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Abstract
Obesity is the main cause of type 2 diabetes mellitus (T2DM). Roux-en-Y gastric bypass (RYGB) surgery is an effective 
treatment for this obesity-related health problem. However, the adverse effects of T2DM on bone tissue persist or even aggra-
vate after this surgical procedure. As studies on the mandibular condyle bone are scarce, the aim of the present study was to 
assess its compositional characteristics in T2DM and RYGB conditions. Thirty-two male C57BL/6 mice at 8 weeks of age 
were randomly assigned to receive either a high-fat or low-fat diet. After 14 weeks of high-fat diet intake, seven obese mice 
were subjected to RYGB surgery. All animals were euthanized at the age of 30 weeks. Mandibular bones were removed and 
the trabecular condyle region was assessed using Raman spectroscopy. A decreased mineralization was observed for both 
T2DM and RYGB condyle bones when compared to controls, with elevated carbonate substitutions for the RYGB group. No 
compositional differences in crystallinity and presence of advanced glycation end products were found between the groups, 
with the exception of an increased presence of N-carboxymethyl-lysine in RYGB bone compared to their T2DM counter-
part. Site-specific measurements revealed a non-uniform bone composition, with increasing mineralization and carbonate 
substitutions towards the centre of the mandibular condyle. T2DM and RYGB surgery affect the mandibular condyle bone 
quality, as investigated at compositional level. Assessment of bone structural properties and remodelling should be carried 
out to further explore the effects of T2DM and RYGB surgery on this skeleton area.

Keywords Type 2 diabetes · Roux-en-Y gastric bypass · Mandibular condyle · Bone composition · Cancellous bone · 
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Introduction

Diabetes is a defiant health problem in the twenty-first cen-
tury, globally involving 451 million people in 2017 [6]. The 
majority is affected by type 2 diabetes mellitus (T2DM) [38], 
an endocrine disease characterised by hyperglycemia and 
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beta cell dysfunction [37]. Chronic presence of hyperinsuli-
naemia along with glycaemic fluctuations result in excessive 
and accelerated formation of advanced glycation end prod-
ucts (AGEs) [45], and is known to adversely affect the mus-
culoskeletal system [7]. Among many of the T2DM-induced 
complications, a higher bone fracture risk is evidenced and 
attributable to an impairment of structural, mechanical and 
compositional characteristics of the bone tissue [7].

The overall bone strength is to a large extent determined 
by the bone mineral density (BMD), and is often normal to 
high in T2DM patients [44]. Trabecular bone strength, how-
ever, may be more dependent on bone quality as this area is 
more susceptible to microdamage, turnover and mineraliza-
tion alterations [2, 30]. The reduction of bone strength in 
T2DM is co-caused by a deteriorated bone quality induced 
by molecular changes through AGEs such as pentosidine and 
N-carboxymethyl-lysine (CML), which are able to form non-
enzymatic cross-links between collagen molecules under the 
hyperglycemic conditions in T2DM [17, 34].

For the assessment of the chemical composition of bone, 
Raman spectroscopy is an appropriate technique that offers 
a superior resolution compared to Fourier transform infrared 
[19, 29]. By applying Raman spectroscopy on bone speci-
mens, major spectral fingerprints that correspond to the min-
eral and organic components can be clearly separated [4, 9] 
and enable the assessment of collagen maturity, carbonate 
substitution, crystallinity and mineralization degree as meas-
ures of bone quality [16, 29]. A recent study of Marin et al. 
[24] used Raman spectroscopy to reveal that the femoral cor-
tical area of obese and gastric bypass-treated mice is subject 
to AGE accumulation. Regarding mineralization, carbonate 
substitution and crystallinity, lean and diabetic obese groups 
presented similar outcomes in the cortical bone, indicating 
that the compositional characteristics of this area are not 
affected by T2DM [24]. In the trabecular bone, less car-
bonate substitution was seen in obese and bypass animals, 
aside from decreased mineralization and stiffness in the lat-
ter [24]. Hence, compositional bone alterations do occur in 
the diabetic state exerting a negative impact on the bone 
quality, which seem not to be reversed by a gastric bypass 
operation [24].

T2DM also affects the jaw bone [26]. In the mandibu-
lar condyle, trabecular bone can be found [18]. Onoyama 
et al. [31] showed that T2DM decreases trabecular BMD 

and induces morphological changes in terms of trabecular 
connectivity, causing a lower bone strength. Kim et al. [21] 
showed that the oral trabecular bone volume is not affected 
by type 1 diabetes, whereas a negative effect was seen in the 
tibia, indicating a different response relative to the embry-
onic origin (i.e. neuroectoderm for the mandible and meso-
derm for the tibia).

In spite of these findings, research regarding T2DM and 
the jaw bone is extremely scarce. Therefore we examined the 
effect of T2DM on the mandibular condyle of diet-induced 
obese (DIO) C57BL/6 male mice, with emphasis on its com-
position using Raman spectroscopy. The influence of gastric 
bypass surgery on jaw bone alterations was also investigated, 
as bypass surgery is an effective treatment for obesity and 
T2DM [36]. As a secondary aim, we assessed whether dif-
ferences between the Raman data could be attributed to a 
specific site within the condyle. Rationale of the current 
study was to discern if the known detrimental effects of dia-
betes on long bones also apply to the mandibular condyle 
bone, and if bariatric surgery also affects the oral condylar 
bone.

Materials and Methods

Animals and Diets

All experimental procedures were approved by the Ethics 
Committee of the University of Leuven (P068/2016 and 
P101/2014). A total of 32 male mice, substrain C57BL/6 
purchased at Janvier Labs (Le Genest-Saint-Isle, France), 
received a normal diet until the age of 8 weeks. Sub-
sequently, mice were randomly divided into two diet 
groups, namely an age-matched lean (AML, n = 13) and 
a diet-induced obese (DIO), n = 19) group. Low-fat diet 
(5%fat, 0.9%  Ca2+, 1500 International Units Vitamine 
D/kg, Research Diets, Inc.—New Brunswick, NJ, USA: 
D12450-B; open source) was administered to the AML 
mice for 22 weeks (Fig. 1). High-fat diet (Research Diets, 
Inc.: D12492) was administered to DIO mice for an ini-
tial period of 14 weeks, whereafter 7 DIO mice were 
randomly assigned to a new group (bypass group: BYP) 
and were subjected to Roux-en-Y gastric bypass surgery 
(RYGB). The RYGB surgical procedure is described in 

Fig. 1  Classification of animals 
according to diet
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detail by Vangoitsenhoven [42]. Low-fat diet (E15051 EF 
R/M, Ssniff Gmbh, Soest, Germany) with a composition 
of 0.9% calcium and 1500 IU/kg vit D3 was provided for 
the 8 weeks post-surgery. The remaining 12 obese mice 
continued the high-fat diet intake. A similar animal and 
diet setup has been used in a study from [24, 25], confirm-
ing the diabetic state after 22 weeks of high-fat diet intake 
with significant increase in bodyweight and fasting blood 
glucose compared to lean controls.

Bone Tissue Collection

Animals were euthanized at the age of 30 weeks by using 
carbon dioxide administration. Mice heads were collected 
and underwent a fixation treatment with paraformaldehyde 
2% for 24 h. Thereafter, the samples were transferred to 
a phosphate-buffered saline solution and kept at 4 °C. 
Mandibular bones were separated at the midline and dis-
sected. Hemi-mandibles were secured onto a support with 
the use of a light-curing dental bonding system (Clearfil 
SE Bond 2 Primer, Kuraray, New York, USA) and dental 
composite (G-aenial flo 30 μm PMMA 3 wt% A2, GC 
America, Illinois, USA). A cut through the longitudinal 
axis at the middle of the condyle was performed using a 
diamond blade of 102 × 0.3 × 12.7 mm (230CA), with the 
Accutom-50 device (Struers, Ballerup, Denmark). After 
cutting, the samples were wrapped in aluminium foil and 
stored at − 20 °C until Raman analysis.

Raman Spectroscopy

Imaging of the samples was performed using a Raman 
micro-spectrometer (SENTERRA, Bruker, Massachusetts, 
USA). Raman outcomes of distinct bone types display peaks 
at similar positions but with different peak intensities [12]. 
To enable comparison of samples originating from differ-
ent groups, measurement positions were standardised and 
covered the entire trabecular condyle area. A total of 17 
measurements per sample was performed as follows (Fig. 2):

– Measurement 1 in the centre of an imaginary circle 
located at the outer border of the condyle, beneath the 
cartilage;

– Measurements 2 till 9 on a circle at radius 1/3 distance 
from the centre of this imaginary circle and with an eight 
stroke difference (clockwise) between the measurements, 
starting with measurement 2 located on the longitudinal 
axis of the condyle through the centre of the imaginary 
circle (displayed as a dotted line in Fig. 2), and closest to 
the outer edge of the condyle;

– Measurements 10 till 17 idem on a circle at radius 2/3 
distance.

Raman spectra were acquired with laser settings 
of λ = 785  nm, laser power of 100mW, aperture of 
50 × 1000 µm, a ×100 objective, 3 co-additions (scan rep-
etitions) and an integration time of 35 s. The spectral range 
was 405–1780 cm−1 with a spectral resolution of 3–5 cm−1.

Fig. 2  Measurement positions as determined using magnification ×20 (left) and illustrated in an anatomical drawing (right). The longitudinal 
axis of the sample is represented by the dotted line
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All 17 measurements of each sample were averaged to 
obtain mean values. At the same time, mean values for each 
measurement position across groups (AML, DIO, BYP) 
were calculated in order to assess potential differences rela-
tive to the measurement position. Subregions were defined 
as follows:

– Outer Surface Condyle (Out S.C.) 5 measurements per 
sample @ positions 10, 11, 12, 16 and 17, i.e. closest to 
condyle outer surface;

– Mid Condyle (Mid C.) 5 measurements per sample @ 
positions 2, 3, 4, 8 and 9, i.e. representing the middle part 
of the condyle, lying between the condyle outer surface 
and condyle centre;

– Centre Condyle (Cen C.) 7 measurements per sample @ 
positions 1, 5, 6, 7, 13, 14 and 15, representing the centre 
of the condyle.

The spectra were retrieved using OPUS software 7.2 
(Bruker, Massachusetts, USA). Following baseline correc-
tion, peak intensities (Fig. 3) [7] were calculated for each 
specific Raman-associated band of interest (displayed in 
Table 1). These spectra were used to determine the follow-
ing parameters [3, 32, 33]:

– Mineralization degree by mineral-to-matrix ratio 
obtained by dividing the primary phosphate band 
(960 cm−1) by amide I band (1670 cm−1);

– Carbonate substitution for phosphate position by carbon-
ate-to-phosphate ratio obtained by dividing the carbon-
ate band (1070 cm−1) by the primary phosphate band;

– Size and perfection of the bone mineral by crystallinity 
calculated as the inverse of the full width at half maxi-
mum of the primary phosphate band (range between 
925 and 990 cm−1) using the OriginPro 2017 software 
(OriginLab, Massachusetts, USA);

– Organic phase of bone tissue by assessment of the accu-
mulation of AGEs obtained by normalising pentosidine 
(1495 cm−1) and CML (1150 cm−1) band to  CH2 band 

(1450 cm−1). Additional details regarding the specificity 
of the Raman spectral areas for CML and pentosidine 
from a wildtype and a diabetic mouse can be found in 
Rubin et al. [33].

Statistical Analysis

Data for all parameters are expressed as scatter plots with 
means ± standard deviation. Linear models for repeated 
measurements were used for data analysis, with the ratio as 
response variable and either group (aim 1) or locus (aim 2) 
as explanatory variable. A random intercept was modelled 
to account for clustering of measurements within animal. 
In some cases outliers occurred, disturbing the symmetry 
of the distribution. As a sensitivity analysis, additional 
analyses were performed with a square root-transformed 
response variable to improve the symmetry of the distri-
bution. If p values from both analyses were similar, it was 
anticipated that outliers do not influence the results consid-
erably and results based on the raw (untransformed) data 
can be reported. All tests were two-sided and a 5% signifi-
cance level was assumed for all analyses. No corrections for 

Fig. 3  Raman spectrum of bone 
with calculated peak ratios for 
the parameters mineralization, 
carbonate substitution and 
crystallinity. (From Creecy et al. 
[7]; with permission)

Table 1  Bone mineral and matrix components (left column) with 
their corresponding Raman spectroscopic band (middle column)

The right column displays the interval in which the corresponding 
peak intensity was measured by using OPUS software’s integration 
function. Carboxymethyl-lysine and pentosidine integration intervals 
were manually selected for each measurement due to s and interval 
[3, 32]

Peak allocation Peaks  (cm−1) Integration interval  (cm−1)

v1PO4
3− 960 918,50–987,15

v1CO3
2− 1070 1053,44–1105,52

δ(CH2) 1450 1403,80–1491,39
Amide I 1670 1619,22–1709,18
Carboxymethyl-lysine 1150 Individual
Pentosidine 1495 Individual
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multiplicity were performed. Analyses were performed using 
SAS software (version 9.4 of the SAS system for Windows).

Results

Decreased Mineralization is Observed in DIO 
and BYP Condyles

The trabecular bone mineral-to-matrix ratio was found to 
be significantly lower for DIO and BYP animals compared 
to AML animals (Fig. 4a). No significant differences for 
the degree of mineralization of the condyle could be seen 
between DIO and BYP samples. Furthermore, the highest 
carbonate-to-phosphate ratio was found for the BYP con-
dyle, reaching statistical significance when compared to the 
AML condyle (Fig. 4b). No differences were noted between 
AML and DIO bone samples for this parameter. Regarding 
crystallinity, no differences were found between all groups 
(Fig. 4c). Also, the AGE pentosidine remained unaffected by 
the experimental treatments (Fig. 4d). In contrast, the other 
investigated AGE, namely CML, was found significantly 
increased in the BYP condyle compared to DIO (Fig. 4e).

The Condyle Bone Composition is Non‑uniform 
and Site‑Selection does Matter

DIO and AML mandibular condyle bones presented signifi-
cant site-specific differences in the degree of mineralization, 
increasing from the outer surface of the condyle towards 

the centre (Fig. 5, first row). This was not observed in the 
BYP group. Significantly more carbonate substitution was 
observed in the centre of all groups’ condyles, when com-
pared both to the middle and outer surface areas, except for 
the DIO condyle which did not show a significant difference 
between the middle and outer surface (Fig. 5, second row). 
Furthermore, all groups showed a significantly increased 
crystallinity in the outer surface of the condyle compared to 
the other measurement positions, except for the DIO group 
which did not show a significant difference between the mid-
dle and outer surface (Fig. 5, third row). Lastly, no signifi-
cant site-dependency was noted for AGEs accumulation in 
any of the groups (Fig. 5, fourth and fifth row).

Discussion

T2DM adversely affects bone in numerous ways and 
includes a deteriorated bone quality. RYGB surgery is a 
frequently performed and effective treatment for morbidly 
obese T2DM patients [43]. However, RYGB-associated side 
effects also exist with negative impact on the skeleton [47]. 
Therefore, we aimed at assessing the compositional charac-
teristics of the mandibular condyle bone for these two condi-
tions through Raman spectroscopy.

Raman outcomes reveal bone composition at microscale 
level, and our results showed an altered mandibular condyle 
composition in the DIO state. Particularly, mineralization 
was found to be decreased in T2DM (DIO) samples when 
compared to controls, perchance instigated by a decreased 

Fig. 4  Raman-based mineral-to-matrix ratio (a), carbonate-to-phosphate ratio (b), crystallinity (c), AGE pentosidine (d) and AGE CML (e) for 
AML, DIO, and BYP condyle trabecular bone. Boxplots created using GraphPad Prism V8.1.1 *p < 0.05
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Fig. 5  Site differences for Raman-based mineral-to-matrix ratio (first 
row), carbonate-to-phosphate ratio (second row), crystallinity (third 
row), pentosidine (fourth row) and CML (fifth row) for AML (a), 

DIO (b) and BYP (c) groups. Out S.C. outer surface condyle, Mid C 
mid condyle, Cen C centre condyle. Boxplots created using GraphPad 
Prism V8.1.1 *p < 0.05; **p < 0.01; ***p < 0.001
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remodelling rate [25, 35]. But another factor should be con-
sidered as a potential cause of the observed change in bone 
mineralization, namely the food consistency with the HFD 
pellets being softer than the LFD ones. The hardness of the 
diet can affect the bone quality of the mandibular condyle, 
as evidenced by Kufley et al. [22] in Wistar rats. Indeed, soft 
diet significantly decreased the bone quality of the mandible 
though only for the subset of animals in periods of active 
growing. These results are in line with previous investiga-
tions displaying a negative effect on the temporomandibu-
lar joint in growing animals after altering the function by 
changing the consistency of the diet [20, 27] or by changing 
the performance of the masticatory muscles [23]. However, 
given the fact that the rats used in the present study were 
aged 30 weeks, we anticipate that the diet hardness was not a 
confounding variable when interpreting the observed results 
of decreased mineralization in the T2DM condition. In the 
same context, we should keep in mind that different ani-
mal studies addressing the influence of diet-related altered 
masticatory function on mandibular condyle are consider-
ing different regions of interest, such as the postero-superior 
area [22], the anterior portion [13], the centre [39] or the 
full condylar bone (such as in the present study). Different 
forces are applied to these different areas of the condyle 
therefore having different outcomes with endochondral ossi-
fication and bone deposition occurring more pronounced in 
the postero-superior area in the mandibular condyle [11].

BYP mice also exhibited a significantly decreased min-
eralization when compared to control (AML) mice, and 
moreover displayed an even larger decrease compared to 
DIO mice, suggesting the T2DM-induced decrease in bone 
mineralization is not reversed by RYGB treatment. Simi-
lar outcomes were obtained for the cortical femoral region 
lying of diabetic and bypass-treated mice [24]. Carbonate-
to-amide I ratio, which has been linked to alterations in bone 
remodelling favouring bone frailty [14, 28], was increased 
for BYP compared to DIO bones, which is consistent with 
our observed decreased mineralization in BYP samples.

Along with mineralization, carbonate substitutions are 
also known to be a predictor for the mechanical properties 
of bone [46]. When phosphate is replaced by carbonate, the 
shape of the mineral crystal is altered with potential detri-
mental mechanical consequences [1]. In the present study, 
only carbonate substitutions in BYP bones was significantly 
increased compared to AML animals, while no differences 
were detected between AML and DIO animals, suggesting 
that carbonate substitution is evoked by RYGB treatment. A 
possible elucidation can be found in the study from Yu et al. 
[48], where alteration of the gastrointestinal hormones fol-
lowing RYGB surgery with direct effects on the skeleton was 
observed. Marin et al. [24], in contrast, reported less carbon-
ate substitutions in the femoral trabecular area of obese and 
bypass compared to lean mice, indicating different responses 

relative to the bone type. By combining our carbonate sub-
stitution and decreased mineralization results within DIO 
and BYP groups, we can assume that the adverse effect of 
T2DM on the mechanical properties of the mandibular con-
dyle bone are not resolved by RYGB treatment.

Bone crystallinity shows a relationship with carbonate 
substitution levels as both are dependent of the primary 
phosphate band. An increased crystallinity or maturity is 
mirrored by a decrease in carbonate substitutions, displaying 
an apatite cell with a greater crystallographic perfection [3]. 
The latter benefits bone strength and stiffness, but reduces 
its ability to deform [46], as fully crystallised compounds 
can be compared to very brittle ceramics [10]. The man-
dibular condyle crystallinity in the present study remained 
unaffected by neither the DIO or BYP condition, confirming 
the carbonate substitution results except from the increase in 
BYP samples, in which crystallinity was found to be slightly 
decreased (p = 0.45). Further studies with larger sample sizes 
for confirmation of the latter results are welcomed given the 
p-value closer to the significance threshold value.

Among the AGEs, pentosidine is widely been used as a 
surrogate marker [34]. In the present study a trend towards 
an increased presence of pentosidine in BYP bone compared 
to both other groups was found. The same was found for 
CML, which was increased with significance in BYP bone 
compared to DIO samples. The accumulation of AGEs in 
bone is interrelated with biomechanical weakness by leading 
to more brittle bones which are less deformable prior to frac-
turing [8, 40]. Moreover, as bone matrix proteins are altered 
through AGEs, they are reported to impede the osteoclastic 
differentiation process as well, causing the bone resorption 
process to be decreased with an altered bone homeostasis as 
consequence [41, 49]. Marin et al. [24] reported for obese 
and bypass femoral mice bones both an increase in pento-
sidine and CML compared to AML, which they found to 
be associated to decreased bone stiffness and strength as 
revealed by finite elements modelling. These results for long 
bones, i.e. significant differences for pentosidine and CML 
between AML and both DIO and BYP groups, could not 
be found for the oral condylar bone in the present study. 
Therefore and awaiting more studies thereon, the clinical 
relevance of the AGE results in RYGB treated patients, cau-
tiously suggesting the generation of brittled condyle bones, 
is very limited. Moreover, oral condyle fractures occur 
mainly following trauma [5] rather than caused by bone 
pathology.

Furthermore, to the authors’ knowledge for the first time, 
compositional variances between different locations within 
the condyle were assessed. Similar approaches for site-
dependency of Raman outcomes were performed before but 
on the cortical area of femoral bones [15, 28]. Marin et al. 
[24] revealed that significant decrease of mineralization was 
limited to the cortical endosteal surface. Our results revealed 
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a decrease from the centre to the outer surface of the condyle 
throughout all groups, and overall mineralization decline 
is suggested to originate in the outer layer of the trabecu-
lar area, gradually affecting the surrounding trabecular and 
cortical bone. For carbonate substitution levels, a similar 
gradual decrease from the centre of the mandibular condyle 
towards the outer surface is shown and reaches significance 
for all groups. Therefore, these novel data evidence that 
the composition of the mandibular condyle is not uniform, 
with significant site differences for all experimental groups, 
anticipating that the youngest bone can be found at the outer 
surface of the trabecular condyle, characterised by lower 
mineralization and carbonate substitution levels [1].

Conclusion

The current study on the mandibular condyle bone using 
Raman spectroscopy reveals novel data on alterations in 
the oral condyle bone composition of T2DM (DIO) and 
RYGB treated (BYP) mice. The mineralization degree in 
both diabetic and bariatric mandibular condyle was found 
significantly lower compared to age-matched controls, 
weakening the bone. In addition, the BYP group showed 
elevated carbonate substitution levels compared to controls. 
Accumulation of the AGE CML, known to be related to 
the bone toughness [17, 34], occurred in the mandibular 
condyle of BYP mice, though with unclear interpretation. 
To further evidence our results, histological and microfocus 
X-ray-computed tomography studies of the DIO and BYP 
mandibular condyle bone structure would be of interest and 
is currently lacking in the field. Site-specific measurements 
revealed a non-uniform condyle bone composition within all 
groups, with highest mineralization centrally and a coupled 
decrease and increase of carbonate substitution and crystal-
linity respectively at the outer surface. Further experimen-
tation on bone remodelling, structural characteristics and 
mechanical tests such as nanoindentation of the mandibular 
condyle in T2DM and bariatric conditions should be con-
ducted to confirm the effects of these pathologies on this 
area of the skeleton.
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