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Abstract. Aseptic loosening is a major complication of 
prosthetic joint surgery. The leading cause of arthroplasty 
failure is particulate wear debris such as titanium particles. 
Dendritic cells (DCs) are one type of immune cells that play 
an important role in the initiation and progression of inflam‑
matory processes. DCs can develop into tolerogenic DCs 
(tolDCs), which present an alternative therapeutic strategy for 
inflammatory disorders. Previously, antigen‑specific tolDCs 
were generated, which showed a promising effect in treating 
inflammatory arthritis and immune thrombocytopenia. The 
present study reports that tolDCs effectively inhibited titanium 
particle‑induced inflammation in an air‑pouch mouse model 
by decreasing pro‑inflammatory cytokines. In addition, a 
mechanistic study demonstrated that tolDCs significantly 

protected against titanium particle‑induced inflammatory 
processes in vitro by releasing anti‑inflammatory cytokines, 
such as interleukin‑10. Collectively, these findings not only 
demonstrate that tolDCs play an important role in inhibiting 
titanium particle‑induced inflammation but also provide a 
potential alternative for the prevention or treatment of titanium 
particle‑induced inflammation.

Introduction

Total joint arthroplasty (TJA) is considered as one of 
the well‑accepted surgeries to treat severe joint diseases, 
including rheumatoid arthritis and osteoarthritis. It effectively 
decreases patients' pain and improves their quality of life (1,2). 
Approximately 1.5 million arthroplasties are performed in 
the world every year, and the demand for joint replacement 
is still increasing (3). However, revision is becoming a major 
concern among the complications of arthroplasty surgeries. 
Arthroplasty failure is mainly caused by aseptic loosening 
and periprosthetic osteolysis due to particulate wear debris 
such as titanium particles (4,5). However, there is no effective 
clinically proven therapy or preventative drug for titanium 
particle‑induced inflammatory osteolysis.

The types of immune cells that participate in the initiation 
and progression of inflammatory processes include macro‑
phages, dendritic cells (DCs), T‑helper cells and B cells (6,7). 
DCs are antigen‑presenting cells that transduce immune signals 
to initiate or terminate immune responses (8,9). Tolerogenic 
dendritic cells (tolDCs) are derived from DCs in the presence of 
anti‑inflammatory cytokines. In addition, tolDCs are thought 
to have the capacity to prevent or even treat some autoimmune 
disorders by directly interacting with antigen‑specific T cells, 
resulting in autoimmune tolerance (10‑12). For instance, tolDC 
has been reported to have a therapeutic effect in encephalomy‑
elitis and pulmonary inflammation (13,14). It was also found 
that tolDCs showed a promising effect in preventing and 
treating autoimmune disorders, such as inflammatory arthritis 
and immune thrombocytopenia (15).
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Given the importance of tolDCs in immune responses, it 
was hypothesized that tolDCs might represent a novel thera‑
peutic effect for titanium‑induced inflammatory osteolysis. In 
the present study, the role of tolDCs following the induction 
of titanium particle‑induced inflammation was examined both 
in vitro and in vivo. It was found that tolDCs protected against 
titanium‑induced inflammation by both decreasing the levels 
of pro‑inflammatory cytokines and increasing the levels of 
anti‑inflammatory cytokines.

Materials and methods

Media, reagents and cells. Dulbecco's Modified Eagle Medium 
(DMEM) and fetal bovine serum (FBS) were obtained from 
Gibco (Thermo Fisher Scientific, Inc.). Antibodies against nitric 
oxide synthase‑2 (NOS‑2) and glyceraldehyde‑3‑phosphate 
dehydrogenase (GAPDH) were purchased from Santa Cruz 
Biotechnology, Inc. Antibodies against phosphorylated (p)‑P38, 
P38, p‑P65 and P65 were purchased from Cell Signaling 
Technology, Inc. Enzyme‑linked immunosorbent assay (ELISA) 
kits for tumor necrosis factor (TNF)‑α and interleukin (IL)‑1β 
were purchased from eBioscience (Thermo Fisher Scientific, 
Inc.). Tris, glycine, sodium dodecyl sulfate (SDS) and other 
reagents were obtained from Sigma‑Aldrich (Merck KGaA), 
unless stated otherwise. RAW264.7 cells were received as a gift 
from Dr. Aijun Zhang's lab (Qilu Hospital, Jinan, China).

Particle preparation. Pure Ti particles were obtained from 
Johnson Matthey Chemicals. Ti particles were prepared by 
autoclaving, followed by washing in 100% alcohol 3 times. The 
endotoxin was then detected and removed using the Limulus 
Amebocyte Lysate kit as described previously (16,17).

Generation, cultivation and identification of tolDCs. Bone 
marrow‑derived dendritic cells (BmDCs) were isolated and 
cultured in the presence of 10 ng/ml granulocyte‑macrophage 
colony‑stimulating factor (GM‑CSF) and 1 ng/ml IL‑4, as 
previously described (18). TolDCs were generated by culturing 
BmDCs in the presence of 20  ng/ml IL‑10 and 20  ng/ml 
transforming growth factor‑β for 6 days. TolDCs were purified 
using anti‑CD11c microbeads. To determine the phenotype of 
generated tolDCs, flow cytometry was performed by staining 
cell surface markers, including FITC‑labeled CD11c and 
major histocompatibility complex (MHC)‑II and phycoer‑
ythrin‑conjugated CD80, as well as CD86 (Biolegend, Inc.). 
DCs showed CD11 positivity.

Animals and titanium particles‑stimulated mouse air‑pouch 
model. The Institutional Animal Care and Use Committee 
of Jinan Central Hospital and Qilu Hospital approved all 
animal studies. All procedures were performed in accordance 
with institutional guidelines. BALB/c mice (8‑10 weeks old) 
were obtained from Shandong University. The animals were 
housed in a clean facility under the controlled conditions of 
22‑24˚C, relative humidity of 30‑50%, and a 12‑h light‑dark 
cycle. A standard mouse diet and filtered water were available 
ad libitum.

Titanium particle‑induced (Ti‑induced) air pouches were 
generated according to a previously described method (19,20). 
Mice were anesthetized with 3% pentobarbital (30 mg/kg, ip). 

The dorsal skins of the mice were cleaned and shaved before 
surgery. A sterilized air‑pouch was prepared by subcutaneous 
injection of 3  ml sterilized syringe. On the second day, 
pouches were initiated to provoke inflammation by injecting 
0.5 ml PBS diluted with 5 mg Ti particles. In addition, the air 
pouches were maintained by injecting 1 ml air every other day 
until day 5. The mice were randomly divided into two groups, 
each group comprised 10 mice. For the control group, 0.5 ml 
PBS was injected daily into pouches. For the mice with treat‑
ment, tolDCs (1x106) were injected into pouches daily. Mice 
were humanely sacrificed by cervical dislocation on day 12. 
Cervical dislocation euthanasia was preformed after the 
mouse was anesthetized with 3% pentobarbital (30 mg/kg, ip). 
The thumb and index finger of one hand pressed the head 
of the mouse, and the other hand grasped the tail, quickly 
and forcefully pulled backward and upward to dislocate the 
cervical vertebra. A slight sense of absence could be felt when 
the cervical vertebra was dislocated. The mouse lost its vital 
signs in an instant. No experimental animal died during the 
experiment. The pouch membranes were harvested for further 
analysis.

RAW 264.7 cell culture and stimulation. RAW 264.7 cells 
were cultured in DMEM containing 10% FBS at 37˚C in a 
humidified incubator with 5% CO2. To investigate the effects 
of particle stimulation on an array of mRNA gene transcripts, 
RAW 264.7 cells were cultured in the absence or presence 
of tolDC cultured medium with l% Ti particles dissolved in 
the same medium for 6 h before RNA extraction. Protein was 
extracted after 24 and 48 h of Ti particle stimulation.

Histology. After harvesting the skin membrane, it was fixed 
in 4% paraformaldehyde for 24 h at room temperature and 
then embedded it in olefin. At least 5 consecutive 6‑µm 
sagittal sections were collected for staining. Sections were 
stained using hematoxylin and eosin (HE; cat. no. C0105S 
Beyotime Institute of Biotechnology) and Masson's Trichrome 
(cat. no. G1340; Beijing Solarbio Science & Technology Co., 
Ltd.). Images were acquired with an inverted optical micro‑
scope (magnification, x10; Olympus, Corporation).

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from RAW 264.7 cells or skin using an RNeasy 
kit (Qiagen, Inc.). Reverse transcription was performed using 
an RT‑for‑PCR kit (Qiagen, Inc.). The expression levels of 
mRNAs were measured by qPCR with QuantiTect SYBR 
Green RT‑PCR Kit (Qiagen, Inc.) using a 7500 RT‑PCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The thermocycling conditions were as follows: Initial denatur‑
ation at 95˚C for 10 min, followed by 40 cycles of denaturation 
at 95˚C for 15 sec, annealing at 60˚C for 30 sec and elonga‑
tion at 72˚C for 1 min, followed by final elongation at 72˚C 
for 2 min. All these procedures were performed according to 
the manufacturer's protocol. The primers for qPCR used in the 
present study are listed as follows: IL‑1β forward, 5'‑AAT​CTC​
ACA​GCA​GCA​CAT​CA‑3'; IL‑1β reverse, 5'‑AAG​GTG​CTC​
ATG​TCC​TCA​TC‑3'; IL‑6 forward, 5'‑ATG​AAG​TTC​CTC​
TCT​GCA​AGA​GAC​T‑3'; IL‑6 reverse, 5'‑CAC​TAG​GTT​TGC​
CGA​GTA​GAT​CTC‑3'; cyclooxygenase (COX)‑2 forward, 
5'‑AAT​GCT​GAC​TAT​GGC​TAC​AAA​A‑3'; COX‑2 reverse, 
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5'‑AAA​ACT​GAT​GCG​TGA​AGT​GCT​G‑3'; NOS‑2 forward, 
5'‑CAG​CCT​CTG​TCT​CTC​AGG​CTC​TT‑3'; NOS‑2 reverse, 
5'‑CTC​TCT​AAG​TGA​ACA​ACT​GGC​CTG​TGA‑3'; IL‑10 
forward, 5'‑ACC​TGGT​AGA​AGT​GAT​GCC‑3'; IL‑10 reverse, 
5'‑CAA​GGA​GTT​GTT​TCC​GTT​A‑3'; GAPDH forward, 
5'‑ACC​CAG​AAG​ACT​GTG​GAT​GG‑3'; GAPDH reverse, 
5'‑CAC​ATT​GGG​GGT​AGG​AAC​AC‑3'. The mRNA expres‑
sion was normalized to that of GAPDH. The value 2‑ΔΔCq was 
used for comparative quantitation (15). Each experiment was 
repeated at least three times.

Western blotting. Total air‑pouch membranes and RAW 264.7 
cell extracts were homogenized and proteins were collected 
using protein extraction buffer (cat.  no.  P0013; Beyotime 
Institute of Biotechnology). Protein concentrations in the 
supernatant were detected using the enhanced BCA Protein 
Assay kit (Beyotime Institute of Biotechnology). The superna‑
tant samples containing 1 mg protein/500 µl were resolved on 
8% SDS‑polyacrylamide gel and electroblotted onto a nitro‑
cellulose membrane. BSA (3%) was diluted in Tris‑buffered 
saline‑Tween 20 (TBST; 10 mM Tris‑HCl, pH 8.0; 150 mM 
NaCl; and 0.5% Tween 20) and incubated with the membrane 
for 1  h at room temperature. The membrane was then 
incubated at 4˚C with anti‑NOS‑2 (1:1,000; cat. no. sc‑649, 
120 kDa; Santa Cruz Biotechnology, Inc.), anti‑p‑P38 (1:1,000, 
cat. no. 4511, 43 kDa; Cell Signaling Technology, Inc.), anti‑P38 
(1:1,000; cat. no. 8690; 40 kDa, Cell Signaling Technology, 
Inc.), anti‑p‑P65 (1:1,000, cat. no. 3033, 65 kDa; Cell Signaling 
Technology, Inc.), anti‑P65(1:1,000, cat. no. 8242; 65 kDa; 
Cell Signaling Technology, Inc.), or anti‑GAPDH (1:1,000, 
cat.  no.  25778; 36  kDa; Santa Cruz Biotechnology, Inc.) 
primary antibodies overnight. After washing 3 times with 
TBST (each 10 min), the secondary antibody (HRP‑conjugated 
anti‑rabbit immunoglobulin; GB23303, 1:5,000, Wuhan 
Servicebio Technology Co., Ltd.) was added and incubated at 
room temperature for 1 h, and the bound antibody was visual‑
ized using West Pico typically enhanced chemiluminescent 
Substrate (Beijing Solarbio Science & Technology Co., Ltd.).

ELISA. The levels of pro‑inflammatory cytokines in the 
sera or cultured medium were assessed using ELISA kits 
(IL‑6, cat.  no.  88‑7064; IL‑10, cat.  no.  88‑7105; TNF‑α, 
cat. no. 88‑7324; IL‑1β, cat. no. 88‑7013; eBioscience; Thermo 
Fisher Scientific, Inc.), as previously described (21). An ELISA 
reader (Molecular Devices, LLC) at 450 nm was used to deter‑
mine the optical intensity. In addition, the concentration of the 
examined cytokines were analyzed by regression against a 
generated standard curve.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism software 8.0.2 (GraphPad Software, Inc.). Data 
are expressed as means ± deviation (SD). Unpaired‑samples 
t‑test was used to assess statistical significance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

TolDCs sustain immune tolerogenic phenotype. To confirm the 
phenotype and function of the generated tolDCs, cell surface 
markers were identified by cytometry assay, including CD11c, 

CD80, MHC‑II and CD86. As demonstrated in Fig. 1A‑D, 
compared with naïve DCs, the expression of these markers in 
tolDCs was dramatically decreased. To further confirm this 
finding, mRNA was extracted and RT‑qPCR analysis was 
performed. As shown in Fig. 1E and F, the transcriptional 
levels of IL‑12 and C‑C chemokine receptor type 7 (CCR7) 
were significantly decreased in tolDCs. In addition, as shown 
in Fig. 1G, the expression of the anti‑inflammatory cytokine 
IL‑10 was significantly increased in tolDCs. Collectively, 
tolDCs presented not only a tolerogenic phenotype but also an 
anti‑inflammatory effect.

TolDCs suppress the Ti‑induced inflammatory phenotype in 
the mouse air‑pouch model. To determine whether tolDCs 
could prevent Ti‑induced inflammation in vivo an air‑pouch 
model was established in BALB/c mice and PBS or tolDCs 
were injected daily until the mice were sacrificed. As shown 
in Fig. 2A‑C, HE staining showed that the thickness of the 
membrane in the tolDCs‑treated group was significantly 
decreased compared with that of the PBS control group. In 
addition, Fig. 2B revealed that Masson's trichrome staining 
also validated this finding, showing that tolDCs prevented 
inflammatory swelling; which was further confirmed by 
statistical analysis of the membrane thickness, as illustrated 
in Fig. 2C. These in vivo data indicated that tolDCs effectively 
inhibited the Ti‑induced inflammatory phenotype.

TolDCs decreases inflammatory and enhances anti‑inflamma‑
tory gene expression in the air‑pouch membrane. To further 
determine whether gene expression changes in the Ti‑induced 
skin membrane, mice were sacrificed on day 6 and collected the 
skin membrane, followed by RNA extraction. TNF‑α is known to 
play an important role in the Ti‑induced inflammatory process. 
To determine the anti‑inflammatory effect of tolDCs, the levels 
of pro‑inflammatory markers such as TNF‑α, IL‑1β, IL‑6, 
NOS‑2 and COX‑2 were measured. As shown in Fig. 3A‑E, all 
these pro‑inflammatory markers were dramatically decreased 
by the additional use of tolDCs compared with those in the 
PBS‑treated group. In addition, it is well accepted that tolDCs 
secrete IL‑10, which plays a critical anti‑inflammatory role. As 
illustrated in Fig. 3F, IL‑10 gene expression was significantly 
increased. Collectively, tolDCs effectively lowered pro‑inflam‑
matory gene expression and enhanced anti‑inflammatory gene 
expression in the Ti particle‑induced skin membrane.

TolDCs decreased Ti‑induced inflammation. To further 
confirm the present findings, the skin membranes were 
collected and western blotting was performed for the expression 
of NOS‑2, which is regarded as an indicator of inflammatory 
severity. As shown in Fig. 4A, tolDCs dramatically decreased 
NOS‑2 protein expression, indicating that tolDCs decreased 
inflammatory severity. In addition, sera was collected after 
sacrificing the mice and ELISA was performed for TNF‑α, 
IL‑1β, and IL‑6 expression levels. As shown in Fig. 4B‑D, 
all these pro‑inflammatory cytokines were significantly 
decreased in the tolDCs‑treated group. In contrast, the expres‑
sion of the anti‑inflammatory cytokine IL‑10 was significantly 
increased after the additional use of tolDCs (Fig. 4E). Overall, 
tolDCs effectively treated Ti particle‑induced inflammation 
both locally and systematically.
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TolDCs suppress Ti‑induced inf lammatory signaling 
in vitro. Given the importance of tolDCs‑mediated anti‑tita‑
nium‑induced inflammation in vivo, primary bone marrow 
cells were cultured to determine the molecular mechanisms 
involved. Briefly, tolDCs were cultured in regular medium for 
3 days and then collected the supernatant for further study. 
The collected medium was used to treat primary bone marrow 
cells in the presence of 1% titanium particles for different time 
points. As illustrated in Fig. 5, titanium promotes the phos‑
phorylation of P35 and P65, but tolDCs inhibit this process.

TolDCs suppress Ti‑induced inflammation by decreasing the 
expression of pro‑inflammatory cytokines and enhancing 
the expression of anti‑inflammatory cytokines in vitro. To 
further determine the role of tolDCs in Ti‑induced inflam‑
mation, tolDCs were cultured in regular medium for 3 days 
and the supernatant was then collected for further study. The 
tolDC medium was diluted with regular medium (RM) at a 
ratio of 1:3 to make the conditional medium (CM). The CM 
or RM was used to culture RAW264.7 cells in the presence 
of 1% titanium particles for 6 h. Next, mRNA was extracted 
and a RT‑qPCR assay was performed. As indicated in 
Fig. 6A‑D and F, the gene expression of pro‑inflammatory 
cytokines such as TNF‑α, IL‑1β, IL‑6, NOS‑2 and COX‑2 was 
notably decreased in the CM treated group, indicating that 
tolDCs strongly inhibit Ti‑induced inflammation. To further 
extend this finding, RAW 264.7 cells were cultured with CM 
or RM in the presence of 1% titanium particles for 3 days. 

Figure 1. TolDCs sustain immune tolerogenic phenotype. (A‑D) Comparison of cell surface markers such as CD11c, MHC‑II, CD80 and CD86 in DCs and 
tolDCs, analyzed by flow cytometry assay. (E and F) Transcriptional level of IL‑12 and CCR7 in DCs and tolDCs, analyzed by reverse transcription‑quantitative 
PCR assay. (G) Enzyme linked immunosorbent assay for determining IL‑10 protein levels in DC culture media. *P<0.05; **P<0.01. MFI, median fluorescence 
intensity; DCs, dendritic cells; TolDCs, tolerogenic DCs; MHC, major histocompatibility complex; IL, interleukin; CCR7, C‑C chemokine receptor type 7.

Figure 2. TolDCs suppress Ti‑induced inflammatory phenotype in mouse 
air‑pouch model. (A)  HE staining of air‑pouch membrane. Scale bar, 
100 µm. (B) Masson Trichrome staining of air‑pouch membrane. Scale bar, 
100 µm. (C) Statistic analysis of skin thickness in both PBS‑treated and 
tolDCs‑treated mice according to HE staining. (n=6; **P<0.01). TolDCs, 
tolerogenic dendritic cells; HE, hematoxylin and eosin.
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Then, supernatant was collected for ELISA analysis. As 
shown in Fig. 6G‑I, the release of pro‑inflammatory cytokines, 
including TNF‑α, IL‑1β and IL‑6, was dramatically decreased 
in the CM. In contrast, as shown in Fig. 6E and J, the expres‑
sion of the anti‑inflammatory cytokine IL‑10 was significantly 
increased in the CM‑treated group. Collectively, tolDCs could 
suppress Ti‑induced inflammation by decreasing the levels 
of pro‑inflammatory cytokines and increasing the levels of 
anti‑inflammatory cytokines.

Discussion

Aseptic loosening may cause periprosthetic osteolysis, resulting 
in TJA failure and revision surgery. It is known that pros‑
thetic loosening is primarily driven by wear debris‑mediated 

inflammatory osteolysis and has been shown to involve tita‑
nium particles (22‑24). The air‑pouch model exhibits cellular 
infiltration and mediators of inflammation that appear to 
closely resemble the pseudo synovium associated with aseptic 
loosening (19,20). Marked responses to titanium particles were 
observed, the particles deeply embedded within the tissue and 
surrounded by macrophages. This model accurately simulates 
the physiological state of peri‑prosthetic tissue.

Dendritic cells (DCs) are a type of well‑known immune 
cells that present antigens for the induction of immune response. 
Based on the properties of DCs, many worldwide labs gener‑
ated tolDCs independently and they confirmed the autoimmune 
tolerance effect (6). Given the importance of tolDCs in the 
immune system, more and more findings indicated that tolDCs 
would be a promising cellular immunotherapeutic agent for 

Figure 3. TolDCs decreases inflammatory gene expression and enhances anti‑inflammatory gene expression in air‑pouch membrane. Transcriptional levels 
of pro‑inflammatory mediators including (A) TNFα, (B) IL‑1β, (C) IL‑6, (D) NOS‑2 and (E) COX‑2, and anti‑inflammatory mediators (F) IL‑10 in PBS‑ and 
tolDCs‑treated mice skin measured by RT‑qPCR. The units were arbitrary, and the normalized values were calibrated against the PBS control, and each 
RT‑qPCR was performed at least in triplicate. Values are the normalized mean ± SEM. *P<0.05; **P<0.01; and ***P<0.001. Ten mice were used in each group. 
TolDCs, tolerogenic dendritic cells; TNFα, tumor necrosis factor‑α; IL, interleukin; COX, cyclooxygenase; NOS‑2, nitric oxide synthase‑2; RT‑qPCR, reverse 
transcription‑quantitative PCR; Rel., relative.
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some inflammatory diseases. Furthermore, it was shown that 
tolDCs could induce platelet‑specific immune tolerance (25). In 
addition, antigen‑specific tolDCs that were generated showed 
an effective therapeutic effect in inflammatory arthritis. The 

present study extended the previous findings that tolDCs were 
therapeutic in Ti‑induced inflammation.

TolDCs are known to have anti‑inflammatory activity 
under various conditions. In the present study, it was found 
that tolDCs could significantly suppress Ti‑induced inflam‑
mation in a mouse air‑pouch model, which implied that 
tolDCs might also play an anti‑inflammatory role in wear 
debris‑mediated pathological processes. Indeed, tolDCs 
decreased the Ti‑induced inflammatory response, as indicated 
by the phenotype and decreased levels of pro‑inflammatory 
cytokines such as TNFα, IL‑1β and IL‑6, both at the mRNA 
expression and protein synthesis levels. In addition, tolDCs 
effectively prevent Ti‑induced inflammation. COX‑2 has 
been recognized as an inducible or pathological enzyme and 
participates in the inflammatory response by facilitating pros‑
taglandin synthesis (26). The NOS‑2 level was elevated in the 
joint interface membrane tissues of arthritis, and suppression 
of NOS‑2 indicated alleviation of inflammation (27). In the 
present study, it was found that COX‑2 and NOS‑2 levels were 
enhanced by titanium particles, a finding that is consistent 
with a previous publication (28). This Ti‑induced COX‑2 and 
NOS‑2 expression was markedly inhibited by tolDCs. From the 

Figure 4. TolDCs locally and systematically decreased titanium‑particle‑induced inflammation. (A) Expression of NOS‑2 in control PBS‑ and tolDCs‑treated 
titanium particle‑induced mice air‑pouch membrane detected by western blotting. (B‑D) Serum levels of the pro‑inflammatory cytokines TNFα, (B) IL‑1β 
(C) and IL‑6 (D) in PBS‑ and tolDCs‑treated mice in titanium particle‑stimulated air‑pouch model, assayed by ELISA. (E) Serum levels of the anti‑inflammatory 
cytokine IL‑10 in PBS‑ and tolDC‑treated mice in titanium particle‑stimulated air‑pouch model assayed by ELISA. Values are the normalized mean ± SEM.  
**P<0.01; and ***P<0.001. Six mice were used in each group. TolDCs, tolerogenic dendritic cells; TNFα, tumor necrosis factor‑α; IL, interleukin; NOS‑2, nitric 
oxide synthase‑2; ELISA, enzyme‑linked immunosorbent assay.

Figure 5. TolDCs suppress titanium particle‑induced inflammatory signaling. 
Primary bone marrow cells were cultured with or without titanium particles 
in the absence or presence of the TolDCs‑cultured medium. Protein was 
extracted at different time points, followed by western blot assay. TolDCs, 
tolerogenic dendritic cells; p‑, phosphorylated.
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aforementioned, various inflammatory factors are regulated 
by TolDCs, and the present study preliminarily detected and 
verified the associated signaling pathways. The nuclear factor 
(NF)‑κB and MAPK signaling pathways regulate numerous 
cellular activities, particularly in arthritis‑associated inflam‑
mation (24,27). The results showed that titanium dramatically 
activated P38 MAPK and NF‑κB P65 signaling. In contrast, 
the CM from tolDCs effectively prevented the activation of 
these pro‑inflammatory pathways. Thus, tolDCs could inhibit 
Ti‑induced pro‑inflammatory pathways.

To better understand the role of tolDCs in Ti‑induced inflam‑
mation, tolDCs were cultured in RM for 3 days. Subsequently, 
the medium was collected and mixed with the RM at a ratio of 1:3 
to make the CM. It was found that the CM strongly suppressed 
Ti‑induced pro‑inflammatory cytokine expression at both the 

gene and protein levels. This finding suggests that tolDCs might 
secrete anti‑inflammatory cytokines, such as IL‑10, to protect 
against Ti‑induced inflammation. To identify these possible 
cytokines, further studies need to be performed. The present 
study also has the following limitations: Histological staining 
for animal modeling was lacking in this study; this study has 
preliminarily verified that tolDCs regulated the expression 
of COX‑2, NOS‑2, TNFα, IL‑1β, IL‑6 and IL‑10 through the 
NF‑κB and MAPK signaling pathways. However, the specific 
target is still unknown. In future studies, the specific target and 
mechanism of Ti‑induced inflammation should be explored.

Based on the findings in the present study, as well as 
previous reports, it was found that titanium particles lead to 
the release of pro‑inflammatory cytokines such as TNF‑α, 
IL‑1β and IL‑6. However, local injection of tolDCs prevents 

Figure 6. TolDCs suppress titanium particle‑induced inflammation in vitro. (A) COX‑2, (B) TNF‑α, (C) IL‑1β, (D) IL‑6 and (F) NOS‑2 from RAW264.7 cells 
with RM or CM in the presence of titanium, measured by RT‑qPCR assay. The units were arbitrary, and the normalized values were calibrated against the PBS 
control group, and each RT‑qPCR was performed at least in triplicate. (E) Levels of anti‑inflammatory cytokine IL‑10 in RM or CM in titanium particle‑stim‑
ulated RAW 264.7 cells assayed by RT‑qPCR. (G‑I) Levels of the pro‑inflammatory cytokines (G) TNF‑α, (H) IL‑1β, and (I) IL‑6 in RM or CM in titanium 
particle‑stimulated RAW 264.7 cells assayed by ELISA. (J) Levels of the anti‑inflammatory cytokine IL‑10 in RM or CM in titanium particle‑stimulated RAW 
264.7 cells assayed by ELISA. Values are the normalized mean ± SEM. *P<0.05; **P<0.01; and ***P<0.001. TolDCs, tolerogenic dendritic cells; RM, regular 
medium; CM, conditional medium; RT‑qPCR, reverse transcription‑quantitative PCR; ELISA, enzyme‑linked immunosorbent assay; TNFα, tumor necrosis 
factor‑α; IL, interleukin; COX, cyclooxygenase; NOS‑2, nitric oxide synthase‑2.
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Ti‑induced inf lammatory pathogenesis by decreasing 
pro‑inflammatory cytokines and increasing anti‑inflammatory 
cytokines. Collectively, the findings reported in the present 
study not only provide new insights into the molecular mecha‑
nisms underlying Ti‑induced inflammation but may also 
present tolDCs as a new therapeutic strategy for the prevention 
of aseptic loosening.
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