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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 B-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 a-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 (TLDM) accounts for 10% of all diabetes cases worldwide and is juvenile-onset
or in early adulthood. The etiology of TLDM is caused by autoimmune destruction of the pancreatic B-
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 TIDM and T2DM. Fracture risk is often underdiagnosed in DM individuals and is

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



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
qguantity 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



of twisted plywood structure. Each lamellar layer comprises mineralized collagen fibrils formed of

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



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 TIDM 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 TLDM patients compared to T2DM patients. This is reflected in a
recent meta-analysis where it is reported that TLDM 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 tibiaamong
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 TIDM and T2DM patients
compared to healthy controls. Annotations 1-2 show impaired bone microarchitecture characteristics in TLDM
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 | 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 TLDM
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.
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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).

Preserved LCN Poor LCN
connectivity

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).

Schematic process of osteocyte lacunar mineralization
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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 Kolibova 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,
itis 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 TIDM 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 Kolibova, S. et al., Acta Biomaterialia 2023)

Increased fracture risk associated with TIDM 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 TLDM 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 TADM.

Objective 2: Investigation of osteocyte lacunar mineralization under metabolic disorders
(publication 2: Dragoun Kolibovd, 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: Wélfel, E. M., Fiedler, I. A. K., Dragoun Kolibovad, 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: Wélfel, E. M., Bartsch, B., Koldehoff, J., Fiedler, I. A. K., Dragoun Kolibova, 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:
WTO037/15). According to medical records, donors were divided into two study groups, including a
group of donors diagnosed with diabetes mellitus (TILDM 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 (UCT 40, Scanco Medical AG, Switzerland) at a spatial resolution of 10 um. 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 pA with an integration time of 200 ms. A threshold of 550 mg HA/cm?3

was applied to assess cortical porosity (Ct. Po) and tissue mineral density (TMD) using Scanco image

17



processing software. Cortical thickness (Ct. Th) was calculated from the contact radiography images

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

2.2.2. Static cellular histomorphometry

Static histomorphometry was performed on the femoral cortical bone with and without TIDM. The
fixed samples were dehydrated using increasing ethanol concentrations and embedded in MMA. We
cut five um-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
guadrant 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 (0.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 Imagel/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; #/mm?2).
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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 Imagel/Fiji software to assess
linear microdamage accumulation: total number of linear microcracks per mineralized bone area (B.Ar;
#/mm?2) and total length of linear microcracks per mineralized bone area (B.Ar; um/mm?2). 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 HCI (10 ul of HCI 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 pg quinine in 0.1 N H2S04 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 HCI). 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., Mannedorf, 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 TLDM bone disease

We evaluated the bone quality in the human cortical bone, comparing the TIDM group to the age-
matched healthy control group in a multiscale manner to better understand the underlying
mechanisms of skeletal fragility in TLDM. 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).
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Figure 7: Unchanged microstructure in femoral cortical bone of TIDM 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) TLDM 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
Kolibova 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 TIDM samples in the
endocortical region. In the periosteal region, we observed active osteoblasts in 35.7% of controls and
25% of T1IDM specimens. Osteoclasts were present in 21.4% of control samples and in 12.5% of TIDM
samples in the endocortical area. In the periosteal region, we found active osteoclasts in only 21.4% of

controls, whereas 37.5% of TIDM 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 T1IDM 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 TIDM 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 gBEl. 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 TIDM in the endocortical (p = 0.704) and
periosteal regions (p = 0.263). In the periosteal region, TIDM 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 T1IDM 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 TIDM compared to controls (p= 0.049).
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Figure 8. Increased osteocyte apoptosis in the T1D cortical bone. lllustrative images from TUNEL assay (A)
endocortical and (B) periosteal regions of the control and TIDM groups. lllustrative 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 TIDM 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 Kolibova et al., 2023.
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Figure 9: The periosteal region of the TIDM group exhibits altered osteocyte viability. lllustrative images of
unmineralized osteocyte lacunae in the (A) endocortical and (B) periosteal regions of the control and TIDM
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 TIDM
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 TIDM 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 Kolibova et al., 2023.
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gBEI 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 TIDM groups. There was no difference
in BMDD between controls and the TIDM 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 TIDM 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 TIDM 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 qBElI 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 TIDM 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 Kolibova et al., 2023.
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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 Kolibova 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 TIDM 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 Kolibova 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 | 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 Wolfel, E. M., Fiedler, I. A. K.,

Dragoun Kolibov3, 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 gBEI. 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 Wodlfel, E. M., Bartsch, B., Koldehoff, J., Fiedler, I. A. K.,

Dragoun Kolibova, 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
Kolibova et al., 2023; Dragoun Kolibova et al., 2022; Wolfel, Fiedler, Dragoun Kolibova et al., 2022;
Wolfel, Bartsch, Koldehoff, Fiedler, Dragoun Kolibova et al., 2023).

4.1. Osteocyte apoptosis and microdamage accumulation in TIDM

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 Ilaser scanning microscopy, and
immunohistochemistry to comprehensively evaluate the effect of TIDM on bone quality in human
cortical bone, with the main focus on osteocyte viability, mineralization, and microdamage

accumulation.

Clinical research indicates reduced BMD in TIDM 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 T1IDM group compared to the control groups.
Microarchitectural changes in TIDM 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 TLDM 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 TIDM 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 TIDM 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 TIDM and age-matched control
groups, indicating that TLDM does not impact the periosteal apposition process. However, we found

a significantly higher number of fully mineralized lacunae in the periosteal region of the TLDM 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 TIDM, 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 TIDM rat model, as they showed an increased number and length of linear
microcracks per bone area in the periosteal region in the TIDM group when compared to the control
group. Increased osteocyte apoptosis in the diabetic group suggests that TIDM 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 TIDM 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 TIDM or the control group. However, we
observed variations in micropetrosis levels within the osteonal and interstitial bone area in the
periosteal region of the TIDM group. Notably, TIDM 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 TIDM group. Presented data
suggest that individuals with TIDM 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 TIDM group.

The study suggests that osteocyte apoptosis is a potential cause of cortical TIDM pathology. Osteocyte
apoptosis was found to be more common in both endocortical and periosteal regions in TLDM patients.

The study also found that TIDM impairs bone quality. Specifically, we found increased microcrack
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accumulation and micropetrosis levels in the periosteal region of TIDM cortical bone. These findings
suggest that TIDM 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 TIDM on human cortical bone. TIDM 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 Kolibova 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 TIDM 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 T1IDM patients [112], it can be assumed that the effect of poor
glycemic control on lacunar mineralization in TIDM would be more significant compared to that in
T2DM. In TIDM 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 TLDM 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 TIDM
(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 | ratio in the T2DMwHP group, which can result from either a higher carbonate
content or a lower collagenous amide | content. Based on similar mineralization across all groups, it
can be assumed that the carbonate content remains unaffected and points towards lower amide |

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 TIDM

and T2DM.

Investigating the influence of TIDM 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 TIDM, 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 TIDM 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 TLDM 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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Bone fragility is a profound complication of type 1 diabetes mellitus (TTDM), increasing patient morbidity.
Within the mineralized bone matrix, osteocytes build a mechanosensitive network that orchestrates bone
remodeling; thus, osteocyte viability is crucial for maintaining bone homeostasis. In human cortical bone
specimens from individuals with TIDM, we found signs of accelerated osteocyte apoptosis and local min-
eralization of osteocyte lacunae (micropetrosis) compared with samples from age-matched controls. Such
morphological changes were seen in the relatively young osteonal bone matrix on the periosteal side,
and micropetrosis coincided with microdamage accumulation, implying that TIDM drives local skeletal
aging and thereby impairs the biomechanical competence of the bone tissue. The consequent dysfunction
of the osteocyte network hampers bone remodeling and decreases bone repair mechanisms, potentially
contributing to the enhanced fracture risk seen in individuals with T1IDM.

Statement of significance

Type 1 diabetes mellitus (T1IDM) is a chronic autoimmune disease that causes hyperglycemia. In-
creased bone fragility is one of the complications associated with TIDM. Our latest study on T1DM-
affected human cortical bone identified the viability of osteocytes, the primary bone cells, as a poten-
tially critical factor in TIDM-bone disease. We linked TIDM with increased osteocyte apoptosis and local
accumulation of mineralized lacunar spaces and microdamage. Such structural changes in bone tissue
suggest that TIDM speeds up the adverse effects of aging, leading to the premature death of osteocytes
and potentially contributing to diabetes-related bone fragility.
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with diabetes, and its global prevalence is rising [1]. DM is a
chronic metabolic disorder characterized by high blood glucose
levels. In type 1 DM (T1DM), accounting for 10% of all diabetes
cases worldwide, hyperglycemia is caused by a lack of insulin due
to autoimmune-induced damage to pancreatic beta cells [2,3]. The
long-term effects of TIDM are tissue and organ damage, including
impaired skeletal health involving a significant increase in fracture
risk; the relative risk of hip fracture is reported to be as high as
6.94 for individuals with TIDM [4-8]. Bone mineral density (BMD),
the general predictor of bone fragility, is reduced in TIDM [9-12].
However, the reported increase in fracture risk cannot be explained
solely by the reduction in BMD; thus, there is a need to identify
novel markers of reduced mechanical competence of bone.

It is thought that decreased bone turnover contributes to dia-
betic bone disease [13]. Bone turnover is accomplished through the
bone remodeling process, in which the central regulatory cells, os-
teocytes, orchestrate bone-resorbing osteoclasts and bone-forming
osteoblasts in response to mechanical loading. The cellular pro-
cesses of bone remodeling are coupled in a spatiotemporal se-
quence by a functional osteocyte network to maintain bone tissue
homeostasis or adapt to changing mechanical or hormonal envi-
ronments [14].

Osteocytes are the most abundant bone cells, forming a
mechanosensory and force-translating network within the miner-
alized bone matrix [15]. Each osteocyte forms approximately 90
dendrites [16], long cytoplasmic extensions that run through nano-
scale canals (canaliculi) and enable the connection of osteocytes to
each other and to other cells at the periosteum or in the bone mar-
row cavity, resulting in an extensive communication system called
a lacunar (harboring the cell body)-canalicular network (LCN). As
postmitotic cells, osteocyte viability [17] is crucial for the mainte-
nance of bone homeostasis. Through a functional fluid-filled LCN,
nutrients and waste products are transported to preserve osteocyte
viability and maintain their mechanosensory function.

The lifespan of osteocytes is thought to be between 1 and
50 years, starting from a subpopulation of osteoblasts that be-
come embedded into their newly formed bone matrix and dif-
ferentiate into dendritic osteocytes, ultimately ending in one
of the known cell death mechanisms. Osteocyte cell death be-
comes more prominent with aging [18] but is also associated
with multiple bone pathologies, i.e., postmenopausal osteoporo-
sis, glucocorticoid-induced osteoporosis [19,20], or immobilization
[21] which are all characterized by elevated bone fragility and
therefore higher fracture risk. The fragility is likely caused by a
decreased ability to sense and repair microdamage in the bone
matrix. In a physiological state, osteocyte apoptosis induces local
bone resorption, resulting in the removal of damaged bone matrix,
and coupled bone formation ensures the renewal of the bone ma-
trix and the osteocyte cell pool [22,23]. The phenomenon of osteo-
cyte lacunar mineralization, also known as micropetrosis, reflects
the decreased number of osteocytes due to cell death and lack of
newly embedded osteocytes during bone formation seen with bone
pathologies [24]. Micropetrosis negatively affects the mechanical
properties of bone tissue, lowering energy absorption and dissi-
pation capacities and thereby causing the bone matrix to become
more susceptible to fragility fractures [17,25-27]. An impaired os-
teocyte network in the form of lower numbers of viable intercon-
nected osteocytes leads to a reduced recognition of microdamage
within the bone matrix [28].

Microdamage removal requires communication between apop-
totic osteocytes at the site of damage and adjacent nonapoptotic
osteocytes, which subsequently activate the osteoclastogenic sig-
naling response for local bone remodeling [29]. The accumula-
tion of microdamage, such as microcracks, creates morphologi-
cal changes in the LCN, which induce osteocyte apoptosis [30,31].
These effects induce osteoclast-dependent resorption of the dam-
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aged bone matrix as a part of functional bone homeostasis. How-
ever, when the rate of osteocyte apoptosis exceeds osteocyte vi-
ability or when bone resorption is lowered or less targeted (ie.,
due to reduced activation by osteocytes), bone resistance to frac-
ture decreases. In a streptozotocin-induced rat model of TIDM, the
accumulation of microdamage after ulnar loading led to a severe
disruption of the LCN and reduced osteoclast activation, causing
a reduction in bone resorption [32]. Because studies with human
bone specimens are rare, it is yet unknown whether and to what
extent there is microdamage accumulation in the bone matrix of
human individuals with T1IDM and if it characterizes diabetic bone
pathology.

We investigated the effect of TIDM on human femoral cortical
bone using an interdisciplinary approach, applying clinical imaging
(e.g., microcomputed tomography) and standardized bone histolog-
ical methods (e.g., bone histomorphometry), material-based tech-
niques (e.g., quantitative backscattered electron microscopy), and
novel imaging approaches to detect and quantify microdamage ac-
cumulation. We hypothesized that TIDM would promote osteocyte
apoptosis, which would affect the integrity of the LCN and result
in the accumulation of microcracks in TIDM-induced bone disease.

2. Materials and methods
2.1. Study design

We evaluated the influence of TIDM on bone microarchitec-
ture, matrix quality, and cellular parameters of cortical bone. We
collected approximately 1.5-cm-thick bone specimens from the
femoral mid-diaphysis of 22 human donors of both sexes for cor-
tical bone quality analysis. The specimens were obtained in col-
laboration with the Institute of Legal Medicine at University Med-
ical Center Hamburg-Eppendorf (ethics approval: WT037/15). Ac-
cording to medical records, donors were divided into two study
groups, including a group of eight donors diagnosed with TIDM
(T1DM group: 55.0 £ 10.6 years) during their lifetime and a group
of 14 age-matched healthy donors (control group: 53.1 &+ 9.5 years)
with normal sugar metabolism. For each donor, we collected dei-
dentified patient data (age, BMI) and BMD measured via ex vivo
DXA measurement of the 12th thoracic vertebra (Table 1). Donors
in this study did not suffer from any form of bone disease (i.e.,
trauma, osteogenesis imperfecta, Paget's disease, fibrous dysplasia,
or malignancy).

Femoral bone specimens were fixed in 4% paraformaldehyde
(Sigma-Aldrich, Darmstadt, Germany) for 7 days. From the fixed
specimens, several 4-mm-thick sections were cut out using a di-
amond belt saw (EXAKT Advanced Technologies GmbH, Norderst-
edt, 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 an-
other cross-section was cut and decalcified for six weeks in a 20%
ethylenediaminetetraacetic (EDTA) solution prior to paraffin em-
bedding for immunohistochemistry (IHC). The methodology of the
study is summarized in Supplemental Fig. 9. All analyses were per-
formed in a blinded manner.

2.2. Microcomputed tomography

The microstructure of the anterior quadrant was assessed using
microcomputed tomography (uCT 40, Scanco Medical AG, Switzer-
land) at a spatial resolution of 10 pm. The X-ray settings were
standardized to 55 kV and 145 pA with an integration time of 200
ms. A threshold of 550 mg HA/cm® was applied to assess cortical
porosity (Ct. Po) and tissue mineral density (TMD) using Scanco
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Table 1
Cohort characteristics.
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Control T1DM p value
n=14 n=38
Age (years) 51 + 340 52 +31° 0.603
Sex (m/f) 122 6/2 0.602
BMI (kg/m?) 29 + 14° 22 + 38> 0.127
Ex vivo BMD of 12 thoracic AP: 0.9 + 0.2° AP: 0.8 + 0.1* 0.191
vertebra (g/cm?) LAT: 0.7 + 0.1° LAT: 0.6 + 0.22 0.390

Notes: The table summarizes the information on age, sex, BMI, and ex vivo BMD of the 12th thoracic vertebra (T12) for the control and T1DM groups. Data are presented as the mean
+ standard deviation for normally distributed data (marked with a superscript “a”), and nonnormally distributed data are presented as the median + interquartile range (marked
with a superscript “b”). A t test was applied for normally distributed data to determine p values, and the Mann-Whitney test was used for nonnormally distributed data. Fisher’s
exact test was applied to determine the p value for sex distribution. BMI: body mass index, BMD: bone mineral density, AP: anterior-posterior, LAT: lateral.

image processing software. Cortical thickness (Ct. Th) was calcu-
lated from the contact radiography images within the whole cross-
section of the femoral diaphysis using Image]/Fiji software (NIH,
USA).

2.3. Geometric analysis

Biomechanical properties, such as diaphyseal strength and
rigidity, depend upon geometric indices of the femoral diaph-
ysis. To evaluate bone geometry indices, the whole cross-sectional
area of the midshaft femur was visualized by contact radiogra-
phy (Faxitron MX-20, Faxitron, Arizona, USA). The images were
analyzed using the EPJ macro [33] in Image]J/Fiji. The EP] macro
derives periosteal and endosteal contours from images and com-
putes the following cross-sectional properties: total cross-sectional
area (TA, mm?), which reflects resistance to compression; corti-
cal area (CA, mm?2), which indicates compressive/tensile strength;
medullary cavity area (MA, mm?); percent cortical area (%CA, %),
which is determined as (CA/TA) x 100; second moment of area,
which indicates bending rigidity in the medial-lateral axis (Ix,
mm?*) and anterior-posterior axis (ly, mm#); maximum and min-
imum second moment of area, which indicate maximum bending
rigidity (Imax, mm?) and minimum bending rigidity (Imin, mm?),
respectively; section modulus, which indicates resistance to bend-
ing along the medial-lateral axis (Zx, mm?) and anterior-posterior
axis (Zy, mm?); and buckling ratio (BR), which indicates resistance
to buckling.

2.4. Cellular histomorphometry

For cellular histomorphometry, we cut 5 pm-thick sections
from MMA blocks on a microtome (Leica Microsystems, Wetzlar,
Germany) and stained the sections with toluidine blue. A total
bone area of 1.875 mm? in the endocortical region and a total
bone area of 0.625 mm? in the periosteal region were analyzed
using Osteomeasure software (Osteometrix, Atlanta, USA). Histo-
morphometric variables are derived from primary measurements
such as bone area or perimeter. These parameters are presented
as the source (the structure on which the measurement is made),
the measurement, and the referent (source-measurement/referent),
in accordance with the ASBMR nomenclature guidelines [34]. The
histomorphometric variables were as follows. Bone formation in-
dices: number of osteoblasts per unit bone perimeter (N.Ob/B.Pm;
#/mm); osteoblast surface (Ob.S/BS): percent of bone surface occu-
pied by osteoblasts; osteoid volume (OV/BV; %): percent of a given
volume of bone tissue that consists of unmineralized bone (os-
teoid); osteoid surface (OS/BS; %): percent of bone surface covered
in osteoid; osteoid thickness (0.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;

256

eroded surface (ES/BS; %): percent of bone surface occupied by re-
sorption cavities with or without osteoclasts.

2.5. Bone mineral density distribution

To evaluate the bone mineral density distribution (BMDD) and
2D morphological analysis of the osteocyte lacunae, we performed
quantitative backscattered electron imaging. The PMMA-embedded
specimens were subjected to coplanar grinding and subsequently
polished and carbon-coated before imaging. A scanning electron
microscope (Crossbeam 340, GeminiSEM, Zeiss AG, Oberkochen,
Germany) in backscattered electron mode was operated at 20 keV
with a constant working distance of 20 mm. A Faraday cup was
used to control the current beam, and grayscale values were cal-
ibrated using an aluminum-carbon standard. All parameters were
monitored during imaging and kept at a constant level. The mag-
nification used for acquiring images was 250x, corresponding to
1 pm/pixel. Two images per region were taken for BMDD and os-
teocyte lacunae morphology analysis. The total mean calcium con-
tent of the BMDD (CaMean, wt%) was assessed from the backscat-
tered electron images using a custom-made MATLAB code (MAT-
LAB, Natick, Massachusetts). We evaluated BMDD in the endocor-
tical and periosteal regions separately. Additionally, we manually
created masks in Image]/Fiji to separate the osteonal and intersti-
tial areas, and we assessed BMDD for these two areas separately.
For this purpose, osteonal bone was defined as a circular region of
bone matrix surrounding a Haversian canal; interstitial bone was
defined as bone matrix between the circular osteonal structures.
Cement lines were used as visual borders for the measurement of
bone matrix area.

2.6. Supervised deep learning to detect osteocyte lacunae

To analyze the occurrence of mineralized osteocyte lacunae
(Mn.Lc. N), we used images acquired for BMDD on a scan-
ning electron microscope (Crossbeam 340, GeminiSEM, Zeiss AG,
Oberkochen, Germany). We trained a deep convolutional neu-
ral network (CNN) to detect and classify lacunae as nonmineral-
ized, partially mineralized, or fully mineralized using a pretrained
YOLOv5 [35] model as a single-stage object detection algorithm.
The model was adapted for the detection of lacunae by training
in an end-to-end fashion on lacunae in 50 expert-labeled images.
Overall, 8716 nonmineralized, 314 partially mineralized, and 394
fully mineralized lacunae were labeled. We used 10-fold cross-
validation to train and validate the model’s performance. For each
iteration, we split our data into 40 images for training (80%), 5 im-
ages for validation (10%), and 5 excluded images (10%) for testing.
To leverage the data set, we performed random horizontal and ver-
tical flipping and rotation followed y random cropping into patches
of 256 x 256 pixels, which resulted in a total data set of 7500
patches. We trained the model using stochastic gradient descent
with a learning rate of 0.01, a batch size of 324, and 200 epochs;

56



S. Dragoun Kolibova, E.M. Wilfel, H. Hemmatian et al.

we report the mean average precision (mAP) metric for all 10 iter-
ations with an intersection over the union threshold of 50%. The
network performance was evaluated exclusively on the test set.
For further statistical evaluations, we used all available images.
Detected artifacts were cleared from the output image data, and
we distinguished the locations of micropetrotic lacunae within the
osteonal and interstitial areas in the endocortical and periosteal
regions. We normalized the number of partially mineralized and
fully mineralized lacunae and the total number of mineralized os-
teocyte lacunae to the mineralized bone area (B.Ar; #/mmz2) for
evaluation.

2.7. Osteocyte apoptosis

For osteocyte apoptosis detection, a TUNEL assay, allowing visu-
alization of DNA breaks, was used. The plastic embedding medium
was washed out from the undecalcified MMA sections using xy-
lene, and the sections were rehydrated by a descending ethanol
series (absolute, 90%, 80%, and distilled water). Following 20 min-
utes at room temperature (RT) of incubation with proteinase K, the
sections were treated with 20% EDTA for 30 minutes at 37 °C. The
pretreated sections were then 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 permeabiliza-
tion solution with 0.1% Triton X-100 and 0.1% sodium citrate for
8 minutes at RT. The samples were then mounted using mount-
ing medium with DAPI stain. The excitation wavelength for visu-
alization was between 450 nm and 500 nm, while detection was
between 515 nm and 568 nm. We acquired five images in the pe-
riosteal and endosteal regions in the blue and green channels. For
evaluation, Image] software was used to merge both fluorescent
images, and only cells where the signal from both channels was
firmly overlapping were counted as apoptotic. We counted viable
and apoptotic osteocytes per bone area (B.Ar; #/mm?) in the en-
docortical and periosteal regions.

Caspase-3 is one of the main “executioners” in cell apoptosis.
Therefore, IHC staining for caspase-3 is recommended to detect
and quantify apoptosis in tissue sections [36,37]. Decalcified sec-
tions were deparaffinized using xylene and rehydrated by a de-
scending ethanol series (absolute, 90%, 80%, and distilled water).
We performed enzymatic antigen unmasking by 20 min of incuba-
tion 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 Tech-
nology, Danvers, MA, United States). The pretreated sections were
then stained in accordance with the manufacturer's recommenda-
tion overnight at 4°C. After incubation, the sections were washed,
and apoptotic cells were detected by the 3,3-diaminobenzidine
(DAB) chromogen (DAKO, Carpinteria, CA, USA) for approximately
8 min. Finally, the slides were counterstained in hematoxylin for
1 s, washed in distilled water, dehydrated, and mounted. The slides
were imaged using a PANNORAMIC MIDI Digital Slide Scanner
(Sysmex Corporation, Kobe, Hyogo, Japan) at a 60 x objective mag-
nification. We analyzed a total bone area of 1 mm? for the en-
dosteal region and 2 mm? for the periosteal region. The apop-
totic cells were counted manually using an object-counting tool in
Olympus cellSens software (Shinjuku City, Tokyo, Japan). We quan-
tified the total number of apoptotic osteocytes per bone area (B.Ar;
#/mm?2) in the endocortical and periosteal regions.

2.8. Microcrack accumulation
To investigate microcrack accumulation, we used infiltration

with rhodamine-6G and confocal laser scanning microscopy [38].
The advantage of this approach is infiltration with rhodamine-6G
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before embedding, meaning that only the existing cracks are la-
beled, and no artifacts created during the embedding process are
stained. From the fixed femoral cross-sections, we cut out the re-
gion next to the anterior quadrant in a lateral direction using a
diamond belt saw (EXAKT Advanced Technologies GmbH, Norder-
stedt, Germany) to obtain a 10 mm bone piece. The specimens
were dehydrated by an ascending ethanol series and infiltrated for
10 days with 0.002% WT rhodamine-6G before being embedded in
MMA. The embedded specimens were then ground to 1 cm to fit
into the imaging chamber with a glass bottom. Using a confocal
laser scanning microscope (Leica SP5, Leica Microsystems, Wetzlar,
Germany), we imaged microcracks with a 561 nm laser excitation
wavelength at a 20 x objective magnification. For each periosteal
and endosteal region, two Z-stacks of fifty images were acquired
with a 1 xm distance between images. We quantified the follow-
ing parameters in Image]/Fiji to assess linear microdamage accu-
mulation: total number of linear microcracks per mineralized bone
area (B.Ar; #/mm?2) and total length of linear microcracks per min-
eralized bone area (B.Ar; .m/mm?). Microcracks derived from the
main branch were counted as microcrack branching.

2.9. Statistical analysis

All analyses were performed using Prism 9 software (GraphPad,
San Diego, California). The Shapiro—Wilk test assessed the normal-
ity of the data. To analyze whether the studied bone parameters
differed between the two groups (control and T1DM), we used an
unpaired two-tailed t test for normally distributed data or a non-
parametric Mann-Whitney test for nonnormally distributed data,
and we analyzed the endocortical and periosteal regions separately.
For the evaluation of BMDD parameters, we used ANOVA for re-
peated measures to evaluate the effect of the group (between-
subject factor: control vs. TIDM) and area (within-subject fac-
tor: osteonal vs. interstitial bone), as well as their interaction. To
compare endocortical and periosteal regions, we used a two-sided
paired t test for normally distributed data and a Wilcoxon test for
nonnormally distributed data, followed by a Bonferroni correction.
Data from the comparison between the endocortical and periosteal
regions are shown in the supplemental material. Simple linear re-
gression was used to evaluate the relationship between calcium
content and the number of mineralized lacunae per bone area. We
used the ROUT method to identify potential outliers with Q = 1%.
A two-tailed alpha level below 0.05 was set to identify statistically
significant results (*p < 0.05).

3. Results

3.1. Caspase-3 immunostaining reveals an elevated number of
apoptotic osteocytes in cortical bone from individuals with TIDM

Within our TIDM cohort (Table 1), we did not observe any ef-
fect of TIDM on the geometric properties of the midshaft femoral
cortical bone compared to the control, including neither elevated
cortical porosity nor cortical thickness (Supplemental Table 1 and
Supplemental Fig. 1). In addition, bone histomorphometry reflected
the low bone remodeling rate that is generally seen in cortical
bone and did not show any group-specific differences (Supplemen-
tal Table 2 and Supplemental Fig. 2). Histomorphometric analysis
of osteocytes (Supplemental Fig. 2H) and empty lacunae (Supple-
mental Fig. 2I) showed similar results for both groups in both re-
gions (Supplemental Table 2). We noted that 40%-50% of the os-
teocyte lacunae were already empty in both study groups and both
of the analyzed bone regions, possibly decreasing the detection of
apoptotic osteocytes.

We assessed signs of osteocyte apoptosis as a means of deter-
mining osteocyte viability (Fig. 1A, B). With the terminal deoxynu-
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Fig. 1. TIDM promotes osteocyte apoptosis in cortical bone of the femoral mid-diaphysis. Representative images of apoptotic osteocytes stained with TUNEL (A) endocortical
and (B) periosteal regions of the control and TIDM groups. Representative images of caspase-3 IHC showing apoptotic osteocytes highlighted by black circles in (C) endo-
cortical and (D) periosteal regions of the control and T1IDM groups. (E, G) The results from osteocyte apoptosis detection using TUNEL labeling (endocortical: p = 0.322 and
periosteal: p = 0.239). (F, H) Caspase-3 IHC staining results show a significantly higher number of apoptotic osteocytes in TIDM (endocortical: p = 0.035 and periosteal:
p = 0.013). Boxplots represent the minimum, 25th percentile, median, 75th percentile, and maximum. A t test was applied for normally distributed data to determine p
values, and the Mann-Whitney test was used for nonnormally distributed data. *p < 0.05.

cleotidyl transferase dUTP nick-end labeling (TUNEL) assay, DNA
fragmentation (one hallmark of apoptosis) was labeled, thereby
identifying apoptotic osteocytes in human cortical bone. The num-
ber of apoptotic osteocytes was normalized to the analyzed corti-
cal bone area for the evaluation. The results showed a comparable
number of TUNEL-positive lacunae per bone area between the con-
trol and T1DM groups in the endocortical (p = 0.322; Fig. 1C) and
periosteal regions (p = 0.239; Fig. 1E). However, we also employed
caspase-3 staining—a more sensitive technique that also detects
earlier stages of apoptosis [37]. Caspase-3 IHC staining showed a
higher occurrence of apoptotic osteocytes per bone area in then
T1DM group than for the control group for both the endocortical
region (p = 0.035; Fig. 1D) and the periosteal region (p = 0.013;
Fig. 1F).
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3.2. Increased abundance of fully mineralized osteocyte lacunae in
the periosteal cortex of TIDM individuals

Mineralization of the osteocyte lacunae (micropetrosis) is the
final morphological state of osteocytes undergoing cell death. We
visualized osteocyte lacunae undergoing mineralization with high-
resolution quantitative backscattered electron imaging (Fig. 2A, B)
and determined the number of partially and fully mineralized lacu-
nae per bone area to demonstrate the longitudinal process of mi-
cropetrosis (Fig. 2C-F). To evaluate lacunar mineralization, a deep
learning model specifically trained on this data set was used to dis-
tinguish and count empty, partially mineralized, and fully mineral-
ized lacunae. The custom-made deep learning algorithm achieved
mAP = 0.77 & 0.07. Empty lacunae, partially mineralized lacunae
and fully mineralized lacunae were correctly classified in 95.7%,
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Fig. 2. Osteocyte viability is altered in the periosteal region in the TIDM group. High-resolution backscattered scanning electron microscopy allows the detection of osteocyte
lacunae undergoing the mineralization process (micropetrosis), which reflects the viability of osteocytes in cortical bone. Representative images of typical osteocyte lacunae
in the (A) endocortical and (B) periosteal regions of the control and TIDM groups. After osteocyte cell death, the lacuna gradually fills with mineral occlusions. Partially
filled lacunae are identified by clearly visible calcified nanospherites or by a white halo on the lacunar edges and reflect an intermediate step toward fully mineralized
lacunae. Partially filled lacunae are visible in images from the (C) endocortical and (D) periosteal regions for the control and T1DM groups. The last stage of micropetrosis
is complete filling of lacunae with calcified nanospherites. Fully mineralized lacunae are shown from the (E) endocortical and (F) periosteal regions for the control and
T1DM groups. (G) The analysis of mineralized lacunae in the endocortical region showed comparable values between control and TIDM group in 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) The analysis of mineralized lacunae in the periosteal region revealed a significantly higher number of Fully
Mn.LcN/B.At (p = 0.046) and Mn.Lc.N/B.At in osteonal area (p = 0.041) in TIDM group compared to control specimens. Total Mn.LcN/BAt (p = 0.212) and Mn.Lc.N/BAt in
interstitial area (p = 0.297) was unchanged in control and T1DM groups. For abbreviations see G. repi the 25th percentile, median, 75th percentile,
and maximum. Red circles denote identified potential outliers using the ROUT method with Q = 1%. A t test was applied for normally distributed data to determine p values,
and the Mann-Whitney test was used for nonnormally distributed data. *p < 0.05.

70.2%, and 78.2% of cases, respectively. The confusion matrix and ident in the interstitial area in either the endocortical (p = 0.920,
example predictions with the confidence score for the endocortical Fig. 2G) or the periosteal region (p = 0.297; Fig. 2H).
region and periosteal region are shown in Supplemental Fig. 3.

The total number of micropetrotic lacunae per bone area did 3.3. Cortical bone calcium density distinguish I
not differ significantly between the control and TIDM groups in  bone and older interstitial bone in both the TIDM and control groups
either the endocortical (p = 0.570, Fig. 2G) or the periosteal region
(p = 0.212, Fig. 2H). The number of fully mineralized lacunae, how- Calcium is the most abundant inorganic element in the miner-
ever, was significantly higher in the TIDM group than in the con-  alized bone matrix. Its amount and distribution affect tissue hard-
trol group in the periosteal region (p = 0.046; Fig. 2G), while no  ness and therefore the local mechanical properties of the bone tis-
such difference was evident in the endocortical region (p = 0.868,  sue. The mean calcium weight percentage did not differ between
Fig. 2H). Furthermore, only in the osteonal area did the number  the control and TIDM groups in either the endocortical region
of micropetrotic osteocytes per bone area show intergroup differ- (p = 0.412) or the periosteal region (p = 0.551). Subdivision into
ences in the periosteal region, with more micropetrotic osteocytes  the osteonal and interstitial areas did not reveal differences in cal-
in TIDM than in the control group (p= 0.041; Fig. 2G); the num-  cium content between the control and T1DM groups in either the
bers were similar in the endocortical region (P = 0.145; Fig. 2H). endocortical (F (1,13) = 0.494; p = 0.495, Fig. 3C) or the periosteal
This difference between the control and TIDM groups was not ev- region (F (1,13) = 0.099; p = 0.757, Fig. 3D). However, in both study
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Fig. 3. Bone mineral density distribution is not altered in TIDM. The grayscale level in the images is quantitatively related to the mineral content. Therefore, regions with
higher mineral content appear brighter (interstitial areas), while those with lower mineral content appear darker (osteonal areas). A highly mineralized cement line visible
as a white contour in the images creates an interface between the osteonal and interstitial areas. High-resolution quantitative backscattered electron images from the control

and T1DM groups in the (A) endocortical and (B) periosteal regions, with

of the area in blue and the interstitial area in green. Graphs of

the frequency distribution illustrate the distribution of minerals, showing a higher calcium content in the interstitial area than in the osteonal area in both the control and
TI1DM groups in the (C) endocortical and (D) periosteal regions. The mean calcium weight percentage (Ca mean, wt%) is derived from the grayscale images. The osteonal
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 TIDM groups.
Comparison of bone areas (osteonal vs. interstitial) by repeated-measures ANOVA. ****p = 0.001.

groups, we observed a consistently lower degree of mineralization
in the osteonal bone area than in the interstitial area for both the
endocortical (F (1,13) = 159.3; p = <0.0001, Fig. 3E) and periosteal
(F (113) = 65,24; p = <0.0001, Fig. 3F) regions, indicating that the
tissue age of the osteonal area was younger than that of the inter-
stitial area in both groups.
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3.4. Greater microcrack accumulation and microcrack length in the
periosteal femoral cortex in the TIDM group

Rhodamine-6G-infiltrated bone specimens were visualized us-
ing confocal microscopy to determine microcrack occurrence in the
endocortical (Fig. 4A) and periosteal regions (Fig. 4B). To evalu-
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Fig. 4. Microcrack accumulation and total microcrack length in the periosteal region are higher in the TIDM group than in the control group. Rhodamine-6G-infiltrated
bone specimens were visualized using confocal laser scanning microscopy. Representative images of linear microcracking in (A) endocortical and (B) periosteal regions of the
control and T1DM groups. Confocal imaging results, 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). Boxplots represent the minimum, 25th percentile, median, 75th percentile, and maximum. Red circles denote identified
potential outliers using the ROUT method with Q = 1%. A t test was applied for normally distributed data to determine p values, and the Mann-Whitney test was used for

nonnormally distributed data. ‘p < 0.05.

ate microdamage accumulation, the number of microcracks and
microcrack length were normalized to the mineralized bone area.
Confocal imaging results showed no effect of TIDM on the num-
ber, length or branching of microcracks in the endocortical region
(Fig. 4C-E). In contrast, a higher number of linear microcracks per
unit bone area in the TIDM group than in the control group was
seen in the periosteal region (p = 0.048; Fig. 4F). Additionally,
the difference in total microcrack length between the TIDM and
control groups in the periosteal region was statistically significant
(p = 0.015; Fig. 4G). Microcracks derived from the main branch
were counted as branching. We noted prominent branching in the
periosteal region; the degree of branching tended to be greater in
the T1DM group than in the control group, but this difference was
not statistically significant (p = 0.059; Fig. 4H).

4. Discussion

Patients with TIDM have a six-fold higher risk of hip frac-
ture [39] than patients without T1DM; this difference cannot be
explained solely by the lower BMD of the former group, as cur-
rent fracture predictors based on BMD underestimate the burden
of fractures in individuals with TIDM. We have utilized multiscale
imaging approaches in our previous studies and determined a co-
hort of elevated cortical porosity as well as higher advanced gly-
cation endproducts to contribute to bone disease with type two
diabetes mellitus (T2DM) [40,41]. Here, combining high-resolution
microcomputed tomography, quantitative backscattered electron
imaging, confocal laser scanning microscopy with immunohisto-
chemistry (IHC) and static bone histomorphometry, we evaluated
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cortical bone quality in TIDM with a focus on osteocyte viabil-
ity, mineralization, and microdamage accumulation in human sam-
ples from the midshaft femur. We analyzed bone samples from
eight individuals diagnosed with TIDM and 14 age-matched con-
trol individuals. Using this multiscale characterization approach,
we found signs of an elevated level of osteocyte apoptosis asso-
ciated with TIDM. In the periosteal region of the TIDM group, we
found a higher accumulation of linear microcracks accompanied by
a greater occurrence of fully mineralized osteocyte lacunae. Fur-
thermore, lacunar mineralization was more prominent within the
younger osteonal bone of the periosteal region (Fig. 5).

Although low bone turnover is expected in TIDM [14], the rate
of bone turnover and the number of bone cells are already low
in the cortical bone compared with the trabecular bone compart-
ment [42], which hinders the identification of intergroup differ-
ences between the TIDM and control groups. Moreover, clinical
studies have pointed to reduced BMD in TIDM; however, we did
not find differences in vertebral BMD on ex vivo DXA scans or in
the femoral cortical geometric indices, which is consistent with a
previous study [43]. Microarchitectural changes in TIDM bone are
more apparent in individuals with diabetic complications, as sug-
gested by Shanbhogue and colleagues, which might explain these
discrepancies [44].

To better capture remodeling activity, we investigated osteocyte
viability parameters in the cortical bone rather than the metabol-
ically active trabecular bone. Osteocyte apoptosis with fatigue mi-
crocracking induces targeted activation of new resorption centers
in bone tissue, as first demonstrated by Cordoso et al. [45]. In vitro
studies and animal studies [46,47] have shown that high glucose
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Fig. 5. The effects of TIDM on bone fragility. Increased osteocyte death accompanied by a higher level of mineralized lacunar occlusion contributes to a decreased ability to
detect and repair microdamage, leading to a failure and delay or prevention of the remodeling process in the diabetic cortical bone remodeling process.

or diabetes can increase osteocyte apoptosis. Although the TUNEL
data did not reveal statistically significant intergroup differences,
they indicated a potential trend of elevated osteocyte apoptosis in
the TIDM group. Therefore, it was necessary to pair the TUNEL as-
say with a more sensitive approach to quantify apoptosis. The DNA
fragmentation detected by the TUNEL assay might also be found
in nonapoptotic cells, i.e., cells undergoing DNA repair [48]; the
caspase-3 assay has superior sensitivity [37]. The sensitivity ad-
vantage of the caspase-3 assay might also be due to DAB detec-
tion, which provides signal amplification. With caspase-3 IHC, we
showed that apoptosis of osteocytes in human cortical bone was
significantly higher in TIDM patients than in healthy controls.

In our previous work, we showed that occlusion of osteocyte
lacunae with mineral aggregates, a phenomenon termed micropet-
rosis, is pronounced in aged human bone and could therefore be
associated with increased fracture risk [17,25]. In the current study,
we distinguished between partially and fully mineralized osteocyte
lacunae, as partially mineralized lacunae are considered a prelim-
inary step toward fully mineralized lacunae. In addition, partially
mineralized lacunae may not necessarily reach the complete min-
eralization stage (full mineralization of the lacunae) because they
can still be removed during remodeling. In contrast, fully min-
eralized osteocyte lacunes are recognized as the endpoint of mi-
cropetrotic events. With aging, the accumulation of mineralized la-
cunae preferentially occurs in the endocortical region compared
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with the periosteal region, as we showed in our previous study
[17]. The younger tissue age of the entire periosteal region is due
to the apposition of new bone matrix in this region during ag-
ing [49]. Geometric cross-section indices were not lower in the
T1DM group than in the age-matched control group, meaning that
the process of periosteal apposition appears not to be affected by
T1DM. In the current study, we observed an elevated number of
micropetrotic lacunae in the osteonal bone at the periosteal re-
gion of the TIDM group compared with the healthy control group,
which is counterintuitive in light of the younger bone tissue. In-
creased osteocyte apoptosis, leading to reduced numbers of viable
osteocytes and increased micropetrosis, negatively affects the me-
chanical properties of bone. Specifically, a higher number of mi-
cropetrotic lacunae leads to a more brittle bone matrix [50,51],
which is more prone to microcracking. Our results indeed show an
increased number and length of linear microcracks per bone area
in the periosteal region in the TIDM group compared to the con-
trol group. Therefore, we hypothesize that TIDM induces early os-
teocyte cell death, causing dysfunction of the osteocyte network,
which may impair targeted bone remodeling and result in lower
microcrack removal and therefore elevated microcrack accumula-
tion in the cortical bone of TIDM.

Finally, we used high-resolution imaging of the cortical bone to
compare the osteonal and interstitial areas of both the periosteal
and endosteal regions. Osteonal areas consist of ‘younger’ bone,
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whereas interstitial areas consist of ‘older’ bone. Older interstitial
bone tends to have a more mineralized matrix than younger os-
teonal bone [52,53]. A novel finding from our BMDD analysis was
that TIDM patients and controls had similar differences in miner-
alization levels between younger osteonal bone and older intersti-
tial bone. Furthermore, we found differences between T1DM pa-
tients and healthy controls in these osteonal and interstitial ar-
eas within the periosteal region: the number of micropetrotic la-
cunae in the osteonal bone area was higher in T1DM patients than
in controls. With aging, the older interstitial bone areas show a
higher degree of bone mineralization, and these highly mineral-
ized bone packets are characterized by a limited supply of nu-
trients, which allows increased accumulation of micropetrotic la-
cunae compared with younger bone within osteons [17,18]. Inter-
estingly, we observed an increased number of micropetrotic lacu-
nae within the osteonal, younger areas in the periosteal region of
T1DM group. Therefore, we hypothesize that TIDM might accel-
erate the cellular aging processes and lead to the premature death
of osteocytes, thereby causing prominent lacunar mineralization, as
shown in the osteonal bone of the periosteal region in the TIDM
group.

Our study has a few limitations. As human bone material was
collected during autopsy, the bone was not labeled with fluores-
cent markers to enable the assessment of dynamic bone formation
indices. However, all specimens were obtained during autopsy ex-
clusively for the purpose of multiscale bone quality assessment.
Therefore, anatomical orientation and positioning of the regions
of interest could be controlled, facilitating normalizing procedures
and high data reproducibility. Deidentified data of the donors did
not contain information about diabetes disease onset or duration
because of the postmortem origin of the specimens. However, due
to the known course of TIDM, we assume an early onset of the
disease in childhood or young adulthood with insulin supplemen-
tation in donors with TIDM. We collected rare femoral cross-
sections during autopsy, allowing us to use an exceptionally large
region of interest for the quantitative bone quality assessment.
Here, we focused on the anterior quadrant to provide data at a
high spatial resolution. Additionally, the anterior quadrant ensures
no influence of muscle and tendon attachments on the bone mi-
crostructure. The alterations in LCN were deduced based on di-
rect morphological changes in the bone matrix caused by min-
eralization of lacunae, apoptosis of osteocytes, and linear microc-
racks. While the predictions of our deep learning model for min-
eralized lacunae detection are not perfect, the results are gener-
ally promising and have practical value within the context of the
work. The difficulty in clearly identifying partially mineralized la-
cunae is reflected in the relatively low accuracy for this class. How-
ever, it must be noted that the same difficulty affects human ex-
perts, i.e., the labels may be less reliable than those of fully miner-
alized or nonmineralized lacunae. In fact, the deterministic nature
of the learned model presents an advantage in our setting, where
the distinction between the three classes is made in the same way
for all lacunae. Despite these potential limitations, our study pro-
vides new and critical insight into how T1DM affects bone quality
and offers evidence for the underlying mechanism of diabetic bone
disease in human cortical bone.

5. Conclusion

In summary, the current study highlights osteocyte apoptosis
as a potential determinant of cortical TIDM pathology. Osteocyte
apoptosis was more frequent in both endocortical and periosteal
regions in our T1DM cohort. In addition, we found increased min-
eralized lacunae in the osteonal area of the periosteal region, sig-
nifying that the osteocyte network was disrupted by hypermineral-
ized calcified matter. The accompanying elevated microcrack accu-
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mulation in the periosteal region further highlights impaired bone
quality in TIDM. Although the periosteal region is considered to
consist of younger bone than the endocortical region, we deter-
mined that the periosteal region in TIDM is the preferential site
for fully mineralized lacunar spaces and microdamage accumula-
tion, which would be more expected in the endocortical region of
older bone. In addition, TIDM led to preferential micropetrosis in
osteonal areas of the periosteal region, pointing toward osteocyte
pathology within newly formed bone. These findings suggest that
T1DM accelerates the aging effects in the bone matrix and leads to
the premature death of osteocytes.
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ABSTRACT

This article summarizes the current knowledge on micropet-
rosis — osteocyte lacunar occlusion, while focusing on the latest
data on osteocyte viability and diabetic bone disease. The

lacunae are fluid-filled ellipsoid spaces where osteocytes reside
within the mineralized matrix. During osteocyte lifetime, the
lacunar space is kept in a non-mineralized state. However, a
dying osteocyte appears to enable the initiation of lacunar min-
eralization — creating a fossil within the living tissue. Elevated
frequencies of micropetrosis are observed with advanced age,
butalso type 1 diabetes mellitus. The latter is a common health
threat to our society with rising numbers of patients suffering
from the disease associated symptoms including a secondary
type of osteoporosis with an elevated risk of fragility fractures.
While the underlying mechanism of diabetic bone disease is
not entirely understood, more evidence is pointing towards a
combinatory effect of loss of bone mass and an impaired over-
all bone quality. The high number of micropetrotic osteocyte
lacunae leads to a more brittle bone tissue prone to micro-
cracking. Furtherinvestigations are required to determine the
implications of elevated micropetrosis as a reliable target of
bone fragility.

ZUSAMMENFASSUNG

Mikropetrose, die Okklusion der Osteozytenlakunen, stellt eine
besondere Art der Mineralisation innerhalb des Knochens dar.
Inihrem Verlauf werden Osteozyten-behauste Lakunen stufen-
weise komplett ausmineralisiert. Somit entstehen lokale Un-
terbrechungen des mechanoregulatorischen Osteozyten Net-
zwerkes, welches Knochenumbauprozesse im Knochen steuert.
Die Sprodigkeit der Knochenmatrix wird durch die lokale An-
haufung der mineralisierten Lakunen erhéht, Stressdissipation-
smechanismen fehlen, und es kann zur Anhaufung von Mikro-
cracks kommen. Die beiden letzteren Faktoren kénnen zu
einer erhohten Briichigkeit der Knochenmatrix beitragen.
Mikropetrose wurde zuerst in Knochenproben alternder Indi-
viduen detektiert. Ein erhdhtes Vorkommen mikropetrotischer
Lakunen findet sich in osteoporotischen Patienten, sowohl mit
altersbedingter, als auch mit sekundarer Diabetes Mellitus-bed-
ingter Osteoporose. Diabetes mellitus geht mit einem erhéht-
en Frakturrisiko einher, wobei bei Typ 1 Diabetes Mellitus das
Frakturrisiko um das 7-fache erhoht sein kann. Mechanistische
Untersuchungen, welche die ursichlichen Zusammenhénge
der briichigen Knochenmatrix mit Typ 1 Diabetes Mellitus
erkldren sind noch rar, weisen jedoch auf eine Kombination aus
Knochenmasseverlust und beeintrachtigter Knochenqualitat
hin. Unsere Untersuchungen an Typ 1 Diabetes Mellitus korti-
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kalen Knochenproben konnten zeigen, dass es lokal zu einer
erhéhten Bildung mikropetrotischer Osteozytenlakunen kom-
mt. Diese lokalen Okklusionen befinden sich in der relativ jiin-
geren Knochenmatrix — dem periostalen Bereich, spezifischer
in den osteonalen Knochenumbaueinheiten dieses Bereiches
und nicht in der lokal dlteren interstitialen Knochenmatrix.
Daraus ergibt sich unsere Arbeitshypothese, dass Typ 1 Diabe-
tes Mellitus zu einer pathologischen Knochenalterung

einhergehend mit gehduftem Osteozyten-Zelltod, Mikropet-
rose und Mikrocrack-Ansammlung fiihrt. Die Bedeutung des
lebenden Osteozytennetzwerkes fiir den Erhalt der physiolo-
gischen Knochenmatrixqualitdt sollte durch die spezifische
Charakterisierung der Mikropetrose, dem fossilen Osteozyten-
netzwerk, erweitert werden. Zukiinftige Studien zur Verbesse-
rung der pharmakologischen Behandlung von Knochenpath-
ologien sollten Osteozytenparameter miteinbeziehen.

Introduction

Osteoporosis is a systemic disease characterized by a loss of bone
mass, and the subsequent decrease in bone density and an elevat-
ed susceptibility to fractures. There is a distinction between prima-
ry osteoporosis present in postmenopausal women and the older
population in general, and secondary osteoporosis, with underly-
ing conditions e. g., diabetes mellitus, medication, or even immo-
bilization resulting in fragility fractures [1, 2]. The global health data
confirms a higher incidence of osteoporosis in diabetes mellitus
type 1(T1DM) and type 2 (T2DM) patients [3]. Both types of dia-
betes mellitus are associated with an increased risk of osteoporot-
ic fractures. However, the relative fracture risk is more prominent
in T1IDM [4], mainly due to the lack of insulin and its anabolic im-
pact on the bone [5]. Bone mineral density (BMD) in T2DM remains
unchanged or even elevated, however, it does not protect against
osteoporotic fractures. Therefore, the increased fracture risk can-
not be solely explained by reduced bone mass but rather points to-
ward additional causes impairing bone quality rather than quanti-
ty.

Osteocytes are the most abundant cells in bone tissue and serve
to sense and translate the mechanical information during locomo-
tion to primarily control bone turnover mediated via bone remod-
eling [6, 7] enabling the adaptation of the skeleton to the current
needs of the organism while at the same time removing old and
damaged parts of the bone to preserve its integrity [8]. During
aging and bone pathologies, bone matrix renewal is severely dis-
turbed, hampering the capability of bone tissue to withstand me-
chanicalloads. It is believed that osteocyte viability plays a crucial
role in bone maintenance. One confounding factor of osteoporot-
ic bone loss and decreased bone turnover in diabetic bone disease
is an elevated osteocyte cell death [9, 10]. Osteocyte death is also
seen with postmenopausal and glucocorticoid-induced osteopo-
rosis [11, 12]. Furthermore, diabetic hyperglycemia can directly
cause osteocyte death [13-15]. With osteocytes beings entrapped
inside lacunae within the mineralized bone matrix, their cell death
can lead to a unique micro-mineralization process of lacunar space
—micropetrosis. Therefore, a micropetrotic lacunais a long-lasting
evidence of the osteocyte death buildup within the bone tissue. A
higher level of osteocyte cell death leads to more extensive lacunar
mineralization, seen in aged, osteoporotic, and diabetic bone spec-
imens [14, 16]. Accumulation of mineralized lacunae could nega-
tively affect bone mechanosensitivity and mechanical competence
[16-18]. Hence here we present the increased occurrence of mi-
cropetrosis in metabolic bone diseases as a potential novel bio-

marker of altered bone quality. A detailed investigation of lacunar
mineralization under pathological conditions and their manifesta-
tions could provide a better understanding of where bone fragility
originates, which is a crucial step in targeting preventive and ther-
apeutic strategies to overcome complications associated with high
bone fragility.

Bone mineralization and its distribution

Bone matrix mineralization or biomineralization is an essential fac-
tor in the mechanical competence of the skeleton[19]. During a
highly ordered mineralization process, the organic bone matrix is
filled with hydroxyapatite nanocrystals [20, 21]. Composition and
the distribution of the bone minerals affect material properties
such as strength and stiffness of the bone. Biomineralization starts
with osteoblasts lining the osteoid, a newly formed bone [22]. Os-
teoblasts secrete organic components of the extracellular matrix,
mainly type | collagen, and are also responsible for hydroxyapatite
formation via the expression of tissue-non-specific alkaline phos-
phatase [23]. Mineralization could be described in two steps. The
first one is the formation of the hydroxyapatite crystal inside ma-
trix vesicles, and the second step of hydroxyapatite crystal propa-
gation through the membrane into the extracellular matrix, where
it fills the space between collagen fibrils [22]. We can measure bone
mineralization with dual-energy X-ray absorptiometry (DXA) and
obtain bone mineral density (BMD), a clinical parameter for diag-
nosing osteoporosis [24]. BMD measured by DXA gives a density
measure depending on the amount of bone mass and its minerali-
zation. However, it does not provide any information about the
mineralization at the tissue level. Bone mineral density distribution
(BMDD) provides information about the degree and heterogenei-
ty of mineralization, which isindependent of the input bone mass.
Therefore, it provides a specific measure of the mineralization at
the tissue level in high spatial resolution [25].

Human bone matrix is structurally arranged in dense cortical
bone, providing bone strength, and the spongy trabecular bone,
serving as metabolically more active compartment. The hierarchi-
cal structure of human bone matrix is composed of bone-specific
building elements. On the microscale, the osteon is the basic struc-
tural unit of cortical bone. Osteon formation occurs at different
time points during the remodeling/modeling events. Therefore,
each osteon has a unique arrangement of collagen fibrils and min-
eralization degree, as the mineral content highly depends on the
deposition time [26]. Osteonal bone units are considered younger
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tissue compared to the older interstitial regions, which consist of
old osteonal fragments and are located between newer osteons.
We determined the local BMDD of osteonal and interstitial bone
regions and showed significant differences in the mineralization
level between younger osteonal and older interstitial tissue. The
older interstitial bone presents with a relatively higher mineralized
bone matrix than the osteonal bone [27, 28].

Osteocytes as the requlatory cells of bone
adaptation

To ensure bone strength and fracture resistance during adulthood,
bone matrix must be maintained by continuously removing old and
damaged regions via bone resorbing osteoclasts and replacing
them with newly formed bone tissue by the action of osteoblasts
[8]. During this process of bone remodeling, some osteoblasts will
be buried in the bone matrix during bone formation and start their
transformation into young osteocytes [29]. The young osteocytes
are located close to the bone surface within the osteoid. Osteo-
cytes reside inside enclosed spaces within a bone matrix called la-
cunae surrounded by a perilacunar matrix. The mineralization of
the perilacunar bone matrix gives rise to the mature osteocyte, lo-
cated more distant from the bone surface and with a reduced num-
ber of cytoplasmic organelles [30,31]. Mature osteocytes are the
most abundant bone cells and the master orchestrators of bone
remodeling [32].

Osteocyte mechanoregulation involves the sensation and trans-
lation of mechanobiological stimuli e. g. from locomotion into bi-
ochemical signals to modulate osteoclast and osteoblast activities
during bone re/modeling processes [6]. Communication between
osteocytes is mediated by the lacuno-canalicular network (LCN).
This global network within the mineralized bone matrix is com-
posed of the osteocyte lacunae and nano-canals (canaliculi)
through which the osteocytes are interconnected by long cytoplas-
mic extensions [33]. Through LCN currents, extracellular fluid flow
boosting the molecular transport of nutrients, signal molecules,
and waste products to keep osteocytes healthy. Osteocyte viabili-
ty and integrity of its entire LCN are fundamental factors of bone
homeostasis and bone quality [7,34].

The lifespan of osteocytes is proposed to vary from 1 to 50 years,
and it can end in one of the cell death mechanisms. There are sev-
eral mechanisms of cell death possible, those have been reviewed
elsewhere. Most frequently, necrotic cell death may occur as an un-
controlled cellular burst, while apoptosis is a programmed mech-
anism of cell death [35, 36]. Osteocyte apoptosis is essential for in-
itiating bone repair via bone remodeling. Apoptosis of osteocytes
canoccur at the site of microtrauma where the LCN gets locally dis-
rupted by microdamage/microcracks. Apoptotic osteocytes release
RANKL (receptor activator of nuclear factor-kappa B ligand), result-
ing in osteoclastogenesis and initiation of bone resorption at the
damage region [37,38]. Thereby osteocyte apoptosis is a vital pro-
cess to maintain normal mineralization levels and to prevent mi-
crodamage accumulation within the bone matrix.

Generally, removing cellular debris is necessary to maintain im-
munological tolerance. If osteoclasts will not resorb the osteocyte
cell death affected bone area and macrophages cannot reach the

fading osteocytes, the dying cell stays buried inside its lacuna with-
inthe mineralized bone tissue. This makes cellular organelle remov-
al difficult, and some parts could remain inside the osteocye lacu-
na. So far only described in human bone, this process appears to
end in the osteocyte lacuna being filled with mineral substance, a
unique local mineralization termed micropetrosis [39].

Phenomenon of osteocyte lacunar
mineralization

Micropetrosis is a process where the osteocyte lacunais gradually
filled with bone minerals until the lacuna is completely sealed with
the mineral content. Frost first described this in 1960 when he iden-
tified unstained lacunae in the basic fuchsin bone section, proposed
their mineralization, and termed the process “micropetrosis”
[16,17,39] However, histological staining is not optimal to study
lacunar mineralization. Using backscattered electron microscopy,
which distinguishes between bone matrix and lacunar mineraliza-
tion, we presented in 2010 that in the aged skeleton low bone re-
modeling and micropetrosis coincide [16].

A systematic understanding if osteocyte lacunar mineralization
is an active or passive mineralization process is still lacking. How-
ever, osteocytes produce crystallization inhibitors (e. g., pyroph-
osphates or osteopontin) to maintain an unmineralized lacunar ca-
vity[41, 42]. Therefore, it is generally accepted that osteocyte
death precedes the lacunar mineralization events. Micropetrotic
lacunae have been called “living fossilization” in human bone, and
they are observed the presence of apoptotic cellular remnants and
globular elements inside mineralized lacunae [43]. These cellular
elements could serve as nuclei for spontaneous mineralization pro-
cesses. Another line of evidence pointing in the same direction is
an increased magnesium content within the mineralized lacuna
compared to the surrounding mineralized matrix, as magnesium
is an essential intracellularion accumulating during the induction
of apoptosis [44], and is also present within the apoptotic bodies
and matrix vesicles [45]. Increased magnesium content but also
phosphorus and oxygen inside the mineralized lacuna than in the
surrounding matrix were confirmed with energy dispersive x-ray
spectroscopy (EDX) [18,40].

Backscatter electron microscopy provides high precision data
on mineralization, showing a significantly higher mineral content
of the micropetrotic lacuna compared to the adjacent bone matrix
[18,40]. Further investigation of the molecular composition indi-
cates a higher mineral-to-matrix and carbonate-to-phosphate ra-
tios. Mineral-to-matrix ratio characterizes the normalized mineral
content to the amount of present collagen [46]. The increased min-
eral-to-matrix ratio further confirms higher mineral content and a
lack of collagen within the mineralized lacunae [18, 40]. The car-
bonate-to-phosphate represents the amount of carbonate substi-
tution for hydroxyapatite, thus providing information on bone mat-
uration or tissue age. The minerals inside the lacuna are formed
earlier than the minerals in the surrounding bone matrix, which
under normal mineralization, leads to a lower carbonate-to-phos-
phate ratio. Therefore, an increased carbonate-to-phosphate ratio
suggests different lacunar mineralization from the bone matrix
mineralization [18, 40].
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> Fig. 1 Osteocyte cell death preceding osteocyte-lacunar mineralization. The osteon is the basic structural unit of the compact human bone,
consisting of individual lamellae and a central Haversian canal with blood vessels. Osteocytes reside within the mineralized bone matrix and maintain
bone homeostasis and biomechanical quality. 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. With aging or bone pathologies (osteopo-
rosis or diabetes mellitus), we observe a higher rate of osteocyte cell death leading to increased osteocyte lacunar mineralization (micropetrosis). 1)
Viable osteocytes produce crystallization inhibitors (pyrophosphates) to maintain the lacunar cavity unmineralized. 2) The lacunar mineralization
begins with the dying osteocyte as it starts to fragmentize its cellular compartments and releases matrix vesicles and apoptotic bodies. These cellular
elements could serve as nuclei for spontaneous mineralization processes and turn into calcified spherites. 3) Finally, lacunar mineralization reaches
the stage where the individual mineral spherites fuse and thus completely seal the cavity with mineral.

» Abb. 1 Mikropetrose von Osteozytenlakunen nach dem Zelltod von Osteozyten. Osteone bilden die mikroskopischen Grundstrukturen des korti-
kalen Knochens. Sie bestehen aus einzelnen Lamellen, die konzentrisch um einen von BlutgefdBen durchzogenen Havers-Kanal angeordnet sind.
Osteozyten sind in der mineralisierten Knochenmatrix eingeschlossen und erhalten die Knochenhoméostase und biomechanische Knochenqualitat.
Die Kommunikation der Osteozyten wird durch das umfassende lakunére-kanalikulédre Netzwerk ermaglicht. Innerhalb von Nano-Kandlen — den
Kanalikuli - befinden sich die zytoplasmatischen Fortsatze der Osteozyten, welche einzelne Zellen miteinander verbinden. Mit fortschreitendem
Alter oder Knochenpathologien (Osteoporose oder Diabetes mellitus), kommt es zu einem gehauften Auftreten von Osteozytenzelltod, welcher die
Mineralisierung der Osteozytenlakunen nach sich zieht (Mikropetrose). 1) Vitale Osteozyten produzieren Mineralisationsinhibitoren (Pyrophos-
phate), um die Mineralisation der Lakunen zu verhindern. 2) Mit dem Zelltod der Osteozyten beginnt auch der Prozess der Mikropetrose und zellulare
Fragmente konnen als Kristallisationskeime dienen. 3) Zuletzt kommt es zur Fusion einzelner Kristallisationskeime und der Mineralisation von kom-

pletten Osteozytenlakunen.

Detailed morphological analysis of mineralized lacunae revealed
two types of calcified nanospherite morphologies that are gener-
ally about 120 % harder and 50 % stiffer than the standard bone ma-
trix [40]. With scanning (SEM) and transmission (TEM) electron mi-
croscopy, we distinguished two nanospherite shapes i) homoge-
neous with smooth outlines and i) nanospherites with protruding
needle-like agglomerates [18]. Different morphological characteri-
stics could indicate two different origins for nanospherite forma-
tion, possibly from the cellular material (matrix vesicles, organelles,
or apoptotic bodies) » Fig. 1-3 [18].

Micropetrosis is more prominent with increasing age or during
pathological conditions like osteoporosis or diabetes mellitus. A high-
er density of mineralized lacunae within the bone matrix leads to the
accumulation of mineral-rich spots making bone more brittle and re-
ducing bone biomechanical competence [16-18]. Furthermore, mi-
cropetrotic lacunae create plugs and block bone cell signaling, there-
by preventing proper bone maintenance and contributing to impaired
bone quality in aged or diseased individuals [47-49].

Mineralization of osteocyte lacunae under
pathological conditions

The aging skeleton undergoes pathological changes affecting os-
teocyte viability. Our previous work showed a decline in osteocyte

lacunar density and increasing micropetrosis accumulation in aged
human bone [16-18]. Such changes in the functional osteocyte
network cause an alteration in osteocyte communication. Func-
tional osteocyte signaling is essential to maintain bone remodeling
and its integrity. Moreover, osteocyte lacunae are involved in bone
toughening mechanisms. The elliptical lacunae can attract or de-
flect cracks and therefore allow a stress redistribution which pre-
vents crack propagation and dissipate energy [50,51]. With in-
creased mineralization of lacunar spaces, the bone protective
mechanisms are weakened. Thus, the augmented level of osteo-
cyte cell death with subsequent micropetrosis threatens bone qual-
ity and increases its susceptibility to fracture [52-55].

Tissue age plays a role in the localization of mineralized lacunae.
When we look at a femoral cross-section, we can distinguish two
regions with different tissue ages. The tissue i) lining around the
inner surface of the marrow cavity is the endocortical region, and
tissue covering ii) the outer bone surfaces is a periosteal region.
With aging, the accumulation of mineralized lacunae preferential-
ly occurs in the endocortical region compared to the periosteal re-
gion, as we showed in our previous study [16]. The younger tissue
age of the entire periosteal region is reasoned due to the apposi-
tion of new bone matrix occurring here during aging [56]. Further-
more, the older interstitial bone area is highly mineralized and has
a limited supply of nutrients allowing a more frequent formation
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» Fig.2 Osteocyte lifetime: From a living cell to a fossilized osteocyte. (A) The histological image of toluidine blue stained human cortical bone with
viable osteocytes marked by red asterisks. (B) Toluidine blue stained human cortical bone demonstrating empty osteocyte lacune marked by yellow
asterisks. (C) Immunohistochemistry of caspase-3 staining showing an osteocyte undergoing apoptosis highlighted by the red arrow. After osteo-
cyte cell death, its lacuna gradually fills with mineral in several stages detectable by electron microscopy. (D) Normally appearing osteocyte lacunas
are highlighted by red arrows. (E) Red arrows mark the partially mineralized lacuna with visible individual calcified spherites inside of it. (F) The last
stage of micropetrosis is a complete occlusion of lacunae with mineral. The red arrow highlights a fully mineralized lacuna.

» Abb. 2 Der Lebenszyklus von Osteozyten: von der lebenden Zelle zum Fossil. (A) Histologisches Bild von Toluidin Blau gefarbtem kortikalem huma-
nen Knochen mit vitalen Osteozyten (markiert mit roten Sternchen). (B) Toluidin Blau gefarbter humaner kortikaler Knochen mit leeren Osteozyten
Lakunen (markiert mit gelben Sternchen). (C) Immunhistochemische Anfarbung von Caspase-3 zur Darstellung von apoptotischen Osteozyten
(markiert mit rotem Pfeil). Nach Osteozytenzelltod kommt es zur schrittweisen Mineralisation der Lakune. (D) Riickstreu-Elektronenmikroskopie von

humanem kortikalem Knochen mit normalen Osteozytenlakunen (markiert mit roten Pfeilen). (E) Rote Pfeile markieren partiell mineralisierte
Lakune in der elektronenmikroskopischen Aufnahme. (F) Die Endstufe der Mikropetrose ist das komplette Ausfiillen der Osteozytenlakunen mit

Mineral (markiert mit rotem Pfeil).

of mineralized lacunae here than in the younger osteonal bone area
[16,52]. Understanding the lacunar fate after osteocyte death is
particularly interesting because mineralized lacunae could nega-
tively affect bone mechanical properties. Specifically, micropetrot-
ic lacunae create hypermineralized spots within the bone matrix
which do not contribute toward toughening mechanisms and in-
crease the bone brittleness [47]. The thereby impaired bone me-
chanical competence makes bone more vulnerable to low-energy
fractures [48].

Some studies showed the increase of mineralized osteocyte la-
cunae in aged bone [16,39]. However, only a few studies pay at-
tention to the possible modifications of this phenomenon under
pathological conditions like osteoporosis or metabolic diseases. A
higher number of micropetrotic osteocyte lacunae in trabecular
bone biopsies from osteoporotic (OP) and osteoarthritic (OA) pa-
tients was determined compared to numbers in specimens ob-
tained from healthy individuals [57]. The increase in lacunar min-
eralization was independent of the overall calcium content of the
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bone specimens as no difference in mineralization level between
the OP, OA, and control groups were reported [57]. The higher in-
cidence of micropetrosis in OP and OA patients highlights lacunar
mineralization as a novel valuable feature of pathological changes
in osteoporotic bone. Denosumab is a commonly used treatment
for osteoporotic bone loss. As a monoclonal antibody to the RANKL
protein, it prevents the activation of its receptor (RANK) on the sur-
face of osteoclasts and their precursors, inhibiting osteoclasts for-
mation and lowering bone remodeling by reducing bone resorp-
tion [58]. 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 [59]. Our results showed a persistent-
ly lower osteocyte viability without elevated osteocyte apoptosis
level extending into treatment discontinuation if no follow-up os-
teoporosis drug was given. In addition, we determined higher lev-
els of micropetrosis in the cortical bone of denosumab treated pa-
tients, demonstrating the importance of bone remodeling status
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»Fig. 3 Summary of the observed effects of osteocyte death and
micropetrosis on bone quality. Metabolic diseases like osteoporosis
and diabetes mellitus contribute to increased osteocyte cell death,
leading to increased micropetrosis within the bone tissue. Conse-
quently, we observe a decline in osteocyte number and a more
brittle bone matrix. These morphological changes in the bone matrix
lead to an increased microdamage accumulation and impaired bone
quality and contribute to higher bone fragility. Healthy and viable
osteocytes are essential for proper bone functionality, and factors
like estrogen, parathyroid hormone, or bisphosphonates can prevent
osteocyte apoptosis and preserve osteocyte viability.

»Abb. 3 Zusammenfassende Darstellung der Beobachtungen von
Osteozytenzelltod und Mikropetrose und deren Einfluss auf die Kno-
chenqualitdt. Metabolische Erkrankungen wie Osteoporose und
Diabetes mellitus tragen zum vermehrten Auftreten von Osteozyten-
zelltod bei, welcher auch zu Mikropetrose fiihren kann. Demzufolge
beobachteten wir einen Riickgang an vitalen Osteozyten, sowie eine
briichigere Knochenmatrix. Die morphologischen Verdnderungen
kénnen die Akkumulation von Mikrorissen zur Folge haben. Die da-
durch verminderte Knochenqualitat kann zu einer erhhten Knochen-
fragilitat beitragen. Vitale Osteozyten sind fiir die Funktionalitat des
Knochens von Bedeutung. Osteozytenzelltod kann durch Faktoren
wie Ostrogen, Parathormon oder Bisphosphonate verhindert werden.

and more precisely the removal of old bone matrix to maintain
bone matrix with viable osteocytes. While bisphosphonates also
inhibit osteoclast bone resorption, they simultaneously prevent
osteocyte apoptosis and enhance their viability. At the same time,
bisphosphonates are analogs to pyrophosphates (mineralization
inhibitors) which help to overcome excessive lacunar mineraliza-
tion and help maintain the fluid flow within the osteocyte network,
which has a beneficial effect on bone turnover requlation [60].
Hormonal balance also significantly affects osteocyte viability
and, consequently, micropetrotic events. A decrease in parathyroid
hormone (PTH) and estrogen levels is connected to a higher pres-
ence of mineralized lacunae [61-63]. Moreover, metabolic diseas-
es like diabetes mellitus also burden osteocyte vitality [14, 64, 65].
Insulin is necessary for healthy bone mineralization and develop-
ment. The increased insulin levels or hyperinsulinemia occur natu-

rally during life periods like puberty or pregnancy as it enables min-
eral accretion [66,67] Both type 1 diabetes mellitus (T1DM) and
type 2 diabetes mellitus (T2DM) cause chronic hyperglycemia and
osteocyte dysfunction [68, 69]. Hyperglycemia harms bone quali-
ty directly via the formation of advanced glycation endproducts
(AGE) and their receptor RAGE, leading to increased oxidative
stress. These matrix changes boost cytokine production and neg-
atively affect the viability of osteoblasts and osteocytes [69-71].
In T2DM, hyperglycemia, together with hyperinsulinemia, could
lead to more excessive lacunar mineralization in bone tissue[69].
Furthermore, T2DM is linked to decreased remodeling rate
[72, 73], which may contribute to the accumulation of micro-
petrosis. Both TIM and T2DM are associated with a higher risk of
fractures, although for T1DM patients the fracture risk more ele-
vated than in T2DM [4, 68]. The impact of long-term glycemic con-
trol on fracture risk differs between patients with TIDM and T2DM
as well [74]. While in patients with TIDM s, poor glycemic control
identified as a risk factor for fractures, the evidence for T2DM is less
convincing [74-76]. Glycemia, or blood sugar level, is a primary in-
dicator of a healthy metabolism, and glucose level directly affects
osteocyte functionality. Therefore fluctuations in blood glucose
have detrimental effects on osteocytes and reduce their viability
[13,77,78]. Lower osteocyte viability can lead to higher lacunar
mineralization and possibly contribute to the accumulation of mi-
cropetrosis. As glycemic control influences more T1DM patients
[76], we can assume that poor glycemic control will have a more
pronounced impact on micropetrotic events in TIDM than with
T2DM. Our latest study on T1DM affected human cortical bone de-
scribes an elevated number of mineralized osteocyte lacunae in the
T1DM bone specimens solely at the periosteal bone site. Surpris-
ingly we observed an increased number of micropetrotic lacunae
within the periosteal osteons in T1DM, which is counter-intuitive
with the younger bone tissue being present in osteonal bone.
Therefore, we hypothesize that T1DM accelerates cellular aging and
leads to the premature death of osteocytes, resulting in a promi-
nent mineralization of osteocyte lacunae, as shown in the periosteal
region of T1DM [14]. The cortical BMDD analysis shows compara-
ble values in TIDM and healthy control specimens, as seen in OP
and OA [57], where the matrix mineralization was also unchanged
between healthy and diseased groups. These data suggest that la-
cunar mineralization is indeed independent of normal matrix min-
eralization and could potentially serve as a novel biomarker of al-
tered bone quality in osteoporosis and hormonal/metabolic disor-
ders.

Conclusion

Micropetrosis is a unique process of osteocyte lacunar mineraliza-
tion that significantly differs from normal bone matrix mineraliza-
tion in terms of composition and mechanical properties. Since the
lacunar occlusion with mineral spherites is incompatible with os-
teocyte survival, itis considered that osteocyte cell death precedes
osteocyte lacunar mineralization. Osteocytes create an extensive
communication network through the bone tissue functioningas a
backbone of skeletal health because osteocytes oversee the bone
tissues adaptive response to mechanical loading. Micropetrosis in-
fluences the overall bone quality as the calcified spherites inside
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the lacuna create hypermineralized plugs within the osteocyte net-
work, which hamper the fluid flow through the lacuno-canalicular
system. The resulting output is altered bone mechanosensitive
function, which has been demonstrated to be increased with aging
or under pathological conditions. Chronic bone-related diseases
such as osteoporosis or diabetic bone disease affect millions of peo-
ple and represent substantial economic costs for health and social
care. The widely used treatments for bone loss predominantly focus
on regulating the actions of osteoblasts or osteoclasts and under-
estimate the potential benefit of focusing pharmacological targets
on osteocytes. Further basic and clinical research on the micro-
petrotic structural consequences is needed to better understand
the processes after osteocyte apoptosis in disease conditions to
provide novel therapeutic opportunities.
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ARTICLE INFO ABSTRACT
Keywords: Diabetes mellitus is a metabolic disease affecting bone tissue at different length-scales. Higher fracture risk in
Diabetic bone disease diabetic patients is difficult to detect with common clinical fracture risk assessment due to normal or high bone

Cortical bone

Tibia

TImpact indentation

Advanced glycation end products

mineral density in diabetic patients. The observed higher fracture risk despite normal to high areal bone mineral
density in diabetic 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.

Tibial cortical bone tissue from individuals with type 2 diabetes mellitus (T2DM) and age-matched healthy
controls (n = 15 cach) was analyzed with in situ impact indentation, dual energy X-ray absorptiometry (DXA),
high resolution peripheral microcomputed tomography (HR-pQCT), micro-computed tomography (microCT),
cyclic indentation, quantitative backscattered electron microscopy (qBEI), vibrational spectroscopy (Raman),
nanoindentation, and fluorescence spectroscopy. With this approach, a high cortical porosity subgroup of in-
dividuals with T2DM was discriminated from two study groups: individuals with T2DM and individuals without
‘I'2DM, while both groups were associated with similar cortical porosity quantified by means of microCT'.

The high porosity T2DM group, but not the T2DM group, showed compromised bone quality expressed by
altered cyclic indentation properties (transversal direction) in combination with a higher carbonate-to-amide I
ratio in endocortical bone. In addition, in the T2DM group with high cortical porosity group, greater cortical pore
diameter was identified with HR-pQCT and lower tissue mineral density using microCT, both compared to T2DM
group. Micromechanical analyses of cross-sectioned osteons (longitudinal direction) with cyclic indentation,
qBEI, and nanoindentation showed no differences between the three groups.

High tibial cortical porosity in T2DM can be linked to locally altered bone material composition. As the tibia is
an accessible skeletal site for fracture risk assessment in the clinics (CT, indentation), our findings may contribute
to further understanding the site-specific structural and compositional factors forming the basis of bone quality in
diabetes mellitus. Refined diagnostic strategies are needed for a comprehensive fracture risk assessment in
diabetic bone disease.

1. Introduction the adult population (prevalence of diabetes, 65-99 years) with
increasing prevalence leading to major health and economic burdens
Diabetes mellitus is a metabolic disease occurring in about 19.3 % of worldwide [1,2]. Despite presenting with normal to high areal bone
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diabetes mellitus is accompanied by distinctive bone material properties
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mineral density (aBMD), diabetic patients experience an increased
fracture risk [3]. As such detecting diabetes patients at increased frac-
ture risk is challenging with common clinical tools, such as dual energy
X-Ray absorptiometry (DXA) and high resolution peripheral quantita-
tive computed tomography (HR-pQCT). In addition to the geometry,
microstructure, and mineralization further bone quality factors are
likely to contribute to the underlying mechanisms impairing diabetic
bone [4,5].

The tibia is one preferred peripheral skeletal site for clinical assess-
ment of fracture risk when using HR-pQCT in combination with areal
bone mineral density (aBMD) measurements in the spine or hip using
DXA. Additionally, the bone material strength index (BMSi) can be
assessed by impact indentation of the tibial mid-diaphysis in vivo to
explore if compositional matrix changes occur in diabetes mellitus [6].
Therefore, we set out to investigate how diabetes mellitus influences
tibial bone properties by combining clinical imaging modalities avail-
able for fracture risk assessments (HR-pQCT, in situ impact indentation)
with a multiscale characterization including structural and composi-
tional properties in a laboratory setting [4]. The experimental assess-
ment of bone quality factors in different skeletal sites is important as
loading conditions differ in the skeleton, polyostotic heterogeneity exists
across the human skeleton [7], and most importantly not all skeletal
sites can be accessed in vivo with clinical imaging modalities. However,
impact indentation has been developed to be used in a clinical setting to
assess biomechanical properties of bone tissue with a hand-held device
on the patients' tibial bone surface. With a single-use tip the tibial
cortical bone surface in the anterior-medial quadrant of the mid-
diaphysis is indented and provides the bone material strength index
(BMSi) as output parameter [8,9]. The technique is based on the refer-
ence point indentation technology, where a reference probe surrounds
the test probe and is used to mechanically characterize bone tissue [10].

The tibial bone microstructure in patients with type 2 diabetes
mellitus (T2DM) has been shown to consist of a preserved trabecular
microstructure. However, subgroups with exceptionally high cortical
porosity in T2DM have been reported and high cortical porosity in
T2DM may form the basis for increased bone fragility with T2DM
[11-13]. Patsch et al., reported higher cortical porosity in T2DM pa-
tients with fractures compared to T2DM patients without fractures,
while the porosity was not significantly different compared to non-
diabetic patients with and without fractures [11]. Another study re-
ported higher cortical porosity in the femoral subtrochanteric region in
T2DM patients with fractures in comparison to T2DM patients without
fractures, while the cortical porosity in the T2DM patients without
fractures was lower compared to non-diabetic patients with fracture
[14]. These studies support the notion that a specific sub-group of dia-
betes patients exhibits higher cortical porosity. This high-porosity sub-
group in T2DM is challenging to identify with special regard to the
discrimination from non-diabetic patients with porosity. Thus, questions
about the cause of fracture susceptibility remain unanswered, as higher
fracture risk has been reported for diabetes patients in comparison to
healthy individuals with similar T-scores [15].

While impact indentation may reflect a combination of structural
and compositional changes, BMSi values were reported to be lower in
patients with fractures in comparison to patients without fractures —
these findings were independent from aBMD [16]. However, studies on
patients with T2DM have resulted in inconsistent data, varying from
lower to unchanged BMSi in patients with T2DM compared to non-
diabetics [6,17,19]. Thus, we hypothesize that higher fracture risk in
T2DM patients cannot be solely explained by higher cortical porosity,
but that other factors may play a role, which can't be directly assessed
with clinical imaging and impact indentation [5,20].

In lab-based experiments, samples from patients with T2DM showed
a changed mineralization pattern. Here, a higher average calcium con-
tent with lower mineral heterogeneity [21] and a higher mineral-to-
matrix ratio along with unchanged collagen maturity was shown [22].
In both studies, samples from patients undergoing total hip replacement
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arthroplasty were analyzed suggesting osteoarthritis as comorbidity
potentially affecting bone quality. Higher advanced glycation end-
product (AGEs) accumulation has been suggested to impair bone ma-
terial properties through their formation by glycation of proteins
[5,22-24].

Pentosidine, a fluorescent AGE that may form cross-links between
two collagen fibrils and thereby links neighboring fibrils, has been
described as a potential contributor to bone fragility [25]. Further on,
the non-crosslinking AGE carboxymethyl-lysine (CML) has been shown
to be associated with increased fracture risk in diabetic patients [26] and
its higher accumulation has been presented in femoral cortical bone
from individuals with T2DM independent of the level of porosity in the
cortex [24]. A tendency towards higher fAGE accumulation in cortical
bone from the femoral neck [23] and significantly higher fAGE content
in trabecular bone from the femoral head [27] were reported in in-
dividuals with T2DM.

Currently, data on the diabetic bone disease is based on both the
clinical and the basic research perspective, while the translation and
correlation of both is still incomplete and requires further analysis of
skeletal sites that are accessible in vivo. Therefore, our study aimed to
analyze tibial bone from the mid-diaphysis in order to combine clinical
techniques in an ex vivo setup with a thorough investigation of bone
material quality parameters in a lab setting. In this context, high-
resolution imaging, spectroscopic, and biomechanical testing are car-
ried out to elucidate bone matrix properties in tibial type 2 diabetes
mellitus bone tissue. With this translational approach, we access the
hierarchical structure of bone from the macroscopic to the microscopic
level, while the correlation to clinical accessible data will allow us to
deconstruct to what extent orientation-dependent changes at the tissue
level are adequately reflected at the clinical accessible level. We hy-
pothesize that both experimental and clinical testing set-ups result in
material properties that do not only reflect bone quality indices in
relation to disease conditions but also reflect site-specific orientation
characteristics (i.e., in clinical impact indentation the outer surface of
the bone perpendicular to longitudinal osteons are tested (transversal
direction), whereas in laboratory settings oftentimes cross-sectioned
bone specimen are tested (longitudinal direction)). Our secondary hy-
pothesis is that diabetes-specific tissue properties affect tibial biome-
chanical properties in T2DM, which are caused by locally altered matrix
composition and pronounced cortical porosity in T2DM.

2. Materials and methods
2.1. Study design

During autopsy at the Institute of Legal Medicine (University Medical
Center Hamburg-Eppendorf), 30 tibial samples of the mid-diaphysis as
well as the 12th thoracic and adjacent vertebrae were obtained (WT037/
15). Approximately 10 cm from the tibia were extracted from 15 healthy
control cases without diabetes mellitus (3 females, 12 males; 73.67 +
6.84 years) which were selected based on the absence of any bone-
related diseases such as Paget's disease, renal or hepatic disorders, hy-
perparathyroidism, and bedrest. The same sample length was obtained
from 15 individuals with diagnosed type 2 diabetes mellitus (T2DM; 6
females, 9 males; 76.8 + 6.45 years). Samples were selected to be age-
matched. Using micro-computed tomography (microCT) on the
anterior-medial quadrant with a resolution of 10 pm, five T2DM cases
were identified as high cortical porosity cases shown by a cortical
porosity of above 20 % [24]. As such the T2DM group was sub-divided
into a T2DM with similar porosity to the control group (4 females, 6
males; 77.2 + 5.5 years) and a high cortical porosity subgroup named
T2DMwHP based on a cortical porosity of above 20 % measured with
micro-computed tomography (2 females, 3 males; 76 + 8.7 years).
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2.2. In situ impact indentation

In situ impact indentation was performed using the OsteoProbe®
device (Active Life Scientific, Inc. USA). Via the hand-held indentation
device, the mid-diaphysis of the tibia was indented according to the
described protocol [9,28], prior to sample extraction (Fig. 1). Therefore,
the leg was rotated slightly to the lateral side so that the anterior-medial
side of the tibia was superior. By this approach, the tibia was indented in
a transversal direction (perpendicular indentation to osteons aligned
from proximal to distal). When the probe of the device penetrated the
soft tissue, the probe was directed perpendicular on the tibial bone. A
minimum of 10 indentations were performed, each with approximately
1 mm distance to the other. Following indentation of the tibia, the
system was calibrated by 10 indentations on a polymethylmethacrylate
block. Based on the software provided by the manufacturer, the bone
material strength index (BMSi) was calculated.

2.3. Dual-energy X-ray absorptiometry

Following extraction, the samples were wrapped in phosphate-
buffered saline (PBS) soaked gauze and stored at —20 °C until further

Sample extraction
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analysis. De-identified data of the individuals were collected and
included age, sex, weight, height, diabetes mellitus status, and if avail-
able diabetes mellitus treatment. Dual energy X-ray absorptiometry (GE
Healthcare, GER) was applied on the frozen 12th thoracic vertebra to
determine aBMD of each donor using an ex vivo protocol. Generally, DXA
is applied to calculate the T-score according to the World Health Orga-
nization based on the lumbar spine. To compensate for missing soft
tissue, a water phantom provided by the manufacturer was used pro-
ducing a water column of 15 ecm simulating the thickness of soft tissue of
a person with body weight of 70 kg and height of 170 cm. The vertebrae
were positioned in a plastic container filled with water and the water
phantom was placed on top as reported previously [29]. With the soft-
ware provided by the manufacturer, aBMD values from anterior-
posterior (AP) and lateral (LAT) scan directions were obtained.

2.4. High-resolution peripheral quantitative computed tomography

The extracted, frozen mid-diaphyseal tibia samples were scanned in a
HR-pQCT system (Xtreme CT I, Scanco, Medical AG, Switzerland;
Fig. 1). Soft tissue was removed from the bone tissue and individual
samples were placed in the sample holder and inserted into the gantry of

\1
/Sa IpIe extraction

and fixation

HR-pQCT

In situ impact indentation

Raman spectroscopy

Nanoindentation

- longitudinal

Fluorescence spectroscopy

RPI (cyclic indentation)

microCT

RPI (cyclic indentation)
- transversal

Embedding

Fig. 1. Schematic overview of the experimental procedures testing tibial cortical bone tissue. Prior to extraction, in situ impact indentation was performed on the
mid-diaphysis of the tibia. Approximately 10 em of the mid-diaphysis of the tibia was extracted and scanned using HR-pQCT. Following scanning, a part of the
anterior-medial quadrant was extracted, fixated, and scanned using microCT imaging. Next to the anterior-medial quadrant a smaller bone cube was removed for
fAGE analysis using fluorescence spectroscopy. The anterior-medial quadrant was indented using RPI (cyclic indentation) in transversal direction and subsequently
embedded. Following embedding, gBEI and Raman spectroscopy were performed on the cross-section in longitudinal direction for compositional analysis, while RPI
(cyclic indentation) in longitudinal direction as well as nanoindentation was performed to assess biomechanical properties.
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the system. Weekly and monthly calibration was performed using the
manufacturer's calibration phantoms for quality control. The frozen
tibial samples were placed into an ex vivo sample holder provided by the
manufacturer and 12 mm of the middle were scanned to avoid inclusion
of regions with extraction artefacts. A resolution of 82 pm was applied
with 750 projections over 180° and an integration time of 100 ms at
each angular position.

Following reconstruction, images were analyzed with the software
provided by the manufacturer according to previously published pro-
tocols by Burghardt and colleagues [30] where a fixed global threshold
was applied (40 % of the maximum possible greyscale value). In detail,
the peripheral cortical bone structure was contoured, followed by
analysis with the standard evaluation routine provided by the manu-
facturer. Then, the endocortical contour (automatically drawn with the
standard evaluation routine) was inspected visually. If required, the
endocortical contour was manually corrected and the standard evalua-
tion routine was re-run. The final evaluation program calculated the
following cortical parameters; cortical volumetric bone mineral density
(Ct.vBMD, mg HA/cm®), cortical porosity (Ct.Po, %), cortical thickness
(Ct.Th, mm), cortical pore diameter (Ct.Po.Dm, mm), cortical perimeter
(Ct.Pm, mm), cortical area (Ct.Ar, mmz), and total area (Tt.Ar, mm?).

2.5. Micro-computed tomography

Following HR-pQCT analysis, the anterior-medial quadrant of the
tibial cross-section was extracted using a diamond belt saw (EXAKT
Advanced Technologies GmbH, Germany) and fixated in 4 % buffered
paraformaldehyde for a week. After fixation the bone quadrants were
washed with PBS and transferred into 70 % ethanol. For microstructural
analysis, the quadrants were scanned using a desktop micro-computed
tomography (microCT) system (pCT40, SCANCO, Medical AG,
Switzerland; Fig. 1). Therefore, the samples were placed in a sample
holder and fixed with sponges to avoid movement during scanning. The
bone quadrants were scanned with 10 pm isometric voxel size resolu-
tion, 55 kV, 145 pA, and 200 ms integration time. For each bone sample
400 slices were scanned, and the central 300 slices were evaluated.

Following reconstruction of the images, the region of interest was
selected by excluding the sawing region of the samples to avoid inclu-
sion of sawing artefacts in the analysis. The evaluation was performed
by applying a threshold of 550 mg HA/cm® using the evaluation pro-
gram provided by the manufacturer. Based on this cortical porosity (Ct.
Po, %) and tissue mineral density (TMD, mg HA/cm‘*) were determined.
Cortical pore diameter (Ct.Po.Dm) was evaluated per slice in 2D using
XamFlow software (Lucid Concept AG, Zurich, Switzerland) applying
the model-independent sphere fitting method [31].

2.6. Reference point indentation

Following micro-CT analysis, the fixed bone quadrant was indented
in transversal direction (Fig. 1) using the reference point indentation
system BioDent™ (Active Life Scientific, Inc. USA). A semi-sharp
reference probe (BP2) was used. The bone sample was fixed in a sam-
ple holder, so that the indentation was performed in transversal direc-
tion of the bone quadrant (Fig. 1). For each bone sample, seven
randomly chosen indents were performed with 10 indentation cycles, an
indentation frequency of 2 Hz and an applied force of 6 N. Prior to every
indentation the system was calibrated on polymethylmethacrylate
blocks. The force-displacement curves of each indent were visualized
and based on these the following parameters were determined; first
cycle indentation distance (ID 1st, pm), total indentation distance (TID,
pm), first cycle creep indentation distance (CID, pm), indentation dis-
tance increase (IDI, pm), average creep indentation distance (AvgCID,
pm), and average loading slope (AvgLS, N/pm).

For subsequent analysis, the bone quadrants were dehydrated and
embedded in methylmethacrylate (Fig. 1). Following embedding the
samples were indented again in longitudinal direction of the cortical
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bone sample (Fig. 1) as typically performed in a lab-based setup to allow
for comparison of the different sample conditions. Here, two regions of
interest were differentiated: (i) the endocortical region close to the bone
marrow and (ii) the periosteal region close to the periost. In each region
at least three indentations were performed.

2.7. Quantitative backscattered electron imaging

Quantitative backscattered electron imaging (qBEI) was performed
on embedded, co-planar, and polished bone quadrants (Fig. 1). The
samples were sputtered with carbon and imaging was performed in a
scanning electron microscope (Zeiss crossbeam 340, Carl Zeiss AG,
Germany) using a backscattered electron detector. By applying a con-
stant working distance of 20 mm, a voltage of 20 kV, a constant beam
current which is checked using a Faraday cup, and calibration with
aluminum and carbon standard, grey scale images are obtained. For
each region, endocortical and periosteal regions, five images were ac-
quired and analyzed using a custom-made Matlab script routine (MAT-
LAB, R2019b, MathWorks Inc.). Based on the obtained bone mineral
density distribution the following parameter were determined; the
average calcium concentration (CaMean, wt%), the most frequent cal-
cium concentration (CaPeak, wt%), the mineralization heterogeneity
which is based on the standard deviation of the bone mineral density
distribution curve (CaWidth, wt%), and the percentage of bone area
with low (CaLow, % bone area) and high (CaHigh, % bone area)
mineralized bone packets.

2.8. Raman spectroscopy

To decipher changes in the matrix composition of bone obtained
from individuals with diabetes mellitus, Raman spectroscopy was per-
formed (Fig. 1) using a Raman spectrometer (Renishaw inVia, Renishaw,
UK) and the provided software WiRE (WIiRE 4.1, Renishaw, UK).
Embedded, co-planar and polished samples were used to obtain one
spectral map of 500 pm x 200 pm in each region (endocortical and
periosteal) with a step size of 50 pm, 5 ms acquisition time, and 10 ac-
quisitions. Following the measurements, data was post-processed with
baselined correction using a polynomial intelligent fitting tool. By
determining integrated peak areas and calculating ratios of the respec-
tive peaks, the mineral-to-matrix ratio (phosphate peak divided by the
amide I peak), the carbonate-to-phosphate ratio (carbonate peak divided
by the phosphate peak), the carbonate-to-amide I ratio (carbonate peak
divided by the amide I peak), and the crystallinity (the reciprocal of the
full width at half maximum of the phosphate band according to previ-
ously established protocols [32-34]) were calculated for each spectrum
and averaged for each sample.

2.9. Nanoindentation

Nanoindentation was performed in longitudinal osteonal direction in
endocortical and periosteal region (Fig. 1). Therefore, the embedded
bone sample was polished using 3 pm and 1 pm diamond suspension,
and 0.5 pm aluminum oxide suspension followed by ultrasonically
cleaning in distilled water. Using a Berkovich diamond tip in an iMicro
nanoindenter (KLA instruments, CA, USA), 30 indentations per region
with 30 pm distance between each indent were obtained using depth-
sensing continuous stiffness mode and a final depth of 2000 nm. Based
on the method by Oliver and Pharr [35] and by applying a Poison's ratio
of 0.3, the hardness and the Young's modulus were determined for 8
controls, 8 T2DM, and 5 T2DMwHP samples. Prior and following each
measurement calibration of the tip was performed on fused silica.

2.10. Fluorescence spectroscopy and colorimetric assay

Total fluorescent AGEs (fAGEs) were quantified using fluorescence
spectroscopy and normalized to collagen content assessed by
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colorimetric assay (Fig. 1) [36]. Unfixed frozen tibial bone samples next
to the anterior-medial quadrant of the mid-diaphyseal tibia cross-section
were defatted by alternate soaking for 15 min in either 70 % ethanol or
saline. After 18 h of lyophilization, the bone samples were hydrolyzed in
6 M HCI (10 pl of HCI per mg of bone) at 110 °C for 16 h. Bone hy-
drolysates were diluted in deionized water to a final concentration of
0.5 mg bone/ml and centrifuged at 13,000 rpm at 4 °C. The collected
supernatant was used for the rest of the assay. To determine the total
collagen content of bone, a colorimetric assay of hydroxyproline was
performed using hydroxyproline standards (stock solution 2 mg/ml
hydroxyproline in 0.001 N HCI). First, chloramine-T (0,06 M
chloramine-T in a solution of deionized water, 2-metoxyethanol and
hydroxyproline buffer in 2:3:5, respectively) was added to the bone
hydrolysates and standards in a 1:2 ratio following incubation in the
dark at room temperature (RT) for 20 min to oxidize hydroxyproline.
The reaction was stopped by adding 4,5 M perchloric acid for 5 min at
room temperature in the dark. Finally, p-dimethylaminobenzaldehyde
(200 mg/ml in 2-metoxyethanol) was added, and the samples and
standards were incubated at 60 °C for 20 min to produce a chromophore.

After cooling down for 5 min at room temperature, the absorbance of
bone hydrolysates and hydroxyproline standards was measured at a
wavelength of 570 nm in a 96-well plate using a multi-mode microplate
reader (Inifinite® 200, Tecan Group Ltd., Mannedorf, CH). For the
fluorescence assay, serially diluted quinine standards (stock solution 10
pg quinine per ml of 0.1 N HzS0O4) and hydrolysates of bone were
measured in a 96-well plate using the multi-mode microplate reader at
excitation of 360 nm and emission of 460 nm. All experiments were
performed in darkness at room temperature. The collagen content is
derived from prior knowledge that collagen consists of 14 % hydroxy-
proline [37]. The total fAGEs are presented in ng quinine fluorescence/
mg collagen content.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version 9,
GraphPad Software, LLC, USA). Data was analyzed for normality using
Kolmogorov-Smirnov test. Normally distributed data was tested using
ANOVA with Tukey post-hoc test while not normally distributed data
was analyzed using Kruskal Wallis test. Regional differences were
determined using paired t-test following Bonferroni correction to ac-
count for multiple testing. An alpha level below 0.5 was regarded as
statistically significant.

3. Results
3.1. Sample characteristics

Characteristics of the groups and results for DXA measurement on
the 12th thoracic vertebrae are presented in Table 1. The high cortical
porosity subgroup was determined using microCT, exceeding a cortical

Table 1

Sample characteristics of the control, T2DM, and T2DMwHP group including
number of samples, sex, age, body mass index, aBMD in AP and LAT direction
measured with DXA, and cortical porosity determined by microCT. Data is
presented as mean =+ standard deviation. T2DM: type 2 diabetes mellitus;
T2DMwHP: type 2 diabetes mellitus with high porosity; aBMD: areal bone
mineral density; AP: anterior-posterior; LAT: lateral.

Parameters Control T2DM T2DMwHP
Sample number 15 10 5

Sex [female/male] 3/12 1/6 2/3

Age [years] 72.7 £ 6.8 77.2 £5.5 76 8.7
Body mass index [kg/m”] 26.73 +£ 4.9 27.95 + 6.4 34.07 £ 3.4
aBMD AP [mg HA/cm?”] 0.824 = 0.272 0.689 = 0.202 0.911 = 0.218
aBMD LAT [mg HA/cm?] 0.672 = 0.247 0.501 = 0.155 0.666 = 0.219
Cortical porosity [%] 12,42 £+ 1.26 12.05 + 1.28 27.21 £5.81
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porosity of 20 %. The groups are age-matched and therefore present
with similar age distributions. Interestingly, the T2DMwHP group pre-
sents with a significantly higher BMI compared to the control group (p
= 0.0438) while the T2DM group shows a similar BMI as the control
group. Assessment of aBMD at the vertebrae revealed lowest values in
both scan directions in the T2DM group and the highest aBMD value in
anterior-posterior direction in the T2DMwHP group, but no significant
differences were observed between the groups. Due to the postmortem
nature of the study, information on medication was limited; in the T2DM
group two individuals received metformin and one individual insulin
treatment, whereas in the T2DMwHP group one individual received
metformin and another received insulin treatment.

3.2. Higher cortical porosity emphasized by HR-pQCT in the T2DM
subgroup along with unchanged bone material strength index

Following indentation and extraction of the tibia mid-diaphysis
(Fig. 2A), we have analyzed the tibial cross-section (Fig. 2B) using HR-
PQCT before extracting the anterior-medial quadrant (Fig. 2C) for
further analysis. Bone material strength index (Fig. 2D) did not show any
differences between the three groups. Based on the definition of the
reference range provided by the manufacturer, in 3 control and 3 T2DM
samples showed decreased BMSi being below 79, whereas 2 control
samples and 1 T2DMwHP sample presented with low values being
defined as below 73. Three control samples and 1 T2DM sample pre-
sented with BMSi values above the average defined as higher than 91.
HR-pQCT revealed similar cortical vBMD, area and thickness in all three
groups (Fig. 2E-G), while cortical porosity was significantly higher in
the T2DMwHP group compared to the control (p = 0.0134) and to the
T2DM group (p = 0.0312). The higher cortical porosity was accompa-
nied by a significantly higher cortical pore diameter in the T2DMwHP
group compared to the T2DM group (p = 0.03).

3.3. High cortical porosity T2DM subgroup based on microCT analyses of
the anterior-medial quadrant exhibits lower tissue mineral density
compared to T2DM group

For subsequent analysis, the anterior-medial quadrant was extracted
as the quadrant was indented using in situ impact indentation. Following
microCT scanning, images were reconstructed in 3D (Fig. 3A) and a high
cortical porosity was discriminated. Cortical pore diameter analysis
using microCT revealed a similar data distribution in comparison to
cortical pore diameter analyzed with HR-pQCT. However, using
microCT cortical pore diameter did not differ between the groups
(Fig. 3B). The high cortical porosity subgroup showed a significantly
lower tissue mineral density compared to T2DM group (p = 0.018;
Fig. 3C).

3.4. Higher transversal indentation distance increase in the high cortical
porosity T2DM subgroup measured using reference point indentation

To verify our BMSi results, reference point indentation was per-
formed in transversal direction. The first cycle indentation distance
(meaning the distance that the probe penetrates the bone tissue) was
significantly higher in the T2DMwHP group compared to the control (p
= 0.0257) and the T2DM (p = 0.0169) group (Fig. 4A) after removal of
one outlier from the control and one outlier from the T2DM group. The
first cycle creep indentation distance (the distance that the probe pen-
etrates the tissue during the first holding phase) was significantly higher
in the T2DMwHP group (Fig. 4B) compared to the control (p = 0.0252)
and the T2DM group (p = 0.022). Similarly, the total indentation dis-
tance was significantly higher in the T2DMwHP group compared to the
control and the T2DM group (p = 0.0195 and p = 0.0168, respectively;
Fig. 4C) after removing one outlier in the control and one outlier in the
T2DM group. The indentation distance increase was significantly higher
in the T2DMwHP group compared to the control group (p = 0.0252;
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Fig. 2. Bone material strength index and high-
resolution peripheral quantitative computed tomog-
raphy indices in tibial cortical bone. (A) 2D X-ray
radiography of the tibia. (B) 3D reconstruction of the
mid-diaphysis of the tibia imaged using high-
resolution peripheral quantitative computed tomog-
raphy. (C) Extracted anterior-medial quadrant
reconstructed after microCT scanning. (D) Clinically
accessible bone material strength index shows similar
results for all three groups. (E) Cortical vBMD did not
differ between the groups. (F) Cortical area and (G)
cortical thickness show similar results for all three
groups, while (H) cortical porosity is higher in the
T2DMwHP group compared to the T2DM and control
group. Further, (I) cortical pore diameter was higher
in the T2DMwHP group compared to the T2DM
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Fig. 4D), while the average creep indentation distance was similar
(Fig. 4E). The average loading slope presented with a significantly lower
value in the T2DMwHP group compared to the control group (p =
0.0425) and tended to be lower compared to the T2DM (p = 0.0521;
Fig. 4F) after removing one outlier from the T2DM group.

3.5. Comparable degree of mineralization along mechanical properties in
the longitudinal direction using qBEI and reference point indentation

Following reference point indentation in the transversal direction,
the anterior-medial quadrant was embedded in MMA. To assess the
degree of mineralization in the cortical bone tissue, we applied quanti-
tative backscattered electron imaging (Fig. 5A). To take regional cross-
sectional differences within the cortical bone into account, we differ-
entiated the cortical bone tissue into endocortical and periosteal region.
The endocortical region was defined as the region close to the bone
marrow while the periosteal region was defined close to the periost.

Based on the bone mineral density distribution, we obtained the
average and peak calcium weight content, as well as the mineralization
heterogeneity. Additionally, the bone areas with high and low miner-
alized bone packages were determined. The obtained mineralization
parameters were similar between all three groups and regions as pre-
sented in Table 2.

On the same samples, the effects of different testing directions were
tested (ie., transversal direction vs. longitudinal direction). In the lon-
gitudinal osteonal direction, we performed reference point indentation
to determine the cross-sectioned osteonal characteristics of the cortical
bone tissue (Fig. 5B-C) and determined the same indices as in the
transversal indentation direction. The results are shown in Fig. 6A-D.

Additionally, nanoindentation was performed to determine Young's
modulus and hardness in the periosteal and endocortical region
(Fig. 6E-F). Both, Young's modulus and hardness, presented with similar
values between the T2DMwHP, T2DM, and control groups and for
endocortical and periosteal regions.
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Fig. 3. Iligh-porosity T2DM subgroup discriminated
by microCT analysis of the anterior-lateral quadrant
showed lower tissue mineral density compared to
T2DM group. (A) 3D reconstructed microCT scans of
the anterior-lateral quadrant of the control, T2DM,
and T2DMwIIP group. (B) Cortical pore diameter
microCT results show a similar trend as Ct.Po.Dm
measured with HR-pQCT but no significant differ-
ences. (C) TMD is lower in the T2DMwHP group
compared to the T2DM group. Data are presented in
box plots with individual data points shown for each
group. One-way ANOVA was applied for statistical
testing and p < 0.05 is regarded as statistically sig-
nificant. T2DM: type 2 diabetes mellitus; T2DMwHP:
type 2 diabetes mellitus with high cortical porosity.

0

T T T T
Control T2DM T2DMwHP Control

3.6. Higher carbonate-to-amide I ratio in the endocortical region of the
high porosity T2DM subgroup compared to the control and T2DM groups

The assessment of bone matrix composition was performed on the
embedded bone samples for periosteal and endocortical cross-sectioned
regions. Based on the obtained Raman spectra (Fig. 7A), different ratios
describing the bone matrix composition were obtained. The mineral to
matrix ratio (Fig. 7B) and the carbonate to phosphate ratio (Fig. 7C)
were similar between all three groups and both regions. In the endo-
cortical region, the carbonate-to-amide I ratio was significantly higher in
the T2DMwHP group compared to both, the control (p = 0.047) and the
T2DM group (p = 0.029), whereas no difference was observed in the
periosteal region (Fig. 7D). The crystallinity was similar between all
three groups but was shown to be significantly lower in the periosteal
region compared to the endocortical region in the control group (p =
0.005) but not in the T2DM groups (Fig. 7E).

3.7. Advanced glycation end-products in tibial diabetic bone tissue

To assess AGE accumulation in diabetic bone, a fluorescent and
colorimetric assay was performed. While we could not show any dif-
ferences between the groups, the T2DMwHP presented with 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 (Fig. 7F).
Interestingly, the T2DM group presented with the lowest mean value of
305.7 + 89.28 ng quinine/mg collagen.

4. Discussion

Bone quality analyses of different skeletal sites were carried out to
unravel how structural and compositional factors in the mid-diaphysis of
the tibia determine mechanical behavior in health and diabetes mellitus.
Specifically, we combined ex vivo clinical imaging and in situ impact
indentation with high-resolution imaging, bone matrix composition
assessment, and biomechanical properties to study the effects of T2DM
on bone quality. Here, we discriminated a high cortical porosity sub-
group in a T2DM cohort, which was identified by microCT. This sub-
group was also previously reported when the femoral cortex of T2DM

T T
T2DM T2DMwHP

individuals were analyzed [24]. The T2DM high cortical porosity sub-
group also presented with a higher cortical pore diameter measured with
HR-pQCT using a resolution of 82 pm in comparison to the T2DM group.
Although HR-pQCT is the clinically available method to determine
cortical porosity in patients, it did not detect the high cortical porosity
cases in our previous study [24], nor did it show a significant difference
when compared to the non-diabetic group in a clinical study [11].
Therefore, we identified the high cortical porosity cases using microCT
instead of HR-pQCT.

Higher cortical porosity in T2DM has also been reported by other
groups studying T2DM [11,12], however, cortical porosity alone cannot
explain the increased fracture risk observed in diabetic patients [5,15].
Also, why T2DM patients with similar T-scores to non-diabetics present
with higher fracture risk [38] remains unanswered. Here, analysis of
cortical pore diameter using microCT showed a similar trend as in data
that was obtained with HR-pQCT. Of note, the trend was not statistically
significant. This might be due to the differences in resolution (82 pm vs.
10 pm) which allows inclusion of pores with lower diameter in the
microCT measurement, and the different scanned bone regions (whole
cross-sections vs. anterior-medial quadrants). Recently, it has been
suggested that major cortical porosity develops at the early course of
type 2 diabetes mellitus disease and is followed by a smaller steady and
annually increase in cortical porosity [39]. While the origin of cortical
porosity cannot be deconstructed within this study, both groups have
been described in diabetic patients before and thus require further
studying as bone fragility in diabetic patients seems to originate from
both, cortical porosity and impaired bone material quality.

Mechanical behavior tested via in situ impact indentation (i.e., BMSi)
was similar between all three groups. Furst et al. showed a 9.2 % lower
BMSi in postmenopausal women with T2DM compared to healthy con-
trols, which was negatively correlated with disease duration and was
accompanied by higher femoral neck and total hip aBMD but unchanged
cortical bone microstructure [6]. Of note, in our study, only three cases
presented with a BMSi below 73 while in the study by Furst et al., the
mean BMSi of the control group was 70.12 [6], which points towards an
overall higher BMSi in our study. Other studies reported no significant
differences in BMSi in Caucasian patients [40] along with a higher aBMD
at all skeletal sites and a trend of higher cortical porosity in the tibia
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Fig. 4. Cyclic indentation reveals altered biome-
chanical properties in the transversal direction (i.e.,
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[19]. The variable results of the studies point towards a T2DM-
independent change in BMSi.

With our integrated approach, involving experimental analyses (ie.,
cyclic indentation of bone tissue in transversal direction) in combination
with clinical BMSi testing in transversal direction, we found higher 1st
cycle indentation distance, 1st creep indentation distance, and total
indentation distance in the T2DMwHP group compared to control and
T2DM groups. All parameters are indications of the depth that the probe
travels into the tissue. The 1st cycle indentation distance indicates the
depth that the probe penetrates into the tissue in the first cycle, while the
1st cycle creep indentation distance indicates how deep the probe
penetrates into the bone tissue during the holding phase of the first cycle
and the total indentation distance is the distance traveled during the
entire cycle. As all values are higher, it indicates that the probe pene-
trates deeper and therefore easier into the tissue, suggesting a lower
tissue hardness [41], in T2DMwHP compared to control and T2DM
groups. This result was further supported by a lower average loading
slope, the latter being calculated based on the averaged loading slope
between 50 and 100 % of the maximum force for all cycles, which can be
linked to stiffness of the bone tissue suggesting a lower stiffness [42].

Additionally, a higher indentation distance increase in the
T2DMwHP group was observed. It indicates that between the last and
the first cycle the distance of the probe penetrates deeper into the tissue
in the T2DMwHP group compared to the control and T2DM groups. The
values reported for both in situ impact indentation and cyclic indentation

are in line with previously reported data, where the authors found no
correlation between BMSi parameters and cyclic indentation parameters
[43]. Karim et al., who performed indentations in the longitudinal di-
rection of femoral neck samples from T2DM patients undergoing total
hip replacement surgery, showed higher 1st cycle creep indentation
distance and indentation distance increase in individuals afflicted with
T2DM [23]. Indentation distance increase has been shown to be higher
in a diabetic ZDSD rat model and negatively correlated with bone's
toughness assessed with 3-point bending in rat femurs, lumbar verte-
brae, and dog ribs [41] suggesting lower bone toughness in the
T2DMwHP group but not in the T2DM group.

In contrast to the data obtained from tests in the transversal direc-
tion, we were not able to show similar results when testing in the lon-
gitudinal direction. When comparing the cyclic indentation data in both
directions, the parameters regarding indentation depth were all lower in
the longitudinal measurement direction compared to the transversal
measurement direction, while the average loading slope was higher in
the longitudinal measurement direction. This was also reported by
another study showing higher indentation depth in the transversal di-
rection (indicated by average creep indentation distance), while stiffness
expressed by the average loading slope was higher in the longitudinal
direction in unfixed femoral bone of the mid-diaphysis [42].

Fixation of bone tissue as well as embedding influences bone tissue
and therefore the biomechanical properties. However, we could show
similar differences between both measurement directions as reported on
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Fig. 5. Bone mineral density distribution in the
cross-sectional osteons and cyclic indentation in
longitudinal direction revealed no differences be-
tween the groups and regions. (A) Grey-scale images
obtained with ¢BEI for control, T2DM, and
T2DMwIIP groups in endocortical and periosteal
cross-sectioned bone region. (B) 3D microCT image of
an anterior-lateral quadrant provides an impression
of the transversal indentation direction and the lon-
gitudinal indentation dircction  (cross-sectioned
osteons) used for cyclic indentation as well as peri-
osteal and endocortical evaluation. (C) Cyclic inden-
tation in longitudinal direction was performed in the
interstitial bone packets between osteons. Only in-
dentations that did not include voids or cracks were
included into the analysis. T2DM: type 2 diabetes
mellitus; T2DMwHP: type 2 diabetes mellitus with
high cortical porosity.

d with ¢BFI for control, T2DM, T2DMwHP groups in endocortical and periosteal region. Data is shown as mean + standard de-

viation. Statistical analysis of all parameters was performed using one-way ANOVA. ¢BEIL quantitative backscattered electron imaging; T2DM: type 2 diabetes mellitus;
T2DMwHP: type 2 diabetes mellitus with high cortical porosity, wt% weight percentage.

Parameters Endocortical region Periosteal region

Control T2DM T2DMwHP Control T2DM T2DMwHP
Ca mean [wt%] 25.39 + 0.29 2529 £ 041 25.31 £ 0.66 25.31 £0.35 2512 = 0411 25.25 = 011
Ca peak [wt%] 25.83 £ 0.3 25.76 £ 0.39 25.66 &+ 0.57 25.81 £ 0.36 25.82 £ 0.37 25.63 = 0.31
Ca width [wt%)] 2.28 +0.16 2.26 + 0.16 2.18 + 0.07 2.33 +0.14 2.27 +0.12 2.24 4+ 0.05
Ca high 1% bone area] 44 +1.03 4.77 £1.81 3. 1.71 4.991+1.41 4.41 + 1.62 4.54+1.19
Ca low [% bone area] 5.1 =1.69 4.88 + 2.85 5.61 4.3 4.95 +1.96 5.81 + 3.11 4.42 +2.81

unfixed bone samples. Indeed, it has been shown, that the organic bone
matrix is irreversibly affected by formaldehyde fixation [44] resulting in
a small effect on the Young's modulus determined by bending [45]. As
RPI is a cyclic measurement technique assessing the material's behavior
during several loading cycles but also during a holding time, effects on
the organic matrix through fixation may also influence the bone's
response to RPI. We used fixation to avoid natural degeneration during
sample handling and to preserve the ultrastructure of the bone tissue.
Furthermore, it is common practice to fix and embed the bone samples
following extraction also in a clinical setup and we aimed to compare
clinical data with lab-based settings. Due to the fixation a potential ef-
fect on the results cannot be ruled out. However, all samples have been
treated identically, which allows the comparison between the different
groups.

In a study with focus on cortical bone tissue from aged, osteoporotic,

and bisphosphate treated individuals compared to a young control
group, 1st cycle indentation distance was higher, which was accompa-
nied by higher calcium peak and calcium mean values [46]. As we found
no changes in tibial tissue mineralization in the groups (Le., based on
calcium weight percentages), the absence of significant differences in
biomechanical properties in the longitudinal direction may be a conse-
quence of similar mineralization profiles.

In femoral cortical bone from T2DM individuals, we observed a
higher percentage of low mineralized bone packets in the endocortical
region of the T2DMwHP group compared to the control group along
with a more heterogeneous mineralization [24]. Higher mean calcium
content and a more homogeneous mineralization in the femoral neck of
T2DM patients with osteoarthritis were shown in a previous study [21].
These results differ from the presented data in the present study, in
which we could not determine any differences of calcium weight
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Fig. 6. Similar indentation indices across groups in

= longitudinal direction of cross-sectioned osteons
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percentages based on gBEL While the three studies used the same
technique, our previous study looked at purely cortical bone from the
femur [24] in contrast to the study of Pritchard et al., who analyzed
femoral neck tissue including cortical and trabecular bone [21]. This
indicates skeletal site-dependent differences in cortical bone mineral
density distribution which has also been suggested by other groups [47].

To determine whether changes in bone stiffness and hardness were
apparent in the T2DMwHP group, as suggested by the results of trans-
versal RPI analysis, we performed nanoindentation of the embedded
bone tissue in longitudinal direction and showed similar hardness and
stiffness in endocortical and periosteal region and between the groups.
In our previous study, we could also not see differences in nano-
indentation despite a distinct mineralization pattern [24]. As nano-
indentation assesses properties at the nano-scale rather than the micro-
scale, this might indicate that tissue properties at a larger length scale
might be affected that are not apparent at the nano-level when indenting
individual lamellae, while it reflects the absent differences in minerali-
zation degree and cyclic indentation parameters in the longitudinal
direction.

10

Raman spectroscopic analyses determined a significantly higher
carbonate-to-amide I ratio in the T2DMwHP group compared to control
and T2DM groups. The higher ratio can either be explained by a higher
carbonate content or a lower amide I content. Carbonate becomes
substituted into hydroxyapatites over tissue maturation time [48]. As
the carbonate to phosphate ratio was similar between all groups
(Fig. 7C) and our mineralization analysis showed a similar mineraliza-
tion degree between all groups and regions, it could be suggested that
carbonate content is not affected. Consequently, a lower amide I content
is postulated. Although fixation-related changes in collagen can be
detected with Raman spectroscopy [49], the equal treatment for all bone
samples within this study assures that the differences between the
groups observed here are independent of fixation-related effects.

Fluorescent AGE content normalized to hydroxyproline content
showed a tendency of 25 % higher fAGE values for T2DMwHP group
compared to the control group, however, without reaching statistical
significance. Other studies confirmed our results in cortical bone from
the mid-diaphysis [24] and in trabecular tissue from the femoral head
tissue of patients undergoing total hip arthroplasty [22]. A trend
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Fig. 7. Raman spectroscopy revealed higher
carbonate-to-amide I ratio in the T2DMwHP group in
the endocortical region. (A) Representative Raman
spectrum of bone indicating the individual peaks. (B)
Phosphate over amide I peak analysis showed similar
values for all three groups and both cross-sectioned
regions. (C) Carbonate-to-phosphate ratio presented
with absent differences between the groups and re-
gions. (D) Carbonate over amide I peak revealed a
significantly higher value in the endocortical region
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towards higher fAGE accumulation was reported in cortical bone from
the femoral neck [23], while two studies reported fAGE levels in
trabecular bone. One study showed 1.5-fold higher fAGE level in
trabecular bone from T2DM postmenopausal women with osteoarthritis
undergoing total hip replacement using similar group sizes (n = 15 for
control and n = 5 for T2DM group) [50] while another study presented
significantly higher fAGE levels in trabecular bone from femoral heads
of diabetes patients [27]. Possibly, the high standard deviation observed
in our study, which is twice has high as in the cited studies, might
contribute to the absence of statistical difference. Further, specific AGEs
might be affected, that cannot be detected by fluorescent AGE assess-
ment, for example CML, which could contribute to the observed changes
in biomechanical properties [51]. Based on our previous study, we can
only speculate [24], that CML might be higher in T2DM bone tissue, but
further studies are needed to verify this assumption.

Overall, we observed peculiarities in bone material quality in in-
dividuals with T2DM expressed by higher cortical porosity using high-
resolution lab-based techniques (e.g., microCT, cyclic indentation,
Raman spectroscopy), which were not apparent in clinically available
modalities for fracture risk assessment due to limited resolution (e.g.,
DXA, HR-pQCT, impact indentation). This suggests that ultrastructural
material level changes in the diabetic bone disease may occur prior to

11

manifestation of clinically identifiable impairments. While others have
suggested that cortical porosity may develop early in the course of the
disease [39], the exact evolution of the diabetic bone disease is still
unknown and further studies are needed to determine the progression of
diabetes induced alterations in bone tissue to allow for refined diagnosis
strategies.

This study has a few limitations: Due to the postmortem study design,
medical records including the diabetes duration, severity, medication,
and blood glucose levels are not available for all included individuals.
However, only the postmortem study design allows us to perform bone
material quality analyses on the mid-diaphysis, which is an accessible
site for clinical fracture risk assessment using impact indentation.
Furthermore, the study groups have limited sizes and are accompanied
by a certain degree of variability due to the heterogeneity in human
samples and the multi-factorial disease diabetes mellitus. However,
similar small sample sizes were used in other studies, where significant
changes in diabetic bone quality could be reported [52-54]. Bone tissue
was analyzed at just one specific time point, which we were using to
characterize diabetic bone tissue with comparable or higher cortical
porosity to healthy controls. The application of ex vivo imaging tech-
niques implies differences compared to application in vivo; (i) HR-pQCT
was performed on the mid-diaphysis of the tibia with soft tissue removed
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prior to imaging instead of the peripheral site imaging of an intact tibia,
and (ii) for DXA analysis of the vertebrae a water phantom was used to
simulate the missing soft tissue. Lab-based experiments are usually
performed on fixed and/or embedded bone tissue which influence bone
tissue characteristics compared to native tissue in vivo. However, in situ
impact indentation in this study has been performed postmortem on the
intact leg of the individuals. With our combination of in vivo and lab-
based techniques we provide further insight to translate experimental
results into clinically applicable information.

In conclusion, our study reveals new data on bone material quality
parameters in the tibial mid-diaphysis, which stems from clinical as well
as experimental testing. By combining these data sets, we showed that
the T2DM high cortical porosity subgroup showed higher cortical pore
diameter compared to T2DM group measured with HR-pQCT. While we
could not identify differences in clinical in situ impact indentation
testing (BMSi), changed cyclic indentation properties indicative of softer
bone tissue in the T2DMwHP group were observed in the experimental
approach (RPI). Changed cyclic indentation properties were accompa-
nied by a higher carbonate to amide I ratio in the cross-sectioned
endocortical region, which seems to originate from a changed collagen
structure. Although fluorescent AGEs were similar between the groups, a
potential effect of AGE accumulation of the bone tissue cannot be
excluded, as analysis were limited to fluorescent AGEs. We also provide
new insight into altered cortical bone material quality in the tibial mid-
diaphysis indicated by easier indenter penetration in bone tissue when
carried out in the transversal direction which is accompanied by higher
carbonate to amide I ratio in the cross-sectioned bone area in the
endocortical region of the T2DM subgroup with high cortical porosity.
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ABSTRACT

Type 2 diabetes mellitus (T2DM) is a metabolic disease affecting bone tissue and leading to increased fracture risk in men and
women, independent of bone mineral density (BMD). Thus, bone material quality (i.e., properties that contribute to bone toughness
but are not attributed to bone mass or quantity) is suggested to contribute to higher fracture risk in diabetic patients and has been
shown to be altered. Fracture toughness properties are assumed to decline with aging and age-related disease, while toughness of
human T2DM bone is mostly determined from compression testing of trabecular bone. In this case-control study, we determined
fracture resistance in T2DM cortical bone tissue from male individuals in combination with a multiscale approach to assess bone
material quality indices. All cortical bone samples stem from male nonosteoporotic individuals and show no significant differences
in microstructure in both groups, control and T2DM. Bone material quality analyses reveal that both control and T2DM groups exhibit
no significant differences in bone matrix composition assessed with Raman spectroscopy, in BMD distribution determined with quan-
titative back-scattered electron imaging, and in nanoscale local biomechanical properties assessed via nanoindentation. Finally,
notched three-point bending tests revealed that the fracture resistance (measured from the total, elastic, and plastic J-integral) does
not significantly differ in T2DM and control group, when both groups exhibit no significant differences in bone microstructure and
material quality. This supports recent studies suggesting that not all T2DM patients are affected by a higher fracture risk but that indi-
vidual risk profiles contribute to fracture susceptibility, which should spur further research on improving bone material quality assess-
ment in vivo and identifying risk factors that increase bone fragility in T2DM. © 2023 The Authors. JBMR Plus published by Wiley
Periodicals LLC on behalf of American Society for Bone and Mineral Research.
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not directly linked to bone mineral density (BMD), so BMD fails
to predict diabetic patients at increased risk of fracture.?

Introduction

ype 2 diabetes mellitus (T2DM), a metabolic disease with
increasing prevalence expected to affect an estimated
578 million adults worldwide by 2030, leads to various complica-
tions, including bone fragility, indicated by a relative risk of 1.2
for hip and 1.17 for any fracture.”’ The increased fracture risk is

Currently, clinical in vivo bone diagnostic tools, such as dual
energy X-ray absorptiometry (DXA), high-resolution peripheral
quantitative computed tomography (HR-pQCT), and impact
indentation, are not sufficiently sensitive to identify and predict
T2DM patients at increased fracture risk, whereas impaired bone
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material quality, i.e., bone material properties affecting bone
toughness without attribution to bone mass or quantity, has
been proposed to contribute to higher fracture risk in T2DM.”

A higher cortical porosity subgroup measured with micro-CT
(nCT) was identified ex vivo and associated with higher mineral-
ization heterogeneity in human femoral cortical bone,” as well
as higher lab-based cyclic indentation depth but unchanged
in vivo impact indentation properties in the tibia.””” A higher cor-
tical porosity subgroup measured with HR-pQCT in vivo was also
associated with fragility fractures.® ” Independent of micro-
structural differences, higher accumulation of advanced glyca-
tion end products (AGEs), such as carboxymethyl-lysine, and
lower collagen fibril deformation were measured in human
T2DM cortical bone compared to nondiabetic bone.” ® Higher
cyclic indentation depth was also observed in femoral neck cor-
tical bone from T2DM patients, with a trend toward higher AGE
accumulation but no differences in compressive biomechanical
properties in trabecular bone.” Studies on trabecular bone cores
from the femoral head of T2DM patients showed lower bone vol-
ume and trabecular thickness, lower mineral content, and lower
mineral-to-matrix ratio in combination with lower toughness
measured with compression testing,'” while others found
higher pentosidine content and higher mineral-to-matrix ratio,
in combination with a higher modulus but no difference in
toughness, determined using compression testing of trabecular
bone from T2DM male patients.'” Individual tissue-level
changes at different length scales, such as microstructural
changes or changes in bone matrix composition, contribute to
bone overall fracture susceptibility. The aforementioned studies
are indicative for altered bone material quality in patients with
T2DM that can partly be linked to changes in toughness at the
tissue level in trabecular bone. However, data on the fracture
behavior in human diabetic cortical bone tissue are currently
limited.

Three-point bending tests of notched bone samples enable
characterization of the fracture properties of bone tissue and
allow for the analysis of bone resistance to the initiation
and propagation of cracks. Furthermore, the combination of
such testing with imaging techniques, such as optical or electron
microscopy, enables the visualization of crack growth and the
assessment of relevant bone toughening mechanisms.""? How-
ever, this requires relatively large sample dimensions, which is
often a limitation of bone research. Furthermore, different
three-point bending setups, such as under vacuum using a scan-
ning electron microscope for crack visualization or in a normal
environment using an optical microscope along with different
sample sizes and testing properties, have been applied, making
comparisons across studies difficult."® While standardizations
of three-point bending of nonbiological materials exist and are
documented, for example, in ASTM International’s Standard Test
Method for Measurement of Fracture Toughness E 1820, no stan-
dardization for human bone as biomaterial is available across
laboratories or countries. Nevertheless, using three-point bend-
ing tests, a significant reduction in fracture toughness in human
cortical bone with age compared to young and middle-aged
individuals has been shown,"* '® suggesting changes in frac-
ture toughness in aging and possibly age-related diseases such
as diabetes mellitus. All fracture toughness properties measured
in cadaveric human cortical bone were shown to decrease with
age, although age explains only 13% to 23% of the variance,
while other parameters, such as bound and pore water, as well
as indentation resistance properties, best explain fracture tough-
ness variance, suggesting a multimodal assessment of fracture

toughness in bone."® Using the same heterogeneous sample
cohort, including three individuals with diabetes mellitus, two
with osteoporosis, and six with cancer, a strong relationship
was found between fracture toughness and collagen network
connectivity."” While these studies include a large sample set
(62 donors in total), only three donors were diabetic, and thus
no firm conclusion can be drawn on diabetes-induced impacts
on fracture toughness.

Differences in bone material quality in T2DM have been
shown for cortical and trabecular bone, and they have
been linked to partially altered mechanical properties in trabec-
ular bone. Yet reports on cortical bone toughness in T2DM are
lacking in the literature. In this case-controlled study, we there-
fore aimed to determine fracture toughness in T2DM cortical
bone tissue in combination with a multiscale approach to assess
the microstructure and bone material quality indices of the same
bone tissue.

Materials and Methods

Study design

Femoral samples (n = 29) from the mid-diaphysis as well as the
12th thoracic and adjacent vertebrae were obtained from male
individuals during autopsy (Ethical Approval WT037/15). Approx-
imately 1.5-cm-thick femoral cross-sections (Fig. 1) were
extracted from 18 healthy individuals (74.22 + 6.67 years [range
61 to 89 years]) and 11 individuals diagnosed with T2DM
(76.18 + 6.62 years [range 69 to 89 years]). Following extraction,
all samples were wrapped in phosphate-buffered saline (PBS)-
soaked gauze and stored at —20°C until further analysis.

In both groups, inclusion criteria such as the absence of any
bone-related diseases, e.g., Paget’s disease of bone, osteogene-
sis imperfecta, fibrous dysplasia or malignancy, were applied.
Additionally, individuals with renal or hepatic disorders, hyper-
parathyroidism, as well as bedrest, and those with bone metab-
olism affecting medications such as thiazolidinediones,
glucocorticoids, or bisphosphonates were strictly excluded. De-
identified data of all individuals were collected and included
age, sex, weight, height, diabetes mellitus status, and, if available,
antidiabetic treatment, which ranged from oral antidiabetics
such as metformin to insulin treatment. Diabetes mellitus status
was based on available medical and autopsy records but was lim-
ited to the presence of T2DM and, in some cases, diabetes
medication.

Dual energy X-ray absorptiometry

Following an ex vivo protocol,"® the 12th thoracic vertebra was
scanned with DXA (GE Healthcare, GER) to determine the osteo-
porotic status based on vertebral areal (aBMD) (Fig. 1). Compen-
sation for missing soft tissue due to dissection was done by a
water phantom provided by the manufacturer producing
a water column of 15 cm simulating the thickness of soft tissue
of a person with a body weight of 70 kg and height of 170 cm.
The vertebrae were positioned in a plastic container filled with
water, and the water phantom was placed on top. The values
of aBMD for anterior-posterior (AP) and lateral (LAT) scan direc-
tions were obtained using the manufacturer’s software. In one
control sample and one T2DM sample, no 12th thoracic vertebra
was available for logistical reasons.
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Fig. 1. Study design. The 12th thoracic vertebra with adjacent vertebrae and the mid-diaphysis of the femur were extracted from T2DM individuals and
age-matched healthy controls (sample extraction). The 12th thoracic vertebra was scanned using DXA, and the femoral cross-sections were scanned with
HR-pQCT to apply ex vivo clinical imaging. Bending beam samples were prepared and scanned with Raman spectroscopy to assess bone material quality
indices in terms of bone matrix composition. Samples were notched and fracture resistance was assessed using three-point bending tests. Microstructure
was analyzed using micro-CT, while further bone material quality indices were determined using quantitative back-scattered electron microscopy and

nanoindentation on embedded bone samples.

High-resolution peripheral quantitative computed
tomography

The extracted, frozen, mid-diaphyseal femur samples were
scanned in a HR-pQCT system (Xtreme CT |, Scanco, Medical
AG, Switzerland) following the removal of soft tissue (Fig. 1).
Weekly and monthly calibration was performed using the manu-
facturer's calibration phantoms for quality control. Per sample,
12 mm of the mid region were scanned to avoid inclusion of
regions with extraction artifacts. The scan was performed with
750 projections, a voxel size of 82 pm, and an integration time
of 100 ms at each angular position over 180°. Following recon-
struction, images were analyzed with the software provided by
the manufacturer according to protocols previously published
by Burghardt and colleagues!'® and as described in our previous
publication.® The following cortical parameters were evaluated:

cortical volumetric bone mineral density (Ct.vBMD, mg HA/cm?),
cortical porosity (Ct.Po, %), cortical thickness (Ct.Th, mm), cortical
pore diameter (Ct.Po.Dm, mm), cortical perimeter (Ct.Pm, mm),
cortical area (Ct.Ar, mm?), and total area (Tt.Ar, mm?). However,
three samples in the control group were incomplete and could
therefore not be analyzed using HR-pQCT.

Sample preparation

The frozen femoral mid-diaphyseal samples were sawed with a
diamond band saw (EXAKT Technologies, Inc., USA) to extract
smaller, rectangular bone samples of at least 12 mm in length
from the lateral region of the femoral quadrant (Fig. 1). The smal-
ler bone samples were further sawed using a low-speed saw
(Buehler Ltd., Germany) with a 300-pm-thick diamond blade to
obtain bending beams of 2 mm thickness (B) x 3 mm height
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(W) x 12 mm length (L). The bone samples were then polished
using 1-pm diamond suspension to provide a final surface finish
forimaging of the crack propagation during three-point bending
testing on one surface of the bending beam dedicated to crack
imaging. All procedures were performed while keeping the bone
samples hydrated in PBS.

Raman spectroscopy

Raman micro-spectroscopy was performed on moist and
unfixed bone specimens (inVia, Renishaw, United Kingdom;
Fig. 1). Samples were positioned on a microscope slide, and a
63 x immersion objective was used to allow spectral acquisition
while keeping samples hydrated in PBS, as previously
performed,?® and to determine the region of interest in the
middle of the bone sample. For each sample, spectral maps of
200 x 30 pm were acquired at a 5-um step size (287 spectra
per sample) using the streamline mode with an integration
time of 8 ms, a grating of 1200 lines per mm, a 785-nm laser
wavelength, and a spectral range of ~800 to 1800 cm™". Dur-
ing the whole scan time, the bone samples were kept humid
in PBS. Spectra processing was done using the WIRE software
provided by the manufacturer and a custom-made MATLAB
code (MATLAB, R2019b, MathWorks Inc., USA) and included
removal of cosmic rays, averaging of all spectra per sample,
and linear baseline removal under the peaks of interest. The fol-
lowing previously established parameters were obtained®' 2%
mineral-to-matrix ratios (phosphate v; peak at 962 cm™'/amide
| peak envelope between 1600 and 1720 cm™'; phosphate v,
peak at 962 cm '/amide Il envelope between 1215 and
1365 cm™"), carbonate-to-phosphate ratio (carbonate peak at
1070 cm™ /4 phosphate peak), carbonate-to-amide | peak (car-
bonate peak/amide | envelope), crystallinity calculated with the
reciprocal of the full width at half maximum (FWHM) of the v,
phosphate peak, and amide | subpeak ratio 1666/1685 cm™'
based on the fitting of amide | subpeaks.

Sample notching

Following Raman spectroscopy, the cortical bone tissue was
notched according to previously described protocols™ (Fig. 1).
In brief, the first part of the notch was induced using a low-speed
saw with 300-pum blade thickness. A razor blade was inserted into
the notch and the final notch length of approximately half the
sample height W was prepared with 1-um diamond suspension.
Using an optical microscope, the notch length for every sample
was measured and recorded on the surface selected for crack
imaging.

Three-point bending

The prepared bone samples were incubated in PBS overnight to
avoid an additional freeze-thaw cycle and sufficiently hydrate
the bone tissue. Three-point bending tests (Fig. 1) were per-
formed at room temperature in ambient air using a custom-
made three-point bending machine'*” with 10 mm support
span and round contact points of 1-mm radius. During testing,
images of the bone surface were taken using a 400x optical
microscope objective to record crack propagation. Furthermore,
the samples were continuously moistened with PBS. The sam-
ples were preloaded to 2 N at a displacement rate of 2 pm/s.
Testing was conducted at an initial displacement rate of 1 pm/s
to a load of 15 N. Subsequently, the displacement rate was
reduced to 0.15 pm/s. During the entire measurement, force

and displacement were continuously recorded using a custom-
made software interface in LabView collecting one data point
per second. To enable stable crack growth, the testing machine
used an automatic control system, which sensed the beginning
of crack growth by a decrease in the slope of the recorded
force-displacement curve; a slope of —0.45 N/um over the last
15 data points resulted in a partial unloading of the sample fol-
lowed by manual restart of the loading. Each test was terminated
after a crack length of approximately 700 pm (i.e., ~47% of the
remaining ligament b) was observed.

Data analysis

The recorded images were analyzed using ImageJ to determine
the crack length for each increment of crack growth. Load-
displacement curves were exported from LabView. Determina-
tion of the area under the load-displacement curve, curve fitting,
and determination of the 95% confidence interval were per-
formed using a custom-made MATLAB script (MATLAB, R2023a,
MathWorks Inc., USA).

Bone shows not only elastic but also plastic deformation dur-
ing mechanical loading. To account for both elastic and plastic
deformation, the nonlinear elastic J-integral was measured. The
total J-integral was computed as the sum of elastic and plastic
components. In this way the J-integral at any point of the load-
displacement curve can be determined according to ASTM
E1820-01. The elastic J-integral (Je, J/m?) is calculated as

K*(1—12)

Jer = E

with the stress intensity factor (K)) calculated according to ASTM
E1820-01 using a Poisson ratio of v = 0.3%**’ and an E-modulus of
E = 19.5 GPa, based on our nanoindentation results.

= B’;f/% f(%)’

K; is calculated based on the measured load P, the support
span S = 10 mm, the sample thickness B, the sample height W,
and the geometric factor f (%) according to ASTM E1820-01.

ay 38199 (@) (1-8) x (215-3.93(8) +27()]
b 2(1+24) (1) |

The plastic J-integral (J,;, J/m?) was calculated by dividing the
plastic area underneath the load-displacement curve by
the uncracked ligament width multiplied by the width of the
sample based on the following formula:

with A, being the area under the load-displacement curve
between two crack growth events enclosed by parallel lines with
an identical slope to the loading slope prior to the first crack
extension.

Finally, the total J-integral (J;,,, J/m?) was determined:

Jtot = Jei +Jpl-
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Micro-CT

Directly after fracture toughness testing, the cortical bone sam-
ples were fixed in 4% buffered paraformaldehyde for 1 week fol-
lowed by storage in PBS. To determine cortical porosity (Ct.Po, %)
and tissue mineral density (TMD, mg HA/cm?), the bone samples
were scanned using a desktop pCT system (uCT 40, Scanco) using
6 pm resolution, 300 ms integration time, 55 kV X-ray tube volt-
age, and 145 mA X-ray tube current (Fig. 1). The image data were
analyzed, and three-dimensional (3D) renderings were obtained
using Xamflow (version 1.8.09, Lucid Concepts AG, Switzerland).
Additionally, canal parameters such as canal diameter and canal
separation were evaluated based on the sphere fitting
method.?®

Quantitative back-scattered electron imaging

Following pCT imaging, the cortical bone samples were embed-
ded in polymethyl methacrylate, grinded to a coplanar state, and
polished to provide a smooth surface of the bone tissue. Quanti-
tative back-scattered electron imaging (qBEIl) was performed
using a scanning electron microscope (Zeiss crossbeam 340, Carl
Zeiss AG, Germany) with a back-scattered electron detector
(Fig. 1). Prior to scanning, the embedded bone samples were
sputtered with carbon. Gray scale images were obtained through
a constant beam current determined using a Faraday cup and
calibration standard with aluminum and carbon (MAC Consul-
tants Ltd., England), in combination with a constant working dis-
tance of 20 mm and a voltage of 20 kV. In total, five images per
sample around the crack were acquired and analyzed using a
custom-made MATLAB script routine (MATLAB, R2019b, Math-
Works Inc.,, USA). Based on the BMD distribution the following
parameters were determined: average calcium concentration
(CaMean, wt%), most frequent calcium concentration (CaPeak,
wt%), and mineralization heterogeneity, which is based on the
standard deviation of the BMDdistribution curve (CaWidth, wt%).

Nanoindentation

To determine the material properties of the bone tissue, nanoin-
dentation was performed close to the crack surface (Fig. 1). The
embedded bone sample surface was further polished using
3-um and 1-um diamond suspension and 0.5-pm aluminum
oxide suspension, followed by ultrasonic cleaning in distilled
water. Using a Berkovich diamond tip in an iMicro nanoindenter
(KLA instruments, CA, USA), 30 indentations in close vicinity to
the crack path were obtained using depth-sensing continuous
stiffness mode and a final depth of 2000 nm. Prior to and follow-
ing each measurement calibration of the tip was performed on
fused silica. Based on the method by Oliver and Pharr®” and
by applying a Poison’s ratio of 0.3, hardness and Young's modu-
lus were determined for eight control and five T2DM samples.

Statistical analysis

GraphPad Prism (version 9, GraphPad Software, LLC, USA) was
used for statistical analysis. The normal distribution of the data
was verified using a Kolmogorov-Smirnov test. Normally distrib-
uted data were tested using a Student's t test, while nonnormally
distributed data were analyzed using a Mann-Whitney U test. An
alpha level below 0.05 was regarded as statistically significant.

Results

Using a multiscale approach, we determined bone material qual-
ity indices in combination with fracture toughness in cortical
bone samples from male individuals with T2DM (n = 11) and
healthy age-matched controls (n = 18). All individuals were
male, ruling out any sex-related differences. Sample characteris-
tics are described in Table 1. Both groups did not differ signifi-
cantly in age, BMI, and aBMD of the 12th thoracic vertebra
measured with DXA assuring an absence of osteoporosis.

Additionally, cortical bone microstructure was assessed asin a
clinical setup using HR-pQCT showing no significant differences
in microstructure determined at a resolution of 82 pm; specifi-
cally, cortical vBMD was 1063 =+ 43.58 and 1048 + 27.7 mg
HA/cm?, while cortical porosity was 2 + 1.6 and 2 & 1% for the
control and T2DM groups, respectively. The cortical perimeter
was 104.2 + 4.04 and 103.7 & 10.35 um, and the cortical thick-
ness was 6.76 + 1.07 and 6.49 + 0.99 mm for the control and
T2DM groups, respectively.

Bone microstructure was further analyzed using uCT. Fig. 2A
shows the reconstructed 3D image of a representative cortical
bone sample after three-point bend testing scanned at a resolu-
tion of 6 pm. Cortical porosity and tissue mineral density did not
differ significantly between both groups (Fig. 28,C). This was fur-
ther confirmed by the analysis of canal parameters (Fig. 2D),
showing no significant differences in canal diameter (Fig. 2E)
but a tendency (p = 0.0667) to lower canal separation in the
T2DM group (Fig. 2F).

To determine bone material quality, we combined several
approaches. First, we performed Raman spectroscopy on the
unembedded hydrated bone sample (Fig. 3A), indicating no signif-
icant differences in bone matrix composition in both groups,
shown by a carbonate-to-phosphate ratio of 0.1173 =+ 0.0097 in
the control group and 0.1184 + 0.0067 in the T2DM group and
no significant differences in collagen quality of 1.137 4 0.163 and
1.149 =+ 0.194 in the control and T2DM groups, respectively. Simi-
larly, other parameters showed no significant differences
(Table S1). For a detailed look at the mineralization degree of the
bone tissue around the crack path, we applied gBEI, which is based
on calcium weight percentages. The average calcium content was
25.54 + 045 and 25.79 + 0.57 calcium weight percentage, while
the most frequent calcium weight percentage measured was

Table 1. Sample Characteristics of 18 Control and 11 T2DM Cases

Control T2DM
Number of samples 18 1
Age (years) 7422 + 6.67 76.18 £ 6.62
BMI (kg/m?) 25.63 + 2.84 2581 +33
Ex vivo aBMD of 12th ~ AP:0.908 + 0.279 AP:0.856 + 0.163
thoracic LAT: 0.681 + 0.225 LAT:0.657 £+ 0.125

vertebra (g/cm?)
Diabetes medication

Oral antidiabetics < 5 (45.5%)

Insulin - 1 (9%)

No information - 5 (45.5%)
available

Neither group showed significant differences in age and BMI. Areal
BMD was not significantly different between the groups in both scanning
directions.

AP = anterior posterior; LAT = lateral.
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Fig. 2. Bone sample microstructural analysis of control and T2DM cases. (A) 3D reconstruction of micro-CT scanned bone sample. (B) Cortical porosity and
(O tissue mineral density do not significantly differ between both groups. (D) 3D reconstruction of canal structure and canal indices, () canal diameter,
and (F) canal separation.
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Fig. 3. Bone quality analyses of control and T2DM cases combining Raman spectroscopy, quantitative back-scattered electron imaging (qBEl), and
nanoindentation. (A) Averaged Raman spectra of both groups. (B) Carbonate-to-phosphate ratio and (C) collagen subpeak ratios indicate no significant
differences in bone matrix composition. (D) Representative image obtained with gBEI, (E) average calcium weight percentage, and (F) highest calcium
weight percentage show no significant differences in mineralization profiles around crack path. (G) Nanoindentation was performed in vicinity of crack
path. (H) Young's modulus and (/) hardness show no significantly different values for a subset of samples from both groups.
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Fig. 4. Three-point bending tests of cortical bone samples from T2DM and healthy controls. (A) Plastic J-integral curves, (B) elastic J-integral curves, and
(C) total J-integral curves, all showing individual points of each sample and second-order fitted curves for control (black) and T2DM (gray) groups including

95% confidence interval.

25.84 4+ 0.51 and 26,01 + 0.6 calcium weight percentage for con-
trol and T2DM groups, respectively. Data on the mineralization het-
erogeneity showed no significant differences and can be seen in
Table S1. On a smaller sample set, nanoindentation was performed
in the vicinity of the crack path. This reflected the results seen in the
mineralization parameters, where there were no significant differ-
ences in Young's modulus (control: 19.26 4 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).

Using a three-point bending test, the bone samples were
loaded, and crack propagation was visualized with a brightfield
microscope. Based on the load-displacement curves and crack
propagation measurements, the plastic, elastic, and total
J-integrals were determined. Fig. 4 displays the individual data
points of all samples and second-order fitting lines for control
and T2DM samples. While the T2DM fitting line is slightly above
the control line, no difference is observed for plastic J-integral
(Fig. 4A), elastic J-integral (Fig. 4B), and total J-integral (Fig. 4C).

Discussion

In this study, we analyzed human cortical bone from male indi-
viduals with T2DM compared to age-matched healthy controls
in a case-controlled post mortem study to assess bone material
quality in combination with fracture toughness. While compres-
sion testing of trabecular bone from T2DM patients was previ-
ously performed,®'” the toughness properties of cortical
diabetic bone have rarely been studied. In our cohort of bone
samples with a nonsignificantly different microstructure, shown
by the analysis of bone and canal structures using pCT, we
saw no significant differences in bone matrix composition,

mineralization profile around the crack path, and biomechanical
properties at the nanolength scale. These similarities were also
apparent in fracture toughness behavior and failure characteris-
tics, which did not significantly differ between the groups.

While we could not identify differences in bone material qual-
ity indices in this cohort, we and others showed differences in
the mineral and collagen properties of bone tissue from individ-
uals with T2DM. Previous studies were performed on a variety of
different tissues, such as femoral head, femoral neck, or cortical
bone from mid-diaphyseal femur and tibia, with a focus on differ-
ent compartments, i.e., trabecular and cortical bone. When
studying human bone tissue, high variation is often observed,
which can be augmented through the complexity of T2DM,
which poses an additional challenge in the identification of a
clear underlying mechanism contributing to the pathophysiol-
ogy of diabetic bone fragility at the tissue level. One phenome-
non seen in some but not all T2DM postmenopausal women is
the presence of high cortical porosity,® 7 which was shown to
be accompanied by compositional changes, as studied previ-
ously by our group in a cohort of both male and female individ-
uals* * In our previous study of male individuals with no
significant difference in cortical porosity, we identified differ-
ences in collagen fibril deformation in T2DM individuals® by
tensile testing with simultaneous synchrotron X-ray diffraction
to measure the deformation of collagen fibrils, i.e., a structure
at the nanolength scale of bone tissue. It is possible that changes
at this length scale are compensated at larger length scales,
which can lead to the results presented here.

Furthermore, sex-specific differences should be taken into
account when assessing and discussing fracture risk and bone
material quality indices in T2DM individuals. Currently, more
men live with diabetes mellitus than women,?® and men are
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younger and have a lower BMI when diagnosed.?” Nonetheless,
at the time of diagnosis, women bear a greater burden of risk fac-
tors and face a higher relative risk of cardiovascular disease. Con-
versely, in men, a higher absolute risk exists, where
cardiovascular events remain more prevalent.?® Hormone levels
play a significant role in the risk of developing T2DM, with
women having a higher risk when they have elevated testoster-
one levels, while men face an increased risk when their
testosterone levels are low.?® Postmenopausal women are at a
higher risk of osteoporosis and fragility fractures than men due
to the decline in estrogen levels. Additionally, individuals with
T2DM who have microvascular disease exhibit cortical bone def-
icits.®? Hence, to specifically investigate bone material changes
in T2DM and account for sex-related influences on our out-
comes, we have chosen to exclusively study male individuals,
as we did in our previous study'® and was done by others."" Fur-
ther research is warranted to elucidate the sex-specific variations
in the pathophysiology of bone fragility associated with T2DM to
support the development of tailored diagnostic and treatment
approaches for both men and women.

Previous post mortem analysis of human cortical bone tissue
of different aged donors using three-point bending test showed
lower crack initiation toughness and crack growth toughness
with age, including one aged sample with diabetes mellitus,
which presented with lower growth toughness and initiation
toughness compared to bone from young donors, not to bone
tissue from healthy aged donors.®" Lower fracture toughness
with age in human cortical bone has also been shown by
others." ' Additionally, lower fracture toughness properties
with age were confirmed, while collagen network integrity best
explained variances in fracture toughness."® '” While these
two studies included three individuals with diabetes mellitus,
the former study did not aim at determining fracture toughness
in diabetic individuals, and the low number of diabetic cases did
not allow for drawing conclusions on fracture toughness behav-
ior within the cohort.

Ribosylation is often performed on animal or cadaveric human
bone tissue as an artificially induced glycosylation of the bone
matrix to simulate diabetes-related bone matrix changes and
subsequent study bone fracture toughness. Ribosylation of
bovine bone for 40 days resulted in improved fracture tough-
ness properties such as higher critical fracture toughness and
higher J, while J,, did not significantly differ compared to con-
trol samples.*? Incubation of bovine tibial bone for 15 days
resulted in lower J,; when tested in quasi-static condition
(1072 mm/s) but no differences in J-integral, either elastic or
plastic, were observed when tested in fall-like conditions
(10 mm/s).%* These data indicate that incubation time and test-
ing strain rate significantly influence the results obtained using
ex vivo ribosylation. This points to a major influence of disease
duration on bone fracture susceptibility. Due to the post mortem
nature of our study, diabetes duration was not accessible in the
autopsy protocols. A Swedish cohort study suggested that
T2DM may not per se induce an increased fracture risk but
that specific risk factors, such as diabetes disease duration, tre-
mendously increase fracture risk in the T2DM population.®¥
While this might not affect every T2DM patient, the authors pos-
tulate that 21 million individuals are affected by a risk factor pro-
file contributing to increased fracture risk.>¥ A longer diabetes
duration signifies prolonged high glucose condition within the
body, which affects osseos cellular activity, leading to low bone
turnover in T2D, which can result in more highly mineralized
bone tissue and absence of microcrack removal. Additionally,

the longer the high glucose condition continues, the more AGEs
can be formed and, thus, impair collagen properties within the
bone tissue. Unknown disease duration and differences between
individuals may explain why no statistically significant differ-
ences were found in this study. However, the presented study
design allowed us to obtain sufficiently large bone samples for
three-point bending tests and to control for the orientation of
microstructural features that can impact the mechanical proper-
ties of bone tissue.

Another approach to determining fracture toughness in dia-
betes conditions are diabetic small animal models. In Zucker
Diabetic-Sprague Dawley rats, a higher resistance to crack initia-
tion was observed at 16 and 22 weeks of age compared to con-
trol rats, with a decline in toughness with aging and, thus, no
difference at 29 weeks of age.*® In diabetic TallyHo mice, a
lower toughness was observed at 16 and 34 weeks of age, which
did not become worse with age/disease duration, while initiation
toughness and cracking toughness were the same compared to
control mice.® In a high-fat-diet-induced obesity mouse model,
whole femoral fracture toughness was reduced along with larger
bone size but less ordered osteocytes and lamellar structure and
poorer mineral organization, suggesting that bone material
properties may influence size-independent mechanical proper-
ties.®”” Lower initiation toughness and lower maximum tough-
ness in combination with higher AGE accumulation was seen in
high-fat-diet mice compared to low-fat-diet mice at 32 weeks
of age.®® These data suggest an overall lower fracture tough-
ness in bone from small diabetic animals. However, these models
are often not representative of diabetic bone changes seen in
humans, where either none or cortical rather than trabecular
bone microstructural changes are observed. Furthermore, the
bone specimens tested are very different, as human cortical
bone is prepared in rectangle-shaped samples, while in small-
animal studies whole femora are notched and tested, resulting
in a cylindrical sample geometry.

This study has a few limitations. We used a three-point bend-
ing setup under environmental conditions, capturing changes in
crack propagation at the surface of the bone samples using an
optical microscope, while keeping the bone sample hydrated
with PBS droplets. While this approach avoided the dehydration
of the samples and, as such, a reduction in crack initiation tough-
ness and crack growth resistance, as shown by others,** visual-
ization of crack propagation in our study was limited to the bone
surface and captured manually at varying time points. Continu-
ous automatic recording of the bone surface rather than manual
capture would improve crack propagation measurement. Fur-
thermore, the used machine was generated to control for stable
crack growth in less heterogeneous material than bone tissue.
Therefore, temporary partial deloading occurred when the slope
of the force-displacement curve was below a certain threshold.
These unloading phases were not always synchronized with
crack growth at the bone surface. This can be understood
because crack growth can also happen only in the inner part of
the sample and, thus, is not visible on the surface. However, this
is a principal limitation of optical crack length determination.
With a larger support span of 40 mm and two position encoders
at the specimen, the average crack length can be precisely deter-
mined with the compliance method. Unfortunately, up to now
this has not been possible with a support distance of 10 mm
due to technical reasons. We agree with others researchers''®
that more standardized procedures for cortical bone crack
growth determination are needed to improve fracture tough-
ness testing and comparison between individual studies. Here,
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we applied a variety of techniques (ex vivo clinical imaging, pCT,
spectroscopy, electron microscopy, and nanoindentation) to
characterize bone material quality. While this allowed us to
assess bone material quality at several length scales and
different properties, additional indices, such as water content
or individual advanced glycation end products (e.g., carboxy-
methyl-lysine or pentosidine), have not been addressed in this
study but can influence the fracture properties of diabetic bone
and need to be taken into consideration in future work.

In conclusion, our study showed that cortical bone from T2DM
individuals with no significant differences in microstructure and
bone material quality as compared to age-matched healthy indi-
viduals also showed no significant differences in fracture tough-
ness. These data support recent studies demonstrating that not
all T2DM patients but measurable subgroups of patients experi-
ence an increased fracture risk potentially due to a specific risk
profile. To what extent bone matrix and fracture toughness prop-
erties within these patient subgroups differ remains to be eluci-
dated in the future.
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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 (TIDM) and type 2 diabetes (T2DM) patients experience
a higher rate of fragility fractures. The causes of poor bone health in TIDM 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 TAIDM cortical bone compared to age-
matched healthy individuals. TIDM 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 TIDM, 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 TIDM 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 fiihrt. Aktuelle Studien haben gezeigt, dass sowohl Patienten mit Typ-1-Diabetes
(TIDM) als auch Typ-2-Diabetes (T2DM) ein erhohtes Risiko fiir Fragilitdatsfrakturen haben. Die
Ursachen fir die schlechte Knochengesundheit bei TIDM und T2DM sind komplex, multifaktoriell und
nicht vollstandig geklart. 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 beeintrachtigte Knochenmatrix bei Personen mit DM erkennen lasst.

Der Einfluss von Hyperglykdmie auf die Knochenqualitdit wurde an kortikalen Proben aus dem
Femurschaft von Individuen mit TIDM, im Vergleich zu knochengesunden Proben von gleichaltrigen
Personen, untersucht. T1DM-Knochen wiesen eine erhohte Osteozyten-Apoptose und eine
UbermaRige Osteozyt-Lakunen Mineralisierung auf. Die Veranderung des Osteozyten-Netzwerks flihrt
zu einer Beeintrachtigung der Knochenreparaturmechanismen, was zu einer Anhaufung von
Mikroschaden im diabetischen Knochen fiihrt und somit die biomechanische Kompetenz des
Knochengewebes kumulativ beeinflusst. Weitere Untersuchungen konzentrierten sich auf die
Haufigkeit und Auswirkungen der Osteozyt-Lakunen Mineralisierung, auch bekannt als Mikropetrose,
bei Stoffwechselstérungen wie Osteoporose und DM. Die Daten zeigten, dass Mikropetrose bei
Personen mit diesen Erkrankungen haufiger 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 fiir eine optimale

mechanosensitive Knochenfunktion sicherzustellen.

Knochenqualitdtsparameter bei T2DM wurden mithilfe von hochauflésender Bildgebung und
verschiedensten Labortechniken bewertet. In der T2DM-Gruppe identifizierten wir eine Untergruppe
von Personen mit hoher kortikaler Porositit (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 héheren kortikalen Porendurchmesser, gemessen mit hochauflosender
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 verdanderte zyklische
Indentationseigenschaften in der T2DMwHP-Gruppe, was auf eine geringere Knochenfestigkeit in der

T2DMwHP-Gruppe, nicht jedoch in der T2DM-Gruppe, schlieSen lasst.
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Weitere Untersuchungen in kortikalen Knochenproben von méannlichen Individuen mit T2DM konnten
in Bezug auf Mikrostruktur keine Unterschiede zu gesunden Kontrollproben zeigen. In dem T2DM
Proben gab es zudem keine Anderung der Bruchzihigkeit im Vergleich zu den knochengesunden
Proben, was darauf hindeutet, dass moglicherweise nur eine bestimmte Untergruppe von Personen

mit T2DM einem héheren Fraktur Risiko ausgesetzt ist.

Zusammenfassend liefern die in dieser Arbeit prasentierten Ergebnisse einen neuen Einblick in die
Osteozyten-Pathologie bei TIDM, und lassen auf beschleunigte Alterungseffekte in der diabetischen
Knochenmatrix schlieRen. Darliber hinaus stellt die lakundre Mineralisierung einen neuen potenziellen
Biomarker fur eine veranderte Knochenqualitat dar, was die Bedeutung der Entfernung geschadigter
Knochenmatrix hervorhebt. Diese Arbeit verbessert damit unser Verstandnis diabetischer
Knochenerkrankungen, und verdeutlicht auch die Unterschiede in den Knochenmatrixeigenschaften
zwischen T1DM und T2DM. Die dargelegten Ergebnisse kdnnten dazu beitragen maligeschneiderte

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