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Abstract  

Mechanism underlying the diabetes-induced poor osteointegration of implants 

remains elusive, making it a challenge to develop corresponding solutions. Here, we 

studied the role of angiogenesis in the diabetes-induced poor bone repair at the 

bone-implant interface (BII) and the related mechanisms. In vivo, titanium screws 

were implanted in the femurs of mice, and, in vitro, vascular endothelial cell (VEC) 

was cultured on titanium surface. Results showed that, compared with normal milieu 

(NM), diabetic milieu (DM) led to angiogenesis inhibition around implants which 

resulted in reduced osteoprogenitors and poor bone formation on BII in vivo. In vitro, 

DM caused significant increase of NADPH oxidases (NOX), dysfunction of 

mitochondria and overproduction of reactive oxygen species (ROS) in VEC on 

titanium surface, inducing obvious cell dysfunction. Both Mito-TEMPO (Mito, a 

mitochondria-targeted ROS antagonist) and apocynin (APO, a NOX inhibitor) 

effectively attenuated the oxidative stress and dysfunction of VEC, with the beneficial 

effects of APO significantly better than those of Mito. Further study showed that the 

diabetes-induced metabolic disturbance of VEC was significantly related to the 

increase of advanced glycation end products (AGEs) at the BII. Our results suggested 

that the AGEs-related and NOX-triggered cellular oxidative stress leads to VEC 

dysfunction and angiogenesis impairment at the BII, which plays a critical role in the 

compromised implant osteointegration under diabetic conditions. These demonstrated 

new insights into the BII in pathological states and also provided NOX and AGEs as 

promising therapeutic targets for developing novel implant materials to accelerate the 
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angiogenesis and osteointegration of implants in diabetic patients with hyperglycemia.  

 

Keywords: Angiogenesis; Bone-implant interface; Diabetes; Oxidative stress; 

NADPH oxidase; AGEs 
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1. Introduction 

Orthopedic and dental implants have been used successfully for decades to replace or 

repair missing or damaged bones, joints, and teeth, thereby restoring patient function 

subsequent to disease or injury [1, 2]. However, although the use of many modern 

biomaterials, especially metallic materials, for endosseous implants have been 

evolving for the last 60 years, their clinical performance are dramatically limited in 

some disease conditions, especially diabetes [3-5]. Both clinical and preclinical 

studies have observed that diabetic milieu (DM) leads to poor bone regeneration on 

bone-implant interface (BII) and compromised osteointegration of implants, resulting 

in much higher failure rates ranging from 10% - 20% in diabetic patients with 

hyperglycemia than that of 1% - 3% in normal patients [5-7]. Such implant failure 

could cause excruciating complications and even death, making diabetes a major 

contraindication for the clinical application of implant materials [1]. Unfortunately, 

according to the annual report from international diabetes federation in 2017 [8], 

every 1 in 11 adults on the earth have diabetes (425 million), which number is 

predicted to be 642 million by 2040. By now, the mechanism underlying this 

diabetes-induced implant failure is still far from clear, making it a challenge to 

develop corresponding therapeutic strategies, such as the innovation of implant 

materials.  

 

A critical component in bone healing and implant osteointegration is the timely 

appearance of blood vessels in the repair sites on BII, which supplies oxygen, 
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nutrients, stem cells able to differentiate into osteoblasts and also the ions necessary 

for mineralization such as calcium ion and phosphate [9, 10]. Angiogenesis, namely 

the formation of new blood vessels, closely couples with osteogenesis in bone 

development and repair [9, 11]. Diabetes, however, causes various vascular 

complications and inhibits angiogenesis in wound healing [12, 13]. The diabetic 

vascular abnormalities have been shown to be quite different among different organs, 

with reduced vasculature in some organs like heart but obvious vascular hyperplasia 

in eyes and kidney [12]. By now, the changes of bone blood vessels in diabetes are 

still poorly understood, with conflicting results reported [14, 15]. In addition, on 

bone-implant interface (BII), which is a special bio-environment subjected to the 

interaction between implants and the host tissue [16, 17], the influence of DM on 

angiogenesis and the mechanism underlying such influence are still unclear. 

 

Increasing evidence indicates that the production of oxidants and the cellular response 

to oxidative stress are intricately connected to the fate of implanted biomaterials [18, 

19]. It has been demonstrated that diabetes-mediated accumulation of reactive oxygen 

species (ROS) may deleteriously affect the bone regeneration on BII, leading to 

compromised implant osteointegration [20]. However, how does ROS impact the 

biological process on BII and how does DM induce such excess of ROS still need 

further investigation. Vascular endothelial cell (VEC) serves as the key executor and 

regulator of vascular functions [21]. Evidence from both the bench and the bedside 

have shown that DM causes ROS overproduction in VEC, resulting in cellular 
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oxidative stress which has been accepted as an important mechanism underlying the 

diabetic vascular complications in organs like heart and kidney [12, 13]. On BII, 

however, the role and mechanism of ROS in the DM-induced influence on 

angiogenesis remain elusive.  

 

Mitochondria and NADPH oxidases (NOX) are the two main sources for ROS in 

VEC [22]. Our previous work suggested that mitochondrial dysfunction might be a 

critical mechanism underlying the DM-induced ROS overproduction in osteoblasts on 

the surface of titanium implant [23]. Nevertheless, the exact roles of mitochondria and 

NOX in the oxidative stress of cells on the interface have not been clearly elucidated, 

especially in VEC.  

 

Therefore, the aims of the present study were to investigate: (1) the influence of 

diabetes on the angiogenesis on BII and its role in the poor osteointegration of 

implants; (2) the mechanisms underlying such influence, especially about the role of 

ROS; (3) the molecular and cellular mechanisms underlying the diabetes-induced 

ROS overproduction on BII, about mitochondria and NOX specifically.  
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2. Materials and methods  

2.1. Preparation of Ti6Al4V specimen 

Ti6Al4V alloy was machined into circular disks (10 mm in diameter and 1 mm in 

thickness) and screws (1 mm in diameter, 2.5 mm in length and 0.1 mm in thread 

pitch) in Northwest Institute for Nonferrous Metal Research, Xi'an, China. Circular 

disks were used in experiments in vitro and screws in study in vivo. Titanium disks 

were first polished with 1000- to 7000-grit SiC sandpaper and then subjected to 

ultrasonic washing (ethanol and de-ionized water in sequence for 15 min each). 

2.2. Animal surgery and treatments 

The animal experiments were carried out in strict accordance with the National 

Institutes of Health Guidelines for the Use of Laboratory Animals and the guidelines 

of the Fourth Military Medical University (Approval number from Animal Ethical 

Committee: FMMU-AEEA-20160903). For the introduction of diabetes model, adult 

C57BL/6 mice (male, 10-week old) received a 12-hour fasting and then 

intraperitoneal injection of streptozotocin (50 mg/Kg; Sigma-Aldrich, St Louis, MO, 

USA) dissolved in citrate buffer (pH 4.5) for two times every two days. After regular 

monitoring of blood glucose level every 5 days, the mice with blood glucose levels 

higher than 11.1 mmol/L were regarded as diabetic [24].  

 

Implantation surgery was conducted as we previously described [23], with titanium 

screws implanted in the right femurs of mice. Normal mice were used in control group 

and diabetic mice were randomly divided into three groups (n = 20 per group): DM 
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group, DM + Apocynin (APO, an inhibitor of NADPH oxidases, Selleckchem, 

Houston, USA) group and DM + sRAGE (The soluble form of receptor for advanced 

glycation end products (AGEs), a decoy receptor, R&D Systems, Minneapolis, MN, 

USA). Before suturing the incision, we injected 20 µl of APO (20 μM) or sRAGE 

(100 µg/ml) into the mid-diaphysis of the surgical-side femurs of DM mice with a 

0.4-mm needle [25]. After that, the same doses of APO or sRAGE were injected to the 

periosteum of the distal femur every 4 days. 2 and 8 weeks after implantation surgery, 

mice were sacrificed and the distal half of femurs were harvested for the following 

experiments.  

 

2.3. Analysis of the angiogenesis and osteoprogenitors on BII 

2.3.1. Immunofluorescent histochemistry 

2 weeks after implantation surgery, mice (n = 6 per group) were sacrificed and femur 

specimens were obtained. After being fixed in 10% formalin solution for 12 h at 4℃, 

the specimens were decalcified in 10% EDTA (Sigma) solution for 4 days. Two 

incisions, paralleled with the major axis of the screw, were made respectively on the 

ventral and dorsal sides of the femur. At the crevice of incisions, bone tissue surround 

the implant was carefully divided into two parts and forced apart from the implant 

surface, minimizing the damage of the interface tissues. After being immersed in 30% 

(w/v) sucrose in 0.1 M phosphate buffer (PB, pH 7.3) overnight at 4℃, the bone 

tissue were cut in a cryostat (Leica CM1800; Heidelberg, Germany) to transverse 

sections (35 μm). Sections were processed for standard immunofluorescent 
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histochemical staining and analysis as previously described [26], with primary 

antibodies, goat anti-endomucin (EMCN, an endothelial cell marker; R&D Systems) 

and rabbit anti-osterix (OSX, an osteoprogenitor marker; Abcam, Cambridge, 

England), as well as secondary antibodies to corresponding species conjugated with 

Alexa 488 or 594 (Millipore, Billerica, MA, USA). Cell nucleus was stained with 40, 

60-diamidino-2-phenylindole (DAPI, Sigma). After being air-dried and coverslipped, 

the sections were observed under a confocal laser scanning microscope (FV-1000, 

Olympus, Tokyo, Japan) with the appropriate laser beams and filter settings, and 

confocal images were captured. For quantitative analysis of the angiogenesis and 

osteoprogenitors around implants, a region of interest (ROI) was defined as a ring 

around the screw extending 200 μm from the lowest point of the thread grooves and 

barring the region of screw threads (Fig. 2E). The area ratio of blood vessels (labeled 

by EMCN) and the total number of OSX+ osteoprogenitors in the ROI were 

determined with Image J software version 1.43 (for details, please see Fig. S1). 4 

nonadjacent slices of each sample were analyzed, with 5-6 samples in each group. 

 

2.3.2. Real-time Quantitative PCR (qPCR) 

Bone tissue around the implants were collected at 2 weeks after surgery (n = 5-6 per 

group) to evaluate the gene expressions of EMCN (endomucin), Vegf-a (vascular 

endothelial growth factor A), Nog (noggin), Bmp-2 (bone morphogenetic protein 2), 

Runx2 (runt related transcription factor 2) and Osterix (Sp7 transcription factor) by 

qPCR. RNA isolation from the tissue was performed using Trizol (Life  
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Technologies, Carlsbad, CA, USA) and RNeasy Mini kit (Qiagen, Germantown, MD, 

USA) according to the manufacture’s instruction and as described previously [27]. 

The extracted RNA samples were then reversely transcribed for the first strand cDNA 

synthesis, which was used to perform real-time PCR with Bio-Rad CFX Manager 

system. The primers used in this study were from PrimerBank database and listed in 

Table 1. β-actin was used as a housekeeping gene. 

 

2.4. New bone formation around implants in vivo 

2.4.1. Fluorochrome label of new bone mineralization 

After surgery, animals were subcutaneously injected with calcein (10 mg/kg, Sigma) 

at 2 weeks and alizarin complexone (20 mg/kg, Sigma) at 4 weeks. At 8 weeks, mice 

(n = 7 per group) were sacrificed, and femur specimens were obtained. After fixation 

in 10% formalin solution for 4 days, the specimens were assessed firstly by Micro-CT 

analysis and then by histological analysis. In histological analysis, the specimens were 

dehydrated in a graded series of ethanol (70%-100%) and embedded in 

methylmethacrylate (Sigma) solution that polymerized at 37℃ within 7 days. In an 

interlocked diamond saw (Leica Microtome, Wetzlar, Germany), thin sections (50 μm 

in thickness) were prepared. The sections were observed with a fluorescent 

microscope (Olympus), with images obtained and analyzed by Image J software to get 

the ratio of bone formation area to the total area (BFA/TA) in the ROI. For 

quantitative analysis, 3 slices of each sample were analyzed, with 6-7 samples in each 

group. 
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2.4.2. Micro-CT evaluation 

Specimens (n = 7 per group) were scanned in a Micro-CT system (Y.Cheetah X-ray, 

Y.XLON, Germany; 90 kV, 50 μA and 600 ms integration time) and images were 

reconstructed with an isotropic voxel size of 5 μm. To discriminate bone from other 

tissues, a multi-level thresholds procedure was applied in data analysis (threshold for 

bone = 350 and implant = 1200). The ROI included a ring radius 200 μm from the 

implant surface (Fig. 2D and E, yellow). In the ROI, 3D-reconstructed images of the 

newly formed bone around implants were processed and the bone volume per total 

volume (BV/TV) was assessed.  

 

2.5. Cell culture on the surface of titanium alloy 

Human Umbilical Vein Endothelial Cells (HUVEC, named as VEC), purchased from 

American type culture collection (ATCC, Manassas, VA, USA), were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) supplemented with 10% 

fetal bovine serum (FBS, Gibco), 50 U/ml heparin (Selleckchem), 1% penicillin 

(Gibco) and streptomycin (Gibco). HUVECs at passages between 4 and 7 were used 

in all experiments to be seeded on the specimens with 1 × 10
4
 cells/ml and 

randomized to incubate with normal milieu (NM) or diabetic milieu (DM) in 24-well 

plates. The culture media were changed every other day. Completed culture media 

containing 25 μM glucose (Sigma) and 500 μM BSA-conjugated palmitate (Sigma) 

was used as the mimic milieu of diabetes (high glucose and fat) [28] and labeled as 
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‘‘DM”. Additional drugs, namely Mito-TEMPO (Mito, a mitochondria-targeted ROS 

antagonist, 10 μM, Sigma), apocynin (APO, 20 μM, Selleckchem), AGE (AGE-BSA, 

100 μg/ml, please see section 2.12.2.), sRAGE (5 μg/ml, R&D Systems) and 

aminoguanidine (Ami, an inhibitor of AGEs formation, 500 μM, Selleckchem), were 

added into the culture media according to the experimental design.  

 

2.6. Cell adhesion and morphology on titanium  

Vinculin, a multi-domain adaptor protein in focal adhesion plaques, serves as a key 

regulator of focal-adhesion formation and cell adhesion. To evaluate the adhesion of 

VEC on titanium surface, 3 days after incubation, VEC were fixed by 4% 

paraformaldehyde, stained with primary antibody against vinculin (R&D Systems), 

and visualized using Alexa Fluor 488-conjugated secondary antibody (Invitrogen, 

Eugene, OR, USA). Cellular actin filaments and nucleus were stained respectively 

with Rhodamine-phalloidin (Molecular Probes, Eugene, OR, USA) and DAPI (Sigma) 

as we reported previously. Fluorescent images were obtained by a confocal 

microscope. The cell area and cell density were measured using the Image J software. 

Six different substrate fields were measured per sample, and three separate samples 

were measured in each group. 

 

After incubation for 3 days, cellular micro-morphology was observed using the 

scanning electron microscope (SEM, S-4800, Hitachi, Japan) operating at 5 kV and a 

semiautomatic interactive image analyzer. Before observation, the samples were fixed 
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in 2% (v/v) glutaraldehyde (Sigma) at 4℃ overnight, dehydrated through an ethanol 

series, critical-point dried, and sputtered with gold lastly. 

 

2.7. Cell proliferation  

After 7 days of incubation, the proliferation of VEC was assessed by methylthiazol 

tetrazolium (MTT) test (Beyotime Biotechnology, Shanghai, China) and 

immunofluorescent staining of Ki-67 (Invitrogen), a cell proliferation marker, as 

previously described [29, 30]. The cell proliferation in MTT assay was expressed as 

the absorbance per gram of sample. Fluorescence images were obtained with a 

confocal microscope, after which the cell density and the percentage of Ki-67+ cells 

were measured using the Image J software. 

 

2.8. Angiogenesis in vitro by tube formation test 

A Matrigel tube-formation assay was performed to assess in vitro angiogenesis [31]. 7 

days after incubation, VEC on titanium were trypsinized with 0.05% pancreatic 

enzyme, resuspended at 2 × 10
5
 cells/mL with culture media containing 1% FBS and 

plated at 2 × 10
4
 cells/well in 96-well plates precoated with growth factor-reduced 

Matrigel (BD, San Jose, CA, USA). After 5 - 6 hours, the tube formation by VEC on 

Matrigel surface was observed with microscope (Zeiss). Pictures in five fields were 

captured and counted for each well, with three wells detected for each group. The 

mean tube length per field was quantified with Image-Pro Plus software (Media 

Cybernetics, Silver Spring, USA). 
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2.9. Cell migration assessed by wound-healing assay  

Wound-healing assay was performed as previously described with some adjustment 

[31, 32]. 7 days after incubation, VEC on implants were trypsinized, resuspended in 

DMEM containing 5% FBS, plated in 48-well plates at 2 × 10
5
 cells/well and cultured 

for 12 h to form confluent cell monolayer in the wells. Confluent monolayers were 

serum starved for 2 h and then were wounded with a pipette tip. After three washes to 

remove the detached cells, the remaining cells were incubated in serum-starved 

medium. The cell-free wounds was recorded in four fields in each well using 

microscope (Axiovert D1, Zeiss), immediately (0 h) after wounding and 12 h later at 

the same place. The number of cells migrated into the wounds at 12 h were counted. 

 

2.10. Evaluation of cellular oxidative stress  

2.10.1. Measurement of intracellular ROS in vitro 

Intracellular ROS level was evaluated by detecting the intensity of 

2',7'-dichlorofluorescein (DCF) fluorescence and lipid peroxidation level [23]. On day 

7, VEC were digested, washed with PBS and incubated with 10 μmol/L 

2’,7’-dichlorofluorescein diacetate (DCFH-DA, Sigma) diluted in phosphate-buffered 

saline (PBS) for 30 min at 37 ℃. When oxidized by ROS, the nonfluorescent 

DCFH-DA is converted to the highly fluorescent DCF. After being washed with PBS 

for three times, the relative fluorescence levels were quantified using flow cytometry 

(FACS Aria II, Becton Dickinson, San Jose, CA, USA) at an excitation wavelength of 
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488 nm and an emission wavelength of 525 nm. 1 × 10
5
 cells were measured in each 

analyzed sample. To observe the intracellular ROS level directly, cells on titanium 

surface were washed with PBS and incubated with 10 μmol/L DCFH-DA at 37 ℃ 

for 30 min, after which the DCF fluorescence was observed by a confocal microscope 

and images were obtained. 

 

Malondialdehyde (MDA), a secondary product of lipid peroxidation caused by 

oxidative free radicals and a biomarker of oxidative damage, was measured as 

thiobarbituric acid-reactive substances (TBARS). The TBARS concentration in the 

cell culture supernatants was determined as described previously [33]. Briefly, 200 μl 

cell homogenate were prepared by Triton X-100 lysis buffer and then analyzed with 

the TBARS Assay Kit (Cell Biolabs, San Diego, CA, USA). TBA reacts with the 

MDA to form a TBARS diadduct which is a pink chromogen detectable at 532 nm.  

 

2.10.2. Western blot analysis 

7 days after incubation, the protein levels of a key oxidase, NOX2, in VEC was 

evaluated by western blot analysis with primary antibodies against NOX2 (Cell 

Signaling Technology, Beverly, MA, USA) and normalized to the levels of β-actin. 

For each group, protein expression was determined from 3 samples, with each sample 

tested 3 times by western blot analysis (9 bands for each group). For quantitative 

analysis, the levels of target proteins were normalized against that of β-actin. In each 

group, the 9 normalized protein levels were calculated to get an intragroup mean and a 
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standard error (SEM). Then the mean of NM group was set as a ‘‘standard”, and data 

from other groups were divided by this standard to get the fold changes. 

 

2.10.3. Immunohistochemical evaluation of ROS on the BII in vivo 

8-OHdG (8-hydroxy-20-deoxyguanosine, a marker of DNA damage in oxidative 

stress) in bone sections was visualized by immunohistochemical staining with primary 

antibody (Abcam) as we previously described [23]. For semi-quantification analysis, 

3 samples were analyzed in every group, with 4 slices evaluated in each sample. The 

number of 8-OHdG-positive cells in the ROI around implants was counted.  

 

2.11. Determination of mitochondrial function 

2.11.1. Intracellular ATP assay  

After 7 days of incubation, culture supernatant was removed and cells on titanium 

surface were gently washed twice with PBS. After that, ATP level in the VEC was 

measured using luminescence ATP detection assay (ATPlite, PerkinElmer, USA) 

according to manufacturer's instructions [34]. Data were measured with a microplate 

reader, reported as arbitrary luminometric units (a.u.) and normalized by protein 

content.  

 

2.11.2. Analysis of mitochondrial membrane potential (MMP) 

The ratiometric dye, JC-1 (Mitoprobe, Invitrogen) was used to estimate the MMP, 

according to the manufacture’s instruction and as described previously [35]. JC-1 is a 
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cationic dye that exhibits potential-dependent accumulation in mitochondria, indicated 

by a fluorescence emission shift from green (~525 nm) to red (~590 nm). 

Mitochondrial depolarization is indicated by a decrease of the red/green fluorescence 

ratio. On day 7, culture supernatant was removed and cells were gently washed twice 

with PBS. Then cells were incubated with JC-1 dye (5 μg/ml) diluted in non-serum 

culture media at 37°C for 30 min, protected from light. After washing for 3 times with 

PBS to remove the redundant dye, the fluorescence in cells was immediately analyzed 

using GloMax plate reader (Promega, USA). Red fluorescence was measured at 

525/630 nm and green fluorescence at 490/530, with data presented as the mean of the 

red/green fluorescence ratio. Images of JC-1-treated cells were acquired by a confocal 

microscope to directly show the red/green fluorescence in cells. 

 

2.12. Experiments about advanced glycation end products (AGEs)  

2.12.1. Determination of the levels of AGEs and receptor for AGEs (RAGE) in 

vitro and vivo 

7 days after incubation, ELISA kits (LifeSpan BioSciences, Seattle, WA, USA) were 

used to determine the levels of two representative AGEs, pentosidine and 

N
ε
-carboxymethyllysine (CML), in VEC on implants [36]. Briefly, cell media were 

removed and cells on implants were washed 3 times with PBS. After lysed in 1 ml 

RIPA buffer on ice for 10 min, the cell lysates were tested by ELISA assay according 

to manufacturer's instructions. At the same time, the level of CML in culture 

supernatant was also determined. Protein levels of RAGE in cells were detected by 
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Western blotting analysis with a goat anti-RAGE primary antibody (R&D Systems) 

and normalized to the levels of β-actin. In vivo, the level of AGEs on the interface 

was assessed by immunohistochemical evaluation with primary antibodies against 

AGEs (Novus Biologicals, Littleton, CO, USA). 

 

2.12.2. Preparation of AGE 

AGE was self-made by exposing albumin (BSA, bovine serum albumin) to glucose 

for a long time [37]. BSA (Sigma) at 50 mg/ml was incubated under aseptic 

conditions with 0.5 mol/L glucose in PBS (pH 7.4, containing protease inhibitors and 

antibiotics) at 37°C for 6 weeks to form AGE-BSA. Control proteins were exposed to 

the same buffer (without glucose) at 37°C for the same time interval. The 

unincorporated sugars were removed utilizing dialysis against PBS. Endotoxin levels 

in the AGE-BSA were tested by an endotoxin testing kit (Limulus J Single Test, Wako 

Pure Chemical Industries, Osaka, Japan). AGE-BSA solution at the concentration used 

for cell culture in this study, 100 μg/ml, was shown to be endotoxin-free (< 2.5 U/ml 

of endotoxin).  

 

2.13. Statistics  

The data were presented as means ± SEM. For each group, at least three independent 

experiments were conducted with duplicate sample. Statistical analysis was done with 

a one-way ANOVA followed by Bonferroni’s multiple comparison test. P < 0.05 was 

considered statistically significant.   
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3. Results  

3.1. Diabetes led to impaired angiogenesis on bone-implant interface (BII) 

To evaluate the influence of diabetes on the angiogenesis on BII, screws made of 

titanium alloy which is the most-used material for endosseous implants in clinics, 

were implanted in the femurs of mice. The angiogenic responses on the interface were 

assessed 2 weeks after surgery. Immunofluorescent staining (Fig. 1A and D) showed 

that, compared with normal milieu (NM), there were markedly less tissue ingrowth 

into the backlash of screw threads (cell nucleus stained as blue) and less blood vessels 

(labeled by a VEC marker, EMCN, green [38]) around implants in diabetic milieu 

(DM). Histomorphometric analysis (Fig. S1) showed that the area ratio of blood 

vessels in the ROI around screws was significantly lower in diabetic animals than in 

control animals (4.82 ± 0.72% vs. 19.44 ± 1.51%, p < 0.05, Fig. 1B), which was 

further confirmed by qPCR analysis of the mRNA level of EMCN in the tissue around 

implants (Fig. 1C). The expressions of three representative crucial cytokines which 

mediate the intercellular communication between VEC and osteoblastic cells, 

VEGF-A, Noggin and BMP-2, were also significantly decreased in DM compared 

with in NM (Fig. 1F).  

 

3.2. The diabetes-induced angiogenesis impairment led to poor bone repair on 

BII 

To investigate the role of the angiogenesis inhibition in the compromised 

osteointegration on BII under diabetic conditions, we evaluated the behaviors of 
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osteoprogenitors around the implants 2 weeks after implantation. Immunofluorescent 

staining (Fig. 1D) showed that osteoprogenitors (labeled by Osterix (OSX), red) were 

mainly distributed around the blood vessels, consistent with the role of blood vessels 

as a key supporter and regulator of osteoblastic cells. Compared with NM group, the 

number of osteoprogenitors in the ROI (37.36 ± 4.21 vs. 253.72 ± 19.85, p < 0.05, Fig. 

1E) and the expressions of two crucial osteogenic genes in osteoprogenitors, RUNX2 

and Osterix (Fig. 1G), around implants were significantly lower in DM group. 

Correspondingly, the new bone mineralization (labeled by fluochrome, Fig. 2A) 

around implants was obviously less in DM than those in NM. The ratio of bone 

formation area to the total area (BFA/TA) in the ROI, calculated from the 

fluorochrome label, was decreased in DM (7.56 ± 1.21% vs. 33.16 ± 3.37%, p < 0.05, 

Fig. 2B). As a result, 8 weeks after surgery, micro-CT analysis showed the 

compromised osteointegration of titanium implants in DM compared with in NM, 

reflected by the much less bone tissue around implants (Fig. 2F) and the lower ratio of 

bone volume to total volume (BV/TV) in the ROI (9.37 ± 3.12% vs. 43.52 ± 4.96%, p 

< 0.05, Fig. 2C).  

 

3.3. DM led to the dysfunction of VEC on titanium surface  

To investigate the mechanism underlying the diabetes-induced angiogenesis inhibition 

on BII, we evaluated the influence of DM on the behaviors of VEC on titanium alloy 

surface. To evaluate cell adhesion, at day 3, VEC on titanium were stained by 

immunocytochemical staining. The cytoskeleton, vinculin (a protein in focal adhesion 
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plaques associated with cell-cell and cell-matrix junctions) and cell nucleus were 

stained as red, green and blue respectively (Fig. 3A). In NM, VECs extended their 

orderly cytoskeleton on the flat implant surface, with vinculin abundantly distributed 

in the region of cell-material contact. In DM, however, many cells showed twisted 

cytoskeleton (arrowheads) without good extension and even intracellular vacuoles 

(arrow). VEC in DM showed less vinculin, especially at the cell edge, which might 

account for the cytoskeletal disorganization because of the important role of vinculin 

in anchoring the actin cytoskeleton to the adhesion molecules on cell membrane. 

Quantitative analysis further showed that, compared with NM, DM induced decreased 

cell spreading area (874.3 ± 72.1 μm
2
 vs. 2387.4 ± 210.1, p < 0.05) on titanium (Fig. 

S2). All these indicated that DM led to bad adhesion of VEC on titanium surface. 

 

Cell morphology on implants was further observed with SEM after 3 days of 

incubation (Fig. 3B). In NM, VEC adhered to material surface and extended their 

cytoplasm into flat shape. Cells showed relatively straight filipodias anchoring to 

titanium and connecting between cells, and abundant microvillus on cell surface. 

However, cells treated with DM showed much less, shorter and curving pseudopodia 

as well as atrophied looking, with much less microvillus on cell surface. 

 

Cell proliferation was assessed by MTT assay, the cell density on titanium and the 

immuofluorescent staining of Ki-67, a cellular marker for proliferation [30]. 

Compared with NM group, cell density (111 ± 13.7 cells/mm
2
 vs. 427.3 ± 46.2, p < 
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0.05, Fig. 4A and C) on material surface and the percentage of Ki-67 positive cells 

(16.2 ± 2.0% vs. 57.4 ± 4.6%, p < 0.05, Fig. 4A and D) were significantly lower in 

DM group. MTT assay further showed a 72% decrease of cell proliferation in DM, 

compared with in NM (Fig. 4E).  

 

Next, the in vitro angiogenesis and cell migration of VEC after 7 days of incubation 

on titanium were respectively tested by tube formation assay (Fig. 5A-C) and 

wound-healing assay (Fig. 5D and E). Results showed that, compared with NM group, 

DM group showed significantly less tube formation on Matrigel and less cell 

migration into the wounds of cell monolayer (135.2 ± 9.3 vs. 5.6 ± 0.9, p < 0.05).  

 

3.4. Mitochondrial dysfunction contributed to the oxidative stress-induced 

dysfunction of VEC on implant surface 

To investigate the mechanism underlying the DM-induced dysfunction of VEC, 

considering the critical role of oxidative stress on BII in the poor implant 

osteointegration in diabetes, we tested the levels of ROS in VEC on implants with the 

intensity of DCF fluorescence 7 days after incubation (Fig. 6A and B). Compared with 

NM group, DCF fluorescence intensity in the cells in DM group showed a four-fold 

increase (5.61 ± 0.48 vs. 1.00 ± 0.08, p < 0.05).  The Malonaldehyde (MDA) level in 

VEC in DM was nearly five folds of that in NM (Fig. 6C). 14 days after surgery, 

immunohistochemical staining of bone sections further showed that the level of 

8-OHdG, a marker for ROS-induced DNA damage, in the tissue around implants was 
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significantly higher in DM than in NM (Fig. 6D and F).  

 

Next, we evaluated the status of mitochondria and NADPH oxidases (NOX), the two 

main sources for intracellular ROS, in VEC after 7 days of incubation. Western blot 

analysis showed that the protein level of NOX2, a representative member in NOX 

family which has be implicated in diabetic vascular injuries, showed a 1.5-fold 

increase in the VEC in DM than that in NM (Fig. 6E). The mitochondrial function of 

VEC was tested by the intracellular ATP production level (Fig. 7A) and mitochondrial 

membrane potential (MMP, Fig. 7B and C). DM led to a 76% reduction of ATP 

production (613.2 ± 79.2 a.u. vs. 2603.2 ± 155.7 a.u., p < 0.05) and significant 

decrease of MMP (8.2 ± 1.1 vs. 26.4 ± 2.3, p < 0.05) compared with those in NM, 

suggesting the diabetes-induced mitochondrial dysfunction in VEC on the interface.  

 

However, in DM, the treatment with a mitochondria-targeted ROS antagonist, 

Mito-TEMPO, induced functional recovery of mitochondria (Fig. 7) and significant 

reduction of ROS in VEC (Fig. 6A-C) as well as obviously improved cell behaviors, 

evidenced by better cell adhesion (Fig. 3A), morphology (Fig. 3B), proliferation (Fig. 

4), migration (Fig. 5D and E) and angiogenesis in vitro (Fig. 5A-C).  

 

3.5. The diabetes-induced upregulation of NOX triggered the ROS 

overproduction and mitochondrial dysfunction in VEC on implant surface 

Given the increase of NOX in VEC, we next used apocynin (APO), an inhibitor of 
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NOX, to investigate the role of NOX in the oxidative stress of VEC. In DM, APO 

treatment led to significant decrease of NOX2 (Fig. 6E) and ROS (Fig. 6A-C) in VEC 

as well as much better cell behaviors on implant surface (Figs. 3-5). Remarkably, the 

inhibiting effects of APO on the ROS level were significantly stronger than those of 

Mito-TEMPO, and the functional recovery of VEC induced by APO was also more 

prominent than that induced by Mito-TEMPO (labeled by & in Figs. 4-6). The 

beneficial effects of APO were further confirmed in vivo by the reduced 8-OHdG 

level (Fig. 6F), improved angiogenesis, increased osteoprogenitor activities (Fig. 1) 

and new bone deposition on BII (Fig. 2) in diabetic animals. Mitochondria is not only 

a critical source for ROS, but also an organelle susceptible to excess ROS. Following 

the reduction of ROS, the mitochondrial dysfunction was also mitigated by APO (Fig. 

7).  

 

3.6. The increase of AGEs on BII contributed to the metabolic stress of VEC and 

poor angiogenesis in diabetes 

Next, we wanted to know what pathological factor in diabetes led to the metabolic 

disturbance of VEC and poor angiogenesis on BII.  ELISA analysis showed that, 

compared with NM, DM led to significant increase of two representative advanced 

glycation end products (AGEs), namely CML (6.43 ± 0.76 ng/mg protein vs. 1.12 ± 

0.24, p < 0.05, Fig. 8A) and pentosidine (16.43 ± 1.37 ng/mg protein vs. 4.12 ± 0.60, 

p < 0.05, Fig. 8B), as well as substantial increase of the receptor for AGEs (RAGE, 

Fig. 8D) in the VEC on titanium surface. Consistently, the CML in culture supernatant 
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was also increased by about 40 folds in DM (Fig. 8C). Immunohistochemical staining 

(Fig. 8E) showed that, compared with normal animals (NM), there was obvious 

increase of AGEs in the tissue around implants in diabetic animals (DM). 

 

In DM, aminoguanidine (Ami), an inhibitor of the formation of AGEs [39], 

significantly reduced the levels of AGEs, both in VEC and in the supernatant, and the 

protein level of RAGE in VEC (Fig. 8). The soluble form of RAGE (sRAGE), a decoy 

receptor for AGEs, didn’t make observable influence on the levels of AGEs, but 

induced significant reduction of RAGE in VEC. Both aminoguanidine and sRAGE 

inhibited the DM-induced up-regulation of NOX2 (Fig. 9C) and ROS (Fig. 9A and B; 

Fig. S3A) and improved the functions of mitochondria in VEC on titanium (Fig. 9D 

and E; Fig. S3B). These effects were accompanied by the alleviation of the 

DM-induced dysfunctions of VEC (Figs. 10), with the effects of sRAGE significantly 

better than those of aminoguanidine. The beneficial effects of sRAGE on VEC were 

further confirmed in vivo by the improved angiogenesis (Fig. 1), osteogenesis and 

osteointegration of implants (Fig. 2) in diabetic animals. 

 

In NM, the existence of AGE (AGE-conjugated BSA) led to tremendous increase of 

RAGE in VEC (NM + AGE group vs. NM group), which level was even higher than 

that in DM, and significant augment of AGEs in VEC on material surface (Fig. 8). 

Furthermore, in NM, AGE also induced marked increase of NOX2 and ROS (Fig. 

9A-C), mitochondrial dysfunction (Fig. 9D and E) and abnormal cell behaviors of 
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VEC (Figs. 10). However, all these AGE-induced abnormalities of VEC were 

effectively attenuated by sRAGE (NM + AGE + sRAGE group vs. NM + AGE 

group).  
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4. Discussion 

Implant stability has been shown to be jeopardized by the delayed or impaired bone 

healing on bone-implant interface (BII) in diabetes patients with hyperglycemia. The 

mechanism underlying this phenomenon remains elusive, making it difficult to 

develop corresponding solutions through the innovation of implant materials. The 

main findings in this study are as follows (Fig. 11): (1) Diabetes led to VEC 

dysfunction and angiogenesis inhibition on BII, which contributed to the exiguity of 

osteoprogenitors and bone deposition on BII as well as the compromised 

osteointergration of implants. (2) Intracellular ROS overproduction and oxidative 

stress in VEC played a critical role in the diabetes-induced angiogenesis impairment 

at the interface; (3) The oxidative stress of VEC was triggered by the increased NOX 

expression and amplified by mitochondrial dysfunction which led to more ROS 

production from mitochondria. (4) Such metabolic disturbance of VEC was caused, at 

least partially, by the increase of AGEs on BII in diabetic milieu (DM).  

 

In the bone repair on BII, angiogenesis in the metabolically active regenerating callus 

is required for supplying raw materials essential for tissue regeneration [9]. Diabetes, 

however, causes serious vascular complications which have been shown to be quite 

distinct among different organs and different vascular levels [12]. By now, the 

influences of diabetes on bone vasculature and their relationship with diabetic bone 

complications are still poorly understood [15]. In the present study, diabetic 

conditions led to significant dysfunction of VEC on titanium surface and poor blood 
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vessel formation on BII, which is in line with Peng et al. [40] showing the reduced 

angiogenesis and bone turnover in diabetic mice. Following the angiogenesis 

inhibition, osteoprogenitors on the BII became sparse (Fig. 1D), resulting in poor 

bone formation around implants and compromised implant osteointegration in 

diabetic animals (Fig. 2). This is consistent with Sojo et al. [41] demonstrating that 

angiogenesis occurs predominantly before the onset of osteogenesis and Fang et al. 

[42] showing that administration of anti-angiogenic drug prevents normal 

osteogenesis. The newly formed blood vessels ensure steady transport of circulating 

osteoprogenitor precursors to the healing sites [43]. In addition, the fact that 

osteogenesis is a vascular dependent process suggests that vascular endothelium itself 

serves as an indispensable regulator of cells involved in the healing process [43].  

 

For a long time, endothelial cells that line capillaries were perceived just as passive 

conduits for blood. This stereotype, however, has been challenged by increasing 

evidence indicating the critical role of organ-specific VECs as an important regulator 

that sustain the homeostasis, metabolism and direct the regeneration of organs without 

provoking fibrosis [21]. These regulative functions of VEC are exerted in a 

perfusion-independent manner and by deploying sets of angiocrine factors, known as 

angiocrine functions [21]. For bone, Kusumbe et al. [38] have demonstrated that the 

bone vasculature contains specialized VECs that support bone maturation and 

regeneration by secreting angiocrine factors indispensable for osteogenesis, including 

Noggin and BMPs. The communication between osteoblastic cells and VEC ensures 
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the close spatial and temporal association of bone formation with vascularization, 

namely the coupling of angiogenesis and osteogenesis [38, 43, 44]. This coupling was 

reflected in our results by the selective distribution of osteoprogenitors near blood 

vessels (Fig. 1D) and the synchronism of the alteration tendencies of blood vessels, 

osteoprogenitors and new bone deposition on BII. In DM, the reduced gene 

expressions of Nog and Bmp-2 (Fig. 1F) following the angiogenesis impairment 

might reflect the decreased angiocrine function and account for the reduced activity of 

osteoprogenitors on BII. These together suggested that the diabetes-induced 

angiogenesis inhibition plays a critical role in the compromised implant 

osteointegration, which mechanism might also be implicated in the bone loss in 

diabetic patients with hyperglycemia. In addition, the experimental model used here 

might be applicable for studies on the angiogenesis on material-bone interface. 

 

Surgical trauma arising from implantation induces a short-term oxidative stress which 

has been significantly connected to the inflammation and healing on BII and the fate 

of implanted biomaterials [18, 45]. Our previous study showed that the ROS 

overproduction on BII is a critical factor leading to the poor implant osteointegration 

in diabetes [20], while the detailed cellular mechanisms were not clearly identified. In 

the present study, obvious overproduction of ROS in VEC on titanium surface (Fig. 

6A-C) and ROS-induced DNA damage in the tissue around implants (Fig. 6F) were 

observed under diabetic conditions. When intracellular ROS was inhibited from their 

two main sources, namely mitochondria and NOX, the diabetes-induced impairment 
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of VEC was significantly attenuated, with angiogenesis and bone regeneration on BII 

effectively improved. Our results are consistent with previous studies showing that 

oxidative stress of VEC is a key mechanism underlying many diabetic cardiovascular 

complications. These suggest that the diabetes-induced ROS accumulation is a key 

player in the VEC dysfunction and angiogenesis inhibition on BII [12, 13]. From 

another perspective, these propose vascular injury as a crucial mechanism underlying 

the pathological effects of ROS on BII.  

 

Mitochondria and NOX are the two main sources of ROS in cells [22], while their 

exact roles in the diabetes-induced ROS overproduction on BII have not been clarified. 

Our previous work suggested that mitochondrial damage might be an important 

reason for the oxidative stress in osteoblasts on the BII in diabetes [23], which was 

not directly confirmed. In the present study, when the mitochondrial ROS were 

blocked by Mito-TEMPO, the DM-induced mitochondrial abnormalities as well as the 

oxidative stress and cell dysfunction of VEC were effectively ameliorated, indicating 

the role of mitochondria as an important contributor to the ROS overproduction in 

VEC on BII. NOX family are a major source of ROS in vasculature [46] and have 

been proposed to be key players in mediating the oxidative stress and endothelial 

dysfunction in diabetes [47, 48]. In our results, the effects of NOX inhibitor, apocynin 

(APO), revealed that the DM-induced increase of NOX is a critical reason for the 

ROS overproduction in VEC and the poor angiogenesis on BII. This is consistent with 

a recent report by Hema at al. [49] showing that the diabetes-induced oxidative stress 
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in osteoblast derives majorly from the up-regulation of NOX4. Remarkably, compared 

with Mito-TEMPO, APO led to more significant inhibition on the ROS (Fig. 6A-C), 

induced better cell behaviors of VEC in DM (Figs. 3-5), and also effectively 

attenuated the DM-induced mitochondrial dysfunction (Fig. 7). In fact, the excess 

ROS in cells could lead to irreversible damage to mitochondria, resulting in 

pathological production of mitochondrial ROS through the so-called ROS-induced 

ROS release [50, 51]. All these together suggest that the DM-induced ROS 

overproduction in VEC on BII might be triggered by the pathological increase of 

NOX, which causes mitochondrial dysfunction and much more ROS generation from 

mitochondria, amplifying the initial oxidative stress and cell damage. This 

“NOX-ROS-mitochondria-ROS” relationship in the VEC on BII needs further 

confirmation in studies in the future. Such ROS-overproducing mechanism might also 

be involved in the oxidative stress on material-tissue interface in many other diseased 

conditions, such as cardiovascular diseases [52], neurodegenerative diseases [53] and 

cancer [54, 55], making NOX a molecular therapeutic target for the modification of 

biomaterials to control the ROS generation on the interface. 

 

As membrane proteins, NOX could generate ROS into both the intracellular and 

extracellular milieu (Fig. 11) [47]. Therefore, apart from cell damage, the 

DM-induced pathological activation of NOX might also dramatically increase the 

ROS concentration in the electrochemical micro-environment to which titanium 

surface is exposed. Although ROS production on BII is necessary for the thickening 



  

32 
 

of titanium oxide layer which adds to the stability and biocompatibility of titanium 

surface, high levels of ROS has been shown to accelerate Ti ion release from implant 

surface, pointing to ROS-induced corrosion [18]. In DM, there might be evidences of 

material corrosion and oxidative stress at/near the implant surface. These evidences, 

however, were not checked in our experiments, which is a limitation of the present 

study and necessitates further investigation on this issue in the future.  

 

Advanced glycation end products (AGEs) are end products of non-enzymatic 

glycosylation reactions between reducing sugars and other biomolecules like proteins, 

lipids or nucleic acids [56]. They exist both inside and outside of cells, and influence 

cellular metabolism through receptor binding as well as intracellular signaling [39]. 

During aging and many diseases, such as neurodegenerative diseases, osteoarthritis 

and especially diabetes, the formation and deposition of AGEs greatly accelerate in 

many tissues, impacting extracellular and intracellular structure and function [39, 56]. 

Previous studies have shown that there is obvious increase of AGEs in bone in 

diabetes, which has been correlated to the much higher fracture risk in diabetic 

patients, although the underlying mechanism remains unclear [57-60]. AGEs have 

been identified as a substantial contributor to a variety of diabetic cardiovascular 

injuries including impaired retinal angiogenesis [56, 61]. However, the role of AGEs 

in the vascular abnormalities in diabetic bone has not been investigated.  

 

In the present study, DM led to marked increase of both AGEs and the receptor for 
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AGEs (RAGE) in VEC on titanium as well as obvious increase of AGEs 

concentration in the bone tissue around implants (Fig. 8). The increased AGEs in bone 

could be in many kinds of cells, including VEC, and also in the extracellular matrix. 

As aforementioned, both the intracellular and the extracellular AGEs could influence 

cell metabolism. Given the vicious character of AGEs in many diseases, they have 

been the subject of ongoing research as an important therapeutic target through three 

main approaches: (1) preventing the formation of AGEs with drugs like 

aminoguanidine (Ami); (2) breaking crosslinks after they are formed and (3) 

preventing their negative effects through reducing RAGE or blocking the interaction 

between AGEs and RAGE with agents like sRAGE, a decoy receptor for AGEs [39, 

56]. Our results showed that aminoguanidine partially attenuated the DM-induced 

abnormalities of VEC, while sRAGE induced better effects than aminoguanidine. In 

NM, AGE itself brought about obvious impairment of VEC on implants, which was 

effectively alleviated by sRAGE. Our results are consistent with previous reports 

demonstrating that an AGE–RAGE interaction promotes NOX activity, resulting in 

increased formation of ROS which conversely contributes to more formation of AGEs 

[39]. These together suggest that the increase of AGEs concentration on BII in 

diabetes is closely correlated to the metabolic stress and dysfunction of VEC, and the 

effects of AGEs were mediated mainly by RAGE. Besides, these also provide the 

oxidative stress-mediated vascular injury as a new mechanism underlying the 

pathological role of AGEs in diabetic osteopathy. Furthermore, it has been indicated 

that cross-linking in the organic bone matrix by AGEs adversely affects the quality 
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and mechanical properties of bone material [57, 58], which might influence the 

mechanical interlocking between bone and implants. Therefore, developing new 

implant materials, which could inhibit the formation, deposition or pathological 

effects of AGEs on BII, might be a promising strategy to accelerate osteointegration 

of implant materials in many disease conditions, especially diabetes.  

 

The performance of a biomaterial is usually considered to be an intrinsic property of 

the material, with little attention paid to the role of host tissue [62]. This “one material 

fits all” mindset ignores profound differences in target tissues that affect their 

responses to materials [63]. Actually, it has been challenged by increasing clinical 

evidence showing that the performance of biomaterials show marked difference under 

healthy and diseased conditions [16]. Thus, it has been proposed that the 

biocompatibility rules are in need of rethinking and it is necessary to take the 

substantial effects of diseases on tissue/biomaterial interactions into consideration 

[62]. A better understanding of events at the tissue-material interface in specific 

diseased conditions is needed, which could provide new vistas for material research 

and therapeutic potential. The integration with target tissues is crucial for most 

implant biomaterials [16, 17]. In the present study, our results suggested the 

“AGEs-NOX-oxidative stress-angiogenesis impairment-poor osteogenesis” logical 

axis as critical mechanisms underlying the diabetes-induced poor osteointegration of 

titanium implants. These mechanisms might also be implicated in the compromised 

implant integration in patients suffering from diseases other than diabetes. Of course, 
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however, other diseases and materials might display determinant factors different 

from those of titanium in diabetes. For example, the elevated concentration of ROS in 

the tumor environment might lead to faster degradation of materials that undergo 

oxidative degradation [18]. And, the enzyme concentrations in an inflammatory 

environment could influence the materials that undergo enzymatic degradation [63, 

64].  

 

In the development of novel implant biomaterials in the future, two strategies could be 

utilized to target NOX or AGEs to attenuate the redundant ROS production on BII: (1) 

We can evaluate the effects of various biomaterials on NOX and AGEs to find some 

materials capable of inhibiting the production or pathological effects of NOX or 

AGEs. Next, some of these materials could be used, as basic or additional components, 

to fabricate novel functionalized implants with better osteointegration; (2) We can 

integrate some certain bioactive factors in implant materials to specifically interfere 

with the two pathological accessaries on BII. These bioactive agents could be specific 

inhibiting drugs, like apocynin (APO) and sRAGE, or shRNA (for gene silencing) 

which could down-regulate the expressions of NOX, RAGE or other key molecules 

mediating the formation or cell signaling of AGEs. Of course, these two strategies 

could be combined together to modulate the oxidative stress on BII and advance the 

bone regeneration and osteointegration of implanted materials. These might help to 

improve the performance of biomaterials in diseased tissues which could induce 

excessive oxidative stress in tissue/material interactions. The related diseases include 
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metabolic diseases like diabetes [65], neurodegenerative diseases like Parkinson’s 

disease [66], inflammatory diseases like osteoarthritis [67], many kinds of cancer [68] 

and so on. 

 

5. Conclusions 

The present study demonstrated that the diabetes-induced increase of AGEs in the 

bone tissue around implants causes intracellular ROS overproduction and oxidative 

stress of VEC, which result in dysfunction of VEC and impaired angiogenesis on 

bone-implant interface (BII). This angiogenesis impairment plays a critical role in the 

poor osteogenesis on BII and the compromised osteointegration of titanium implants. 

The ROS overproduction in VEC was triggered by the increase of NADPH oxidases 

(NOX), which leads to mitochondrial dysfunction and more ROS generation from 

mitochondria. Bioactive agents targeting at NOX or AGEs could effectively mitigate 

the diabetes-induced metabolic stress of VEC on BII, thus promote the angiogenesis 

and the osteointegration of implants. Our findings provide deeper insights into the 

mechanisms underlying diabetes-induced poor bone repair and implant failure 

targeting at the BII, suggesting key therapeutic targets for corresponding solutions in 

the future. Developing new implant materials, which could inhibit the increase and/or 

effects of NOX or AGEs on BII, might be an efficacious strategy to promote the 

angiogenesis and osteointegration of endosseous implants and reduce the implant 

failure in diabetic patients with hyperglycemia.  
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Captions  

Figure 1. The angiogenesis and osteoprogenitors on bone-implant interface (BII) 

14 days after implantation. (A) Immunofluorescent staining of EMCN, a marker of 

endothelial cells, shows the blood vessels in the bone tissue around titanium screw. 

White dashed lines label the approximate border lines between the tissue and the 

screw threads. Yellow dashed lines label the outer boundary of the region of interest 

(ROI, Fig. 2E). Scale bar: 50 μm. (B) Histomorphometric measurement of the area 

ratio of blood vessels in the ROI on BII. For methodological details, please see Fig. 

S1. (C) qPCR analysis of the mRNA level of EMCN in the tissue around implants. (D) 

Images of osteoprogenitors labeled by osterix (OSX) on BII show their distribution 

adjacent to blood vessels. The last row shows the tissue ingrowth into a backlash of 

screw threads. Scale bar: 40 μm in the above and 20 μm in the below. (E) The number 

of OSX+ cells in the ROI around implants. qPCR analysis of the mRNA expressions 

of three indispensable cytokines for intercellular communication between VEC and 

osteoblastic cells (F) as well as two key genes in osteoprogenitors for osteogenic 

differentiation (G). APO, apocynin, an inhibitor of NADPH oxidases (NOX); sRAGE, 

the soluble form of receptor for advanced glycation end products (AGEs), a decoy 

receptor for AGEs. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. DM group. 

 

Figure 2. New bone formation on BII. (A) Fluorescent images of histological 

sections showing temporal fluorochrome labeled new mineral deposition by calcein 

(green, at 2 weeks) and alizarin complexone (red, at 4 weeks). (B) The ratio of bone 
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formation area to the total area of ROI (BFA/TA) in fluorochrome analysis. (C) The 

ratio of bone volume to total volume (BV/TV) in the ROI around implants. 

3D-reconstructed (D) and 2D cross-section (E) images in micro-CT analysis show the 

in vivo model and the ROI (yellow). (F) The newly formed bone (yellow) around 

implants (white). Scale bar: 50 μm in (A) and 300 μm in (D-F). APO, apocynin; 

sRAGE, the soluble form of receptor for AGEs. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. 

DM group. 

 

Figure 3. The adhesion and morphology of VEC on titanium alloy surface after 3 

days of incubation. (A) Fluorescent images of the cytoskeleton (red) and vinculin 

(green, a protein in focal adhesion plaques) show the cell adhesion and morphology. 

The actin filaments (red) of VEC were stained with Rhodamine-phalloidin and cell 

nuclei (blue) were stained with DAPI. Arrowheads indicate the twisted cytoskeleton 

and arrows indicate the intracellular vacuoles. The image in white box is an enlarged 

view of three cells with twisted cytoskeleton. Scale bar: 50 μm in the above and 20 

μm in the below. (B) SEM images of VEC on titanium surface. Scale bar: 10 μm. 

Mito, Mito-TEMPO, a mitochondria-targeted ROS antagonist; APO, apocynin. 

 

Figure 4. The proliferation of VEC on titanium surface after 3 days of incubation. 

(A) Fluorescent images show the cell proliferation marker, Ki-67 (red), in VEC. (B) 

Enlarged view of the corresponding white boxes in (A) show the expression and 

distribution of Ki-67 in a VEC during mitosis on implant surface. Proliferation of 
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VEC was quantified by cell density (C), the percentage of Ki67+ cells (D) and 

colorimetric MTT assay (E). Scale bar: 20 μm in (A) and 5 μm in (B). Mito, 

Mito-TEMPO; APO, apocynin. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. DM group. 

 

Figure 5. Angiogenesis in vitro and cell migration of VEC after incubation for 7 

days. (A) Representative images in tube formation assay show the angiogenesis in 

vitro. Blue plus signs label the branch points of tubes. Quantitative analysis of 

cumulative tube length (B) and branch points (C) per microscopic field. (D) 

Quantification of cell migration with the number of migrated cells in the wounds at 12 

h. (E) Representative images from wound-healing assay show the migration of VEC. 

Confluent monolayers were photographed at 0 h and 12 h after wounding. Dashed 

lines indicate the borders of the wound at 0 h. Scale bar: 50 μm in (A) and 200 μm in 

(E). Mito, Mito-TEMPO; APO, apocynin. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. DM 

group. 

 

Figure 6. The levels of oxidative stress in the VEC on implants in vitro and in the 

tissue on BII. (A) Images of DCF fluorescence showing the general ROS level in 

cells. Scale bar: 100 μm in the above and 20 μm in the below. (B) Quantitative 

analysis of intracellular ROS level with the relative DCF fluorescence intensity 

measured by flow cytometry. (C) MDA level accessed for intracellular lipid 

peroxidation. (D) The numbers of cells positive for 8-OHdG (a marker of DNA 

damage caused by oxidative stress) in the ROI on the interface. (E) Western blot 
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analysis of the protein level of NOX2 in VEC on titanium surface. (F) 

Immunohistochemical images of 8-OHdG in the tissue around implants. Scale bar: 50 

μm. Mito, Mito-TEMPO; APO, apocynin. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. DM 

group. 

 

Figure 7. The mitochondrial function in VEC on titanium surface after 7 days of 

incubation. (A) ATP production level in VEC measured by a luminescence ATP 

detection assay. (B) Mitochondrial membrane potential (MMP) determined by the 

red/green ratio in JC-1 staining. (C) Typical images of JC-1 staining showing the 

MMP in different groups. JC-1 is a cationic dye that exhibits potential-dependent 

accumulation in mitochondria, indicated by a fluorescence emission shift from green 

to red. Mitochondrial depolarization is reflected by a decrease in the red/green 

fluorescence ratio. Scale bar: 20 μm. Mito, Mito-TEMPO; APO, apocynin. *p < 0.05 

vs. NM group; 
#
p < 0.05 vs. DM group. 

 

Figure 8. The levels of advanced glycation end products (AGEs) and receptor for 

AGE (RAGE) in VEC on implants, in culture supernatant and in tissue around 

implants. The levels of two representative AGEs, N
ε
-carboxymethyllysine (CML, A) 

and pentosidine (B), in VEC as well as the level of CML in supernatant (C) were 

determined by ELISA assay after 7 days of incubation. (D) The protein expression of 

RAGE in VEC was assessed by western blot analysis. (E) Immunohistochemical 

images of AGEs in the tissue around implants 14 days after implantation. Scale bar: 
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50 μm. AGE, AGE-conjugated BSA; Ami, aminoguanidine, an inhibitor of AGEs 

formation. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. DM group; 

&
p < 0.05 vs. NM+AGE 

group. 

 

Figure 9. The oxidative stress levels and mitochondrial function in VEC on 

titanium under different conditions. (A) Images of DCF fluorescence showing the 

general ROS level in cells. (B) Quantitative analysis of intracellular ROS level with 

the relative DCF fluorescence intensity measured by flow cytometry. (C) Western blot 

analysis of the protein level of NOX2 in VEC. (D) Mitochondrial membrane potential 

(MMP) determined by the red/green ratio in JC-1 staining. (E) Typical images of JC-1 

staining showing the MMP of VEC in different groups. Scale bar: 20 μm in (A) and 

25 μm in (E). Ami, aminoguanidine. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. DM group; 

&
p < 0.05 vs. NM+AGE group. 

 

Figure 10. The biological functions of VEC on titanium after 7 days of incubation 

under different conditions. (A) Fluorescent images of the cytoskeleton (red) and 

vinculin (green) show the cell adhesion and morphology on implant surface. The actin 

filaments (red) were stained with Rhodamine-phalloidin and cell nuclei (blue) were 

stained with DAPI. Scale bar: 25 μm. (B) Representative images in tube formation 

assay show the angiogenesis in vitro. Blue plus signs label the branch points of tubes. 

(C) Quantitative analysis of the angiogenesis by cumulative tube length per field. (D) 

Proliferation of VEC was quantified by colorimetric MTT assay. (F) Representative 
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images from wound-healing assay show the migration of VEC. Confluent monolayers 

were photographed at 0 h and 12 h after wounding. Dashed lines indicate the border 

of the wound at 0 h. (E) Quantification of cell migration with the number of migrated 

cells in the wounds at 12 h. Scale bar: 20 μm in (A), 50 μm in (B); 200 μm in (F). Ami, 

aminoguanidine. *p < 0.05 vs. NM group; 
#
p < 0.05 vs. DM group; 

&
p < 0.05 vs. 

NM+AGE group. 

 

Figure 11. Schematic diagram summarizing the main findings in this article. For 

explanation, please see the first paragraph in the discussion section.  
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Statement of significance 

The high failure rate of bone implants in diabetic patients causes patients terrible pain 

and limits the clinical application of implant materials. The mechanism underlying 

this phenomenon needs elucidation so that it would be possible to develop 

corresponding solutions. Our study demonstrated that the AGEs-related and 

NOX-triggered oxidative stress of VEC leads to angiogenesis impairment at the 

bone-implant interface (BII) in diabetes. These are critical mechanisms underlying the 

compromised implant osteointegration in diabetic hyperglycemia. These provide new 

insights into the BII in diseased states and also suggest NOX and AGEs as crucial 

therapeutic targets for developing novel implant materials which could modulate the 

oxidative stress on BII to get improved osteointegration and reduced implant failure, 

especially in diabetic patients.  
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Table 1. Primers used in qPCR. 

 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) 

EMCN AATACCAGGCATCGTGTCAGT CCACTTCATGTTTTGGTGTTGTC 

Vegf-a GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT 

Nog GCCAGCACTATCTACACATCC GCGTCTCGTTCAGATCCTTCTC 

Bmp-2 GGGACCCGCTGTCTTCTAGT TCAACTCAAATTCGCTGAGGAC 

Runx2 GACTGTGGTTACCGTCATGGC ACTTGGTTTTTCATAACAGCGGA 

Osterix GGAAAGGAGGCACAAAGAAGC CCCCTTAGGCACTAGGAGC 

β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC 

 

 


