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Abstract

Skeletal fragility is a major complication of type 2 diabetes mellitus (T2D), but there is a poor 

understanding of mechanisms underlying T2D skeletal fragility. The increased fracture risk has 

been suggested to result from deteriorated bone microarchitecture or poor bone quality due to 

accumulation of advanced glycation end-products (AGEs). We conducted a clinical study to 

determine whether: 1) bone microarchitecture, AGEs, and bone biomechanical properties are 

altered in T2D bone, 2) bone AGEs are related to bone biomechanical properties, and 3) serum 

AGE levels reflect those in bone. To do so, we collected serum and proximal femur specimens 

from T2D (n = 20) and non-diabetic (n = 33) subjects undergoing total hip replacement surgery. A 

section from the femoral neck was imaged by microcomputed tomography (microCT), tested by 

cyclic reference point indentation, and quantified for AGE content. A trabecular core taken from 

the femoral head was imaged by microCT and subjected to uniaxial unconfined compression tests. 

T2D subjects had greater HbA1c (+23%, p ≤ 0.0001), but no difference in cortical tissue mineral 

density, cortical porosity, or trabecular microarchitecture compared to non-diabetics. Cyclic 

reference point indentation revealed that creep indentation distance (+18%, p ≤ 0.05) and 

indentation distance increase (+20%, p ≤ 0.05) were greater in cortical bone from T2D than in 

non-diabetics, but no other indentation variables differed. Trabecular bone mechanical properties 

were similar in both groups, except for yield stress, which tended to be lower in T2D than in non-
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diabetics. Neither serum pentosidine nor serum total AGEs were different between groups. 

Cortical, but not trabecular, bone AGEs tended to be higher in T2D subjects (21%, p = 0.09). 

Serum AGEs and pentosidine were positively correlated with cortical and trabecular bone AGEs. 

Our study presents new data on biomechanical properties and AGEs in adults with T2D, which are 

needed to better understand mechanisms contributing to diabetic skeletal fragility.
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1. Introduction

Individuals with type 2 diabetes mellitus (T2D) have an increased risk of fracture, despite 

having normal or high bone mineral density (BMD) [1-5]. While falls are more common 

among T2D patients, fracture risk remains increased even after accounting for the higher 

incidence of falls within this group [6]. Thus, it has been suggested that the increased 

fracture risk seen in T2D may be due to altered bone microarchitecture and/or poor bone 

quality (i.e. matrix properties) [7, 8]. Notably, some but not all, studies report altered cortical 

bone microarchitecture in T2D [7-9]. However, very little is known about the contribution of 

poor bone quality to reduced bone strength in T2D. Thus, mechanisms underlying diabetic 

skeletal fragility are poorly understood, making it difficult to develop appropriate strategies 

to diagnose and prevent fractures in this population.

Specifically, the accumulation of advanced glycation end-products (AGEs) by non-

enzymatic glycation, a spontaneous reaction between amino acid residues on collagen fibers 

and extracellular sugars [10, 11], can lead to poor bone tissue matrix composition. Literature 

indicates that AGEs can adversely affect mechanical properties, which may ultimately 

contribute to increased skeletal fragility [12-14]. However, the limited data available 

regarding the effect of AGEs on bone mechanical properties is contradictory. For example, 

one study showed that human trabecular bone specimens with AGEs induced by in vitro 
incubation had lower post-yield strain energy compared to vehicle-incubated specimens 

[15], but there was no difference in post-yield strain energy due to induced AGEs in bovine 

cortical bone [16]. Further, two ex vivo studies in human trabecular and cortical bone 

showed negative relationships between AGE content and ultimate strain and stress [17, 18], 

while a study in human trabecular bone reported no relationships between AGEs and 

biomechanical properties [19]. Therefore, the effect of AGEs on bone mechanical properties, 

and especially in diabetic bone, remains unclear.

Further, a few studies report increased pentosidine (an AGE) in urine or serum of individuals 

with T2D who experience fractures compared to those without fractures [20, 21]. One study 

reported that in bone retrieved during total knee replacement, pentosidine content was higher 

in patients with T2D than in non-diabetics [22]. However, this study was conducted in a 

small, homogenous sample of men, and did not assess bone biomechanical properties. 

Moreover, given that pentosidine composes only 1% of total fluorescent AGEs [23], it may 

be important to assess the total amount of AGEs in bone. Furthermore, it is not known 
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whether the amount of AGEs in other biological sources (e.g. serum) are associated with the 

amount of bone AGEs and/or bone biomechanical properties.

Thus, our goals were to: 1) investigate whether bone microarchitecture, AGEs, and bone 

biomechanical properties are altered in diabetic bone, 2) determine if bone AGEs relate to 

bone biomechanical properties, and 3) determine whether serum AGEs reflect those in bone. 

We hypothesized that bone specimens from patients with T2D would have increased cortical 

porosity but similar trabecular microarchitecture, increased AGE content, and deteriorated 

biomechanical properties compared to non-diabetic specimens. We also hypothesized that 

higher HbA1c and bone AGEs would be associated with worse bone biomechanical 

properties, and that bone and serum AGE content would be associated with each other.

2. Methods

2.1 Subject Recruitment and Specimen Collection

We sequentially recruited patients undergoing elective total hip replacement surgery at Beth 

Israel Deaconess Medical Center (BIDMC) in Boston, MA, USA. The protocol was 

approved by the BIDMC Institutional Review Board, and all subjects provided written 

informed consent prior to participation. Subjects were considered to have T2D if: 1) they 

had an HbA1c ≥ 6.5% in their medical record within the past 2 years; 2) they had an HbA1c 

≥ 6.5% more than 2 years ago and are currently using T2D medication; 3) they had a fasting 

blood glucose measurement ≥ 125 mg/dL recorded in their medical record within the past 2 

years; 4) they had a fasting blood glucose measurement ≥ 125 mg/dL more than 2 years ago 

and are currently using T2D medication; or 5) they were currently using T2D medication 

other than metformin.

Exclusion criteria included abnormalities in bone and mineral metabolism, current use of 

hormone replacement therapy, current use of medications known to negatively impact bone 

(e.g. glucocorticoids, anti-retroviral medications), use of osteoporosis medications within the 

past 12 months (i.e. bisphosphonates, teriparatide, and denosumab), current or prior use of 

thiazolidinediones, and/or use of glucocorticoids within the past 3 months.

We enrolled 20 subjects with T2D and 33 non-diabetic controls. Medications used by the 20 

subjects with T2D included monotherapy with metformin (n=11), insulin (n=2), or second 

generation sulfonylurea (n=2), and combination therapies of second generation sulfonylurea 

and GLP1 receptor agonist (n=1); metformin and SGLT2 inhibitor (n=1); insulin and 

bromocriptine (n=1); insulin, metformin and second generation sulfonylurea (n=1); and 

insulin, metformin, second generation sulfonylurea and GLP1 receptor agonist (n=1).

Serum samples were collected prior to surgery and stored at −80°C until use. Discarded 

femoral head and neck surgical specimens were collected fresh, grossly sectioned, reviewed 

by the pathology department, and stored without any fixative at 4°C until collection by our 

study team within 24-48 hours after surgery. Femoral specimens were wrapped in saline 

soaked gauze and stored at −20°C until use.
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2.2 Sample Preparation

We cut a 3 mm thick cross-section from the posterior-medial half of the femoral neck to use 

for microcomputed tomography (microCT) imaging, cyclic reference point indentation 

(cRPI), and quantification of AGEs as described below (Figure 1). We also excised a 

trabecular core (8mm diameter × 25mm length) from femoral heads along the direction of 

the principal trabeculae, which was subsequently imaged by microCT and subjected to 

uniaxial unconfined compression testing as described below.

2.3 Tissue Mineral Density, Cortical Porosity, and Trabecular Microarchitecture

Femoral neck cross-sections were imaged by microCT (μCT40, Scanco Medical AG, 

Brüttisellen, Switzerland) to assess cortical tissue mineral density (Ct.TMD, mgHA/cm3) 

and cortical porosity (Ct.Po, %). Specifically, images were acquired at 15 μm voxel nominal 

resolution (X-ray tube current 114 μA, effective energy 70 kV, 300 ms integration time) and 

segmented using a threshold of 601.8 mgHA/cm3. Femoral head trabecular cores were also 

imaged to assess bone volume fraction (BV/TV, %), connectivity density (Conn.D. 1/mm3), 

structural model index (SMI), trabecular number (Tb.N, 1/mm), trabecular thickness (Tb.Th, 

mm) and trabecular separation (Tb.Sp, mm) using the same microCT device with the same 

scanning parameters. Trabecular cores were segmented using a threshold of 443.4 mgHA/

cm3.

2.4 Cortical Bone Properties by Cyclic Reference Point Indentation

Femoral neck specimens were thawed to room temperature and then tested using cRPI 

(Biodent Hfc, Active Life Scientific, Santa Barbara, CA) with a probe assembly featuring a 

beveled reference probe with blunted end (~5 mm cannula length) and test probe with 

spherical tip (2.5 μm radius point) that tapers from a 90° cone shape to cylindrical shaft 

(BP2 probes, Active Life Scientific, Santa Barbara, CA). Indentation tests were conducted 

parallel to the longitudinal axis of the femoral neck. We made 8 indentations per specimen 

~1 mm apart at 6 N, 2 Hz, for 20 cycles. Outcomes from the 8 indentations per bone sample 

were averaged. The following variables were measured: indentation distance (ID, μm 

[indentation distance into the bone during the first cycle]), creep indentation distance (CID, 

μm [total indentation distance during the hold step of the first cycle]), total indentation 

distance (TID, μm [total indentation distance into the bone across all cycles]), indentation 

distance increase (IDI, μm [difference in indentation distance into the bone between the first 

and last cycles]), average energy dissipated (avg ED, μJ [area enclosed by the test’s 

hysteresis loop from the third to last cycle]), average unloading slope (avg US, N/μm 

[average unloading slope from 3rd to last cycle]), and average loading slope (avg LS, N/μm 

[average loading slope from 3rd to last cycle]).

2.5 Trabecular Bone Biomechanical Properties by Compression Testing

Radiographs were taken of both the anterior and posterior halves of the femoral heads to 

determine the primary angle of orientation for the trabeculae. Halves with the most available 

bone were chosen for coring to ensure cores of suitable length could be obtained (24 

anterior, 2 posterior). Trabecular cores were extracted along the direction of the primary 

trabeculae using an 8 mm diamond tipped coring bit. From the extracted cores, a ~23 mm 
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length section was cut for testing using a low-speed saw (Isomet 1000, Buehler, Lake Bluff, 

IL). Cores were prepared using a shallow end-capping method intended to reduce end-

artifacts during compression testing [24]. Circular wells (3 mm deep, ~8 mm diameter) were 

machined into the top of brass end-caps (12.5 mm diameter). Each end of the core was 

embedded in an end-cap by filling the well in the end-cap with poly-methyl-methacrylate 

(PMMA) and then inserting the end of the core into the well. A custom jig was used to 

ensure the end-caps on each end of the core were aligned. The gage-length of each sample 

was measured as the distance between the end-caps.

Compression testing was performed on a servo-hydraulic testing system (Model 8511, 

Instron, Norwood, MA) with a 2000 N load cell. The samples were inserted into the testing 

system with the top end-cap clamped into a three-jaw chuck, attached to the load cell on the 

actuator, and the bottom end-cap resting horizontally and un-confined on a flat steel platen 

attached to the base of the load frame. A pre-load was applied to 10 N and then compression 

testing was conducted at a fixed strain rate of 0.5% strain/s until the sample was strained to 

10%. Force and displacement from actuator LVDT were recorded at 100 Hz. Force and 

displacement data were used to calculate the following structural properties: maximum force 

(N), work to maximum force (mJ), stiffness (N/mm), and yield strain (mm/mm). 

Additionally, cross-sectional area measured by calipers were coupled with the mechanical 

testing data to calculate the following apparent material properties: toughness to yield 

(mJ/mm3), toughness to maximum force (mJ/mm3), toughness to 3% strain (mJ/mm3), post-

yield toughness (mJ/mm3), apparent compressive modulus (MPa), and yield stress (MPa).

2.6 Advanced Glycation End-Products in Bone

AGE content was assessed separately in cortical and trabecular bone pieces from the femoral 

neck using a fluorometric assay, as previously published [15, 16, 18]. Cortical bone taken 

from the neck was previously indented, but trabecular bone from the neck was not 

mechanically tested before collection for AGE measurement. Specimens were defatted in 

isopropyl ether (three 15-minute washes under constant agitation), lyophilized overnight 

using a freeze dryer, and hydrolyzed in 6N hydrochloric acid for 20 hours at 110°C. 

Hydrolysates were stored in −80°C in complete darkness until use in the assay. Fluorescence 

was measured for hydrolysates using a microplate reader (Synergy MX, BioTek, Winooski, 

VT) at 360/460 nm excitation/emission, and normalized to a quinine sulfate standard. Then, 

a chloramine-T solution was added to the remaining hydrolysates and hydroxyproline 

standards and incubated for 20 minutes at room temperature to oxidize hydroxyproline. A 

3.15 M perchloric acid solution was added and incubated for 5 minutes at room temperature 

to neutralize residual chloramine-T. Lastly, a p-dimethylaminobenzaldehyde solution was 

added and incubated for 20 minutes at 60°C. After allowing samples and standards to cool in 

complete darkness for 5 minutes, absorbance was measured at 570 nm using a microplate 

reader. Collagen content was calculated based on hydroxyproline content [25], and total 

fluorescent AGEs were assessed in units of quinine fluorescence per unit collagen.

2.7 Serum Biochemistry

HbA1c was measured by a commercial laboratory via the Harvard Catalyst Clinical 

Research Center (LabCorp, Newton, MA). Serum levels of pentosidine (Lifeome BioLabs, 
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Oceanside, CA; ELISA kit # CEA264Ge, Intra-Assay CV <10%, Inter-Assay CV <12%) 

and total AGEs (Cell Biolabs, Inc., San Diego, CA; ELISA kit # STA-817, Intra-Assay CV = 

4.5%, Inter-Assay CV = 8%) were both measured using commercially available enzyme 

linked immuno-sorbent assay kits according to manufacturers’ protocols.

2.8 Statistical Analyses

Distributions for all variables were plotted to identify potential outliers. No outliers were 

identified and thus all data were included in the statistical analyses. Basic demographics and 

clinical characteristics were calculated for both groups and compared by Student’s T-Test. 

Possible differences between groups in bone tissue mineral density, microarchitecture, AGE 

content and mechanical properties were determined by ANCOVA tests with age, race, sex, 

and BMI considered as possible confounding variables. Pearson correlation tests were used 

to determine relationships between variables. All statistical analyses were performed using 

IBM SPSS Statistics (version 24) with the significance level for all tests set to μ = 0.05.

3. Results

3.1 Sample Size

Several bone specimens (5 T2D, 10 non-T2D) were mishandled or unavailable for use due to 

logistical issues in the pathology department after surgery, resulting in 15 T2D and 23 non-

T2D specimens available for RPI and AGE measurement. Additional specimens were 

excluded from microCT imaging due to unavailability of the posterior-medial portion of the 

femoral neck for imaging (3 T2D, 4 non-T2D), resulting in 12 diabetics and 19 non-

diabetics whose bone specimens were imaged by microCT. Finally, because some of the 

femoral head specimens were unusable due to logistical issues (i.e. femoral head was 

damaged during surgery, femoral head was incorrectly cut by pathology), we were able to 

obtain trabecular cores from only a subset of the original recruited subjects (12 T2D, 13 

non-T2D).

3.2 Basic Demographics

55% of the subjects in both the T2D and control group were men. Subjects with T2D had 

similar age, height, and weight as non-diabetics, but tended to have a higher BMI in all 

subjects enrolled (+12%, p = 0.09) and within the subset described above (+15%, p = 0.08) 

(Table 1). Subjects with T2D had higher HbA1c compared to non-diabetics in all subjects 

enrolled (+23%, p ≤ 0.0001) and within the subset described above (+32%, p ≤ 0.002) (Table 

1).

3.3 Bone Microarchitecture, Biomechanical Properties, and AGEs

Cortical TMD and cortical porosity did not differ between groups (Table 2). cRPI revealed 

higher CID (+17.5%, p ≤ 0.05) and IDI (+20.1%, p ≤ 0.05) in T2D than in non-diabetics 

(Table 2). None of the other RPI variables differed significantly between groups, but 

indentation distances trended in the same direction.

For the trabecular cores, there was no difference in trabecular bone volume fraction, TMD, 

or microarchitecture between groups (Table 2). Pre- and post-yield compressive mechanical 
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testing outcomes also did not differ between groups, with the exception of a trend in yield 

stress, which was 47.6% lower in T2D than in non-T2D (p = 0.08).

Serum levels of total AGEs or pentosidine did not differ between groups (Table 2). In the 

bone itself, cortical bone AGEs tended to be higher in T2D (+21.3%, p = 0.09), while 

trabecular bone AGEs were similar between the two groups.

3.4 Relationships Among Bone Microarchitecture, AGEs, and Biomechanical Properties

HbA1c was not related to cortical TMD or porosity, or any cortical biomechanical 

properties. The indentation parameters ID (r = 0.33, p = 0.074), CID (r = 0.47, p ≤ 0.05), 

TID (r = 0.33, p = 0.068), and IDI (r = 0.32, p = 0.082) tended to be positively associated 

with cortical porosity. There were no relationships between bone AGEs and cRPI variables, 

but there were negative relationships between serum total AGEs and indentation distances 

(−0.50 ≤ r ≤ −0.34, p ≤ 0.05).

HbA1c was positively correlated with trabecular bone volume fraction, connectivity density, 

and trabecular number, and negatively associated with trabecular separation and structural 

model index, but was not related to any mechanical properties (Table 3). AGE content in 

trabecular bone was positively correlated with yield stress and yield strain, and negatively 

associated with post-yield displacement, but was not related to any other compressive 

mechanical properties or any microarchitectural variables (Table 3).

3.5 Relationship between HbA1c, Serum AGEs, and Bone AGEs

HbA1c was not related to cortical or trabecular AGEs, serum AGEs, or serum pentosidine. 

Cortical bone AGE content was positively associated with both serum pentosidine (r = 0.39, 

p ≤ 0.05) and serum total AGEs (r = 0.30, p = 0.07, Figure 2). Trabecular bone AGE content 

was positively associated with serum pentosidine (r = 0.28, p = 0.09) and total AGEs (r = 

0.37, p ≤ 0.05) (Figure 2). Total AGE content of cortical and trabecular bone were strongly 

associated with each other (r = 0.58, p ≤ 0.001) (Figure 2).

4. Discussion

Despite increased fracture risk among individuals with T2D, there is limited information on 

how bone microarchitecture and bone quality components contribute to bone mechanical 

properties in patients with T2D. By studying bone specimens from the proximal femur, our 

first objective was to provide new information on bone structure, mechanical properties, and 

AGE content in patients with and without T2D. Our second goal was to determine if AGE 

content in bone was related to bone mechanical properties. We found that compared to non-

diabetics, bone from patients with T2D had altered cortical bone biomechanical properties, 

as evidenced by some cyclic reference point indentation (cRPI) properties, and a trend for 

higher cortical bone AGEs. In contrast, we found no major differences in trabecular bone 

biomechanical properties and AGE content in those with and without T2D. Our third 

objective was to compare serum AGE measures with AGE content in bone. We found that 

cortical and trabecular bone AGEs were weakly positively correlated with serum pentosidine 

and total AGE content.
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Prior studies using high-resolution peripheral computed tomography (HR-pQCT) of the 

distal radius and tibia have reported increased cortical porosity in those with T2D [7, 8, 

26-29], however we found no impact of T2D on cortical porosity at the femoral neck. While 

discrepant from the several of the HR-pQCT studies, our findings are similar to other reports 

that showed cortical porosity is lower in diabetics or not different from non-diabetics 

[30-32]. The discrepancy regarding cortical porosity may be due to differences in 

measurement sites, as our measurements were taken at the femoral neck, whereas most 

previous studies report data on cortical microarchitecture at the distal radius and tibia. One 

other study used in vivo volumetric CT to assess cortical geometry and bone density at the 

femoral neck in T2D patients, and found lower cortical vBMD and thinner cortices in 

women with T2D and prevalent fragility fracture, but did not report results on cortical 

porosity [33].

Despite no differences in cortical microarchitecture between groups, bone specimens from 

patients with T2D had some altered indentation properties as measured by cRPI suggesting 

impaired cortical bone tissue properties. This observation is consistent with prior work 

showing larger indentation distances in cortical bone from rats and mice with diabetes [34, 

35]. Specifically, our previous work showed TallyHo mice (early onset T2D) had bone with 

greater indentation distances with a corresponding trend for increased AGEs compared to 

controls [35]. A more recent study using adult-onset UCD-T2D rats indicated that the T2D 

group had reduced whole bone strength with a corresponding increase in AGEs [36].

Our findings are also broadly consistent with reports of lower bone material strength index 

in patients with T2D compared to non-diabetic controls, as assessed by impact 

microindentation of the anterior tibia [30, 37, 38]. Of note, comparisons between our study 

and those reporting data on bone material strength index should be made carefully because 

impact microindentation and cyclic-based reference point indentation measurements are 

weakly related to each other and may reflect different aspects of bone’s mechanical behavior 

[39]. Notably, however, Jenkins, et al. reported that indentation distance increase was 

negatively associated with fracture toughness in human cortical bone specimens acquired 

from the femoral neck [40]. Thus, our results suggest that cortical bone specimens from 

human femoral neck of T2D patients may similarly have some deterioration in fracture 

toughness, although this needs to be confirmed in future studies through fracture toughness 

tests of microbeams extracted from the femoral neck.

We found that total AGE content was ~21% higher, though not reaching statistical 

significance, in the cortical bone of T2D patients than controls. This is in line with a prior 

study reporting about 30% higher pentosidine content in bone specimens from the proximal 

tibia in men with diabetes [22]. However, it should be noted that the prior study did not 

assess total fluorescent AGEs and likely evaluated a mix of cortical and trabecular bone, 

making it difficult to compare the two studies directly, as AGE content of cortical and 

trabecular bone differs [41]. Somewhat surprisingly, we did not detect any association 

between cortical bone AGEs and indentation variables, even though they were assessed at 

the same site. We originally anticipated that there would be an association between cortical 

AGEs and cRPI variables such that bone with higher AGE content would have higher 

indentation distances [42-44]. It is possible that the lack of relationships may be due to the 
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small and heterogeneous sample size and/or the fact that hyperglycemia in our subjects was 

fairly well-controlled, as evidenced by their relatively low HbA1c values. Future work will 

need to include more subjects, perhaps with a greater variation in diabetes severity, duration, 

and/or age, as well as measurement of bone pentosidine and other crosslinks.

There was no statistically significant difference in trabecular bone AGEs between groups 

although the trend was in the same direction as observed in cortical bone. This finding is 

consistent with a study that showed no difference in pentosidine content in trabecular bone 

from femoral heads of diabetic and non-diabetic patients undergoing total hip replacement 

[45]. However, given that pentosidine content is very poorly associated with total fluorescent 

AGEs [41], it is difficult to compare results from the two studies directly. We also observed 

no differences in trabecular microarchitecture between groups, similar to results reported in 

the distal radius and tibia of adults with and without T2D [29, 30, 32, 46]. Accordingly, 

there were no differences in trabecular compressive biomechanical properties between T2D 

and control subjects. Notably, however, trabecular bone AGE content was positively 

associated with yield stress and yield strain, and negatively associated with post-yield 

displacement. The latter finding is consistent with prior reports that accumulation of AGEs 

is associated with reduced energy dissipation and/or toughness [15, 17, 47, 48]. We had 

expected to see a decrease in toughness in bone specimens from diabetics, in accordance 

with in vitro studies that incubated trabecular bone in ribose to induce AGEs[15]. However, 

our measure of in vivo levels of AGEs was much lower than the level induced in the in vitro 
study (average AGE content in T2D = 220 ng quinine/mg collagen vs ribose-induced AGE 

content = 322 ng quinine/mg collagen). It is possible that the in vitro study observed 

changes in post-yield mechanical properties due to higher levels of AGEs, whereas our 

findings are more physiologically relevant.

We also aimed to determine whether serum measures of AGEs reflected AGE accumulation 

in bone. We found that both serum pentosidine and total AGE levels were positively, though 

weakly, correlated to total AGE content in cortical bone. Serum pentosidine and total AGE 

levels were also positively, but weakly correlated to trabecular bone AGE content. Odetti, et 
al. also reported a weak positive relationship between plasma pentosidine and cortical bone 

AGEs, but not with trabecular AGEs [49]. These results infer that serum measures of 

glycation may not serve as good predictors of non-enzymatic glycation content in bone, 

emphasizing the importance of utilizing in vivo methods to assess bone quality rather than 

relying on measurements taken from the serum. For instance, Furst, et al. showed that bone 

material strength index assessed by impact-microindentation was inversely related to skin 

AGEs assessed by skin autofluorescence in post-menopausal women with T2D [38]. Further 

work including more subjects with a wider range of AGEs is necessary to ensure that the 

weak correlations detected in our study were not due to having a small sample size and small 

range of AGEs.

Our results should be considered in light of several limitations. As mentioned above, this 

study included a relatively small sample size with subjects who had a limited age and HbA1c 

range. Further work with additional subjects, including those with more severe and/or poorly 

controlled diabetes, is needed. In addition, we assessed cortical bone mechanical properties 

by cRPI only, which is still a relatively new technique. All subjects recruited in this study 
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were undergoing hip replacement surgery due to osteoarthritis. Patients with osteoarthritis 

tend to have a localized increase of bone density and/or sclerosis in subchondral bone of the 

femoral head, but minimal differences in bone density of the femoral neck [50], where we 

conducted our cRPI tests. Moreover, both our diabetic and non-diabetic subjects were 

undergoing total hip replacement, and therefore the groups should be comparable. Thus, we 

do not believe presence of osteoarthritis negatively affected our ability to draw conclusions 

about diabetes vs. non-diabetes. To date, several AGEs have been identified including 

pentosidine, imidazolium compounds, crossline, and vesperlysines [44]. However, among 

these pentosidine is the most commonly quantified individual AGE in bone and has been 

shown to have some relationships with biomechanical properties. Thus, future work should 

involve measurement of pentosidine in our specimens.

In conclusion, we found that cortical bone from patients with T2D has worse indentation 

properties compared to non-diabetics. Results also indicated that higher serum AGEs are 

associated to deteriorated indentation properties and that AGE content in bone and serum are 

weakly correlated, with each other, but further work is needed to clarify these relationships. 

Altogether, these results provide new data on biomechanical properties and AGEs in the 

proximal femur of adults with T2D, but additional work is needed to confirm these results 

and identify additional biomechanical mechanisms underlying diabetic skeletal fragility.
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Highlights

• Type 2 diabetics have similar cortical and trabecular microarchitecture as non-

diabetics in the femoral neck and head

• Reference point indentation measures in cortical bone at the femoral neck are 

worse in type 2 diabetics than in non-diabetics

• Advanced glycation end-products (AGEs) in bone are not related to bone 

biomechanical properties at the femoral neck

• Cortical bone AGEs are higher in type 2 diabetics than in non-diabetics

• Serum AGEs and pentosidine are positively, but weakly, correlated with bone 

AGEs
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Figure 1. 
The inferomedial half of the femoral neck cross-section was used for microcomputed 

tomography, cyclic reference point indentation, and AGE quantification. The extracted 

trabecular core from the femoral head was used for microcomputed tomography and 

compression testing.
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Figure 2. 
There were significant positive relationships between serum AGEs and pentosidine and bone 

AGEs (A-D), and between cortical and trabecular bone AGEs (E).
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Table 1
Demographics and clinical characteristics of non-diabetic and T2D subjects enrolled in 
the study, expressed as mean ± SD for continuous variables and number of subjects for 
categorical variables

All Subjects Enrolled Subset

Non-
Diabetic
(n = 33)

Type 2
Diabetic
(n = 20)

Non-
Diabetic
(n = 19)

Type 2
Diabetic
(n = 12)

Sex

Male 19 (58%) 11 (55%) 12 (63%) 7 (58%)

Female 14 (42%) 9 (45%) 7 (37%) 5 (42%)

Race

White / Caucasian 27 (82%) 16 (80%) 16 (84%) 9 (75%)

Black / African-American 5 (15%) 4 (20%) 2 (11%) 3 (25%)

Asian 1 (3%) 0 1 (5%) 0

Basic Clinical Characteristics

Age (yrs) 64.3 ± 10.9 65.9 ± 10.0 61.6 ± 11.6 63.8 ± 9.7

Height (m) 1.70 ± 0.11 1.68 ± 0.08 1.72 ± 0.09 1.69 ± 0.08

Weight (kg) 86.2 ± 23.2 94.0 ± 15.2 85.2 ± 25.1 94.0 ± 16.0

BMI (kg/m2) 30.0 ± 8.0 33.5 ± 5.5φ 28.7 ± 7.8 33.0 ± 5.1φ

Diabetic Status

HbA1c (at PAT, %) 5.70 ± 0.24 6.99 ± 1.34** 5.64 ± 0.21 7.45 ± 1.51*

Diabetes Medication Used

Metformin - 11 (55%) 7 (58%)

Insulin - 2 (10%) 4 (33%)

Other# - 7 (35%) 1 (9%)

*
p≤0.05

**
p≤0.0001

φ
0.05<p≤0.10

#
Other group represents (a) any subject who took a T2D medication that is not metformin or insulin, and (b) any subject who took multiple T2D 

medications simultaneously, including insulin, sulfonylureas, GLP-1 receptor agonists, biguanides, dopamine receptor agonists, and SGLT2 
inhibitors.
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Table 2
Mean ± standard deviation for cortical bone morphology, trabecular bone volume 
fraction and microarchitecture, cortical cyclic indentation outcomes, trabecular 
compressive biomechanical properties, and AGE measures in the femoral neck and serum 
from non-diabetic and T2D subjects. All data were adjusted for race, sex, gender, and 
BMI

Non-Diabetic Type 2 Diabetic

Microcomputed Tomography

Cortical tissue mineral density (mgHA/ccm) 909 ± 39 916 ± 47

Cortical porosity (%) 16.3 ± 7.2 16.8 ± 6.7

Tb.BV/TV (%) 32.0 ± 5.0 32.7 ± 7.7

Tb.N (1/mm) 1.95 ± 0.19 2.01 ± 0.33

Tb.Th (mm) 0.17 ± 0.02 0.16 ± 0.02

Tb.Sp (mm) 0.352 ± 0.060 0.346 ± 0.092

Conn.D (1/mm3) 10.57 ± 2.57 11.41 ± 5.00

Cyclic Reference Point Indentation

Indentation distance (μm) 71.4 ± 18.1 73.4 ± 16.7

Creep indentation distance (μm) 5.88 ± 1.31 6.91 ± 1.50*

Total indentation distance (μm) 80.0 ± 20.1 83.9 ± 19.5

Indentation distance increase (μm) 13.6 ± 4.3 16.4 ± 4.7*

Average energy dissipation (μJ) 19.3 ± 5.4 20.0 ± 5.7

Average loading slope (N/μm) 0.40 ± 0.06 0.39 ± 0.06

Average unloading slope (N/μm) 0.53 ± 0.07 0.52 ± 0.07

Compressive Biomechanical Properties

Apparent compressive modulus (MPa) 566 ± 174 590 ± 243

Yield stress (MPa) 2.29 ± 1.54 1.20 ± 0.90φ

Maximum stress (MPa) 3.36 ± 0.79 3.30 ± 0.95

Stress at 3% strain (MPa) 2.40 ± 0.66 2.32 ± 0.69

Toughness to maximum point (mJ/mm3) 0.014 ± 0.009 0.014 ± 0.005

Toughness to 3% strain (mJ/mm3) 0.071 ± 0.018 0.070 ± 0.021

Post-yield toughness (mJ/mm3) 0.06 ± 0.02 0.07 ± 0.02

Advanced Glycation End-Products (AGEs)

Cortical bone AGEs (ng quinine/mg collagen) 178 ± 53 216 ± 64φ

Trabecular bone AGEs (ng quinine/mg collagen) 211 ± 60 224 ± 50

Serum pentosidine (ng/mL) 46.6 ± 11.5 53.5 ± 11.7

Serum AGEs (μg/mL) 32.3 ± 9.2 29.2 ± 7.1

*
p≤0.05

φ
0.05<p≤0.10
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Table 3
Correlation coefficients for HbA1c, trabecular bone AGEs, trabecular microarchitecture, 

and compressive biomechanical properties. P-values are listed in parentheses

HbA1c Trabecular bone AGEs
(ng quinine/mg collagen)

Microcomputed Tomography

BV/TV (%) 0.51 (≤ 0.05) NS

Tb.N. (1/mm) 0.55 (≤ 0.05) NS

Tb.Th. (mm) NS NS

Tb.Sp. (mm) −0.45 (= 0.07) NS

Conn.D. (1/mm3) 0.55 (≤ 0.05) NS

SMI −0.59 (≤ 0.05) NS

Compressive Biomechanical Properties

Apparent compressive modulus (MPa) NS NS

Yield stress (MPa) NS 0.56 (≤ 0.05)

Yield strain (%) NS 0.68 (≤ 0.05)

Maximum stress (MPa) NS NS

Stress at 3% strain (MPa) NS NS

Toughness to maximum point (mJ/mm3) NS NS

Toughness to 3% strain (mJ/mm3) NS NS

Post-yield toughness (mJ/mm3) NS NS

Post-yield displacement NS −0.66 (≤ 0.05)

NS = not significant
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