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Background: Wear particle-induced inflammatory osteolysis and the consequent aseptic
loosening constitute the leading reasons for prosthesis failure and revision surgery. Several
studies have demonstrated that the macrophage polarization state and immune response play
critical roles in periprosthetic osteolysis and tissue repair, but the immunomodulatory role of
lithium chloride (LiCl), which has a protective effect on wear particle-induced osteolysis by
suppressing osteoclasts and attenuating inflammatory responses, has never been investigated.
Methods: In this work, the immunomodulatory capability of LiCl on titanium (Ti) nano-
particle-stimulated transformation of macrophage phenotypes and the subsequent effect on
osteogenic differentiation were investigated. We first speculated that LiCl attenuated Ti
nanoparticle-stimulated inflammation responses by driving macrophage polarization and
generating an immune micro-environment to improve osteogenesis. Furthermore, a metal
nanoparticle-stimulated murine air pouch inflammatory model was applied to confirm this
protective effect in vivo.

Results: The results revealed that metal nanoparticles significantly activate M1 phenotype
(proinflammatory macrophage) expression and increase proinflammatory cytokines secre-
tions in vitro and in vivo, whereas LiCl drives macrophages to the M2 phenotype (anti-
inflammatory macrophage) and increases the release of anti-inflammatory and bone-related
cytokines. This improved the osteogenic differentiation capability of rat bone marrow
mesenchymal stem cells (rBMSCs). In addition, we also provided evidence that LiCl inhibits
the phosphorylation of the p38 mitogen-activated protein kinase (p38) and extracellular
signal-regulated kinase (ERK) pathways in wear particle-treated macrophages.
Conclusion: LiCl has the immunomodulatory effects to alleviate Ti nanoparticle-mediated
inflammatory reactions and enhance the osteogenic differentiation of rBMSCs by driving
macrophage polarization. Thus, LiCl may be an effective therapeutic alternative for prevent-
ing and treating wear debris-induced inflammatory osteolysis.

Keywords: lithium chloride, Ti nanoparticle, macrophage polarization, osteoimmunology,

osteogenesis, immunomodulatory

Introduction

Total joint arthroplasty is one of the most successful surgical treatments for various end-
stage joint diseases.! However, wear particle-induced aseptic loosening remains the
leading reason for limiting the long-term survival of total joint arthroplasty.”> Wear
particles, which come from the interface between the bone and the implant materials,
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play a crucial role in the particle-induced inflammatory cas-
cade and consequent aseptic loosening.‘”’ Previous studies
have shown that wear debris are responsible for the stimula-
tion of macrophages, which subsequently increase the produc-
tion of proinflammatory factors, such as interleukin (IL)-6 and
tumor necrosis factor alpha (TNF-a).”®* These proinflamma-
tory cytokines can promote local inflammation by inducing
the activation and differentiation of macrophages to a proin-
flammatory phenotype (M1 macrophages). Recently, the con-
cept of macrophage polarization was supposed to play a
crucial role in the process of wear particle-induced inflamma-
tory osteolysis.” M1 macrophage regulation of proinflamma-
tory cytokine (IL-6, TNF-o) secretion is well known, and
recognized to enhance osteoclastic activities and exert immu-
nostimulatory effects.'®'? By contrast, anti-inflammatory
phenotypes, M2 macrophages, enhance tissue repair by secret-
ing relevant cytokines (IL-4, IL-10, vascular endothelial
growth factor [VEGF], and bone morphogenetic protein
[BMP]-2) which contribute to the process of osteogenesis.w’14
Some studies have already indicated that the local micro-
environmental conditions induced by M2 macrophages is
beneficial for osseointegration and angiogenesis; this is
known as osteoimmunology.'>'” Thus, the regulation of
macrophage polarization is deemed an effective strategy to
alleviate wear particle-induced inflammatory osteolysis and
enhance osseointegration of implants.

Lithium chloride (LiCl) is one of the currently prescribed
drugs for treating patients with bipolar disorder and epilepsy.
Even though many studies have indicated that LiCl can
regulate some biological processes, such as inflammation,
apoptosis, and glycogen synthesis, the mechanisms involved
in these processes are not well understood.'® 2 Furthermore,
it has been reported that LiCl enhances osteogenesis in wear
particle-induced osteolysis via Glycogen synthase kinase-3f3
(GSK-3p) signaling pathway inhibition and attenuates osteo-
clastogenesis by suppressing the nuclear factor-kappa B (NF-
«B) pathway.'®*" In addition to these biological processes,
the effects of LiCl in regulating inflammation in different
immune cell models, especially macrophages, in the context
of inflammatory diseases, have also been explored.”***
However, until now, not much was known about the immu-
nomodulatory effect of LiCl on macrophage polarization and
its subsequent influence on the osteogenic differentiation
potential of mesenchymal stem cells.

Therefore, the purpose of this study was to investigate the
potential immunomodulatory capacity of LiCl on wear par-
ticle-treated macrophages and its subsequent impact on
osteogenic differentiation in vitro and in vivo. Interestingly,

LiCl alleviated titanium (Ti) particle-induced inflammation
and promoted osteogenesis in a conditioned medium.
Furthermore, the results of this study suggest that these
immunomodulatory effects may be attributed to the regula-
tion of macrophage polarization in the local microenviron-
ment through the inhibition of the p38 mitogen-activated
protein kinase (p38) and extracellular signal-regulated kinase
(ERK) phosphorylation.

Materials and methods

Ti particles

Ti particles (99.99% purity) were obtained from Johnson
Matthey Chemical (MA, USA). Ti particles were endotoxin-
negative, as verified by a limulus amebocyte lysate assay.*’
The Ti particles characteristics were observed by a transmis-
sion electron microscope (TEM). The particle diameters were
determined by Imagel software as previously described.?®

Cell culture

RAW264.7 macrophages were obtained from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China), whereas rat bone marrow mesenchymal
stem cells (rBMSCs) were isolated and cultured as pre-
viously described.?” RAW264.7 macrophages and rBMSCs
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, HyClone), containing 10% fetal bovine serum
(Gibco) and 1% penicillin/streptomycin (HyClone) at 37°C
in 5% CO,. The cells were seeded onto plates before stimu-
lation with or without Ti particles (0.1 mg/mL) or treatment
with a combination of wear particles and different concentra-
tions of LiC1 (0, 1 or 5 mM). The medium was replaced every
2 days. Images of RAW264.7 macrophages were photo-
graphed via a light microscope (Leica).

Cell proliferation assay

Cell proliferation was analyzed using a Cell Counting Kit-
8 (CCK-8) Assay. RAW264.7 cells were seeded onto a
plate at 5x10* per well, whereas rBMSCs were seeded at
2.5x10* per well. The cells were washed thrice and 10%
CCK-8 containing medium was added for 4 h at 37°C.
Then a microplate reader was used to measure the absor-
bance at 450 nm.

Immunofluorescent staining of

macrophage polarization
Immunofluorescence staining was performed to assess the
activation of the C-C chemokine receptor type 7 (CCR7,

submit your manuscript

7476

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Yang et al

M1 phenotype) and arginase-1 (Arg-1, M2 phenotype).
After culturing for 4 days, the cells were fixed in paraf-
ormaldehyde (4%), then blocked with 1% bovine serum
albumin (BSA) for 30 min and cultured with CCR7
(1:100, Abcam) and Arg-1 (1:100, Abcam) antibodies
overnight at 4°C. The next day, the cells were rinsed
with PBS, treated with the secondary antibodies, donkey
anti-mouse Alexa Fluor 594 (1:200, Abcam) and donkey
anti-rabbit Alexa Fluor 488 (1:200, Abcam), and incubated
for 1 h in the dark. Then, 4',6-diamidino-2-phenylindole
(DAPI) was used to stain cell nuclei for 10 min.

Flow cytometry

The expression of the M1 marker, CCR7, and M2 marker,
cluster of differentiation 206 (CD206) were analyzed by
flow cytometry. After culturing for 4 days, cells were
BSA for
30 min. Then, they were treated with allophycocyanin-

scraped, washed, and resuspended in 1%

conjugated CCR7 (eBioscience) and phycoerythrin-conju-
gated CD206 (eBioscience) antibodies for 1 h. Moreover,
allophycocyanin-conjugated Armenian hamster immuno-
globulin G and phycoerythrin-conjugated rat immunoglo-
bulin G2a, k, were used as isotype control. Guava flow
cytometer and software (Millipore, USA) were used to
analyze the results.

Enzyme-linked immunosorbent assay
(ELISA)

After culturing for 4 days, the cell medium was collected
and centrifuged. The concentrations of TNF-a, IL-4, IL-6,
and IL-10 in the supernatants were determined using
ELISA kits (Anogen, Canada) according to the manufac-
turer’s instructions.

Real-time polymerase chain reaction (RT-
PCR)

Gene expression of the M1 macrophage marker CD86, the
M2 macrophage marker CD163, and the bone-related gene
BMP-2 and VEGF were quantified via RT-PCR. After 4 days
of culture, TRIzol reagent (Invitrogen) was used to extract
total RNA. Complementary DNA was synthesized from 1pg
oftotal RNA using a RevertAid First Strand cDNA Synthesis
kit (Thermo). Quantitative gene analysis was performed
using FastStart Universal SYBR Green Master (Rox,
Roche) and a thermocycler instrument (ABI). The primers
used in this section are shown in Table 1.

Table | Primers for RT-PCR used to quantify the expression of
RAW264.7

Gene Primer sequences (F: forward; R: Length
reverse; 5'-3') (bp)

CD86 F: TGGGCGCAGAGAAACTTGAT 127
R: AAGCCCGTGTCCTTGATCTG

CDI63 | F: GTGGTCAACTCCGCTTGGTA 126
R: CTTGGGGCACCATCTGTGAT

BMP-2 F: AACGAGAAAAGCGTCAAGCC 135
R: AGGTGCCACGATCCAGTCAT

VEGF F: GCAAGAGAAGACACGGTGGT 138
R: CAGGAGGTGGGGTAAGGAG

GAPDH | F: AAATGGTGAAGGTCGGTGTG 142
R: AGGTCAATGAAGGGGTCGTT

Western blot analysis

The cells were pretreated with 5 mM LiCl for 4 h. Ti
particles were then added to the medium at specific
times. Afterwards, the cells were lysed for protein extrac-
tion in radioimmunoprecipitation assay (RIPA) lysis buf-
fer, containing protease and phosphatase inhibitors
(Yeasen, Shanghai), for 30 min on ice. Total cell protein
was separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and subsequently transferred to poly-
vinylidene fluoride membranes. The membranes were
blocked in 5% skim milk for 1 h, and probed with the
relevant antibodies: ERK, p-ERK, p38, p-p38, and f-
actin. After washing thrice with Tris-buffered saline and
Tween, the membranes were incubated with secondary
antibodies for 1 h. Finally, the protein bands were devel-
oped with an enhanced chemiluminescence agent
(Millipore, China). The relative gray levels of p-ERK
and p-p38 were quantified and normalized to [-actin

using Imagel software.

Osteogenic differentiation effect of
rBMSCs in conditioned medium
Preparation of conditioned medium

After 4 days of culture, conditioned medium was collected
and the supernatants from the culture media were mixed
with complete medium at a 1:2 ratio.'® Next, rBMSCs
were seeded onto a plate at a density of 2x10* cells per
well. After incubating for 12 h, the conditioned medium
was used for further incubation.
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Alkaline phosphatase (ALP) and alizarin red staining
(ARS)

After culturing for 2 weeks, the cells were fixed and
subjected to ALP or ARS dye (Beyotime). ALP activity
was measured using the ALP kit (Beyotime) after 14 days
and the values were normalized against the protein con-
centration, which was determined using a bicinchoninic
acid protein assay kit (Beyotime). In addition, quantitative
analysis of ARS was initiated by the addition of 10%
cetylpyridinium chloride and the optical density was mea-
sured using a microplate reader at 600 nm.

Immunofluorescent staining

Immunofluorescent staining of ALP was also used to
assess osteogenic differentiation. After culturing in condi-
tioned medium for a specific period, rBMSCs were fixed
and permeabilized with 0.1% Triton-X for 15 min, then
blocked with 1% BSA and incubated with ALP (1:100,
Abcam) antibodies overnight at 4°C. The next day, the
cells were rinsed with PBS and incubated with the sec-
ondary antibody for lh. Then, phalloidin and DAPI were
used to stain the cytoskeleton and nuclei, respectively, for
10 min.

In vivo mouse air pouch model

The animal experiment was approved by the Animal Care
and Experiment Committee of Sixth People’s Hospital
affiliated with Shanghai Jiao Tong University. Animal
care and use were conducted according to the policies of
the Institutional Animal Care and Use Committee of
Shanghai Jiao Tong University, the regulations for the
Administration of Affairs Concerning Experimental
Animals (China, 2014), and the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals (GB14925-2010). C57BL/6 mice were used for
the experiment as previously described.”® After air pouch
formation, pouches were injected with 0.5 mL PBS alone
or 0.5 mL PBS containing Ti particles with or without
different concentrations of LiCl. After 4 days of injection,
the mice were sacrificed and the air pouches were washed
with 2 mL PBS. The exudates were collected, centrifuged
and stored at —80°C for ELISA as previously described.’”
Finally, the air pouch was harvested and collected for
further histological analysis. In addition, the heart, kidney,
liver, and lung of mice were also harvested and fixed to
evaluate the bio-safety of LiCl on major organs. Sections
of major organs were embedded, cut and subjected to
hematoxylin and eosin staining.

The air pouch membranes were embedded and cut into
4-um sections using a microtome. Then, the tissue was
subjected to hematoxylin and eosin and Masson trichrome
staining to assess the inflammatory reaction of the pouch
membranes. The thickness and cell infiltration of the
pouch membranes were measured via the Image-Pro Plus
software, and other tissue sections were subjected to
immunofluorescence staining to assess the expression of

CCR7 and Arg-1-positive cells as described above.'**°

Statistical analysis

All the data were analyzed by SPSS 17.0 software and
expressed as the mean =+ standard deviation (SD).
Differences among groups were analyzed with one-way
ANOVA followed by the Student's #-test were used to
evaluate the significance of differences. Differences with
P<0.05 were considered statistically significant.

Results

Particles characterization

The morphology of the Ti particles was observed by TEM and
the characteristics of Ti particles are shown in Figure 1A and B.
Most Ti particles had irregular morphology, and almost 80% of
the particles ranged from 30 to 90 nm with a mean diameter of
52.59420.48 nm (Figure 1C). These characteristics were simi-

lar to those of previously described wear particles.>*!

Cell morphology and proliferation

Light microscopy and CCK-8 assay were used to assess
cell morphology and proliferation, and the results are
depicted in Figure 2. In the control group, RAW cells,
unstimulated by wear particles, were round and small.
However, the cells stimulated by Ti particles were flat
with many synaptic structures. Polygonal cells decreased
in groups treated with LiCl, and cone-shaped -cells
increased in the group treated with high LiCl concentration
(Figure 2A). The results of cell proliferation are presented
in Figure 2B and C. After incubation for 1 and 4 days,
LiCl and Ti particles were not obviously cytotoxic to
RAW264.7 and rBMSCs.

In vitro macrophage polarization

After culturing for 4 days, the expression of CCR7 (green)
and Arg-1 (red) in RAW264.7 cells were assessed by immu-
nofluorescence staining. As shown in Figure 3, the trend of
Arg-1 expression was: Ti < Control < Ti+LiCl1< Ti+LiCl5.
The result of immunofluorescence staining indicated that the
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Figure | Characterization of Ti particles.

Notes: (A) and (B) Representative TEM image of Ti particles. (C) Ti particles size distribution, particles with sizes of 52.59+20.48 nm (mean * SD). Scale bar =100 um.
Abbreviations: Ti, titanium; TEM, transmission electron microscopy; SD, standard deviation.
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Figure 2 Cell morphology and proliferation.

Notes: (A) Morphology of RAW macrophages obtained by a light microscope. Scale bar: 50 um. (B) and (C) Cell proliferation was evaluated by CCK-8 after | and 4 days of
culture.

Abbreviation: CCK-8, cell counting kit-8.

groups treated with LiCl featured a higher expression of the  however, indicated a contrary trend: more CCR7-positive
M2 phenotype than the control and Ti particle groups. CCR7,  cells were detected in the Ti particle group.
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Figure 3 Immunofluorescence staining of RAW cells.

Notes: CCR7 (green fluorophore) indicates M1 macrophages; Arg-1 (red fluorophore) indicates M2 macrophages; nuclei are stained with DAPI (blue fluorophore), scale

bar: 50 pm.

Abbreviations: CCR7, C-C chemokine receptor type 7; Arg-1, arginase-1; DAPI, 4',6-diamidino-2-phenylindole.

Flow cytometry was used to quantify the percentage
of CCR7 and CD206-positive cells simultaneously.
Representative histograms of CCR7 and CD206 are
shown in Figure 4A and B and the dot plot of RAW
cells is depicted in Figure 4C. The percentage of CCR7
and CD206 are presented in Figure 4D and E. The results
shown that the expression of Ml-positive cells reduced
from 79.27% in the Ti group to 41.99% in the Ti+LiCl5
group. In addition, the expression of M2-positive cells was
higher in the Ti+LiCl5 group (47.19%) than in the Ti
(6.87%) and control (14.19%, Figure 4B and E) groups.

ELISA was performed to detect cytokine secretion
levels and RT-PCR was performed to determine the
expression of related genes. As depicted in Figure SA-D,
macrophages in the Ti+LiCI5 group released the highest
amounts of IL-4 and IL-10, which are mainly generated by
anti-inflammatory macrophages. However, the secretion of
inflammatory cytokines, TNF-a and IL-6, were the highest
in the Ti group. The M1 phenotype marker gene, CD86,
was downregulated in the LiCl-treated groups compared to
the control and Ti particle groups (Figure S5E). However,
the expression of marker gene, CD163, representing M2
macrophages, was elevated in the LiCl-treated groups and

not in the other groups (Figure 5F). In addition, the expres-
sion levels of BMP-2 and VEGF (bone-related gene) were
also upregulated in the Ti+LiCl5 group (Figure 5G and H),
suggesting a potential osteogenic capacity in the LiCl-
treated groups.

LiCl attenuates Ti particle-induced activation
of ERK and p38 phosphorylation in vitro

Previous studies have reported that poly (methyl metha-
crylate) and hydroxyapatite particles stimulate the activa-
tion of the ERK and p38 pathways, and drive M1
macrophage polarization.’® However, whether Ti particles
and LiCl are involved in the mitogen-activated protein
kinase (MAPK) pathway, or not, is unknown. In this
study, RAW cells were stimulated with different concen-
tration of Ti particles over the course of 30 min, then, ERK
and p38 activation, as indicated by phosphorylation, was
measured by Western blot analysis (Figure 6), which
revealed that ERK and p38 phosphorylation were signifi-
cantly increased by Ti particles stimulation (Figure 6A—C).
As presented in Figure 6D-F, the activation of ERK and
p38 was reduced by LiCl treatment compared to Ti treat-
ment, indicating that LiCl attenuated wear particle-induced
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Figure 4 In vitro polarization of macrophage.

Notes: (A) and (B) Representative histograms of flow cytometry results after cultured for 4 days, percentage of CCR7 and CD206 positive cells, representing M1 or M2
macrophages, respectively. (C) Flow cytometry analysis of RAW264.7 cells. (D) and (E) Percentage of CCR7 and CD206 positive cells respectively. (*# and + represent
P<0.05 when compared with Control, Ti, and Ti+LiCll respectively).

Abbreviations: CCR7, C-C chemokine receptor type 7; CD206, cluster of differentiation 206.
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Figure 6 LiCl attenuates Ti particle-induced the activation of ERK and p38 phosphorylation in RAW cells.

Notes: (A) Western blots performed after macrophages were treated with various concentrations (0, 10, 50, 100pg/mL) of Ti particles for the indicated times. (B) and (C)
The density of Western blot bands shown in (A) was quantified using Image] software. (D) Western blots performed after macrophages were treated with PBS (control), Ti
particles or Ti particles+LiCl. (E) and (F) The density of Western blot bands shown in (D) was quantified using Image] software. (*# and + represent P<0.05 when compared

with Control, Ti, and Ti+LiCll respectively).

Abbreviations: LiCl, lithium chloride; Ti, titanium; ERK, extracellular signal-regulated kinase.

inflammation via the suppression of ERK and p38 phos-
phorylation in vitro.

The evaluation of osteogenic
differentiation capacity in conditioned

medium

RAW cell culture supernatant was used as conditioned
medium to evaluate its effect on osteogenic differentiation
of rBMSCs. The results of ALP and ARS staining demon-
strated a higher level of ALP expression and extracellular
matrix mineralization (ECM) in the Ti+LiCl5 group, fol-
lowed by the Ti+LiCl1 group (Figure 7A and B). The ALP
activity and optical density values of ECM showed similar
results (Figure 7C and D). Consistent with ALP and ARS
staining, a similar trend was detected in immunofluores-
cence staining: the Ti+LiCl5 group had a higher ALP
fluorescence intensity than other groups, and the lowest
ALP fluorescence intensity was observed in the Ti group
(Figure 7E).

In vivo air pouch model
To assess the inflammatory response and different macro-
phages phenotypes infiltrate the skin of the air pouch, we

carried out histological and immunofluorescent staining of
the skin sections. The hematoxylin and eosin- and Masson
trichrome- staining sections are shown in Figure 8A and D.
The blue arrows represent the fibrous layer. The results of
histological staining suggested that air pouches treated with
wear particles provoked a pronounced inflammatory reac-
tion, presenting as increased thickness and cell infiltration
of the pouch membrane compared to other groups. In con-
trast to Ti groups, LiCl attenuated the inflammatory reaction
by decreasing the thickness of the fibrous layer and cell
infiltration. The general observation was consistent with the
quantitative results (Figure 8B and C). As shown in Figure
8E-H, the concentration of proinflammatory cytokines
(TNF-o and IL-6) in the LiCl-treated groups were lower
than those in the Ti group. However, the anti-inflammatory
cytokines, IL-4 and IL-10, were upregulated in the exudates
injected with LiCl. The ELISA results from in vivo experi-
ments, were in accordance with those in vitro. Additionally,
an in vivo bio-safety assay of major organs confirmed that
LiCl attenuated the inflammatory responses by regulating
the ratio of M1/M2 macrophages that were non-toxic to key
organs (Figure S1).

The expression of CCR7 (green, yellow arrows) and
Arg-1 (red, white arrows) in RAW264.7 cells were also
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Figure 7 Osteogenic differentiation effect of macrophage-conditioned medium.

Notes: (A) ALP staining and (B) ARS staining of rBMSCs cultured in conditioned medium for 14 days. (C) ALP activity of rBMSCs cultured in conditioned medium for
14 days. (D) Quantitative analysis of Alizarin red staining. (E) ALP immunofluorescent staining of rBMSCs cultured in conditioned medium: ALP (green), actin (red), nuclear
(blue). scale bar: 50 um. (*# and + represent P<0.05 when compared with Control, Ti, and Ti+LiCll respectively).

Abbreviations: ALP, Alkaline phosphatase; ARS, alizarin red staining; rBMSCs, rat bone marrow mesenchymal stem cells.

assessed by immunofluorescence staining in vivo. The
blue arrows show the fibrous layer and skin (Figure 9).
As shown in Figure 9, more CCR7 positive cells were
observed in the Ti particle group, but not in other groups;
in contrast, the Ti+LiCI5 group featured a higher propor-
tion of Arg-1 positive cells. Therefore, the in vivo experi-
mental results were highly consistent with the results from
the in vitro experiments, indicating that LiCl can drive
induce an osteogenic

macrophage polarization and

immune microenvironment.

Discussion
Total joint arthroplasty is one of the most successful
treatment strategies to be developed in past decades;

however, wear debris, generated from orthopedic mate-
rials, can stimulate host immune cells to enhance
inflammatory responses and induce osteolysis.>*** The
wear particles are preponderantly phagocytosed by
macrophages, which produce various inflammatory che-
mokines and cytokines.®' Specifically, several studies
have reported that the state of macrophage polarization
may affect inflammatory response and generate an
osteogenic immune microenvironment.'®*33¢ Recently,
LiCl has been studied in relation to various bone loss-
related diseases and inhibited inflammatory cytokine
expression, especially in wear debris-induced inflamma-
tory response in vivo.?'*” Moreover, the immune-mod-
ulatory properties of LiCl have also drawn much
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Figure 8 Images of hematoxylin eosin and Masson trichrome staining on the air pouch tissues at day 4.

Notes: (A) hematoxylin eosin stained images showing a whole structure and layers of the air-pouch tissues. (B) Thickness of fibrous layer. (C) Numbers of infiltration cells.
(D) Masson’s trichrome stained images obviously displaying the fibrous tissues and the infiltration cells. Cytokines in the air-pouch exudates were evaluated by ELISA: (E)
TNF-0; (F) IL-6; (G) IL-4; and (H) IL-10. scale bar: 200 um. (*# and + represent P<0.05 when compared with Control, Ti, and Ti+LiCll respectively).

Abbreviations: ELISA, enzyme-linked immunosorbent assay; TNF-o, tumor necrosis factor alpha; IL, interleukin.

attention. Therefore, we explored the immunomodula-
tory ability of LiCl on Ti particle-treated macrophages
and its osteogenic effects on rBMSCs.

Macrophages are versatile cells that play a crucial role in
response to microenvironmental signals. Previous studies
have demonstrated that macrophages can polarize into either
the M1 or M2 phenotype, which represent extremes of a
continuum of functional states.’*** However, polarization
is not fixed, as macrophages are sufficiently plastic and
dynamic for integrating multiple signals, such as damaged
tissues, microbes, and the normal tissue environment.' >
The morphology of macrophages suggested that wear

particles stimulate obvious M1 phenotypes with many synap-
tic structures, whereas LiCl enhanced the differentiation of
M2 macrophages with cone-shaped ones and decreased the
number of M 1-like macrophages, especially in the high-LiCl
concentration group (Figure 1A). According to the cell CCK-
8 assay results, LiCl and Ti particles have no obvious cyto-
toxicity (Figure 1B). Then, we explored whether LiCl reg-
ulates macrophage polarization in vitro. The results of
immunostaining showed that LiCl upregulated Arg-1 expres-
sion and downregulated CCR7 expression (Figure 3). Flow
cytometry results were consistent with immunostaining
results, changes

and in proinflammatory and anti-
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Figure 9 Images of immunofluorescence staining on air-pouch tissues at day 4.

Notes: CCR7 (M| marker) positive cells were stained in green and Arg-1 (M2 marker) positive cells were stained in red; nuclei were stained in blue; scale bar: 100 pm.

Abbreviations: CCR7, C-C chemokine receptor type 7; Arg-1, arginase-|.

inflammatory cytokines, as detected by ELISA, further
reflected the functional differences between M1 and M2
phenotypes. At the genetic level, the mRNA expression of
CD86 and CD163 were used by RT-PCR to further confirm
the effect of LiCl on macrophage polarization. LiCl
decreased CD86 expression and increased CD163 expres-
sion, which is characteristic of a downregulation of inflam-
matory activation and an upregulation of anti-inflammatory
expression. In addition, the expression of BMP-2 and VEGF,
both of which enhance tissue healing and bone formation,
were also elevated in the LiCl-treated group. To further
investigate the osteoimmunology of LiCl, cell and immuno-
fluorescence staining were performed to investigate the
osteogenic differentiation of rBMSCs cultured in condi-
tioned medium. The results obtained were consistent with
the results of in vitro macrophage polarization. It has been
demonstrated that osseous repair requires the coordination of
diverse osteogenic and angiogenic factors during the healing
cascade.”” In summary, the results of the immune experi-
ments indicated that LiCl can promote M2 macrophage
polarization and enhance the secretion of anti-inflammatory
and osteogenic cytokines. Furthermore, previous studies

have already demonstrated that the immunomodulatory
effects between macrophage polarization and osteogenesis
may be one of the mechanisms accounting for bone
regeneration.*'

In this study, we also investigated the wear particle-
stimulated inflammatory response and macrophage polari-
zation using an air pouch model.” The injection of Ti
particles into the air pouch on the back of mice resulted in
increased thickness of the fibrous layers and inflammatory
cell infiltration compared to other groups. However, mice
treated with LiCl had fewer infiltrating cells and thinner
fibrous layers, suggesting a comparatively anti-inflamma-
tory effect (Figure 8B and C). ELISA results also revealed
that the LiCl treated group induced the production of higher
levels of anti-inflammatory cytokines and lower levels of
proinflammatory cytokines. Furthermore, immunofluores-
cence images indicated that an air pouch treated with wear
particles and 5 mM LiCl presented a lower percentage of
CCR7-positive cells and a higher percentage of Arg-1-posi-
tive cells than those treated with wear debris alone. The
results of the in vivo air pouch model were consistent with
the results obtained in vitro.
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We also provided evidence that LiCl inhibits the activation
of ERK and p38 in Ti particle-treated macrophages. Previous
studies have demonstrated that wear debris immediately sti-
mulates the M1 phenotype bringing about a sustained inflam-
matory response via the MAPK pathway.**** Moreover, wear
debris activate the MAPK pathway in bone marrow-derived
macrophages, promoting the differentiation of osteoclast pre-
Furthermore, it has been reported that LiCl
significantly suppressed LPS-induced activation of ERK

cursor cells.*®

phosphorylation in macrophages.*”*® Thus, MAPK pathway
targeting has the capacity to regulate the two key processes
resulting in aseptic loosening: wear particle-induced inflam-
mation and osteoclast formation. Given the close relationship
between LiCl and the MAPK pathway, we reasoned that LiCl
might drive wear particle-treated macrophages through sup-
pression of the ERK or p38 pathway. First, we confirmed that
Ti particles activated ERK and p38 MAPKs in RAW264.7.
Then, we detected that LiCl reduced wear particle-induced
ERK and p38 phosphorylation in macrophages. These results
suggested that wear particles could modulate M1 macrophage
polarization and inflammatory responses in RAW?264.7. Our
results also revealed that LiCl was able to alleviate the phos-
phorylation of p38 and ERK, which have been shown to be

Macrophages

ﬁ' oo/
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© o

® —Licl
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4;
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Wear particles

MSCs

Air-pouch modle

Polarization

N

concerned with wear particle-induced inflammatory
responses, suggesting that LiCl induced macrophage polariza-
tion and inflammatory responses via the MAPK pathway
(Figure 10). However, the exact molecular mechanisms by
which LiCl influences inflammatory responses and macro-
phage polarization need to be subsequently investigated. In
addition, this phenomenon might be one of the mechanisms
underlying the immunomodulatory effects of LiCl on the

osteogenic differentiation of rBMSCs.

Conclusion

In this study, we indicated that LiCl played an immuno-
modulatory role in macrophage polarization and Ti parti-
cle-stimulated inflammatory responses in vitro and in vivo,
and promoted the differentiation of RAW264.7 cells to
osteo-specific phenotypes by secreting osteogenic and
angiogenic factors to enhance the osteogenic differentia-
tion of rBMSCs. This immunomodulatory capacity of LiCl
may be attributed to the inhibition of the MAPK signaling
pathway. Conclusively, these results suggest that the
immunomodulatory properties of LiCl to macrophage

polarization and its subsequent effect on the osteoimmune

/‘

’Q AR

p38 and ERK pathway

o |L-4 e BMP-2
IL-10 * VEGF

OBs

m Osteogenic differentiation m

Figure 10 LiCl modulated macrophage polarization to promote the osteogenic differentiation of rBMSCs via the suppression of ERK and p38 phosphorylation.
Notes: LiCl exerted an immunomodulatory effect on macrophage polarization and attenuated Ti particle-induced inflammatory responses in vitro and in vivo, and generated
an immune microenvironment to improve the osteogenic differentiation capability of rBMSCs. This immunomodulatory capacity of LiCl may be attributed to the inhibition of

ERK and p38 signaling pathway.

Abbreviations: LiCl, lithium chloride; rBMSCs, rat bone marrow mesenchymal stem cells; ERK, extracellular signal-regulated kinase; Ti, titanium.
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environment may be of importance to the mitigation and
treatment of wear particle-induced osteolysis.
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