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Abstract

Background: Continuous subcutaneous insulin infusion (CSII) for the treatment of type 2 diabetes (T2D) can
improve the structure and strength of femur of rats, but the effect of CSII treatment on the lumbar spine of T2D rats is
unknown. The purpose of this study is to investigate the effects of CSIl on the microstructure, multi-scale mechanical
properties and bone mineral composition of the lumbar spine in T2D rats.

Methods: Seventy 6-week-old male Sprague—Dawley (SD) rats were divided into two batches, each including
Control, T2D, CSIl'and Placebo groups, and the duration of insulin treatment was 4-week and 8-week, respectively. At
the end of the experiment, the rats were sacrificed to take their lumbar spine. Microstructure, bone mineral composi-
tion and nanoscopic-mesoscopic-apparentand-macroscopic mechanical properties were evaluated through micro-
computed tomography (micro-CT), Raman spectroscopy, nanoindentation test, nonlinear finite element analysis and
compression test.

Results: It was found that 4 weeks later, T2D significantly decreased trabecular thickness (Tb.Th), nanoscopic-
apparent and partial mesoscopic mechanical parameters of lumbar spine (P<0.05), and significantly increased bone
mineral composition parameters of cortical bone (P < 0.05). It was shown that CSII significantly improved nanoscopic-
apparent mechanical parameters (P<0.05). In addition, 8 weeks later, T2D significantly decreased bone mineral
density (BMD), bone volume fraction (BV/TV) and macroscopic mechanical parameters (P < 0.05), and significantly
increased bone mineral composition parameters of cancellous bone (P <0.05). CSII treatment significantly improved
partial mesoscopic-macroscopic mechanical parameters and some cortical bone mineral composition parameters
(P<0.05).

Conclusions: CSlI treatment can significantly improve the nanoscopic-mesoscopic-apparent-macroscopic mechani-
cal properties of the lumbar spine in T2D rats, as well as the bone structure and bone mineral composition of the
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lumbar vertebrae, but it will take longer treatment time to restore the normal level. In addition, T2D and CSII treat-
ment affected bone mineral composition of cortical bone earlier than cancellous bone of lumbar spine in rat. Our
study can provide evidence for clinical prevention and treatment of T2D-related bone diseases.

Keywords: Continuous subcutaneous insulin infusion, T2D, Mechanical properties, Microstructure, Bone mineral

composition

Background

The prevalence of diabetes is rising rapidly. Recent stud-
ies estimate that about 463 million adults (20-79 years
old) suffer from diabetes worldwide, of which about 90%
are T2D [1]. T2D may cause various chronic complica-
tions, leading to high disability and high mortality [2].
Diabetes has destructive effects on the musculoskeletal
system of patients, such as decreased bone formation
and delayed bone healing [3, 4]. The fracture risk of T2D
patients is also higher than that of normal people [5]. At
present, it is getting more and more attention to explore
the effect of diabetes on bone [6].

The increased risk of T2D fractures is associated with
multiple factors. The BMD of T2D patients may be less
than, equal to or even greater than the normal level, but
the risk of fracture is increased [6—8]. Although BMD is
a determinant of fracture risk [9], changes in bone struc-
ture and mineral composition caused by T2D may lead
to the reduction of fracture resistance, thereby increas-
ing the risk of fracture [10, 11]. In addition, various com-
plications (such as cardiovascular disease, renal failure,
peripheral neuropathy, and impaired vision, etc.) caused
by T2D can also indirectly lead to an increase in the
risk of fractures [12—14]. Bone has a multi-level struc-
ture, and comprehensive evaluation of the mechanical
properties of bone can be achieved through multi-level
evaluation methods, including compression test, micro-
structure analysis and finite element analysis [15]. It can
help us better understand the mechanism of diabetes on
bone to study the effect of diabetes on bone mechanical
properties from different levels.

At present, there are a variety of drugs that can be used
to treat T2D, it has not been fully demonstrated which
drug treatment can effectively control diabetic bone dis-
ease [16-20]. Insulin is a commonly used medicine for
diabetic patients, and different injection methods have
different effects on blood glucose control. When oral
hypoglycemic drugs fail and blood glucose control is
poor, patients with T2D need to be treated with insulin
injections [21]. Insulin mainly relies on exogenous infu-
sion. There are two main ways to inject exogenous insu-
lin, namely multiple daily insulin (MDI) and CSII. MDI
is injected multiple times a day with a syringe, and CSII
works by injecting insulin into a pump, which is then
implanted into the body for continuous infusion [22, 23].

Studies have shown that both CSII and MDI can reduce
the HbAlc level of T2D patients and maintain body
weight unchanged or slightly increase. However, com-
pared with MDI, CSII can achieve a lower HbAlc level
with a lower total daily dose of insulin [24].

CSII treatment is not only superior to MDI treatment
in blood glucose control, but also can improve the struc-
ture and mechanical properties of diabetic bone. In early
T1D, CSII treatment maintained the normal structure
and strength, while delayed CSII treatment only partially
restored the structure and strength of femoral cortical
and cancellous bones in mice [25]. For T2D, in a previous
study of our group, 4-week and 8-week CSII treatments
are found to improve the microstructure, mineral com-
position and macro-nano mechanical properties of the
femur of T2D rats by affecting bone metabolism, bone
formation and bone resorption, and 8-week CSII treat-
ment is more effective than 4-week CSII treatment [26].
T2D patients have different fracture probabilities at dif-
ferent sites [7]. The effect of CSII treatment on femur was
only considered in the previous study, but lumbar spine
was not assessed. Lumbar spine is rich in cancellous
bone. Cancellous bone is more metabolically active than
cortical bone and more sensitive to drug stimulation [27].
In addition, T2D is closely related to vertebral fractures,
intervertebral disc degeneration and severe chronic spi-
nal pain [28]. Severe vertebral fractures in T2D patients
are associated with higher mortality [29]. Therefore,
based on the previous work [26]. the lumbar spines were
selected to investigate the effects of 4-week and 8-week
CSII treatments on the microstructures, mineral com-
positions and nanoscopic-mesoscopic-apparent-macro-
scopic mechanical properties of lumbar spines in T2D
rats through nonlinear finite element analysis, micro-
structure analysis, nanoindentation test, compression
test and Raman spectroscopy.

Methods

Animals, feeds and reagents

Seventy 6-week-old male SD rats with body weight of
200+£20 g were used for this study (Vital River Labo-
ratory Animal Technology Co., Ltd., Beijing, China).
High fat and high sugar Feed formula was 10% lard, 20%
sucrose, 2% cholesterol, 1% cholate and 67% basic feed
(Keao Xieli Feed Co., Ltd., Beijing, China). Main reagents
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Fig. 1 Process diagram of T2D rat modeling and insulin administration. Control: healthy control group; 72D type 2 diabetes; CS/I continuous
subcutaneous insulin infusion; STZ Streptozotocin; Placebo: citrate buffer

and blood glucose measuring device including Strepto-
zotocin (STZ, Solarbio science and technology co., Ltd.,
Beijing, China), insulin, ALZET osmotic pump (Model
2ML4, ALZET® Osmotic Pumps, DURECT Corp., CA,
USA), citrate buffer and blood glucose meter (Roche
Diagnostics Co., Ltd., Shanghai, China). The rats were
fed in an environment with natural lighting, indoor
room temperature of 20°C-25°C and relative humidity
of 40%-70%. Animals can eat and drink freely during the
experiment.

Animal experiment

The animal experiment in this study was divided into two
batches. The difference was that the treatment duration
of CSII was 4 weeks and 8 weeks, respectively. They were
referred to as 4-week and 8-week CSII treatments. Lum-
bar spine samples used in this study were from the same
rats as the femur samples previously used in our labora-
tory [26].

Process of T2D rat modeling and insulin administration
was shown in Fig. 1. After adaptive feeding for one week,
seventy 6-week-old male SD rats were randomly divided
into Control (z=20), T2D (n=20), CSII (n=20) and
Placebo (n=10) groups. Control rats were fed with nor-
mal diet, while the T2D, CSII and Placebo rats were fed
with high fat and high sugar diet during the entire experi-
mental period. After feeding for 4 weeks and fasting for
12-16 h (without water), the rats were intraperitoneally

injected with 40 mg/kg STZ solution [30]. Non-fasting
blood glucose concentration>16.7 mmol/L for at least
three consecutive days was considered as T2D. AIZET
osmotic pump was implanted subcutaneously in the back
of CSII rats to inject insulin at 2.5 IU/ day. For Placebo
rats, citrate buffer at equal dose was injected using an
ALZET Osmotic Pump. After 4 weeks, half of the rats
randomly selected from groups of Control, T2D, CSII
and Placebo were sacrificed. The 2-3" lumbar spine
(L2-3) was isolated and stored at -20°C. The remain-
ing rats were fed for another 4 weeks according to the
above method, and then sacrificed to obtain L2-3 sam-
ples. Due to the structural characteristics of rat lum-
bar spine, L3 has more cancellous bone than L2. so it is
easier to observe the influence of T2D and CSII on the
microstructure of lumbar cancellous bone by micro-CT
scanning of L3. CT images of the L3 were used to per-
form nonlinear finite element analysis to obtain meso-
scopic and apparent mechanical properties of the lumbar
spine. The material properties assigned to the L3 model
need to be obtained by nanoindentation test, which is
used to obtain the nanoscopic mechanical properties of
the lumbar spine. To investigate the effects of T2D and
CSII on the mineral composition of the lumbar spine,
Raman spectroscopy was performed on samples from the
nanoindentation test. In order to investigate the effects of
T2D and CSII on the macroscopic mechanical properties
of lumbar spine, L2 were selected for compression test.
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Fig. 2 Flow chart of nonlinear finite element analysis of L3 in rat. A L3 vertebral body with upper and lower endplates removed. a Region of
Nanoindentation test of cancellous bone in transverse direction (The indenter is perpendicular to the axial direction of longitudinal trabecula). b
Region of Nanoindentation test of cancellous bone in longitudinal direction (The indenter is along the axial direction of longitudinal trabecula). ¢
Region of interest of cancellous bone. B Three-dimensional reconstruction. C The nonlinear finite element analysis

Micro-CT scanning

The L3 of each rat was scanned by micro-CT system
(Skyscan 1076, Skyscan, Belgium) with the scan-
ning parameters of 70 kV, 141pA, and layer thick-
ness of 18 pum. The voxel size was 18 x 18 x 18um?.
The TIF images of L3 of each rat were obtained after
scanning. NRecon software was used to reconstruct
the images, and the BMP images of L3 of rats were
obtained. DataViewer software was used to remove
the upper and lower endplates of L3 of each rat.
The microstructures of L3 without upper and lower
endplates were analyzed by CTAn software. For L3
of each rat, the largest cylinder-shaped cancellous
bone region was selected as the region of inter-
est. The diameter of the cylinder was equal to the
diameter of the largest cancellous bone that a cir-
cular tool can take in the smallest cross-section of
the vertebral body (region c in Fig. 2A). The cylin-
der did not exceed the vertebral area and contained
as much cancellous bone as possible. Subsequently,
the microstructure analysis of the selected region of
interest was carried out. The microstructure param-
eters of the cancellous bone in the region of interest
were obtained, including BV/TV, Tb.Th, BMD, tra-
becular number (Tb.N), trabecular separation (Tb.
Sp) and structural model index (SMI).

Nanoindentation test

The L3 of rats in each group were used for nano inden-
tation test. After removing the upper and lower end-
plates, longitudinal cancellous bone sample with a
thickness of 2 mm was cut from the upper surface of
the vertebral body along the median coronal section
for nanoindentation test in longitudinal directions
(Fig. 2A). A 2 mm-thick transverse cancellous bone
sample was cut from the front of the vertebral body
along the median transverse section for nanoindenta-
tion test in the transverse direction (Fig. 2A). After all
samples were dehydrated in gradient alcohol, they were
embedded in epoxy resin, and the embedded samples
were polished step by step with metallographic sili-
con carbide sandpaper to obtain the smooth surface
required for nanoindentation test. The sample was
placed on the horizontal tray under the microscope
and the indenter, and adjust the position of the hori-
zontal tray and the height of the sample until the clear-
est sample image was detected under the microscope.
In this study, Nano Indenter G200 (Agilent Technolo-
gies, Inc., USA) was used for testing. The indentation
depth was 580 nm, and the Poisson’s ratio of bone was
0.3 [31]. The waiting time for the start of the experi-
ment was 1.5 h. The data was corrected by establishing
the thermal drift of the machine and the sample. Four
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indentation regions in each sample were selected, and
each region was made 9 indentations with interval of
15 um. The indentation areas were selected in the mid-
dle of the transverse and longitudinal cancellous bone
samples, and all samples were loaded in the same direc-
tion (areas a and b in Fig. 2A). The indentation modulus
(E,) and hardness (H) of bone materials were measured
by the method of Oliver and Pharr [32], and the rele-
vant formula was as follows:

(1 —v)Ei /7S

5T 26VAE, - JmS(— ) W
H= Pryiax 2
=4 @

where v, = 0.3 is the Poisson’s ratio of bone, A is the con-
tact area, S is the contact stiffness, Py, is the peak load.
v; = 0.07 and E; = 1140GPa are the Poisson’s ratio and
elastic modulus of the diamond indenter used in the test.
B = 1.034 is a constant of the diamond indenter used in
the test [32]. In the process of nanoindentation test, the
interference of external factors such as noise and vibra-
tion should be avoided as far as possible. All experiments
were carried out at night, and the consistency of inden-
tation position of test samples should be ensured as far
as possible to avoid the scratches produced by surface
grinding.

Raman spectroscopy

Raman spectra were obtained by using the LabRAM HR
Evolution High resolution Raman spectrometer (HOR-
IBA Scientific, Edison, NJ, USA) from the samples used
for nanoindentation test. The excitation wavelength was
532 nm, the objective lens was 50 x, and the scanning
spectra ranged from 600 to 2000 cm™'. The wave peaks
of five spectral bands were extracted, and the range of
each peak was determined by referring to other investiga-
tions, which was consistent in all spectra [33, 34]. Finally,
the ratio of each integral area was calculated. PO, v1/
Amide I, PO,*~ v1/CH, wag and PO,*~ v1/Amide III
represented mineral-to-matrix ratio. Type B carbonate
substitution was denoted by CO,*~ v1/PO,*~ v1. The 1/
full width at half maxima (FWHM) of the PO,* vl peak
was used to describe crystallinity.

Nonlinear finite element analysis

The images of L3 without the upper and lower endplates
by DataViewer software were imported into Mimics 17.0
(Materialise, Inc., Belgium) for three-dimensional recon-
struction. In Mimics 17.0 software, three cylinders were
created and Boolean operation was performed respec-
tively with the established L3 model to obtain the model
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without upper and lower endplates and posterior struc-
tures (Fig. 2B). The model was meshed into hexahedral
elements based on the voxel, and the element size was
five times the size of the voxel to reduce the require-
ments on computer performance and save computing
time [35]. The meshed model was imported into Abaqus
6.14 (ABAQUS Inc., Providence, RI, USA) software. Elas-
tic modulus was obtained based on nanoindentation test,
and uniform elastic modulus was allocated to the model
[36], and Poisson’s ratio was 0.3 [37]. Nonlinear material
properties were assigned with the four-parameter bilinear
model to simulate the nonlinear mechanical behavior of
solid bone material [38, 39]. A compressive displacement
boundary condition of 30 steps with an equal length to
produce 1.5% strain along the axial direction of the ver-
tebral body was applied to the model. The apparent stress
and strain of each step were calculated. In order to ensure
that the model only moved in the axial direction, the
degrees of freedom other than U3 on the upper surface
were constrained, and the lower surface was completely
fixed. Apparent stress was equal to the surface reaction
force divided by the area of the constrained surface.
Apparent elastic modulus was calculated from the slope
of the initial linear part of the apparent stress—strain
curve. The initial apparent yield point was determined
by 0.2% offset method. The apparent stress, the percent-
age of trabecular bone yielded and the average von Mises
stress of cancellous bone at the apparent yield point from
the model were calculated. The nonlinear finite element
analysis process of L3 in rat is shown in Fig. 2.

Compression test

The L2 was selected for compression test. The mus-
cles and tissues around the L2 were removed, and the
upper and lower endplates and posterior structures were
removed, so that the L2 became an approximate cylindri-
cal vertebral body sample with two parallel planes and
a height of 4-6 mm. The height of the L2 was measured
with a vernier caliper. The upper and lower ends of the
L2 and the reference object (1 x 1 x 1 cm® cube) with
known area was placed on the same plane to take photos.
The images were imported into Photoshop software, and
the surface area of the upper and lower ends of the L2 was
calculated according to the relationship of pixels between
the L2 and reference object. The compression test was
carried out on Instron ElectroPuls E10000 (Instron, Nor-
wood, MA, USA). The room temperature was 20°C—25°C.
During the experiment, normal saline was sprayed on the
surface of L2 to keep it moist. The maximum failure load
of the L2 was determined by pre-test. The L2 was repeat-
edly loaded and unloaded for twenty times between 0 N
and 30% of the maximum failure load to stabilize the
data. Then the displacement boundary condition was
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applied to the L2 at a loading speed of 2 mm/min until
it failed. The experimental data were recorded and the
load-deformation curve was drawn. Maximum load, elas-
tic limit load, maximum stress, elastic limit stress, elastic
modulus and energy absorption capacity were calculated.

Statistical analysis

Results in Control, T2D, CSII, and Placebo groups were
expressed as median (interquartile range). SPSS 22.0
(IBM, Inc., USA) and OriginPro 2017 (OriginLab, Inc.,
USA) software were used for data analysis. Since the
sample sizes were relatively small and not all data of the
same parameter in different groups were normally dis-
tributed. Nonparametric test (Kruskal-wallis test) was
used to analyze the independent variables to investigate
the differences among groups. Kruskal-Wallis one-way
ANOVA (k samples) was used for post hoc pairwise com-
parisons to analyze statistical significance of the different

groups. Values of P<0.05 were considered to be statisti-
cally significant.

Results

Effects of CSIl on nanoscopic mechanical properties
Results of nanoscopic mechanical properties of L3
cancellous bone in rats obtained by nanoindenta-
tion test were shown in Fig. 3. As shown in Fig. 3A-D,
in 4-week and 8-week CSII treatments, the transverse
and longitudinal indentation moduli and hardness of
T2D group were significantly lower than those of Con-
trol and CSII groups (P<0.05), and the transverse and
longitudinal indentation moduli and hardness of Pla-
cebo group were both significantly lower than Control
group (P<0.05). As shown in Fig. 3A and Fig. 3C, in
Control group, the transverse and longitudinal indenta-
tion moduli of 8-week CSII treatment were significantly
higher than the corresponding parameters in 4-week
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CSII treatment (P<0.05). In CSII group, the transverse
indentation modulus of 8-week CSII treatment was sig-
nificantly higher than that of 4-week CSII treatment
(P<0.05). As shown in Fig. 3D, the transverse hard-
ness of 8-week CSII treatment in Placebo group was
significantly higher than that of 4-week CSII treatment
(P<0.05).

Effects of CSIl on mesoscopic-apparent mechanical
properties

Results of mesoscopic-apparent mechanical properties of
L3 in different groups of rats obtained by nonlinear finite
element analysis in 4-week and 8-week CSII treatments
were shown in Fig. 4. As shown in Fig. 4A, there was no
significant difference in the average von Mises stress of
cancellous bone among groups (P>0.05). As shown in
Fig. 4B-C, in 4-week and 8-week CSII treatments, the
apparent elastic modulus and apparent yield stress of
T2D group were significantly less than those of Control
and CSII groups (P<0.05). In T2D group, the apparent

elastic modulus and apparent yield stress in 8-week CSII
treatment were significantly less than the 4-week CSII
treatment. In Control group, the apparent elastic modu-
lus in 8-week CSII treatment was significantly greater
than that in 4-week CSII treatment (P<0.05). It was
observed in Fig. 4D that in 4-week CSII treatment, the
percentage of trabecular bone yielded in T2D and Pla-
cebo groups was significantly less than in Control group
(P<0.05). In 8-week CSII treatment, the percentage of
trabecular bone yielded in T2D group was significantly
less than that in Control and CSII groups (P<0.05). In
T2D group, the percentage of trabecular bone yielded in
the 8-week CSII treatment was significantly less than that
in 4-week CSII treatment (P<0.05).

Effects of CSIl on the microstructure parameters

of cancellous bone

In 4-week and 8-week CSII treatments, the param-
eters of microstructure of L3 cancellous bone of rats
in different groups obtained by micro-CT scanning
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Table 1 Microstructure parameters of L3 in different groups of rats at 4-week and 8-week of CSII treatments

Treatment time Control csli T2D Placebo
BMD (g cm™3) 4 weeks 0.20 (0.18-0.20) 0.18 (0.18-0.20) 0.18 (0.17-0.19) 0.21(0.20-0.21)

8 weeks 0.21(0.19-0.23) 0.18(0.17-0.21) 0.16 (0.15-0.19) * 0.23 (0.20-0.25)
BV/TV (%) 4 weeks 27.88 (26.36-30.39) 26.99 (24.81-31. 26.86 (24.35-27.73) 32.88(32.27-33.48)

8 weeks 31.71(28.33-35.89) 27.23 (25.71-31. 2343 (22.07-26.90) 36.50 (30.49-39.01)
SMI 4 weeks 0.84(0.81-1.17) 0.96 (0.76-1.11) 1.13(1.04-1.25) 0.78 (0.78-0.78)

8 weeks 0.77 (0.50-0.85) 0.84 (0.81-1.17) 1.20 (1.08-1.33) 0.38 (0.17-0.88)
Th.Th (mm) 4 weeks 0.09 (0.09-0.09) 0.09 (0.09-0.09) 0.08 (0.08-0.09) * 0(0.10-0.10) @

8 weeks 0.10 (0.09-0.10) 0.09 (0.08-0.09) 0.08 (0.08-0.08) * 0(0.09-0.11)
To.N (mm™") 4 weeks 3.27(3.18-3.38) 3.10(3.02-3.44) 3.13(3.05-3.28) 3.20(3.17-3.23)

8 weeks 3.33(3.32-345) 3.11(290-3.38) 3.04 (2.79-3.15) 3.54 (3.26-3.56)
Th.Sp (mm) 4 weeks 0.24 (0.22-0.25) 0.24 (0.23-0.25) 0.25 (0.24-0.26) 0.23 (O 22-0.23)

8 weeks 0.23 (0.22-0.24) 0.24 (0.23-0.27) 0.25 (0.23-0.28) 0.22 (0.21-0.23)

Values were expressed as median (interquartile range). * P<0.05, T2D vs Control; © P<0.05, Placebo vs T2D

were shown in Table 1. In 4-week and 8-week CSII
treatments, there were no significant differences in
all parameters between CSII and Control groups
(P>0.05). In 4-week CSII treatment, Tb.Th in T2D
group was significantly lower than that in Control and
Placebo groups (P<0.05). In 8-week CSII treatment,
BMD, BV/TV and Tb.Th in T2D group were signifi-
cantly lower than those in Control group (P<0.05).

Effects of CSIl on macroscopic mechanical properties

Results of macroscopic mechanical properties of L2
in different groups of rats at 4-week and 8-week CSII
treatments obtained by compression test were shown
in Fig. 5. As shown in Fig. 5A-F, in 4-week CSII treat-
ment, there were no significant differences in the
maximum load, maximum stress, elastic limit load,
elastic limit stress, elastic modulus and energy absorp-
tion capacity among all groups (P>0.05). At 8-week
CSII treatment, the above parameters in T2D group
were significantly smaller than those in Control and
CSII groups except for energy absorption capacity
(P<0.05), and the energy absorption capacity in T2D
group was significantly smaller than that in Control
group (P<0.05). The maximum load, maximum stress
and elastic limit stress of Placebo group were signifi-
cantly smaller than those of Control group (P<0.05),
and the elastic limit stress of Placebo group was sig-
nificantly lower than that of CSII group (P<0.05). In
Control and CSII groups, the maximum load, maxi-
mum stress, elastic limit load and elastic limit stress of
8-week CSII treatment were significantly higher than
the corresponding parameters of 4-week CSII treat-
ment (P<0.05). In 8-week CSII treatment, the energy

absorption capacity of CSII group, the maximum
load of Placebo group, the elastic limit load and elas-
tic modulus of T2D group were significantly different
from those in 4-week CSII treatment (P < 0.05).

Effects of CSIl on bone mineral compositions

Mineral compositions of L3 cancellous and cortical
bone from different groups of rats obtained by Raman
spectroscopy were shown in Fig. 6 and Fig. 7. In can-
cellous bone, there were no significant differences in
parameters among all groups in 4-week CSII treatment
(P>0.05). At 8-week CSII treatment, the mineral-to-
matrix ratio (PO,*~ vl/Amide I, PO,*~ v1/CH, wag
and PO,*~ v1/Amide III), crystallinity (FWHM ™) and
type B carbonate substitution (CO,2~ v1/PO,>~ v1) in
T2D group were significantly higher than those in Con-
trol group (P <0.05). PO,*>~ vl/Amide I and type B car-
bonate substitution of Placebo group were significantly
higher than those of Control group (£<0.05). In Con-
trol group, the PO,*~ v1/CH, wag of 4-week CSII treat-
ment was significantly lower than that of 8-week CSII
treatment (P<0.05). In T2D group, PO,>~ v1/Amide I
and PO,*>" v1/Amide III in 4-week CSII treatment were
significantly lower than those in 8-week CSII treat-
ment (P<0.05). In cortical bone, at 4-week CSII treat-
ment, the mineral-to-matrix ratio in both T2D and
Placebo groups was significantly higher than Control
group, and type B carbonate substitution and crystal-
linity of T2D group were significantly higher than Con-
trol group, PO,*~ v1/CH, wag and PO,>~ v1/Amide III
in CSII group were significantly higher than those of
Control group (P<0.05). In 8-week CSII treatment, the
mineral-to-matrix ratio, type B carbonate substitution
and crystallinity of T2D group were significantly higher
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Fig. 5 Macroscopic mechanical properties of L2 in different groups of rats at 4-week and 8-week CSlI treatments. A Maximum load. B Maximum
stress. C Elastic limit load. D Elastic limit stress. E Elastic modulus. F Energy absorption capacity. " P<0.05,T2D vs Control; ¥ P<0.05, CSll vs T2D;
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than those of Control group (P<0.05). The type B car-
bonate substitution in T2D group was significantly
higher than that in CSII group (P<0.05). In Placebo
group, PO,*~ v1/Amide III in 4-week CSII treatment

was significantly higher than that of 8-week CSII treat-
ment (P<0.05). In CSII group, the type B carbonate
substitution at 4-week CSII treatment was significantly
higher than that in 8-week CSII treatment (P <0.05).
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Discussion

CSII treatment could improve the structure and mechan-
ical properties of the femur of T2D rats by affecting
bone remodeling [26], while the effect on the lumbar
spine of T2D rats remains unclear. The effects of 4-week

and 8-week of CSII treatments on the microstruc-
ture, bone mineral composition and nanoscopic-meso-
scopic-apparent-macroscopic mechanical properties of
the lumbar spine of T2D rats were investigated in this
study. It was observed that T2D had adverse effects on
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the microstructure, nanoscopic-mesoscopic-apparent-
macroscopic mechanical properties and bone mineral
composition of the lumbar spine. CSII treatment could
significantly improve the damage of nanoscopic, appar-
ent, partial mesoscopic (percentage of trabecular bone

yielded in Fig. 4) and some macroscopic mechanical
properties (maximum load, elastic limit load, maximum
stress, elastic limit stress and elastic modulus in Fig. 5)
(P<0.05). It also improved the microstructure and bone
mineral composition of lumbar spine, but the effect was
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not significant (P>0.05). The adverse effects of T2D and
improvements of CSII treatment on cancellous bone
mineral composition (Fig. 6), BMD, BV/TV (Table 1) and
macro-mechanical properties (Fig. 5) of lumbar spine all
appeared after 8 weeks. In addition, the effects of T2D
and CSII treatment on bone mineral compositions of
lumbar spine cancellous bone in T2D rats were later than
those of cortical bone.

Micro-CT analysis showed that BMD, Tb.Th and BV/
TV were significantly decreased in lumbar spine of
T2D rats (Table 1). T2D leads to the decrease of Th.Th
and BV/TV in lumbar spine cancellous bone, which was
consistent with the previous studies [40, 41]. However,
the changes in BMD caused by T2D were still contro-
versial. Studies on rats and patients of T2D have shown
that BMD may be normal, decreased or increased [6-8,
26, 42, 43], but both rats and patients of T2D have sig-
nificantly higher fracture risk than the normal group,
because bone strength and fracture risk were determined
by BMD and bone structure [9]. Differences in BMD
might be caused by the complex pathogenesis of T2D
[44], which is related to drugs, duration of T2D and mul-
tiple chronic complications [2]. Our study supported that
T2D led to decreased BMD, Tb.Th and BV/TYV, and CSII
treatment could improve BMD and bone microstructure,
but it would take longer treatment time to recover the
changes in bone microstructure caused by T2D.

Furthermore, we found that Tb.Th in T2D group was
significantly lower than that Placebo groups after 4 weeks
of CSII treatment (Table 1). It may be related to the
injected citrate in the Placebo group. In fact, previous
study has shown that high concentrations of citrate exist
in bone humans and all osteo-vertebrates [45]. How-
ever, citrate content of bone is reduced in osteoporotic
rats [46]. The addition of citrate to non-modified cement
implanted in the defect of proximal tibial in rat appears
to promote bone remodeling and bone formation at the
early stage of bone healing [47]. Therefore, in the early
stage of T2D, lumbar vertebral bone formation may be
increased in Placebo groups due to citrate input, which
partially restores the structure of cancellous bone.

Ultimate stress, ultimate strain, elastic modulus and
energy absorption capacity were important factors for
evaluating bone strength [48]. Increased crystallinity,
mineralization defects (hypo- or hypermineralization)
and collagen deformation all led to changes in the above
parameters [49-52]. T2D increased the crystal size, that
is, the crystallinity increased [53, 54]. A previous study
in our group has also shown that T2D led to increased
femur crystallinity and mineral-to-matrix ratio in rats
[26]. In this study, we found that bone mineral compo-
sition (crystallinity, type B carbonate substitution and
mineral-to-matrix ratio in Fig. 6 and Fig. 7) of lumbar
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cortical and cancellous bones of rats in T2D group sig-
nificantly increased after 8 weeks compared with Con-
trol group (P<0.05). BMD, Tb.Th, BV/TV (Table 1) and
macroscopic mechanical properties (maximum load,
elastic limit load, maximum stress, elastic limit stress,
elastic modulus and energy absorption capacity in
Fig. 5) were significantly decreased (P<0.05), but there
were no significant differences in CSII group (P> 0.05).
These results suggested that T2D reduced bone strength
by affecting BMD, structure, and bone mineral compo-
sition, and CSII therapy could ameliorate the negative
effects of T2D.

CSII treatment improved the microstructure, mineral
composition, and nanoscopic-macroscopic mechani-
cal properties of the lumbar spine in T2D rats. This was
consistent with our previous observations in femurs
[26]. Unlike femur, the adverse effects of T2D on lum-
bar BMD, BV/TV, macro-mechanical properties, and
mineral composition of cancellous bone, as well as the
treatment effect of CSII, only showed up after 8 weeks.
In addition, bone mineral composition of lumbar can-
cellous bone was affected by T2D and CSII later than
cortical bone. On the one hand, this may be related to
differences in the function and structure of bone tis-
sues in different anatomical regions of the same species.
In a previous study, micro-CT was used to assess BMD
and microstructure of the areas of interest of cancellous
bone in tibia, femur, lumbar spine and mandible of rats
with diabetes after 4, 8, and 12 weeks, and it was found
that areas with denser cancellous bone were less influ-
enced by diabetes and the time was later [41]. In addi-
tion, Goodyear et al. compared the mineral composition
of cortical and cancellous bone from standard laboratory
mice and found that type B carbonate substitution and
mineral-to-matrix ratio in cortical bone was significantly
larger than cancellous bone [55]. On the other hand,
our study has further confirmed that not all bone sites
in rats experience bone loss at the same rate [56]. For
example, significant bone loss was observed in the lum-
bar spine cancellous bone one month later than in the
femoral neck in ovariectomized rats [57]. However, our
study suggested that T2D and CSII treatment affected
the lumbar cancellous bone structure, bone mineral
composition and macroscopic mechanical properties
in a time-dependent manner, that is, the bone mineral
composition of the lumbar spine cortical bone was first
affected, the cancellous bone structure and bone mineral
composition were the second, and finally, the macro-
scopic mechanical properties was affected.

The apparent and meso-mechanical properties of the
bone structure can be obtained by finite element analy-
sis based on micro-CT images. The apparent mechani-
cal properties of bone structure include apparent elastic
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modulus, apparent yield strain and apparent yield stress.
The mechanical properties at the tissue level can be
described by the average von Mises stress of cancel-
lous bone and the percentage of trabecular bone yielded
[58]. The mechanical properties of bone structure are
determined by the mechanical properties and micro-
structure of bone materials, which can be obtained by
nanoindentation test and micro-CT scanning. In this
study, it was shown that T2D significantly reduced
the microstructure (BV/TV and Tb.Th in Table 1), the
nanoscopic mechanical properties (indentation modu-
lus and hardness in Fig. 3) and the apparent mechani-
cal properties (apparent elastic modulus and apparent
yield stress in Fig. 4) of the bone materials (P<0.05).
Similar results have been found in related studies [59].
In addition, our study also found that T2D resulted in a
significant decrease in mesoscopic mechanical proper-
ties (percentage of trabecular bone yielded), while CSII
treatment significantly improved the adverse effects of
nanoscopic and apparent mechanical properties that led
by T2D (P<0.05), and the improvement of mesoscopic
mechanical properties was only significant after 8-week
CSII treatment. It can also improve the microstructure
of bone. In conclusion, CSII treatment can improve the
mechanical properties of bone materials and cancellous
bone structure damage caused by T2D, and thus sig-
nificantly improve the mesoscopic-apparent mechanical
properties.

There are some limitations in this study. Firstly, the
effects of CSII treatment on the microstructure, bone
mineral composition and multiscale mechanical prop-
erties of diabetic lumbar vertebrae were investigated
in male rats. There was strong evidence that hyper-
glycemia causes the accumulation of advanced glyca-
tion endproducts (AGEs) to promote the activation of
tumor necrosis factor o and osteoclast differentiation
factor and improve osteoclast activity [60]. The detec-
tion of AGEs in bone tissue should be included in future
experimental protocols to study the influence of AGEs
content on bone structure and mechanical properties.
Secondly, CSII treatment was observed to improve the
microstructure and bone mineral composition of lum-
bar spine cancellous bone in rat after 8 weeks in this
study, but not to a significant level. These results sug-
gested that it was necessary to establish a longer time
of CSII treatment to better understand the damage of
T2D to bone and the repair and improvement effect of
CSII treatment on bone. Finally, since estrogen defi-
ciency led to massive cancellous bone loss in rats [61],
further studies on female T2D animals need to be car-
ried out to determine the effects of T2D and CSII treat-
ment on bones of different genders.
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Conclusions

In summary, T2D rats showed significantly decreased
lumbar BMD, Tb.Th, BV/TYV, mechanical properties of
nanoscopic (indentation modulus and hardness), micro-
scopic (percentage of trabecular bone yielded), appar-
ent (apparent elastic modulus and apparent yield stress)
and macroscopic (maximum load, elastic limit load,
maximum stress, elastic limit stress, elastic modulus
and energy absorption capacity) (P<0.05). And bone
mineral composition (mineral-to-matrix ratio, type B
carbonate substitution and crystallinity) of cortical and
cancellous bones were significantly increased (P<0.05).
CSII treatment significantly improved the nanoscopic-
mesoscopic-apparent-macroscopic mechanical param-
eters. BMD, bone microstructure and bone mineral
composition can also be improved, but it would take
longer treatment time to restore the normal level. The
adverse effects of T2D and improvements of CSII treat-
ment on bone mineral composition, BMD, BV/TV and
macro-mechanical properties of lumbar spine appeared
after 8 weeks. In addition, the effects of T2D and CSII
treatment on bone mineral composition of lumbar
spine cancellous bone in T2D rats were later than those
of cortical bone. Our study can provide evidence for
clinical prevention and treatment of T2D-related bone
diseases.

Abbreviations

CSlI: Continuous subcutaneous insulin infusion; T2D: Type 2 diabetes; SD:
Sprague-Dawley; micro-CT: Micro-computed tomography; Tb Th: Trabecular
thickness; BMD: Bone mineral density; BV/TV: Bone volume fraction; MDI:
Multiple daily insulin; STZ: Streptozotocin; L2-3: The 2-3™ lumbar spine; Tb N:
Trabecular number; Tb Sp: Trabecular separation; SMI: Structural model index;
AGEs: Advanced glycation end products.

Acknowledgements
We would like to thank Professor He Gong for guidance and opinions, and Aigi
Hou for valuable guidance of experiments.

Authors’ contributions

H G, XR Hand YY Z conceived the experiments. XR H, AQ H, XDW and PP S
conducted the experiments. XR H wrote the manuscript. All authors approved
discussed and reviewed the manuscript.

Funding

This study was supported by the National Natural Science foundation of China
(No. 11872095 and No. 11902090), and the Natural Science Foundation of Jilin
Province (No. 20200201260JC).

Availability of data and materials
The datasets used during the present study are available from the correspond-
ing author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was carried out in strict accordance with the requirements of
the Laboratory Animal Standardization Committee. The research proto-
col was approved by the Scientific Ethics Committee of the School of



Hu et al. BMC Musculoskeletal Disorders (2022) 23:511

Biological Science and Medical Engineering, Beihang University, China (No.
BM201900064). The study was reported in accordance with ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 February 2022 Accepted: 16 May 2022
Published online: 30 May 2022

References

1. Malanda B, Burgaz C, Njenga E, Muga J, Acharya K, Gardete L, et al.
Diabetes care and education training audit for primary care physicians
- Results from IDF Diab-CET Kenya study needs assessment survey.
Diabetes Res Clin Pract. 2020;159: 108012. https://doi.org/10.1016/j.diabr
€5.2020.108012.

2. ChenH, JiangY,Yang Z, Hu W, Xiong L, Wang N, et al. Effects of
chimonanthus nitens oliv. leaf extract on glycolipid metabolism and
antioxidant capacity in diabetic model mice. Oxid Med Cell Longev.
2017,2017:7648505. https://doi.org/10.1155/2017/7648505.

3. QianW, Xu Z, Li F, Guan Q Guan L, Li Q. Prevalence, awareness, treat-
ment and control of diabetes mellitus among middle-aged and elderly
people in a rural Chinese population: a cross-sectional study. PLoS ONE.
2018;13(6): €0198343. https://doi.org/10.1371/journal.pone.0198343.

4. Gyawali B, Hansen MRH, Povisen MB, Neupane D, Andersen PK, McLa-
chlan CS, et al. Awareness, prevalence, treatment, and control of type 2
diabetes in a semi-urban area of Nepal: findings from a cross-sectional
study conducted as a part of COBIN-D trial. PLoS ONE. 2018;13(11):
€0206491. https://doi.org/10.1371/journal.pone.0206491.

5. ZhangYS, Weng WY, Xie BC, Meng Y, Hao YH, Liang YM, et al. Glucagon-
like peptide-1 receptor agonists and fracture risk: a network meta-anal-
ysis of randomized clinical trials. Osteoporos Int. 2018;29(12):2639-44.
https://doi.org/10.1007/500198-018-4649-8.

6. Leslie WD, Morin SN, Majumdaret SR, Lix LM. Effects of obesity and diabe-
tes on rate of bone density loss. Osteoporos Int. 2018;29(1):61-7. https://
doi.org/10.1007/500198-017-4223-9.

7. Komorita Y, Iwase M, Fujii H, Ohkuma T, Ide H, Jodai-Kitamura T, et al.
Impact of body weight loss from maximum weight on fragility bone
fractures in japanese patients with type 2 diabetes: the Fukuoka Diabetes
Registry. Diabetes Care. 2018;41(5):1061-7. https://doi.org/10.2337/
dc17-2004.

8. Ho-Pham LT, Chau P, Do AT, Nguyen HC, Nguyen TV. Type 2 diabetes
is associated with higher trabecular bone density but lower corti-
cal bone density: the Vietnam Osteoporosis Study. Osteoporos Int.
2018;29(9):2059-67. https://doi.org/10.1007/500198-018-4579-5.

9. Saito M, KidaY, Kato S, Marumo K. Diabetes, Collagen, and Bone Qual-
ity. Curr Osteoporos Rep. 2014;12(2):181-8. https://doi.org/10.1007/
$11914-014-0202-7.

10. Acevedo C, Sylvia M, Schaible E, Graham JL, Stanhope KL, Metz LN, et al.
Contributions of Material Properties and Structure to Increased Bone
Fragility for a Given Bone Mass in the UCD-T2DM Rat Model of Type 2
Diabetes. J Bone Miner Res. 2018;33(6):1066-75. https://doi.org/10.1002/
jbmr3393.

11. Rokidi S, Andrade VFC, Borba V, Shane E, Cohen A, Zwerina J, et al. Bone
tissue material composition is compromised in premenopausal women
with Type 2 diabetes. Bone. 2020;141: 115634. https://doi.org/10.1016/j.
bone.2020.115634.

12. Carbone S, Dixon DL, Buckley LF, Abbate A. Glucose-lowering therapies
for cardiovascular risk reduction in type 2 diabetes mellitus: state-of-
the-art review. Mayo Clin Proc. 2018;93(11):1629-47. https://doi.org/10.
1016/j.mayocp.2018.07.018.

13. Hsieh YT, Tsai MJ, Tu ST, Hsieh MC. Association of abnormal renal
profiles and proliferative diabetic retinopathy and diabetic macular
edema in an asian population with type 2 diabetes. Jama Ophthalmol.

2018;136(1):68-74. https://doi.org/10.1001/jamaophthalmol.2017.5202.

14. Hunt HB, Torres AM, Palomino PM, Marty E, Saiyed R, Cohn M, et al.
Altered tissue composition, microarchitecture, and mechanical

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 14 of 15

performance in cancellous bone from men with type 2 diabetes mel-
litus. J Bone Miner Res. 2019;34(7):1191-206. https://doi.org/10.1002/
jomr3711.

. Kong D, ShiY, Lin G, Jiang B, Du J. Recent advance in evaluation

methods for characterizing mechanical properties of bone. Arch
Comput Methods Eng. 2020;27:711-23. https://doi.org/10.1007/
s11831-019-09322-2.

. Lebovitz HE. Thiazolidinediones: the forgotten diabetes medications. Curr

Diab Rep. 2019;19(12):151. https://doi.org/10.1007/511892-019-1270-y.

. Inzucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini E, Nauck M,

et al. Management of hyperglycemia in type 2 diabetes, 2015: a patient-
centered approach: update to a positions statement of the American dia-
betes association and the European association for the study of diabetes.
Diabetes Care. 2015;38(1):140-9. https://doi.org/10.2337/dc14-2441.

. Hygum K, Harslef T, Jargensen NR, Rungby J, Pedersen SB, Langdahl BL.

Bone resorption is unchanged by liraglutide in type 2 diabetes patients:
A randomised controlled trial. Bone. 2020;132: 115197. https://doi.org/10.
1016/j.bone.2019.115197.

. Stage TB, Christensen MH, Jargensen NR, Beck-Nielsen H, Brgsen K, Gram

J, et al. Effects of metformin, rosiglitazone and insulin on bone meabo-
lism in patients with type 2 diabetes. Bone. 2018;112:35-41. https://doi.
0rg/10.1016/j.bone.2018.04.004.

Ruppert K, Cauley J, Lian Y, Zgibor JC, Derby C, Solomon DH. The effect of
insulin on bone mineral density among women with type 2 diabetes: a
SWAN Pharmacoepidemiology study. Osteoporosis Int. 2018;29(2):347-
54. https://doi.org/10.1007/500198-017-4276-9.

Cabré C, Colungo C, Vinagre |, Jansa M, Conget |. Frequency and
awareness of hypoglycemia in patients with Type 2 Diabetes treated
with two or more insulin injections in primary care outpatient clinics.
Prim Care Diabetes. 2020;14(2):168-72. https://doi.org/10.1016/j.pcd.
2019.08.001.

Reznik Y. Continuous subcutaneous insulin infusion (CSII) using an exter-
nal insulin pump for the treatment of type 2 diabetes. Diabetes Metab.
2010;36(6 Pt 1):415-21. https://doi.org/10.1111/dom.13947.

Pickup JC. Diabetes: insulin pump therapy for type 2 diabetes mellitus.
Nat Rev Endocrinol. 2014;10(11):647-9. https://doi.org/10.1038/nrendo.
2014.142.

Grunberger G, Bhargava A, Ly T, Zisser H, llag LL, Malone J, et al. Human
regular U-500 insulin via continuous subcutaneous insulin infusion versus
multiple daily injections in adults with type 2 diabetes: The VIVID study.
Diabetes Obes Metab. 2020;22(3):434-41. https://doi.org/10.1111/dom.
13947.

Nyman JS, Kalaitzoglou E, Clay Bunn R, Uppuganti S, Thrailkill KM, Fowlkes
JL. Preserving and restoring bone with continuous insulin infusion
therapy in a mouse model of type 1 diabetes. Bone Rep. 2017;7:1-8.
https://doi.org/10.1016/j.bonr.2017.07.001.

ShiP Hou A, Li C,Wu X, Jia S, Cen H, et al. Continuous subcutaneous
insulin infusion ameliorates bone structures and mechanical properties
in type 2 diabetic rats by regulating bone remodeling. Bone. 2021;153:
116101. https://doi.org/10.1016/j.bone.2021.116101.

Otani T, Mano |, Tsujimoto T, Yamamoto T, Teshima R, Naka H. Esti-
mation of in vivo cancellous bone elasticity. J Acoust Soc of Am.
2008;123(5):3632. https://doi.org/10.1121/1.2934872.

Broz K, Walk RE, Tang SY. Complications in the spine associated with
type 2 diabetes: The role of advanced glycation end-products. MEDNTD.
2021;11(1): 100065. https://doi.org/10.1016/j.medntd.2021.100065.
Miyake H, Kanazawa I, Sugimoto T. Association of bone mineral density,
bone turnover markers, and vertebral fractures with all-cause mortality
in type 2 diabetes mellitus. Calcif Tissue Int. 2018;102(1):1-13. https://doi.
0rg/10.1007/500223-017-0324-x.

Guo XX, Wang Y, Wang K, Ji BP, Zhou F. Stability of a type 2 diabetes rat
model induced by high-fat diet feeding with low-dose streptozotocin
injection. J Zhejiang Univ Sci B. 2018;19(7):559-69. https://doi.org/10.
1631/jzus.b1700254.

Rho JY, Tsui TY, Pharr GM. Elastic properties of human cortical and
trabecular lamellar bone measured by nanoindentation. Biomaterials.
1997;18(20):1325-30. https://doi.org/10.1016/50142-9612(97)00073-2.
Oliver WC, Pharr GM. An improved technique for determining hardness
and elastic modulus using load and displacement sensing indentation
experiments. J Mater Res. 1992,7:1564-83. https://doi.org/10.1557/JMR.
1992.1564.


https://doi.org/10.1016/j.diabres.2020.108012
https://doi.org/10.1016/j.diabres.2020.108012
https://doi.org/10.1155/2017/7648505
https://doi.org/10.1371/journal.pone.0198343
https://doi.org/10.1371/journal.pone.0206491
https://doi.org/10.1007/s00198-018-4649-8
https://doi.org/10.1007/s00198-017-4223-9
https://doi.org/10.1007/s00198-017-4223-9
https://doi.org/10.2337/dc17-2004
https://doi.org/10.2337/dc17-2004
https://doi.org/10.1007/s00198-018-4579-5
https://doi.org/10.1007/s11914-014-0202-7
https://doi.org/10.1007/s11914-014-0202-7
https://doi.org/10.1002/jbmr.3393
https://doi.org/10.1002/jbmr.3393
https://doi.org/10.1016/j.bone.2020.115634
https://doi.org/10.1016/j.bone.2020.115634
https://doi.org/10.1016/j.mayocp.2018.07.018
https://doi.org/10.1016/j.mayocp.2018.07.018
https://doi.org/10.1001/jamaophthalmol.2017.5202
https://doi.org/10.1002/jbmr.3711
https://doi.org/10.1002/jbmr.3711
https://doi.org/10.1007/s11831-019-09322-2
https://doi.org/10.1007/s11831-019-09322-2
https://doi.org/10.1007/s11892-019-1270-y
https://doi.org/10.2337/dc14-2441
https://doi.org/10.1016/j.bone.2019.115197
https://doi.org/10.1016/j.bone.2019.115197
https://doi.org/10.1016/j.bone.2018.04.004
https://doi.org/10.1016/j.bone.2018.04.004
https://doi.org/10.1007/s00198-017-4276-9
https://doi.org/10.1016/j.pcd.2019.08.001
https://doi.org/10.1016/j.pcd.2019.08.001
https://doi.org/10.1111/dom.13947
https://doi.org/10.1038/nrendo.2014.142
https://doi.org/10.1038/nrendo.2014.142
https://doi.org/10.1111/dom.13947
https://doi.org/10.1111/dom.13947
https://doi.org/10.1016/j.bonr.2017.07.001
https://doi.org/10.1016/j.bone.2021.116101
https://doi.org/10.1121/1.2934872
https://doi.org/10.1016/j.medntd.2021.100065
https://doi.org/10.1007/s00223-017-0324-x
https://doi.org/10.1007/s00223-017-0324-x
https://doi.org/10.1631/jzus.b1700254
https://doi.org/10.1631/jzus.b1700254
https://doi.org/10.1016/s0142-9612(97)00073-2
https://doi.org/10.1557/JMR.1992.1564
https://doi.org/10.1557/JMR.1992.1564

Hu et al. BMC Musculoskeletal Disorders

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

(2022) 23:511

Hammond MA, Gallant MA, Burr DB, Wallace JM. Nanoscale changes in
collagen are reflected in physical and mechanical properties of bone at
the microscale in diabetic rats. Bone. 2014;60:26-32. https://doi.org/10.
1016/j.bone.2013.11.015.

Kochetkova T, Peruzzi C, Braun O, Overbeck J, Maurya AK, Neels A, et al.
Combining polarized Raman spectroscopy and micropillar compression
to study microscale structure-property relationships in mineralized tis-
sues. Acta Biomater. 2021;119:390-404. https://doi.org/10.1016/j.actbio.
2020.10.034.

Dragomir-Daescu D, Salas C, Uthamaraj S, Rossman T. Quantitative com-
puted tomography-based finite element analysis predictions of femoral
strength and stiffness depend on computed tomography settings. J
Biomech. 2015;48(1):153-61. https://doi.org/10.1016/j.jbiomech.2014.09.
016.

Giambini H, Wang HJ, Zhao C, Chen Q, Nassr A, An KN. Anterior and pos-
terior variations in mechanical properties of human vertebrae measured
by nanoindentation. J Biomech. 2013;46(3):456-61. https://doi.org/10.
1016/} jbiomech.2012.11.008.

Xu M, Yang J, Lieberman IH, Haddas R. Lumbar spine finite element
model for healthy subjects: development and validation. Comput Meth-
ods Biomech Biomed Engin. 2016;20(1):1-15. https://doi.org/10.1080/
10255842.2016.1193596.

Gong H, Zhang M, Fan Y. Micro-finite element analysis of trabecular bone
yield behavior effects of tissue non-linear material properties. J Mech
Med Biol. 2011;11(3):563-80. https://doi.org/10.1142/502195194110040
10.

Zhou LQ, Yang B. Simulation of a hot-rolled h-section steel beam subject
to static loading based on discrete element method. Procedia Eng.
2017;210:312-9. https://doi.org/10.1016/j.proeng.2017.11.082.

Ma R, Wang L, Zhao B, Liu C, Liu H, Zhu R, et al. Diabetes perturbs bone
microarchitecture and bone strength through regulation of sema3a/
igf-1/B-catenin in rats. Cell Physiol Biochem. 2017;41(1):55-66. https://doi.
0rg/10.1159/000455936.

HuaY, Bi R, Zhang Y, Xu L, Guo J, Li Y. Different bone sites-specific
response to diabetes rat models: Bone density, histology and microarchi-
tecture. PLoS ONE. 2018;13(10): €0205503. https://doi.org/10.1371/journ
al.pone.0205503.

Schwartz AV. Diabetes mellitus: does it affect bone? Calcif Tissue Int.
2003;73(6):515-9. https://doi.org/10.1007/500223-003-0023-7.
Abdulameer SA, Sulaiman SA, Hassali MA, Subramaniam K, Sahib MN.
Osteoporosis and type 2 diabetes mellitus: What do we know, and what
we can do? Patient prefer adherence. 2012;6:435-48. https://doi.org/10.
2147/ppa.s32745.

American Diabetes Association. Standards of medical care in dia-
betes—2019 abridged for primary care providers. Clin Diabetes.
2019;37(1):11-34. https://doi.org/10.2337/cd18-0105.

Wilson SJ, Christensen AM. A test of the citrate method of PMI estimation
from skeletal remains. Forensic Sci Int. 2017,270:70-5. https://doi.org/10.
1016/jforsciint.2016.11.026.

Chen H, Wang Y, Dai H, Tian X, Cui ZK, Chen Z, et al. Bone and plasma
citrate is reduced in osteoporosis. Bone. 2018;114:189-97. https://doi.org/
10.1016/j.bone.2018.06.014.

Schneiders W, Reinstorf A, Pompe W, Grass R, Biewener A, Holch M,

et al. Effect of modification of hydroxyapatite/collagen composites with
sodium citrate, phosphoserine, phosphoserine/RGD-peptide and calcium
carbonate on bone remodelling. Bone. 2007;40(4):1048-59. https://doi.
0rg/10.1016/j.bone.2006.11.019.

Erdal N, Girgul S, Kavak S, Yildiz A, Emre M. Deterioration of Bone

Quiality by Streptozotocin (STZ)-Induced Type 2 Diabetes Mellitus in

Rats. Biol Trace Elem Res. 2011;140(3):342-53. https://doi.org/10.1007/
512011-010-8703-4.

Gurgul S, Erdal N, Yilmaz SN, Yildiz A, Ankarali H. Deterioration of bone
quality by long-term magnetic field with extremely low frequency in rats.
Bone. 2008;42(1):74-80. https://doi.org/10.1016/j.bone.2007.08.040.

Burr DB. The contribution of the organic matrix to bone’s material proper-
ties. Bone. 2002;31(1):8-11. https://doi.org/10.1016/58756-3282(02)
00815-3.

Turner CH. Biomechanics of bone: determinants of skeletal fragility and
bone quality. Osteoporos Int. 2002;13(2):97-104. https://doi.org/10.1007/
5001980200000.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 15 of 15

Peng Z, Tuukkanen J, Zhang H, Jamsa T, Vadnanen HK. The mechanical
strength of bone in different rat models of experimental osteoporosis.
Bone. 1994;15(5):523-32. https://doi.org/10.1016/8756-3282(94)90276-3.
Boyar H, Turan B, Severcan F. FTIR spectroscopic investigation of mineral
structure of streptozotocin induced diabetic rat femur and tibia. Spec-
troscopy. 2003;17:627-33. https://doi.org/10.1155/2003/826545.

Sihota P, Yadav RN, Dhaliwal R, Bose JC, Dhiman V, Neradi D, et al.
Investigation of mechanical, material and compositional determinants
of human trabecular bone quality in type 2 diabetes. J Clin Endocrinol
Metab. 2021;106(5):e2271-89. https://doi.org/10.1210/clinem/dgab027.
Goodyear SR, Gibson IR, Skakle JM, Wells RP, Aspden RM. A comparison
of cortical and trabecular bone from C57 black 6 mice using Raman
spectroscopy. Bone. 2009;44(5):899-907. https://doi.org/10.1016/j.bone.
2009.01.008.

Jee W, Yao W. Overview: animal models of osteopenia and osteoporosis. J
Musculoskelet Neuronal Interact. 2001;1(3):193-207.

de Souza RA, Xavier M, da Silva FF, de Souza MT, Tosato MG, Martin AA,
et al. Influence of creatine supplementation on bone quality in the
ovariectomized rat model: an FT-Raman spectroscopy study. Lasers Med
Sci. 2012;27(2):487-95. https://doi.org/10.1007/510103-011-0976-0.
Gong H,Wang L, FanY, Zhang M, Qin L. Apparent- and tissue-level yield
behaviors of 14 vertebral trabecular bone and their associations with
microarchitectures. Ann Biomed Eng. 2015;44(4):1204-23. https://doi.org/
10.1007/510439-015-1368-6.

Yadav RN, Sihota P, Uniyal P, Neradi D, Bose JC, Dhiman V, et al. Prediction
of mechanical properties of trabecular bone in patients with type 2 dia-
betes using damage based finite element method. J Biomech. 2021;123:
110495. https://doi.org/10.1016/jjbiomech.2021.110495.

Hu Z, Ma C, Liang Y, Zou S, Liu X. Osteoclasts in bone regeneration under
type 2 diabetes mellitus. Acta Biomater. 2019;84:402-13. https://doi.org/
10.1016/j.actbio.2018.11.052.

Li'Y, Tseng WJ, de Bakker CMJ, Zhao H, Chung R, Liu XS. Peak trabecular
bone microstructure predicts rate of estrogen-deficiency-induced bone
loss in rats. Bone. 2021;145: 115862. https://doi.org/10.1016/j.bone.2021.
115862.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.bone.2013.11.015
https://doi.org/10.1016/j.bone.2013.11.015
https://doi.org/10.1016/j.actbio.2020.10.034
https://doi.org/10.1016/j.actbio.2020.10.034
https://doi.org/10.1016/j.jbiomech.2014.09.016
https://doi.org/10.1016/j.jbiomech.2014.09.016
https://doi.org/10.1016/j.jbiomech.2012.11.008
https://doi.org/10.1016/j.jbiomech.2012.11.008
https://doi.org/10.1080/10255842.2016.1193596
https://doi.org/10.1080/10255842.2016.1193596
https://doi.org/10.1142/S0219519411004010
https://doi.org/10.1142/S0219519411004010
https://doi.org/10.1016/j.proeng.2017.11.082
https://doi.org/10.1159/000455936
https://doi.org/10.1159/000455936
https://doi.org/10.1371/journal.pone.0205503
https://doi.org/10.1371/journal.pone.0205503
https://doi.org/10.1007/s00223-003-0023-7
https://doi.org/10.2147/ppa.s32745
https://doi.org/10.2147/ppa.s32745
https://doi.org/10.2337/cd18-0105
https://doi.org/10.1016/j.forsciint.2016.11.026
https://doi.org/10.1016/j.forsciint.2016.11.026
https://doi.org/10.1016/j.bone.2018.06.014
https://doi.org/10.1016/j.bone.2018.06.014
https://doi.org/10.1016/j.bone.2006.11.019
https://doi.org/10.1016/j.bone.2006.11.019
https://doi.org/10.1007/s12011-010-8703-4
https://doi.org/10.1007/s12011-010-8703-4
https://doi.org/10.1016/j.bone.2007.08.040
https://doi.org/10.1016/s8756-3282(02)00815-3
https://doi.org/10.1016/s8756-3282(02)00815-3
https://doi.org/10.1007/s001980200000
https://doi.org/10.1007/s001980200000
https://doi.org/10.1016/8756-3282(94)90276-3
https://doi.org/10.1155/2003/826545
https://doi.org/10.1210/clinem/dgab027
https://doi.org/10.1016/j.bone.2009.01.008
https://doi.org/10.1016/j.bone.2009.01.008
https://doi.org/10.1007/s10103-011-0976-0
https://doi.org/10.1007/s10439-015-1368-6
https://doi.org/10.1007/s10439-015-1368-6
https://doi.org/10.1016/j.jbiomech.2021.110495
https://doi.org/10.1016/j.actbio.2018.11.052
https://doi.org/10.1016/j.actbio.2018.11.052
https://doi.org/10.1016/j.bone.2021.115862
https://doi.org/10.1016/j.bone.2021.115862

	Effects of continuous subcutaneous insulin infusion on the microstructures, mechanical properties and bone mineral compositions of lumbar spines in type 2 diabetic rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals, feeds and reagents
	Animal experiment
	Micro-CT scanning
	Nanoindentation test
	Raman spectroscopy
	Nonlinear finite element analysis
	Compression test
	Statistical analysis

	Results
	Effects of CSII on nanoscopic mechanical properties
	Effects of CSII on mesoscopic-apparent mechanical properties
	Effects of CSII on the microstructure parameters of cancellous bone
	Effects of CSII on macroscopic mechanical properties
	Effects of CSII on bone mineral compositions

	Discussion
	Conclusions
	Acknowledgements
	References


