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Abstract

Diabetes mellitus (DM) embrace a group of chronic metabolic conditions with a high morbidity,
causing deleterious effects in different tissues and organs, including bone. Hyperglycemia
seems to be one of the most contributing etiological factors of bone-related alterations, altering
metabolic functionality and inducing morphological adaptations. Despite the established models
for the assessment of bone functionality in hyperglycemic conditions, in vitro studies present a
limited representativeness given the imperfect cell-cell and cell-matrix interactions, and
restricted three-dimensional spatial arrangement; while in vivo studies raise ethical issues and
offer limited mechanistic characterization, given the modulatory influence of many systemic
factors and/or regulatory systems.

Accordingly, the aim of this study is to establish and characterize an innovative ex vivo model of
the bone tissue response to hyperglycemia, reaching hand or *he organotypic culture of
embryonic chicken femurs in high glucose conditions, sh)wcasing the integrative
responsiveness of the model regarding hyperglycemia-ina.ced alterations. A thorough
assessment of the cellular and tissue functionality was furer cunducted.

Results show that, in high glucose conditions, femurs pre. ented an increased cell proliferation
and enhanced collagen production, despite the altered . otein synthesis, substantiated by the
increased carbonyl content. Gene expression anulvsis evidenced that high glucose levels
induced the expression of pro-inflammatory ar+\ eaiy osteogenic markers, further impairing the
expression of late osteogenic markers. F.rthe rmore, the tissue morphological organization and
matrix mineralization were significantly a.~red by high glucose levels, as evidenced by
histological, histochemical and microton.>araphic evaluations.

Attained data is coherent with ack.:cwl-uged hyperglycemia-induced bone tissue alterations,
validating the models’ effectiveress, and evidencing its integrative responsiveness regarding
cell proliferation, gene and pr>tein uxpression, and tissue morpho-functional organization. The
assessed ex vivo model conjo.~s the capability to access both cellular and tissue outcomes in
the absence of a systci.ic nodulatory influence, outreaching the functionality of current
experimental in vitrr ¢ na . ivo models of the diabetic bone condition.

Keywords
Diabetes mellitus, hyperglycemic condition, bone tissue, bone metabolism, embryonic chicken

femur, ex vivo.



1. Introduction

Diabetes mellitus (DM) embraces a group of chronic metabolic conditions that affects more than
400 million people worldwide, with an increasing prevalence, being estimated to affect over 600
million adults in 2045 [1]. It is associated with a high morbidity since it causes deleterious
effects in different tissues and organs such as the heart, kidneys, nerves and blood vessels,
with pathological mechanisms differing accordingly to its type [2]. Diabetes mellitus type 1
(T1DM) has commonly an early onset and it is caused by an autoimmune process that leads to
destruction of pancreatic 3 cells with subsequent insufficient insulin production. Insulinopenia
and low levels of insulin-like growth factor-I (IGF-I) are characteristic of TLDM, alongside with
poor glycemic control [3]. Diabetes mellitus type 2 (T2DM) has frequently a later onset and is
caused by an increasing peripheral resistance to insulin, initially rompensated by an increased
insulin secretion to maintain glucose homeostasis that progress. <ly fails with the disease
progression, leading to hyperglycemia — a major contributor to its v..ried deleterious effects [2-
4].

Regarding the relation of diabetes with bone tissue, !"=rawie presents some evidence of
alterations regarding metabolic functionality and morp’iolc Yical adaptations. Studies show that
T1DM patients present high fracture risk and low bcne mineral density (BMD), while T2DM
patients, despite regular or increased BMD, al-o .evort an increased fracture risk, possibly
associated with bone microarchitectural chang-s |>-o|. Despite that hyperglycemia seems to be
one of the most contributing factors tr boe-related DM-related pathological effects - as
addressed from in vivo [10-12] and clinical s.'dies [13-17] - the underlying mechanisms are not
fully understood [13], with major evi.~nce arising from in vitro studies within bone cell
populations [18-20].

Osteoblasts are bone forming cells that differentiate from mesenchymal stem cells (MSCs),
which are primarily responsih'e to. the secretion of the extracellular matrix (ECM) further
mediating its mineralization [21, 22]. Some studies describe that hyperglycemia seems to impair
osteaoblastic activity by t.yoernig cell apoptosis, due to the accumulation of advanced glycation
products (AGE’'s) [.0 =l ~4]. Other authors refer that hyperglycemia elevates the levels of
some inflammatory mec ators, such as interleukin-6 (IL-6) and tumor necrosis alpha factor
(TNF-a) that may also trigger cell apoptosis [25]. Additionally, low levels of IGF-I1 may further
impair osteoblastic differentiation, being an important inducer of osteogenesis [26]. Another
aspect that seems to have an impact in bone development is the effect of hyperglycemia on
MSC differentiation potential, as these cells have the ability to differentiate not only into the
osteogenic lineage, but also into the chondrogenic or adipogenic pathways, among other
mesenchymal lineages. MSCs differentiation is determined by microenvironmental biochemical
stimuli such as hormones, cytokines, and other autocrine and paracrine factors, which leads to
a defined lineage commitment. Some studies suggest that high glucose levels can divert
differentiation of MSCs into adipocytes, even in the bone microenvironment, thus further
impairing osteogenesis [27, 28]. Despite the verified hyperglycemia-related hindrances, in vitro

studies offer limited cell-cell and cell-matrix interactions, and the restricted three-dimensional



spatial arrangement can lead to the loss of morpho-functional features of the cells, limiting data
extrapolation [29, 30].

Within in vivo studies, osteopenia seems to be the major skeleton-related alteration associated
with hyperglycemic conditions [5, 31-33]. Nonetheless, mechanistic studies are difficult to
implement, given the influence of many systemic factors and/or regulatory systems modulating
glucose bone metabolism. Experiments with animals are also expensive and often require the
use of a large number of animals to obtain valid results, raising ethical questions [29, 30].

Ex vivo models have tried to close the gap between in vitro and in vivo models. These models
conserve the three-dimensional arrangement of cells and ECM, as verified in vivo. Culture
conditions are easier to manipulate in order to replicate physiological or pathological conditions,
thus tissue responses can be evaluated without the influence of the diverse interacting systemic
factors/regulatory systems [29, 30]. Literature describes several ex ‘ivo models of bone tissue,
used for various purposes such as the assessment of biorhater als and drugs, preclinical
evaluation of therapeutic strategies and biomechanical asseys. esides, ex vivo models help to
refine in vivo experiments, potentially reducing the numbe* of used animals and minoring ethical
issues [29, 30].

The embryonic chicken femur organotypic culture morfe: "as been used over the years, being
well established in bone-related research [34-3€7. 1. has been used for the evaluation of bone
repair and testing of potential regenerative thei.apeutic approaches, as well as for the
assessment of the bone biological re-.porse under distinct pathological conditions, with
translational relevance to human applica.~ns [34]. Chicken embryos have a short-term
development, are easy to manipulate, ~n their early stage of development are deprived of
immune response and present a )cae development process similar to the one verified in
mammals. Those factors are tre 1,.7in contributors to its widespread use in relevant bone
tissue-related research [34-37;

In this frame, and to the best ¢! the authors’ knowledge, the establishment and characterization
of an ex vivo model of t*.c "oi.e response to hyperglycemic conditions has not been previously
addressed. Thus, *\c p~eznt study aims to characterize the impact of high glucose in the
embryonic chicken ferrar organotypic culture model, validating the establishment of a
representative ex vivo system for the modulation of the hyperglycemic-related complications of
the bone tissue, further evidencing the model’s integrative responsiveness at the cellular and

tissue levels.

2. Materials and methods

2.1 Embryonic chicken femora organotypic culture

Fertilized chick eggs (Gallus domesticus) were acquired from a local certified vendor. At day 11
of development embryos were euthanized and femora carefully dissected and cleaned,

preserving the periosteum. Femora were then transferred to Netwel™ inserts (440 um mesh
size polyester membrane) on six-well tissue culture plates (Costar®), allowing them to be

cultured at the air/liquid interface, upon the addition of 1 mL of culture medium. Three



experimental groups were established: control group, femora were cultured with alpha minimum
essential medium (a-MEM) supplemented with ascorbic acid (50 pg/mL), amphotericin B (2.5
pg/mL), streptomycin (100 pg/mL) and penicillin (100 units/mL), all Gibco®; mild hyperglycemic
group GL12, femora were cultured with the described medium further supplemented with a
glucose solution to obtain a final 12 mM glucose concentration; and severe hyperglycemic
group GL25, in which femora were cultured with the control culture medium supplemented to
obtain a final 25 mM glucose concentration. Such experimental conditions were established in
order to represent postprandial glucose levels in DM patients, being 12 mM equivalent to a mild
hyperglycemia and 25mM correspondent to severe hyperglycemia [18]. Culture medium for
control group presented 5.5 mM of glucose, corresponding to a normoglycemic condition.

The culture plates were maintained at 37°C, in humidified air with 5% CO,, for eleven days and
the culture medium was replaced daily. At day eleven, all specinh.~ns were washed twice in
phosphate buffered saline (PBS) and frozen or fixed in 49. pa aformaldehyde for further

analysis.

2.2 Macroscopic assessment

Whole femora were stained with Alcian blue/Aliza-in red S histochemical stain, for the
visualization of the sulphated glycosaminoglycar s-r ch tissue in blue, and mineralized tissue in
red/purple. Protocol was based in a previous ™ ethuuology described by Yamazaki et al [38]. In
brief, after fixation, femora were rehydr7.ed in 70% alcohol and submerged overnight in an
acidic Alcian blue solution - prepared by aau.'mg 10 mg of Alcian blue (Sigma®) in a 4:1 ratio of
ethanol 95% to acetic acid 99% solutiL™. Then, specimens were progressively rehydrated in
solutions of alcohol at 95%, 75%, 7 und 15 %, for two hours in each solution. Following,
samples were placed for 48 hotrs > an Alizarin red S 0.2% solution, prepared in potassium
hydroxide (KOH) 0.5%. After “1ace.ating for 4 hours in 2% KOH solution, tissue clearing was
performed by placing femora, successively, in solutions of 3:1, 1.1 and 1:3 of 0.5% KHO:
glycerin, for 8 hours. All L.2cnuens were preserved in glycerin.

Stained samples v < e hocographed, and linear measurements were taken using ImageJ
software (version 1.51j8) after size calibration. Total linear length and mineralized linear length,
the later corresponding to the linear portion stained by Alizarin red, were measured. The ratio
between linear mineralized length and total linear length was calculated for all specimens. All

measurements are presented in millimeters (mm). The assay was performed in quintuplicates.

2.3 Histological assessment

Histological samples were obtained from all experimental groups. After fixation, samples were
embedded in paraffin and 3 um thickness slices were cut using in a microtome. Sections were
deparaffinized, re-hydrated for further staining process using either Alcian blue/Sirius red,
Masson’s trichrome or von Kossa histochemical staining techniques, as previously detailed [39].
Alcian blue/Sirius red allows the visualization of the collagenous- (red stain) and

Glycosaminoglycans-rich (blue stain) regions. Masson’s trichrome stain further allows the



identification of newly deposited collagenous matrix (blue). Von Kossa stains in dark-
brown/black the mineralized tissue. Images were captured with Axiocam 208, Zeiss® coupled to
microscope Axiolb 5, Zeiss®. For von Kossa stained samples, mineralized area was measured,
using ImageJ software (version 1.51j8), after image segmentation using Otsu algorithm for
thresholding [40]. Collagen deposition area was measured for Alcian Blue/Sirius red stained

samples, using the same method. The assay was performed in quintuplicates.

2.4 Assessment of protein carbonyl content

Chicken femurs were mechanically homogenized in Tris buffer (0.5 M Tris pH 6.8 with 1%
SDS). Total protein amount was determined with the RC/DC assay (BioRad®), accordingly to
the manufacturer instructions and protein carbonyl derivatives content was assayed. In brief, a
certain volume of bone extracts containing 20 upg of prowin was derivatized with
dinitrophenylhydrazine by mixing the sample with 1 volume of 12% ¢ odium dodecyl sulfate plus
2 volume of 20 mM dinitrophenylhydrazine, prepared in 10v  trifluoroacetic acid. After 30
minutes of dark incubation, 1.5 volume of 2 M Tris/18.3%~ B-inercaptoethanol was added. The
derivatized proteins were diluted in Tris-buffered salin¢: (1 2S) to obtain a final concentration of
0.001 pg/uL. A 100 pL volume was slot blotte. into a nitrocellulose membrane.
Immunodetection of carbonyls was then perform :d using anti-dinitrophenyl (1:2000; MAB2223,
Merck Millipore) as the primary antibody. The bands were visualized with enhanced
chemiluminescence (ECL; Advansta, G':IS}), according to the supplier's instructions, and
images were recorded using a Molecular Imc ver Gel Doc XR + System (Bio-Rad) and analyzed

with ImageLab (version 5.0, Bio-Rad) [4.' The assay was performed in triplicates.

2.5 Microcomputed tomography (uC . analysis

Whole femora were scanned t 4u KV and 100 pA using a Skyscan 1276 system (Bruker®,
Belgium). After, three dimensic ~al reconstructions of all samples were conducted using Nrecon
1.7.4.2 software (Bruke'«, beigium), and a volume of interest (VOI), for further quantitative
analysis was dete.,Ninc” corresponding to the mid-diaphysis region being defined by
measuring 2 mm in lena' 1 from the femoral midpoint, into the cranial and caudal direction. The
following structural parameters: tissue volume (mm?®), bone volumeltissue volume ratio (%),
tissue surface (mm?), bone surface/bone volume ratio (mm™) and cortical thickness (mm) were
calculated, using CTanalyser 1.19.31 software (Brucker®, Belgium). Image thresholding was
applied in order to separate mineralized bone from non-mineralized tissue. Three dimensional
and two-dimensional images were generated using CTVox software 2.3.2.1 (Bruker®, Belgium).
Two dimensional images highlight the mineralized tissue portions. Coronal and axial sections

were obtained. The assay was performed in triplicates.

2.6 Gene expression analysis



In order to preserve structural integrity of mMRNA, femora from each experimental groups, were
instantaneously frozen using liquid nitrogen and total RNA was isolated from DNA and proteins
using Trizol® (Invitrogen), according to manufacturer’s instructions. Quality and quantity of total
extracted RNA were assessed by UV spectrophotometry (A260/A280) in a NanoDrop® ND-
1000 UV-Vis Spectrophotometer. RNA was then processed in order to obtain complementary
DNA (cDNA) with a two-step reverse transcription quantitative PCR Kit (NZY tech, BioRad®),
according to the manufacturer's instruction. Following, quantitative PCR analysis was conducted
in a Bio-Rad iQ5 real-time PCR system (Bio-Rad®) using SYBR Premix Ex Taqg kit (Supermix,
BioRad®). All optimized primers for specific DNA sequence amplification were acquired from
BioRad®. The relative gene expression level was normalized to the GAPDH (Unique Assay ID:
qGgaCED0029996) housekeeping gene, based on the 2
following genes was evaluated: COL1A2 (Unique Assay ID: (->gaCEd0025365), BMP-2
(Unigue Assay ID: qGgaClD0027472), RUNX-2(Unique Assa’ ID. qGgaClD0019198), SPP-
1(Unigue Assay ID: qGgaCEDO0023869), NFkB1(Unique /.sse ’ ID: qGgaClD0018536), IL-6
(Unigue Assay ID: qGgaCID0027781) and IL-10 (Unigu~ Assay ID: qGgaCED0029223). The

assay was performed in sixtuplicates.

“MC method. Expression of the

2.7 Statistical analysis
Statistical analysis was performed using IBM% SroS® Statistics (version 26.0, SPSS, USA).
Kruskall-wallis nonparametric test was em)loyed and differences between groups were

considered to be significant for p<0.05.

3. Results

3.1 Macroscopic evaluation and ror.hometric analysis

1mm

Fig.1. Representative macrographs of whole femora macroscopic assessment. a-Control, b-
GL12, c-GL25. Scale bar=1mm.

Linear measurements (mm)

Total lengh Mineralized lengh Mineralized Ratio (%)
Mean SD Mean SD Mean SD
Control 9.54 0.612 3.67 0.402 38.4 2.12
GL 12 9.78* 0.551 3.47 0.467 33.5% 6.45

GL 25 10.26* 0.377 3.22 0.418 31.3* 3.02




Table 1. Morphometric analysis of the whole femora. SD-standard deviation *p<0.05

Macroscopic assessment allowed the identification of mineralized and non-mineralized sections
of double stained femora, evidencing a predominant mineralized section at the mid-diaphysis
(red stain) and a predominant cartilaginous-rich tissue at the epiphyseal region (blue stain)
(Fig.1). No evidences of gross pathological alterations were observed. In addition,
morphometric indexes were determined (Table 1). Total linear length was significantly increased
in group GL12 and group GL25, as compared to control, suggesting an increased femoral
length with the increase of the glucose levels. Regarding to the mineralized section length, no
significant differences were found between groups exposed to hirih glucose concentrations and
control. Furthermore, the mineralized ratio was significantly decreasc in both GL12 and GL25
groups, as compared to control, revealing that the minera.’zed section did not follow a

proportional increase in relation to total linear length variatiol ..

3.2 Histological/histochemical assessment
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Fig.2. Representative micrographs of Alcian blue/Sirius Red and Mason’s Trichrome stained
femora (top). Scale bar= 100um. Quantitative determination of Collagen deposition area
(bottom), b is significantly different from a, p<0.05

Close examination of the histological sections of the AB/SR stained femora (Fig. 2, top) allowed
to verify a distributed glycosaminoglycan-rich layer in the central portion of the mid-diaphysis
(stained in blue), and peripheral collagenous matrix (stained in red), progressively organizing
into a trabecular structure. Comparatively, samples of group GL12 and Group GL25 showed an
increased collagen-rich structure, evidenced by the increased area of red staining, and further
confirmed by collagen deposition area assessment (Fig. 2, bottom). A similar trend was verified
in samples stained with Mason’s trichrome (Fig. 2, bottom). Glycosaminoglycan-rich portion
showed no evident alterations among groups. It was possible to visualize some areas of
condensation in the interfacial region with the collagenous portion, ‘specially evident in samples
stained with AB/SR, further evidencing the progressive treoec 'lar organization from the
periosteal region towards the lumen, replacing previous area~. >f cuitilage erosion. This process
seems to be more advanced in the control group, in which < mure defined and well-organized

trabecular formation was observed. A similar pattern w~._ at. ined in Mason’s trichrome stained

samples.
GL12 ‘\ f Control ' 6L12 GL25
X i s, Y g e —
\\‘ g m‘?" Sal S TR ——
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| 0
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Fig.3. Representative micrographs of von Kossa stained femora (top). Scale bar=100um.
Quantitative determination of the mineralized area in histological samples (bottom), b
significantly different from a, p<0.05.

Despite the increased collagen deposition in high glucose conditions, the mineralization of the
ECM did not follow the same tendency, as it observed in von Kossa-stained samples. The
mineral deposits (dark brown/black stain) were sparse in both GL12 and GL25 groups (Fig. 3,
top). Images showed a thinner layer of mineralized tissue in samples from group GL12 and

group GL25, as compared to control, the later, associated with more mature mineralized



trabecula and increased mineral deposition — as further evidenced by the higher total

mineralized area in control, as compared to GL groups (Fig. 3, bottom).



3.3 Assessment of protein carbonyl content
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Fig.4. Protein carbonyl content results. Graph presents “<lative amount of protein carbonyl in
the experimental groups, b is significantly different froin a, p<0.05

Protein carbonyl content of the assayed femo.. was found to be significantly increased in both
GL12 and GL25 groups, in comparison w'ch ¢ ntrol group (Fig.4). Comparatively, no differences
were found between GL12 and GL25.

3.4 Microtomographic analysis

Control - 3L12 GL25

Mean &D Mean SD Mean SD
TV (mm®) 22,36 " 63 52,85* 4,77 59,41* 1,10
BV (mm®) 040 LO04 0,35 0,03 0,42 0,03
BVITV (%) 1,79 0,11 1,39 0,37 0,69* 0,03
TS (mmz) 51,60 1,96 81,75* 4,84 91,32* 0,98
BS (mmz) 17,11 1,46 15,45 1,96 18,47 2,20
BS/BV (mm'l) 0,77 0,02 0,57* 0,06 0,31* 0,04
Ct.TH (mm) 0.0662 0.0023 0.0429* 0.0034 0.0384*  0.0027

Table 2 - Microtomographic histomorphometric analysis of the VOI defined within the mid-
diaphysis of cultured femora. TV-total volume, BV/TV-Bone volume/Total Volume, TS-Tissue
Surface, BS/BV-Bone Surface/Bone Volume (Bone density), Ct.TH- Cortical Thickness. SD-
standard deviation. *p<0.05, significantly different from control.



Fig 5. Representative microtomographic reconstructior.. (2D and 3D images) of cultured
femora. A-control. B- GL12, C-GL25. 1, 2, 3 repres.m *he cross-sectional level, 1- top; 2-
middle; 3 -bottom. Scale bar=0.5mm

Data from uCT shows that within the mid diaph' s region, corresponding to the defined VOI
that was submitted to the quantitative analysis. 1 sy ificant increase in total tissue volume was

verified in groups GL12 and GL25, as co1paing to femora cultured in basal conditions
(control). Further, significant differences we. ~ found in BV/TV ratio. Group GL25 presented the
lowest BV/TV ratio, with GL12 also p: ~senting significantly reduced values, as compared to
control. Contrariwise, TS levels were¢ fr.u < to be significantly higher in those femora exposed to
high glucose levels, with GL2E a.aming the highest values. Lastly, the BS/BV ratio was
significantly decreased in hin1 g..'cose exposed groups, in particular for group GL25, as
compared to control.

Images of cross and lorzitudal (Fig. 5) sections highlight the clear variation of mineralized
surfaces among ey, <ri *er.al groups, with an increased mineral content verified within the
control at the peripheral regions, evidencing the progressive mineralized trabecular
organization. Cortical thickness assessment is further in line with these observations, with a

significant higher thickness attained in control, as compared to GL12 and GL25.



3.5 Gene Expression analysis
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Fig. 6. Gene expression analysis of cultured femora, b is sigr«nc *nuy different from a, p<0.05

Genes associated with early osteogenic activity, COL*Az, RUNX-2 and BMP-2, showed an
increased expression in both GL12 and GL25 groups, ™ comparison with control. SPP1 gene,
that encodes osteopontin, a protein associated with lae stages of bone mineralization,
presented significant decreased levels in both g ~up<. exposed to high glucose concentrations
(Fig.6, left). On the other hand, SOST gen~., *ha. =ncodes sclerostin, was highly overexpressed
in GL12 and GL25 groups. Regarding gel. *< associated with inflammation, i.e. NFKB1, IL-6 and
IL-10, an increased relative mRNA cvel's expression was verified for both GL12 and GL25
groups, as compared to control, attan ‘na the highest expression in the GL25 group (Fig. 6,
right).
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4. Discussion

This study aimed to establish and validate an ex vivo model of hyperglycemic-induced bone
alterations, through the characterization of the embryonic chicken femur organotypic culture
exposed to high glucose concentrations. The experimental conditions for group GL12 and group
GL25 were selected in order to replicate the hyperglycemic condition of DM patients, being
representative of mild glucose levels (12mM), equivalent of 216 mg/dL postprandial blood
glucose concentration, and severe glucose level (25 mM), equivalent to approximately 432
mg/dl postprandial blood glucose concentration [18, 26]. Likewise, culture conditions of the
control group mimic a normoglycemic condition that corresponds to around 5.5 mM of glucose,
that is equivalent to 99 mg/dL postprandial glucose concentration. This concentration is, by
default, the glucose concentration present in the culture medium.

In brief, major structural, histological and biological alterations we -~ iuontified in femora cultured
in high glucose conditions. Macroscopic evaluation showed tha. <ariples from GL12 and GL25
groups presented an increased length, being suggestive o an ncreased metabolic activity of
bone cells and enhanced cell proliferation. In vitro studic~ report a similar trend on the cell
proliferative potential as a result of the hyperglycemi: env ronment. Al-Qarakhli et al reported
that bone marrow MSCs display an increase proli’eraticn when cultured in high glucose-
supplemented media [20]. Also, Freude et al repcrt.d hat human osteoblasts present increased
proliferation in vitro, when exposed to higi. levels of glucose [42]. The increased cell
proliferation seems to be the result of ~ p.sitive energetic output due to the availability of
glucose [20, 42]. Osteoblasts rely m~inly on gylycolysis to generate the energy required to cell
metabolism, so increased glucose av-'ab..*y is expected to upregulate metabolic activity [43].
Histological analysis further support “hese observations since it is clear the increasing tissue
formation and collagen depositic » in samples from both GL12 and GL25 groups, being evident
with either AB/SR or Mason’s .\ -ichrome histochemical stains. Cunha et al described, in their in
vitro study, that osteoblasi> cuhured in very high glucose conditions had remarkable increased
collagen production, wken «ompared with osteoblast cultured in basal conditions [44]. Similar
observations were ma.'« vy Zayzafoon et al [45] in their in vitro study, describing that acute
exposure to high leve!s of glucose increased the expression of type | collagen mRNA by
osteoblasts. In our study, gene expression analysis further supported these observations, since
COL1A2 gene showed an increased expression in groups GL12 and GL25, pointing to an
increased metabolic activity of osteoblasts along with an enhanced collagen transcription and
synthesis. Although it remains elusive how hyperglycemic condition enhances collagen
production, it seems to relate to the upsurge of the osmotic pressure mediated by the by the
glucose content within the microenvironment. Osmotic pressure may induce volumetric changes
in the cellular compartments that triggers an adaptive response, leading to an active gene
expression and metabolic alterations, as described in previous in vitro studies [19, 44].

Collagen deposition in ECM is a key process, essential for bone tissue formation and
maturation [22]. However, the results of the protein carbonyl content assay, which is a major

indicator of protein damage as result of increasing oxidative stress levels, indicated that



collagen structure may present abnormalities as a result of the glucose exposure [46], since the
high glucose concentration-exposed groups presented the highest content of carbonyl. It is
reported that oxidative stress is a consequence of hyperglycemia in DM patients [13, 23].
Moreover, high levels of oxidative stress are highly related with the formation of AGEs, as result
of non-enzymatic mediated glycation of amino terminal groups of the protein chains, which is
reported as one of the major alterations of collagen structure in the context of the disease [47-
50]. Kitamura et al demonstrated using a zebrafish model that hyperglycemic condition severely
altered the collagen protein structure due to AGEs accumulation, even upon a short period of
exposure [51]. Therefore, attained results further converge to justify that despite the attained
enhancement of the collagen-related gene expression and protein synthesis, a damaged protein
structure was attained upon the exposure to high glucose conditions [33, 52].

Of additional relevance, and despite the increased expressior .f early osteogenic-related
genes, the mineralization process seems to be severely impairec by the exposure to high
glucose levels. SPP-1 gene expression is decreased under .ne , Yfluence of high glucose levels.
SPP-1 gene encodes osteopontin, which is a protein assciateu with late stages of osteoblastic
differentiation, being crucial to mediate ECM mineraliz atio. [53, 54]. In accordance, von Kossa
staining evidences the decreased amount of mineralizeu “issue present in both hyperglycemic
groups, whether the impairment seems to re more evident in the GL25 group.
Microtomographic analysis that allows the mo~ahoi.etric assessment of the mineralized tissue,
further confirms that GL12 and GL25 gror ps I ad a decreased mineralized tissue amount, given
the reduced BV/TV and BS/BV ratios, a. well as a decreased cortical thickness. Such
observations are supported by previous <tudies. Cunha et al demonstrated that mineralization
process is impaired in osteoblastic ¢ 2I's .,y high levels of glucose, despite the elevated collagen
deposition [44], in line with the piese~tly attained data. Similar findings were described within in
vivo studies with rodents. Mc*sin vt al [55], and Silva et al [56] reported, in their works, that
bone structure is affected in ra.~ with DM, with decrease bone mechanical proprieties as result
of decreased matrix .. ranzation. Limirio et al also reported that bone biomechanical
properties in diabe’.. ra.~ are compromised due to the lack of proper collagen maturation,
leading to loss of bone m neral content [10]. Mohsin at al referred that bone quality alterations in
diabetic rats are even associated with the early stages of DM [55], being consistent with present
study that establishes that the exposure to high glucose concentrations induces alteration on
bone metabolism/development, even upon a short-term exposure.

Another interest finding of the present research was that the SOST gene, that encodes
sclerostin, was highly overexpressed in GL12 and GL25 groups. Since SOST is also associated
with the late stages of bone cell differentiation, its increased expression levels may seem
contradictory, considering the supporting data of osteoblastic differentiation impairment. In fact,
sclerostin downregulates the Wnt/B-catenin signaling pathway that plays a crucial role for
maintenance of bone metabolism, being overexpressed under certain pathological conditions,
including DM [57-59]. Several studies, performed in vivo and in vitro, demonstrated that

increasing expression of SOST results in the suppression of bone formation with subsequent



loss of bone mass and bone volume. Also, elevated sclerostin levels are found among DM
patients [8, 59]. Pacicca et al suggested that SOST overexpression is the direct result of
glucose effect on bone cells, either in vitro or in vivo [60], as verified within our ex vivo system.
Of additional relevance, it is described that SOST overexpression is associated with increasing
levels of pro-inflammatory cytokines. Present results show that IL-6 and IL-10 are
overexpressed in hyperglycemic groups, along with NFKB1 gene, which regulates the
transcription of multiple inflammation-related mediators [61]. In addition, pro-inflammatory
mediators are also described to be associated with increasing level of oxidative stress, that may
lead to protein damage, as it is suggested by carbonyl content assay results, leading to possible
impairment of collagen structure that consequently hinders ECM mineralization process.
Previous studies demonstrate that AGEs formation with subsequent increasing levels of oxygen
reactive species trigger an inflammatory response by increasing . KB gene transcription [48,
49], being coherent with the present study findings. Moreover, | rese 1t results demonstrate that
an enhanced pro-inflammatory response to high glucose cor it ns is the result of a local effect
on bone cells, independent from a systemic inflammatory “2guiauon.

To the best of authors’ knowledge, there is no other stu.dy . valuating the effects of high glucose
concentrations in an ex vivo model of the bone tissu= 1. atabolism/development. The present
findings highlight the model functionality and rfs.snonsiveness to distinct glucose levels,
showcasing its integrative capability to disgtay uie acknowledged hyperglycemia-mediated
alterations on bone tissue development t'.at ¢ ffecu cell proliferation and metabolic activity, alter
gene and protein expression levels, impcir osteogenesis, enhance inflammatory priming,
globally converging to an altered tis.''e morphological and functional arrangement, with
impaired mineralization. Whether th» “ttned findings may be representative within developing
organisms, further studies may h2 re Muired to establish the translatability of the present data as

representative of hyperglycem 1 -inauced alterations on the adult skeleton.

5. Conclusion
The organotypic embr, ~nic chick femur exposed to high glucose levels may be regarded as a

new and valuable mod:: of the bone tissue response to hyperglycemia-induced alterations. The
ex vivo model displayed an integrative response to high glucose concentrations, coherent with
the acknowledged hyperglycemia-induced alterations of the bone tissue in diabetic conditions.
The model allows the assessment of cellular functionality-related parameters, as well as of
tissue-related alterations, without the interference of systemic factors and/or regulatory systems,

outreaching the attained limitations of current in vitro and in vivo models.
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Highlights
e An ex vivo model of the bone tissue response to hyperglycemia was established

e  Morphometric, microstructural and histomorphometric alterations were reported

e An altered osteogenic and inflammatory gene expression was identified

e This model is a representative organotypic system for hyperglycemia-related research



