lc.N/B.At (p = 0.046) and Mn.Lc.N/B.At in osteonal area (p = 0.041) in the T1DM group compared to 
control specimens. Total Mn.Lc.N/B.At (p = 0.212) and Mn.Lc.N/B.At in interstitial area (p = 0.297) was unchanged 
in the control and T1DM groups. Cohort details: 22 femoral samples of the mid-diaphysis, eight individuals with 
diagnosed T1DM, both sexes. Adapted from Dragoun Kolibová et al., 2023. 
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qBEI also allowed us to obtain bone mineral density distribution (BMDD) from the endocortical (Figure 

10A) and periosteal regions (Figure 10B) in both the control and T1DM groups. There was no difference 

in BMDD between controls and the T1DM group in either the endocortical region (p = 0.412) or the 

periosteal region (p = 0.551). We further subdivided the analyzed bone into the osteonal and 

interstitial bone areas, and we did not observe any differences in calcium weight percentage between 

the control and T1DM groups in either the endocortical (F (1,13) = 0.494; p = 0.495, Figure 10C) or the 

periosteal region (F (1,13) = 0.099; p = 0.757, Figure 10D). However, among both studied groups, the 

osteonal bone area showed a lower degree of mineralization (lower calcium content) than interstitial 

bone for both the endocortical (F (1,13) = 159.3; p = <0.0001, Figure 10E) and periosteal (F (1,13) = 

65,24; p = <0.0001, Figure 10F) regions, pointing to the fact that the tissue age of the osteonal area is 

younger compared to the more mineralized interstitial area. 

Microdamage accumulation in the bone matrix can have a harmful impact on bone quality. The 

presence of a greater number of microcracks leads to a deterioration in the structural integrity of the 

bone, thereby increasing the fracture risk. Fluorescent dye rhodamine-6G was used to infiltrate cortical 

bone specimens, allowing visualization of the microcracks with confocal microscopy. To assess 

microdamage accumulation, we quantified the number and length of microcracks and normalized 

them to the mineralized bone area in the endocortical (Figure 11A) and periosteal regions (Figure 11B). 

In the endocortical region, we did not observe any changes in the number, length, or branching of 

microcracks between the control and T1DM groups (Figure 11C-E). In contrast, a statistically significant 

increase in the number (p = 0.048; Figure 11F) and length (p = 0.015; Figure 11G) of microcracks was 

observed in the periosteal region. Microcracks originating from the main crack branch are indicated as 

microcrack branching. The degree of branching was more prominent in the T1DM group compared to 

the control group, although the difference was not statistically significant (p = 0.059; Figure 11H). 
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Figure 10: Unchanged BMDD in T1DM cortical bone. Representative qBEI images from the control and T1DM 

groups in the (A) endocortical and (B) periosteal regions, with highlighted examples of the osteonal area in blue 

and the interstitial area in green. Frequency distribution graphs illustrate that the mineral distribution is 

comparable between the control and T1DM groups. The interstitial area contained higher calcium content than 

the osteonal bone area in the control and T1DM groups in the (C) endocortical and (D) periosteal regions. The 

mean calcium weight percentage (Ca mean, wt%) in the osteonal bone area consistently showed a significantly 

lower Ca mean than the interstitial area in both the (E) endocortical and (F) periosteal regions in the control and 

T1DM groups. Cohort details: 22 femoral samples of the mid-diaphysis, eight individuals with diagnosed T1DM, 

both sexes.  Adapted from Dragoun Kolibová et al., 2023. 

  



28 
 

 

Figure 11: The T1DM group exhibits greater microcrack accumulation and total microcrack length in the 

periosteal cortex. Representative images of linear microcracking in (A) endocortical and (B) periosteal regions of 

the control and T1DM groups. Quantification of microdamage accumulation, including the (C, F) number of linear 

microcracks per bone area (endocortical: p = 0.365 and periosteal: p = 0.048), (D, G) microcrack length per bone 

area (endocortical: p = 0.165 and periosteal: 0.015), and (E, H) microcrack branching as microcracks derived from 

the main branch (endocortical: p = 0.720 and periosteal: p = 0.059). Cohort details: 22 femoral samples of the 

mid-diaphysis, eight individuals with diagnosed T1DM, both sexes. Adapted from Dragoun Kolibová et al., 2023. 
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3.2. Mineralization of osteocyte lacunae in diabetic bone disease  

 

Micropetrosis is a  process of gradual mineralization of the osteocyte lacune, and it is increasing in the 

elderly population or during pathological conditions. The living stages of the osteocyte and consequent 

lacunar mineralization are depicted in Figure 12. Our study on T1DM cortical bone revealed an 

increasing number of micropetrosis in the younger periosteal region of T1DM individuals (publication 

1). However, only a few studies investigate lacunar mineralization under metabolic diseases such as 

osteoporosis or diabetes. Therefore, we evaluated the current knowledge on micropetrosis in clinically 

relevant bone pathologies. Our finding consistently indicates that micropetrosis is an independent 

mineralization process that significantly differs from a standard bone matrix mineralization, and 

individuals with increased lacunar mineralization do not have a difference in bone mineralization level. 

Apart from increased lacunar mineralization in T1DM, there is evidence of higher lacunar 

mineralization in osteoporosis and osteoarthritis [83]. Furthermore, some medications can also affect 

lacunar mineralization [72,84,85]. Denosomab inhibits osteoclast formation and decreases bone 

remodeling by reducing bone resorption, leading to higher levels of micropetrosis in the cortical bone 

of denosomab-treated patients [84]. Taken together with our recent results from T1DM cortical bone, 

these findings indicate the relevance of lacunar mineralization in metabolic bone pathologies.  

 

Figure 12:  Individual life stages of the osteocyte. (A) The histological image of toluidine blue stained human 

cortical bone with living osteocyte cells highlighted by red asterisks. (B) Toluidine blue stained human cortical 

bone demonstrating empty osteocyte lacune highlighted by yellow asterisks. (C) Apoptotic osteocyte stained 

with caspase-3 antibody highlighted by the red arrow. After osteocyte cell death, its lacuna gradually fills with 

mineral in several stages detectable by electron microscopy. (D) Red arrows highlight non-mineralized osteocyte 

lacunae. (E) Osteocyte lacunae undergoing mineralization with visible individual calcified spherites. (F) 

Completely mineralized osteocyte lacunae, the red arrow highlights a fully mineralized lacuna. Adapted from 

Dragoun Kolibová et. al, Osteologie 2022 
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3.3. Comparable fAGE levels in T2DM tibial bone 
 

 We used clinical and laboratory measures to assess the impact of T2DM on structural and 

compositional factors in human cortical bone. We analyzed thirty tibial samples from both sexes, 

divided into a healthy control group (n=15) and a T2DM group (n=15). Micro-CT evaluation identified 

a subgroup of individuals with high cortical porosity in the T2DM group, annotated as T2DMwHP. The 

T2DM high cortical porosity subgroup was presented with a higher cortical pore diameter measured 

with HR-pQCT compared to the T2DM group (p = 0.03). The mechanical behavior of the cortical bone 

was tested via in situ impact indentation (BMSi: bone material strength index, which can be assessed 

in vivo) and reference point indentation (RPI: cyclic measurement technique evaluating the material's 

behavior during several loading cycles). Although there were no significant differences in clinical in situ 

BMSi, the experimental RPI measurement revealed altered cyclic indentation properties in the 

T2DMwHP group. BMDD was comparable between the control and T2DM groups, and further 

evaluation of composition with Raman spectroscopy found a significant change in the carbonate-to-

amide I ratio in the endocortical region of the T2DMwHP group compared to the control (p = 0.047) 

and T2DM (p = 0.029) groups. The assessment consisted of fluorescent and colorimetric assays to 

obtain relative fluorescence per collagen content (Figure 13A). Our results did not show any 

differences between the studied groups. However, in the T2DMwHP group, we observed the highest 

mean value of 402.2 ± 149.6 ng quinine/mg collagen compared to the control group with 321.9 ± 121.2 

ng quinine/mg collagen and the T2DM group with the lowest mean value of 305.7 ± 89.28 ng 

quinine/mg collagen (Figure 13B). 
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Figure 13: Assessment of total fluorescent AGEs in diabetic bone. (A) Schematic illustrations of the fluorescent 
and colorimetric assay used to evaluate total fAGEs in the analyzed bone tissue. (B) Analysis of fAGEs did not 
show any significant differences between all three groups despite the highest fAGE levels in the T2DMwHP group. 
Data in box plots represented individual data points for each group. One-way ANOVA was applied for normally 
distributed data to determine p values. p < 0.05 is regarded as statistically significant. T2DM: type 2 diabetes 
mellitus; T2DMwHP: type 2 diabetes mellitus with high cortical porosity. Cohort details: 30 tibial samples of the 
mid-diaphysis, 15 individuals with diagnosed T2M, both sexes. Adapted from Wölfel, E. M., Fiedler, I. A. K., 
Dragoun Kolibová, S., et al., 2022. 
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3.4. Unchanged cortical matrix composition and fracture properties in T2DM 

 

Fracture toughness was evaluated on notched tibial cortical bone samples obtained from twenty-nine 

male donors, divided into a healthy control group (n=18) and a T2DM group (n=11). Both groups have 

comparable microstructure determined with micro-CT. Further investigation of bone quality indices 

revealed no changes in bone matrix composition assessed with Raman spectroscopy. Notched samples 

were used for biomechanical testing with a 3-point bending test showing unchanged properties 

between the control and T2DM groups. Following the 3-point bending test, we determined the 

mineralization degree at a tissue level around the crack path with qBEI. The average calcium content 

(Ca Mean) was 25.54 ± 0.45 and 25.79 ± 0.57 calcium weight percentage for control and T2DM groups, 

respectively (Figure 14A). The highest calcium weight percentage (Ca peak) was 25.84 ± 0.51 and 26.01 

± 0.6 calcium weight %, for control and T2DM groups, respectively (Figure 14B, C). Furthermore, to 

assess bone nanoscale biomechanical properties, nanoindentation was performed around the crack 

region on a smaller sample set (Figure 14D). We observed a similar Young's modulus (control: 19.26 ± 

0.5 GPa and T2DM: 20.26 ± 1.74 GPa) and hardness (control: 0.78 ± 0.02 GPa and T2DM: 0.82 ± 0.08 

Gpa; Figure 14E, F). Data from nanoindentation experiments reflected the unchanged mineralization 

parameters, indicating similar bone matrix composition in both the control and T2DM groups.  
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Figure 14: Comparable bone mineralization and nano-biomechanical properties in T2DM cortical bone. (A) 
Representative image acquired in BSE imaging mode. (C) Average calcium weight percentage and (C) highest 
calcium weight percentage are comparable in control and T2DM groups around the crack path. (D) 
Nanoindentation was performed around the crack path. (E) Young's modulus and (F) hardness show analogous 
values for a subset of samples from both groups. Cohort details: 29 tibial samples of the mid-diaphysis, 11 
individuals with diagnosed T2M, males. Adapted from Wölfel, E. M., Bartsch, B., Koldehoff, J., Fiedler, I. A. K., 
Dragoun Kolibová, S. et al., 2023. 
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4. Discussion 
 

Diabetes mellitus is identified as a novel risk factor for fragility fractures and represents a significant 

burden from diabetes-induced osteoporosis, which is on the rise globally with the aging population. 

Fractures related to diabetes are a contributing factor to the increase in morbidity, mortality, and 

healthcare expenses. This thesis identified novel predictors of fracture risk in diabetic patients that 

may contribute to future development and research of possible biomarkers characterizing the 

impaired bone matrix. Thereby, this thesis provides novel insights into biological mechanisms that 

contribute to altered bone quality parameters in human cortical bone affected by diabetes. The 

following discussion summarizes information from the attached original manuscripts (Dragoun 

Kolibová et al., 2023; Dragoun Kolibová et al., 2022; Wölfel, Fiedler, Dragoun Kolibová et al., 2022; 

Wölfel, Bartsch, Koldehoff, Fiedler, Dragoun Kolibová et al., 2023). 

 

 

4.1. Osteocyte apoptosis and microdamage accumulation in T1DM 
 

Osteocytes are responsible for constructing a mechanosensitive network within the mineralized bone 

matrix and play a crucial role in regulating bone remodeling. As a result, it is pivotal to maintain the 

viability of osteocytes to ensure proper bone homeostasis. Research has shown that osteocyte viability 

is negatively impacted by diabetic hyperglycemia [86,87]. We analyzed femoral cortical bone samples, 

focusing on two regions of interest: endocortical and periosteal bone areas. To address objective 1, we 

employed a multiscale imaging approach, combining high-resolution microcomputed tomography, 

quantitative backscattered electron imaging, confocal laser scanning microscopy, and 

immunohistochemistry to comprehensively evaluate the effect of T1DM on bone quality in human 

cortical bone, with the main focus on osteocyte viability, mineralization, and microdamage 

accumulation.  

Clinical research indicates reduced BMD in T1DM individuals. However, DXA data in our study did not 

show differences in vertebral BMD, which is consistent with a previous study [88]. Similarly, there were 

no differences in microarchitecture between T1DM and the control group, which was in line with 

unchanged cortical geometric indices in the T1DM group compared to the control groups. 

Microarchitectural changes in T1DM bone seem to be more pronounced in individuals with diabetic 

complications, which might explain the observed discrepancies [89] and further emphasize the need 

to explore beyond traditional BMD assessments.  
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While it is commonly expected that individuals with T1DM would have low bone turnover [90], the 

rate of bone turnover and the number of bone cells are already low in the cortical bone compared to 

the trabecular bone [91]. As a result, it becomes difficult to identify any significant differences between 

the T1DM and control groups. In order to obtain a more comprehensive understanding of the 

remodeling capability of diabetic bone, we conducted a study on osteocyte viability parameters in the 

cortical bone rather than the metabolically active trabecular bone. 

Earlier investigations have shown that fatigue microcracking and subsequent osteocyte apoptosis can 

initiate new resorption centers in bone tissue [92]. Various studies involving animals and in vitro 

experiments have suggested that high glucose levels or diabetes may induce osteocyte apoptosis 

[86,87].  

While the TUNEL data did not reveal any significant differences between the groups, it did hint at a 

possible increase in osteocyte apoptosis in the T1DM group. A complementary method was required 

to obtain accurate measurements of apoptosis. The TUNEL assay detects DNA fragmentation, which 

can also occur in cells undergoing DNA repair and not necessarily in apoptotic cells. On the other hand, 

the caspase-3 assay detects earlier stages of apoptosis, and the DAB detection utilized in the caspase-

3 assay amplifies the signal, further enhancing its sensitivity [93,94]. By leveraging the caspase-3 assay, 

we were able to determine a significantly increased level of osteocyte apoptosis in the T1DM group 

compared to the healthy control group. In vitro studies on osteocyte-like MLO-Y4 cells confirm our 

findings. Tanaka and colleagues found that MLO-Y4 cells undergo apoptosis in response to high glucose 

levels and AGEs [95]. The potential mechanism behind AGE-induced osteocyte apoptosis involves the 

upregulation of RAGE, proapoptotic genes such as p53, and transcriptional factors like FOXO1 [96]. 

This leads to the activation of caspase-3 signaling [96], which ultimately results in cellular apoptosis. 

Our previous research demonstrated that the mineralization of osteocyte lacunae with mineral 

occlusions, known as micropetrosis, is more prominent in aged human bone and may lead to reduced 

bone mechanical competence [65,76]. We examined partially and fully mineralized osteocyte lacunae. 

The partially mineralized lacunae may not reach complete mineralization as they can be removed 

during remodeling compared to fully mineralized osteocyte lacunae, the endpoint of micropetrosis. As 

we showed in our previous study, the accumulation of mineralized lacunae occurs more frequently in 

the endocortical region with aging compared to the periosteal region [65]. This is because the 

periosteal region is younger due to the apposition of the newly formed bone matrix during lifespan 

[21]. Interestingly, geometric cross-section indices were similar in the T1DM and age-matched control 

groups, indicating that T1DM does not impact the periosteal apposition process. However, we found 

a significantly higher number of fully mineralized lacunae in the periosteal region of the T1DM group, 
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which is counterintuitive given the younger bone tissue of the periosteal bone. An increase in 

osteocyte apoptosis causes a reduction in the viable osteocyte cell pool and provides more 

opportunities for micropetrotic events, which in turn can negatively impact bone mechanical 

properties. Specifically, a higher density of micropetrotic lacunae can make the bone matrix more 

brittle [97,98], resulting in a higher susceptibility to microcracking. 

Prolonged low-bone turnover in diabetes can lead to defects in microdamage repair, which can cause 

an increase in microcrack accumulation. This is supported by a study conducted on the streptozotocin-

induced rat model of T1DM, which showed a significantly higher density of both linear and diffuse 

microdamage in diabetic ulnae when compared to non-diabetic ulnae after ulnar loading [99]. The 

accumulated microdamage in diabetic rat bones caused a severe disruption of the LCN and reduced 

osteoclast activation, resulting in a reduction in bone resorption [99]. Our data were consistent with 

the findings in the T1DM rat model, as they showed an increased number and length of linear 

microcracks per bone area in the periosteal region in the T1DM group when compared to the control 

group. Increased osteocyte apoptosis in the diabetic group suggests that T1DM induces early osteocyte 

cell death, causing malfunction of the osteocyte network, which reduces the ability of bone to repair 

microdamage, resulting in higher microcrack accumulation in the cortical bone of the T1DM group.  

Furthermore, we evaluated the mineralization degree of bone regions with different tissue ages in the 

osteonal and interstitial bone areas. The younger osteonal bone area is less mineralized than the older 

and more mineralized interstitial bone area [29,100], and there were no differences in mineralization 

profiles between osteonal and interstitial bone in either T1DM or the control group. However, we 

observed variations in micropetrosis levels within the osteonal and interstitial bone area in the 

periosteal region of the T1DM group. Notably, T1DM patients had a significantly higher number of 

micropetrotic lacunae in the osteonal bone area compared to the control group. This observation is 

surprising given that the interstitial bone area is characterized by higher mineralization and a reduced 

number of osteocytes with a limited supply of nutrients, making the interstitial bone area a preferential 

site for micropetrosis [65,101]. Nevertheless, we determined an increased number of micropetrotic 

lacunae within the osteonal bone area in the periosteal region of the T1DM group. Presented data 

suggest that individuals with T1DM may experience accelerated cellular aging, which could lead to the 

premature death of osteocytes and pronounced lacunar mineralization, as seen in the osteonal bone 

of the periosteal region in the T1DM group. 

The study suggests that osteocyte apoptosis is a potential cause of cortical T1DM pathology. Osteocyte 

apoptosis was found to be more common in both endocortical and periosteal regions in T1DM patients. 

The study also found that T1DM impairs bone quality. Specifically, we found increased microcrack 
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accumulation and micropetrosis levels in the periosteal region of T1DM cortical bone. These findings 

suggest that T1DM accelerates the aging effects in the bone matrix and leads to the premature death 

of osteocytes, which is summarized in Figure 15.  
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Figure 15: Impact of T1DM on human cortical bone. T1DM negatively impacts bone mechanical 
competence as it leads to an increase in osteocyte cell death followed by a higher level of lacunar 
mineralization, which results in a decreased ability to detect and repair microdamage. This, in turn, 
leads to failure, delay, or prevention of the remodeling process in the diabetic cortical bone. Adapted 

from Dragoun Kolibová et al., 2023. 

 

4.2. Impact of metabolic disorders on osteocyte-lacunar mineralization 
 

Micropetrosis is a gradual process of filling osteocyte lacunar space with mineral occlusions and is an 

end state of the osteocyte lifespan. The elliptical shape of osteocyte lacunar cavities contributes to 

bone toughening mechanisms by attracting or deflecting cracks, preventing crack propagation, and 

dissipating energy [102,103]. Therefore, the investigation of the lacunar fate after osteocyte cell death 

is an intriguing area of study due to the potential negative impact of mineralized lacunae on the 

mechanical behavior of bone because hypermineralized spots in the bone matrix do not contribute to 

the toughening mechanism and can increase bone brittleness [97,98]. The level of micropetrosis 

naturally increases in the aged bone matrix [65,76]. However, not many studies investigated the 

implication of lacunar mineralization under pathological conditions.  

Metabolic diseases such as diabetes mellitus cause chronic hyperglycemia and osteocyte dysfunction 

[14,104]. Hyperglycemia harms bones by forming AGEs and stimulating their receptor RAGE, causing 

an increase in oxidative stress. This alteration in the bone matrix increases cytokine production, which 
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negatively affects the survival of osteoblasts and osteocytes [104–106]. Furthermore, insulin plays a 

critical role in facilitating mineral accretion, which refers to the process of mineral deposition and 

growth [107,108]. Therefore, the combination of high blood sugar and high insulin levels in T2DM can 

potentially lead to increased lacunar mineralization [104]. Additionally, T2DM is associated with a 

reduced bone remodeling rate and thereby a decreased replacement of bone matrix [109,110], which 

may contribute to the accumulation of micropetrotic lacunae in the bone matrix. The impact of long-

term glycemic control on fracture risk varies between patients with T1DM and T2DM [111]. 

Maintaining a healthy metabolism requires consistent monitoring of glycemia. The functionality of 

osteocytes is directly impacted by the level of glucose in the blood. As a result, any blood glucose 

fluctuations can harm osteocytes and ultimately reduce their survival ability [13, 77, 78]. Because 

glycemic control influences more T1DM patients [112], it can be assumed that the effect of poor 

glycemic control on lacunar mineralization in T1DM would be more significant compared to that in 

T2DM. In T1DM cortical bone, we determined an increased number of micropetrotic lacunae within 

the periosteal osteons (Publication 1), which is counterintuitive with the younger bone tissue being 

present in osteonal bone, suggesting the effect of T1DM on osteocyte viability and consequent lacunar 

mineralization.  

Osteoporosis and osteoarthritis are two distinct bone pathologies that are commonly found in the 

elderly population. Carpentier and colectiv conducted a study to analyze lacunar mineralization in 

trabecular bone biopsies of individuals with osteoporosis (OP) and osteoarthritis (OA) compared to 

healthy individuals. The study found a significantly higher incidence of lacunar mineralization in the 

bone specimens of OP and OA patients [83]. Moreover, the level of bone mineralization was 

comparable between the OP, OA, and control groups [83]. Our investigation of cortical bone in T1DM 

(Publication 1) revealed results consistent with those found in OP and OA bone specimens. Specifically, 

we observed no differences in bone mineralization between the healthy and diseased groups. The data 

suggests that the total amount of calcium does not influence the mineralization of lacunae in the bone 

matrix (Publication 1) [83]. 

Denosumab is a monoclonal antibody used to treat bone loss in osteoporosis. It targets the RANKL 

protein, which prevents the activation of the RANK receptor on osteoclasts and their precursors. As a 

result, it inhibits the formation of osteoclasts and reduces bone remodeling by decreasing bone 

resorption [113]. We have previously analyzed bone biopsies of patients on denosumab treatment, 

patients who had discontinued their denosumab treatment without further osteoporosis treatment, 

and a treatment-naive group [84]. We found that osteocyte viability remained consistently low after 

treatment discontinuation, in the absence of follow-up osteoporosis medication, and without any 

increase in osteocyte apoptosis. Additionally, we found an increased number of mineralized lacunae 
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in the cortical bone of patients who received denosumab treatment, emphasizing the importance of 

removing old bone matrix and highlighting the significance of bone remodeling status[84]. 

Bisphosphonates, another bone-loss treatment, not only inhibit bone resorption but also prevent 

osteocyte cell death and promote their survival. Moreover, bisphosphonates act as analogs to 

pyrophosphates (mineralization inhibitors) and help prevent excessive lacunar mineralization and 

maintain the fluid flow within the osteocyte network, positively affecting the regulation of bone 

turnover [85]. 

Micropetrosis or osteocyte lacunar mineralization is a unique process that significantly differs from 

normal bone matrix mineralization. Chronic bone-related diseases, such as osteoporosis or diabetic 

bone disease, are prevalent among millions of individuals and significantly affect the welfare of 

patients. The higher incidence of micropetrosis in OP, OA, and diabetic patients highlights lacunar 

mineralization as a novel feature of pathological changes in diseased bone. The current treatments for 

bone loss mainly target the regulation of osteoblasts or osteoclasts. However, shifting the focus to 

osteocytes as a pharmacological target may offer potential benefits in treating bone loss. 

 

4.3. Clinical and experimental parameters of bone quality in cortical bone of 
individuals with T2DM 
 

Higher fracture risk in diabetic patients is challenging to detect with common clinical fracture risk 

assessment due to normal or high BMD in T2DM. The observed higher fracture risk despite normal to 

high BMD in T2DM patients points towards impaired bone material quality. Here, we analyze tibial 

bone from individuals with type 2 diabetes mellitus using a multiscale approach, which includes clinical 

and laboratory-based bone quality measures to investigate how structural and compositional factors 

affect bone mechanical properties in healthy and T2DM cortical bone.  

The T2DMwHP subgroup was presented with a higher cortical pore diameter measured with HR-pQCT 

compared to the T2DM group. While cortical porosity alone does not fully explain the increased risk of 

fractures observed in T2DM patients [36,110], it has been reported by other researchers as a common 

feature of T2DM [42,111].  

Although the in situ BMSi measurements did not show any differences between all groups, the altered 

cyclic indentation properties in the T2DMwHP group suggest lower bone toughness in the T2DMwHP 

group but not in the T2DM group. This is supported by results from a study on the diabetic ZDF rat 

model showing increased indentation distance in diabetic animals, which was negatively associated 

with bone toughness determined with 3-point bending in rat femurs and lumbar vertebrae [112]. 
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Bone mineralization reflected as calcium density distribution was comparable between control and 

T2DM groups. Further compositional changes analyzed with Raman spectroscopy revealed a higher 

carbonate-to-amide I ratio in the T2DMwHP group, which can result from either a higher carbonate 

content or a lower collagenous amide I content. Based on similar mineralization across all groups, it 

can be assumed that the carbonate content remains unaffected and points towards lower amide I 

content. 

Diabetic hyperglycemia contributes to the increased accumulation of AGEs in the bone matrix, which 

changes collagen properties. In this study, we measured the content of fluorescent AGEs normalized 

to hydroxyproline content. We observed an increase of 25% higher values in the T2DMwHP group 

compared to the T2DM and control groups. Nevertheless, this difference was not statistically 

significant. However, it is consistent with other studies that have reported similar results. For instance, 

a study reported comparable values from the cortical mid-diaphysis of T2DM individuals [52]. 

Similarly, another study on the trabecular bone from the femoral head obtained during total hip 

arthroplasty found comparable levels of fAGEs [114]. In addition, our findings have been further 

supported by a study that observed only a rise in the prevalence of fAGES content in cortical bone from 

the femoral neck [115]. Another study with a similar sample size reported a 1.5-fold higher fAGE level 

in trabecular bone from T2DM postmenopausal women with osteoarthritis who underwent total hip 

replacement [116]. It is worth noting that fAGEs assay cannot detect all bone-relevant AGEs. A recent 

study revealed that non-fluorescent AGE, such as CML, is more abundant in cortical bone than 

pentosidine [117]. In our previous study, we showed increased CML content in femoral cortical bone 

from T2DM individuals [52], nonetheless, we can only assume that CML might be higher in the 

presented T2DM cohort, and further investigation is needed to verify this assumption. 

Our research combines in vivo and laboratory techniques to gain insight into translating experimental 

results into clinically relevant information. Our study uncovered new data on bone material quality 

parameters in the tibial mid-diaphysis. By merging these data sets, we found that the T2DMwHP group 

displayed greater cortical pore diameter than the T2DM group measured with HR-pQCT. 

 

4.4. Fracture resistance in male T2DM cortical bone 
 
Bone toughness is not solely determined by bone mass but also by bone material quality parameters 

such as mineralization or compositional changes. T2DM affects these parameters and may result in a 

higher fracture risk in diabetic patients. However, there is limited data on the fracture toughness in 

human diabetic cortical bone. Thus, in this case-control study, we examined fracture resistance in 
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T2DM cortical bone from male individuals in combination with a multiscale approach to assess bone 

material quality parameters. 

 

Although we did not detect any changes in bone material quality indices in terms of mineralization, 

compositional, and mechanical properties in this cohort, previous research has demonstrated that 

individuals with T2DM exhibit differences in bone matrix characteristics. Increased cortical porosity is 

a feature reported in some but not all postmenopausal women with T2DM [42,110]. This is 

accompanied by changes in composition, as found in our previous studies on cohorts of male and 

female individuals with T2DM [52,111](Publication 3). Compositional changes in the collagenous bone 

matrix can alter the integrity of the collagen network, which might provide a more robust explanation 

for discrepancies in fracture toughness among T2DM individuals [113,114]. Furthermore, studies on 

human bone tissue often bring a significant level of variation. In the context of T2DM bone disease, 

this complexity poses a challenge in identifying the underlying mechanisms contributing to diabetic 

bone fragility at the tissue level. 

 

The duration of diabetes significantly impacts the susceptibility of bones to fractures. Findings from a 

Swedish cohort study suggest that T2DM alone may not necessarily increase fracture risk. However, 

certain risk factors, such as the duration of diabetes, can considerably elevate the risk of fractures in 

T2DM patients [115]. The authors of the study estimate that around 21 million people are affected by 

a risk factor profile that contributes to an increased risk of fractures in T2DM [115]. Longer diabetes 

duration leads to prolonged high glucose levels in the body, adversely affecting bone cellular activity 

and decreasing bone turnover in T2DM. Furthermore, prolonged high glucose levels lead to the 

formation of AGEs, which can impair the properties of collagen within the bone tissue. 

 

To summarize, our research indicates that the cortical bone of individuals with T2DM displays no 

differences in microstructure or bone material quality compared to healthy, age-matched controls. 

Similarly, the fracture toughness was unchanged in this cohort. These findings are consistent with 

recent research that suggests that some subgroups of patients with T2DM may be at a higher risk of 

fractures, but not all patients share this risk profile. 
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5. Conclusion and Outlook 
 

Diabetes mellitus (DM) is a chronic metabolic disease that causes high blood glucose levels. 

Considering the escalating prevalence of diabetes, addressing associated complications, notably bone 

fragility, is crucial but often underdiagnosed among diabetic patients. This thesis aims to contribute 

fundamental knowledge of the multiscale characteristics of the human bone matrix affected by T1DM 

and T2DM. 

Investigating the influence of T1DM on cortical bone quality revealed evidence for accelerated aging 

in terms of increased osteocyte apoptosis and microdamage accumulation. To better understand the 

mechanisms leading to osteocyte apoptosis in T1DM, future research should investigate how aspects 

such as oxidative stress and AGE-RAGE interaction contribute to this cellular signaling. Additionally, 

potential drug screening targets should be identified to improve osteocyte survival. Identifying 

osteocyte apoptosis as a potential determinant of cortical T1DM pathology proposes a shift from 

current treatments for bone loss that primarily concentrate on the activities of osteoblasts and 

osteoclasts while neglecting the potential advantages that could be derived from targeting 

pharmacological targets towards osteocytes. 

More prevalent osteocyte cell death in T1DM leads to excessive lacunar mineralization in the bone 

matrix. The long-lasting nature of the mineralized lacune might serve as a novel biomarker for 

assessing bone quality in metabolic and other bone pathologies, providing a promising direction for 

further exploration. More basic and clinical research is necessary to understand better the structural 

consequences of lacunar mineralization following osteocyte apoptosis during various pathological 

conditions. This would create new opportunities for innovative treatments. 

Our findings indicate that the risk of fractures is not elevated in all T2DM patients. Rather, it suggests 

that certain subgroups of T2DM patients have compromised bone mechanical competence. The 

multiscale approach combining clinical and experimental bone quality assessments identified a 

subgroup of T2DM individuals with high porosity and altered bone biomechanical properties. While 

certain subsets of individuals with T2DM may have a greater likelihood of developing fractures, not all 

T2DM patients exhibit the same risk profile. This heterogeneity within the T2DM population requires 

the implementation of customized approaches to evaluate and manage fracture risk in those with 

diabetes mellitus. 
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6. List of Abbreviations 

2D / 3D two-dimensional/three-dimensional 

aBMD areal bone mineral density 

AGEs advanced glycation end-products 

BMD BMD 

BMDD bone mineral density distribution 

BS bone surface 

BV bone volume 

CaHigh 
amount of highly mineralized bone tissue above the 95th 
percentile 

CaLow amount of low mineralized bone tissue below the 5th percentile 

CaMean mean calcium concentration 

CaPeak most frequently occurring calcium concentration 

CaWidth heterogeneity of the mineral distribution  

CML carboxymethyllysine 

Ct. Th cortical thickness 

Ct.Po cortical porosity 

DAB 3,3-diaminobenzidine 

DM diabetes mellitus 

DXA dual-energy X-ray absorptiometry 

EDTA ethylenediaminetetraacetic 

ES/BS eroded surface per bone surface  

fAGEs fluorescent advanced glycation end-products 

HR-pQCT high-resolution peripheral quantitative computed tomography 

CHO coronary heart disease 

IHC immunohistochemistry 

LCN lacunar canalicular network 

LSCM laser scanning confocal microscopy 

MMA methyl methacrylate 

N.Ob/B.Pm; #/mm number of osteoblasts per unit bone perimeter 

N.Oc/B.Pm; #/mm number of osteoclasts per unit bone perimeter  

O.Th osteoid thickness 

Ob.S/BS osteoblast surface per bone surface 

Oc.S/BS osteoclast surface per bone surface  

OS/BS osteoid surface per bone surface 

OV/BV osteoid volume per bone volume 

PBS phosphate-buffered saline 

qBEI quantitative backscattered electron imaging 

RAGE receptor for AGEs 

RANKL receptor activator of nuclear factor-kappa B ligand 

ROS reactive oxygen species 

RR relative risk 

RT room temperature 

T1DM type 1 diabetes mellitus 

T2DM type 2 diabetes mellitus 

TMD tissue mineral density 

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling 
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10 Abstract 

Diabetes mellitus (DM) is a chronic metabolic condition resulting in high blood glucose levels. Recent 

studies have shown that both type 1 diabetes (T1DM) and type 2 diabetes (T2DM) patients experience 

a higher rate of fragility fractures. The causes of poor bone health in T1DM and T2DM are complex, 

multifactorial, and not completely understood. The presented work aims to deliver novel insights into 

the multiscale characteristics of the human bone matrix, which is affected by diabetic bone disease. 

The goal is to identify potential biomarkers that can be used to detect impaired bone matrix in 

individuals with DM. 

The influence of hyperglycemia on bone quality was studied in T1DM cortical bone compared to age-

matched healthy individuals. T1DM bone exhibits increased osteocyte apoptosis and excessive 

osteocyte-lacunar mineralization, which impairs the biomechanical competence of the bone tissue. 

The impairment of the osteocyte network leads to compromised bone repair mechanisms, resulting in 

microdamage accumulation in diabetic bone. Further investigation was focused on the frequency and 

implications of osteocyte-lacunar mineralization, also known as micropetrosis, in metabolic disorders 

such as osteoporosis and DM. The data revealed that micropetrosis is more prevalent in individuals 

with these conditions and has a detrimental effect on bone mechanical properties. This underscores 

the significance of maintaining a balanced bone turnover to ensure an adequate pool of osteocytes for 

optimal bone mechanosensitive function. 

Bone quality parameters in T2DM were evaluated using high-resolution imaging and diverse laboratory 

techniques. In the T2DM group, we identified a subgroup of individuals with high cortical porosity 

(T2DMwHP). The T2DMwHP subgroup was also presented with a higher cortical pore diameter 

measured with high-resolution peripheral quantitative computed tomography (HR-pQCT) compared 

to the T2DM group. In addition, we observed a rise of 25% in fAGEs in this particular group compared 

to the T2DM and control groups. Biomechanical properties from clinical in situ impact indentation 

(BMSi) and reference point indentation (RPI) found no significant difference. However, the RPI 

measurement revealed altered cyclic indentation properties in the T2DMwHP group, suggesting lower 

bone toughness in the T2DMwHP group but not in the T2DM group. 

Further investigation of cortical bone in male individuals with T2DM found no significant differences 

in microstructure and fracture toughness when compared to healthy individuals. The evaluation of 

tissue mineralization using qBEI indicates that the calcium density distribution remained constant in 

the T2DM group. The fracture toughness remains consistent among this particular cohort, indicating 

that only certain subgroups of patients with T2DM may be at a greater risk of fractures. This implies 

that not all patients with T2DM share this risk profile. 
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In conclusion, the results presented in this thesis provide a novel insight into the osteocyte pathology 

in T1DM, suggesting accelerated aging effects in the diabetic bone matrix. Additionally, it suggests 

lacunar mineralization as a potential novel biomarker of altered bone quality, highlighting the 

importance of removing old bone matrix and underlining the significance of bone remodeling status. 

This work not only improves our comprehension of diabetic bone disease but also highlights the 

differences in bone matrix characteristics across T1DM and T2DM, which can help to develop tailored 

strategies for assessing and treating fracture risk in people with diabetes mellitus. 
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11 Zusammenfassung 
 

Diabetes mellitus (DM) ist eine chronische Stoffwechselerkrankung, die zu einem hohen 

Blutzuckerspiegel führt. Aktuelle Studien haben gezeigt, dass sowohl Patienten mit Typ-1-Diabetes 

(T1DM) als auch Typ-2-Diabetes (T2DM) ein erhöhtes Risiko für Fragilitätsfrakturen haben. Die 

Ursachen für die schlechte Knochengesundheit bei T1DM und T2DM sind komplex, multifaktoriell und 

nicht vollständig geklärt. Ziel der vorgestellten Arbeit ist es, neue Einblicke in die multiskaligen 

Eigenschaften der menschlichen Knochenmatrix zu liefern, die von diabetischen 

Knochenerkrankungen betroffen sind. Hierbei sollen neue Biomarker identifiziert werden, mit denen 

sich eine beeinträchtigte Knochenmatrix bei Personen mit DM erkennen lässt. 

Der Einfluss von Hyperglykämie auf die Knochenqualität wurde an kortikalen Proben aus dem 

Femurschaft von Individuen mit T1DM, im Vergleich zu knochengesunden Proben von gleichaltrigen 

Personen, untersucht. T1DM-Knochen wiesen eine erhöhte Osteozyten-Apoptose und eine 

übermäßige Osteozyt-Lakunen Mineralisierung auf. Die Veränderung des Osteozyten-Netzwerks führt 

zu einer Beeinträchtigung der Knochenreparaturmechanismen, was zu einer Anhäufung von 

Mikroschäden im diabetischen Knochen führt und somit die biomechanische Kompetenz des 

Knochengewebes kumulativ beeinflusst. Weitere Untersuchungen konzentrierten sich auf die 

Häufigkeit und Auswirkungen der Osteozyt-Lakunen Mineralisierung, auch bekannt als Mikropetrose, 

bei Stoffwechselstörungen wie Osteoporose und DM. Die Daten zeigten, dass Mikropetrose bei 

Personen mit diesen Erkrankungen häufiger auftritt und sich nachteilig auf die mechanischen 

Eigenschaften der Knochen auswirkt. Dies unterstreicht die Bedeutung der Aufrechterhaltung eines 

ausgewogenen Knochenumsatzes, um einen ausreichenden Osteozyten-Zellpool für eine optimale 

mechanosensitive Knochenfunktion sicherzustellen. 

Knochenqualitätsparameter bei T2DM wurden mithilfe von hochauflösender Bildgebung und 

verschiedensten  Labortechniken bewertet. In der T2DM-Gruppe identifizierten wir eine Untergruppe 

von Personen mit hoher kortikaler Porosität (T2DMwHP). Die Menge an fAGEs zeigte in 

Knochenproben von T2DMwHP einen Anstieg um 25 %. In dieser Gruppe fanden wir im Vergleich zur 

T2DM-Gruppe auch einen höheren kortikalen Porendurchmesser, gemessen mit hochauflösender 

peripherer quantitativer Computertomographie (HR-pQCT). Bei den biomechanischen Eigenschaften 

der klinischen In-situ-Indentation (BMSi) und der Referenzpunkt-Indentation (RPI) wurde kein 

signifikanter Unterschied festgestellt. Die RPI-Messung ergab jedoch veränderte zyklische 

Indentationseigenschaften in der T2DMwHP-Gruppe, was auf eine geringere Knochenfestigkeit in der 

T2DMwHP-Gruppe, nicht jedoch in der T2DM-Gruppe, schließen lässt. 
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Weitere Untersuchungen in kortikalen Knochenproben von männlichen Individuen mit T2DM konnten 

in Bezug auf Mikrostruktur keine Unterschiede zu gesunden Kontrollproben zeigen. In dem T2DM 

Proben gab es zudem keine Änderung der Bruchzähigkeit im Vergleich zu den knochengesunden 

Proben, was darauf hindeutet, dass möglicherweise nur eine bestimmte Untergruppe von Personen 

mit T2DM einem höheren Fraktur Risiko ausgesetzt ist.  

Zusammenfassend liefern die in dieser Arbeit präsentierten Ergebnisse einen neuen Einblick in die 

Osteozyten-Pathologie bei T1DM, und lassen auf beschleunigte Alterungseffekte in der diabetischen 

Knochenmatrix schließen. Darüber hinaus stellt die lakunäre Mineralisierung einen neuen potenziellen 

Biomarker für eine veränderte Knochenqualität dar, was die Bedeutung der Entfernung geschädigter 

Knochenmatrix hervorhebt. Diese Arbeit verbessert damit unser Verständnis diabetischer 

Knochenerkrankungen, und verdeutlicht auch die Unterschiede in den Knochenmatrixeigenschaften 

zwischen T1DM und T2DM. Die dargelegten Ergebnisse könnten dazu beitragen maßgeschneiderte 

Strategien zur Beurteilung des Frakturrisikos von Personen mit Diabetes Mellitus zu entwickeln.  
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