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A B S T R A C T   

Type 2 diabetes (T2D) affects the functional behavior of vertebra bone by altering its structural and mechanical 
properties. The vertebral bones are responsible to carry the body weight and it remains under prolonged constant 
load which results to viscoelastic deformation. The effect of T2D on the viscoelastic behavior of vertebral bone is 
not well explored yet. In this study, the effects of T2D on the creep and stress relaxation behavior of vertebral 
bone are investigated. Also, this study established a correlation between T2D associated alteration in macro
molecular structure and viscoelastic behavior of vertebra. In this study T2D female rat SD model was used. The 
obtained results demonstrated a significant reduction in the amount of creep strain (p ≤ 0.05) and stress 
relaxation (p ≤ 0.01) in T2D specimens than the control. Also, the creep rate was found significantly lower in 
T2D specimens. On the other hand, molecular structural parameters such as mineral-to-matrix ratio (control vs 
T2D: 2.93 ± 0.78 vs 3.72 ± 0.53; p = 0.02), and non-enzymatic cross link ratio (NE-xL) (control vs T2D: 1.53 ±
0.07 vs 3.84 ± 0.20; p = 0.01) were found significantly altered in T2D specimens. Pearson linear correlation tests 
show a significant correlation; between creep rate and NE-xL (r = − 0.94, p < 0.01), and between stress relax
ation and NE-xL (r = − 0.946, p < 0.01). Overall this study explored the understanding about the disease 
associated alteration in viscoelastic response of vertebra and its correlation with macromolecular composition 
which can help to understand the disease related impaired functioning of the vertebrae body.   

1. Introduction 

Type 2 diabetes (T2D) is the most common disease with several 
comorbidities which increases the world global health burden (Sihota 
et al., 2020). T2D can be identified by high blood glucose level resulting 
from insulin resistance and/or relative insulin deficiency (Care and 
Suppl, 2019). The chronic hyperglycemic state in T2D causes the pro
duction of advanced glycation end-products (AGEs) in the tissue. The 
accumulation of AGEs may affect the musculoskeletal composition by 
modifying the extracellular matrix and impairing cellular homeostasis 
(Tsai et al., 2014). T2D has altered native function of all tissues which 
causes the damage of tissues from head-to-toe: heart, kidney, nerves, 
eye, skin, tendon, blood vessels, intervertebral disc, cartilage, spine, and 
bone (Sihota et al., 2020; Brownlee, 1995; Lakhani et al., 2023; Wyatt 
and Ferrance, 2006; Molsted et al., 2012; Liu et al., 2018; Kurra and 
Siris, 2011; Anekstein et al., 2010; Yamamoto et al., 2009; Yadav et al., 
2021; Sihota et al., 2021). Our previous study has developed a high-fat 
diet (HFD)-fed and low-dose streptozotocin (STZ)-treated T2D rat model 

(Sihota et al., 2020). In this study, genetically normal outbred female 
Sprague Dwaley (SD) rats were used to investigate the effect of T2D on 
the microstructure and mechanical properties of the femoral bone. This 
study demonstrated that diabetes affects each hierarchy level of the 
bone and deteriorates its mechanical behavior. Some Other studies 
demonstrated the alteration in microstructure (e.g., mineral density, 
mean crystal size, cortical porosity, trabecular microstructure, protein 
structure/content (amide-I, and amide-II)) and mechanical properties 
(e.g., yield stress, apparent modulus, maximum stress, toughness to 
maximum stress, post yield toughness, fracture toughness) of bone 
(Sihota et al., 2020; Brownlee, 1995; Lakhani et al., 2023; Wyatt and 
Ferrance, 2006; Molsted et al., 2012; Liu et al., 2018; Kurra and Siris, 
2011; Anekstein et al., 2010; Yamamoto et al., 2009; Yadav et al., 2021; 
Sihota et al., 2021; Karim et al., 2018; Hunt et al., 2019; Wölfel et al., 
2020; Piccoli et al., 2020; Gallant et al., 2013; Rubin et al., 2016; Ace
vedo et al., 2018; Hunt et al., 2018). Out of the above mentioned tissue 
(e.g, heart, kidney, nerves, eye, skin, tendon, blood vessels, interverte
bral disc, cartilage, spine, and bone), the vertebral bodies with its 
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complex structure are thought to be more susceptible to the detrimental 
effects of T2D. The patients with T2D report more spinal pathologies 
including spinal stenosis (Anekstein et al., 2010), osteoporosis (Kurra 
and Siris, 2011), poor post-operative outcomes of lumbar fusion 
(Browne et al., 2007), and vertebral fracture (Kurra and Siris, 2011; 
Yamamoto et al., 2009). 

Vertebra is primary load carrying and transmitting structures in the 
axial skeleton and it is composed of cortical and cancellous bone. The 
alteration in mechanical properties of vertebra may lead to loss in its 
native functions as the damage or fracture of vertebra are directly 
associated with the loss of its native mechanical and structural proper
ties (Miyake et al., 2018; Klotzbuecher et al., 2000), as these studies 
reported reduced bone mineral density (BMD) and then increase fracture 
risk in T2D patients. The vertebral fractures are associated with higher 
mortality (Miyake et al., 2018; Kanazawa et al., 2009). Other studies 
investigated the irreversible residual strain, creep and damage of 
vertebra body under long term static and cyclic loading and reported 
time associated residual strain and damage which may be cause of age 
associated non traumatic fracture of vertebra body (Yamamoto et al., 
2006; Kim et al., 2011; Gustafson et al., 2017; O’Callaghan et al., 2018; 
Pollintine et al., 2009; Keaveny et al., 1994; Robinson et al., 2021). 
Other works also reported compromised mechanical properties of 
vertebra such altered stiffness, ultimate compressive strength and 
toughness as result of T2D (Gallant et al., 2013; Yamamoto et al., 2006; 
Robinson et al., 2021; Reinwald et al., 2009; Li et al., 2017). Many others 
investigated the effect of T2D on the micro and molecular structure of 
vertebrae/bone (Yadav et al., 2021; Sihota et al., 2021; Rubin et al., 
2016; Xue et al., 2018) and found significant deterioration in structure 
quality such as reduction in BMD, bone volume fraction, collagen 
quality etc. 

Beside the significant amount of work on effect of T2D on mechanical 
and structural properties of vertebra, the question, does T2D affect the 
viscoelastic behavior of vertebrae, remains poorly answered. Also, the 
correlation between change in molecular structure of vertebrae due T2D 
and its viscoelastic properties was not explored well. However, knowl
edge about these aspects is utmost important for proper clinical care. 
Though, it is well documented that the vertebrae bone is viscoelastic 
material (Kim et al., 2011; Oravec et al., 2018) and this mechanical 
property plays a crucial role to sustain the prolonged load in static 
(walking) and dynamic (running) physiological conditions. Also, the 
available clinical studies indicate that progressive vertebral deformation 
of elderly patients results in long-term vertebral height loss which re
sults in back pain (Briggs et al., 2004; Melton and Kallmes, 2006). The 
long term creep eventually leads to vertebrae fracture (Keller et al., 
2003; Sone et al., 1997). Further, Kim et al. (2011) investigated the 
relationship between microstructure and creep behavior of the verte
brae. This study shows a strong correlation between tissue mineral 
density and creep rate of the tissue. Also, it is well documented that the 
T2D affects the microstructure of the tissue. The available research gap 
motivate use to understand the effect of T2D on the viscoelastic behavior 
of vertebra and correlation between viscoelastic properties and macro
molecular structure vertebra. 

The aim of current study is to investigate the effect of T2D on the 
viscoelastic property and molecular structure of rat vertebra. We also 
investigated the relationship between alteration in molecular structure 
and viscoelastic property of the tissue. Here, we used a HFD-fed and low- 
dose STZ-treated T2D rat model to test vertebrae of the healthy and 
diabetic rat under compression loading to capture the time dependent 
behavior of the tissue. In this regard the creep and stress relaxation tests 
were performed on the control and T2D vertebrae bone by using a 
uniaxial compression test. The alteration was observed in collagen 
molecule, mineral to matrix ratio, cross linking (non-enzymatic cross 
linking) and crystal size (crystals were quantified using FTIR-ATR, and 
XRD). A correlation between the mechanical and structural properties of 
vertebra was established by using statistical tool. 

2. Material and methods 

2.1. Animals 

The study was started with six-eight week old female Sprague 
Dawley rats (190–200 g), which were collected from the central animal 
facility of NIPER (National Institute of Pharmaceutical Education and 
Research, Mohali, India). All animals were accustomed to a new envi
ronment (~20◦ temperature, and ~50 % relative humidity) for one 
week and 12 h of light and dark cycle with food and water ad libitum. All 
protocol design for the experiments of this study were approved by the 
Institutional Animal Ethics Committee (IAEC approval Number 17/75, 
NIPER) and these protocols were performed in accordance with the 
guidelines of the Committee for the Purpose of Control and Supervision 
of Experiments on Animals (CPCSEA), New Delhi, India. The brief 
scheme to induce diabetes is provided in Fig. 1(A) and comparison of 
blood glucose parameters to confirm the T2D in rats is provided in Fig. 1 
(B). 

2.2. Experimental design and sample preparation 

The detail about the experimental procedure to induce T2D in the 
animal was explained in our previous published study (Sihota et al., 
2020). The spines (L1-S1) of control and T2D animal were excised using 
the scalpel. After cleaning the adjacent soft tissues, the L4 vertebrae of 
all animals were separated by slicing through the adjacent intervertebral 
disc. Total twenty four specimens (twelve in control and twelve in T2D) 
were taken for creep experiments and sixteen specimen (eight control rat 
and eight T2D rat). All specimens were wrapped in PBS shocked gauge 
and stored properly at − 20 ◦C till the experiment. 

Specimens of equal length with parallel surfaces are required for 
accurate mechanical compression tests. The parallel surfaces ensure full 
contact with the loading grips and allow uniform distribution of applied 
load over the specimen surfaces and eliminates the unwanted error in 
mechanical response. However, obtaining of true parallel surfaces and 
equal gauge length for all specimens is not easy for such small samples. 
Hence, we designed a special method to cut the specimens of equal size 
with parallel surfaces. Here, two symmetric steel plates (5.5 mm thick
ness) with semicircular holes of different diameters were fabricated, the 

Fig. 1. Representation of specimen cutting procedure.  
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vertebra of different size (cross-section) were tightened (Fig. 1) (Note. 
tightening force was applied very gently to avoid any damage and lateral 
deformation) between these two plates inside the hole of corresponding 
dimensions. The complete assembly was then mounted on the low-speed 
diamond blade saw (IsoMet, Buehler, Lake Bluff, IL, USA) and ends of 
vertebra outside the hole were cut using a diamond saw. After removing 
the overhanging ends, the length of each specimen was measured and 
mean length of specimens was found 5.21 ± 0.03 mm. The cross section 
dimensions were measured using the method as described elsewhere (Li 
et al., 2017). The cross section was measured at five different locations 
over the gauge length and the minimum value of cross section area was 
considered for the stress and strain calculation. The average value of 
minimum cross section area of control and T2D specimens were 8.53 ±
1.21 mm2 and 8.37 ± 1.18 mm2, respectively. 

2.3. Experimental procedure 

After sequentially thawing the specimen at 4 ◦C and room temper
ature, the creep and recovery tests were performed in all specimens of 
each group. Total four groups (n = 6 in each group) (group-1, and group- 
2 contained control specimens and group-3, and group-4 carried T2D 
specimens) were made according to protocol of the experiment. These 
groups were divided according to creep test protocol as described in next 
paragraphs (steps for creep and recovery experiments). The experiments 
were performed using an electromagnetic testing system (Electroforce 
3200, Bose, Eden Prairie, MN, USA) (Fig. 2(A)). Prior to the actual test, a 
preload of 5 N was applied on each specimen to ensure proper contact 
between grips and specimen surface. 

The creep and stress relaxation tests were performed according to the 
previously described protocols (Pollintine et al., 2009). The creep test 
consists four different steps: step-1: Specimens of group-1 and group-3 
were compressed up to 0.2 % (2000 με) strain while specimens of 
group-2 and group-4 were compressed up to 0.4 % (4000 με) strain. All 
specimens were compressed in displacement control with strain rate of 
0.01 s− 1; Step-2: Once the desired strain was reached, displacement 
control mode was switched to load control mode and the specimen was 
held for 400 s at this load value. During this step, the deformation of the 
specimen was monitored against this hold load; Step-3: specimen was 
unloaded to zero load with the same strain rate as of loading step; step-4: 
specimen was held at zero load for 600 s and recovery in deformation 
was measured (Fig. 2(B)). 

For stress relaxation experiments each specimen was compressed up 
to 0.3 % (3000 με) strain and held for 3600 s. During this hold period, 
the reduction in load was measured which was later converted into a 
normalized value of stress. All experiments were performed inside the 
PBS filled chamber (Fig. 2(A)) and at room temperature to maintain the 

hydration of tissue during the experiment. The load deformation data 
were captured at 200 Hz sampling frequency. 

2.4. ATR-FTIR 

Small biopsy of vertebra (n = 10 samples in each control and T2D) 
bone was freeze dried for 24 h and using mortar and pestle, freeze dried 
bone was directly crushed in powder having particle size of few micron. 
Following this step, the powered particles were scanned under the 
Bruker IFS 66v/s FTIR spectrometer in Attenuated Total Reflection 
(ATR) mode. FTIR spectra were recorded in the spectral range of 500 to 
4000 cm− 1 (Fig. 3(A)). All specimens were scanned under constant 
pressure. Further, the recorded spectra were analyzed by using Origin
Pro 8 (OriginLab, Northampton, MA) software. After baseline correc
tion, the phosphate band (916–1180 cm− 1) and amide-I band 
(1589–1710 cm− 1) were selected to quantify the matrix and collagen 
related parameters i.e. mineral to matrix ratio, enzymatic cross linking 
(E-xLR), and non-enzymatic cross linking (NE-xLR). The mineral to 
matrix ratio was quantified as an area ratio of the phosphate band to 
amide-1 band, whereas the alteration in “E-xLR”, and “NE-xLR” was 
measured by deconvolution of amide-1 peak which is the location of 
strongest peaks for non-enzymatic cross-link (NE-xLR) pentosidine 
(AGE) (Sihota et al., 2020; Sihota et al., 2021). 

The amide-1 peak was deconvoluted into six Gaussian sub peaks of 
1610, 1630, 1648, 1660, and 1678, and 1690 cm− 1 by using a peak 
analyzer tool in Origin-2021 software (Fig. 3(B)). These peaks were 
found based on the second derivative of obtained spectra of amide-1 
peak. From the deconvolution of amide-1 peak, the NE-xLR was quan
tified by area ratio of 1678/1690 cm− 1, whereas E-xLR was quantified 
using 1660/1678 cm− 1. Further, the collagen maturity level was 
measured using the area ratio of 1660/1690 cm− 1. The quantification of 
NE-XLR is a measurement of collagen quality associated with NE-xLR 
and is an indirect measure of the overall AGEs contest in the tissue 
(Schmidt et al., 2017). 

2.5. Mean crystallite size (XRD) 

The powder of vertebra, used in FTIR analysis was dried in a fume 
hood and transferred in the tightly sealed cryovials, and XRD spectra of 
specimens were recorded using the Panalytical X’Pert Pro multipurpose 
diffractometer (Netherlands). The XRD spectra were recorded at 40 kV 
and 40 mA in no spinning mode with Cu-tube by CuKa radiation 
wavelength of 1.506 A0. All XRD spectra were recorded in the angular 
range of 2θ = 20◦ to 45, with a step size of 0.033/2θ and the count time 
at each step was 250 s. The obtained spectra were background corrected 
and analyzed using X’pert plus software. After fitting the XRD spectra, 

Fig. 2. (A) Demonstrates experimental setup (left side) and dimensions of specimen. (B) Input load steps (in subfigure) and output strain response of the specimen.  
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peak at 2θ = 26◦ belongs to average length of the crystal, and peak at 2θ 
= 40◦ belongs to average width of the crystal (Sihota et al., 2020; Sihota 
et al., 2021). Further, the average crystal size was calculated using the 
Scherrer Eq. (1). 

B (2θ) =
λ
L

cosθ (1)  

where B is mean crystal size, λ is x-ray wavelength, θ is the Bragg angle, 
and L is the peak width at half maximum. 

2.6. Experimental data analysis 

Displacement and load data obtained from the machine were con
verted into strain and stress data by dividing the displacement and load 
data by specimen length and its minimum cross section area, respec
tively. On the other hand the creep strain was measured using the Eq. 
(2). 

εcreep = εmax − ε0 (2)  

where, εcreep is creep strain, εmax is maximum value of strain at point of 
unloading, and ε0 is the static strain. Recovery strain, creep ratio and 
logarithmic creep/recovery rate were calculated using Eqs. (3)–(5). 

εrecov = εun − εres (3)  

where εrecov is recovery strain, εun is static unloading strain and εres is 
residual strain 

Creep ratio =
εmax

ε0
(4)  

log creep
/

recovery creep rate = Creep ratio =
Δlog10ε(t)creep/reccov

Δt
(5) 

Other side the normalized stress was calculated using Eq. (6) 

Normalized stress =
σ(t)
σ0

(6)  

where σ(t) is the stress at is any arbitrary time t and σ0 is a peak stress. 
Please note that the results represent the mean value of creep strain (n =
12 in both control and T2D). 

2.7. Statistical analysis 

To compare the results among the groups and to check the significant 
difference in the obtained parameters among the groups, statistical 
analysis was performed using the SPSS software (v.21, SPSS Inc. Chi
cago, IL, USA). The normal distribution of data was checked by the 

Kolmogorov-Smirnov test, and Student t-test was performed to check the 
statistically significant difference in parameters among the groups. The 
Pearson correlation test was performed to check the significant relation 
between the change in mechanical parameters and alteration in mo
lecular structure. This test was performed for T2D and control group 
separately. The 95 % confidence level was chosen to imply a statistical 
significance between the groups where p < 0.05, p < 0.01, and p <
0.001 denote the level of significance. Furthermore, in order to identify 
that among all structural parameters which one was more strongly 
associated with the macroscopic mechanical properties of tissue, a 
backward stepwise multiple regression analysis was performed. 
Initially, the collinearity among the independent variables was checked 
and then regression models were fitted to a given response parameter 
(Sihota et al., 2020; Sihota et al., 2021). 

3. Results 

3.1. Mechanical test 

The significant increase in average blood glucose level (HbA1c) (p =
0.0004) and decrease in plasma insulin (p = 0.006) in one group of rats 
confirmed the introduction of diabetes in rats. Average weight of control 
(272 ± 16 g) and T2D (269 ± 21 g) rats was found almost same at the 
time of sacrifice which indicates the non-obesity of T2D rat. 

The strain-time graph in Fig. 2(B) shows the value of strain after 
loading, creep, unloading, and recovery. The variation of creep with 
time corresponding to 0.2 % (2000 με) and 0.4 % (4000 με) loading 
strain in control and diabetic vertebra are demonstrated in Fig. 4(A) and 
(B), respectively. These figures indicate the significant reduction (p <
0.05, p < 0.01) of creep strain in T2D rats corresponding to all time 
points. The value of creep strain at end of creep step and corresponding 
to 0.2 % loading strain for control and T2D rat were 294.30 ± 53.86 με 
(n = 6) and 235.19 ± 35.27 με (n = 6), respectively. However, value of 
creep strain at the end of creep step and corresponding to 0.4 % loading 
strain for control and T2D rat were 582.10 ± 47. 73 με (n = 6) and 
441.52 ± 35.27 με (n = 6), respectively. These value of creep strain 
corresponding to both loading strain were found significantly different 
between the control and T2D rat (Table 1). For more accurate compar
ison of creep response between control and T2D corresponding 0.2 % 
and 0.4 % loading strain, creep ratio was calculated and its average 
value is presented in Fig. 4(C). The creep behavior of control and T2D 
specimens were found independent to loading strain as its value in both 
control and T2D specimens were not significant different between the 
0.2 % and 0.4 % loading strain (p = 0.82 for control group and p = 0.54 
for T2D group). On the other hand, the value of creep ratio was found 
significantly less in T2D rats than control rats (p < 0.05 corresponding to 
0.2 % loading strain and p < 0.01 corresponding to 0.4 % loading 

Fig. 3. (A) Representative ATR-FTIR spectrum of vertebra specimen, (B) Representative amide-1 band with six sub peaks. These sub peaks were used to measure the 
molecular difference between control and T2D vertebra. 
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strain). Further, creep rate (calculated as a slope of creep curve in the 
logarithmic scale) was found significantly larger in control specimens 
than T2D rats (p < 0.01). This trend was observed true for both 0.2 % 
and 0.4 % loading strain (Table 1). 

Furthermore, the control specimens showed faster and larger re
covery in strain than T2D specimens as the value of recovery rate and 
recovery strain during zero load hold phase were found larger in control 
specimens than the T2D specimens (Table 1). This observation was 
found true for both the loading strain 0.2 % and 0.4 %. The normalized 
value of recovery strains (recovery strain/applied strain) between 0.2 % 
and 0.4 % were not found significantly different. The value of normal
ized recovery strain in control and T2D groups corresponding to 0.2 % 
loading strain were 0.11 ± 0.02 and 0.11 ± 0.02, respectively; and 
corresponding to 0.4 % loading strain were 0.12 ± 0.02 and 0.10 ±
0.01, respectively. Further, the value of recovery rate in both control and 
T2D groups were found significantly larger for 0.4 % loading strain than 
0.2 % loading strain (Table 1). Also, the value of residual strain after 
600 s of recovery period was larger in control specimens than the T2D 
specimens. However, its normalized values in both control and T2D 
specimens were not found significantly different between 0.2 % and 0.4 
% loading strains. 

The results of stress relaxation experiment for control and T2D 
specimens are shown in Fig. 5. Fig. 5(A) presents the mean value of 
normalized stress during hold phase in control and T2D specimens. In 
control specimens the stress was found continuously decreasing with 
time, whereas in T2D specimens the stress relaxation curve became 
plateau after initial hold phase (say 600 s). The mean value of stress 
relaxation after 600 s for control and T2D rats were 46.6 % and 43.2 %, 
respectively and these values were found significantly different between 
T2D rats and control rats (Fig. 5(B)). 

3.2. Molecular structure 

The representative ATR-FTIR spectrum of bone is shown in Fig. 3(A) 
whereas the de-convoluted amide-I (1590–1710 cm− 1) band of the 
representative ATR-FTIR spectrum is shown in Fig. 3(B). Table 2 pre
sents the compression of molecular structural parameters between 
control and T2D specimens. Mineral-to-matrix ratio (mineralization) (p 
= 0.02) and carbonate-to-phosphate ratio (carbonate substitution) (p <
0.01) were found significantly larger in T2D group than the control 
group. The mean value of mineral-to-matrix ratio for control and T2D 
was 2.93 and 3.72, respectively whereas mean value of carbonate-to- 

Fig. 4. Creep-time curve for control and T2D specimens corresponding to (A) 2000 and (B) 4000 με initial applied strain. Note, these curve present the mean value of 
creep strain. (C) Comparison of creep ratio (ε(t)/ε(0)) between control and T2D specimens corresponding to 0.2 % (2000 με) and 0.4 % (4000 με). Note- p value <0.05 
shows statistical significant difference. 
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phosphate ratio (carbonate substitution) was 0.014 and 0.017, respec
tively. However, disease-related changes in mineral crystallinity, acid 
phosphate content, and collagen maturity were not found significant. 
Further, the amount of non-enzymatic cross links was found signifi
cantly increased (p = 0.01) in T2D group whereas the amount of 
enzymatic cross links in T2D groups was observed significantly 
decreased (p < 0.01). Furthermore, the comparison of mineral crystal 
length and width (obtained through XRD) between control and T2D 
specimens is shown in Fig. 6(A&B). No significant alterations due to T2D 
were found in the crystal length (p = 0.22) and width (p = 0.39). 

3.3. Relationship between molecular structure composition and 
mechanical properties 

Increase in elastic modulus in T2D group was found in correlation 
with increase in mineralization (r = 0.78, p < 0.01) (Fig. 7(A)). More
over, the logarithmic creep rate was found negatively correlated with 
the amount of NE-xL (r = − 0.94, p < 0.01) and residual strain (r =
− 0.93, p < 0.01) (Fig. 7(B&C)). Correlation between the amount of 
enzymatic cross link and mechanical properties was not found signifi
cant (r = 0.21, p > 0.05). Other molecular structural parameters were 
also not found significantly correlated with the mechanical properties. 

The amount of stress relaxation was found inversely correlated with the 
non-enzymatic cross links and mineralization (r = − 0.98, p < 0.01 for 
control rats and r = − 0.95, p < 0.05 for T2D rats) (see Fig. 8). Further, 
multiple regression analysis showed that out of the above measured 
structural parameters, mineral to matrix ratio was found strongly and 
positively correlated to elastic modulus (r = 0.93, p < 0.01), whereas 
NE-xL was found strongly negatively correlated with the viscoelastic 
properties (e.g. creep rate (r = − 0.97, p < 0.01), residual strain (r =
− 0.98, p < 0.01) and stress relaxation (r = − 0.95, p < 0.01)). 

4. Discussion 

In current study, we have investigated the effect of T2D on the 
compositional and viscoelastic property of vertebral bone. In this study 
static creep and stress relaxation experiments were performed to un
derstand effect of T2D on the viscoelastic behavior of vertebra. The 
obtained results demonstrate that T2D alters viscoelastic behavior of 
vertebra as amount of creep, recovery and stress relaxation are signifi
cantly lower in case of T2D. This study also shows that the viscoelastic 
behavior of vertebra is linear as it is found insensitive to the applied 
strain. Here, the cause of alteration in viscoelastic properties of vertebra 
is explained in terms of its compositional properties. 

Rat vertebrae segments are small in length and embedding its end 
with plate may affect the boundary conditions during the compression 
experiments due to small value of gauge length. On the other hand, 
obtaining true plano-parallel surfaces is difficult for such small speci
mens (Brouwers et al., 2009), to ensure proper contact between speci
mens and grip surface. Plano-parallel surface of the specimens are 
important to allow the uniform distribution of applied compressive force 
over the specimen cross section. Therefore, to preparing the plano- 

Table 1 
Creep parameters corresponding to 0.2 % and 0.4 % for control and T2D groups.   

0.2 % (2000 με) strain 0.4 % (4000 με) strain 

Parameters/ 
groups 

Control T2D p- 
value 

Control T2D p- 
value 

Peak stress 
(MPa) 

0.51 ±
0.08 

0.86 ±
0.15  

<0.01 1.54 ±
0.27 

2.17 ±
0.31  

<0.01 

Loading 
modulus 
(MPa) 

282.05 
± 54.86 

468.34 
± 78.79  

<0.01 406.54 
± 22.86 

606.52 
± 25.22  

<0.01 

Unloading 
modulus 
(MPa) 

438.42 
± 91.34 

644.01 
±

115.21  

<0.01 579.10 
± 87.80 

755.52 
± 88.14  

<0.01 

Creep strain 
(με) 

294.30 
± 53.86 

235.19 
± 38.57  

<0.01 582.10 
± 47.73 

441.52 
± 35.27  

<0.01 

Recovery 
strain (με) 

224.16 
± 35.41 

211.12 
± 35.15  

<0.01 465.14 
± 80.57 

388.53 
± 26.07  

<0.01 

Residual 
strain (με) 

575.06 
± 75.79 

648.51 
± 61.72  

<0.05 729.23 
± 55.27 

836.83 
± 43.50  

<0.01 

Log creep 
rate 

0.028 
± 0.008 

0.023 ±
0.002  

<0.01 0.03 ±
0.01 

0.021 
± 0.002  

<0.01 

Log recovery 
rate 

0.053 
± 0.003 

0.035 ±
0.003  

<0.01 0.080 
± 0.01 

0.07 ±
0.001  

<0.01 

Note – difference in the parameters was considered significant for p value <0.05. 

Fig. 5. (A) Presents the trend of stress relaxation in control and T2D specimens. This graph presents mean value of normalized stress. (B) Comparison of amount of 
stress relaxation between control and T2D specimens. 

Table 2 
Compression of molecular structure parameters between Control and T2D 
group.  

Molecule structure parameter Control T2D p- 
value 

Mineral:matrix 2.93 ± 0.78 3.72 ± 0.53  <0.05 
Carbonate to phosphate (852-890/916- 

1180) 
0.014 ±
0.003 

0.017 ±
0.002  

<0.01 

Mineral crystalinity (1030/1020) 0.88 ± 0.03 0.91 ± 0.02  >0.05 
Acid phosphate content (1127/1096) 0.32 ± 0.05 0.29 ± 0.05  >0.05 
Collagen maturity 2.96 ± 0.08 2.96 ± 0.41  >0.05 
Enzymatic cross linking (E-xLR) 3.73 ± 1.53 1.68 ± 0.31  <0.01 
Nonenzymatic cross link ratio (NE-xLR) 1.53 ± 0.07 3.84 ± 0.20  <0.01 

Note – difference in the parameters was considered significant for p value <0.05. 
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parallel surfaces with constant gauge length among all specimens, we 
used similar method as described in literature. During the cutting, vi
bration and heat generation may affect the surface microstructure, 
therefore we used ultra-slow cutting speed with continuous irrigation of 
PBS to minimize the cutting effect on the tissue microstructure (Yadav 
et al., 2021; Karim et al., 2013; Sihota et al., 2019). 

Before moving to the viscoelastic properties, initially the apparent 
Young’s modulus is compared between control and T2D specimens of 
the vertebrae to confirm the validity of the performed experiments. The 
value of apparent Young’s modulus is significantly large in T2D speci
mens, which is found in good agreement with the available literature 
(Sihota et al., 2020; Yadav et al., 2021). These values are also found in 
the range of reported values of vertebra modulus (Kurutzné Kovács 
et al., 2004; Yeni and Fyhrie, 2001). However other studies reported the 
decreased stiffness in T2D vertebra (Acevedo et al., 2018; Karim et al., 
2013; Fields et al., 2015; Broz et al., 2021). This inconsistency between 
our result and literature can be the results of different in animal model 
used. In literature, the increase in modulus in T2D case is related to 

increase in mineral to matrix ratio (Sihota et al., 2020). In the current 
study, we also compare the compositional properties between control 
and T2D groups, where a significant increase in mineral to matrix ratio 
and NE-xLR is observed in T2D specimens. 

Other structural parameters such as crystal length and width may 
also contribute to elastic properties of bone tissue (Sihota et al., 2020; 
Yamamoto et al., 2009; Yadav et al., 2021), which are also measured for 
both the groups. These two crystal structural parameters are not found 
significantly different between control and T2D specimens, therefore it 
can be speculated that the increase in modulus is the result of increase in 
mineral to matrix ratio. Pearson correlation test confirms this hypothesis 
as a positive linear correlation was found between mineral to matrix 
ratio and elastic modulus. The non-enzymatic crosslinking is associated 
with the decrease in mechanical properties of bone (Karim and Boux
sein, 2016; Nyman et al., 2007).The previous studies has reported the 
increase in bone brittleness and reduction in post yield displacement due 
increase in non-enzymatic cross links (Vashishth et al., 2001). The 
similar observation were observed on ex-vivo glycation studies that post 

Fig. 6. Comparison of (A) mean crystal length and (B) mean crystal width between control and T2D vertebral specimens.  

Fig. 7. Correlation between (A) elastic modulus and matrix to mineral ratio, (B) log creep rate and non-enzymatic cross link (NE-xLR) and (C) residual strain and 
non-enzymatic cross link (NE-xLR). 
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yield strength and post-yield energy of bone reduces with increase in 
non-enzymatic crosslinking (Tang et al., 2007; Tang and Vashishth, 
2010). 

Furthermore, the non-enzymatic cross linking restricts molecular/ 
collagen fibril sliding and subsequently influences the post-yield 
behavior of bone (Acevedo et al., 2018; Reinwald et al., 2009; Karim 
and Vashishth, 2012; Sroga et al., 2015; Tang and Vashishth, 2011; 
Palomino et al., 2018; Hammond et al., 2014). Here, the non-enzymatic 
crosslinking is found to influence the viscoelastic behavior of bone. With 
the increase in non-enzymatic cross-linking, reduction in creep strain 
and recovery strain is observed. A previous study has also observed the 
reduced stress relaxation as a results of non-enzymatic glycations (Jia 
et al., 2021). The viscoelasticity of bone is primarily associated with its 
organic phase, water phase and hierarchical microstructure. The sliding 
and slippage between collagen and mineral phases at different length 
scales also contributes to viscoelastic deformation of bone. However 
with the accumulation of non-enzymatic crosslinking, these de
formations are restricted which subsequently reduces the viscoelastic 
deformation of bone. 

The viscoelastic materials dissipate energy when subjected to load. 
In bone, this is important for providing resistance against the fracture 
under the dynamic or impact loading condition. In this study, we 
investigated the alteration in creep and stress relaxation behavior of 
vertebra due to T2D. The creep behavior is associated with the long-term 
deformation of vertebra, whereas stress relaxation is associated with 
stress dissipation during the long time straining of vertebra due to its 
physiological loading. The previous study by Kim et al. (2011) found 
that a large amount of creep induced in the vertebra under the physio
logical applied load and about half of strain does not recover after 
complete unloading, which remains as a residual strain. These findings 
suggested that the progressive vertebral deformation (residual strain) 
would be developed even at the physiological loading level over the 
years, which may increase the risk of vertebral fracture. 

The results of this study show that creep related parameters such as 
creep strain, creep rate, recovery strain, recovery rate and residual strain 
were found altered in T2D samples. For the same value of applied strains 
(2000 με or 4000 με), the value of creep strain, creep rate, recovery 
strain, and recovery rate were found significantly less in T2D group. 
Moreover, the residual strain after complete unloading is significantly 
more in T2D specimens. Further, the one hour stress relaxation experi
ment shows that the amount of stress dissipation is significantly less in 
T2D specimens. A study published by Kim et al. (2011) demonstrated 
that microstructure of vertebra affects its viscoelastic behavior. Further, 

our group (Sihota et al., 2020; Sihota et al., 2019; Yadav et al., 2022) 
disclosed that T2D alters the mechanical properties of bone and this 
alteration is associated with its micro and molecular structure. We have 
investigated the vertebra molecular structure. Statistical analysis results 
show a significant increase in mineral to matrix ratio, carbonate to 
phosphate ratio, and NE-xLR with T2D, whereas the amount of E-xLR is 
found less in T2D specimens. These microstructural observations are 
found in good agreement with the viscoelastic properties. Further, the 
mineral crystallinity and crystal size (length and width) are not found 
significantly different between control and T2D. Moreover, the results of 
this study show that the viscoelastic parameters are associated with 
molecular parameters of the vertebra. The logarithmic creep rate was 
found strongly correlated with the mineral to matrix ratio and NE-xLR as 
its value is found linearly decreasing with increase in mineral to matrix 
and NE-xLR. These results indicate that increase in mineral to matrix 
ratio and NE-xLR restrict the relative or gradual sliding/deformation 
among the constituents. Further, it can also be believed that the NE-xLR 
affect the molecular mobility and capability of change in conformations 
and rearrangements of the molecules against the applied load which 
leads to reduction in creep capability of vertebra (Reinwald et al., 2009; 
Kurutzné Kovács et al., 2004; Hammond et al., 2014; Gonzalez et al., 
2014). This alteration in bone molecular results in an increase in brit
tleness which makes vertebra bone prone to fracture. This behavior of 
vertebra can also be confirmed with the stiffening behavior of bone in 
T2D groups where specimens corresponding to high linear modulus 
show less creep and less stress recovery than the specimens with low 
linear modulus. Further, the residual strain is found statistically corre
lated with the NE-xLR as its value is found linearly increasing with in
crease in NE-xLR. This result indicates that increase in cross link will 
reduce the shape memory behavior of bone which could be due to the 
irreversible damage in the microstructure of tissue. The recovery rate is 
also found slow in T2D samples which could be due to the increase in 
non-enzymatic cross link density. These unwanted cross links increase 
the brittleness of the tissue. 

Further, the stress relaxation behavior of the vertebra is also found 
altered in T2D specimens, where the amount of stress relaxation is found 
strongly correlated with the NE-xLR. The stress relaxation of vertebra is 
found linearly decreasing with increase in NE-xLR. The stress relaxation 
against the constant hold strain occurs due to the redistribution of 
applied strain within the constituents of tissue. This strain redistribution 
phenomenon generally may occur due to the sliding of constituents over 
each other (Yadav et al., 2022; Dwivedi et al., 1881). Therefore, it can be 
speculated that the NE-xLR constrained the sliding of constituents and 
then deteriorates the dissipation capacity of tissue. The alteration in 
bone structure makes it prone to fracture. 

This study also investigated the effect of loading strain on the creep 
behavior of vertebra The obtained results show that the creep ratio is 
found independent to the applied strain, whereas the residual strain is 
found increasing with increase in applied strain. These results show that 
the irreversible damage of tissue increases with increase in the value of 
applied strain. Further, the increase in residual strain with applied strain 
is more in T2D specimens which indicate more irreversible damage. 
Overall this study demonstrated that the T2D affects the viscoelastic 
properties of vertebra which may lead to alteration in its physiological 
functions such as protection against the dynamic load and impact load. 

Despite our study presents some new data related to effect of T2D on 
vertebra viscoelastic behavior, this study has numerous limitations. 
First, the use of low-dose STZ causes a partial loss of pancreatic beta cell 
by direct cytotoxic action (unlikely T2D in humans) [reference]. Also, 
low-dose STZ is only effective to induce diabetes in HFD-fed insulin- 
resistant rats and fails to induce diabetes in normal control rats. The use 
of high STZ dose may cause absolute deficiency in insulin which is a 
characteristic of type 1 diabetes in lieu of type 2 diabetes, thus we used 
low dose of STZ in our study. Other reason to use low dose STZ is to 
develop late stage of T2D condition in limited period of time. Second, we 
measured the viscoelastic properties under static loading however 

Fig. 8. Correlation between stress relaxation and non-enzymatic cross link 
(NE-xLR). 
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vertebra is also subjected to dynamic loading therefore, understanding 
the T2D associated alteration in viscoelastic behavior of vertebra under 
dynamic loading is also important. In this study we did not investigated 
the microstructure of control and T2D vertebra though knowledge of 
correlation between vertebra viscoelastic behavior and its microstruc
ture will provide more insight in to T2D associated alteration in verte
bral biomechanics. Therefore, in future the detail studies are required to 
understand the effect of T2D on the vertebra viscoelastic behavior and 
its structural response. Last but not least, the origin of brittle fracture 
vertebra caused by T2D is important to care the vertebra bone which is 
not investigated in this study. Therefore, in future, a separate detail 
work is need to address cause of brittle fracture in T2D vertebra. 

5. Conclusion 

This study investigated the effects of T2D on the viscoelastic 
behavior of vertebra some of the drawn conclusions from this study are 
listed below  

• T2D makes the vertebra more brittle which is due to the increase in 
mineral-to-matrix ratio and NE-xLR.  

• The creep behavior of tissue is also found to deteriorate in T2D 
specimens where the amount of creep and its rate is significantly less.  

• The T2D specimens show more irreversible damage during the static 
loading and the value of recovery and residual strains are small and 
large in T2D specimens, respectively.  

• The T2D restricts the internal sliding and mobility of the constituents 
(collagen fiber) which decreases the stress dissipation capacity of 
vertebra and hence makes it more prone to fracture.  

• The viscoelastic response of vertebra is found independent to the 
applied strain as a significant difference is not found in the value of 
creep ratio between control and T2D specimens. 
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