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Background and Objective: Diabetes mellitus (DM) is a common disease world-

wide. Patients with DM have an increased risk of losing their teeth compared

with other individuals. Dental implants are a standard of care for treating par-

tial or full edentulism, and various implant surface treatments have recently

been developed to increase dental implant stability. However, some studies have

reported that DM reduces osseointegration and the success rate of dental

implants. The purpose of this study was to determine the effects of high glucose

levels for hard tissue formation on a nano-scale modified titanium surface.

Material and Methods: Titanium disks were heated at 600°C for 1 h after treat-

ment with or without 10 M NaOH solution. All disks were incubated with type

II DM rat bone marrow-derived mesenchymal stromal cells before exposure to

one of four concentrations of glucose (5.5, 8.0, 12.0 or 24.0 mM). The effect of

different glucose concentrations on bone marrow-derived mesenchymal stromal

cell osteogenesis and inflammatory cytokines on the nano-scale modified tita-

nium surface was evaluated.

Results: Alkaline phosphatase activity decreased with increasing glucose

concentration. In contrast, osteocalcin production and calcium deposition were

significantly decreased at 8.0 mM glucose, but increased with glucose concentra-

tions over 8.0 mM. Differences in calcium/phosphate ratio associated with the

various glucose concentrations were similar to osteocalcin production and

calcium deposition. Inflammatory cytokines were expressed at high glucose

concentrations, but the nano-scale modified titanium surface inhibited the effect

of high glucose concentrations.
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Conclusion: High glucose concentration increased hard tissue formation, but the

quality of the mineralized tissue decreased. Furthermore, the nano-scale modi-

fied titanium surface increased mineralized tissue formation and anti-inflamma-

tion, but the quality of hard tissue was dependent on glucose concentration.

Diabetes mellitus (DM) is a common

metabolic disorder characterized by

hyperglycemia due to impaired insu-

lin secretion, insufficient insulin activ-

ity, or both (1). The main types of

DM include type I and type II. Type

I DM is associated with pancreatic

b-cell destruction and accounts for

5–10% of subjects with diabetes.

Type II DM is associated with a rel-

ative, rather than an absolute, insulin

deficiency and accounts for 90–95%
of all individuals with DM (2).

Chronic hyperglycemia has been

associated with tissue damage

because endothelial cells take up glu-

cose passively in an insulin-indepen-

dent manner (3).

It is well known that DM is associ-

ated with the development of peri-

odontitis, which can cause loss of

teeth (4). Dental implant prosthesis

has become an effective treatment

approach in recent years. However,

DM has been considered a relative

contraindication for implant treat-

ment because of increased susceptibil-

ity to infection, delayed wound

healing and microvascular complica-

tions (5). In general, later studies sug-

gest that patients with DM tend to

have a lower success rate of implant

osseointegration than otherwise

healthy patients because DM exposes

the patient to incomplete and delayed

bone healing around implant fixtures

with immature and less organized

newly formed bone (6–12). Many

researchers have developed various

processed implants to prevent peri-

implantitis (13–20). Because of this

competition, there has been substan-

tial improvement in the physical

structure of the surface, with

increased surface roughness promot-

ing an improved bone response (21–
26).

We have previously reported that

a nano-network structure on a

titanium surface, induced by alkali

etching, markedly enhanced cell

adhesion, proliferation and osteogen-

esis. These effects were most pro-

nounced when the concentration of

NaOH was 10 M, indicating the great

potential of this alkali in improving

the clinical performance of bone

implants (27). By changing the prop-

erties of the oxide layer, different tis-

sue responses can be induced. A

simple oxide modification method is

heat treatment, which induces the

formation of a thick oxide layer; this

has a beneficial effect on the tissue

response.

Khandelwal et al. (28) demon-

strated a predictable, clinically suc-

cessful implant prosthesis, even in

patients with DM who lack good gly-

cemic control. This supported the

application of the dental implant

prosthesis for patients with a broader

range of glycemic control than was

traditionally proposed. Moreover,

McCracken et al. (29) reported

increased bone volume around dental

implant fixtures in diabetic rats com-

pared with insulin-treated and control

rats, but the bone tissue quality was

not as well organized.

The regulation of insulin levels in

DM is related to bone marrow-

derived mesenchymal stromal cells

(BM-MSCs) (30–32). Our previous

study investigated the effects of a tita-

nium surface with nano-network

structures on osteogenic differentia-

tion in BM-MSCs (33). We aimed to

investigate the effects of glucose con-

centration on osteogenic differentia-

tion on a nano-scale modified

titanium surface using bone marrow

stromal cells.

The purpose of this study was to

clarify the effects of different glucose

concentrations on osteogenic differen-

tiation and extracellular matrix

(ECM) mineralization of type II DM

rat BM-MSCs on a nano-scale modi-

fied titanium surface in vitro.

Material and methods

Disk preparation

Titanium disks (15 mm in diameter)

were punched out from sheets of

1 mm thick grade 2 pure titanium

(Daido Steel, Osaka, Japan). These

disks were classified into two groups:

the oxide (Ox) group was heated at

600°C for 1 h using a dental labora-

tory full auto ring furnace (SRF-650;

Morita Inc., Kyoto, Japan); and the

nano-sheet oxide (NSx) group was

immersed in 10 M NaOH solution,

and placed for 24 h in an oil bath

maintained at 30°C (27). The solution

in each flask was replaced and treated

with distilled water, and this proce-

dure was repeated until the solution

reached a conductivity of 5 ls/cm.

The disks were dried at room temper-

ature and then heated at 600°C for

1 h.

Surface characterization

The titanium surface topography was

qualitatively evaluated using a scan-

ning electron microscope (S-4000;

Hitachi High-Technologies Co.,

Tokyo, Japan) and an atomic force

microscope (SPM-9600; Shimadzu

Co., Tokyo, Japan). Contact angles

were measured using a video contact

angle measurement system (VSA 2500

XE; AST Products, Tokyo, Japan) at

room temperature, in 3 lL of ultra-

pure water.

The constituent elements of the

titanium surface were measured using

wide range X-ray photoelectron spec-

troscopy (PHI X-tool; ULVAC-PHI

Inc., Kanagawa, Japan). Measure-

ment conditions were as follows: X-

ray source, Al Ka; X-ray condition,
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15 kV 4 W; analytical range, 24 lm;

take-off angle, 45°; neutralizing gun

conditions, 1.2 eV and 20.0 lA.

Cell culture

BM-MSCs were isolated from the

femurs of 8 wk old Goto–Kakizaki

(GK) rats, a model for type II DM.

This study was performed under the

Guidelines for Animal Experimenta-

tion of Osaka Dental University (ap-

proval no. 1508001). Briefly, rats were

killed using 4% isoflurane (Pfizer Inc.,

New York, NY, USA), and the bones

were aseptically excised from the hind

limbs. The proximal end of the femur

and the distal end of the tibia were

clipped. A 21-gauge needle (TER-

UMO, Tokyo, Japan) was inserted

into the hole in the knee joint of each

bone, and the marrow was flushed

from the shaft with growth medium

containing Eagle’s minimal essential

medium (Nacalai Tesque Inc., Kyoto,

Japan) supplemented with 10% fetal

bovine serum (FBS; Fraction V;

Pierce Biotechnology, Rockford, IL,

USA), penicillin (500 U/mL; Nacalai

Tesque), streptomycin (500 lg/mL;

Nacalai Tesque) and fungizone

(1.25 lg/mL; Nacalai Tesque). The

resulting marrow pellet was dispersed

by trituration, and the cell suspen-

sions from all bones were combined

in a centrifuge tube.

Passage 3 cells were seeded at a

density of 4 9 104 cells/cm2 into 24-

well tissue culture plates (Becton

Dickinson Labware, Franklin Lakes,

NJ, USA) containing titanium disks.

The cells were cultured at 37°C in a

humidified 5% CO2/95% air atmo-

sphere.

Measurement of cell proliferation

Cell proliferation was measured using

the CellTiter-Blue Cell Viability Assay

(Promega, Madison, WI, USA)

according to the manufacturer’s pro-

tocol. Briefly, BM-MSCs were seeded

on the samples at a density of 4 9 104

cells/cm2. After culturing BM-MSCs

on the disks for 2 d, the medium was

removed and replaced with medium

containing 10% FBS, penicillin

(500 U/mL; Nacalai Tesque),

streptomycin (500 lg/mL; Nacalai

Tesque), fungizone (1.25 lg/mL;

Nacalai Tesque) and glucose (5.5, 8.0,

12.0 or 24.0 mM), and allowed to

attach for 3, 6 and 72 h. At each pre-

scribed time point, non-adherent cells

were removed by rinsing with phos-

phate-buffered saline (PBS). CellTiter-

Blue Reagent (50 lL) and PBS

(250 lL) were then added to each

well. After incubation at 37°C for 1 h,

the solution was removed from the 24-

well tissue culture plates (Becton

Dickinson Labware) and 100 lL was

added to a new 96-well tissue culture

plate (Becton Dickinson Labware).

The OD560/590 of the remaining solu-

tion was measured. The difference

between the two optical densities was

defined as the proliferation value.

Cell differentiation in various

glucose concentrations

After culturing BM-MSCs on the

disks for 7 d, the medium was

removed and replaced with osteogenic

differentiation medium containing

10% FBS and osteogenic supple-

ments: 10 mM b-glycerophosphate
(Nacalai Tesque), 80 mg/mL of ascor-

bic acid (Nacalai Tesque), 10 nM dex-

amethasone (Nacalai Tesque) and

glucose (four concentrations). The

glucose concentrations for this study

were chosen to reflect normal, post-

prandial and high glucose values, sim-

ilar to those seen in DM. In brief, the

normal glucose concentration of

5.5 mM is equivalent to 99 mg/dL,

while the postprandial concentration

of 8.0 mM corresponds to 144 mg/

mL, and the high glucose concentra-

tions of 12.0 and 24.0 mM are approx-

imately equal to 216 and 432 mg/dL,

respectively. Differentiation medium

were replaced every 2 d.

Alkaline phosphatase activity

After 1 wk of osteogenic culture, cells

were washed with PBS lysed with

200 lL of 0.2% Triton X-100 (Sigma-

Aldrich, St. Louis, MO, USA) and the

cell lysates were transferred to a micro-

centrifuge tube containing a 5 mm

hardened steel ball. Tubes were agi-

tated on a shaker (Mixer Mill Type

MM 301; Retsch Gmbh & Co., Haan,

Germany) at 29 Hz for 20 s to homog-

enize the sample. Alkaline phosphatase

(ALP) activity was measured using the

Alkaline Phosphatase Luminometric

ELISA Kit (Sigma-Aldrich) according

to the manufacturer’s protocol. The

reaction was terminated with 3 N

NaOH to a final concentration of

0.5 N NaOH, and p-nitrophenol pro-

duction was measured by determining

the absorbance at 405 nm using a 96-

well microplate reader (SpectraMax

M5; Molecular Devices, Sunnyvale,

CA, USA). DNA contents were mea-

sured using the DNA Assay Kit (Pico-

Green dsDNA Assay Kit; Invitrogen,

Carlsbad, CA, USA) according to the

manufacturer’s protocol. To normalize

ALP activity, ALP levels were normal-

ized to the amount of DNA in the cell

lysates.

Osteocalcin analysis

The sandwich enzyme immunoassay

used in this study was specific for rat

osteocalcin and can measure its levels

directly in the culture supernatant after

4 wk of osteogenic culture. Osteocalcin

levels in cell culture supernatants were

measured according to the manufac-

turer’s instructions (Rat Osteocalcin

ELISA Kit DS; DS Pharma Biomedi-

cal Co., Ltd., Osaka, Japan).

Extracellular matrix mineralization

ECM mineralization by BM-MSCs

was evaluated by Alizarin Red stain-

ing (Sigma-Aldrich). After 4 wk of

osteogenic culture, the cells were

stained with Alizarin Red for 10 min

at room temperature. Cell monolayers

were washed with distilled water until

color was absent and images were

acquired.

Calcium (Ca) deposited in the

ECM was measured after dissolution

with 10% formic acid. Ca levels were

quantified using a Ca test kit (Calcium

E-test Kit; Wako, Osaka, Japan).

After 4 wk of osteogenic culture,

1 mL Calcium E-Test chromogenic

reagent and 2 mL buffer solution were

added to 50 lL of collected medium,

and the absorbance of the reaction

products was measured at 610 nm
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using a 96-well microplate reader

(Molecular Devices). Ca ion concen-

trations were calculated from the

absorbance values relative to a stan-

dard curve.

Phosphate (P) deposition in the

ECM was measured after dissolution

with 10% formic acid. Levels of P

were quantified using a P test kit

(Malachite Green Phosphate Assay

Kits; BioAssay Systems, Hayward,

CA, USA). Working reagent (20 lL)
was added to each 80 lL of the acid

reagent, and the absorbance of the

reaction product was measured at

600–660 nm using a 96-well micro-

plate reader (Molecular Devices).

Each P ion concentration was calcu-

lated from the absorbance value rela-

tive to a standard curve.

Gene expression

Gene expression was evaluated using a

real-time reverse-transcription poly-

merase chain reaction (PCR) assay

(TaqMan�; Applied Biosystems,

Thermo Fisher Scientific, Waltham,

MA, USA). GK rat BM-MSCs were

seeded on to Ox and NSx disks at a

density of 4 9 104 cells/cm2 in normal

culture medium (1 mL/well). After 7 d

culture to enable cell adherence, the

medium was replaced with osteogenic

differentiation medium containing glu-

cose (5.5, 8.0, 12.0 or 24.0 mM) and

cells were cultured for a further 3 or

4 wk. Total RNA was isolated using a

kit (RNeasy Mini Kit; Qiagen, Venlo,

the Netherlands). RNA (10 lL) from

each sample was reverse transcribed

into complementary DNA using a kit

(PrimeScript� Reagent Kit; Takara

Bio, Otsu, Shiga, Japan). Gene expres-

sion for tumor necrosis factor-alpha

(TNF-a), interleukin (IL)-1b and IL-6

(Taqman� Gene Expression Assay;

TNF-a; Rn01525859_g1, IL-1b;
Rn00580432_m1, IL-6; Rn01410

330_m1) was quantified using PCR

(StepOnePlus Real-Time PCR System;

Applied Biosystems, Thermo Fisher

Scientific). The reactive gene expres-

sion rate for each group was calculated

using the DDCt method, assuming the

gene expression rate of the negative

control group.

Statistical analysis

Data were analyzed using SPSS 19.0

software (SPSS IBM, Armonk, NY,

USA). All experiments were per-

formed in triplicate. All data are

shown as the means � standard devi-

ation (SD). In all analyses, statistical

significance was determined using

one-way analysis of variance

(ANOVA) followed by a Fisher’s least

significant difference test. Values of

p < 0.05 were considered significant.

Results

Titanium surface analysis

Scanning electron microscopy surface

analysis identified fine scratches in the

Ox group and a fine intricate network

structure in the NSx group (Fig. 1A).

Three-dimensional atomic force

microscopy surface imaging in the

phase mode showed a smooth surface

on the Ox group and a fine network

structure of nanometer scale on the

NSx group (Fig. 1B).

Cross-sectional views identified

water droplets on the surface of the

disks in the Ox and NSx group, and

their contact angles were depicted. A

marked difference in contact angles

was found between the Ox and NSx

groups. The NSx group had increased

significantly wettability compared

with the Ox group (Fig. 1C).

The constituent elements of each

titanium surface were measured by X-

ray photoelectron spectroscopy to

determine the degree of surface pollu-

tion and oxidation. The surface of the

NSx disks had more oxygen elements

than the Ox disks. Furthermore, the

Ox and NSx disks had no carbon

elements, regardless of nano-scale

processing (Fig. 1D).

Cell proliferation

Cell proliferation on the disks after 3,

6 and 72 h of culture was assessed

(Fig. 2). The difference between Ox

and NSx was measured at all culture

times. High glucose concentration

promoted cell proliferation on the Ox

disks, but did not promote cell

proliferation on the NSx disks after 6

and 72 h of culture.

Production of osteogenic-related

proteins

ALP activities were determined in the

Ox and NSx groups at the four con-

centrations of glucose in osteogenic

medium at 1 wk of culture. ALP

activity decreased significantly

depending on the glucose concentra-

tion in both the Ox and NSx groups.

Additionally, ALP activity in the NSx

group was higher compared with the

Ox group at all glucose concentra-

tions (Fig. 3A).

Osteocalcin production was also

determined on the surface of both

groups at the four concentrations of

glucose in osteogenic medium at 4 wk

of culture. At all concentrations of

glucose, osteocalcin production in the

NSx group was higher compared with

the Ox group. In the Ox group, osteo-

calcin production was decreased sig-

nificantly with glucose concentrations

up to 8.0 mM, but increased with con-

centrations above 8.0 mM. In the NSx

group, the trend in osteocalcin deposi-

tion associated with glucose concen-

trations was similar to the Ox group

(Fig. 3B).

Extracellular matrix mineralization

Ca deposition was determined on the

surface of both groups at the four con-

centrations of glucose in osteogenic

medium at 4 wk of culture. At all glu-

cose concentrations, Ca deposition in

the NSx group was higher than in the

Ox group. In the Ox group, Ca deposi-

tion decreased significantly with glu-

cose concentration up to 8.0 mM, but

increased with concentrations above

8.0 mM. In the NSx group, the trend in

Ca deposition associated with glucose

concentrations was similar to the Ox

group (Fig. 4A).

ECM mineralization was assessed

by Alizarin Red staining at 4 wk of

osteogenic culture (Fig. 4B). The NSx

group produced abundant mineraliza-

tion nodules that were larger than

those of the Ox group were. In addi-

tion, the mineralization deposits
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Fig. 1. Modified titanium surface analysis. (A) Titanium surface structure analyzed by scanning electron micrographs of disks from the

heated titanium without nano-sheet (Ox) and heated titanium nano-sheet (NSx) groups. Upper images, at a lower magnification of

910,000, show the overall microscale topography. Scale bars are 50 lm. Lower images, at a higher magnification of 950,000, reveal the

nanoscale texture. Scale bars are 10 lm. (B) Titanium surface roughness analyzed by atomic force microscopy of disks in the Ox and NSx

groups. Images are at a higher magnification of 950,000. Ra value is the arithmetic average roughness (nm), Rz value is the 10-point

average roughness (nm). (C) Water contact angles of disks in the Ox and NSx groups. Upper graph depicts the contact angles, with the

lower images observed adjacent to where the contact angles were measured. *p < 0.05. (D) Constituent elements of titanium surface of Ox

and NSx disks. C, carbon; O, oxygen; Ti, titanium.

Osteogenesis on Ti at glucose conditions 765



differed in appearance according to

glucose concentration.

The Ca/P ratio was determined on

the surface of both groups at the four

concentrations of glucose in osteo-

genic medium at 4 wk of culture

(Fig. 4C). At all concentrations of

glucose, the Ca/P ratios in the NSx

group were higher than those in the

Ox group were. In the Ox group, the

Ca/P ratio decreased significantly with

glucose concentrations up to 8.0 mM,

but increased with those above

8.0 mM. In the NSx group, the trend

in Ca/P ratio associated with glucose

concentrations was similar to the Ox

group.

Inflammatory cytokine expression

The expression of inflammatory

cytokine genes, including TNF-a,

IL-1b and IL-6 was assessed by

real-time PCR (Fig. 5). Gene expres-

sion levels of TNF-a (Fig. 5A), IL-

1b (Fig. 5B) and IL-6 (Fig. 5C) indi-

cated that the NSx group induced

lower mRNA levels than the Ox

group, except at a glucose concen-

tration of 24 mM for 3 wk, when

levels were comparable.

In the Ox groups, the gene expres-

sion of TNF-a (Fig. 5A) was

increased with glucose concentrations

up to 8.0 mM, but decreased with con-

centrations above 8.0 mM. In the NSx

group, however, TNF-a gene expres-

sion was not associated with glucose

concentrations, whereby low-level

TNF-a gene expression was main-

tained. In the Ox group, the gene

expression of IL-1b (Fig. 5B) was

increased with glucose concentrations

up to 8.0 mM, but decreased with

concentrations above 8.0 mM at 3 wk.

However, levels were maintained

higher at glucose concentrations over

8.0 mM at 4 wk. In the NSx group,

low-level gene expression of IL-1b
was maintained regardless of glucose

concentration. In the Ox group, IL-6

gene expression (Fig. 5C) was higher

in high glucose concentrations at

3 wk, but in the NSx group, IL-6

expression was comparable to that at

5.5 mM glucose concentration.

Discussion

To the best of our knowledge, the

present study is the first to investigate

the effects of high glucose concentra-

tions on titanium surfaces with a

nano-network structure on osteogene-

sis and mineralization quality.

Although high glucose concentrations

reduced ALP activity, osteocalcin pro-

duction and Ca deposition, all of

these were induced on the titanium

surface with or without the nano-

structure.

Delayed bone healing around

implant fixtures and insufficient

osseointegration are apparent in

patients with DM (6–12). Gerritsen

et al. (15) reported that peri-implanti-

tis was further developed in patients

with DM than in those without; how-

ever, if osseointegration is acquired

during early-stage healing in patients

with DM, the level of osseointegra-

tion is similar to those without DM

(34). Therefore, we isolated BM-

MSCs from type II DM rats in this

study. The surface of the implant fix-

ture is first colonized by BM-MSCs

disturbed by drilling for placement of

the implant. This colonization is an

important step in osseointegration.

Ohgushi et al. (35) reported that the

calcified substrate formed extracellu-

larly of BM-MSCs was morphologi-

cally similar to the osseous tissue of

the living body. Our previous study

confirmed that hard tissue formed by

BM-MSCs on titanium surfaces with

nano-network structures (33).

Many different surface treatments

for dental implant have been devel-

oped, including chemical, electrical

and photodynamic (16–20,36). In this

study, we focused on the chemical

Fig. 2. Cell proliferation on disks from heated titanium without the nano-sheet (Ox) group

and heated titanium with the nano-sheet (NSx) group: (A) after 3 h of incubation, (B)

after 6 h of incubation; (C) after 72 h of incubation in medium with glucose at four con-

centrations (5.5, 8.0, 12.0 or 24.0 mM) measured by the CellTiter-Blue Cell Viability Assay.

p < 0.05. *: vs. Ox 5.5 mM. There were no significant differences between the four glucose

concentrations in the NSx group.
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treatment of dental implants. We have

previously reported that pure titanium

disks immersed in 10 M NaOH solu-

tion for 24 h form a nano-structure

on the titanium surface (27). The

nano-structure produced provides

increased wettability, enhanced hard

tissue differentiation and anti-inflam-

mation.

Wettability is important during the

first stage of implant healing, just

after implant fixture placement (37).

Immediately following implantation,

the implant is surrounded by blood,

including BM-MSCs from the bone

surrounding the implant fixture.

Indeed, our results have indicated that

in the NSx group, hard tissue differ-

entiation and anti-inflammation were

induced to a greater extent.

Additionally, a passivation layer of

titanium oxide (TiO2) forms naturally

on the surface of titanium disks. The

oxygen content is higher in the NSx

disks than in the Ox disks, because of

the larger surface area offered by the

nano-structure on the titanium sur-

face of NSx disks. By changing the

properties of the oxide layer, different

tissue responses can be induced. Heat

treatment increases the levels of oxy-

gen and removes carbon, thus creat-

ing an oxide layer and removing

impurities on the titanium surface.

First, heat treatment of the sample

likely induces crystallization and ana-

tase formation or further promotes

rutile formation from available TiO2,

resulting in potential enhancement of

photocatalytic properties along the

gradient (38). Second, the carbon

ratio on the titanium surface increases

with the passage of time. Moreover, it

reduces the wettability of the titanium

surface, and inhibits the proliferation

of osteoblasts, ALP activity and calci-

fication (18–20,39,40).
The structure of the titanium sur-

face does not greatly influence the

proliferation, extension or sequence of

cells, as it is differentiation that plays

the most important role.

The Ox disks promote more cell

proliferation than the NSx disks. In

other words, the Ox disks grow oral

bacteria more easily than the NSx

disks. Moreover, surface roughness

plays an important role in the differ-

entiation of cells. Martin et al. (41)

reported that there is more calcifica-

tion and collagen for osteoblasts to

attach to on a rough surface than on

a smooth surface. The production of

prostaglandin E2 and transforming

growth factor-b increased significantly

and the response of osteoblast-like

cells for 1a,25-dihydroxyvitamin D3

increased, significantly increasing the

production of osteocalcin and increas-

ing ALP activity in particular (42,43).

Similarly, ALP activity and osteocal-

cin production on the NSx disks

were higher than those on the Ox

disks in this study. Thus, treatment of

titanium surfaces by immersion in

10 M NaOH solution at room temper-

ature for 24 h and heating at 600°C
for 1 h formed nano-structures of

TiO2 on the titanium surface, which is

suggested to improve cell differentia-

tion of BM-MSCs. ALP is associated

with bone formation and calcification

and its activity is regarded as a rela-

tively early marker of osteoblast

growth (44). Lack of insulin activity

reduces osteoblastic function, and a

high glucose environment inhibits

intracellular signal transduction in

osteoblast cells (45,46). High glucose

concentration inhibits BM-MSC func-

tion and ALP activity on titanium

surfaces, thereby inhibiting bone

formation. Nano-scale modification of

the titanium surface promoted ALP

activity, but this was affected by

glucose concentration.

Osteocalcin plays a vital role in the

regulation of glucose metabolism (47–
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Fig. 3. Effect of glucose concentration on ALP activity and OCN production. (A) ALP

activity of bone marrow-derived mesenchymal stromal cells on disks from the heated tita-

nium without nano-sheet (Ox) and heated titanium nano-sheet (NSx) groups after 1 wk of

culture in osteogenic medium with four glucose concentrations (5.5, 8.0, 12.0 or 24.0 mM).

p < 0.05. *: vs. Ox 5.5 mM. †: vs. NSx 5.5 mM. (B) OCN production by bone marrow-derived

mesenchymal stromal cells seeded on disks from Ox and NSx groups after 4 wk of culture in

osteogenic medium with four glucose concentrations (5.5, 8.0, 12.0 or 24.0 mM). p < 0.05. *:

vs. Ox 5.5 mM, †: vs. NSx 5.5 mM. ALP, alkaline phosphatase; OCN, osteocalcin.
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49). Typically, if bone metabolism is

reduced, then osteocalcin production

is also inhibited; however, in this

study osteocalcin deposition increased

at glucose concentrations above

8.0 mM. Lee et al. (50) revealed that

osteocalcin acts as a hormone that

regulates glucose metabolism and fat

mass, showing that osteocalcin-knock-

out mice displayed decreased b-cell
proliferation, glucose intolerance and

insulin resistance. In the Kanazawa

et al. (51) study, serum osteocalcin

levels were significantly and negatively

correlated with glycemic control in

both men and postmenopausal

women with type II DM, in line with

the findings of the current investiga-

tion. According to Okazaki et al.

(52), improvement of poorly con-

trolled glycemic status in type II DM

helps modulate bone turnover, reduc-

ing markers for bone resorption and

increasing osteocalcin. BM-MSCs

produced more osteocalcin following

stimulation with higher levels of glu-

cose. We consider that the role of

osteocalcin in promoting bone meta-

bolism and the secretion of insulin is

significantly different at glucose con-

centrations of 8.0 mM. A

concentration of 8.0 mM glucose is

usually observed in a patient with

well-controlled DM and after a meal

in non-DM patients, while concentra-

tions of 12.0 and 24.0 mM are

observed in severe DM. It is not nec-

essary for insulin that osteocalcin is

secreted at usually high glucose con-

centration (8.0 mM). It is necessary

for insulin that osteocalcin is secreted

at severe high glucose concentration

(12.0 and 24.0 mM). Further, high

glucose concentrations interrupt cell

communication related to bone meta-

bolism, as osteocalcin secretion was

lower at 8.0 mM than at 5.5 mM.

Therefore, osteocalcin secretion at

8.0 mM was lower than at other glu-

cose concentrations. Osteocalcin is

non-collagenous protein of bone that

plays a role in Ca deposition.

According to osteocalcin produc-

tion, Ca deposition increased at glu-

cose concentrations above 8.0 mM;

however, Ca deposition at high glu-

cose concentration was not the same

quality as that at normal glucose con-

centration. Balint et al. (53) showed

that in the presence of elevated glucose

concentration, osteoblast proliferation

is enhanced, while in vitro bone

formation is significantly inhibited.

Therefore, we examined the Ca/P ratio

of hard tissue created on the titanium

surface. Kourkoumelis et al. (54)

showed that bone quality, in addition

to bone density, plays an important

role in bone strength and is strongly

related to the Ca/P ratio. Therefore, it

might be possible to use this biomar-

ker for the effective diagnostic and

classification criteria of osteoporosis

and related diseases. In this study, P

deposition decreased at high glucose

concentration and this phenomenon

was associated with ALP activity.

ALP is a glycoprotein that is present

on cell membranes, which degrades

inorganic phosphorus and alcohol to

form phosphoric acid ester under alka-

line conditions (pH 9–11). Indeed,

high glucose concentration reduced

ALP activity and P deposition and

induced the Ca/P ratio, so the balance

between Ca and P collapsed. We sug-

gested that high glucose concentration

increased the volume of hard tissue

formation, but the quality of hard tis-

sue was poor. Furthermore, mineral-

ization quality was dependent on

glucose concentration, even with the

nano-scale modified titanium surface.

Fig. 4. Effect of glucose concentrations on mineralization. (A) Ca deposition by bone marrow-derived mesenchymal stromal cells seeded

on disks from heated titanium without nano-sheet (Ox) and heated titanium nano-sheet (NSx) groups after 4 wk of culture in osteogenic

medium with four glucose concentrations (5.5, 8.0, 12.0 or 24.0 mM). p < 0.05. *: vs. Ox 5.5 mM, †: vs. NSx 5.5 mM. (B) Ca deposition is

stained by Alizarin Red. Scale bars are 1 mm. (C) Ca/P ratio of bone marrow-derived mesenchymal stromal cells seeded on disks from

Ox and NSx groups after 4 wk of culture in osteogenic medium of four glucose concentrations (5.5, 8.0, 12.0 or 24.0 mM). p < 0.05. *: vs.

Ox 5.5 mM, †: vs. NSx 5.5 mM.
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Inflammation is thought to be clo-

sely related to bone metabolism (55).

TNF-a, IL-1b and IL-6 play impor-

tant roles in the inflammatory

response, but their exact role in osteo-

genic differentiation is controversial

(56,57). We isolated primary BM-

MSCs from GK rats in this study.

The GK rat is a model of type II DM

– plasma insulin is increased at the

time of satiation and mild insulin

resistance is increased (58,59). Addi-

tionally, TNF-a inhibits the uptake of

intracellular glucose, leading to hyper-

glycemia. We suggest that TNF-a
expression decreased at abnormally

high glucose concentrations (12.0 and

24.0 mM) and increased at 8.0 mM.

Therefore, the high glucose concen-

tration increased the inflammatory

cytokine expression of the cells stress

by high glucose concentration, but the

nano-modified process decreased this

expression. We demonstrated that the

titanium surface type modified with

10 M NaOH to create a nano-network

structure promoted hard tissue forma-

tion and could be an effective method

of improving titanium’s biological

properties (27). Additionally, ALP

activity, osteocalcin production, Ca

deposition and Ca/P ratio on the

modified surface were higher than

those on the smooth surface were.

The layer of oxidation on the pure

titanium surface combined with the

sodium ions in sodium hydroxide to

form a titanate structure, which plays

a role in osteogenesis (60).

Consequently, this improved bio-

compatibility enhanced the suppres-

sion of inflammatory cytokines, better

enabling hard tissue formation

around the titanium surface for

osseointegration, even in the presence

of high glucose concentration. In

summary, the high glucose concentra-

tion likely demotes osteogenesis in at

Fig. 5. Inflammatory cytokine gene expression by bone marrow-derived mesenchymal stromal cells cultured on disks from heated titanium

without nano-sheet (Ox) and heated titanium nano-sheet (NSx) groups after 3 and 4 wk of culture in osteogenic medium with four glu-

cose concentrations (5.5, 8.0, 12.0 or 24.0 mM). TNF-a (A), IL-1b (B), IL-6 (C). Data were obtained from real-time polymerase chain

reaction analysis and are shown as means � SD expressed relative to GAPDH. p < 0.05. *: vs. Ox 5.5 mM, †: vs. NSx 5.5 mM. IL, inter-

leukin; TNF, tumor necrosis factor.
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least two ways: by demoting cell

osteogenic differentiation and promot-

ing the diabetic inflammatory

response.

Although most authors do not pro-

pose DM as a contraindication or a

significant risk factor for dental

implant therapy, some studies suggest

that there is a reduced success rate in

surgical procedures associated with

dental implant therapy in these

patients. The success rate of dental

implants in patients with DM varies

between 68% and 100% (8,28,61–64).
Additionally, dental implant success

rate has been shown to have lower

long-term maintenance, even if the

success rate is initially high in patients

with DM (65). In patients with DM

and good glycemic control, the

reported success rate of dental

implants differs greatly among studies,

because glucose concentration levels

and the type of titanium surface treat-

ment used also differ.

We suggest that the Ca/P ratio is

an important inspection standard for

the evaluation of hard tissue forma-

tion and differences in quality associ-

ated with different glucose

concentrations and implant surface

treatments.

Conclusion

Glucose concentration affected the

volume and quality of mineralized

hard tissue formation on the surface

of titanium implants with or without

nano-scale structure. We suggest that

by maintaining a normal glucose con-

centration during the initial osseointe-

gration period, this could increase the

success rate of dental implantation in

patients with DM.
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