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Abstract

Titanium ions generated from metal implant corrosion has fueled concern during the routine use of
orthopedic implants. Systemic distribution of metal ions has been evidenced by elevated serum metal ion
levels in patients with Ti spinal implants. In order to evaluate the biological effects of Ti elevation on the
secondly exposed cells, hepatocellular carcinoma cell line HepG2 was used to uncover cytotoxicity of Ti
ions and the underlied mechanistic pathways. Exposure to increasing concentration of Ti ions, the cell
viability and protein content were decreased, which was partly due to the induction of ROS and apoptosis.
In addition, the cell stress responsive pathways MAPK and NF-kB were significantly activated in a dose-
and time-dependent manner, which inspired the reaction of inflammation. However, the activation of
MAPK and NF-kB was not regulated by ROS. The present results demonstrated that low Ti concentrations
were capable to induce subtle cellular perturbation after a single cell treatment, supporting the evidence
that both inflammatory MAPK/NF-«kB pathways and apoptotic mechanisms may mediated the cytotoxicity

of Ti ions.
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1. Introduction

A dramatic routine use of orthopedic implants has fueled concern regarding metal ion generation due to
corrosion, fatigue failure of structural components and wearing of joint replacements [1]. Titanium-based
alloys are the most widely used orthopedic materials due to their excellent corrosion resistance resulting
from the formation of very stable and protective oxide films on the metallic surface [2]. However, failures
of these materials have been observed in the presence of corrosive medium, such as a saline environment,
which gives rise to metallic release initially localizing in the first few microns of the surrounding bone.
Significant differences were found for Ti*’ in gingival epithelial cells of patients with dental implant
compared with healthy adults [3]. The measured Ti levels were reportedly up to 21 mg/L in fibrous
membranes encapsulating implants [4]. Metallic contamination does not stop there. Systemic distribution
of metal debris has also been demonstrated by measuring elevated serum metal ion levels in patients with

Ti spinal implants, which showed higher Ti concentrations of 2.6 pg/L than the controls of 0.71 pg/L [5].
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Ti may further be transferred by albumin and transferrin proteins to become lodged in distant organs like
livers [6, 7]. Therefore, biological effects of Ti elevation on the secondly exposed cells need to be clarified,
helping to unravel the potential for local and systemic complications arising from trace metal releasing in
the periimplant environment.

Biocompatibility of Ti and its alloys in biomedical devices has been evaluated. The results revealed that
byproducts of Ti implants corrosion elicited high cytotoxicity in human enterocytes HT29 and murine
osteoblasts MC3T3, and the safe ion concentrations of 15.5 pg/L for Ti has been established [8-10]. Ti ions
influenced mineralization and bone formation by enhancing the expression of receptor activator of NF-xB
ligand (RANKL) and osteoprotegerin (OPG) in MC3T3-E1 at 9 pg/L, while not in GE-1 [10, 11]. Ti ions
also involved in inflammation by enhancing mRNA expression of toll-like receptors-4 (TLR-4),
intercellular adhesion molecule-1 (ICAM-1) and activating NF-kB in GE-1 cells, suggesting that Ti ions
are in part responsible for monocyte infiltration in the oral cavity by elevating the sensitivity of gingival
epithelial cells to microorganisms [12, 13]. In return, inflammation caused Ti passive layer on Ti implants
to break down, thereby liberating Ti ions even in the absence of fretting in vivo [14]. However, the early
molecular signal events underlying osteolysis and cutaneous allergic reactions remains unknown. Moreover,
the degree to which the released ionic metals are responsible for cellular stress responses remains
unresolved.

In present study, using hepatocellular carcinoma cell line HepG2, dose-dependent cytotoxicity of Ti ion
was evaluated by WST-1 assay and apoptosis assay. The early cell stress regulating signals were monitored
via ROS production and redox sensitive MAPK/NF-kB signaling pathways activation, helping to evaluate

adverse biological effects upon second exposure of Ti during their biomedical application.

2. Materials and Methods
Reagents

Ti ion solutions were prepared from standards for atomic absorption spectrometry (Shijiaoke
Biotechnology, Beijing, China) and diluted with cell culture medium under pH monitoring. Primary
antibodies used in this study were anti-ERK1/2, phospho-ERK1/2 (Thr202/Thr204), cleaved PARP (Santa
Cruz Biotechnology, Santa Cruz, CA, USA); anti-p38, phospho-p38 (Thr180/Tyr182), JNK, phospho-JNK
(Thr183/Tyr185) (Epitomics, Burlingame, CA, USA); anti-o-tubulin, GAPDH (HuaAn Biotechnology,
Hangzhou, China). Anti-IkBa antibody was prepared in our laboratory according to standard methods [15].
Rabbit monoclonal phospho-IkBa (Ser32) antibody was obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-rabbit and anti-mouse secondary antibodies were purchased from Promega
(Shanghai, China). N-acetyl-.-cysteine (NAC) was purchased from Beyotime Institute of Biotechnology
(Shanghai, China). All other chemicals and reagents were from Sigma (Shanghai, China).
Cell culture

Hepatocellular carcinoma HepG2 cell line was obtained from the Cell Bank of the Chinese Academy
of Science (Shanghai, China) and grown at 37 °C in a humidified atmosphere containing 5% CO,. Medium
used for HepG2 culture was Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Shanghai, China)
supplemented with 10% fetal bovine serum (FBS) (v/v) (Gibco, Shanghai, China), penicillin-streptomycin
(20 U/mL and 20 pg/mL, respectively) (Invitrogen, Shanghai, China). Cell number was counted by a
hemocytometer. Cells at about 80% confluence were split 3 times per week to ensure health and growth as
well as the cell performing assays.

Cell viability assay
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Cytotoxicity induced by Ti ions was assessed by the MTT tetrazolium assay according to the protocol
(Beyotime, Haimen, China). 100 pL cell solution was distributed into 96-well plates (Corning, Shanghai,
China) at a density of 5x10* cells/mL. Cells were allowed to settle for 20 h prior to Ti ions (0, 0.6, 6, 12,
24,48, 96 pg/mL final concentration in wells) addition for 24 h of continuous exposure. Following exposure
to Ti ions, 10 pL MTT (5 mg/mL) was added to medium for an additional 4 h. Formed formazan was
dissolved in 100 pL formazan solution. The absorbance of each well was measured at 570 nm using a
microplate reader 680 (Bio-Rad, CA, USA). Measurement was done in triplicates and data (means + SD)
were normalized to percentage relative to controls.

Protein content analysis

HepG2 cells were settled in 12-well plates (Corning, Shanghai, China) and exposed to 48 and 96 pg/mL
Ti*" for 1-24 h. After treatment, cells were lysed in 50 pL lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 0.5% NP-40, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1 mM NaF and 25 mM glycerophosphate),
and the supernatant was collected after centrifugation at 14,000xg for 10 min at 4 °C as the whole cell
extract. Protein concentration was measured by a Bradford kit (Sangon, Shanghai, China). Three replicates
were set for each treatment and mean + SD are presented as percentage relative to the controls.

Annexin V-FITC/PI staining

Cell apoptosis was detected according to the annexin V-FITC/PI staining kit (Invitrogen, Shanghai,
China). Briefly, HepG2 cells were pretreated with 48 pg/mL Ti ions for 6, 12, 24 h. After treatment, the
cells were collected and washed twice in cold PBS and suspended in 300 pL of binding buffer at 2 x 10°
cells/mL. The samples were incubated with 5 pL of Annexin V-FITC and 5 pL propidium iodide in the
dark for 15 min at room temperature. Finally, the samples were analyzed by flow cytometry and evaluated
based on the percentage of cells for Annexin V positive.

Fluorescence assay of ROS production

Intracellular ROS (reactive oxidative species) were measured with 2', 7'-dichlorofluorescein diacetate
(DCFH-DA, Beyotime, China). DCFH-DA passively diffuses into cells and is deacetylated by esterases to
form nonfluorescent 2’, 7'-dichlorofluorescein (DCFH) which in the presence of ROS forms the fluorescent
product DCF. HepG2 cells were seeded at a density of 2x10°/well in 12-well plates. After seeding, the
culture wells were treated with 12-48 pg/mL Ti ions for 24 h. Then the cells were harvested and incubated
with 10 uM DCFH-DA in serum-free medium for 20 min at 37 °C in the dark. The fluorescence was
measured at 488 nm for excitation and 530 nm for emission with a fluorescence plate reader.

Western blot

HepG2 cells were exposed to Ti ions at concentrations ranging from 12-48 pg/mL for 0.5-24 h. After
incubation, cells were lysed in a buffer containing 50 mM Tris-HCI (pH7.4), 150 mM NacCl, 0.5% NP-40,
10% glycerol, I mM DTT, ImM PMSF and 10pg/mL lepeptin and cytosolic fractions were obtained as
supernatant after centrifugation at 14,000g for 10 min at 4 °C. Protein concentration was measured by using
Bradford kit and 10 pg protein was loaded on a 10% SDS-polyacrylamide gel, separated by electrophoresis,
and then electroblotted onto PVDF membranes (Millipore, MA, USA). Membranes were incubated for 2 h
with different primary antibodies against ERK1/2, p-ERK1/2, p38, p-p38, INK, p-INK, IkBa, p-IxBa,
PARP (cleaved), a-tubulin, GAPDH and subsequent anti-rabbit and mouse secondary antibodies for 2 h.
Band staining was visualized with NBT-BCIP kit (Sangon, Shanghai, China) and relative protein levels

(represented as treated/control ratio) were determined by Quantity One software.
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To evaluate the effect of ROS on MAPK/NF-kB pathway activation and apoptosis, HepG2 cells were
treated 48 pg/mL Ti ions for 1 h. NAC (1, 5, 10 uM) was pretreated for 2 h before Ti ion challenge. p-
ERK1/2, p-p38, p-INK, p- IkBa were detected by Western blot.

Statistical analysis

Data were expressed as mean + SD of the three replicates of each treatment and statistical analysis was
performed by SPSS 16.0 software. Significant differences in Ti treatment groups compared to control group
were analyzed by one-way ANOVA followed by the least significant difference (LSD) for multiple
comparisons. p < 0.05 was considered statistically significant.

3. Results
Ionic Ti dose-dependently decreased cell viability of HepG2 cells

As presented in Fig. 1A, Ti*" exposure significantly decreased HepG2 cell viability even at a
concentration as low as 6 ug/mL. Protein content assay also confirmed a marked time-dependent reduction
of total protein concentration with 48 and 96 pug/ml Ti*" treatment (Fig. 1B).
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Fig. 1. Cytotoxicity of Tiion in HepG2 cells. (A) Cell viability of HepG2 cells exposed to Ti*" (0.6-96 pg/mL) for 24
h, evaluated by the MTT assay; (B) Time-dependent effect of Ti** on protein content of HepG2 evaluated by the
Bradford assay after exposure to 48 and 96 pug/mL Ti** for 1-24 h. Data are presented as mean £ SD (n=3); * P <

0.05, ** P<0.01, *** P<0.001 compared with control.

Ti ion triggered apoptosis in HepG2 cells

The apoptosis rate was determined using Annexin V and PI double staining. The release of Ti ion
triggered cell apoptosis in a time-dependent manner. The significant apoptosis occurred after 12 h treated
with 48 ug/mL Ti*", and the sum of the percentage of both early apoptotic and late apoptotic cells increased
to 16.6% after 24 h (Fig. 2A). Meanwhile, cell apoptosis is regulated by caspase-3 activation, which further
induces the degradation of PARP [16]. Western blot of cleaved PARP was conducted to evaluate its
expression levels after Ti ion stimulation. As shown in Fig. 2B, the expression of cleaved PARP time-
dependently increased after 48 pg/mL Ti*" exposure, with the significant change occurring at 2 h earlier

than Annexin V/PI assay. The results confirmed the cytotoxicity of Tiion by triggering cell apoptosis.
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Fig. 2. Apoptosis of HepG?2 cells induced by Ti ions. (A) HepG2 cells were exposed to 48 pg/mL Ti** for indicated
times. Cells were double stained with FITC Annexin V and Propidium Iodide, and cell apoptosis were determined by
flow cytometry assay. (B) Cells were treated with 48 pg/mL Ti*" for indicated times. Western blot was performed

with PARP (cleaved) antibody and quantified as in the graph. * P < 0.05 compared with the control.
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Oxidative stress induced by Ti ion

As shown in Fig. 3, Ti ion exposure could significantly induce intracellular ROS production in a time-
and concentration-dependent manner. After 12-48 pg/mL Ti*" exposure for 1-12 h, the fluorescence
intensity of ROS was increased and sustained in the first 12 h, approximately 6-fold higher than that in the
control group, after which the induction level was decreased. However, the ROS was still higher than that

in the control, except 48 pg/mL treatment for 12 h.
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Fig. 3. Ti ion exposure induced ROS generation in HepG2 cells. Cells were treated with 12-48 pg/mL Ti* for 1,
6, 12 h. Intercellular ROS generation was assessed by DCFDA probe in cells. The data are presented as mean = SD, *
P<0.05 or ** P<0.01 compared with control.

Dynamic activation of MAPK and NF-kB pathways

Ti*" exposure yielded significant activation of p38 and ERK1/2 pathways, showing a peak
phosphorylation of p38 and ERK1/2 at 1 h followed by a decrease to 9 h and then a progressive
enhancement to 24 h (Fig. 4A). A peak phosphorylation of ERK1/2 changed more significantly in range
compared with the peak phosphorylation of p38, especially 48 pg/ml Ti*" group. In addition, there were
also similar changes in [kBa and JNK, showing that peak phosphorylation enhanced to 1 h and subsequently
lessened to 9 h under 48 pg/ml Ti*" (Fig. 4B). However, IkBa and JNK were less sensitive than p38 and
ERK1/2 with no significant phosphorylation under 12 and 24 pug/ml Ti* exposure (data not shown). These
phenomena showed that MAPK and NF-kB pathways were most activated in 1 h to inspire the reaction of
inflammatory, then weakened to 9 h, despite any concentration and some gradually increase to 24 h.
Effect of ROS induction on MAPK/NF-kB pathway activation

As cell stress responsive signaling pathways, MAPK and NF-kB pathways could be regulated by

oxidative stress [17]. In order to evaluate the effect of Ti*" induced ROS on activation of MAPK and NF-
kB pathways, NAC was used to inhibit ROS production. As shown in Fig. 5, Ti*" dramatically induced p38
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and ERK1/2 phosphorylation in HepG2, which were not influenced by NAC. Furthermore, Ti*" induced p-

IkBa and p-JNK protein expression could be significantly enhanced by NAC with the growing NAC

concentration. The results indicated that Ti*" activated MAPK and NF-kB pathways independent of its

oxidative stress potential.
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Fig. 4. Ti ion induced activation of MAPK and NF-«B pathways in HepG2 cells. Cells were treated with 12-48

pg/mL Ti** for 1-24 h. Western blot was performed with the indicated antibodies and quantified as in the graph. * P <

0.05 compared with the control.
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Fig. 5. Effect of ROS on activation of MAPK/NF-kB pathways. HepG2 cells were incubated with Ti** (48 pg/mL)
for 1 h with or without 2 h pretreatment with NAC (1, 5, 10 uM). Protein expression was determined by Western
blotting with indicated antibodies and quantified as in the graph. # P<0.05 compared with Ti*' treated group.

4. Discussion
The present study was designed to investigate whether single short-term exposure to Ti ions were able

to influence cell fate and understand the molecular mechanism/pathways implicated in cell toxicity. The
results showed that Ti ions induced second cytotoxicity to human body when it happened corrosion, fatigue
failure of structural components and wearing of joint replacements. With the time extended, more and more
ionic Ti were released, which caused the inflammatory reaction of cell to decrease cell viability and protein
content in different degree. Ti ions triggered apoptosis with increasingly activating caspase-3, which
induced the degradation of PARP. However, it was reported that Ti ions induced cytotoxicity in gingival
epithelial-like cells attributed to necrosis, which suggesting that toxicity of Ti ions exerts cell specificity
[12].

In order to identify the early signal events underlying inflammation-derived pathogenic effects initiated
by Ti ions, we explored dose- and time-dependent activation of the main inflammatory MAPK and NF-kB

signaling pathways, which are considered as a first-tier biomarker due to their sensitive inducibility and
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regulatory role in cell stress response and inflammation [18]. Ti ions significantly activated ERK1/2, p38
at low concentration of 12 and 24 pg/mL rather than NF-kB and JNK pathway, supporting a paradigm
where cellular adaptive responses were triggered counteracting xenobiotics. Moreover, in time course assay,
MAPK and NF-kB pathways were generally activated at 1 h and then weakened or stabilized with time
elapsing. The time-dependent activation of NF-kB and JNK pathway in a bell curve-like pattern did not
exactly follow that of ERK1/2 and p38, which exhibited a progressive enhancement to 24 h, although p38
MAPK is reportedly involved in NF-kB activation by reducing IxBa levels and inducing NF-kB-DNA
binding activity [19]. In vivo study also showed that the total amounts of activated NF-kB was highest in
Ti exudates after 12 h [13]. The specific signal transduction provides molecular mechanisms to differentiate
the distinct cytototoxic potential of Ti ions, making them promising in surveying and managing the risk of
Ti ion exposure.

ROS play a dual role in the fate of cell, causing cell death as well as acting as second messengers to
induce an adaptive cell response [20]. A hierarchical model for nanoparticle toxicity also described the
possibility of higher oxidative stress levels leading to MAPK/NF-«B signal transduction [21], whereas in
our study, ROS induced by Ti ions didn’t mediate MAPK/NF-kB pathways activation.

5. Conclusion

The present study demonstrated that the Ti ions exhibited different cytotoxicity with varied effective
concentration and exposure time, which could partly due to the induction of ROS and apoptosis.
Furthermore, inflammatory signaling pathways MAPK and NF-«B were activated at 1 h and could be used
as an early warning signal of Ti ions toxicity. These results suggested that Ti ions might decrease cell
viability and affect inflammation for local and systemic complications arising from trace metal releasing in

the periimplant environment.
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