43 Endocrine 1ia etal

W CONNECTIONS
RESEARCH

1,25VD; promotes 7:11
osseointegration via AGEs/ ’
RAGE

1186-1195

10,25-dihydroxyvitamin D; promotes
osseointegration of titanium implant via
downregulating AGEs/RAGE pathway in T2DM

Tingting Jia'?, Ya-nan Wang'?, Dongjiao Zhang'? and Xin Xu'?

"Department of Implantology, School of Stomatology, Shandong University, Jinan, People’s Republic of China
2Shandong Provincial Key Laboratory of Oral Tissue Regeneration, Jinan, People’s Republic of China

Correspondence should be addressed to D Zhang or X Xu: djzhang1109@163.com or xinxu@sdu.edu.cn

Abstract

Diabetes-induced advanced glycation end products (AGEs) overproduction would result Key Words

in compromised osseointegration of titanium implant and high rate of implantation > 10,25-dihydroxyvitamin D,
failure. 1a,25-dihydroxyvitamin D5 (1,25VD;) plays a vital role in osteogenesis, whereas » advanced glycation end
its effects on the osseointegration and the underlying mechanism are unclear. The products

purpose of this study was to investigate that 1,25VD5; might promote the defensive

» osseointegration

ability of osseointegration through suppressing AGEs/RAGE in type 2 diabetes mellitus. > type 2 diabetes mellitus
In animal study, streptozotocin-induced diabetic rats accepted implant surgery, with or
without 1,25VD; intervention for 12 weeks. After killing, the serum AGEs level, bone
microarchitecture and biomechanical index of rats were measured systematically.

In vitro study, osteoblasts differentiation capacity was analyzed by alizarin red staining,
alkaline phosphatase assay and Western blotting, after treatment with BSA, AGEs,
AGEs with RAGE inhibitor and AGEs with 1,25VD,. And the expression of RAGE protein
was detected to explore the mechanism. Results showed that 1,25VD; could reverse
the impaired osseointegration and mechanical strength, which possibly resulted from
the increased AGEs. Moreover, 1,25VD, could ameliorate AGEs-induced damage of

cell osteogenic differentiation, as well as downregulating the RAGE expression. These

data may provide a theoretical basis that 1,25VD; could work as an adjuvant treatment
against poor osseointegration in patients with type 2 diabetes mellitus.
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Introduction

As the continuous improvement of implant design and
surgical technique, implant restoration has become
the first manner for patients with tooth deficiency.
However, there existed local or systemic factors can affect
osseointegration, which is critical for implanting, and
increase the failure rate, type 2 diabetes mellitus (T2DM)
is one of them (1, 2). The pathological changes of T2DM,
such as microangiopathy, immunity decline and collagen
degradation, can reduce the resistance of the soft and hard
tissue to local pathogenic factors (3) and jeopardize the
healing process (4). And the high venture of implantation

in diabetic patients has been confirmed by many researches
(5, 6). Therefore, it is of great significance to improve the
osseointegration of implants in T2DM patients.
Advanced glycation end products (AGEs), pernicious
outgrowth of non-enzymatic glycosylation, can be
inevitably produced and accumulate in tissues with aging
(7, 8). In addition, the formation of AGEs is accelerated
under hyperglycemia condition (9), which is the dominant
factor for chronic complications of diabetes. When
combing with their receptors (receptor for AGEs, RAGE),
AGEs trigger oxidative stress and inflammatory reaction
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(10), then lead to function changes of osteoblasts and
osteoclasts (11, 12) and impair bone formation eventually.
Moreover, David et al. argued that the formation of AGEs
in high glycemic conditions, may contribute to a slower
rate of osseointegration that negatively affects implant
stability (13). Clinical research has also indicated AGEs
may be considered as a potential marker of inflammation
levels in diabetic individuals with peri-implantitis (14).

Vitamin D
human body, and the intriguing finding has certified
that the supplementation of vitamin D could reduce
the deposition of AGEs in the medial layer of the aortic
wall and systemic oxidative stress in diabetic rats (15).
la,25-dihydroxyvitamin D; (1,25VD;) acts as the main
active form of vitamin D;, which combines with vitamin
D-binding protein in the plasma, reaching target tissues
to play an endocrine role (16). The well-acknowledged
function of 1,25VD; includes the regulation of Ca and
P metabolism (17, 18), accordingly to facilitate bone
mineralization. Recently, the epidemiological cross-
sectional studies on diabetes have demonstrated that
the incidence of type 2 diabetes increased significantly
in population with low level of serum 1,25VD; (19, 20).
In addition, research has showed that 1,25VD, treatment
could inhibit bone resorption and reverse the undesirable
implant osseointegration in diabetic model animals
(21). Whereas the concrete mechanism of how 1,25VD,
mediates osseointegration is unclear, particularly under
conditions of poor glycemic control.

Therefore, we assume that the potential lessening of
1,25VD, and accumulating of AGEs in T2DM patients
may lead to implantation failure. The central hypothesis
of this research is that the topical or systemic application
of 1,25VD; might promote the defensive ability of
osseointegration by suppressing AGEs/RAGE in T2DM.
Further, the relevant mechanisms will be clarified in
the study.

is an essential steroid hormone to

Materials and methods
Animals

Animal experiments were approved by Institutional
Animal Welfare and the Animal Ethics Committee of
Shandong University (Jinan, China). Fifteen age-matched
male Sprague-Dawley rats, weighing (200£20)g, were
purchased and fed in the Experimental Animal Center
of Shandong University (Jinan, China) under optimum
rearing condition.
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Inducement of T2DM model

After 1-week adaptive breeding, five rats were selected as
normal control group randomly, which continued to be
given ordinary feed. Rest ten ones were fed with high-fat
and high-carbohydrate diet to induce T2DM model. Four
weeks later, rats in model group were intraperitoneally
injected with 30mg/kg streptozotocin (STZ, Sigma)
solution after 12-h fasting, and another group rats were
treated with citrate buffer. Fasting blood glucose (FBG)
>11.1mmol/L was validated as hyperglycemia for further
research after 1-week injection.

Treatment

Rats were divided into control group, T2DM group and
1,25VD,-treated group with five rats per group. After
weighing, the rats were anesthetized with 10% chloral
hydrate (40mg/kg) via intraperitoneal injection. Special
designed mini-Ti implants (1 mm in diameter and 10mm
in length) were implanted into intercondylar fossa under
aseptic operation, which were parallel to the long axis of
the femur. All animals received intramuscular antibiotic
injection.

Three days after surgery, the treatment group received
1,25VD; (Sigma) at a dose of 0.5pg/kg (22) during the
whole experiment. All rats were killed at the 12th week
and peripheral blood was collected. The specimens,
bilateral femurs with the implant, were fixed in 4%
polyformaldehyde and preserved at normal temperature.

Detection of FBG and body weight

After 12-h fasting, blood samples were collected from
tail vein and blood glucose levels were measured with
glucose oxidase method. The FBG was recorded before STZ
inducement (as O day), then on 7th day and every 2 weeks
after 1,25VD, treatment. And the rats in different groups
were weighted every 2 weeks throughout the experiment.

The serum value of AGEs

The level of AGEs was investigated by fluorescence
spectrophotometry. The method is shown below: 0.2mL
serum was diluted 10-folds with distilled water, and then
the excitation and the fluorescence wavelength were
adjusted to 370nm and 440nm respectively, and the slit
was set as 5Snm. The serum value of AGEs was expressed
by U/mg prot, which indirectly reflected the AGEs content
in bone tissue.
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Microscopic computerized tomography
(micro-CT) analysis

Fixed specimens were placed in the micro-CT instrument
(Rigaku, USA). After obtaining all the images, a radius
of 200pm around the implant was regarded as the
region of interest for 3D reconstruction, so as to observe
the osteogenesis around the implant. The indexes of
bone volume per total volume (BV/TV), percentage of
osseointegration (%OI), which was the ratio between
bone and total voxels in direct contact with implant (21),
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp)
and trabecular number (Tb.N) were analyzed by Mimics
19.0 and associated software of micro-CT.

Histological analysis

Tissue blocks were dehydrated in gradient ethanol for
48h, infiltrated and then embedded with light-cured
resin. After embedding, the specimen was sectioned with
hard tissue slicer (Leica, Germany), whose thickness was
set at 100pm. Methylene blue-acid fuchsin staining was
observed under light microscope. The index of bone-
implant contact (BIC) was measured by NIS-Elements
image software, which was defined as the length percentage
of direct bone-implant interface to total implant surface
in the cancellous bone (23).

Pull-out test

The maximum pulling force of the implant under
tensile force is measured by universal material testing
instrument (Shimadzu, Japan), which represents the
maximum retention force obtained by the implant in
the bone. The specimen was fixed on the machine,
setting stretch speed was 1 mm/min and the distal of
cylindrical implant was exposed as a gripper handle.
The maximum force was recorded at the moment of
departure.
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Cell culture

Osteoblasts were obtained from neonatal rat (<24h old)
calvaria, which were cut into 1.0mm? fragments and
inoculated in culture flask. After two hours, the flask was
turned over and added to 5mL DMEM (Hyclone) medium
containing 10% fetal bovine serum (BI, USA), 100U/mL
penicillin G and 100U/mL streptomycin (Beyotime),
culturing at 37°C in 5% CO,. Cells at passages 3-5 were
used to undertake future experiment.

Osteoblasts were seeded in multiple-well plates and
treated as follow groups: BSA, 200 pg/mL AGEs-BSA (24),
200 pg/mL AGEs-BSA with RAGEs inhibitor and 200 pg/mL
AGEs-BSA supplemented with 10-8mol/L 1,25VD, (25).
AGEs-BSA were prepared as follows: BSA(Roche) and
p-glucose were dissolved in phosphate buffer (PBS) and
incubated under sterile conditions at 37°C for 10 weeks.
As a control, BSA was incubated in parallel without
pD-glucose. Then the preparations were dialyzed in PBS
to remove free glucose and no endotoxin was detectable
in them.

Alizarin red staining

After 4-week osteogenic induction, the formation of
mineralized nodule was detected by alizarin red staining.
Subsequently, cells were fixed with 4% paraformaldehyde
and rinsed with PBS, and then stained with 0.1%
alizarin red (Sigma) diluting with Tris—-HCI. After 20min,
mineralized nodule was observed by light microscope.

Alkaline phosphatase (ALP) assay

ALP activity was evaluated by Alkaline Phosphatase
Assay Kit (Beyotime). Seven days after osteogenic
induction, the supernatant, which came from cells’ lysis
and centrifugation, are added into contrast holes, gauge
holes, sample holes in order. After 25-min incubation,

Table 1 Effect of 1,25VD; on fasting blood glucose levels in experimental rats (n=5/group).

Fasting blood glucose (mmol/L)

Group 0 day 7th day 2 weeks 4 weeks 6 weeks 8 weeks 10 weeks 12 weeks
Control 4.6+0.3 47+0.2*% 46+0.2** A45+0.4*% 46+0.2*%% 45+03** A47+0.2*% 48+0.3**
T2DM 45+0.2 19.8+1.8 24.4+1.5 23.7+1.6 22.7+1.4 259+2.4 24.8+1.7 25.3+1.5
1,25VD;-treated T2DM 46+x04 17.9x1.2 15.7+1.1* 13.7+x0.8* 11.1+0.9* 9.8+0.7* 10.3+x0.7* 10.0+0.8*

0 day represented before STZ inducement, 7th day and 2-12 weeks represented after 1,25VD; treatment, data are presented as mean +s.p.
*P<0.05, for T2DM vs other two group; #P<0.05, for 1,25VD;-treated T2DM vs control.
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Table 2 Effect of 1,25VD; on body weight in experimental rats (n="5/group).
Body weight (g)

Group 0 day 7th day 2 weeks 4 weeks 6 weeks 8 weeks 10 weeks 12 weeks
Control 268+10 280+9 30111 336+15* 374+ 14* 393+16* 422 +11* 443 +14*
T2DM 281+15 284+8 289+9 272+10 263+12 256+8 242 +12 233+ 11
1,25VD;-treated T2DM 279+9 286+10 294+11 311+13* 318+ 14* 322+9* 345+11* 362+ 12*

0 day represented before STZ inducement, 7th day and 2-12 weeks represented after 1,25VD; treatment, data are presented as mean +s.p.

*P<0.05, for T2DM vs other two groups.

the staining solution was added into each well for 15 min
in the dark. The OD absorbance at 520nm was measured
by microplate spectrophotometer. The calculation of ALP
activity was based on the concentration of phenol in the
gauge well and the protein concentration.

Western blotting

After adding RIPA buffer (Solarbio, China), cells were
lysed and followed by centrifugation at 4°C, 14,167 g for
15min. The supernatant was collected and the protein
concentration was determined after centrifugation.
Proteins were separated by SDS-PAGE, then transferred
onto polyvinylidene difluoride membrane, subsequently
incubated with primary antibodies RUNX2 (1:1000, CST,
USA), ALP (1:1000, CST, USA), COL1 (1:1000, CST, USA)
and OCN (1:1000, CST, USA), anti-RAGE (1:1000, CST,
USA) and GAPDH (1:10,000, Proteintech) overnight.
After three times washing with TBST, the membrane was
incubated with horseradish peroxidase-labeled secondary
antibody. The protein bands were visualized by the ECL
chemiluminescence detection system and the gray values

were analyzed by Image] 1.8.0.

Statistical analysis

All data were performed using SPSS19.0 and expressed as the
meanzstandard deviation (s.n.) of three to five independent
experiments. Statistical differences among various treatment
groups were determined by one-way ANOVA or the Student’s
two-tailed t-test. Differences were considered statistically
significant when P value less than 0.05.

Results
1,25VD; improved FBG and maintained body weight

After STZ injection, the blood glucose level of the T2DM
rats increased significantly (P<0.05). With administration
of 1,25VD, treatment, the beneficial effects on lowering
blood glucose gradually emerged on the second week in

T2DM rats (P<0.05), whereas still maintained high level
compared with normal control group (P<0.05) (Table 1).
Table 2 showed that body weight of the rats floated in
the experiment stage. The application of STZ was correlated
with weight loss in T2DM rats, whose were obviously
lower than controls (P<0.05). 1,25VD; intervention could
ameliorate the weight loss in model rats (P<0.05).

1,25VD; lessened serum value of AGEs

Data in Fig. 1 displayed that serum AGE value of T2DM
rats significantly clearly went up compared to controls
(P<0.05). Moreover, it was restored to nearly normal level
by 1,25VD, treatment. The results suggested that 1,25VD,
might improve the osseointegration by decreasing the
AGE:s level.

1,25VD; improved bone quality of T2DM rats

After different treatments, the peri-implant cancellous
bone among groups were compared through 3D micro-CT
images. T2DM group exhibited the more bone loss, the
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Figure 1

The serum vale of advanced glycation end products (AGEs) was
investigated by fluorescence spectrophotometry, n=>5 specimens/group,
*P<0.05, data were presented as mean+s.p.
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Transverse 3D images of femur implants were compared by micro-CT (A) and quantitative analysis of the micro-CT evaluation (B, C, D, E and F): (B) BV/TV
represented the indexes of bone volume per total volume; (C) %Ol represented percentage of osseointegration; (D) Tb.Th represented trabecular
thickness; (E) Tb.Sp represented trabecular separation; (F) Tb.N represented trabecular number, n=5 specimens/group, *P<0.05, data were presented as

mean +s.D.

less and thinner bone trabecula, in contrast to control
group. And 1,25VD; treatment ameliorated these injuries
of trabecular in diabetic model significantly (Fig. 2A). The
quantitative diagram (Fig. 2B, C, D, E and F) demonstrated
visually the differences between with or without the
1,25VD, application in diabetic group. The decline of
BV/TV, %OI, Tb.Th and Tb.N in the T2DM group were
more dramatic than the control and 1,25VD;-treated
group. Conversely, the values of Tb.Sp in untreated
diabetic rats rose by 38.7% compared to with 1,25VD,-
treated rats.

1,25VD; promoted bone microarchitecture of
T2DM rats

Staining slices showed that when compared with control
group, the local bone resorption around implant resulted
in direct exposure to the medullary cavity, and the
connection between the trabecular bones was largely
disappeared and ill organized in T2DM group (Fig. 3A and
B). And 1,25VD; treatment conspicuously increased peri-
implant bone mass in diabetic rats, with the uniform and
integrity of trabecular bone structure (Fig. 3C). Also, the
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Bone microarchitectures were observed by histological staining (original magnification x40). (A) Control group; (B) T2DM group; (C) 1,25VD;-treated
T2DM, (D) histograms of the BIC in quantitative analysis. n=5 specimens/group, *P<0.05, data were presented as mean %s.p.

BIC of diabetic rats was presented as 23.2%, significantly
less than control and 1,25VD;, which respectively had
59.8 BIC and 41.8% BIC.

1,25VD; increased biomechanical index of T2DM rats

The pull-out test was used to record the maximum
pulling force of implants, and evaluate the degree of
osseointegration. Significant increases were observed in the
values of the biomechanical index in 1,25VD; treatment
group (Fig. 4): 1.6-fold increase in the maximal pulling
force, when compared to T2DM model rats (P<0.05).
No significant differences between 1,25VD, treated and
control group in the index were found (P>0.05).

1,25VD; attenuated AGEs-mediated damage
in osteogenesis

Osteogenesis function was tested by alizarin red staining,
the activity of ALP and the expression of associated
proteins in cells. Osteogenesis later stage, which
manifested as the mineralization level, was delegated by
alizarin red staining. There were significant differences in
the number of mineralized nodules and the average area
of single nodule under microscope (Fig. 5A). The nodule
was not detected in the only AGEs-treated osteoblasts,
but alizarin deposition increased when adding RAGE
inhibitors and 1,25VD,;. The marker of early stage
osteogenesis, ALP was detected at 7 days after induction.
The results demonstrated that AGEs significantly reduced
ALP activity, while the presence of 1,25VD; could increase
the activity visibly (P<0.05), which had no difference with
other two groups (P>0.05) (Fig. 5B). On the protein levels
of osteoblast differentiation markers including RUNX2,
ALP, COL1 and OCN, the data pointed toward the same
trend (Fig. 5C, D, E, F and G).

1,25VD; promote osteogenesis by blocking
AGEs/RAGEs signaling pathway

Above results displayed that the osteogenic abilities of
osteoblast in AGEs group were enhanced by 1,25VD,, but
the exact mechanism was unclarified yet. Therefore, we
detected the expression of RAGE protein by Western blot.
After treatment with 1,25VD,, the intensities analysis
results showed that RAGE levels decline dramatically,
in comparison with those in AGEs group, while AGEs
group were significantly higher than those in control

group (Fig. 6).

Discussion

The successful establishment of animal models is
the basis for in-depth study of the development
and complications of diabetes. In our study, T2DM
was induced by high-glucose and high-fat diet plus
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Figure 4

Biomechanical parameter was detected by pull-out test, n=5 specimens/
group, *P<0.05, data were presented as mean +s.p.
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Figure 5

1,25VD; ameliorated the impaired differentiation of osteoblasts induced by AGEs. (A) Alizarin red staining was performed to represent the
mineralization levels of osteogenesis later stages after 4 weeks induction (original magnification x40). (B) Osteoblasts differentiation was detected by
ALP activity at 7 days. (C, D, E, F and G) The protein levels of RUNX2, ALP, COL1 and OCN assessed by Western blot and the quantification analysis, n=3
group, *P<0.05, for AGEs group vs other three groups, data were presented as mean +s.o.

low-dose STZ injection. And the high glycemic index and
low weight in diabetic group arose from the destruction
of rat islet B cells by STZ (26). Osseous abnormality is a
common undesirable phenomenon in diabetic patients,
manifesting as osteopenia, and osteoporosis is considered
as one of diabetic complications (27). Results in in vivo
study demonstrated that there was evident deterioration
of osseointegration, bone microarchitecture and implant
fixation in T2DM rats.

Vitamin D insufficiency is a risk factor for T2DM,
whose active metabolite 1,25VD, may participate in
the regulation of glucose tolerance by influencing
islet B cells function and insulin sensitivity (28, 29). In
our experiment, the data of micro-CT and histological
staining showed that 1,25VD; therapy could obviously
promote the formation and reconstruction of bone tissue
around implant in diabetic rats and also improve the
degree of osseointegration. The result can be explained by
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Figure 6

1,25VD; suppressed AGES/RAGE expression. Western blot for protein
levels of RAGE (A) and quantification analysis (B), n=3 group, *P<0.05,
for AGEs group vs other three groups, data were presented as mean +s.p.

1,25VD; maintains glucose homeostasis, which reduces
blood glucose, inhibits inflammation, increases insulin
synthesis and improves insulin resistance (30), ulteriorly
reduces the incidence and development of osteopenia in
diabetes. Besides, 1,25VD, could exert bone-protective
effects independent of its calcium-related effects (31).
Whereas there was still a certain difference between the
1,25VD, treatment and normal rats, the possible cause
of this difference is that 1,25VD, promoting glucose
metabolism is limited, in accordance with the floating of
blood glucose level and body weight. Results from pull-
out test also indicated that the implant fixation enhanced,
appearing as 1.6-fold increase in the maximal pull-out
force after 12-week 1,25VD, treatment. The above results
indicated that 1,25VD, not only can prevent osteopenia
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caused by T2DM, but also participate in ameliorating
glucose homeostasis up to a point.

Our conclusion in study in vivo is consistent with
the results published by Wu et al. (21) who were the
first to indicate that 1,25VD; could reverse the impaired
osseointegration of implantsin diabeticrats, but the related
mechanism was not attached. Therefore, we struggled to
clarify the factors contributing to this therapeutic effect. It
is generally known that the formation and accumulation
of AGEs are one of the primary factors for inhibition of
osteoblast viability (32) and destruction of bone quality
caused by hyperglycemia. Furthermore, we found that
the serum value of AGEs declined markedly in 1,25VD,
treatment rats. Based on it, we assumed that these positive
effects of vitamin D on bone metabolism may be achieved
through this key factor. Therefore, we attempted to
estimate the potential relationship between 1,25VD; and
AGEs in osseointegration.

Osteoblast differentiation is the precondition and
basis for leading bone formation, and undergo four
stages, including proliferation,
maturation, mineralization and apoptosis (33, 34). The
high expression of ALP activity serves as an early marker
of osteoblast differentiation, which can mediate calcium
phosphate into insoluble phosphate salts, in order to
enhance calcification (35, 36). Data demonstrated that
AGEs markedly decreased the ALP activity of osteoblasts,
while 1,25VD, ameliorated with the same effects on RAGE
inhibitor. In the process of osteogenesis, mineralized
nodules are the markers of maturation, and also are
the main morphological expression of osteoblasts to
perform function (37). Alizarin red staining is one of the
commonly used methods to observe it. With the addition
of AGEs, malnourished mineralized nodes of osteoblasts
were observed by staining while 1,25VD; could attenuate
these adverse effects. Besides, the translation level of
RUNX2, ALP, COL1 and OCN of osteoblast were detected
by Western blot, which obtained similar results. All above
evidence indicates that the impaired cell differentiation is
improved by 1,25VD; treatment.

The interaction of AGEs and RAGE can initiate the
changes in intracellular signal transduction and activate
the nuclear transcription factor, which is the critical
path leading to a variety complications of diabetes (38,
39). Research has certified that the supplementation of
vitamin D could reduce the deposition of AGEs in the
medial layer of the aortic wall (15). Consistently, the
Western blot results displayed that 1,25VD; could inhibit
RAGE expression, meaning that its pro-osteogenesis
effect generate from impeding AGEs/RAGE. And the
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thorough mechanisms how 1,25VD; acts on downstream
innovation factor is not clarified. Xiong et al. treated
diabetic mice lacking FoxO1 in osteoblasts by 1,25VD,
and found FoxO1 might be involved in the regulation of
1,25VD, on implant osseointegration (40). It is reasonable
to suggest that there may exists crosstalk between AGEs
and FoxO1, which needs paying more attention to in the
future research.

In conclusion, the present study reveals that the
therapeutic effect of 1,25VD; on promoting implant
osseointegration in T2DM through a new perspective.
Results demonstrate 1,25VD; can inhibit the expression
of RAGE and interrupt osteoblasts' damages of AGEs. It
provides a theoretical basis for prevention and treatment,
that 1,25VD; could work as an adjunct treatment to
suppress the AGEs/RAGE and own potential protective
effects against poor osseointegration in diabetic patients.

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the research reported.

Funding

This work was supported by the Fundamental Research Funds of Shandong
University (21350078614061); the General Financial Grant from The China
Postdoctoral Science Foundation (grant number 2017M612294).

References

1 Naujokat H, Kunzendorf B & Wiltfang J. Dental implants and
diabetes mellitus-a systematic review. International Journal of Implant
Dentistry 2016 2 5. (https://doi.org/10.1186/540729-016-0038-2)

2 Chrcanovic BR, Albrektsson T & Wennerberg A. Diabetes and oral
implant failure: a systematic review. Journal of Dental Research 2014
93 859-867. (https://doi.org/10.1177/0022034514538820)

3 Lee MS. Role of innate immunity in the pathogenesis of type 1 and
type 2 diabetes. Journal of Korean Medical Science 2014 29 1038-1041.
(https://doi.org/10.3346/jkms.2014.29.8.1038)

4 Abiko YD. The mechanism of protracted wound healing on oral
mucosa in diabetes. Review. Bosnian Journal of Basic Medical Sciences
2010 10 186-191. (https://doi.org/10.17305/bjbms.2010.2683)

5 Casap N, Nimri S, Ziv E, Sela ] & Samuni Y. Type 2 diabetes has
minimal effect on osseointegration of titanium implants in
Psammomys obesus. Clinical Oral Implants Research 2008 19 458-464.
(https://doi.org/10.1111/j.1600-0501.2007.01495.x)

6 Gomez-Moreno G, Aguilar-Salvatierra A, Rubio Roldan J, Guardia J,
Gargallo ] & Calvo-Guirado JL. Peri-implant evaluation in type
2 diabetes mellitus patients: a 3-year study. Clinical Oral Implants
Research 2015 26 1031-1035. (https://doi.org/10.1111/clr.12391)

7 Dong XN, Qin A, Xu J & Wang X. In situ accumulation of advanced
glycation endproducts (AGEs) in bone matrix and its correlation with
osteoclastic bone resorption. Bone 2011 49 174-183. (https://doi.
0rg/10.1016/j.bone.2011.04.009)

8 Goldin A, Beckman JA, Schmidt AM & Creager MA. Advanced
glycation end products: sparking the development of diabetic

vascular injury. Circulation 2006 114 597-605. (https://doi.
org/10.1161/CIRCULATIONAHA.106.621854)

9 Kankova K. Diabetic threesome (hyperglycaemia, renal function and
nutrition) and advanced glycation end products: evidence for the
multiple-hit agent? Proceedings of the Nutrition Society 2008 67 60-74.
(https://doi.org/10.1017/50029665108006034)

10 Ishibashi Y, Matsui T, Isami F, Abe Y, Sakaguchi T, Higashimoto Y
& Yamagishi SI. N-butanol extracts of Morinda citrifolia suppress
advanced glycation end products (AGE)-induced inflammatory
reactions in endothelial cells through its anti-oxidative properties.
BMC Complementary and Alternative Medicine 2017 17 137. (https://
doi.org/10.1186/512906-017-1641-3)

11 Li G, Xu J & Li Z. Receptor for advanced glycation end products
inhibits proliferation in osteoblast through suppression of Wnt,
PI3K and ERK signaling. Biochemical and Biophysical Research
Communications 2012 423 684-689. (https://doi.org/10.1016/j.
bbrc.2012.06.015)

12 Tanaka K, Yamaguchi T, Kanazawa I & Sugimoto T. Effects of high
glucose and advanced glycation end products on the expressions of
sclerostin and RANKL as well as apoptosis in osteocyte-like MLO-
Y4-A2 cells. Biochemical and Biophysical Research Communications 2015
461 193-199. (https://doi.org/10.1016/j.bbrc.2015.02.091)

13 Quintero DG, Winger JN, Khashaba R & Borke JL. Advanced
glycation endproducts and rat dental implant osseointegration.
Journal of Oral Implantology 2010 36 97-103. (https://doi.
0rg/10.1563/AAID-JOI-D-09-00032)

14 Al-Sowygh ZH, Ghani SMA, Sergis K, Vohra F & Akram Z. Peri-
implant conditions and levels of advanced glycation end products
among patients with different glycemic control. Clinical Implant
Dentistry and Related Research 2018 20 345-351. (https://doi.
org/10.1111/cid.12584)

15 Salum E, Kals J, Kampus P, Salum T, Zilmer K, Aunapuu M, Arend A,
Eha J & Zilmer M. Vitamin D reduces deposition of advanced
glycation end-products in the aortic wall and systemic oxidative
stress in diabetic rats. Diabetes Research and Clinical Practice 2013 100
243-249. (https://doi.org/10.1016/j.diabres.2013.03.008)

16 Christakos S, Dhawan P, Verstuyf A, Verlinden L & Carmeliet G.
Vitamin D: metabolism, molecular mechanism of action, and
pleiotropic effects. Physiological Reviews 2016 96 365-408. (https://
doi.org/10.1152/physrev.00014.2015)

17 Shan L, Hu XL, Wang B & Jia FY. Research advances in the role
of vitamin D in autism spectrum disorders. Chinese Journal of
Contemporary Pediatrics 2016 18 183-188. (https://doi.org/10.7499/j.
issn.1008-8830.2016.02.016)

18 Sergeev IN. 1,25-Dihydroxyvitamin D3 and type 2 diabetes: Ca2+-
dependent molecular mechanisms and the role of vitamin D status.
Hormone Molecular Biology and Clinical Investigation 2016 26 61-65.
(https://doi.org/10.1515/hmbci-2015-0069)

19 Jennersjo P, Guldbrand H, Bjorne S, Lanne T, Fredrikson M,
Lindstrom T, Wijkman M, Ostgren CJ] & Nystrom FH. A prospective
observational study of all-cause mortality in relation to serum 25-OH
vitamin D3 and parathyroid hormone levels in patients with type 2
diabetes. Diabetology and Metabolic Syndrome 2015 7 53. (https://doi.
0rg/10.1186/5s13098-015-0049-9)

20 Zhang FF, Al Hooti S, Al Zenki S, Alomirah H, Jamil KM, Rao A,

Al Jahmah N, Saltzman E & Ausman LM. Vitamin D deficiency is
associated with high prevalence of diabetes in Kuwaiti adults: results
from a national survey. BMC Public Health 2016 16 100. (https://doi.
0rg/10.1186/5s12889-016-2758-x)

21 Wu YY, Yu T, Yang XY, Li E Ma L, Yang Y, Liu XG, Wang YY &

Gong P. Vitamin D3 and insulin combined treatment promotes
titanium implant osseointegration in diabetes mellitus rats. Borne
2013 52 1-8. (https://doi.org/10.1016/j.bone.2012.09.005)

22 Elattar S, Estaphan S, Mohamed EA, Elzainy A & Naguib M. The
protective effect of lalpha, 25-dihydroxyvitamin D3 and metformin
on liver in type 2 diabetic rats. Journal of Steroid Biochemistry and

© 2018 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-18-0241

This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International
License.

oNole


https://doi.org/10.1186/s40729-016-0038-2
https://doi.org/10.1177/0022034514538820
https://doi.org/10.3346/jkms.2014.29.8.1038
https://doi.org/10.17305/bjbms.2010.2683
https://doi.org/10.1111/j.1600-0501.2007.01495.x
https://doi.org/10.1111/clr.12391
https://doi.org/10.1016/j.bone.2011.04.009
https://doi.org/10.1016/j.bone.2011.04.009
https://doi.org/10.1161/CIRCULATIONAHA.106.621854
https://doi.org/10.1161/CIRCULATIONAHA.106.621854
https://doi.org/10.1017/S0029665108006034
https://doi.org/10.1186/s12906-017-1641-3
https://doi.org/10.1186/s12906-017-1641-3
https://doi.org/10.1016/j.bbrc.2012.06.015
https://doi.org/10.1016/j.bbrc.2012.06.015
https://doi.org/10.1016/j.bbrc.2015.02.091
https://doi.org/10.1563/AAID-JOI-D-09-00032
https://doi.org/10.1563/AAID-JOI-D-09-00032
https://doi.org/10.1111/cid.12584
https://doi.org/10.1111/cid.12584
https://doi.org/10.1016/j.diabres.2013.03.008
https://doi.org/10.1152/physrev.00014.2015
https://doi.org/10.1152/physrev.00014.2015
https://doi.org/10.7499/j.issn.1008-8830.2016.02.016
https://doi.org/10.7499/j.issn.1008-8830.2016.02.016
https://doi.org/10.1515/hmbci-2015-0069
https://doi.org/10.1186/s13098-015-0049-9
https://doi.org/10.1186/s13098-015-0049-9
https://doi.org/10.1186/s12889-016-2758-x
https://doi.org/10.1186/s12889-016-2758-x
https://doi.org/10.1016/j.bone.2012.09.005
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-18-0241
https://ec.bioscientifica.com

T Jia et al.

Endocrine
W CONNECTIONS

Molecular Biology 2017 173 235-244. (https://doi.org/10.1016/j.
jsbmb.2016.11.012)

23 Gao Y, Luo E, Hu J, Xue J, Zhu S & LiJ. Effect of combined local
treatment with zoledronic acid and basic fibroblast growth factor
on implant fixation in ovariectomized rats. Bone 2009 44 225-232.
(https://doi.org/10.1016/j.bone.2008.10.054)

24 Notsu M, Yamaguchi T, Okazaki K, Tanaka K, Ogawa N, Kanazawa I
& Sugimoto T. Advanced glycation end product 3 (AGE3)
suppresses the mineralization of mouse stromal ST2 cells and
human mesenchymal stem cells by increasing TGF-beta expression
and secretion. Endocrinology 2014 155 2402-2410. (https://doi.
0rg/10.1210/en.2013-1818)

25 Xiong Y, Zhang Y, Xin N, Yuan Y, Zhang Q, Gong P & Wu Y.
lalpha,25-Dihydroxyvitamin D3 promotes bone formation by
promoting nuclear exclusion of the FoxO1 transcription factor in
diabetic mice. Journal of Biological Chemistry 2017 292 20270-20280.
(https://doi.org/10.1074/jbc.M117.796367)

26 Furman BL. Streptozotocin-induced diabetic models in mice and rats.
Current Protocols in Pharmacology 2015 70 5.47.1-5.47.20. (https://
doi.org/10.1002/0471141755.ph0547s70)

27 Kanazawa I. Interaction between bone and glucose metabolism
(review). Endocrine Journal 2017 64 1043-1053. (https://doi.
org/10.1507/endocrj.EJ17-0323)

28 Lips P, Eekhoff M, van Schoor N, Oosterwerff M, de Jongh R, Krul-
Poel Y & Simsek S. Vitamin D and type 2 diabetes. Journal of Steroid
Biochemistry and Molecular Biology 2017 173 280-285. (https://doi.
01g/10.1016/j.jsbmb.2016.11.021)

29 Kumar PT, Antony S, Nandhu MS, Sadanandan J, Naijil G &
Paulose CS. Vitamin D3 restores altered cholinergic and insulin
receptor expression in the cerebral cortex and muscarinic M3
receptor expression in pancreatic islets of streptozotocin
induced diabetic rats. Journal of Nutritional Biochemistry
2011 22 418-425. (https://doi.org/10.1016/j.
jnutbio.2010.03.010)

30 Mitri J, Muraru MD & Pittas AG. Vitamin D and type 2 diabetes:

a systematic review. European Journal of Clinical Nutrition 2011 65
1005-1015. (https://doi.org/10.1038/ejcn.2011.118)

31 Sairanen S, Karkkainen M, Tahtela R, Laitinen K, Makela P,
Lamberg-Allardt C & Valimaki MJ. Bone mass and markers of
bone and calcium metabolism in postmenopausal women treated
with 1,25-dihydroxyvitamin D (calcitriol) for four years. Calcified

1,25VD; promotes 711 1195

osseointegration via AGEs/
RAGE

Tissue International 2000 67 122-127. (https://doi.org/10.1007/
$00223001118)

32 Mercer N, Ahmed H, Etcheverry SB, Vasta GR & Cortizo AM. Regulation
of advanced glycation end product (AGE) receptors and apoptosis by
AGE:s in osteoblast-like cells. Molecular and Cellular Biochemistry 2007
306 87-94. (https://doi.org/10.1007/s11010-007-9557-8)

33 Cheng YZ, Yang SL, Wang JY, Ye M, Zhuo XY, Wang LT, Chen H,
Zhang H & Yang L. Irbesartan attenuates advanced glycation end
products-mediated damage in diabetes-associated osteoporosis
through the AGEs/RAGE pathway. Life Sciences 2018 205 184-192.
(https://doi.org/10.1016/j.1fs.2018.04.042)

34 Komori T. Regulation of osteoblast differentiation by transcription
factors. Journal of Cellular Biochemistry 2006 99 1233-1239. (https://
doi.org/10.1002/jcb.20958)

35 Beck GR Jr, Sullivan EC, Moran E & Zerler B. Relationship
between alkaline phosphatase levels, osteopontin expression, and
mineralization in differentiating MC3T3-E1 osteoblasts. Journal of
Cellular Biochemistry 1998 68 269-280. (https://doi.org/10.1002/
(SICI)1097-4644(19980201)68:2<269::AID-JCB13>3.0.CO;2-A)

36 Hessle L, Johnson KA, Anderson HC, Narisawa S, Sali A, Goding JW,
Terkeltaub R & Millan JL. Tissue-nonspecific alkaline phosphatase
and plasma cell membrane glycoprotein-1 are central antagonistic
regulators of bone mineralization. PNAS 2002 99 9445-9449.
(https://doi.org/10.1073/pnas.142063399)

37 Wang PP, Zhu XF, Yang L, Liang H, Feng SW & Zhang RH. Puerarin
stimulates osteoblasts differentiation and bone formation through
estrogen receptor, p38 MAPK, and Wnt/beta-catenin pathways.
Journal of Asian Natural Products Research 2012 14 897-905. (https://
doi.org/10.1080/10286020.2012.702757)

38 Santana RB, Xu L, Chase HB, Amar S, Graves DT & Trackman PC.

A role for advanced glycation end products in diminished bone
healing in type 1 diabetes. Diabetes 2003 52 1502-1510. (https://doi.
org/10.2337/diabetes.52.6.1502)

39 Yamagishi S. Role of advanced glycation end products (AGEs) in
osteoporosis in diabetes. Current Drug Targets 2011 12 2096-2102.
(https://doi.org/10.2174/138945011798829456)

40 Xiong Y, Zhang YX, Guo Y], Yuan Y, Guo Q, Gong P & Wu YY.
lalpha,25-Dihydroxyvitamin D-3 increases implant osseointegration
in diabetic mice partly through FoxO1 inactivation in osteoblasts.
Biochemical and Biophysical Research Communications 2017 494
626-633. (https://doi.org/10.1016/j.bbrc.2017.10.024)

Received in final form 21 September 2018
Accepted 25 September 2018
Accepted Preprint published online 25 September 2018

© 2018 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-18-0241

This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International
License.

D OB


https://doi.org/10.1016/j.jsbmb.2016.11.012
https://doi.org/10.1016/j.jsbmb.2016.11.012
https://doi.org/10.1016/j.bone.2008.10.054
https://doi.org/10.1210/en.2013-1818
https://doi.org/10.1210/en.2013-1818
https://doi.org/10.1074/jbc.M117.796367
https://doi.org/10.1002/0471141755.ph0547s70
https://doi.org/10.1002/0471141755.ph0547s70
https://doi.org/10.1507/endocrj.EJ17-0323
https://doi.org/10.1507/endocrj.EJ17-0323
https://doi.org/10.1016/j.jsbmb.2016.11.021
https://doi.org/10.1016/j.jsbmb.2016.11.021
https://doi.org/10.1016/j.jnutbio.2010.03.010
https://doi.org/10.1016/j.jnutbio.2010.03.010
https://doi.org/10.1038/ejcn.2011.118
https://doi.org/10.1007/s00223001118
https://doi.org/10.1007/s00223001118
https://doi.org/10.1007/s11010-007-9557-8
https://doi.org/10.1016/j.lfs.2018.04.042
https://doi.org/10.1002/jcb.20958
https://doi.org/10.1002/jcb.20958
https://doi.org/10.1002/(SICI)1097-4644(19980201)68:2﻿<﻿269::AID-JCB13﻿>﻿3.0.CO;2-A
https://doi.org/10.1002/(SICI)1097-4644(19980201)68:2﻿<﻿269::AID-JCB13﻿>﻿3.0.CO;2-A
https://doi.org/10.1073/pnas.142063399
https://doi.org/10.1080/10286020.2012.702757
https://doi.org/10.1080/10286020.2012.702757
https://doi.org/10.2337/diabetes.52.6.1502
https://doi.org/10.2337/diabetes.52.6.1502
https://doi.org/10.2174/138945011798829456
https://doi.org/10.1016/j.bbrc.2017.10.024
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-18-0241
https://ec.bioscientifica.com

	Abstract
	Introduction
	Materials and methods
	Animals
	Inducement of T2DM model
	Treatment
	Detection of FBG and body weight
	The serum value of AGEs
	Microscopic computerized tomography (micro-CT) analysis
	Histological analysis
	Pull-out test
	Cell culture
	Alizarin red staining
	Alkaline phosphatase (ALP) assay
	Western blotting
	Statistical analysis

	Results
	1,25VD3 improved FBG and maintained body weight
	1,25VD3 lessened serum value of AGEs
	1,25VD3 improved bone quality of T2DM rats
	1,25VD3 promoted bone microarchitecture of T2DM rats
	1,25VD3 increased biomechanical index of T2DM rats
	1,25VD3 attenuated AGEs-mediated damage in osteogenesis
	1,25VD3 promote osteogenesis by blocking 
AGEs/RAGEs signaling pathway

	Discussion
	Declaration of interest
	Funding
	References

