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to controls, indicating increased susceptibility to 
mechanical damage. Although statistical analysis 
showed age as a dominant factor in tooth deteriora-
tion, T2DM was associated with a clinically relevant 
increase in dentin fracture size, suggesting that dia-
betes aggravates tooth fragility. Our findings under-
score the importance of the cooperative effect of age 
and diabetes in dental biomechanics which bears 
significant implications in restorative treatments. 
Altogether, while ageing significantly affects tooth 
mechanical stability, T2DM contributes to additional 
structural weakening, particularly in molars, due to 
altered mechanical properties and higher occurrence 
of dental wears.

Keywords  Diabetes · Mechanics · Dental 
morphology · Extracellular matrix (ECM) · Collagen

Introduction

Ageing results in the natural accumulation of chemi-
cally modified molecules throughout the human body. 
Examples for such changes are DNA methylation, 
posttranslational protein modifications, and accumu-
lation of D-aspartic acid residues (aspartic acid race-
mization, AAR) and advanced glycation end products 
(AGEs) [1–3]. AGEs are formed by non-enzymatic 
glycation, which is an irreversible reaction of reduc-
ing sugars with free amino groups on proteins, lipids, 
or nucleic acids. AGEs typically accumulate in 

Abstract  Dental collagen, a protein subject to 
essentially zero turnover, is highly susceptible to the 
accumulation of advanced glycation end-products 
(AGEs) due to elevated blood glucose in type 2 dia-
betes mellitus (T2DM). Progressive loss of collagen’s 
structural stability likely increases the risk of tooth 
decay and fracture complicating the proper fixation of 
dental restorations. Our study aimed at investigating 
the structural and mechanical alterations in T2DM-
affected teeth by measuring the stiffness and detect-
ing micro-traumas and fractures. By using computed 
tomography (CT) and static compression tests, caries-
free human molars and front teeth from healthy and 
T2DM patients were analyzed. Our results revealed 
a significantly reduced enamel/dentin ratio and 
larger dentin crack sizes in T2DM molars compared 
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relatively long-lived tissue proteins throughout the 
lifetime, such as in collagen, crystalline of the lens, 
myosin of skeletal muscle, articular cartilage, rib car-
tilage or intervertebral disc causing significant struc-
tural and mechanical alterations, such as increased 
matrix rigidity, and impaired repair capacity with 
aging and metabolic disorders [4–8]. These cumula-
tive alterations align with gerontological concepts of 
extracellular matrix (ECM) ageing, in which slowly 
replacing structural proteins are able to record the 
person’s biological history. Furthermore, besides the 
biochemical alterations of dental collagen, teeth are 
subjected to characteristic mechanical loads, mak-
ing them a sensitive indicator of the long-term con-
sequences of ageing, metabolic processes, and local 
biomechanical effects. Dentin is a calcified tissue that 
occupies the majority of the human tooth. It serves as 
an elastic support for the more brittle enamel and pro-
vides a protective medium for the inner pulp. Dentin 
consists of hydroxyapatite-embedded collagen matrix 
in which dentinal tubules are present, forming a tra-
versed network. It has been reported that in a normal, 
caries-free tooth the dental collagen is also exposed 
to glycation by dentinal fluid which is affected by 
blood sugars, resulting in a brownish discoloration 
of the teeth and a change in their mechanical prop-
erties [9]. Since collagen receives direct nourishment 
through dentin tubules, AGEs can accumulate in den-
tin during natural ageing, as a part of the physiologi-
cal process. AGEs content of dentin can be quantified 
by various, well-established biochemical, immuno-
logical, and spectroscopic methods [9–13].

Conditions of chronically high blood glucose such 
as type 2 diabetes mellitus (T2DM) may accelerate 
dental alterations via biophysical effects resulting 
in the premature stiffening of collagen and fragil-
ity of teeth. This characteristic also means that den-
tin is highly exposed to the accumulation of AGEs 
in T2DM. Since dentin is a mineralized tissue simi-
lar to bone, the most dominant ageing- and metabo-
lism-related effect is the formation and accumula-
tion of AGEs, making the calcified matrix stiffer and 
more fragile. In other relatively long-lived collagen-
containing tissues, such as vessels or tendons, the 
main differences of the ageing are that, besides the 
mechanical deteriorations by AGE accumulation, fur-
ther structural and functional alterations, such as fiber 
degradation and fragmentation can occur [14, 15]. 
Furthermore, in these non-mineralized connective 

tissues the fibroblast activity is also impaired, causing 
dysfunction in repair and healing mechanisms [16, 
17].

According to the International Diabetes Federation 
(IDF) Diabetes Atlas, 537 million people had T2DM 
in 2021 and this number is projected to rise steadily 
to 643 million by 2030, and 783 million by 2045 [18]. 
In Hungary, the same tendency can be seen. The most 
recent data show that T2DM affects one in six peo-
ple and more than one third are over 65 years. Studies 
and reports indicate that a large portion of the popu-
lation is affected by a wide range of oral complica-
tions such as tooth decay, gum disease, periodontitis, 
xerostomia, and other dental issues [19].

Fracture resistance of teeth is important in clini-
cal dentistry and has been investigated extensively 
[20–22]. It has been shown that fracture toughness 
of aged dentin is significantly lower than that of the 
young. This age-related deterioration of mechani-
cal stability can be explained by various factors: 
tubule number and diameter, changes in chemical 
composition of intertubular dentin, and alterations 
in the extent of tubular occlusion [20]. Considering 
that dental collagen displays no protein turnover, it 
is highly susceptible to progressive accumulation 
of AGEs caused by elevated blood glucose, which 
affects its long-term structural stability. Until now, 
limited data are available regarding the effects of type 
2 diabetes on the mechanical properties of dental 
hard tissues. It has been shown in an in  vitro study 
that T2DM negatively impacts root fracture resistance 
(RFR), pointing at a higher susceptibility to fracture 
under vertical forces (such as occlusal) affecting the 
outcome of root canal treatment [23]. However, frac-
ture tests under static force on diabetic coronal region 
of extracted tooth samples have not been investigated 
yet.

We propose that besides the numerous oral com-
plications associated with T2DM [24], the early dete-
rioration of mechanical stability of dental hard tissues 
is an important factor leading to the loss of teeth. 
Since tooth fracture is the major cause of tooth loss, 
a better understanding of the mechanical alterations 
of teeth in diabetic conditions is crucial. The com-
bination of reduced fracture resistance of the teeth 
with exposure to mechanical forces, such as chew-
ing or bruxism, may promote the development of 
micro cracks in enamel, paving the way for bacterial 
penetration towards dentin [25]. By experimentally 
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exposing dental samples to static compression, we 
can reveal the load-bearing capacity of the tooth 
material. To assess the initial status of extracted tooth 
samples and detect micro-traumas or fractures caused 
by mechanical testing, we used high resolution com-
puted tomography (micro-CT). From CT images the 
volume of enamel and dentin, hence the extent of 
dental wear was determined, allowing assessment 
of its association with type 2 diabetes mellitus. Fol-
lowing the compression test, we measured the crack 
growth direction, size and surface location. In our 
work we performed a micro-CT imaging and mechan-
ical test of normal and T2DM-affected extracted teeth 
to reveal the alterations of fracture resistance by dia-
betic conditions. Our results showed reduced stiffness 
and lowered maximal force of diabetic molar tooth 
samples and CT images revealed a remarkably extent 
of tooth wears in the same specimens. Furthermore, 
following the mechanical test larger crack sizes were 
determined in diabetic molar samples, highlighting 
the compromised mechanical stability of tooth hard 
tissues by diabetic conditions.

Materials and methods

Samples

Non-carious human teeth were extracted as a part 
of routine treatment from 20 healthy (n = 27 mean 
age: 38.1  years ± 19.1  years) and 15 T2DM-affected 
patients (n = 19 mean age: 60.4  years ± 14.8  years) 
at Semmelweis University, Department of Oro-
Maxillofacial Surgery and Stomatology (Table  1). 
All patients included in the study group had been 

diagnosed with type 2 diabetes mellitus for at least 
five years. The institutional review board of Semmel-
weis University Regional and Institutional Committee 
of Science and Research Ethics approved the study 
protocol (approval number: 99/2025). According to 
teeth type, samples were selected into two subgroups: 
frontal (including incisors and canines) and molar. 
The control group included 22 molars and 5 frontal 
teeth, while in the T2DM group 10 molar and 9 front 
teeth were examined. Samples were cleaned with 
hypochlorite solution in a sonicator bath for 15 min, 
then stored in Hank’s balanced salt solution (HBSS) 
at 4 °C until further use.

Computed tomography

To detect microtraumas and fractures, each tooth 
specimen was scanned both before and after mechani-
cal testing with a nanoScan SPECT/CT system 
(Mediso Medical Imaging Systems, Hungary). Sam-
ples were excluded from the further procedures if any 
crack was detected which may have formed during 
the extraction procedure. The scans were performed 
in helical CT mode with the following acquisition 
settings: the tube voltage was set to 70 kV peak, and 
the tube current was 760 µA. Each projection had an 
exposure time of 300  ms. A 1:1 binning mode was 
applied to preserve native spatial resolution, and the 
pitch factor was set to 1.0 to ensure continuous heli-
cal coverage. The system operated at maximum zoom 
to enhance spatial detail, and a total of 720 projec-
tions were acquired over a full 360° rotations. The 
reconstructed images had an isotropic voxel size of 
22 × 22 × 22  µm, allowing for high-resolution volu-
metric datasets suitable for detecting fine structural 

Table 1   General 
descriptive statistics of 
investigated samples

Control (N= 27) T2DM (N = 19) Overall (N = 46)

Age (years)
  Mean (SD) 38.1 (19.1) 60.4 (14.8) 47.3 (20.6)
  Median (IQR) 28.0 (31.5) 61.0 (19.0) 48.0 (43.0)
  Min, Max 16.0, 73.0 37.0, 78.0 16.0, 78.0

Sex
  Female 16 (59.3%) 10 (52.6%) 26 (56.5%)
  Male 11 (40.7%) 9 (47.4%) 20 (43.5%)

Type of teeth
  FRONT 5 (18.5%) 8 (42.1%) 13 (28.3%)
  MOLAR 22 (81.5%) 11 (57.9%) 33 (71.7%)
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changes such as microcracks and fractures. The loca-
tion of fractures and tooth material loss was deter-
mined manually using vivoQuant 1.22 software (invi-
CRO-Konica-Minolta Inc., Boston, USA). Prior to 
mechanical testing, enamel/dentin volume ratio were 
measured to assess the extent of tooth wear. Follow-
ing the mechanical testing, the surface location and 
size of the fractures were identified and measured. 
The enamel and dentin of the teeth were segmented in 
successive steps. First, the entire tooth was segmented 
by using three-dimension volume of interest (3D 
VOI) with a threshold value. The dentin of the teeth 
had different densities because it came from different 
patients and different tooth positions, thus it had to 
be segmented separately. The density ranges of tooth 
enamel in Hounsfield units (HU) were determined by 
sampling (above 4500 HU for molars and above 7000 
HU for incisors). After determining the threshold, the 
selected volume was corrected manually, resulting in 
the enamel volume in mm3 (V enamel). The remain-
ing volume of the tooth is dentin in mm3 (V dentin), 
but individual pixels not belonging to the surface 
were corrected in two steps with minimal erosion, 
followed by minimal but equivalent dilation. This 
smoothed the surface and corrected imaging errors. 
To determine fracture size, the largest dimension in 
the broken part of the tooth was marked in the man-
ner described above. To analyze fractures in selected 
2D CT images, ImageJ (National Institutes of Health) 
software was used. Fracture size in the enamel was 
measured as the perpendicular distance from the 
outer enamel surface to the enamel–dentine junction 
(EDJ). Fracture size in dentin was measured from the 
enamel–dentine junction (EDJ) to the dentin–pulp 

junction (DPJ). To accurately identify the surfaces, 
precise anatomical knowledge of the dental structures 
was required, supported by the application of Mühl-
reiter’s signs. To differentiate the oral and vestibular 
surfaces, the curvature of the crown was examined, 
as well as the size and position of the cusps in the 
case of molars and premolars. For distinguishing the 
approximal surfaces, root curvature and angulation 
indicators were used.

Mechanical test

For the static compression test a ZWICK Z005 
computer-controlled tensile tester device was used. 
Teeth with uncovered coronal region were embed-
ded in epoxy resin (Ipox Chemicals MR3010 + MH 
3124, mixing weight ratio 100:33) in a cylindrical 
plastic container. Coronal regions were compressed 
perpendicularly to the occlusal surface with 2 mm/
min crosshead displacement by using an 8  mm 
diameter spherical steel indenter (Fig.  1A). The 
device was set to automatically stop at 50% force 
drop in all cases (i.e., when the force drops to 50% 
of the maximum value during the indentation). 
Thus, by using this limit the complete destruction 
of the tooth could be prevented, and it was made 
possible to examine the cracks and fractures fol-
lowing the mechanical test. To characterize the 
fracture resistance of the samples during the com-
pression test the force (N) was recorded as a func-
tion of indentation distance (mm) (Fig. 1B). From 
the elastic region of these curves when there is a 
linear relationship between the force and indenta-
tion, stiffness of the tooth could be calculated from 

Fig. 1   A Measuring setup 
of static compression test. 
B Representative force 
versus indentation curve 
with regions reflecting the 
mechanical behavior of 
samples
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the slope in N/mm. Furthermore, the maximum 
point of the curves (Fmax) also could be determined 
showing the fracture point during the mechanical 
testing. Following this point further crack propaga-
tion could be seen from the continuously dropping 
and fluctuating force values, indicating the material 
separation. At the 50% drop of Fmax the cycle of the 
mechanical tester stopped.

Statistical analysis

Throughout the presented graphs, the bars represent 
the mean, and error bars show the standard devia-
tion (SD). Box plots indicate the median, interquar-
tile ranges, minimum and maximum values, and 
outliers. We used Origin Pro8 statistical software 
(Origin Lab Corporation). Groups were compared 
with a 2-sample t test. Statistically significant dif-
ference was accepted at 95% confidence level and 
p < 0.05 value. Furthermore, we aimed to estimate 
the effects of diabetes status (T2DM group vs. con-
trol) and tooth type (molar vs. frontal) on the fol-
lowing three outcomes such as breaking force 
(Fmax), enamel/dentin volume ratio, and dentin 
fracture size. It was taken into account, that mul-
tiple teeth were measured from the same patient, 
thus linear mixed-effects models were applied with 
a random intercept for each patient. This approach 
allows us to properly account for the correlation of 
observations within the same individual. All mod-
els were adjusted for patient age and tooth type, as 
these variables are potential confounders regarding 
the interested effect. For breaking force, the natural 
logarithm of Fmax was used as the outcome variable. 
This transformation was chosen because the distri-
bution of the raw values was skewed, while the log-
transformed values were approximately normally 
distributed, and model diagnostic plots indicated 
a better fit on the log scale. We evaluated possible 
two-way interaction effects between predictors (for 
example, the effect of diabetes on Fmax may dif-
fer on tooth type). Interaction terms were retained 
in the model only if they were statistically signifi-
cant and clinically relevant. In the final models, no 
interaction terms were included. Model assump-
tions were checked using diagnostic plots, which 
indicated acceptable fit. All models were fitted by R 
software (v4.4.3) [26].

Results

CT analysis prior the mechanical test

To detect the origin and size of failures, specimens 
were scanned before and after mechanical tests. 
By using CT images that were acquired prior to the 
mechanical test the enamel/dentin volume ratio was 
assessed, which revealed the extent of dental wears. 
In CT images the layer of enamel and dentin could 
be distinguished very precisely since they have dif-
ferent composition causing different densities. Due to 
the high mineral content of enamel, it represents the 
brighter, outermost part of the tooth while the under-
lying dentin shows lower density, appearing slightly 
darker on the grayscale (Fig. 2A). Our results showed 
that the enamel/dentin volume ratio is significantly 
reduced in diabetes-affected molar samples. In rep-
resentative 2D slices enamel displayed thinned struc-
ture in diabetic molar teeth. This ratio of molar teeth 
in control groups was 0.406 ± 0.07, while in T2DM 
group 0.228 ± 0.059 was determined. Front teeth did 
not show difference in enamel/dentin volume ratio 
between control and diabetic groups (Fig. 2B).

Mechanical test

In the present work, we examined the mechani-
cal behavior of normal and T2DM-affected teeth 
by using a compression test. The coronal region of 
epoxy-embedded samples was exposed to compres-
sive load with 2 mm/min crosshead speed by 8 mm 
diameter spherical steel indenter. In the recorded 
force versus indentation curves the x axis repre-
sents indenter displacement from touching the 
tooth surface, while y axis shows the force applied 
by the indenter during the compression. Results of 
the fracture tests are shown in Fig.  3. In general, 
in these force versus indentation curves various 
regions can be identified reflecting the mechani-
cal resistance of teeth during mechanical testing. 
At the beginning an elastic region could be deter-
mined showing a linear relationship between the 
force and indentation (Fig. 1B). This ascending part 
reflects the elastic deformation of the tooth mate-
rial, supposing that it can return to its original shape 
when the load would be removed. First, from this 
linear region the slope was determined, obtain-
ing the stiffness (N/mm) of the tooth material. Our 
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results showed that T2DM molar teeth have signifi-
cantly lower stiffness (1052.35 N/mm ± 147.58 N/
mm) comparing to the control samples (1661.86 
N/mm ± 205.89 N/mm) (Fig.  3E). Then, peak of 
the curves was determined revealing the maxi-
mum force (Fmax) required for creating significant 
cracks in the tooth material. Figure  3B shows that 
in T2DM molar teeth reduced force response could 
be recorded comparing to controls (Fig. 3A), while 
control and diabetic front teeth have similar ten-
dency in curves (Fig. 3C and D). Figure 3F shows 
broad distribution of data points with values reach-
ing up to 2000 N. In T2DM-M group the maximal 
force is decreased comparing to the control molar 
samples. In the C-M group 1321.33 N ± 365.63 N 
was measured, while in the T2DM-M group 938.4 

N ± 434.038 N maximal force was determined, 
which means 30% reduction but non-significant 
difference in force response. Front teeth displayed 
similar values in both groups with high variability. 
Following the Fmax point further crack formation 
and propagation could be seen from the continu-
ously dropping and fluctuating force values, indicat-
ing the separation of material. This part of the curve 
reflects the compression strength of teeth. In our 
measurements, this region showed high variability 
in various tooth types and samples. In those curves 
that terminated abruptly without a visible decrease 
in force, the subsequent data point has already 
dropped below 50% of the maximum force, there-
fore, the tensile testing machine’s software registers 
this as the end point.

Fig. 2   CT analysis prior the mechanical test. CT image are 
shown together with transverse, coronal, and sagittal images 
(from left to right). Scale bar: 1 cm. A Representative two-
dimensional (2D) slices selected from 3D CT reconstruction 
of control and T2DM samples. B Before the compression 
test the enamel/dentin volume ratio in mm3 was determined. 
This ratio of molar teeth in control groups was 0.406 ± 0.07, 

while in T2DM-M group 0.228 ± 0.059 was determined. The 
enamel/dentin volume ratio of front samples was slightly dif-
ferent between control (0.135 ± 0.053) and T2DM-F groups 
(0.172 ± 0.067). C-M, control molar teeth; T2DM-M, type 2 
diabetes mellitus molar teeth; C-F, control front teeth; T2DM-
F, type 2 diabetes mellitus front teeth
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CT analysis following the mechanical test

Following the compression test, crack sizes were 
determined in enamel and dentin respectively from 
two-dimensional (2D) slice selected from 3D CT 
reconstruction, in which cracks appeared most promi-
nent (Fig.  4A). Furthermore, the surface location 
of fractures was also determined. Results indicated 
that the dentin in diabetes-affected molar teeth is 
more exposed to fracture formation than in controls. 
The mean size of failures in T2DM-M group was 
3.354 mm ± 1.045 mm while in the control samples, it 
was only 1.55 mm ± 0.65 mm. In front teeth both the 
enamel and dentin were equally exposed to fractures, 
no significant differences were determined between 
crack sizes (Fig. 4B).

Regarding the location of failures occlusal and 
incisal surfaces of all control molar teeth were dam-
aged following the mechanical testing (n = 22) 
(Table  2). In 10 molar samples the distal surface 
and in 7 cases the mesial surface was also affected 
by fractures (Fig.  5). Diabetic molar teeth showed 

significant material loss at occlusal surfaces (n = 8), 
however in these samples the damage of vestibular 
surface was more highlighted. Front teeth were sig-
nificantly affected by cracks at many surfaces in both 
groups. In T2DM front group the oral surface was 
more frequently damaged during the compression.

Statistical analysis

Using linear mixed-effects models, we assessed the 
effects of diabetes status (T2DM vs. control) and 
tooth type (molar vs. frontal) on measured physi-
cal quantities such as breaking force (Fmax), enamel/
dentin volume ratio, and dentin fracture size, while 
adjusting them for patient age.

For breaking force, the analysis was performed 
on the logarithm of Fmax, however results are pre-
sented on the linear scale for the easier interpre-
tation (Fig.  6A). Age had a significant effect on 
maximal force (p = 0.0113). Predicted values indi-
cated a clinically relevant decrease from ~ 1200 
N at age 20 to ~ 520 N at age 80, highlighting 

Fig. 3   Results of mechanical tests. A–D Recorded force ver-
sus indentation curves of mechanical test in various groups. 
E The stiffness of control molar samples was 1661.86 N/
mm ± 205.89 N/mm while diabetic molar teeth displayed sig-
nificantly lower 1052.35 N/mm ± 147.58 N/mm values. F The 
box plot shows that the maximal force is reduced by 30% in 

T2DM-M group comparing to the controls. In the C-M group, 
1321.33 N ± 365.63 N was determined, while the diabetes-
affected molar teeth showed 938.4 N on average with a stand-
ard deviation of 434.038 N. C-M, control molar teeth; T2DM-
M, type 2 diabetes mellitus molar teeth; C-F, control front 
teeth; T2DM-F, type 2 diabetes mellitus front teeth
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age-related weakening of mechanical properties. 
Diabetes showed no significant, nor relevant asso-
ciation with Fmax (p = 0.7900), with an estimated 

mean difference of ~ 50 N between groups. Tooth 
type was also not significant (p = 0.5491), however 
the estimated effect suggested a relevant, slightly 

Fig. 4   CT analysis following the mechanical test. CT image 
are shown together with transverse, coronal, and sagittal 
images (from left to right). A Representative two-dimensional 
(2D) slices selected from 3D CT reconstruction of control 
and T2DM samples with larger crack size appearance. White 
circles indicate the location of cracks. Scale bar: 1 cm. B Fol-
lowing the compression test crack sizes were measured. In 

diabetic molar samples the dentin was more exposed to frac-
tures, significantly larger, 3.354 mm ± 1.045 mm cracks were 
determined, while in the control molar samples displayed 1.55 
mm ± 0.65 mm fractures. C-M, control molar teeth; T2DM-M, 
type 2 diabetes mellitus molar teeth; C-F, control front teeth; 
T2DM-F, type 2 diabetes mellitus front teeth; E, enamel; D, 
dentin

Table 2   Summary table of tooth samples affected by failures following the mechanical test

Number of affected teeth

Occlusal 
surface

Incisal surface Mesial surface Distal surface Oral surface Ves-
tibular 
surface

Control molars 22 22 7 10 3 1
Diabetic molars 8 8 0 0 2 6
Control fronts 5 5 5 5 3 2
Diabetic fronts 11 11 11 11 7 4
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higher forces (~ 100 N) in molars compared with 
frontals.

For the enamel/dentin volume ratio, age showed 
again a significant effect (p = 0.0032). Predicted val-
ues indicated an approximately 6% relevant decrease 
per decade, independent of diabetes status and tooth 
type (Fig.  6B). Neither diabetes (p = 0.6282, esti-
mated –2.3% difference) nor tooth type (p = 0.9633, 
estimated 0.2% difference) had significant or clini-
cally relevant effects on the enamel/dentin volume 
ratio.

For dentin fracture size, diabetes showed a non-
significant effect on fracture size (p = 0.0521), with an 
estimated increase of ~ 1.24 mm compared with con-
trols (Fig. 6C). Although, this result is not statistically 
significant in this sample, the magnitude of the effect 
pointing to the potentially important clinical conse-
quence. Age, and tooth type showed no significant 
effect on dentin crack size.

Discussion

Non-enzymatic glycation severely affects the com-
mon collagen-containing connective tissues, and 
it is already known that the dental collagen is also 
exposed to this process. In T2DM, due to the perma-
nently high level of blood glucose, dental alterations 
are accelerated via biophysical effects resulting in the 
premature stiffening of collagen and tooth fragility 
[27]. Since dental collagen does not undergo protein 
turnover, this property makes it an excellent record 
of the person’s biological history, and it can be used 

for age estimation in forensic cases [28]. However, 
the potential structural and mechanical alterations of 
tooth hard tissues in T2DM are not precisely known. 
We suggested that besides the numerous diabetic 
complications the early deterioration of the mechani-
cal stability of teeth should not be ignored. Further-
more, the higher level of accumulation of AGEs on 
long-lived dental collagen in T2DM can be a crucial 
factor in protein turnover rate, and in age estimation 
studies [29]. For this reason, in our work we per-
formed a detailed structural, and mechanical analysis 
of normal and diabetic tooth samples applying unique 
methods in dental science.

First, micro-CT images were acquired about sam-
ples in order to determine the extent of dental wears 
and excluding samples if any crack was detected 
which may have formed during the extraction pro-
cedure. For this reason, the volume of enamel and 
dentin was determined respectively, then an enamel/
dentin volume ratio was calculated. We observed 
that in diabetes-affected molar samples significantly 
reduced enamel volume could be measured, thus 
enamel/dentin ratio decreased almost by half compar-
ing to control molar teeth (Fig. 2B). This difference 
may be explained by the higher age of the diabetic 
individuals, first (Table  1). However, another rel-
evant condition can be mentioned as well. In T2DM 
periodontal diseases are the main oral complications, 
and it is already known that periodontitis and hyper-
glycemia are mutually and bi-directionally related 
and adversely affect each other [30]. First, it leads 
to the loss of front teeth, thus chewing load shifts 
to the molars. Instead of using the small front teeth, 

Fig. 5   Representative 3D reconstruction of control and T2DM molar samples. Both cracks affected the proximal mesial surface of 
teeth (arrows)
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Fig. 6   Prediction plots 
based on regression models. 
Solid lines indicate point 
estimates, while shaded 
areas represent 95% confi-
dence intervals. Dots cor-
respond to observed values. 
The y-axes display the out-
come variables: logarithm 
of maximal force, enamel/
dentin volume ratio, and 
fracture size in dentin. The 
association between age and 
each outcome was stratified 
by tooth location (molar vs. 
frontal) and diabetes status 
(control vs. T2DM: type 2 
diabetes mellitus)
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all types of biting and chewing are transferred to the 
back teeth. The conduction of front teeth and canines 
is lost during lateral jaw movements, unilateral bal-
ance develops. Therefore, a person with healthy, nor-
mal dentition, when the jaw moves sideways, it glides 
along the canine. However, in case of lacks of front 
teeth (e.g., due to periodontitis), unilateral balance 
occurs. Consequently, the remaining molar teeth are 
exposed to the masticatory forces, which promotes 
the formation of attrition resulting the loss of tooth 
occlusal surface [31].

To assess the mechanical properties of diabetes-
affected teeth, static compression test was used. Coro-
nal region of epoxy embedded samples was exposed 
to 2 mm/min load velocity by using an 8 mm diam-
eter spherical steel indenter, and force versus inden-
tation curves were recorded. First, the slope of the 
ascending part of the curve was determined, thus the 
stiffness (N/mm) of tooth material could be calcu-
lated. Our results showed that the stiffness of T2DM 
molar teeth significantly reduced comparing to the 
control samples. This result can be explained by the 
extent of the dental wears of molar samples. Since 
the enamel layer is thinned in diabetic molar samples, 
we think, that the force answer is originated from the 
less rigid dentin resulting lower stiffness values. Fur-
thermore, our results also showed, that molar teeth 
in T2DM group displayed 30% reduction in maxi-
mal force comparing to control samples, indicating 
a lower fracture resistance and diminished structural 
stability. Front teeth displayed similar values in both 
groups with high variability. Fracture toughness 
of human dentin in young and aged individuals has 
already been extensively studied from many aspects. 
Nazari et al. showed in Compact Tension specimens 
under cyclic loading, that in aged dentin the aver-
age crack growth resistance significantly reduced, 
which can be explained by the higher extent of den-
tal sclerosis and by different tubule dimensions and 
densities [32]. Furthermore, the reduced mechanical 
strength of aged dentin was investigated by Shinno 
et  al. Accumulation of AGE(s) on dental collagen 
and high mineral density resulting occlusion of den-
tal tubules are the main reasons which contribute to 
the low flexural strength and fragility of dentin [33]. 
However, it is very important to highlight that these 
kinds of comparative mechanical analyses are unre-
vealed in T2DM-affected tooth samples. In our study 
we could observe the same mechanical property of 

diabetic dentin by using the tensile tester device. We 
hypothesize that molar teeth may be more exposed to 
glycation due to their pulp anatomy and complexity 
resulting the early appearance of diabetic complica-
tions and accelerated AGE(s) formation which finally 
cause reduced fracture resistance and fragility of 
teeth.

Following the mechanical test, CT analysis was 
repeated of each samples exploring failures. CT 
images revealed significant damages in both groups. 
Dentin of diabetic molar samples was more exposed to 
fractures, significantly larger, 3.354 mm ± 1.045 mm 
crack sizes were determined, while control molar 
teeth displayed 1.55  mm ± 0.65  mm fractures. This 
result shows strong relation with the extent of dental 
wears which were defined prior the mechanical test. 
Since diabetic molar teeth have lower enamel/dentin 
ratio consequently, dentin is more exposed to dam-
ages, thin enamel was not able to provide its energy-
dissipating role during loading of indenter, cracks 
could propagate more in the dentin. Mechanical prop-
erties and composition of dentin in diabetic mouse 
models have already been investigated by Tang et al. 
[34]. Raman Spectroscopy and nanoscale dynamic 
mechanical analysis revealed significant reduction 
in hardness, storage modulus and lower mineral-to-
organic ratio of intertubular dentin in T2DM as lead-
ing causes of tooth fragility. Furthermore, Arola et. 
al. confirmed that old dentin is less tolerant to dam-
age than young dentin under flexure load, indicating 
increased both rate of damage initiation and microc-
racks propagation in dentin [35].

Furthermore, based on CT images we could deter-
mine the locations of failures. In molar samples the 
occlusal surface, and in front teeth, the occlusal/
incisal surface, were always affected in both groups 
since these areas received the greatest load during 
testing. The applied forces also impacted the proximal 
surfaces, with the mesial and distal sides were simi-
larly involved, which can be attributed to the thinner 
enamel layer in these regions. The involvement of 
the vestibular surface in the T2DM molar group can 
be explained by the thinner enamel and dentin layers 
of the cusps, whose already unfavorable mechanical 
properties are further deteriorated in T2DM [36].

In our study, following the assessment of data we 
considered it to essential to address the question, 
whether the mechanical and structural alterations in 
T2DM group are induced by diabetic complications 



	 GeroScience

Vol:. (1234567890)

or to ageing. Since we did not quantify directly the 
level of glycation or AGEs accumulation, statisti-
cal method was applied to predict the main factor of 
mechanical alterations of teeth. Linear mixed effect 
model allowed us to isolate the effect of diabetes from 
age-related changes to understand better the underly-
ing factors contributing to altered tooth biomechanics 
in T2DM. Statistical analysis revealed that the age 
has significant effect on various physical quantities 
such as breaking force, enamel/dentin volume ratio 
and dentin fracture size. The effect of T2DM was 
not significant in these predictions. However, T2DM 
showed the highest effect (1.24 mm difference) on 
dentin fracture size, pointing out relevant clinical 
consequences of diabetes. It is important to note that 
these analyses were carried out in small sample size 
groups. Probably in a larger population these pre-
dictions would be more accurate to demonstrate the 
effect of T2DM on various physical quantities. How-
ever, the main limitation of our work is the collection 
of tooth samples from diabetes-affected patients espe-
cially those with uncontrolled or poorly controlled 
diabetes. The extraction procedure can be more diffi-
cult and risky due to many factors such as the delayed 
wound healing, increased risk of infection, brittle or 
sclerotic alveolar bone resulting the fracture of the 
tooth already during the extraction [37]. Furthermore, 
since the dental caries is more common in diabetic 
patients it was difficult to collect caries-free and non-
treated samples in T2DM group.

Conclusion

In summary, we have shown here a detailed 
mechanical and structural analysis of extracted 
tooth samples in T2DM by using CT imaging and 
compression test. Diabetes-affected specimens 
showed lowered mechanical properties during 
compression test and CT results indicated reduced 
enamel thickness before mechanical examina-
tion in T2DM group, consequently greater fracture 
sizes were detected following the compression test. 
Although statistical analysis showed age as a domi-
nant factor in tooth structural weakening, our study 
highlights the importance of diabetic complications, 
which should be considered in planning of various 
clinical treatments. The structural condition and 
thickness of dentin influence the choice of dental 

restoration and the selection of corresponding adhe-
sive system. In patients with T2DM, due to the 
altered mechanical properties the bonding ability to 
adhesive system is also impaired. To compensate, 
the usage of restorative materials with high tough-
ness and shock-absorbing ability (e.g., zirconia) 
is crucial, and clinical protocols must aim to limit 
occlusal loading to ensure restorative longevity. 
Nowadays, the escalating T2DM epidemic is lead-
ing to increased overlap in health profiles among 
diabetic patients of various ages, increasing number 
of young individuals are affected by diabetic com-
plications. Therefore, our study emphasizes that 
while ageing significantly affects tooth mechanical 
stability, T2DM may contributes to additional struc-
tural weakening. Furthermore, our findings implic-
itly model the cumulative damage in dentin due to 
its essentially zero turnover. Considering this spe-
cial property from a system biology perspective, 
dental collagen displays unique ageing mechanisms 
compared to other collagen-containing tissues in 
which further structural and mechanical alterations 
and ability to renewal can occur. Clear evidences 
of diabetic complications affecting structural and 
mechanical properties of teeth should be investi-
gated in larger populations in future studies.
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