
Molecular Medicine REPORTS  22:  4792-4800,  20204792

Abstract. The oral cavity is a complex environment that is 
constantly undergoing remodeling. This provides a favorable 
electrolytic aqueous condition, which causes the corrosion 
of titanium implants and the release of titanium (Ti) ions. 
The accumulation of Ti ions in the peri‑implant tissues may 
affect the osteogenesis process. Therefore, the present study 
aimed to investigate the possible effects of Ti ions on osteo-
blast physiology and its underlying mechanism, specifically 
the MAPK/JNK signaling pathway. In the present study, 
MC3T3‑E1 osteoblasts were cultured the medium containing 
10 ppm Ti ions. Confocal laser scanning microscopy was used 
to analyze cell morphology and adhesion. Alkaline phospha-
tase (ALP) activity assay and western blotting were performed 
to evaluate the expression of proteins associated with osteo-
genesis such as Runx2 and Osterix. Nuclear translocation of 
JNK, a key factor of the MAPK signaling pathway, was visu-
alized and analyzed using immunofluorescence staining. The 
results showed that 10 ppm Ti ions exerted negative effects on 
the biological behaviors of MC3T3‑E1 cells, which exhibited 
reduced adhesion, ALP activity and osteogenic differentiation. 
It was also found that 10 ppm Ti ions activated the MAPK/JNK 
signaling pathway by promoting the nuclear translocation of 
JNK via phosphorylation. In addition, the inhibitory effects of 

10 ppm Ti ions on MC3T3‑E1 cells was found to be reversed 
by the JNK inhibitor SP600125. In conclusion, the preset study 
suggests that the MAPK/JNK signaling pathway serves a key 
role in the molecular mechanism underlying the changes in 
osteoblast behavior following Ti ion exposure. These findings 
may serve as a valuable reference point for the further in‑depth 
exploration of peri‑implant bone loss.

Introduction

Titanium (Ti) is one the most frequently applied materials 
for dental implants due to their excellent osteocompatibility, 
mechanical property and corrosion resistance (1‑3). The oral 
cavity is a humid environment that provides a habitat for 
acid‑producing bacteria, which causes low pH around the 
implants  (4‑6). This acidity triggers bio‑corrosion, which 
induces Ti ion release to negatively affect osseointegration (7,8). 
It has been previously reported that excessive Ti ions exert detri-
mental influences on bone cells, which can in turn negatively 
affect peri‑implant bone remodeling and osseointegration (9). 
Following implantation, bone reconstruction around the 
implant can be achieved, which is heavily dependent on the 
delicate balance between bone resorption and formation. 
During this process, osteoclasts and osteoblasts interact 
with each other to maintain bone remodeling. As a possible 
noxious stimulus on bone cells, Ti ions released during the 
corrosion process or Ti nanoparticles escaped during surgery 
can disrupt this balance by activating osteoclasts whilst inhib-
iting osteoblasts (10‑12). Osteoclast‑induced bone resorption 
is associated with a number of factors, including parathyroid 
hormone, interleukin (IL)‑17A and semaphorin 3A (13‑15). 
Excessive titanium ion or nanoparticle accumulation can 
promote the expression of TNF‑α and IL‑6, both of which 
can provoke inflammation and osteoclastogenesis (16,17). In 
terms of the osteoblastic bone formation, several novel regula-
tors of osteoblast differentiation have been found, including 
caveolin‑1 and Doublecortin‑like kinase 1 (DCAMKL1, 
a serine/threonine kinase) that belongs to the CaM kinase 
family and shares homology with the neuronal microtubule 
binding protein doublecortin (18,19).
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At present, studies reporting the effects of titanium corro-
sion products on osteoblasts are insufficient. A previous study 
reported that 10 ppm Ti ions, which is the minimum toxic 
concentration, was capable of suppressing the growth whilst 
promoting the nuclear translocation of Yes‑associated protein 
in osteoblast‑like MC3T3‑E1 cells (20). Although the negative 
effect of Ti ion exposure has been explored in preliminary 
studies, the underlying regulatory mechanism of the effects 
mediated by excessive Ti ion accumulation during osteoblast 
differentiation remain poorly understood.

Many signaling pathways and key signaling molecules 
have been reported to regulate osteogenic differentiation. Bone 
morphogenetic protein, Wnt, Hippo and MAPK signaling path-
ways have all been previously demonstrated to serve important 
roles in regulating osteoblast physiology  (21‑26). Among 
these, the MAPK signaling cascade pathway is particularly 
important for processes including cell proliferation, apop-
tosis and differentiation by activating nuclear transcription 
factors (27). The MAPK family is comprised of a number of 
components, including JNK, ERK and p38. ERK1/2 has been 
previously associated with cell proliferation (28) whereas p38 
tended to bias towards cell differentiation (29). JNK signaling 
has been shown to be extensively activated by oxidative stress, 
where it serves as a regulator of several life‑cycle processes, 
including cell meiosis, mitosis, differentiation and energy 
metabolism (30). In particular, JNK activity is required for the 
initiation of early osteogenic differentiation in mesenchymal 
stem cells (MSCs) (31,32). By contrast, attenuation of JNK 
activity using JNK inhibitors was found to result in increased 
late stage osteogenic differentiation  (33). These findings 
suggest that the MAPK/JNK signaling pathway serves a vital 
role throughout different stages of osteogenic differentiation. 
However, to the best of our knowledge, there remains an insuf-
ficient number of studies evaluating the relationship between 
elevated Ti ion levels and JNK activity, which may prove useful 
in clarifying the mechanism behind the effects of Ti ions on 
osteoblast behaviors. Consequently, the aim of the present 
study was to explore the role of the MAPK/JNK signaling 
pathway in the molecular mechanism underlying the effects of 
excessive Ti ion exposure on the biological characteristics of 
MC3T3‑E1 osteoblasts.

Materials and methods

Cell culture. MC3T3‑E1 cells, an osteoblast‑like cell line, were 
obtained from the Cell Bank of Type Culture Collection of the 
Chinese Academy of Sciences and used as an in vitro model 
of osteoblast development for evaluating cellular responses, 
including attachment, proliferation and gene expression. 
MC3T3‑E1 cells were cultured in α‑MEM containing 
10% FBS and 1% penicillin/streptomycin (All Gibco; Thermo 
Fisher Scientific, Inc.) at 37˚C in a humidified atmosphere under 
5% CO2. The culture medium was changed every two days, 
where cells were digested and passaged every time 80‑90% 
confluence was reached. Titanium atomic absorption standard 
solution (1,000 µg/ml) was purchased from Sigma‑Aldrich, 
Merck KGaA (cat. no.  274933). Cells co‑cultured with or 
without 10 ppm Ti ions (diluted 100 times from the Titanium 
atomic absorption standard solution; 1,000 µg/ml) or inhibitor 
of the MAPK/JNK pathway (25 µM SP600125) at 37˚C in a 

humidified atmosphere under 5% CO2 were denoted as the 
control, Ti, JNK inhibitor [cells co‑cultured with inhibitor 
of the MAPK/JNK pathway (25 µM SP600125) at 37˚C in a 
humidified atmosphere under 5% CO2] and Ti + JNK inhibitor 
groups, respectively.

Cell adhesion and spreading assay. The initial cell seeding 
density into commercially pure titanium samples (Titanium 
atomic absorption standard solution; 1,000  µg/ml) was 
5x103 cells/well. Cells were pretreated with or without the JNK 
inhibitor SP600125 (cat. no. 8177; Cell Signaling Technologies, 
Inc.) for 1 h and then co‑cultured with 0 or 10 ppm Ti ions for 
another 8 h at 37˚C in a humidified atmosphere under 5% CO2. 
Each sample was subsequently washed twice with PBS and 
fixed with 95% alcohol at 4˚C overnight. 7 µl/2 ml Rhodamine 
Phalloidin (Cytoskeleton, Inc.) was then prepared and added 
to the cells in the dark for 30 min at room temperature to 
achieve cytoskeleton staining. After rinsing the samples 
twice with PBS, 1 µl/2 ml DAPI was added (cat. no. C1002; 
Beyotime Institute of Biotechnology) for 30 sec for nuclei 
staining at room temperature. Each sample was observed at 
x200 magnification using a confocal laser scanning micro-
scope (LSM710; Zeiss AG).

Alkaline phosphatase (ALP) activity assay. MC3T3‑E1 cells 
(2x105 cells/well) were initially seeded into a 6‑well plate 
and cultured overnight at 37˚C in a humidified atmosphere 
under 5% CO2. After pretreatment with or without SP600125 
for 1 h at 37˚C, cells were co‑cultured with 0 or 10 ppm Ti 
ions (without SP600125) for a further 7 days to investigate 
the effect of Ti ions on cell differentiation. Each sample was 
washed with PBS twice and fixed with 95% alcohol at 37˚C 
for 30 min. ALP staining was determined using ALP Stain 
Kit (cat. no. D001‑1‑1; Nanjing Jiancheng Bioengineering 
Institute) and the duration of this staining procedure was 
about 30 min at 37˚C. Then the images were then observed and 
captured using an Epson Perfection V30 scanner (Seiko Epson 
Corporation). ALP activity was analyzed using an ALP Assay 
Kit (cat. no. A059‑2‑2; Nanjing Jiancheng Bioengineering 
Institute) according to the manufacturer's protocols. Total 
protein content was determined using bicinchoninic acid 
(BCA) protein assay kit (Nanjing KeyGen Biotech Co., Ltd.). 
ALP activity relative to that of control was calculated after 
normalization to the total protein content.

Western blotting. The initial cell seeding density of 
MC3T3‑E1 cells was 2x105 cells/well in a 6‑well plate. After 
7 days culture, cell proteins were extracted using RIPA buffer 
(cat. no. P0013B; Beyotime Institute of Biotechnology). The 
quantitation of total protein was performed using a BCA 
protein assay kit (Nanjing KeyGen Biotech Co., Ltd.). Protein 
lysates (20  µg) were separated by 10% SDS‑PAGE and 
transferred to polyvinylidene difluoride (PVDF) films. The 
membranes were then blocked using 5% non-fat dry milk 
for 1 h at room temperature before incubation serially with 
primary antibodies overnight at 4˚C and secondary antibodies 
for 2 h at room temperature. After rinsing three times with 
PBS to remove the residual antibodies, the protein bands were 
visualized using ECL Western Blot Kit (EMD Millipore). 
The primary antibodies used in the present study were as 
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follows: Runt‑related transcription factor 2 (1:1,000, Runx2; 
cat.  no.  12556; Cell Signaling Technology, Inc.), Osterix 
(1:1,000, OSX; cat.  no.  ab22552; Abcam), JNK (1:1,000, 
cat. no. 9252; Cell Signaling Technology, Inc.), phosphorylated 
(p)‑JNK (1:1,000, cat. no. 4668; Cell Signaling Technology, 
Inc.) and GAPDH (1:3,000, cat. no. BM1623; Wuhan Boster 
Biological Technology, Ltd.). The secondary antibodies used 
were as follows: horseradish peroxidase‑conjugated goat 
anti‑rabbit IgG (1:1,000, cat. no. ZB‑2301; ZSGB‑BIO; OriGene 
Technologies, Inc.) and horseradish peroxidase‑conjugated 
goat anti‑Mouse IgG (1:1,000, cat.  no.  AP124P; EMD 
Millipore). Protein quantification was analyzed using ImageJ 
software (version k1.45; National Institutes of Health).

Immunofluorescence staining for JNK nuclear translocation. 
The initial cell seeding density of MC3T3‑E1 cells was 
1x105  cells/well onto 24‑well glass coverslips (13  mm 
diameter) in a 12‑well plate. Cells were pretreated with or 
without SP600125 for 1 h and then co‑cultured with 0 or 
10 ppm Ti ions for another 3 days at 37˚C in a humidified 
atmosphere under 5% CO2. Afterwards, cells were washed 
in PBS, fixed with 4% paraformaldehyde for 15 min at 4˚C, 
treated with 0.5% Triton X‑100 for 15 min at room tempera-
ture to increase permeability and then blocked with 10% 
goat serum (cat. no. 005‑000‑121; Jackson ImmunoResearch 
Laboratories, Inc.) for 1 h at 37˚C. The cells were subsequently 
incubated with primary antibodies at 4˚C overnight, followed 
by incubation with FITC‑conjugated secondary antibodies for 
1 h at 37˚C. All nuclei were stained with 1 µl/2 ml DAPI for 

3 min at room temperature before the subcellular localiza-
tion of proteins were visualized at x200 magnification and 
analyzed using fluorescence microscopy (Leica DM4000M; 
Leica Microsystems GmbH). The primary and secondary 
antibodies used for immunofluorescence were as follows: 
P‑JNK (1:100; cat. no. 4668; Cell Signaling Technology, Inc.), 
DyLight 549 AffiniPure goat anti‑rabbit IgG (H+L; 1:200; cat 
no. A23320; Abbkine Scientific Co., Ltd.).

Statistical analysis. Data were analyzed using the SPSS 22.0 
software (IBM Corp.) and presented as the mean ± SD. Group 
differences were analyzed using one‑way ANOVA followed by 
Tukey's post hoc test. *P<0.05 and **P<0.01 were considered to 
indicate statistically significant differences.

Results

Inhibition of osteoblast behavior following Ti ion exposure. 
The morphology of osteoblasts serves a key role in regulating 
cell proliferation and differentiation (34). Cell adhesion and 
spreading were observed after MC3T3‑E1 cells were treated 
with 0 or 10 ppm Ti ions for 8 h (Fig. 1A). Compared with the 
control group, osteoblasts that were treated with 10 ppm Ti 
ions exhibited disordered extension of pseudopodia, disorga-
nized cell spreading and poor substrate adherence (Fig. 1A), 
suggesting that 10 ppm Ti ions suppressed the first phase of 
osteoblast differentiation. Since ALP is widely considered to 
be a marker of early‑stage osteoblast differentiation (35), ALP 
staining and activity was next quantified in MC3T3‑E1 cells. 

Figure 1. Effects of 10 ppm Ti ions on the biological characteristics of MC3T3‑E1 osteoblasts. (A) Cell adhesion and spreading in the control and Ti groups 
observed using a confocal laser scanning microscope. Magnification, x200. (B) ALP staining and activity in the control and Ti groups. Magnification, x100. 
(C) Protein expression levels of Runx2 and OSX in the control and Ti groups. Quantification was performed by ImageJ software. Results were presented as the 
mean ± SD. **P<0.01. Ctrl, control; Ti, titanium ions; ALP, alkaline phosphatase; Runx2, Runt‑related transcription factor 2; OSX, osterix. 
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ALP staining in the Ti group was found to be markedly weaker 
compared with that in the control group, suggesting that 
10 ppm Ti ions inhibited osteoblast differentiation. A similar 
finding was obtained from the levels of ALP activities, which 
was significantly lower it the Ti group compared with those 
in the control group (Fig. 1B). Runx2 and OSX are vital tran-
scription factors for osteoblast differentiation (36). Therefore, 
the expression levels of these two proteins were measured by 
western blotting to analyze cell differentiation. After 7 days of 
culture, Runx2 and OSX expression was revealed to be down-
regulated in MC3T3‑E1 cells in the Ti group compared with 
that in the control group, indicating that 10 ppm Ti ions can 
inhibit the early mineralization process of MC3T3‑E1 cells 
(Fig. 1C). Therefore, these observations suggest that 10 ppm Ti 
ions can disrupt the biological behaviors of osteoblasts, which 
may be due to the inhibition of cell adhesion in the early stages 
of differentiation.

Activation of the MAPK/JNK signaling pathway in osteo-
blasts following Ti ion exposure. MC3T3‑E1 cells were 
treated with 10 ppm Ti ions at the early time points up to 
60 min, following which the phosphorylation levels of JNK 
were analyzed by western blotting, since the phosphorylation 
process is rapid (Fig. 2). The levels of p‑JNK was found to 
be markedly increased following exposure to 10 ppm Ti ions 
within 60 min. However, the total protein expression of JNK 
remained stable. These results suggest that the MAPK/JNK 
signaling pathway was activated after treatment with 10 ppm 
Ti ions.

Immunofluorescence assay was used to confirm the effects 
of Ti ions on the nuclear translocation of JNK. It was shown 
that p‑JNK is mainly localized in the cytoplasm (Fig. 3). 
After being exposed to 10  ppm Ti ions for 72  h, p‑JNK 
staining became stronger and was more localized in the nuclei 
compared with that in the control group, suggesting that JNK 
signaling has been activated (Fig. 3). These results suggested 
that 10 ppm Ti ions can activate the MAPK/JNK signaling 
pathway by promoting the phosphorylation and subsequent 
nuclear translocation of JNK.

Key role of MAPK/JNK signaling pathway in the regula-
tion of Ti ion‑induced effects in osteoblasts. SP600125, a 
MAPK/JNK inhibitor, was used to explore the role of this 
signaling pathway in the regulation of Ti ion‑induced effects in 
MC3T3‑E1 osteoblasts. The effects of SP600125 on the nuclear 
translocation of p‑JNK (Fig. 3), cell adhesion (Fig. 4) and cell 

differentiation (Figs. 5 and 6) were separately investigated in 
MC3T3‑E1 cells following Ti ion exposure.

As aforementioned, 10 ppm Ti ions were demonstrated to 
promote the nuclear localization of p‑JNK (Fig. 3). Following 
pretreatment with SP600125 for 1  h, the distribution of 
p‑JNK in MC3T3‑E1 cells became more dispersed, where 
the nuclear staining was less intense in the JNK inhibitor 
group compared with that in the control group. Furthermore, 
after being treated with Ti ions, nuclear p‑JNK staining in 
the Ti + JNK inhibitor group was found to be less overlapped 
compared with that in the Ti group, that is, following treat-
ment with Ti ions, there was less nuclear p‑JNK red staining 
overlapping with blue DAPI in the Ti + JNK inhibitor group 
compared with that in the Ti group. These results suggested 
that 10 ppm Ti ions activated the MAPK/JNK signaling 
pathway in MC3T3‑E1 cells.

As shown in Fig. 4, 10 ppm Ti ions inhibited the spreading 
of MC3T3‑E1 cells compared with that in the control group. 
Following pretreatment with SP600125, cells in the Ti + JNK 
inhibitor group were demonstrated to extended more pseu-
dopodia and spread more evenly (white boxes) compared 
with those in the Ti group, suggesting that cell adhesion and 
spreading ability were preserved following Ti ion exposure 
when the MAPK/JNK pathway was inhibited. As shown in 
Fig. 5, 10 ppm Ti ions suppressed the ALP activities in osteo-
blasts compared with those in the control group. Following 
treatment with SP600125, the ALP activities in the Ti + JNK 
inhibitor group was found to be significantly improved 
compared with those in the Ti group (P=0.0378, *P<0.05). 
The expression levels of Runx2 and OSX proteins after Ti ion 
exposure were also revealed to be significantly downregulated 
compared with those in the control group (Fig. 6). When the 
MAPK/JNK pathway was blocked by SP600125, the reduced 
expression levels of Runx2 and OSX caused by Ti treatment 
were partially reversed, which offset some of the adverse 
effects mediated by the Ti ions. Therefore, these findings 
suggest that 10 ppm Ti ion regulated the osteoblast behaviors 
through activating the MAPK/JNK signaling pathway.

Discussion

Although there has been rapid developments in the dental 
implantology field over the past decades, attention need 
to be paid on the complications associated with dental 
implants (37,38). Many concerns have been previously raised 
about the response of the oral cavity to corrosive products 
generated from titanium‑based dental implants  (39,40). 
Noumbissi et al (41) previously reported that titanium implant 
corrosion was a potential risk factor for the establishment and 
progression of peri‑implant mucositis and peri‑implantitis. 
These corrosive products, most of which are comprised of free 
Ti ions, are typically released from the damaged passivation 
film of the titanium (8). Previous evidence has shown that 
excessive Ti ions and nanoparticles can hinder cell growth 
and division in the tissues surrounding the implants (42). In 
addition, inflammatory cells or phagocytic cells around the 
implants, including osteoclasts, macrophage and foreign body 
giant cells, can be activated following Ti ion exposure. This 
leads to immune system activation, which may influence bone 
formation and increase the risk of implant failure  (43,44). 

Figure 2. Protein expression levels of total JNK and JNK phosphorylation in 
MC3T3-E1 osteoblasts following treatment with or without 10 ppm titanium 
ions at all time points up to 60 min. t‑, total; p‑, phosphorylated. 
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Although some studies have reported Ti ions‑induced cytotox-
icity in bone cells, the exact underlying mechanism remains 
unclear.

A previous study has demonstrated that 10 ppm Ti ions 
was a toxic concentration for osteoblast proliferation (20). In 
the present study, the effects of 10 ppm Ti ions on osteoblast 

adhesion and early differentiation characteristics were inves-
tigated further. The results demonstrated that 10 ppm Ti ions 
could restrict the extension of osteoblast pseudopodia and 
inhibit cell spreading. Osteoblast differentiation covers osteo-
genic commitment and osteogenic differentiation (45). During 
the osteogenic commitment process, Runx2 is considered to 

Figure 3. Activation of MAPK/JNK signaling pathway following titanium ion exposure. Immunofluorescence staining for p‑JNK (red) and nuclei (blue) were 
performed to assess the nuclear translocation of p‑JNK in MC3T3-E1osteoblasts. Ctrl, control; p‑, phosphorylated. 

Figure 4. Role of MAPK/JNK signaling pathway in regulating cell adhesion and spreading of MC3T3‑E1 osteoblasts following Ti ion exposure. Cell adhesion 
and spreading was observed using a confocal laser scanning microscope. The red staining in fluorescence represented cytoskeleton and the blue staining 
represented nuclei. Magnification, x100 (upper row) and x200 (lower row). Ti, titanium. 
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be one of the core transcription factors (46), whilst ALP and 
OSX are considered to be specific markers for the osteogenic 
differentiation process (47,48). Analysis of ALP activity and 
western blotting showed that the expression of these osteo-
genic markers was downregulated following treatment with 
10 ppm Ti ions compared with those in control. These results 

were consistent a previous finding, which also showed that 
10 ppm Ti ions could inhibit proliferation of osteoblasts (20).

MAPK signaling pathway has been recognized as 
an important regulator of osteoblast differentiation and 
bone mass  (49,50). The upstream stimulation can activate 
the key components of the MAPK signaling pathway by 

Figure 5. Role of MAPK/JNK signaling pathway on the regulation of osteogenic differentiation of MC3T3‑E1 osteoblasts following Ti ion exposure. 
ALP staining and activity in the control, Ti group, JNK inhibitor and Ti + JNK inhibitor groups. Magnification, x100. *P<0.05 and **P<0.01. Ctrl, control; ALP, 
alkaline phosphatase; ti, titanium.

Figure 6. Role of the MAPK/JNK signaling pathway in the regulation of osteogenic differentiation of MC3T3‑E1 osteoblasts following Ti ion exposure. 
Protein expression of Runx2 and OSX in the control, Ti, JNK inhibitor and Ti + JNK inhibitor groups were measured. Quantification was performed using the 
ImageJ software. Results were presented as the mean ± SD. **P<0.01. Ti, titanium; Runx2, Runt‑related transcription factor 2; OSX, osterix. 
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post‑translational modifications, including phosphorylation 
and acetylation (51). This then translates into downstream 
cascade reactions that can be triggered to regulate biological 
processes in the nucleus (52). The role of the MAPK signaling 
pathway on osteogenic function is garnering increasing 
research attention (53). A previous study has also demonstrated 
that JNK and ERK, which are key components of the MAPK 
signaling pathway, could serve as regulators of osteoblast 
physiology following fluoride exposure (26).

In the present study, the effects of Ti ions on the MAPK/JNK 
signaling pathway and changes in the phosphorylation status 
of JNK were investigated in MC3T3‑E1 osteoblasts. The level 
of JNK phosphorylation in MC3T3‑E1 osteoblast was shown 
to be increased after treatment with 10 ppm Ti ions within 
60 min, whilst the total JNK expression remained unchanged. 
Nuclear translocation of p‑JNK following exposure to Ti ions 
was investigated further. Due to the rapid phosphorylation 
process, total intracellular protein expression frequently 
remains unchanged. The nuclear translocation status of p‑JNK 
can be applied to independently measure the activity of 
JNK (54). Therefore, p‑JNK was focused upon for the immu-
nofluorescence staining to investigate the nuclear translocation 
process. As shown in Fig. 3 merged image, it was found that 
the red coverage area in the blue core was greater in the 
Ti group compared with the control group, suggesting that the 
localization of p‑JNK seemed to shift from the cytoplasm into 
the nucleus in cells treated with 10 ppm Ti ions compared with 
that in the control group. A previous study demonstrated that 
JNK can be activated by dual phosphorylation at the threonine 
(Thr 183) and tyrosine (Tyr 185) residues (55). p‑JNK can in 
turn activate the transcription factor c‑Jun by phosphorylation, 
which is known to form the activator protein‑1 transcrip-
tion complex with c‑Jun's principal dimerization partner, 
c‑Fos  (56). This complex finally binds to specific DNA 
sequences at target promoters to regulate the expression of 
associated genes that participate in the differentiation function 
of osteoblasts (57). In the present study, JNK was activated 
by Ti ions as the upstream stimulation, where the activated 
JNK induced the reactions of nuclear‑localized transcription 
factors to influence the expressions of osteogenic markers 
(Figs. 2 and 3). However, the role of the MAPK/JNK signaling 
pathway in the Ti ion‑induced osteoblast characteristics 
requires further study.

To ascertain the role of JNK in the regulation of osteoblast 
behaviors following Ti ion exposure further, subsequent exper-
iments were performed by inhibiting JNK using the inhibitor 
SP600125. SP600125 is a common competitive inhibitor of 
JNK that can inhibit the phosphorylation of c‑Jun, which have 
been used in many in vitro and in vivo studies (58,59). Unlike 
small interfering RNAs or short hairpin RNAs products, which 
are recognized as powerful tools for targeted gene silencing in 
cells, SP600125 can partially reduce JNK expression rather 
than completely knocking it out. Therefore, residual amounts 
of JNK expression remained a possibility following the use 
of the JNK inhibitor in this study. In MC3T3‑E1 osteoblasts 
pretreated with SP600125, a reduced number of p‑JNK 
molecules went into the nuclei in the Ti +  JNK inhibitor 
group compared with that in the Ti group. Importantly, the 
morphology of osteoblast adhesion was found to be improved 
when JNK was blocked in cells exposed to Ti ions, suggesting 

the ordered extension of the pseudopodia. In addition, the 
levels of osteogenic markers were revealed to be significantly 
upregulated when JNK was inhibited in cells exposed to 
Ti ions, including the increased activity of ALP, Runx2 and 
OSX expression. These results demonstrated that the JNK 
signaling significantly regulated osteoblast behaviors under Ti 
ion exposure, such that JNK inactivation could attenuate the 
negative effect of Ti ions on osteoblast adhesion and osteo-
genic differentiation.

In conclusion, results from the present study demonstrated 
the negative effects of 10 ppm Ti ions on osteoblast physiology. 
It was shown that 10 ppm Ti ions can promote JNK activation 
by phosphorylation, which could in turn serve a key role in 
the regulation of Ti ion‑induced cytotoxicity in osteoblasts. 
Therapeutic interventions that target JNK signaling may 
therefore improve the function of osteoblasts. These findings 
may serve as a valuable reference for the further in‑depth 
exploration of the impact of Ti ions on titanium implant 
osseointegration and peri‑implant bone loss in vivo, where 
the mechanism of JNK signaling involved in regulating bone 
formation after Ti ion exposure could be explored further.
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