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Abstract 

Context:  Increased bone fragility and reduced energy absorption to fracture associated 
with type 2 diabetes (T2D) cannot be explained by bone mineral density alone. This study, 
for the first time, reports on alterations in bone tissue’s material properties obtained 
from individuals with diabetes and known fragility fracture status.
Objective: To investigate the role of T2D in altering biomechanical, microstructural, and 
compositional properties of bone in individuals with fragility fracture.
Methods:  Femoral head bone tissue specimens were collected from patients who 
underwent replacement surgery for fragility hip fracture. Trabecular bone quality 
parameters were compared in samples of 2 groups, nondiabetic (n = 40) and diabetic 
(n = 30), with a mean duration of disease 7.5 ± 2.8 years.
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Results:  No significant difference was observed in aBMD between the groups. Bone 
volume fraction (BV/TV) was lower in the diabetic group due to fewer and thinner 
trabeculae. The apparent-level toughness and postyield energy were lower in those with 
diabetes. Tissue-level (nanoindentation) modulus and hardness were lower in this group. 
Compositional differences in the diabetic group included lower mineral:matrix, wider 
mineral crystals, and bone collagen modifications—higher total fluorescent advanced 
glycation end-products (fAGEs), higher nonenzymatic cross-link ratio (NE-xLR), and 
altered secondary structure (amide bands). There was a strong inverse correlation 
between NE-xLR and postyield strain, fAGEs and postyield energy, and fAGEs and 
toughness.
Conclusion: The current study is novel in examining bone tissue in T2D following first hip 
fragility fracture. Our findings provide evidence of hyperglycemia’s detrimental effects 
on trabecular bone quality at multiple scales leading to lower energy absorption and 
toughness indicative of increased propensity to bone fragility.

Key Words: diabetes, bone quality, AGEs, trabecular bone, fragility fracture, bone toughness

Type 2 diabetes (T2D) affects bone homeostasis leading up 
to 3-fold increased hip fracture risk compared with those 
without diabetes (1-3). This high fragility fracture risk is 
observed despite adequate areal bone mineral density 
(aBMD) in T2D (4-9). Thus, aBMD underestimates frac-
ture risk in T2D, making the clinical identification of those 
at risk for fractures difficult. Beyond aBMD, the key factors 
contributing to bone strength are the parameters of bone 
quality—microstructure, bone material properties, bone 
mineral content and mean crystal size, bone protein (Amide 
I and II) quantity and its secondary structure, and bone cell 
activity and dynamics (Fig. 1A). These determinants have 
been examined individually in few studies and material 
properties are often listed as the cause of poor bone quality 
in diabetes (10-13). Only animal studies (14-19) and 3 re-
cent studies of human tissue have attempted to address this 
question comprehensively (10, 11, 13). A limitation of the 
previous human studies is that bone tissue was collected 
at the time of arthroplasty and may therefore have con-
founding effects associated with arthritis (including in-
creased trabecular bone density) (10, 11, 13). Furthermore, 
no prior studies of bone tissue material properties in hu-
mans have been conducted with known diabetic status and 
known fragility fracture status. The current study is novel 
in examining human bone tissue following first hip fragility 
fracture.

The mechanisms underlying this poor bone quality 
and high fracture risk in diabetes are not well under-
stood. Prolonged hyperglycemia leads to an increase in 
the nonenzymatic reactions (Maillard reactions) and the 
formation of advanced glycation end-products (AGEs) 
through post-translation modification (20). AGEs then 
accumulate in the bone tissue and react irreversibly with 
amino acid residues of peptides or proteins to form pro-
tein adducts or protein crosslinks (21). This phenomenon, 

widely recognized as nonenzymatic crosslinking (NE-xL), 
is the underlying mechanism for multiple complications of 
diabetes, as it alters normal cellular functioning and tissue 
quality (22, 23). AGE accumulation may also alter mineral-
ization through hyperglycemia affecting bone strength (15).

In the present ex vivo study, we aimed for multiscale 
characterization of bone tissue from individuals with 
and without diabetes, following hip fracture. This study 
includes investigation of the structural parameters at 
voxel size consistent with use of microcomputed tom-
ography (µ-CT) and corresponding apparent level 
mechanical properties measured through the uniaxial 
compression test. We also examine bone material prop-
erties (nanoindentation) as well as bone composition 
(thermogravimetric analysis [TGA]), mineral crystal size 
(X-ray diffraction [XRD]), alterations in protein con-
tent, enzymatic crosslink ratio (E-xLR), nonenzymatic 
crosslink ratio (NE-xLR) (Fourier transform infrared 
spectroscopy [FTIR]), and fluorescent (f)AGE content in 
the human diabetic bone tissue.

Material and Methods

Study Participants

Bone samples were taken from 2 groups of patients who 
underwent bipolar hemiarthroplasty or total hip re-
placement following fragility fracture of hip—patients 
without diabetes (n  =  40) and with diabetes (n  =  30). 
Replacement surgery was the recommended treatment as 
these hip fractures were unsuitable for management with 
cannulated cancellous screw or proximal femoral nail. 
Patients’ age also favored replacement surgery for better 
outcome. T2D was diagnosed according to the American 
Diabetes Association criteria (24). None of the patients 
had history of hip fracture prior to the fracture reported 
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here. Patients with cancer, osteoarthritis, renal dysfunc-
tion, primary or secondary hyperparathyroidism, unex-
plained elevated alkaline phosphatase, and secondary 
osteoporosis (chronic steroid or antiepileptic use) were 
excluded from the study.

All patients with diabetes were taking antidiabetic medi-
cations (metformin, sulfonylurea, or insulin). None were on 
pioglitazone or SGLT2 inhibitors. All participants involved 
in the study were from Northern India. The study was ap-
proved by the Institutional Ethics Committee (Approval 

Figure 1.  (A) Determinants of bone quality, (B) The extraction of cylindrical trabecular bone cores, each 5 mm in diameter and 8-9 mm in length, from 
femoral heads along the direction of the principal trabeculae using the drilling machine attached with diamond core bit, (C) Characterization tech-
niques used to determine the human trabecular bone quality for diabetes patients. SB, subchondral bone.
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Number PGI/IEC/2015/171) of the Postgraduate Institute 
of Medical Education and Research, Chandigarh. Written 
informed consent was obtained from each study partici-
pant. Demographic, clinical, biochemical, and aBMD 
(contralateral femoral neck BMD) were recorded for all 
participants.

Sample Procurement and Storage

Femoral heads were collected from patients undergoing 
replacement surgery for hip fractures. From each fem-
oral head, 5 to 7 cylindrical trabecular bone cores, each 
5 mm in diameter and 8 to 9 mm in length, were extracted 
from femoral heads along the direction of the principal 
trabeculae using the drilling machine attached with a dia-
mond core bit as shown in (Fig. 1B). The bone cores were 
cleaned with a water jet, wrapped in saline-soaked gauze 
(PBS 7.4 pH), transferred into sample bags, labeled, and 
subsequently stored at –20°C (10). Bone cores were then 
used for different characterization techniques, as shown in 
(Fig. 1C). All experiments were conducted within 1 month 
after the collection of the femoral head.

Assessment of Bone Quality Parameters

Microstructural parameters
The microstructural parameters were studied using µ-CT. 
One bone core of each patient was air dried and scanned 
along the cylindrical axis on a µ-CT system (Phoenix/x-ray, 
GE Sensing & Inspection Technologies, Germany) using 
10 μm voxel size, 45 keV tube voltage, 250 µA beam current, 
250 second integration time, and 10 frames. Reconstruction 
of scanned images was collected using Phoenix software 
(phoenix/x-ray, GE Measurement & Control; Germany) 
and reconstructed images were imported in Scan-IP 
(Simpleware Ltd, UK) and Image J’s plugin BoneJ (software 
by National Institute of Health, https://imagej.nih.gov/ij/) 
(25). Following structural parameters were obtained: bone 
volume fraction (BV/TV), trabecular thickness (Tb.Th), 

trabecular separation (Tb.Sp), trabecular number (Tb.N), 
structure model index (SMI), and degree of anisotropy 
(DA) (26).

Bulk mechanical properties
After µ-CT imaging, the bone cores were utilized for com-
pression testing. The samples were rehydrated in saline-
soaked gauzes for 2 hours at 4°C. Mean specimen length 
of 8 mm and length to diameter ratio of nearly 1.5:1 were 
used for testing. The bone cores were glued in customized 
mild steel cylindrical end caps to minimize end-effects (27). 
A compression test was performed on each core to measure 
the mechanical properties using an electromagnetic testing 
system (Electroforce 3200, Bose, Eden Prairie, MN, USA, 
with specification of load cell: ±450  N, and linear vari-
able displacement transducer: stroke length ±6.5 mm with 
0.1 μm resolution) at room temperature while keeping the 
specimen hydrated in phosphate-buffered saline spray (28). 
The specimens were preloaded to 5 N to ensure proper con-
tact between the test specimen and the compression plate. 
Then, preconditioning between 0.05% and 0.2 % strain 
was done in 3 cycles to minimize the toe region. Montontic 
testing was conducted at a strain rate of 0.01 s–1 until 1 mm 
displacement. The load displacement data were captured 
at 100 Hz frequency and converted into stress–strain data 
(Fig. 2A), to determine several mechanical parameters 
including elastic modulus, yield point (using the 0.2% 
offset method), ultimate point (determined as the point of 
maximum load), postyield strain (determined as the differ-
ence between ultimate strain and yield strain), postyield 
strain energy, and toughness (27, 29, 30).

Bone material properties
The bone material properties were determined using 
nanoindentation. A bone core from each patient was em-
bedded in epoxy and used to determine material level prop-
erties via nanoindentation. The embedded samples were 
ground, polished in diamond solutions with particle sizes 
of 3, 1, 0.25, and 0.05 µm (Buehler Eco Met 250 grinder 

Figure 2.  (A) Calculated typical stress–strain plot of compression test for diabetic and nondiabetic groups, (B) Amide I and Amide II bond positions 
in principal structural unit of collagen in human trabecular bone.
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and polisher) and abrasive papers of 1200, 2000, and 4000 
grit sizes, under the water cooling condition. The samples 
were cleaned ultrasonically with distilled water between 
each polishing step.

Nanoindentation tests were performed using a TI-950 
Tribo Indenter (Hysitron Inc., Minneapolis, MN, USA) 
with Berkovich pyramidal tip, having an included angle 
of 142.3° and tip radius of ~150 nm. The calibration of 
the instrument was performed using standard fused quartz 
and aluminum samples following the standard procedure 
(31, 32). Locations for indents were identified using an 
in situ scanning probe microscope integrated with the 
nanoindentation system. All tests were performed at room 
temperature in moist conditions.

Twenty (20) indents with a peak load of 3000 µN were 
applied to the longitudinal sections of the core (33). The 
load function consisted of a 10-second ramp to peak force 
segment, followed by a 30-second hold and an unloading 
segment of 10 second. The 30-second hold time was 
adopted to eliminate creep effects (34). The load displace-
ment curves, obtained from indentation tests, were ana-
lyzed to determine the reduced modulus (Er) and hardness 
(H) (average of 20 indents) using Oliver and Pharr method 
in Triboscan (Hysitron) (35, 36).

Composition
TGA was performed to compare the bulk mineral to ma-
trix ratio. Approximately 8 to 12 mg of trabecular bone 
underwent TGA (TGA/DSC1 instrument, Mettler Toledo, 
Greifensee, Switzerland) in a controlled air atmosphere 
from room temperature to 1000°C with a heating rate of 
10°C/min. The thermal data were analyzed in STARe soft-
ware (version 12.1). The mineral to matrix ratio was calcu-
lated as the ratio between the percentages of mass (% dry 
weight) remaining after heating to 600°C and the organic 
mass loss between 200°C and 600°C. The protocol was 
adopted from published studies (37, 38).

Mean crystal size
In order to obtain a powder, the half bone core was defatted 
and dehydrated in increasing concentrations of ethanol 
(70% to 100%) for 10 minutes each. The specimen was wet 
ground in acetone using a mortar and pestle until a uniform 
and homogeneous powder was obtained (31). XRD measure-
ments were performed using CuKα radiation at 40 kV and 
40 mA (X’Pert PRO, PANalytical) from 20 to 45° 2θ. The 
X’pert Highscore plus software was used for background 
correction and to fit the diffraction peaks at 2θ = 26° and 
40° corresponding to 002 (c-axis direction) and 310 planes 
(ab-plane), respectively. The data of 002 and 310 planes were 
utilized to calculate the average length and width of mineral 
crystal respectively using the Scherrer equation (39-41).

Mineral and collagen properties
FTIR spectra were recorded from the freeze-dried bone 
section of donors using Bruker IFS 66v/S FTIR spectro-
photometer in the attenuated total reflectance mode, 
under constant pressure, in the spectral region of 4000 
to 400  cm–1 and used to calculate the following param-
eters: carbonate to phosphate ratio (area ratio of the car-
bonate ν2 peak [852-890 cm–1] to phosphate ν1-ν3 peak 
[916–1180 cm–1]), mineral crystallinity [intensity ratio of 
1030 cm–1 to 1020 cm–1, which is related to crystal size and 
stoichiometric perfection], and the acid phosphate content 
(intensity ratio of 1127  cm–1 to 1096  cm–1, which char-
acterizes acid phosphate substitution into stoichiometric 
hydroxyapatite) (42, 43). The Amide I  band (Fig. 2B) 
possesses structural information about the collagen ma-
trix and is also the location of the strongest peaks for the 
nonenzymatic crosslink pentosidine (22). Thus, sub-bands 
of the Amide I band were fitted with Gaussian curves at 
1610, 1630, 1645, 1660, 1678, and 1692 cm–1 by using a 
peak analyzer tool in OriginPro 8.5 software. These peaks 
were chosen based on the second derivative approach. From 
the analysis of Amide I sub-bands, the NE-xLR (22), and 
E-xLR (44) were measured through the area ratio of the 
1678/1692 cm−1 and 1660/1678 cm−1 sub-bands, respect-
ively. The measurement of NE-xLR enables the estimation 
of overall AGE content in bone tissue itself (22). Also, the 
collagen maturity (area ratio of 1660 cm–1 to 1690 cm–1) 
was measured within the Amide I peak (44, 45). The inte-
grated area ratio (relative content) of Amide I and Amide II 
(46-48) bands were normalized with respect to the methy-
lene (CH2) deformation band at 1450 cm–1, similar to pre-
vious studies (48, 49). Finally, the mineral to matrix ratio 
(area ratio of the phosphate ν1-ν3 peak [916-1180 cm–1] 
to amide I peak [1596-1712 cm–1]) was measured (42, 43).

Fluorescent Advanced Glycation End-products assay
Total fAGEs were measured using fluorescence spectrom-
etry and normalized to collagen concentration similar to 
previous studies (50, 51). The quarter bone cores of each 
donor were lyophilized overnight then 45 to 55 mg of dried 
specimens was hydrolyzed in 6 N HCl (100 µL/mg bone) at 
110°C for 20 hours in hydrolysis vials with screw caps. The 
hydrolysates were cooled in room temperature, collected in 
a microcentrifuge tube, and centrifuged with 13 000 rpm at 
4°C (Eppendorf 5424R microcentrifuge). The supernatant 
was collected, diluted (10 times with DI water), and fluor-
escence was measured in a flat bottom 96-well plate using 
a multimode microplate reader (CLARIOstar Plus, BMG 
LABTECH) at an excitation of 360 nm and an emission of 
460 nm. The fluorescence data of specimens were normalized 
with serially diluted quinine standards (stock: 10 µg quinine 
per 1 mL of 0.1 N H2SO4) measured in the same way (50, 
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51). Next, the absorbance assay of hydroxyproline was 
performed to determine collagen content to normalize the 
total fluorescence (50). Total fAGEs are reported in units 
of nanograms of quinine fluorescence per milligram of col-
lagen. The collagen content is derived based on prior know-
ledge that collagen consists of 14% hydroxyproline (52). All 
solutions used were freshly prepared, and experiments were 
performed in darkness at room temperature.

Statistical Analysis

Distributions of mechanical properties were plotted to iden-
tify potential outliers, and the data from 5 donors (3 from 
the nondiabetic group and 2 from the diabetic group) with 
values 2 SD beyond the mean were removed from all ana-
lysis. The distribution of the data was tested for normality 
by the Kolmogorov–Smirnov test. Homogeneity of variances 
was analyzed using Levene’s test. Between-group differences 
of calculated parameters were analyzed for statistical signifi-
cance using Student’s t-tests, after testing for normality and 
homogeneity of variances. Mean values and standard devi-
ation were calculated for the measured parameters. Pearson 
correlation tests were used to determine relationships be-
tween variables. Forward stepwise regression tests were 
conducted for mechanical properties using all significant 
parameters as independent variables. An analysis of covari-
ance (ANCOVA) was conducted to compare the differences 
in mechanical properties among groups by using BV/TV as 

a covariate. Post hoc power calculation was performed by 
comparing the mean value of postyield energy and toughness 
between diabetic and nondiabetic groups using an ANOVA 
test. A confidence level of P <  .05 implies a statistical sig-
nificance between the groups where P <  .05, P <  .01, and 
P < .001 denote the level of significance. Statistical analysis 
was performed using SPSS (v.21, SPSS Inc., Chicago, IL, 
USA) and Microsoft Office Excel (2007).

Results

Patient Characteristics

Table 1 shows the baseline characteristics of patients 
with diabetes (n  =  30) and without diabetes (n  =  40). 
The mean age of the diabetic and nondiabetic group 
was 69.7  ±  10.0 and 69.8  ±  10.2  years, respectively. 
The sex distribution among groups was also similar. 
Other than preoperative glycosylated hemoglobin A1c 
(HbA1c) levels, no significant differences were observed 
in other baseline characteristics, including aBMD, T 
score, and biochemical parameters between diabetic and 
nondiabetic groups. The duration of diabetes ranges from 
4 to 15 (7.5 ± 2.8) years.

Microstructural Parameters

Representative µ-CT images and map of trabecular thick-
ness in diabetic and nondiabetic bones are shown in (Fig. 3),  

Table 1.  Baseline demographic, radiographic and biochemical parameters of diabetic and nondiabetic groups

Parameters Nondiabetic group (n = 40) Diabetic group (n = 30) P value

Gender (females) n, % 25, 62.5 19, 63.3 .198
Age (years) 69.8 ± 10.2 69.7 ± 10.0 .961
Biochemical    
Preoperative HbA1c (%) 5.4 ± 0.4 7.9 ± 1.8 <.001
Diabetes duration (years) na 7.5 ± 2.8 na
Serum calcium (mg/dL) 8.4 ± 0.6 8.5 ± 0.6 .306
Serum phosphorus (mg/dL) 3.4 ± 0.7 3.4 ± 0.6 .658
PTH (pg/mL) 39.3 ± 21.0 41.4 ± 38.4 .791
25-hydroxy Vitamin D (ng/mL) 22.3 ± 8.6 22.5 ± 8.5 .932
ALP (IU/L) 134.2 ± 75.8 131.2 ± 36.9 .875
Imaging    
FN aBMD (gm/cm2) 0.600 ± 0.091 0.578 ± 0.106 .329
FN T score –2.6 ± 0.87 –2.5 ± 0.78 .696
Medications    
Metformin use (n, %) 0 15, 50  
Metformin + sulfonylurea use (n, %) 0 12, 40  
Metformin + sulfonylurea + insulin use (n, %) 0 3, 10  
Anti-osteoporotic treatmenta (n, %) 2, 5 1, 3.3  

All data are expressed as mean ± SD
Abbreviations: na, not applicable; HbA1c, glycosylated hemoglobin A1c; ALP, alkaline phosphatase; FN, femoral neck; aBMD, areal bone mineral density.
aBisphosphonate (alendronate).
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Figure 3.  Representative 3D reconstructed µ-CT image. (A) represents the nondiabetic group and (B) represents the diabetic group. The color map 
in (C) and (D) represents the variation in trabecular thickness for nondiabetic and diabetic group respectively. (E-L) Elastic modulus, yield stress, 
ultimate stress, yield strain, ultimate strain, postyield strain, postyield energy, and toughness respectively, for the diabetic and nondiabetic groups.
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and the mean values of microstructural parameters are 
shown in Table 2. The diabetic group had significantly 
lower BV/TV (14.21%, P  =  .03), Tb.Th (mm) (10.8%, 
P = .019) and Tb.N (1/mm) (8.0%, P = .033), higher Tb.Sp 
(mm) (12.27%, P = .095) and SMI)(24.48%, P = .037) than 
the nondiabetic group. We observed similar mean values 
(P = .475) of DA among both groups. The mean value of 
SMI for the diabetic and nondiabetic groups is 2.39 ± 0.19 
and 1.92  ±  0.12, respectively (P  =  .037), indicating that 
the rod-like trabeculae structure is dominant in the diabetic 
group compared with nondiabetics.

Mechanical Properties

The mean values of modulus, yield stress, ultimate stress, yield 
strain, ultimate strain, postyield strain, postyield energy, and 
toughness for both groups are shown in (Fig. 3 E-3L). The 
modulus, yield stress, ultimate stress, postyield energy, and 
toughness were found to be lower by 25% (P = .03), 27% 
(P = .01), 25% (P = .02), 47% (P = .007), and 45% (P = .005), 
respectively, in the diabetic group than in the nondiabetic 
group. These results indicate that the load-bearing and en-
ergy absorption capacity is significantly compromised in the 
diabetic bone. However, yield strain, ultimate strain, and 
postyield strain did not differ across groups.

Material Properties

Nanoindentation tests for both the groups reveal that 
under the same load of 3000 µN, the diabetic group had 

significantly lower values of modulus (7.37 ± 2.96 GPa to 
9.0 ± 2.7 GPa, P = .033) and hardness (0.294 ± 0.150 GPa 
to 0.444  ±  0.152  GPa, P  =  .014) than the nondiabetic 
group. The modulus and hardness were found to be lower 
by 18.1% and 33.8%, respectively in the diabetic group as 
compared to the nondiabetic group (Fig. 4A and 4B).

Composition

Representative TGA curves of weight (%) vs tempera-
ture with their respective first derivatives are plotted in 
(Fig. 4C). The percentage of weight associated with water 
content (m24°C [%] to m200°C [%]), organic content 
(m200°C [%] to m600°C [%]), mineral content (m600°C 
[%]/m200°C [%]), and carbonate content (m600°C [%] to 
m800°C [%]) are shown in Table 2. Diabetic bones exhib-
ited decreased mineral content (P =  .038) compared with 
nondiabetics. No significant differences are found in the 
organic content (P = .087), water content (P = .335), and 
carbonate content (P = .988). Mineral/matrix ratio indicate 
that diabetic bones had lower mineral/matrix ratio com-
pared with nondiabetics (P = .016) as shown in (Fig. 4D).

Mean Mineral Crystal Size

The representative XRD pattern of trabecular bone is 
shown in (Fig. 5A). The mean crystal length was not dif-
ferent between the groups (Fig. 5B), whereas diabetic bone 
had significantly larger crystal width than the nondiabetic 
bones (8.12 ± 2.07 nm vs 6.57 ± 1.33 nm, P  =  .024) as 
shown in (Fig. 5C).

Table 2.  Findings on Structural and Compositional Determinants of Bone Quality

Characterization techniques Parameters studied Study groups

Nondiabetic Diabetic P value

Structural Parameter (Micro- CT) Bone volume fraction (BV/TV) (%) 21.6 ± 5.50 18.53 ± 5.37 .031a

Trabecular thickness (Tb.Th, mm) 0.167 ± 0.029 0.149 ± 0.026 .019a

Trabecular separation (Tb.Sp, mm) 0.603 ± 0.149 0.677 ± 0.166 .095
Trabecular number (Tb.N, 1/mm) 1.25 ± 0.176 1.15 ± 0.136 .033 a

Structure model index (SMI) 1.92 ± 0.12 2.39 ± 0.19 .037a

Degree of anisotropy (DA) 0.612 ± 0.102 0.579±0.198 .475
Composition (TGA) Water (weight %) 14.8 ± 9.4 11.6 ± 6.2 .335

Organic (weight %) 43.4 ± 9.5 50.8 ± 10.1 .087
Mineral (dry weight %) 49.3 ± 7.5 40.9 ± 10.7 .038a

Carbonate (weight %) 1.67 ± 0.3 1.67 ± 0.4 .988
Macro molecular vibrations (FTIR) Protein structure Amide I position (cm–1) 1643.8 ± 6.3 1647.3 ± 4.4 .02a

Amide II position (cm–1) 1543.1 ± 6.1 1547.8 ± 7.02 .009b

Protein content Amide I band area/1450 band area 6.97 ± 3.87 3.67 ± 2.08 <.001c

Amide II band area/1450 band area 2.56 ± 1.47 1.22 ± .91 <.001c

aP < .05, bP < .01, and cP < .001 respectively compared to nondiabetic group, data is expressed as mean ± SD
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Figure 4.  (A,B) Reduced modulus (Er) and hardness respectively obtained from nanoindentation, showing smaller value in the diabetic (T2D) group. 
(C) Representative TGA curves with their respective first derivatives for diabetic and nondiabetic femur trabecular bone heated to 1000°C. The TGA 
first derivative plots represent the more accurate temperature values associated with the percentage of mass lost, here it can be observed that super-
ficial water completely evaporates before 200°C, and between 200 and 600°C the degradation and combustion of the bone matrix occurs. (D) Mineral 
to matrix ratio graph, showing a smaller ratio in the diabetic group *P < .05.

Figure 5.  (A) Representative XRD pattern (20° < 2θ < 45°) of human femoral trabecular bone. The peak at 26° and 40° is used to determine the average 
crystal length and width in the c-axis direction and ab-plane respectively according to Scherrer equation B(2θ) = λ/LCosθ. Where, B is the mean crystal 
size, λ is the X-ray wavelength (1.5406 A˚), L is the peak width at half maximum and θ is the Bragg angle where the peak is located. (B,C) Mean crystal 
size graph, showing the insignificant difference in average crystal length but wider width of mean crystal in the diabetic group
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Mineral and Collagen Properties

The representative FTIR spectra of bone with the appro-
priate label of various bands and schematic presentation 
of enzymatic and nonenzymatic collagen crosslinks are 
shown in (Fig. 6A-6C). The mineral-based parameters 
including mineral crystallinity (P  =  .073), carbonate/
phosphate ratio (P  =  .58), and acid phosphate content 
(P  =  .84) were not significantly different between the 
groups (Fig. 6 D-6F).

The collagen cross-links (NE-xLR [area ratio of 
1678/1692  cm−1 sub-bands], E-xLR [area ratio of 
1660/1678  cm−1 sub-bands]) and collagen maturity (area 
ratio of 1660/1690 cm–1) are shown in (Fig. 6 G-6I). The 
diabetic bone had significantly higher NE-xLR (by 46.6%, 
P =  .008) and lower E-xLR (by 35%, P =  .032) than the 
nondiabetic bone, whereas no significant difference was 
observed in collagen maturity. Further, the diabetic bone 
had lower mineral/matrix ratio (by 21.1%, P  =  .046) as 
shown in (Fig. 6J).

Table 2 shows the shift in the position of Amide I (P = .02) 
and Amide II (P = .009) bands. The diabetic group had a 
lower value of area under the normalized peaks of Amide 
I and Amide II bands by 47.36% (P <  .001) and 52.4% 
(P  <  .001), respectively, compared with the nondiabetic 
group. These results indicate that the secondary structure 
of Amide I and Amide II proteins is altered and the quan-
tity of these proteins is lower in the diabetic bone.

Florescent Advanced Glycation End-products 

The diabetic bone had 32.1% higher fAGE concentration 
than the nondiabetic bone (443  ±  198 vs 335  ±  155  ng 
quinine/mg collagen, P = .015) as reported in (Fig. 7A).

Interrelationships between Variables

Preoperative HbA1c was positively correlated with fAGEs 
(r = 0.635, P < .001) and NE-xLR (r = 0.561, P = .006). 
Correlations between HbA1c and mechanical properties 
revealed that within diabetic group HbA1c is significantly 
and negatively correlated with postyield energy (r = –0.402, 
P = .047), whereas this relationship was not significant in 
the nondiabetic group. Other than the reported param-
eters, none of the parameters were correlated with HbA1c. 
Furthermore, fAGEs were negatively correlated with min-
eral/matrix ratio (r = –0.487, P = .016), BV/TV (r = –0.488, 
P  =  .021), Tb.Th (r  =  –0.454, P  =  .044), and positively 
correlated with NE-xLR (r = 0.367, P = .045). The fAGEs 
were also negatively correlated with mechanical proper-
ties including postyield energy (r = –0.489, P = .013) and 
toughness (r = –0.441, P = .027) in the diabetic group as 

shown in (Fig. 7 B and 7C). Additionally, the NE-xLR was 
negatively correlated with the postyield strain (r = –0.433, 
P = .031) in diabetic but not in the nondiabetic group as 
shown in (Fig. 7D). The detailed correlation analysis of 
selected significant variables is reported in Table 3 and 
Table 4 for diabetic and nondiabetic groups, respectively.

ANCOVA comparing the effect of change in BV/TV on 
the change in mechanical properties between groups dem-
onstrated that both regression slopes and intercept for 
modulus, yield stress, and ultimate stress were similar be-
tween groups as shown in (Fig. 8A-8C), respectively. The 
regression slopes of postyield energy (P = .792) and tough-
ness (P = .977) were also similar between groups, whereas 
the intercept was significantly lower in diabetic group for 
these properties (P = .028) and (P = .032) (Fig. 8 D and 8E). 
These results reveal that the magnitude of change in BV/TV 
does not account for the differences in postyield properties 
observed between the 2 groups.

Forward stepwise regression tests to predict mechan-
ical properties as a dependent variable using all signifi-
cant parameters as independent variables showed that in 
the diabetic group the BV/TV, fAGEs, and mineral to ma-
trix ratio (FTIR) can explain up to 86.7% (P <  .001) of 
variance in ultimate strength, whereas in the nondiabetic 
group only BV/TV was observed to be a significant pre-
dictor explaining up to 39.8% of the variance in ultimate 
strength. Mineral to matrix ratio (FTIR) and Tb.Th were 
found to predict yield strain up to 77.4% (P < .001) in the 
diabetic group.

The power of study was performed by comparing the 
mean value of postyield energy and toughness between dia-
betic and nondiabetic groups, this outcome was found to 
be 88% and 82% respectively.

Discussion

This is the first investigation linking biomechanical, micro-
structural, material, and compositional properties of human 
bone in individuals with diabetes and known fragility frac-
tures. Our findings provide evidence of detrimental effects 
of hyperglycemia on trabecular bone quality at multiple or-
ganizational scales leading to lower energy absorption and 
toughness, which can explain the increased bone fragility in 
patients with T2D.

The overall loss in bone quality and strength may be 
governed by a cascade of events happening at different 
length scales, such as abnormalities in the mineral and 
collagen quality at the nanoscale, accumulation of unre-
paired microdamage or microcracks at the microscale, and 
changes in the trabecular architecture and a decrease in the 
trabecular connectivity at the mesoscale. Furthermore, any 
alteration in the properties locally, either at the micro- or 
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Figure 6.  (A) Representative FTIR spectra with the appropriate label of various bands to analyze the diabetic and nondiabetic femoral trabecular 
bone. (B) Peak fitting of Amide I band, collagen properties were obtained by peak fitting of Amide I band with sub-bands (Gaussian curves) at 1610, 
1630, 1645, 1660, 1678, and 1692 cm–1. (C) Scheme of the enzymatic (E-xL) and nonenzymatic crosslink (NE-xL) formation in bone collagen. (D-F) 
Measures of mineral properties, showing all mineral parameters could not reach to the level of significance. (G) Nonenzymatic cross-link ratio 
(NE-xLR [the area ratio of the 1678/1692 cm−1 sub-bands within the Amide I peak, total cross-linking AGEs]). (H) Enzymatic crosslink ratio (E-xLR, the 
area ratio of the 1660/1678 cm−1 sub-bands within the Amide I peak). (I) Collagen maturity (area ratio of the 1660/1692 cm−1 sub-bands within the 
Amide I peak). (J) Lower mineral:matrix ratio in the diabetic group. Abbreviations: AI, Amide I; AII, Amide II; E-xLR, enzymatic cross-link ratio; NE-xLR, 
nonenzymatic cross-link ratio; AGE, advanced glycation end product.
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at the nanolevel, affects the properties of the hierarchical 
organization of bone at higher scales (53, 54). Thus, our 
findings of differences at nanoscale and microscale can be 
linked to each other and to higher scales to get a compre-
hensive diagnosis of altered bone quality and fracture risk 
in diabetes. To this end, forward stepwise regression ana-
lysis of multiscale data, presented here, shows that the BV/
TV, fAGE, and mineral to matrix ratio (FTIR) can explain 
up to 86.7% of the variance in ultimate strength. Also, the 
mineral to matrix ratio (FTIR) and Tb.Th together can ex-
plain up to 77.4% of the variance in yield strain. Thus, 
in addition to bone microstructure (BV/TV, Tb.Th), nano-
scale characteristics of bone (mineral to matrix ratio) and 
collagen quality (fAGEs) are important predictors of the 
loss in mechanical properties and the associated increase in 
fracture risk of diabetic bone.

The assessment of bone microstructure with µ-CT 
showed lower BV/TV (%) in diabetic patients than in 
nondiabetic patients. Moreover, the structure was notice-
ably altered, evidenced by the thinning of trabeculae and, 
in general, by fewer trabeculae. Indeed, due to this com-
promised bone microstructure, a lower value of ultimate 
stress (uniaxial compression) is observed in those with dia-
betes. The results of uniaxial compression tests found in 
our study are consistent with previously published studies 
(55-59). Our results of microstructural parameters are 
slightly different from those reported in earlier studies (10, 
11, 13). However, in these studies bone tissue was obtained 

from individuals with obesity and/or severe arthritis, which 
could explain their findings of the same or increased BV/TV 
in those compared with diabetes. It is also possible that our 
study finding of lower BV/TV in diabetes is related to the 
distinct phenotypes of Asians (19, 60-64).

At the apparent level (uniaxial compression) and tissue 
level (nanoindentation), the lower value of modulus (stiff-
ness), observed with the diabetic bone, are directly associ-
ated with decreased mineral to matrix ratio (FTIR). The 
wider crystal size without a change in length decreases the 
aspect ratio (surface area/volume) of apatite crystals and 
explains reduced elastic modulus of bone material (65). 
Furthermore, altered crystal shape also can affect crystal 
connectivity, orientation, and arrangement (65).

We also observed the increase in protein misfolding (al-
tered secondary structure of proteins) and a decrease in 
relative protein content (Amide I and Amide II) in the dia-
betic bone. The altered secondary structure is primarily re-
sponsible for the change in the structural integrity of the 
collagen in bone (66). This altered collagen structure can 
change the hydration level of collagen, and/or change in 
shape, size, orientation, and growth of inorganic mineral 
content (67) as noted above.

One of the reasons for the degradation of bone quality 
in diabetes could be prolonged hyperglycemia (HbA1c), 
which may increase the accumulation of AGEs in the bone 
matrix. In correlation analysis, we found the HbA1c is 
positively correlated with fAGE content and NE-xLR. We 

Figure 7.  (A) Graph showing that the fAGE content is higher in the diabetic group. (B,C) Mechanical properties versus a measure of glycation (fAGE 
and NE-xLR). Graphical data for several mechanical parameters versus total fluorescent AGEs (B,C) and NE-xLR (D) are shown.
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also observed the reduced E-xLR and increased NE-xLR in 
the diabetic group compared with the nondiabetic group. 
The enzymatic crosslinks (E-xL, beneficial cross-links) are 
responsible for mechanical strength whereas NE-xL is asso-
ciated with bone fragility (68-70). Our findings of reduced 
E-xLR and increased NE-xLR are evidence of AGE accu-
mulation (NE-xL) in the bone, which induces tissue damage 
through structural modification of proteins and abnormal 
collagen fibril organization in the diabetic bone. The reduc-
tion of E-xLR can be associated with hyperglycemia and 
oxidative stress (OS) (71, 72). Further, the NE-xL (AGE 
accumulation) in diabetic bone favors material rigidity by 
restricting the uncoiling of the triple helical structure of col-
lagen (flexibility) and confining the natural energy dissipa-
tion process during loading to a limited region (73). Such 
changes will alter the nature of microdamage formation in 
bone from diffuse cracking, characteristic of ductile mater-
ials, to linear microcracks, making bone more susceptible 
to the fracture (69, 74, 75). Indeed, in the present study, 
elevated levels of HbA1c, fAGEs, and NE-xLR correlated 
negatively with bone biomechanical properties—postyield 
energy, toughness, and postyield strain in diabetes. Also, the 
lower value of intercept of postyield energy and toughness in 
diabetic group (ANCOVA) revealed that the glycated bone 
exhibited lesser energy dissipation and reduced toughness. 
Our results are consistent with previously published studies 

that reported the accumulation of AGEs as a cause for ab-
normal collagen synthesis and altered collagen structure 
(76) in the bone. Thus, changes in collagen, mineral, altered 
bone composition at the nanoscale, and lower bone volume 
fraction and trabecular architecture at the microscale in 
diabetic group provides detailed insight on skeletal fragility 
in diabetes and improves the current understanding on the 
impact of diabetes on bone homeostasis.

In the present study, FN BMD T-scores were similar 
among those with T2D and without diabetes. The deficits 
in bone quality in T2D mentioned above underlie the com-
promised bone strength in diabetes. These findings explain 
the inability of BMD T-score, a quantitative measure, to 
accurately predict fracture risk in T2D as previously re-
ported in large studies (4, 77). In the Study of Osteoporotic 
Fractures (4), for a given age and T-score, the risk of hip 
or nonspine fracture was higher in women with T2D than 
those without diabetes after 25 years of follow up. While 
the T-score is useful in fracture risk assessment in women 
with and without diabetes, the T-score underestimates frac-
ture risk in T2D (4, 9).

Various techniques (pQCT, HRpQCT, Osteoprobe) have 
been used in research to investigate bone quality and bone 
strength. However, each technique presents its own chal-
lenges for utilization in routine clinical practice. In MrOS 
(77), pQCT was used to assess bone strength at peripheral 

Figure 8.  The relationships between bone volume fraction and (A) modulus, (B) yield stress, (C) ultimate stress, (D) postyield energy and (E) tough-
ness between diabetic and nondiabetics are shown. Data are presented along with best-fit lines (solid lines).
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sites in T2D and lower bone bending strength was observed 
at mid shaft regions of radius and tibia in those with T2D, 
despite no differences in cortical vBMD. Though pQCT is 
a clinically available tool, the imaging resolution remains 
a limitation. Consequently, various approaches have been 
proposed to include changes in bone quality and explain 
poor bone mechanical properties, such as those reported 
here. For example, bone strength estimated by microfinite 
element analysis (micro-FEA/HR-pQCT) at the distal radius 
has been shown to be lower in T2D compared to controls 
(78). Similarly, micro-indentation of the tibial cortex has 
been performed to demonstrate that the estimated bone 
material strength index (BMSi) is decreased in T2D com-
pared with controls (79-81). While these techniques have 
increased our understanding of bone fragility in diabetes, 
further work is needed to assess their application for rou-
tine clinical use. The only tool currently approved for clin-
ical assessment of bone quality is trabecular bone score (5, 
82), which helps to predict fracture risk, independent of 
BMD. However, trabecular bone score is a surrogate meas-
urement of trabecular architecture and not a tool for assess-
ment of bone strength. Hence, diagnostic tools are needed 
for specific and direct assessment of bone quality to aid 
clinical assessment of fracture risk in diabetes. Meanwhile, 
the International Osteoporosis Foundation recommends 
adjusting BMD T-score for diabetes to avoid underestima-
tion of risk in clinical practice (9).

This study has some limitations. First, this study is 
limited to ex vivo assessments of bone quality in patients 
who underwent hip fragility fractures. Nonfracture controls 
with and without diabetes were not studied; however, it is 
not feasible to obtain femoral head specimen from healthy 
controls. Second, the study focuses exclusively on trabecular 
bone and does not include properties of cortical bone. Other 
studies have reported the increased cortical porosity (6, 12, 
78) and altered cortical bone material properties in vivo, 
by demonstrating decreased BMSi (measured through 
Osteoprobe) in those with diabetes compared with controls 
(79, 80, 81). Also, the study lacks information on the effect 
of type of diabetes treatment (insulin, metformin, and other 
antidiabetic treatment) on bone properties. Sample sizes 
within each subgroup are small, and a large randomized clin-
ical trial would be necessary to draw any meaningful con-
clusion regarding the effect of diabetes treatment on bone 
properties. Further, we could not assess bone remodeling via 
dynamic bone labeling. Lastly, we used femoral head speci-
mens instead of femoral neck (typical fracture site) because 
in most cases of fracture, femoral necks are extensively and 
variably damaged either due to fracture or during surgery. 
Thus, it was difficult to obtain uniform specimens from all 
patients. Hence to avoid site-specific differences, we took 
samples from the femoral head.

Despite the above-mentioned limitations, our study’s 
major strength is that the explants characterized here are 
from the patients with diabetes with known fragility frac-
tures. Further, this study includes a wide range of duration 
and severity of the disease and this is an important and 
unique aspect of our study because longer duration of 
diabetes is typically required for skeletal changes in dia-
betes to fully manifest. The severity and duration of dia-
betes are known to greatly affect fracture risk (6, 83) and 
therefore it may also affect the degree of compositional 
changes. This aspect could also explain the differences 
between fAGEs results in our study and those reported 
in other studies (10, 11) where a significant difference in 
fAGEs was not observed between groups. One study (10) 
included samples for a shorter duration of disease of nearly 
two years, whereas in other study (11), the information on 
duration of diabetes was not reported. The results of our 
fAGEs content are consistent with 1 recent study (13) that 
found a 1.5-fold increase in fAGEs content in women with 
T2D of mean duration of nearly 15 years compared with 
nondiabetic women.

In conclusion, the study findings provide evidence that 
diabetes affects the trabecular bone quality at multiple or-
ganization levels. The accumulation of AGEs is 1 of the 
processes that favor deterioration of bone quality in dia-
betes leading to material, structural, compositional, and 
biomechanical dysfunctionality. Overall, together with al-
tered structure and material properties, these novel findings 
of changes in the composition of bone explain the com-
promised mechanical performance and diminished bone 
strength in diabetes. Finally, this study demonstrates that 
whilst osteoporotic bones are fracture prone, diabetes is 
detrimental to bone quality, thus highlighting the need for 
more specific measures to understand and diagnose bone 
quality and bone fragility in T2D.
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