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Bone has the unique capacity to heal bony injuries without
fibrous scar formation via its regeneration process and there-
fore maintains physiological and mechanical characteristics.
This continuous and well-orchestrated regeneration process
is also critical for the upkeep of calcium homeostasis
throughout one’s lifetime [1, 2]. Stimulating bone regenera-
tion is the central aim in orthopedic surgery and in oral
and macxillofacial surgery, in order to overcome large bone
defects and to cure metabolic/inflammatory bone diseases.
Although tissue-engineered materials or artificial bone can
help to retain bone stability, biocompatibility and bioresorb-
ability are still significant obstacles for biomaterials to achieve
so as to sync with the natural regeneration process. During
recent decades, advances in this field have begun to reveal var-
ious regulatory molecules shared by the immune system and
skeletal system, which depict interesting crosstalk of signaling
transducers between immune cells and bone cells [3, 4].
Therefore, osteoimmunology has developed as an essential
interdisciplinary field underlying major discoveries concern-
ing bone regeneration and developing targeted therapies for
bone diseases. This special issue is aimed at presenting recent
research efforts in the crosstalk between the immune system
and the skeletal system and their potential application for
bone regeneration.

The study by X. Zhang et al. reports the osteoimmunomo-
dulatory properties of microscale magnesium (Mg ions) in
stimulating osteogenesis via the immunomodulation between

bone marrow stem cells (BMSCs) and macrophages. The
authors found that microscale Mg ions could induce M2 phe-
notype changes of macrophages and inhibited the TLR-NF-«xB
signaling pathway by the release of anti-inflammatory cyto-
kines. Meanwhile, microscale Mg ions stimulated the expres-
sion of osteoinductive molecules in macrophages and
promoted osteogenesis of BMSCs through the BMP/SMAD
signaling pathway. The results indicated that manipulating
Mg ion concentration to a proper microscale can endow the
Mg biomaterial with favorable osteoimmunomodulatory
properties, thereby providing crucial evidence for improving
and modifying the effect of Mg-based bone biomaterials.

The study by C. Fu et al. identifies the novel function of
phosphatase and tensin homolog deleted on chromosome
10 (PTEN) as a critical factor in periodontitis and bone
remodeling. The authors showed that PTEN decreased in a
ligature-induced mouse periodontitis model and was associ-
ated with inflammatory factors interleukin 1 (IL-1) and
tumor necrosis factor (TNF-«) in macrophages. Lack of
PTEN activated IL-1 and TNF-a, which increased the num-
ber of osteoclasts and led to alveolar bone erosion and loss,
whereas nanoparticle therapy of PTEN could directly inhibit
the inflammatory process and bone erosion in vivo. The
study provides a novel insight into understanding the protec-
tive effects of PTEN on inflammation and bone remodeling
in periodontitis and proposes that PTEN can be used as adju-
vant therapy for inflammatory diseases.
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The study by J. Yuan et al. investigated the therapeu-
tic effect of genistein on rat temporomandibular joint
osteoarthrosis (TMJOA) which was characterized by
chronic inflammation and joint cartilage loss. The authors
demonstrated that genistein treatment had positive effects
on the condylar cartilage renovation, wherein high-dose
genistein treatment had better effects on the reversal of
OA changes and reduction of the expression of p65
(NF-«xB signaling) and inflammatory cytokines (IL-1f3
and TNF-a) in male TMJOA rat models. Collectively,
the study indicated a better therapeutic effect of high-
dose genistein on condyle cartilage damage in TMJOA
rats via the suppression of NF-xB expression and inflam-
matory cytokine activation.

The study by J. Xiong et al. reveals the relationship
between dyslipidemia and the risk of osteoarthritis (OA)
based on the foundation that autoimmune response affects
the homeostasis of the internal environment in the
human body and causes self-immune regulation. Through
a meta-analysis study comprising 22,501 patients with OA
(19,733 with hand OA, 2,679 with knee OA, and 89 with
hip OA), the authors stated that OA was higher in those
with dyslipidemia compared to those who did not have.
Therefore, dyslipidemia might be associated with an
increased risk of OA.

The review by H. Wang et al. discusses the current under-
standing of the varied roles of osteoclasts (OCs) in maintain-
ing skeletal health. The authors summarize the coupling
factors that affect the interaction and crosstalk of OCs with
osteocytes, mesenchymal stem cells (MSCs), and osteoblasts
(OBs), in order to provide a different perspective on recog-
nizing OCs when strategies are created to develop ideal ther-
apeutic agents that target bone remodeling disorders
characterized by excessive OC activity.

The study by Z. Chen et al. defines the immune cell land-
scape of different structures of the knee in OA by using cell-
type identification by estimating relative subsets of known
RNA transcripts (CIBERSORT) for deconvolution of the
global gene expression data. The authors suggested that the
immune cell composition in knee OA differed substantially
in different anatomical structures of the knee. Meanwhile,
activated mast cells were mainly associated with high
immune cell infiltration in OA. Moreover, M2 macrophages
in the synovium and mast cells in subchondral bone may play
essential roles in the pathogenesis of OA.

In conclusion, a comprehensive understanding of
ongoing efforts would enable researchers to identify the
most efficient approaches in the field and eventually lead
to the successful discovery of therapeutics. The guest edi-
torial team wishes that this special issue will help in
evidencing researches from multiple disciplines in this
area and encourage future collaborations from multidisci-
plinary aspects.

Conflicts of Interest

The editors declare that there are no conflicts of interest
regarding the publication of this special issue.

BioMed Research International

Acknowledgments

We would like to express our great gratitude to all authors
and reviewers who contributed to this special issue. Special
thanks are due to Dr. Guangpu Yang (The Chinese Univer-
sity of Hong Kong) who served as an academic specialist to
our special issue.

Ziging Li

Puyi Sheng
Chaohong Li
Gongsheng Yuan
Yilun Deng

References

[1] T.J. Martin and E. Seeman, “Bone remodelling: its local regula-
tion and the emergence of bone fragility,” Best Practice &
Research. Clinical Endocrinology ¢ Metabolism, vol. 22, no. 5,
pp. 701-722, 2008.

D. J. Hadjidakis and I. I. Androulakis, “Bone remodeling,”
Annals of the New York Academy of Sciences, vol. 1092, no. 1,
pp. 385-396, 2006.

L. Xiao, Y. Zhou, T. Friis, K. Beagley, and Y. Xiao, “SIP-S1PR1
signaling: the "Sphinx" in osteoimmunology,” Frontiers in
Immunology, vol. 10, p. 1409, 2019.

[2

—

[3

—_

=

B.J. Kim and J. M. Koh, “Coupling factors involved in preserv-
ing bone balance,” Cellular and Molecular Life Sciences, vol. 76,
no. 7, pp. 1243-1253, 2019.



Hindawi

BioMed Research International

Volume 2020, Article ID 9647072, 21 pages
https://doi.org/10.1155/2020/9647072

Research Article

Hindawi

The Immune Cell Landscape in Different Anatomical Structures of
Knee in Osteoarthritis: A Gene Expression-Based Study

Ziming Chen,' Yuanchen Ma (»,” Xuerui Li,> Zhantao Deng(,> Minghao Zheng (),

2

1

and Qiujian Zheng

ICentre for Orthopaedic Translational Research, Medical School, University of Western Australia, Nedlands, Australia

2Department of Orthopedics, Guangdong Provincial People’s Hospital (Guangdong Academy of Medical Sciences),
Guangdong Province, China

*Goldsmiths, University of London, London, UK

Correspondence should be addressed to Yuanchen Ma; myc998@qq.com, Zhantao Deng; dengzhantao_med@163.com,
Minghao Zheng; minghao.zheng@uwa.edu.au, and Qiujian Zheng; zqjzqj666@yeah.net

Received 27 September 2019; Revised 10 November 2019; Accepted 4 January 2020; Published 19 March 2020
Guest Editor: Yilun Deng

Copyright © 2020 Ziming Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. Immunological mechanisms play a vital role in the pathogenesis of knee osteoarthritis (KOA). Moreover, the immune
phenotype is a relevant prognostic factor in various immune-related diseases. In this study, we used CIBERSORT for deconvolution
of global gene expression data to define the immune cell landscape of different structures of knee in osteoarthritis. Methods and
Findings. By applying CIBERSORT, we assessed the relative proportions of immune cells in 76 samples of knee cartilage, 146
samples of knee synovial tissue, 40 samples of meniscus, and 50 samples of knee subchondral bone. Enumeration and activation
status of 22 immune cell subtypes were provided by the obtained immune cell profiles. In synovial tissues, the differences in
proportions of plasma cells, M1 macrophages, M2 macrophages, activated dendritic cells, resting mast cells, and eosinophils
between normal tissues and osteoarthritic tissues were statistically significant (P < 0.05). The area under the curve was relatively
large in resting mast cells, dendritic cells, and M2 macrophages in receiver operating characteristic analyses. In subchondral
bones, the differences in proportions of resting master cells and neutrophils between normal tissues and osteoarthritic tissues
were statistically significant (P < 0.05). In subchondral bones, the proportions of immune cells, from the principle component
analyses, displayed distinct group-bias clustering. Resting mast cells and T cell CD8 were the major component of first
component. Moreover, we revealed the potential interaction between immune cells. There was almost no infiltration of immune
cells in the meniscus and cartilage of the knee joint. Conclusions. The immune cell composition in KOA differed substantially
from that of healthy joint tissue, while it also differed in different anatomical structures of the knee. Meanwhile, activated mast
cells were mainly associated with high immune cell infiltration in OA. Furthermore, we speculate M2 macrophages in synovium
and mast cells in subchondral bone may play an important role in the pathogenesis of OA.

1. Introduction

Knee osteoarthritis (KOA) is one of the most frequently com-
mon diseases in orthopedic department, which affects 30%-
50% of people over 65 years old [1]. Although a series of
treatment, such as anti-inflammatory medicine, play a cer-
tain role in relieving symptoms, it is difficult to prevent the
process of bone degeneration, and total knee arthroplasty is
still the mainly curative therapy for KOA [2].

KOA is a chronic degenerative disease characterized by
articular cartilage injury and degeneration, together with
sclerosis, proliferation and cystic degeneration of subchon-
dral bone, and subsequent narrowing of articular space [3].
In osteoarthritis (OA), various anatomical structures of the
knee joint are damaged. OA was used to be considered as
“mechanical wear and tear” [4]. However, in recent years,
more and more studies have shown that immunological
mechanisms play the vital role in the pathogenesis of OA
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[5, 6], and OA is gradually considered as a chronic inflamma-
tory response [7]. In the pathological process of OA, the
destruction of bone and cartilage caused by synovitis and
inflammation is the hot spots for series studies [8]. Until
now, however, the role of various immune cells in
osteoarthritis-related microenvironment still has not been
clarified.

The function and proportions of infiltrating immune
cells vary subtly according to the host’s immune status, which
is reported to be effective drug targeting and related to clini-
cal outcomes [9-11]. Moreover, the immune phenotype is a
relevant prognostic factor in various immune-related dis-
eases [12-14]. Therefore, clarification of local infiltration of
immune cells in knee joint contributes to better understand
the local immune situation and to develop new treatment
methods.

Immune cell composition of solid tissues is usually ana-
lyzed by flow cytometry and immunohistochemistry, which
have the limitations in small number of detected cells and
great need of number of fluorescence channels. The system
biology tool Cell-type Identification By Estimating Relative
Subsets Of known RNA Transcripts (CIBERSORT) can
employ deconvolution of bulk gene expression data from
solid tissues, enumerate 22 immune cell types at once, and
apply signatures from ~500 marker genes to quantify the rel-
ative fraction of each cell type, which means there is a high
resolving power for CIBERSORT [12, 15].

Therefore, in the present study, we used CIBERSORT
for deconvolution of global gene expression data to define
the immune cell landscape of different structures of knee
in osteoarthritis.

2. Methods

2.1. Data Acquisition. In the present study, datasets were
searched from the Gene Expression Omnibus (GEO) data-
base [16] with the keywords “osteoarthritis” [MeSH Terms]
OR “osteoarthritis” [All Fields] AND “Homo sapiens”
[porgn] AND “gse” [Filter], uploaded up to 15 September
2019. The study type was described as “expression profiling
by array.” All selected datasets were genome-wide expression
data in different structures of knee of normal or OA patients.
Datasets with samples of normal area in OA patients were
excluded, considering it is hard to define it as normal or
OA tissues. All of the selected studies were approved by their
respective institutional review boards. Preprocessing, aggre-
gation, and normalization of raw data were performed
according to the robust multiarray average algorithm. Details
of the study design are illustrated in Figure 1 as a flowchart.

2.2. Evaluation of Infiltrating Immune Cells in Different
Structures of Knee. Normalized gene expression data were
used to infer the relative proportions of 22 types of infiltrat-
ing immune cells using the CIBERSORT algorithm. Briefly,
gene expression datasets were prepared using standard anno-
tation files and data uploaded to the CIBERSORT web portal,
with the algorithm run using the default signature matrix at
1000 permutations. CIBERSORT is an analytical tool which
accurately quantifies the relative levels of distinct immune
cell types within a complex gene expression mixture [15].
CIBERSORT derives a P value for the deconvolution for each
sample using the Monte Carlo sampling, providing a mea-
sure of confidence in the results. A set of barcode gene
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expression values (a “signature matrix” of 547 genes) was
used by CIBERSORT for characterizing immune cell compo-
sition. Here, the original CIBERSORT gene signature file
LM22 was applied. The 22 cell types inferred by CIBERSORT
include B cells, T cells, natural killer cells, macrophages, den-
dritic cells, eosinophils, and neutrophils, amongst others.

2.3. Principle Component Analyses (PCA) and Receiver
Operating Characteristic (ROC) Analyses. Principle compo-
nents analysis (PCA) was used to identify major sources of
variance in the proportion of different types of infiltrating
immune cells between normal patients and OA patients.
The major sources of variance could potentially be the diag-
nostic clues for OA. When the most major variation in
PCA result was still low (<30%), receiver operating charac-
teristic (ROC) was performed to assess the diagnostic value
of different types of infiltrating immune cells separately.
The area under the curve (AUC) under 95% confidence
interval was calculated, and the ROC curve was generated.

2.4. Overall Proportion of Immune Cells in Different Tissues.
As explained by the creators of CIBERSORT, the CIBER-
SORT P value is empirical and produced for the deconvolu-
tion [15]. It is calculated for the actual observed data
instead of theoretical data. Moreover, it tests the null hypoth-
esis that none of the cells that comprise the signature matrix
in a given sample are present. Thus, it was considered as a
parameter that could reflect the proportion of a sample that
comprised immune cells versus nonimmune cells, where
a greater proportion of nonimmune cells would produce
a correspondingly larger P value. Also, several researches
have confirmed this hypothesis [12, 17, 18]. In the present
study, high infiltration of immune cells was defined as
CIBERSORT P value < 0.01, medium infiltration of immune
cells was defined as 0.01 < CIBERSORTP value < 0.05, and
low infiltration of immune cells was defined as CIBERSORT
P value > 0.05.

2.5. Comparison of the Results Calculated by xCell and
CIBERSORT Algorithms. In order to validate the results
obtained by CIBERSORT, another algorithm xCell [19] was
performed for the quantification of overall immune cell infil-
tration and xCell abundance scores of those immune cell
types which were significantly different between OA tissues
and normal tissues in CIBERSORT results. Expression data
from different anatomical structures of knee in osteoarthritis
was concatenated in different files. xCell ran with the
“rnaseq = FALSE” option, and the immune scores and
xCell scores were computed. For comparison purposes, only
cell types which could be detected by both xCell and CIBER-
SORT were selected in this validation process.

2.6. Statistical Analyses. Datasets from different structures of
knee were analyzed separately. Using a limma R package [20]
and a sva R package [21], batch normalization was performed
for data from different datasets, including datasets with sam-
ples of cartilage, meniscus, and synovial tissue. Dataset with
samples of subchondral bone was normalized using a limma
R package (Figure 1). Details of batch normalization and nor-
malization are available at https://github.com/Au-CZM.

Cases with a CIBERSORT P value of <0.05 were included
in further analysis. Immune cell profile was obtained for each
sample, and mean values for each group (normal and OA)
were calculated. Unpaired T-test was used to evaluate the dif-
ference of continuous variables between normal groups and
OA groups. Correlations between continuous and categorical
variables were evaluated using the Kruskal-Wallis test. Asso-
ciations between immune cell subsets were tested by the
Pearson correlation coefficient. For univariable analyses of
the 22 immune cell subsets, adjustment for multiple testing
was performed by calculating g-values using the Benjamini-
Hochberg method. To analyze if distinct classes of immune
cell infiltration are present in different groups, we used hier-
archical clustering of immune cell proportions by Ward’s
method. A combination of the elbow method and the Gap
statistic was conducted to explore the likely number of
distinct clusters in the data.

All analyses were conducted using R version 3.6, except-
ing that ROC analyses were performed using SPSS 23.0 statis-
tical software (SPSS Inc., Chicago, IL, USA). All statistical
tests performed were two-sided, and the P values < 0.05 were
considered as statistical significance.

3. Results

Datasets with samples of 4 anatomical structures of knee
joint, including cartilage, synovial tissues, meniscal tissues,
and subchondral bone, can be found in GEO. 17 studies were
selected in this study, including 3 studies in knee cartilage, 10
studies in knee synovial tissue, 3 studies in knee meniscal tis-
sue, and 1 study in knee subchondral bone (Table 1) [22-31].
By integrated analysis, 12945 genes for cartilage, 3238 genes
for synovial tissue, 6598 genes for meniscal tissue, and 9570
genes for subchondral bone were obtained. Using CIBER-
SORT algorithm, we first investigated the difference of
immune infiltration between normal and OA synovial tissue
in 22 subpopulations of immune cells.

3.1. Synovial Tissue. In synovial tissue of knee joint,
Figure 2(a) summarized the results obtained from 122
samples with a CIBERSORT P value of <0.05. Of these, 30
samples were normal and 92 samples were osteoarthritic.

Overall, in osteoarthritic synovial samples, the most
abundant immune cells were M2 macrophages with 30.10%,
resting T cell CD4 memory with 23.88%, and activated NK
cells with 16.20%, while in normal synovial samples, the most
abundant immune cells were M2 macrophages with 26.76%,
resting T cell CD4 memory with 24.06%, and activated NK
cells with 15.02%.

The differences in proportions of plasma cells, M1 mac-
rophages, M2 macrophages, activated dendritic cells, resting
mast cells, and eosinophils between normal tissues and oste-
oarthritic tissues were statistically significant (Figure 2(b),
P <0.05). Higher proportion for above significantly changed
cells existed in osteoarthritic tissues, compared with in
normal tissues.

The proportions of different infiltrating immune cell
subpopulations were correlated weakly to moderately
(Figure 2(c), absolute value of correlation coefficient < 0.80).
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(c) Correlation matrix of all 22 immune cell proportions. (d) Heat map of the 22 immune cell proportions. OA: osteoarthritis.

Correlations of M2 macrophages with other immune cell
populations by calculating the Pearson correlation coeffi-
cients in Figure 2(c) were all weak (absolute value of
correlation coefficient < 0.30).

As shown in Figure 2(d), using unsupervised hierarchical
clustering based on above-identified cell subpopulation, the
samples of pathological and normal could not be clearly sep-
arated. PCA was used to assess if the proportions of infiltrat-
ing immune cell could be used to differentiate the diagnosis
of OA. Figure 3(a) showed that the diagnosis of OA could
not be apparently attributed to the proportions of different
infiltrating immune cell subpopulations. The first principle
components (PC) accounted for 25.90% variance. M2
macrophages, resting mast cells, and activated NK cells
were the major components of PC1, especially M2 macro-
phages with more than 0.75 component loading
(Figure 3(b)). Figure 3(c) showed that AUC was relatively
large in resting mast cells (0.682, (0.560, 0.804)), dendritic
cells (0.642, (0.534, 0.750)), and M2 macrophages (0.630,
(0.522, 0.738)), in ROC curve analyses. The above-
mentioned cells might be related to the pathological mecha-
nism of OA.

Together, these results indicated that aberrant immune
infiltration and its heterogeneous in osteoarthritic synovial
tissues as a tightly regulated process might have important
clinical meanings. It is worth noting that M2 macrophages
had a high proportion in the synovial tissue of knee joint,
and its proportion in OA patients and normal people had

statistical significance. It might have clinical diagnostic sig-
nificance for OA. In order to develop a diagnostic method
using M2 macrophages, the cutoff was determined using
the maximum of the Youden index (0.276) based on ROC
analysis. The sensitivity and specificity were 0.609 and
0.667, respectively. The diagnostic value of the method only
using M2 as diagnostic criteria is limited but really existed.

Therefore, we speculated that M2 macrophages might
play an important role in the pathogenesis of OA. How-
ever, the composition of immune cells in synovial tissue
could not discriminate clearly between normal and OA
groups, and other pathogenic factors still needed further
investigation.

3.2. Subchondral Bone. In subchondral bones of knee joint,
Figure 4(a) summarized the results obtained from 11 samples
with a CIBERSORT P value of <0.05. Of these, 2 samples
(GSM 1248762, GSM1248767) were normal and other 9
samples were osteoarthritic.

Overall, in osteoarthritic subchondral bones, the most
abundant infiltrating immune cells were T cell CD8 with
18.84%, activated mast cells with 17.37%, and activated T cell
CD4 memory with 9.12%, while in normal synovial samples,
the most abundant infiltrating immune cells were resting
mast cells with 76.97%, monocytes with 4.63%, and neutro-
phils with 4.61%.

The differences in proportions of resting master cells and
neutrophils between normal tissues and osteoarthritic tissues
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FiGure 3: The diagnostic value of composition of infiltrating immune cells for osteoarthritis in synovial tissue. (a) Principle component
analysis (PCA). (b) Component loading in PCA results. (c) Receiver operating characteristic analysis.

were statistically significant (Figure 4(b), P < 0.05). Lower
proportion for above significantly changed cells existed in
osteoarthritic tissues, compared with normal tissues. Consid-
ering that 2 normal cases were low number samples, we used
all 10 normal cases including low overall infiltration of
immune cells and found that the differences in proportions
of resting master cells and neutrophils between normal
tissues and osteoarthritic tissues were still statistically signif-
icant with P =0.005 and P < 0.001, respectively.

Correlations between proportions of resting dendritic
cells and activated dendritic cells, resting dendritic cells and
T cell CD4 naive, M1 macrophages and T cell regulatory,
and M2 macrophages and neutrophils were strong (absolute
value of correlation coefficient > 0.80, Figure 4(c)). There
might be a potential interaction between them.

To further elucidate the role of mast cells in the OA
immune cell network, correlations of resting and activated
mast cells with other immune cell populations by calculating
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FIGURE 4: The landscape of immune infiltration in osteoarthritis in subchondral bone. (a) The composition of immune cells for each sample.
Normal total: the average composition of immune cells in normal tissue; OA total: the average composition of immune cells in osteoarthritic
tissue. (b) The difference of immune infiltration between osteoarthritic tissue and normal tissue. (c) Correlation matrix of all 22 immune cell
proportions. (d) Heat map of the 22 immune cell proportions. OA: osteoarthritis.

the Pearson correlation coefficients in Figure 4(c) attracted
our attention. Activated mast cells correlated positively with
resting T cell CD4 memory, activated T cell CD4 memory,
plasma cells, and eosinophils. However, they correlated neg-
atively with T cell gamma delta, MO and M1 macrophages, T
cell regulatory, B cell memory, resting mast cells, neutro-
phils, and T cell CD8. Resting mast cells correlated posi-
tively with T cell gamma delta, monocytes, and
neutrophils, while they correlated negatively with M1 mac-
rophages, activated T cell CD4 memory, activated NK
cells, T cell CD8, M2 macrophages, B cell naive, and acti-
vated master cells. Among them, statistical tests of correla-
tion analysis were significant between activated mast cells
and plasma cells, activated mast cells and eosinophils, rest-
ing mast cells and monocytes, and resting mast cells and
neutrophils.

As shown in Figure 4(d), using unsupervised hierarchical
clustering based on the above-identified cell subpopulation in
subchondral bone, the samples of pathological and normal
could be clearly separated into two discrete groups.

In subchondral bones, the proportions of immune cells,
from the PCA, displayed distinct group-bias clustering
(Figure 5(a)). PC1 appeared to discriminate further between
normal and OA groups, with 47.84% variation. Resting mast
cells and T cell CD8 were the major component of PCl

(Figure 5(b)). The above-mentioned cells might be related
to the pathological mechanism of OA.

Collectively, in subchondral bones, these results indicated
that aberrant immune infiltration and its heterogeneous in
OA also might have important clinical meanings. It is worth
noting that the proportion of master cells was high in knee
subchondral bones. And the difference of their proportion
in OA patients and normal people had statistical significance.
It also had certain clinical diagnostic significance for OA.
Therefore, we speculated that master cells played an impor-
tant role in the pathogenesis of OA. Compared with synovial
tissue, the composition of immune cells appeared to discrim-
inate further between normal and OA groups. Thus, the bone
immune response in subchondral bones was relatively
important pathogenesis.

3.3. Meniscus and Cartilage. Using the CIBERSORT algo-
rithm, we found that the CIBERSORT P values of 22 subpop-
ulations of infiltrating immune cells in 71 cartilage OA
samples and 25 OA meniscus samples from 6 studies were
higher than 0.05 (Figure 6(a)).

As mentioned before, the P value derived by CIBER-
SORT could reflect the proportion of a sample that comprises
immune cells versus nonimmune cells. This indicated that
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F1Gure 5: The diagnostic value of composition of infiltrating immune cells for osteoarthritis in subchondral bone. (a) Principle components

analysis (PCA). (b) Component loading in PCA results.

there was almost no infiltration of immune cells in the menis-
cus and cartilage of the knee joint. Therefore, we speculated
that in the pathogenesis of OA, cartilage and meniscus
lesions mainly came from mechanical injury, humoral
immunity, and other factors. Figure 6(a) also showed a high

degree of immune cell infiltration in synovial OA tissues
(76.47%, CIBERSORT P < 0.01).

The degree of immune cell infiltration into the tissue is a
crucial prognostic factor. To characterize the correlations
between immune cell composition and the degree of immune
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FIGURE 6: Overall infiltration of immune cells in different osteoarthritis tissues. (a) Overall proportion of immune cells in different

osteoarthritis tissues. P <0.01: high infiltration of immune cells;

0.01 < P<0.05: medium infiltration of immune cells; P > 0.05: low

infiltration of immune cells. (b) Immune scores in different osteoarthritis tissues calculated by xCell.

cell infiltration in OA, Pearson correlations of 22 immune
cell types with CIBERSORT P values were calculated. Finally,
we found that activated mast cells were mainly associated
with high immune cell infiltration in OA, no matter whether
in synovium (correlation coefficient = 0.713) or subchondral

bone (correlation coefficient = 0.359). P values < 0.002 were
considered as statistical significance (Bonferroni correction).

3.4. Similar Results Calculated by xCell and CIBERSORT
Algorithms. Immune scores obtained by xCell showed



18

BioMed Research International

TaBLE 2: Comparison of immune cell abundance in osteoarthritis subchondral bones and osteoarthritis synovial tissues calculated by xCell

and CIBERSORT algorithms.

Correlation between xCell and

Qualitative consistency xCell

Cell type xCell score CIBERSORT
Correlation coeflicient P value vs. CIBERSORT
Subchondral bone Neutrophils 0.0039 +0.00175 0.602 <0.001 Yes
Plasma cells 0.0066 +0.00163 0.555 <0.001 Yes
Macrophage M1 0.0067 +0.00101 -0.087 0.410 No
Synovial tissue
Macrophage M2 0.0071 +£0.00120 0.233 0.026 Yes
Eosinophils 0.0001 + 0.00006 0.075 0.479 Yes*

*Qualitative consistency without statistical significance.

immune cell infiltration in the cartilage, and the meniscus
was very low (Figure 6(b)), which was similar with the result
obtained by CIBERSORT. Moreover, xCell scores of immune
cells were mostly consistent with proportions of immune
cells calculated by CIBERSORT (Table 2).

4. Discussion

In the present study, we applied CIBERSORT to assess dif-
ferential immune cell infiltration in osteoarthritic tissues
and normal tissues in different structures of knee in
osteoarthritis.

We found that M2 macrophages infiltrated in the syno-
vium accounted for a high proportion, so the synovium
might be as the immunogenic location for M2 macrophages
playing an important role in OA. Previous studies have found
that there was a certain correlation between macrophages
and OA [32, 33]. Takano et al. found that interleukin- (IL-)
1B induced by macrophages in the synovium could upregu-
late calcitonin receptor in a mouse OA model, and calcitonin
gene-related peptide was involved in the occurrence of
arthritis-related pain [34]. Daghestani et al. have assessed
the inflammatory phenotypes predicted by macrophage bio-
markers in synovial fluid and blood of patients with KOA.
And they found that CD14, CD163 in synovial fluid, and
CD163 in serum were associated with a large number of
active macrophages, while CD163 and CD14 were associated
with formation of osteophyte in knee joint. CD14 was also
associated with the severity of knee joint space narrowing,
while CD14 in synovial fluid and serum was associated with
knee pain [35]. There are different types of macrophages,
and Mills et al. proposed the M1-M2 terminology in 2000
[36]. Macrophages activated through a pathway opposite to
the classical pathway are referred to as M2 or the alternative
pathway. It has been demonstrated that stimuli such as
CSF-1, IL-4, IL-10, TGF-f, IL-13, fungi, and helminth
infections favor M2 subpopulation polarization, delivering
IL-10 in high concentrations, and IL-12 in low amounts. A
series of studies have found that immune-suppressive,
proangiogenic M2 macrophages play a central role in
responses to parasites, tissue remodeling, angiogenesis, and
allergic diseases [37, 38]. In addition, CD163 is one of the
markers of macrophage M2 [39]. Combined with our result
that M2 macrophages were correlated to OA, we speculated

that infiltrating M2 macrophages in synovium might play a
vital role in the pathogenesis of OA.

Subchondral bone is another important component in
the progress of OA. Osteosclerosis in subchondral bone
caused by abnormal changes of subchondral bone could
occur in the early stage of OA. Moreover, some studies have
found that subchondral bone might be the initial cause of
osteoarthritis [40, 41]. Therefore, current research on the
pathogenesis of osteoarthritis and the research about new
treatment of KOA have focused on the role of subchondral
bone in the pathogenesis and progression of osteoarthritis
[42]. Most of previous studies related to subchondral bone
and the pathogenesis of osteoarthritis focused on bone
metabolism and biomechanical mechanisms [43-45]. Mast
cells are the most important effector cells in the innate
immune system. They are transformed from hematopoietic
cells produced by the precursors of pluripotent bone marrow
stem cells. Mast cells have attracted much attention in the
field of rheumatoid arthritis [46-48]. Ruschpler et al. have
found that mast cells played an important role in the patho-
genesis of rheumatoid arthritis [49]. However, compared
with studies in rheumatoid arthritis, the number of studies
about mast cells in osteoarthritis is far less. In the present
study, less resting mast cells and more activated mast cells
were found in the subchondral bone of OA patients. There-
fore, the immunological study of subchondral bone in osteo-
arthritis and the influence of mast cells on it should be paid
more attention.

Moreover, we found activated mast cells were mainly
associated with high immune cell infiltration in OA, in both
of synovium and subchondral bone. Mast cells could be acti-
vated by different stimuli [50]. However, CIBERSORT enu-
merates specifically IgE-activated mast cells because the
gene expression signature used for deconvolution was
obtained from mast cells stimulated by IgE [15]. Mast cells
are key regulators of immune effector cells [51]. Therefore,
their activation could be a desired aim of immunotherapy.
Moreover, we revealed the potential interaction between
these immune cells and other immune cells in our study.

The present study only focused on immune cell infiltra-
tion. However, other forms of immune response remain non-
negligible. In the degeneration of articular cartilage,
extracellular matrix, which protects special surface antigens
on chondrocyte from the immune system, disappeared and
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immune barrier was destroyed. Huber-Lang et al. found that
on the surface of posttraumatic debris, a variety of products
activated by complements were found on the surface of chon-
drocyte [52]. Jong et al. have proved that cartilage proteogly-
can peptide located in Gl domain could induce T cell
reaction and promote cartilage degradation in patients with
OA. Moreover, in proteoglycan and Yersinia outer proteins,
there is a same amino acid region, 263-283 sites, which could
induce immune response in patients with OA [53]. Frisenda
et al. used heterogeneous type II collagen to immunize mice,
which could induce arthritis, suggesting that cartilage colla-
gen was also a potential target of autoimmune reaction
[54]. Combined with the results of our study, it could be
speculated that in the cartilage of patients with OA, the
immune response might occur more in the form of humoral
immunity or other ways that did not require the infiltration
of immune cells.

Similarly, type I collagen is one of the components in
meniscus. When the meniscus was damaged, the exposed
type I collagen could also stimulate autoimmune response
[55]. In addition, inflammatory mediators have been shown
to be able to cooperate with nitric oxide, inhibit the synthesis
of collagen II and proteoglycan, and accelerate their degrada-
tion [56]. Combining with the relative lack of blood supply
and lymph nodes in the meniscus and cartilage, the results
of the present study excluded the influence of immune cell
infiltration in the meniscus and cartilage on OA to a certain
extent.

xCell is a novel gene signature-based method for infer-
ring 64 cell types including stromal cells and stem cells.
Therefore, xCell needs more genes for analysis and calcula-
tion than CIBERSORT. In the present study, GSE12021 for
synovial tissue was not selected for xCell analysis due to the
insufficient number of genes.

There are still some limitations to be acknowledged.
First, healthy knee samples were rare, and normal samples
in our study were mostly collected after amputation or
osteotomy which potentially influences immune infiltra-
tion. Second, in order to enlarge our sample size, several
studies from different platform were combined. Although
we conducted statistical methods to eliminate the bias,
heterogeneity in these data still impeded the repeatability
to some extent. Third, data in the present study only could
provide the correlation analysis between OA and immune
cells, instead of the exploration of the cause and effect
relationship. However, as mentioned above, previous stud-
ies have demonstrated that immunological mechanisms
play the vital role in the pathogenesis of OA. Thus, we
speculated that different infiltrating immune cell subpopu-
lations were the potential reason of OA. Finally, the pres-
ent study was based on publicly accessible array datasets.
Some basic characteristics of patients including age were
missing. Meanwhile, the immunologic function could be
influenced by many factors, including age and gender
[6]. However, pathological changing is always considered
as the main factor of the local infiltration of immune cells.
Therefore, sometimes other factors were neglected when
analyzed [18, 57, 58]. Our study mainly proposed some
new ideas in immunology for researches related to knee
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osteoarthritis. Further researches are still necessary to val-
idate our speculation.

5. Conclusion

The immune cell composition in OA differed substantially
from that of healthy joint tissue, while it also differed in
different anatomical structures of the knee. Meanwhile, acti-
vated mast cells were mainly associated with high immune
cell infiltration in OA. Furthermore, we speculate M2 macro-
phages in synovium and mast cells in subchondral bone may
play an important role in the pathogenesis of OA.
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Heightened activity of osteoclast is considered to be the culprit in breaking the balance during bone remodeling in pathological
conditions, such as osteoporosis. As a “foe” of skeletal health, many antiosteoporosis therapies aim to inhibit osteoclastogenesis.
However, bone remodeling is a dynamic process that requires the subtle coordination of osteoclasts and osteoblasts. Severe
suppression of osteoclast differentiation will impair bone formation because of the coupling effect. Thus, understanding the
complex roles of osteoclast in maintaining proper bone remodeling is highly warranted to develop better management of
osteoporosis. This review aimed to determine the varied roles of osteoclasts in maintaining skeletal health and to highlight the
positive roles of osteoclasts in maintaining normal bone remodeling. Generally, osteoclasts interact with osteocytes to initiate
targeted bone remodeling and have crosstalk with mesenchymal stem cells and osteoblasts via secreted factors or cell-cell contact
to promote bone formation. We believe that a better outcome of bone remodeling disorders will be achieved when proper
strategies are made to coordinate osteoclasts and osteoblasts in managing such disorders.

1. Introduction

Bone is a dynamic organ that continuously remodels in a
well-orchestrated manner to support body-required me-
chanical characteristics and maintain calcium homeostasis
throughout one’s lifetime [1, 2]. This constant remodeling
process requires delicate coordination from multiple cell
types, in which hematopoietic stem cell- (HSC-) derived
osteoclast (OC) lineage and bone marrow mesenchymal
stem cell- (BMSC-) derived osteoblast (OB) lineage receive
the most attention [3-5]. Balance between bone resorption

by OCs and bone formation by OBs is usually maintained
during the physiological process but dies away under
pathological conditions, such as inflammation, diabetes,
aging, and cancer, resulting in bone remodeling-related
disorders and diseases, such as osteoporosis, periodontitis,
inflammatory arthritis, Paget’s disease, or tumor-induced
osteolytic bone metastasis [6-10]. OCs, the giant cells that
are responsible for bone removal in the skeletal family, have
always been considered to be the main culprit in these
disorders and diseases because of its overactive function-
alities under pathological conditions [7, 8]. Therefore,
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antiresorptive drugs, such as bisphosphonates, receptor
activator of nuclear factor-xB (RANK) ligand (RANKL)
inhibitor, estrogen, or selective estrogen receptor modula-
tors, are prevalent therapeutics that target osteolysis and
rescue bone loss [11-13].

Recently, with the in-depth study in bone physiology,
OCs, the giant (but not a fool), are manifesting more
complex identities beyond their resorptive function. In
particular, the reciprocal interactions between bone cells are
attracting much attentions [14-16], because of the advanced
understanding of the bone coupling between osteoclastic
bone resorption and osteoblastic bone formation [3, 17, 18].
Through cell-cell contact, cell-bone matrix interaction, and
paracrine factors, OCs have crosstalk with other bone cells,
stem cells, and immune cells in the bone microenvironment,
which affects recruitment, differentiation, and function of
not only themselves but also the other cells [19-21]. This
effect of OCs on other cells is more apparent during skeletal
aging due to deteriorations on mesenchymal stem cell/
mesenchymal stromal cell- (MSC-) derived osteogenesis and
chondrogenesis, while HSC-derived osteoclastogenesis ad-
vances with increasing age, thereby gaining the initiative in
the bone remodeling process and functioning predomi-
nantly over other factors [22-25]. It should be noted that
OC-derived activities have both positive and negative effects,
and those “pure” antiresorptive drugs (bisphosphonates or
denosumab) for age-related bone disorder usually inhibit
bone resorption with a concomitant reduction in bone
formation owing to bone coupling, indicating the impor-
tance of OCs in maintaining normal bone remodeling after
adulthood [11, 26, 27].

This review aimed to determine the essential roles of OC
not just as a bone eater during bone remodeling but also as a
positive contributor to the bone microenvironment and
skeletal health. Specifically, we discuss how OCs contribute
to the recruitment and differentiation of MSCs, as well as the
following bone formation during remodeling. We hope this
review can provide a different perspective on recognizing
OCs when strategies are created to develop ideal therapeutic
agents that target bone remodeling disorders characterized
by excessive OC activity.

2. Osteoclasts and Bone Remodeling

Unlike bone modeling, which does not require coupled
activities of OCs and OBs during skeletal growth and de-
velopment, bone remodeling demands anatomically or
spatially coupled activities of OCs and OBs to replace the old
and damaged bone and to maintain calcium homeostasis in
the body throughout one’s life [28]. Each year, approxi-
mately 3 to 4 million basic multicellular units (BMUs) re-
sponsible for bone remodeling are initiated, and about 1
million of them are highly active as a standby for partici-
pating in bone turnover in the adult skeleton [28-30]. The
remodeling process inside the BMUs does not occur ran-
domly along the bone surface, but rather at specific sites, and
it follows a well-orchestrated sequence of events that are
typically divided into five stages: the activation of OC re-
cruitment, initiation of osteoclastic bone resorption,
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transition from catabolism to anabolism due to OC apo-
ptosis and OB recruitment, formation of the new organic
matrix by OBs, and subsequent mineralization over time
[28, 31]. In healthy adults, under physiological conditions,
bone mass can be stable for one or two decades after
reaching the peak volume due to a balance of the bone
resorption and bone formation, that is, until age-related
imbalance starts (heightened OC activity and reduced OB
performance) [6, 22, 28].

OCs, the unique bone-resorbing cells, arise from HSCs
and belong to the monocytic family [21, 32]. In the activation
phase of bone remodeling, mononuclear OC precursors in
the bone marrow or from blood circulation are attracted to
prospective resorption sites, where they attach to the matrix
surface and further differentiate into mature OCs (giant
multinucleated cells) via cell fusion, termed as “multi-
nucleation” [5, 32-34]. Mature OCs start to generate sealing
zones on the targeted matrix surface during the resorption
phase via the rearrangement of the cytoskeleton and the
formation of a dense belt-like structure called the “actin
ring” [35, 36]. The actin ring encloses the plasma membrane
and makes it into a highly convoluted ruffled border which
then serves as an exit site for protons and lysosomal pro-
teases, such as cathepsin K (CTSK) to be secreted into the
resorption lacunae, facilitating hydrolyzation and solubili-
zation of the inorganic and organic components of bone
[5, 20, 37]. By sensing the concentration of extracellular
calcium [Ca*'], around the cell and responding to the
change of intracellular Ca®* concentration [Ca**];, OCs
switch between the resorbing state featured by possessing
actin rings and the nonresorbing/migrating state featured by
scattered podosomes [38-40]. The resorbing activity of OCs
gradually declines when basal [Ca®*]; increases, whereas
lower [Ca®*]; reduces cell motility but enhances the an-
choring capacity of the cell onto the bone matrix surface
[38, 41]. Once resorption at one site is completed, OCs can
move and start a new resorption cycle somewhere else or
undergo apoptosis based on their lifespan [32, 36]. Among
key molecules and signaling pathways involved in the
process of osteoclastogenesis and resorption activity, RANK
signaling is dominant through the entire life cycle of OCs
and can be further amplified by costimulatory signals from
immunoreceptor tyrosine-based activation motif- (ITAM-)
associated immunoglobulin-like receptor (IgLR) signaling
[38, 42-44]. Details of the RANK signaling network, along
with other critical pathways that cooperate with it, such as
calcium signaling pathway (Ca®*/calmodulin/calcineurin/
NFATc1) and oxidative stress response pathway (ROS/Nrf2/
Keapl), have been well summarized in several excellent
papers and will not be discussed further in this review
[32, 38, 45-47].

Recent advances widely explored the origins of OCs and
associated them with aging and other pathological scenarios.
It was not until the last decade that researchers started to
decipher how aging affects the skeletal system tremendously.
While osteogenic and chondrogenic differentiation from
MSCs deteriorates, aging upgrades OC progenitors in both
quality and quantity, including increased intrinsic expres-
sion of c-Fms and RANK, and enlarged OC progenitor pool
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[22-25]. As the origin of the OC progenitor, HSCs con-
tribute to the reinforcement of the progenitors’ pool by
giving a bias toward myeloid development over lymphoid
differentiation with increasing age [23, 48]. Madel et al.
recently summarized different origins of OCs in an age-
dependent manner (Figure 1): the embryonic erythro-my-
eloid progenitor (EMP) lineage during the embryonic and
postnatal period, bone marrow myeloid/monocyte/macro-
phage (BMMs) lineage during adulthood, and conventional/
mature monocytes (MNs), as well as dendritic cells (DCs)
under inflammatory conditions which are usually seen in old
age [21, 49]. In addition to the promotion of OC progenitors
during aging, OC supporting cells, such as OBs, B cells, and
T cells, also contribute to osteoclastogenesis by increasing
RANKL expression and reducing osteoprotegerin (OPG)
level in the bone microenvironment, although the pop-
ulation of these cells decreases with increasing age
[24, 50-52]. Therefore, OC is vulnerable to be treated as a
“foe” of skeletal health because of hyperactivity, especially in
aged individuals. However, it does not negate its substantial
role as a “friend” in removing the old and damaged bone, as
well as a positive contributor during bone formation after
adulthood, which has become more understandable in the
last few years.

Several in vitro studies indicated that OC-derived factors
directly affect MSC recruitment and OB differentiation
[53-56]. Karsdal et al. reported that conditioned media
(CM) from human OCs increased bone nodule formation in
a dose-dependent manner, which was further confirmed by
Kreja et al. [53, 54, 56]. Interestingly, they also found that the
effect of OCs on MSC migration and OB differentiation can
be independent of their resorption activity. Likewise,
Henriksen’s study indicated that mature OCs were sources
of anabolic stimuli for OBs, and their interaction with the
matrix can strongly affect the anabolic signals from OCs to
OBs [55]. Conversely, a reduced number of OBs and bone
formation were found in OC-poor osteopetrosis, indicating
a critical role of OCs in regulating bone anabolic function
[57]. All these findings suggest complex identities of the
giant beyond the resorption function.

3. Osteoclasts and the Initiation of
Bone Remodeling

The initiation phase of bone remodeling includes the re-
cruitment of OC precursors, differentiation and functioning of
OCs, and maintenance of bone resorption [28, 31]. The ini-
tiation of osteoclastogenesis largely depends on the crosstalk
between OC precursors and the OB lineage cells. Emerging
data supports the central regulatory role of osteocytes in the
initial stage of bone remodeling [58-62]. As the most abundant
cells in bone that are derived from OBs and embedded in the
bone matrix, osteocytes play a role in determining which bone
surface OCs are about to resorb [58, 59]. Through a network of
osteocyte canaliculi, osteocytes can detect microfractures and
microcracks in bone and contact other cells, such as OBs, on
the bone surface. Bone fatigue induces apoptosis of osteocytes,
which are localized to regions that contain microcracks, and
this apoptosis was observed to precede OC invasion in the

damaged area, which triggers subsequent bone remodeling in
the targeted region [63].

Osteocytes have also crosstalk with OCs via secreted
proteins. Osteocytes can control OC function by secreting
RANKL and transforming growth factor beta (TGEF-f)
[64, 65]. RANKL, one of the essential osteoclastogenic
factors, is mainly secreted by osteocytes [65-67]. Naka-
shima et al. [65] demonstrated that osteocytes express a
much higher amount of RANKL and have a better capacity
to support osteoclastogenesis than OBs and bone marrow
stromal cells, which is a strong evidence for the crosstalk
between osteocytes and OCs in bone remodeling. The
MLO-Y4 osteocyte-like cell line represents a good model
for studying the soluble interactions between osteocytes
and OCs [64]. When mechanical scratching was applied to
MLO-Y4 cells, enhanced secretion of osteoclastogenic
factors, RANKL, and the monocyte colony-stimulating
factor (M-CSF) was observed. The mechanical scratching of
osteocytes induced the formation of tartrate-resistant acid
phosphatase- (TRACP-) positive cells on top of the gel
along the damaged region. No TRACP-positive cells were
formed in the peripheral regions [59]. These findings in-
dicate that soluble factors secreted from damaged osteo-
cytes could locally induce and activate the initial phase of
OCs formation.

The initiation of bone remodeling at the targeted bone
site is essential for the renewal of an old or damaged bone
matrix to prevent the skeleton from aging. Failure to trigger
bone remodeling can result in accumulated microdamage
and hypermineralization, which leads to reduced bone
quality and increased fracture risk. Thus, retaining the
crosstalk between OCs and osteocytes is beneficial for
skeletal health when managing high turnover bone disor-
ders, such as osteoporosis.

4. Effect of Osteoclasts on Mesenchymal Stem
Cell Recruitment and
Osteoblast Differentiation

After the old or damaged bone is resorbed by OCs, bone
remodeling enters the second phase: the transition of OC to
OB activity. In this reversal phase of bone remodeling, the
microenvironment created by OC activity provides signals
that aid in the cessation of bone resorption and the initiation
of bone formation via the recruitment and differentiation of
MSCs [17, 68]. The bone resorptive microenvironment is
built by multiple factors that are released from the bone
matrix during bone resorption or directly secreted by OCs
locally, which also contribute to the establishment of the
osteogenic microenvironment that promotes the recruit-
ment of MSCs [4, 69-71]. MSCs are multipotent stem cells
that are capable of differentiating into various cell types,
such as OBs, adipocytes, and chondroblasts [72, 73]. In the
bone marrow, MSCs are located around sinusoids and the
perivascular network in the stroma [74, 75]. During bone
remodeling and fractured-bone regeneration, MSCs migrate
to the bone surface or fracture site and then differentiate into
OBs to reconstruct the bone [76], subsequent to the
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FiGure 1: Origins of osteoclasts in an age-dependent manner [21]. Osteoclasts (OCs) differentiate from the embryonic erythro-myeloid
progenitor (EMP) lineage during the embryonic and postnatal period. In adulthood, bone marrow myeloid/monocyte/macrophages
(BMMs) derived from hematopoietic stem cells (HSCs) are the main origin of osteoclasts. Moreover, monocytes (MNs) and dendritic cells
(DCs) are also important origins of osteoclasts in aged or pathological conditions. MOP: macrophage/osteoclast progenitor.

osteoclastic resorptive phase. It has been well demonstrated
that local growth factors and signals play important roles in
the recruitment and commitment of MSCs [77], such as the
bone morphogenetic protein (BMP) family [78], insulin-like
growth factor (IGF) [79, 80], TGF-f [68, 81], fibroblast
growth factor 2 (FGF-2) [82], vascular endothelial growth
factors (VEGF) [78], and platelet-derived growth factors
(PDGFs) [83, 84]. Moreover, emerging evidence showed that
many of these local factors are associated with the viability
and activity of OCs [17, 20, 54].

4.1. Osteoclastic Resorption Releases Bone Matrix Embedded
Factors and Recruits Mesenchymal Stem Cells. Factors re-
leased from the bone matrix during bone resorption may be
the first signal from OCs that has been found to affect
MSCs. The bone matrix contains many latent growth
factors that are deposited by OBs during matrix con-
struction and then released by osteoclastic resorption on
the bone surface [85, 86]. Howard et al. [87] firstly pro-
posed that the release of coupling factors embedded in the
bone matrix may positively affect MSC-derived osteo-
genesis. To date, several matrix-derived factors have been
identified as potential factors involved in bone remodeling,
such as TGF-f [85, 88], IGF-1 [69], bone morphogenetic
protein (BMP)-2 [89, 90], and vascular endothelial growth
tactor (VEGF) [91]. In particular, matrix-derived TGF-f1
and IGF-1 have shown definite effects linking bone re-
sorption to MSC recruitment and differentiation based on
genetically manipulated mice data. Tang et al. [88] dem-
onstrated that TGF-f1 released during OCs culture on bone
slices in vitro induces the migration of MSCs. They also
found high levels of active TGF-f1 in the bone resorption-
conditioned media (BRCM) when functional OCs were
cultured with bone slices in vitro, whereas active TGF-f1
was barely detectable in the conditioned media prepared
without bone slices. Moreover, BRCM prepared using OCs

generated from normal mice and bone slices prepared from
TGF-p1 1 knockout (TGF-B1-/-) mice was significantly
less effective in promoting the migration of BMSCs [88],
demonstrating that matrix-derived TGF-f1 plays a key role
in recruiting MSCs. Similarly, it has also been well dem-
onstrated that IGF-1 released from the bone matrix by
functioning OCs stimulated OB differentiation of MSCs by
activating the mammalian target of rapamycin (mTOR)
through the PI3K-Akt pathway [69].

4.2. Osteoclast-Secreted Factors Recruit Mesenchymal Stem
Cells and Promote Osteoblast Differentiation. Besides the
matrix-derived factors, increasing data also suggest that
factors directly secreted by OC lineage cells play a crucial
role in coupling osteoclastic bone resorption with osteo-
blastic bone formation. Henriksen et al. [55] performed a
research to address the anabolic effect of OC linage cells in
different stages. They collected the conditioned medium
(CM) from macrophages, pre-OCs, and mature functional
or nonresorbing OCs and tested their effects on osteogenesis
in vitro. Their results suggested that CM from macrophages
did not induce bone formation, while CM from mature OCs
promoted osteogenesis, both dependent on and independent
of their resorptive activity. Kim et al. [56] also conducted a
research to explore when the coupling factors are taking
effect during osteoclastogenesis. They found that CM from
OCs in the early stage of differentiation predominantly
enhanced the migration of osteoblastic lineage cells, con-
firming that OCs play an important role in the coupling by
stimulating pre-OBs migration.

To date, increasing studies have identified numerous
secreted molecules from OCs and explored their potential
roles in bone remodeling. In Table 1, we have summarized
the OC-secreted factors and their effects on MSC migration,
OB differentiation in vitro, or bone formation in vivo.
Among them, factors including Afamin [56], CXCL16 [98],



BioMed Research International 5
TaBLE 1: Summary of osteoclast-secreted factors on bone remodeling.
Factor secreted by osteoclasts Effect on bone remodeling Reference
Osteoclast-derived enhancing factors of bone formation
Afamin secreted by osteoclasts in the early stage of differentiation
stimulates preosteoblasts migration in vitro via the Akt-signaling
. . pathway
Afamin Afamin Afamin can prevent Wnt proteins from aggregating and deliver Wnt [56, 92]
ligands to its receptors on the cell surface, which plays an important role
in osteogenesis
Synthesis of BMPs has been confirmed in osteoclasts using
BMP6 Bone morphogenic protein 6 immunocytochemistry and in situ hybridization [93, 94]
BMP6 promotes osteoblast differentiation
C3 gene expression increases during osteoclastogenesis, and the cleavage
C3a Complement component 3a product C3a is detected in the conditioned medium of osteoclasts [95]
C3a promotes osteoblast differentiation
. . CT-1 promotes osteoblast differentiation
CT-1 Cardiotrophin-1 Neonatal Ct-1-/— mice have decreased osteoblast numbers and BV/TV (56
CTHCRI is secreted by mature bone-resorbing osteoclasts
CTHCRI Collagen triple repeat CTHCRI stimulates osteoblast differentiation [97]
containingl Osteoclast-specific deletion of CTHCRI in mice resulted in osteopenia
due to reduced bone formation
. . TGF-p1 released from the bone matrix during bone resorption induces
CXCL16 Chemok11ri1 eailfl_)l(éc motif) CXCL16 production in osteoclasts, which promotes migration of [98]
& osteoblast progenitors in bone remodeling
Osteoclasts can synthesize and secrete biologically active HGF, which
HGF Hepatocyte growth factor ~ promotes osteoblast proliferation and increases osteopontin expression  [99, 100]
in osteoblasts
PDGE-BB Platelet-derived growth factor PDGEF-BB induces MSC migration, but it inhibits osteoblast [53, 101-103]
BB differentiation
. . S1P stimulates MSC migration and promotes osteoblast differentiation
SIP Sphingosine-1-phosphate Raising S1P levels in adult mice markedly increased bone formation [104-106]
Osteoclast-secreted SLIT3 synchronously inhibits bone resorption and
N . stimulates bone formation
SLIT3 slit guidance ligand 3 SLIT3 injection in mice markedly rescued bone loss after ovariectomy [107]
surgery
Tartrate-resistant acid TRAP promotes osteoblast differentiation
TRAP TRAP overexpressing transgenic mice have an increased rate of bone  [108, 109]
phosphatase
turnover
Vesicular Vesicular TNF receptor Mature OCs secrete vesicular RANK, which binds osteoblastic RANKL [110]
RANK superfamily member 11A  and promotes bone formation via triggering RANKL reverse signaling
Wnt10b Wat family member 10b Wntl0b expression increases du'rmg (')ste.oclastogenesw [104]
Wntl0b promotes mineralization
Osteoclast-derived inhibiting factors of bone formation
LIF Leukemia inhibitor factor LIF inhibits TGFbl-induced osteoblast migration [98]
Sema4D suppresses bone formation by inhibiting IGF-1 signaling
Sema4D Semaphorin 4D Sema4d-/- mice show an osteosclerotic phenotype due to augmented [111]
bone formation
SOST Sclerostin SOST is expressed in osteocl.asts erm aged mice zhind‘1nh1b1ts osteoclast- [112]
mediated stimulation of mineralization
Exosomal miR- Exosomal miR-214-3p miR-214-3p reduces bone formation in elderly women with fractures and [113, 114]

214-3p

in ovariectomized mice

PDGE-BB [101, 102], and S1P [104, 105] secreted by OCs can
promote the migration of MSC or OB progenitors, and factors
such as BMP6 [98], C3a [95], CT-1 [96], CTHCRI [97], HGF
[99, 100], SLIT3 [107], Trap [108, 109], and vesicular RANK
[110] exhibit enhancing effects on OB differentiation in vitro
or bone formation in vivo. However, some other factors such
as Sema4D [111], sclerostin [112], and exosomal miR-214-3p
[113] show an inhibiting effect on bone formation. These
factors may act as a “fine-tuning” mediator of the bone

remodeling process in the BMUs, by inhibiting the remod-
eling process under some special conditions. Besides, these
factors are often highly expressed in OCs from aged or
ovariectomized mice, suggesting that they may play a role in
bone remodeling disorders during aging. Overall, on the basis
of the current findings, most OC-secreted factors show en-
hancing effects on MSC recruitment or OB differentiation,
indicating an essential role of OCs in maintaining normal
bone formation during the remodeling process.
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FIGURE 2: Schematic illustration of the interaction between osteoclast (OC) and osteoblast (OB) lineage cells in bone remodeling. OC
precursors are activated by TGF-f, M-CSF, and RANKL secreted by osteocytes and attracted to prospective resorption sites. Once attached
to the bone matrix, OC precursors can differentiate into mature OCs. Mature OCs will further acidify and resorb the mineralized bone
matrix by pumping hydrogen ions into resorptive captivity through their ruftled border structure. During bone resorption, OC can release
several coupling factors, such as matrix-derived TGF-f, matrix-derived IGF-1, Afamin, CXCL16, PDGF-BB, and SIP et al., which recruit

circulated mesenchymal stem cells (MSCs) to the resorption area.

Besides, OC also secretes some other coupling factors, such as BMP6,

SLIT3, C3a, TRAP, CT-1, and RANK et al., which further promote the differentiation from MSCs towards OBs. Additionally, the ephrinB2/
ephB4 interaction between OC and OB precursors suppresses the bone resorption activity of OCs, whereas such interaction could trigger OB

differentiation of OB precursors and enhance bone formation.

4.3. Osteoclast and Osteoblast Cell-Cell Contact: A Potential
Mechanism of Transition in Bone Remodeling. OCs and OB
lineage cells can also communicate through cell-cell contact
to achieve the coupling of bone resorption and formation.
Traditionally, it has been thought that OCs and OBs do not
occur simultaneously at the same BMUs, and direct contact
between mature OBs and functioning OC:s is relatively rare
[115]. In recent years, direct OC-OB contact in vivo has been
detected using transmission electron microscopy [31] and
intravital two-photon imaging [116]. Furuya et al. demon-
strated that mature OCs became nonresorptive when they
made contact with mature OBs, and intermittent admin-
istration of the parathyroid hormone (PTH) led to an in-
crease in cell-cell contact between OCs and OBs, which
causes bone anabolic effects [116].

How does the cell-cell contact cause bidirectional effects
between OCs and OBs? EphrinB2/EphB4 interaction be-
tween OCs and OBs plays a role in the transition from bone
resorption to the formation. Ephrin/Eph family members
are local mediators of cell function through contact-de-
pendent manner during various developmental processes
[117, 118]. Interaction between ephrin-expressing and Eph-
expressing cells leads to bidirectional signal transduction.
Mature OCs express ephrinB2, whereas OB precursors

express EphB4 (Figure 2). Forward signaling through the
EphB4 receptor into OB precursors enhances osteogenic
differentiation by reducing RhoA activity, while reverse
signaling through ephrinB2 ligand into OCs suppresses OC
function by inhibiting the osteoclastogenic c-Fos-NFATcl
cascade [119]. However, it has also been suggested that mice
lacking ephrinB2 showed no skeletal abnormalities [119].
Thus, the role of ephrinB2/EphB4 interaction between OCs
and OBs in the transition from bone resorption to formation
needs further confirmation.

5. Summary and Perspectives

The skeletal system provides mechanical support, protects
vital organs, and controls mineral homeostasis in the human
body. It is the constant bone remodeling throughout one’s
life that removes the old and damaged bone, keeping the
skeletal system healthy. During the recent decade, many
studies have demonstrated mechanisms for how osteoclastic
bone resorption contributes to the subsequent bone for-
mation in bone remodeling (Figure 2) and provided a well-
rounded understanding of the roles of OCs in maintaining
proper bone remodeling.
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Osteoporosis, the most prevalent disorder of bone
remodeling by far, is characterized by the heightened activity
of OCs [6, 7]. Currently, the available treatments of osteo-
porosis comprise antiresorptive agents, such as bisphosph-
onate and denosumab, and anabolic treatments such as PTH
[6, 13]. However, most antiresorptive agents that suppress OC
differentiation will concomitantly impair bone formation
because of the coupling effect, leading to an unsatisfactory
long-term effect and potentially increasing the likelihood of
long-term adverse events, such as osteonecrosis of the jaw
[120]. Thus, new agents under development for osteoporosis
may try to retain the OC coupling factors while inhibiting OC
functions. Odanacatib, a small-molecule inhibitor of CTSK,
can decrease bone resorption without affecting OBs and
appears to promote bone formation [106, 121, 122], probably
because of the suppression on OC activity rather than the
inhibition on OC viability, thus allowing continuous crosstalk
between OCs and OBs. Unfortunately, because of the un-
foreseen cerebrovascular events, the clinical development of
odanacatib was terminated. The side effects may result from
the off-target effects of CTSK inhibitors on other members of
the cathepsin family, such as cathepsins B, L, and S. None-
theless, the experience learned from the underlying biology of
CTSK inhibitors could guide future therapeutic approaches
for osteoporosis: dissociating the inhibition of bone resorp-
tion from the coupled reduction in bone formation. This may
be a promising strategy in the development of a new drug and
we believe that a better outcome will be achieved when proper
strategies are made to coordinate OCs and OBs in managing
bone remodeling disorders.
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Background. According to several studies, the autoimmune response may lead to osteoarthritis and dyslipidemia and may affect the
homeostasis of the human body’s internal environment and then cause its own immune regulation. Consequently, the risk of
osteoarthritis might be increased by dyslipidemia, but this association is not universally acknowledged. Therefore, a systematic
review and meta-analysis was conducted to study the relationship between dyslipidemia and the risk of osteoarthritis. Methods.
In this study, PubMed, EMBASE, and the ISI Web of Science were used to identify related studies published before July 2018.
The relationship between dyslipidemia and the risk of osteoarthritis was evaluated on the basis of relative risk (RR) values and
the corresponding 95% confidence intervals (CIs). To further investigate this relationship, we also employed the random effects
model proposed by DerSimonian and Laird. Results. A total of nine studies were included to study the effect of dyslipidemia on
the risk of osteoarthritis, including four cohort, three case-control, and two cross-sectional studies. Among these studies, six
stated data for knee osteoarthritis, two reported on hand osteoarthritis, and one reported on hip osteoarthritis. A total of 53,955
participants were included in the meta-analysis, comprising 22,501 patients with OA (19,733 hand OA, 2,679 knee OA, and 89
hip OA). Based on the meta-analysis of case-control and cross-sectional studies, osteoarthritis was clearly higher in those with
dyslipidemia compared to those who did not suffer from dyslipidemia (case-control: OR =1.37; 95%CI = 1.27-1.46; cross-
sectional: OR =1.33; 95%CI =1.21-1.46). In addition, the meta-analysis of cohort studies did not present any relationship
between dyslipidemia and OA (RR = 1.00; 95%CI = 0.85-1.14). Conclusions. Even though our meta-analysis of case-control and
cross-sectional studies suggested a strong relationship between dyslipidemia and osteoarthritis; this relationship was not
validated by our meta-analysis of only cohort studies. As a result, further investigation needs to be conducted on the
relationship between dyslipidemia and osteoarthritis, considering the significant public health relevance of the topic.

1. Introduction

Osteoarthritis (OA) refers to a chronic degenerative disease
that involves the cartilage, as well as its surrounding tissues
[1]. OA is considered the most common joint disease,
and nearly 10-12% of the population suffers from OA [2].
In addition, it is expected that this number will increase dra-
matically due to the quickly increasing aging population
combined with the growing prevalence of obesity [3]. Conse-
quently, osteoarthritis is considered to have a negative influ-

ence on the health economy [4]. It can be forecast that by the
year 2032, an additional 26,000 per million patients over the
age of 45 will present to their general practitioner with oste-
oarthritis compared to 2012 [5]. OA is associated with age,
female gender, obesity, joint injury, and career, as well as a
high level of physical activity [5]. In addition, the autoim-
mune response of the synovium plays an important role in
rheumatoid arthritis. In recent years, the immunological
pathogenesis of synovium in osteoarthritis has attracted the
attention of many researchers. Whether the immune
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mechanism and inflammatory mediators are involved in the
occurrence and development of osteoarthritis deserves fur-
ther discussion. This may provide a new research idea for
the pathogenesis of osteoarthritis, to improve our under-
standing of the development of this disease and change the
way of treatment. In recent years, research has shown that
metabolic syndrome is closely associated with OA, which is
even a part of generalized metabolic disorder. Metabolic syn-
drome is composed of a bundle of interrelated metabolic risk
factors, including diabetes, obesity, dyslipoproteinemia, and
hypertension [6]. Furthermore, the incidence of metabolic
syndrome is very high; it has been estimated to be as high
as 26.7% in industrialized countries [6]. In the context of
musculoskeletal disorders, metabolic syndrome has increas-
ingly gained more attention because of its relationship with
knee OA [7]. Obesity, the main feature in metabolic syn-
drome, is overwhelmingly related to degenerative joint
changes in regard to mechanical load [8]. Alternatively,
obesity-related OA can afflict nonweight-bearing joints
(e.g., the hands), signifying a role of adipokines (circulating
mediators released by adipose tissue), such as leptin. Thus,
OA may have a systemic metabolic element [9]. In addition,
OA can be categorized into three phenotypes: metabolic OA,
age-related OA, and injury-related OA [10]. Nevertheless, as
one of the components of metabolic syndrome, the role of
dyslipidemia in the pathogenesis of OA is not completely
understood. Dyslipidemia may affect the homeostasis of the
human body’s internal environment and then cause its own
immune regulation. Dyslipidemia is related to chronic low-
grade inflammation and oxidative stress, likely increasing
the development of OA [11, 12]. A survey carried out by
Ghandehari concluded that approximately 51.4 million US
adults presented with high cholesterol and triglycerides, in
addition to 36.1 million with elevated low-density lipopro-
teins [13]. As a result, we chose to conduct a systematic
review and meta-analysis of the published observational
studies to better comprehend the relationship between dys-
lipidemia and the risk of OA.

2. Materials and Methods

This research was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) Statement [14] and the Meta-analysis of Observa-
tional Studies in Epidemiology (MOOSE) guidelines [15].

2.1. Data Sources and Search Strategy. Published studies in
PubMed, EMBASE, and the Web of Science were searched
based on the following keywords: (“hyperlipidaemia” OR
“dyslipidemia” OR “triglyceride” OR “cholesterol” OR “lipo-
protein” OR “lipid” OR “metabolic syndrome”) and (“OA”).
No restrictions on language or the date of publication were
placed. Additionally, this study also searched the reference
lists. Unpublished studies and original data were not included.

2.2. Eligibility Criteria for Study Selection. The eligibility cri-
teria were as follows: study design (randomized controlled
trials and cohort, case-control, or cross-sectional studies);
an exposure factor of blood lipid levels and an outcome of
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OA; availability of the odds ratio (OR)/risk ratio (RR) values
and corresponding 95% confidence intervals (CIs) for dyslip-
idemia patients and the general population; or the availability
of sufficient information to measure these variables. The
most recent all-inclusive study was searched under the condi-
tion that two studies used the same population. The defini-
tion of dyslipidemia was in line with the US National
Cholesterol Education Program Adult Treatment Panel III
guidelines. In accordance with the National Cholesterol Edu-
cation Program, the definition of dyslipidemia was high-
density lipoprotein cholesterol (HDL-C) < 40 mg/dL, as well
as total cholesterol, low-density lipoprotein cholesterol
(LDL-C), and TG levels of >200, >130, and >130mg/dL,
respectively [5]. The definition of osteoarthritis was in line
with the American College of Rheumatology (ACR) clinical
and clinical plus radiographic criteria [6]. The ACR classifi-
cation criteria for (OA) permits the categorization of individ-
uals for hand, knee, and hip OA [6]. We strictly abided by
this classification standard.

2.3. Data Abstraction and Quality Assessment. Two scholars
(J.X. and J.L.) obtained the essential information from the
chosen studies according to the standard. The following
information was gathered: name of the first author, publica-
tion year, country in which the research was carried out,
study design, number of participants, period of follow-up,
sources of controls, potential adjusted confounding variables,
OR/RR values, and 95% Cls.

To date, no available common scale has been proposed to
evaluate the quality of all kinds of observational studies. As a
result, two authors individually employ the modified
Newcastle-Ottawa Scale (NOS) [16] as reported by Zhu
etal. [17] to assess the quality of the included studies. Quality
types were allocated in accordance with the scores of each
study, consisting of high quality (score 7-9), medium quality
(score 4-6), and low quality (score less than 4) [18]. The max-
imum total score could reach 9 points, and discrepancies
were solved by mutual agreement.

2.4. Statistical Analysis. The random effects model put for-
ward by DerSimonian and Laird was applied to investigate
the relationship between dyslipidemia and the risk of OA
among the cohort studies [19]. The I? statistic was employed
to evaluate heterogeneity between the studies. Low, medium,
and high heterogeneities were categorized as 25%, 50%, and
75%, respectively [20]. Definite heterogeneity was assumed
if the p value was less than 0.1. Sensitivity analyses were con-
ducted by altering the pooling model [21]. In addition, a sen-
sitivity analysis was carried out to evaluate the influence of
each individual study on the summarized estimate by means
of successively excluding one research study at a time. Publi-
cation bias was assessed using Begg’s [22] and Egger’s [23]
tests. No testing for funnel plot asymmetry was carried out
due to the limited number of studies included in the analysis
(n<10) [24].

Furthermore, we conducted a meta-analysis of the case-
control and cross-sectional studies in regard to the influence
of dyslipidemia on the risk of OA and expressed the results as
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F1GURE 1: Study selection process for the meta-analysis.

pooled risk ratios with 95% CIs with the application of a ran-
dom effects model.

STATA version 12.0 (Stata) was carried out to perform all
statistical analyses.

3. Results

3.1. Study Selection and Study Characteristics. The process of
study selection for the meta-analysis can be found in
Figure 1. In total, 1,917 articles were obtained through the
initial search, and 502 were duplicates. An additional 1,266
studies were removed based on the title and abstract.
Eventually, after evaluation of the full texts, eight studies
were excluded for the reason that they did not satisfy
our inclusion criteria: three studies offered inadequate
information [25-27], three studies did not offer ORs or RRs
for OA or adequate information to calculate these variables
[28-30], and two studies were removed that either did not
have dyslipidemia as an exposure or did not have OA as an
outcome [31, 32]. Ultimately, nine available observational
articles were recognized for our meta-analysis [33-41].
Table 1 presents the principal features of the studies
included in the meta-analysis, all of which were observational
studies. The studies were conducted in the following coun-
tries: two in China, one in the UK, one in Germany, one in

Switzerland, one in Sweden, one in Australia, one in Japan,
and one in Korea. Four studies were cohort studies, three
were case-control studies, and two were cross-sectional
studies. All the studies included the levels of serum TC
and TGs, as well as LDL and HDL cholesterol as exposures.
A total of 53,955 participants were included in the meta-
analysis, comprising 22,754 patients with OA (19,733 hand
OA, 2,679 knee OA, and 89 hip OA). The mean age of
patients ranged from 46.5 to 81.2 years, and the presence
of hypertension and diabetes mellitus was described by
17.5% to 79.3% and 7.1% to 48.5% of patients, respectively.
Data from 1988 to 2014 were collected. The follow-up
period was within the range of 1 to 13 years. The modified
NOS scores for the included studies ranged from 5 to 9,
including seven high-quality studies and two medium-
quality studies (Table 2). A large proportion of the studies
offered risk estimates that were adjusted for age (6 studies),
smoking (6 studies), gender (4 studies), physical activity (4
studies), and alcohol consumption (3 studies). Fewer studies
were adjusted for lipid-lowering agents/statins (2 studies)
and BMI (1 study) (Table 1).

3.2. Cohort Studies. Reports from four studies permitted the
calculation of effect estimates for OA [34-36, 38]. All of the
cohort studies were population based, and the follow-up
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TaBLE 2: Modified Newcastle-Ottawa Scale scores for the included studies. The asterisks represent a score (number of stars).
Controlled for _. . . Provides .
. - Lists of inclusion Indicates
Fully  Defines . Describes important . enrollment -
Author/year Selection and exclusion . study period Total
o defined the study the general factors or o duration
of publication . of controls - . criteria for all and follow-  score
cases design characteristics ~ confounding L. for all .
participants - up duration
factors participants
Zhou/2017 : ’ : * ** : : : 9
Frey/2017 : : ) " * : * 8
Xie/2017 : ’ : * o : : 8
Gil/2017 : : : ** : : 7
Engstrom/2009 * § * i * * * 7
Han/2013 : ’ : : : : : : 8
Inoue/2011 : : : : ! 5
Hussain/2014 : ’ : : : : : 7
Sturmer/1998 : : : : : 5

was in the range of 1 to 3 years. Among them, two studies
reported data for knee OA, one study reported on hand
OA, and one study reported on hip and knee OA. In the
pooled analysis, dyslipidemia exerted a null influence on
the risk of OA (RR=1.00; 95%CI=0.85-1.14; I* =0%)
(Figure 2). In the sensitivity analysis, the general results for
the relationship between dyslipidemia and OA kept steady
with the changes of the pooling model (fixed: RR =1.00;
95%CI =0.85-1.14). In addition, when we successively
removed each study in turn to evaluate the stability of the
results, we found that no study likely influenced the pooled
risk estimate (Figure 3). No test for funnel plot asymmetry
was carried out due to the limited number of included studies
(n<10). Nevertheless, Begg’s (p=0.697) and Egger’s
(p = 0.465) tests failed to identify substantial publication bias.

3.3. Case-Control Studies. The relationship between dyslipid-
emia and the risk of OA was investigated by three case-
control studies [33, 40, 41]. Two case-control studies were
population-based, and one case-control study was hospital
based. According to Frey et al. [33] and Sturmer et al. [41],
there exists an increase in the risk of knee OA among dyslip-
idemia patients. Nevertheless, the results obtained by Inoue
et al. [40] suggested that dyslipidemia does not obviously
change the risk of hand OA. There exist significant pooled
estimates of the effect of cirrhosis without any considerable
heterogeneity (OR=1.37; 95%CI=1.27-1.46; I*=0%)
(Figure 2). Based on the general results, the risk of OA was
obviously higher among dyslipidemia patients in compari-
son with the general population. In accordance with the
sensitivity analysis, despite excluding studies where the
sources of controls were not hospital-based, the relationship
between dyslipidemia and OA remained steady. In addition,
the general results regarding the relationship between dys-
lipidemia and OA were kept under the condition that the
pooling model was changed (fixed effects model: OR =
1.37; 95%CI = 1.27-1.46; random effects model: OR =1.37;
95%CI = 1.27-1.46). Finally, when we successively removed
each study in turn to evaluate the stability of the results, no
research likely influenced the pooled risk estimate.

3.4. Cross-Sectional. Two hospital-based, cross-sectional
studies reported the influence of dyslipidemia on the risk
of OA [37, 39]. Both studies reported data on knee OA,
and both reported an obvious connection of dyslipidemia
with OA. The random effects meta-analysis also demon-
strated that dyslipidemia considerably increased the risk of
OA, without heterogeneity (OR =1.33; 95%CI = 1.21-1.46;
I? =0%) (Figure 2).

4. Discussion

Admittedly, this is the first meta-analysis to investigate the
relationship between dyslipidemia and the risk of OA.
Even though a meta-analysis of cohort studies did not
present any connection between dyslipidemia and OA, a
meta-analysis of case-control and cross-sectional studies
demonstrated that the risk of OA was obviously higher
among those suffering from dyslipidemia compared to
those without dyslipidemia.

The potential pathophysiological mechanisms account-
ing for these results remain unknown. Changed expression
of cholesterol influx genes in human osteoarthritic chondro-
cytes and in the cartilage of patients with OA has been
depicted [42]. Moreover, in vivo studies have demonstrated
that decreased high-density lipoprotein cholesterol plays an
important role in the pathogenesis of OA. Based on early
research, dietary cholesterol intake has been shown to
increase spontaneous cartilage damage in mice [43]. Corre-
spondingly, high LDL levels stimulate synovial inflamma-
tion, as well as ectopic bone formation, in mouse OA
models [43]. LDL could be involved in the development
and progression of OA through the stimulation of synovial
cells and chondrocytes [44].

There are several strengths of our study. First, this is the
first meta-analysis to investigate the relationship between
dyslipidemia and the risk of OA with a large sample size
(22,754 cases of OA and 53,955 participants), probably pro-
viding a reference in regard to this relationship. Clinically,
the results indicate that patients with dyslipidemia are
required to focus more on their risk of OA in comparison
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FIGURE 2: Forrest plot showing the relationship between dyslipidemia and the risk of OA, using a random effects model and depicted on a
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with the general population. Second, a comprehensive litera-
ture search was conducted using PubMed, EMBASE, and the
Web of Science to recognize potential studies from which to
examine the relationship between dyslipidemia and the risk
of OA. Additionally, most of the studies included were
high-quality studies. All of these features enhance the reli-
ability of our study.

However, this study still has some limitations. First, a
meta-analysis of the different locations of OA, such as the
knee, hip, and hand, was not conducted due to the limited
number of included studies. The effect of dyslipidemia on
the risk of knee vs. hip OA may have differences because of
the diverse susceptibility of these two joints to metabolic fac-
tors. The knee may have more dependence on soft tissue and
neuromuscular control for its stability. Comparatively, in the
hip, the bony shape and joint congruence seem to have
greater significance on the development of hip OA, which
makes the hip less vulnerable to the effects of inflammation.
Second, the observed outcome was an association, which is
considered a confounding bias. Seven studies reported data
on knee or hip osteoarthritis, but not all of the studies were
adjusted for BMI or physical activity. Zhou et al. [39], Xie
et al. [37], Engstrom et al. [35], Han et al. [36], and Monira
Hussain et al. [34] reported on knee or hip osteoarthritis

adjusted for physical activity (activity level). Hussain et al.
[34] reported on knee osteoarthritis adjusted for BMI. Two
studies (Inoue et al. [40] and Sturmer et al. [41]) that
reported data on knee osteoarthritis did not adjust for BMI
or physical activity. There were few data on knee OA patients
compared with normal participants, because the studies by
Inoue et al. [40] and Sturmer et al. [41] are aimed at investi-
gating the data of the general population. Even though most
studies were adjusted for recognized risk factors for OA, such
as age, alcohol consumption, and smoking, many potential
adjustment factors remained unclear, such as cardiovascular
disease and obesity, showing a close association with the
development of OA. Only two studies in the meta-analysis
adjusted the OR/RR with lipid-lowering agents/statins. Addi-
tionally, we did not succeed in obtaining information con-
cerning medication use, especially regarding lipid-lowering
agents such as statins, which could have an influence on the
development of OA. It has been indicated that statins might
play a protective role in developing OA, likely caused by
pleiotropic anti-inflammatory properties or by enhancing
chondrogenesis [45, 46]. Third, a meta-analysis of the effects
of various kinds of dyslipidemia, such as low-density lipopro-
tein levels, triglyceride levels, and cholesterol levels, was not
carried out due to the limited number of included studies.
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FIGURE 3: Sensitivity analysis of the association between dyslipidemia and the risk of OA (cohort study).

Ultimately, a large proportion of the included studies were
cohort studies, yet we also included two cross-sectional stud-
ies and three case-control studies. Case-control studies tend
to have recall and selection biases, and cross-sectional studies
are insufficient for assessing the relationship between cirrho-
sis and the risk of stroke. It must also be admitted that a
meta-analysis cannot deal with the limitations of the
included studies. Finally, it is difficult to determine the cau-
sality of this relationship on the basis of these observational
studies alone given the heterogeneity of the results and the
limited data from prospective studies, which were restricted
to 4 studies that, respectively, included 89, 270, 143, and
660 cases of OA, as well as the lack of information about
time-related factors. Although we were not always able to
ascertain the source of the heterogeneity, we performed sev-
eral sensitivity and subgroup analyses to address this issue.

In conclusion, considering there was a lack of evidence
from the cohort studies but that strong connections were
noted in the case-control and cross-sectional studies, the cur-
rent systematic review and meta-analysis offers inadequate
but fascinating evidence of the effects of dyslipidemia on
the risk of OA. In general, the findings indicate that dyslipid-
emia might exert a significant pathogenic role in the develop-
ment of OA, as well as offers a rationale for the shared care of
patients by metabolic physicians. To be specific, structured
clinical trials with predefined criteria for patient selection
are still required to investigate the role of lipid-lowering ther-
apies in the management of OA.
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Temporomandibular joint osteoarthrosis (TMJOA) is characterised by chronic inflammatory changes, with subsequent gradual loss
of joint cartilage. NF-xB is a crucial transcription factor in the course of inflammatory and immune responses, which are involved in
OA pathology activated by proinflammatory cytokines. Genistein is known to have anti-inflammation and modulation of metabolic
pathways through repression of the NF-«B signaling pathway in inflammatory disease. But so far, studies on the effects of genistein on
TMJOA are very limited. So, the purpose of this study is to investigate the protective effect of genistein against experimentally induced
condylar cartilage degradation through downregulating NF-«B expression in created osteoarthritis rats in vivo. Male SD rats were
created as temporomandibular joint osteoarthritis models and administered through oral gavage with low and high dosage genistein
(30 mg/kg and 180 mg/kg, respectively) daily for 4 weeks. The morphological changes of the condylar cartilage were studied with HE
and Masson staining. The expressions of p65 and inflammatory cytokines (IL-1 and TNFa) were detected using immunohis-
tochemistry and real-time PCR. The results showed that experimentally created osteoarthritis reduced the condylar cartilage
thickness of rats and increased the gene expression of cytokines (IL-15 and TNF«) and positive cells of p65. Genistein treatment had
positive effects on the condylar cartilage renovation, while high dose genistein treatment had more significant effects on the reversing
of OA changes and reduction of the expression of p65 and inflammatory cytokines (IL-1/3 and TNF«). The results indicated that high
dose genistein treatment had obvious therapeutic effects on condyle cartilage damages of OA rats. The mechanism may be that
genistein suppresses the NF-«B expression activated by inflammatory cytokines.

1. Introduction

Temporomandibular joint osteoarthrosis (TMJOA), which
is characterised by chronic inflammatory changes, with
subsequent gradual loss of joint cartilage, mostly occurred in
condyle [1-3]. Although condyle degradation can cause
many clinical symptoms such as arthralgia, joint clicking,
mandibular deviation, or retraction, it can hardly be radi-
cally cured because the exact etiologies of TMJOA were not
tully understood [4, 5]. However, inflammatory pathways
were verified as a “triggering factor” that activated the
immune responses in OA pathogenesis [6]. Proin-
flammatory cytokines including interleukin-15 (IL-1/) and

tumor necrosis factor-a (TNF-a) played a significant role in
the development of OA. Some studies showed that IL-1f and
TNE-« contributed to the pathogenesis of osteoarthrosis and
induced the inflammation and destruction of the joints [7,8].
IL-1p was reported to involve in the activation of the in-
flammatory pathways in synovitis and cartilage degradation.
Meanwhile, TNF-« is also a potent proinflammatory cyto-
kine which had higher expression in the OA joints and
participated in host immune response [7, 8].

Nuclear factor kB (NF-xB) has been considered as a
central mediator in diverse cellular responses, particularly in
the inflammatory process and immune response [9]. Many
studies reported that IL-1f3 and TNF-« induced the nuclear
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translocation of NF-xB [10-14]. Then, NF-kB activated the
downstream Bcl-2 family proteins to regulate apoptosis
[15, 16]. Bcl-2 and Bax are both important members in the
Bcl-2 family, which involved in the mechanism of apoptotic
cell death [17].

Genistein is an isoflavone compound extracted from
plants, well known for its anti-inflammatory, antioxidant,
and anticancer effects, is widely used for the treatment of
inflammatory diseases [18]. Some study has demonstrated
that genistein has a bone-protective effect in rat models of
osteoporosis in knee joints [19]. However, the knee and hip
joints are composed of hyaline cartilage, while mandibular
condyle is covered by fibrocartilage [20]. Up to now, the
studies about its therapeutic effect on TMJOA is limited.

In this study, we investigated the therapeutic effect and
the possible mechanism of genistein on OA of TMJ in rats
and presumed that genistein has restorative effects on
cartilage destruction by inhibition of NF-kB signaling
pathways.

2. Materials and Methods

2.1. Model Building. Twenty-four male rats (8-week old,
232.3+2.5g) were purchased from the animal center of
Zhejiang University. The rats were divided into a normal
control group (NC), four-week OA group (OA), low-dose
GE group (GE1), and high-dose GE group (GE2). The setup
of the TMJOA model was referred to previous studies
[21,22]. Collagenase (0.05 ml; Sigma Biochemical, St. Louis)
was injected in the upper cavity of TMJ in OA, GE1, and GE2
groups, and normal saline (0.05 ml) was injected in the NC
group. All animals were given substitute diet with corn oil
replacing soybean oil to avoid the interference of GE in
soybean [22]. Daily treatment was performed with genistein
(99.5% pure; Winherb Med., China) and sterile saline by
intragastric administration in GEl1 (30mg/kg), GE2
(180 mg/kg), NC (2 ml saline), and OA (2 ml saline) groups,
respectively. Figure 1 showed the chemical structure of
genistein [23].

2.2. Measurement of Cytokines by RT-PCR. Synovial fluid
samples were collected from the superior joint cavity using
diluted aspiration as described by Uehara et al. [24]. Briefly,
2% thiopental sodium anaesthesia (35 mg/kg) was injected
after disinfection. 0.2 ml saline was repeatedly injected and
withdrawn in the upper joint cavity to aspirate synovial
fluids. The mean diluted synovial fluid was 0.20 ml (range:
0.16-0.24 ml). The aspirates were centrifuged at 3000 xg for
15 min at room temperature, and the supernatant was kept
for RT-PCR. Total RNA was extracted using an RNA mini
kit (BIO-RAD, USA) according to the manufacturer. The
cDNA of various groups were synthesized according to the
GeneAmp PCR kit (ABI, USA). RT-PCR was performed by
using a SYBR green RT-qPCR kit (TOYOBO Corporation).
All PCR reactions were performed using iCycler iQTM (Bio-
Rad, Hercules, CA, USA). The cycling conditions were
10 min at 95°C, followed by 40 cycles: denaturation at 94°C
for 15, annealing for 30 s at 57°C, and extension at 72°C for
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FiGure 1: Chemical structure of genistein.

30s. The primers for IL-18 were F: 5'-CAC CTT CTT TTC
CTT CAT CTT TG-3' and R: 5'-GTC GTT GCT TGT CTC
TCC TTG TA-3’, the product length is 241, and the Gen-
Bank Accession Number is NM_031512.2; for TNF-a were F:
5'-ACT GAA CTT CGG GGT GAT TG-3' and R: 5'-GCT
TGG TGG TTT GCT ACG AC-3’, the product length is 153,
and the GenBank Accession Number is XM_008772775.2;
and for GAPDH were F: 5'-GTA TTG GGC GCC TGG TCA
CC-3"and R: 5'-CGC TCC TGG AAG ATG GTG ATG G-3/,
the product length is 202, and the GenBank Accession
Number is XM_017593963.1.

2.3. Histopathology and Immunohistochemistry. The hae-
matoxylin and eosin (HE) and Masson staining were op-
erated according to previous studies [21]. After synovial fluid
collection, all the rats were sacrificed. Condyles were dis-
sected carefully, fixed in 4% PFA, then decalcified in 10%
EDTA for 4 weeks. After dehydration, the samples were
incubated in paraffin overnight. The left condyles were
prepared for sagittal sections and stained with HE and
Masson, respectively. The destruction of the joint cartilage
was evaluated by the modified Mankin score system. Three
independent location of samples were chosen for assessment
[25]. The description for histological evaluation included 4
aspects: structural integrity (0-6 points)(HE), matrix
staining (0-4 points)(Masson), cellularity (0-3 points)(HE),
and tidemark integrity (0-2 points)(HE) [25]. The right
condyles were prepared for immunohistochemistry of p65.
After dewaxing by immersing in xylene, the samples were
incubated with primary monoclonal mouse anti-p65 anti-
body (Abcam, USA; dilution 1:40) for 1h at 37°C. The
percentage of 65 positive chondrocytes was calculated by the
number of immune positive cell divided by total cell
number. All sections (n=3) were analyzed under the mi-
croscope (Olympus IX71, Japan).

2.4. Statistical Analysis. The data are expressed as
mean = SD. SPSS 16.0 was used for the statistical analysis.
Also, p values less than 0.05 were considered to have a
statistically significant difference. One-way ANOVA was
used for multiple comparisons among various groups.

3. Results and Discussion
3.1. Results

3.1.1. Structural Changes in the Condyle Cartilage. HE
staining of the condyle cartilage in various groups is shown
in Figure 2. Compared with the NC group, significant
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FIGURE 2: Treatment effects of GE on condyle cartilage changes in the rat model of TMJOA. (a) Representative histology changes in the
condyle cartilage for the OA and GE treatment animals at 4 weeks after injection by HE staining. (b) Demonstration of matrix changes by
Masson staining. (c) Quantitation of histology changes by the modified Mankin score system. The histological evaluation included 4 aspects.
HE staining for the evaluation of structural integrity, cellularity, and tidemark integrity and Masson-stained sections for the evaluation of the
cartilage matrix. Quantitative data are shown as means + SD. * p <0.05, ** p < 0.01, significantly different when compared with NC and OA

groups, respectively, n=6.

changes of the cartilage were found in the OA group. The
cartilage thickness of OA rats reduced obviously compared
with the NC group. Also, multilevel cartilage tidemarks
appeared in the OA group. There were also some changes in
the bone trabecula and marrow cavity. OA animals had
narrowed bone trabecula and bigger marrow cavity, while
GE treatment had restorative effects on condylar cartilage
repairment. High-dose genistein treatment showed more
obvious improvement on cartilage repairment than low-
dose treatment. Masson staining showed the same tendency
of structural changes with HE staining. In OA animals,
several blood vessels and cell mass appeared, while GE
treatment could reduce this kind of changes. The modified
Mankin scores system was used to evaluate the structural
changes of the condyle cartilage in the four groups. A sta-
tistically significant difference in the Mankin score was
observed in the NC, OA, and GE treatment groups. The
score of OA was higher than that of NC and GE treatment
groups. High-dose genistein treatment showed more im-
provement on cartilage repairment.

3.1.2. Immunohistochemistry Analysis of p65 in Condyle
Cartilage. p65 immunoreactivity can be found in all positive
sections of the cartilage cells throughout the condylar

cartilage (Figure 3(a)). Positive cells were identified as tissue
with brown staining. Comparative intensity of p65 in various
groups is shown in Figure 3(b), which displayed marked
variation in various groups. Positive signals of p65 in the OA
group was much more than that in the NC group
(p <0.0001), while high-dose GE treatment significantly
reduced the intensity of p65 (p <0.0001).

3.1.3. Expression of IL-1B and TNF-a in the Condylar
Cartilage. The results of the real-time PCR analysis are
shown in Figure 4. In the OA group, the expression of IL-13
was much higher than that in the NC group (p <0.001), and
the expression of TNF-a had the same tendency with IL-1f
(p<0.01). Meanwhile, low-dose GE treatment could de-
crease the expression of IL-1f and TNF-a, but significantly
statistical difference was not achieved (p>0.05), while the
high-dose GE treatment significantly reduced the expression
of inflammatory factors (p <0.01).

4, Discussion

This is the first study to investigate the effect of genistein on
cartilage repairment of temporomandibular joint osteoar-
thritis models in vivo. In this study, the TMJOA model was
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FiGure 3: Effects of GE on P65 immunoreactivity in TMJOA rats. (a) GE inhibits p65 immunoreactivity in the condylar cartilage of OA rats.
(b) Comparative intensity of p65 in various groups. Quantitative data are shown as means+SD. *p <0.05, **p<0.01, ***p <0.001,

EETEY

w
|

Relative IL-1 mRNA
[’}
I

—
|

NC OA GEl GE2
()

P <0.0001, significantly different when compared with NC and OA groups, respectively, n=6.

4 — I * % !
* * | ——
%
Z
231
=
i
== * sk
= me
o
=
514
[
0 -
NC OA GE1 GE2

(b)

FIGURE 4: Effects of GE on the gene expression of IL-1f3 and TNF-a. (a) IL-15 expression in OA animals increased significantly compared
with the NC group, while high dose of GE could significantly inhibit IL-1f expression. (b) TNF-« expression increased significantly in OA
animals, and high dose of GE treatment could significantly inhibit TNF-« expression. Quantitative data are shown as means + SD. * p < 0.05,
**p<0.01, *** p <0.001, significantly different when compared with NC and OA groups, respectively, n=6.

set up on rats by injection of collagenase [21, 22], which
causes histological changes including erosion of the cartilage
surface, decreased thickness of the cartilage, and even
changes in the bone trabecula and marrow cavity. In the GE
treatment groups, the high-dose GE had better therapeutic
effects compared with low GE groups, which are as indicated
by Mankin scores. Masson staining of the present study
showed the same tendency of structural changes with HE
staining in various groups, which verified the therapeutic
effects of GE.

The destruction of the extracellular matrix is usually
accompanied by an increase of proinflammatory cytokines,
such as IL-18 and TNF-« and these cytokines are also key
mediators of the intracapsular pathological conditions of the
temporomandibular joint [7]. IL-18 plays a critical role in
OA pathogenesis, which was verified independently or
combining with other mediators to induce inflammatory
reactions and catabolic effect in the course of OA [12, 13].
Many studies demonstrated that patients with OA have an
elevated level of IL-1f3 than normal people [13], and blocking
IL-18 production could counteract the degradative

mechanisms associated with OA pathology [26]. Our result
agreed with the previous publications. The expression of IL-
13 was higher in OA rats than that of normal rats. Mean-
while, TNF« is another key inflammatory cytokine in the
pathophysiological processes of OA. Many studies reported
that synovial fluids of OA joints showed higher concen-
tration of TNFa than that of normal joints [7, 24, 27], while
high TNF« expression was detected in local arthritic tissues,
which was related to the autoimmune reaction and can cause
aggressive cartilage destruction of joints by suppressing the
synthesis of the cartilage matrix [24]. The present result
showed that the expression of TNF-« was higher in OA rats
than that of normal rats, which had the same tendency with
IL-1P.

NF-«B is a crucial transcription factor that participates in
the development of inflammatory and immune diseases
activated by inflammatory responses [12, 28]. In an inactive
state, NF-«B binds to the I-xB member. Some inflammatory
cytokines could activate I-xBa, and then p65 protein sep-
arates from I-xBa and translocates from cytoplasm to the
nucleus to bind related inflammation genes to induce
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inflammation [18]. Many studies provide evidence for the
role of NF-«B in mediating enhancement of apoptosis [14,
15]. Apoptosis, or programmed cell death, has been sug-
gested to have a close relationship with OA progression
[29,30]. In the adult of TMJ dysfunction, apoptosis has been
found in the course of joint remodeling [31]. Emerging
evidence suggests apoptosis and NF-«B signaling are highly
activated in OA pathology which can be triggered by
proinflammatory cytokines [13, 14, 29]. These inflammatory
mediators were verified to activate NF-«xB signaling path-
ways abnormally to induce apoptosis in OA chondrocytes
[12]. The present study showed that positive signals of p65 in
various groups have the same tendency with the expressions
of inflammatory mediators, which indicated that NF-«B
phosphorylation may be induced by IL-18 and TNF-« in the
TMJOA model.

Genistein, which is known to have multiple molecular
effects, such as the inhibition of inflammation, promotion of
apoptosis, and modulation of metabolic pathways, plays an
important role in preventing and treating common disorders
[23]. Studies on positive effects of genistein have been re-
ported in inflammatory disease. Genistein had positive effect
on the treatment of psoriasis by inhibiting TNF-a-induced
[-kBa phosphorylation and p65 nuclear translocation [18].
Genistein was also shown to suppress the production of
COX-2 and NO in primary human chondrocytes [32]. Some
study indicates that genistein could reverse ox-LDL-induced
inflammation through repression of the NF-«B signaling
pathway in HUVECs [33]. But so far, studies on the effects of
genistein on TMJOA are very limited. The present study
found that high-dose GE treatment had obviously thera-
peutic effects on condyle cartilage damage of OA rats.
Furthermore, high-dose GE treatment could reduce positive
signals of p65 and the expression of inflammatory mediators
in TMJOA rats, which indicated that the effects of genistein
on repairing cartilage damage may be through the repression
of IL-1B-TNF-a-mediated NF-xB signaling pathway in
TMJOA models. It is recognized that Bcl-2 and Bax play a
crucial role in the regulation of the apoptotic process [20, 31].
The effect of genistein on cartilage repairment may be
through repression of the NF-«B signaling pathway, which
in turn decreased the ratio of Bax/Bcl-2. Another mecha-
nism may be related to hypoxia-inducible factor-2 alpha
(HIF-2«) which was regulated by NF-«B before and during
inflammation [34]. HIF-2a downstream degradation factors,
such as MMP-3,13 and ADAMTs-4,5, played essential roles
in the degradation of cartilage aggrecan and had been
recognized as one of the most primary targets for therapeutic
intervention in osteoarthritis [21]. However, further inves-
tigation on the underlying mechanism of the effect of
genistein on the cartilage repairment of TMJOA models is
still needed.

5. Conclusions

This is the first study to investigate the protective effect of
genistein on cartilage repairment of temporomandibular
joint osteoarthritis models in vivo. This study revealed that
high-dose GE treatment had obviously therapeutic effects on

cartilage repairment and downregulated the expression of
p65 and the inflammatory mediators. It was indicated that
therapeutic effects of genistein may be through repression of
the NF-«B signaling pathway.
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Phosphatase and tensin homolog (PTEN) is a critical regulator of tumorigenesis and bone remodeling, which is also found
expressed in the periodontal tissues. Periodontitis is one of the most common oral diseases and associated with alveolar bone
resorption and tooth loosening in adults. However, the functional relevance of PTEN in periodontitis remains unclear. Here, we
report that PTEN plays an essential role in periodontitis. The in vivo results of our study showed a significant decrease of PTEN in
the ligature-induced mouse periodontitis model. The function of PTEN in the macrophages was shown to be associated with
inflammatory factors interleukin 1 (IL1) and tumor necrosis factor (TNF-«) by using overexpression and silence methods. Further
mechanistic studies indicated lack of PTEN-activated IL1 and TNF-a, which increased the number of osteoclasts and led to
alveolar bone erosion and loss. Moreover, PTEN nanoparticles could directly inhibit the inflammatory process and bone erosion,
suggesting a controlling role of PTEN during bone remodeling. All these data identified the novel function of PTEN as a key factor

in periodontitis and bone remodeling.

1. Introduction

Inflammatory osteolysis is a critical pathological feature of
clinical inflammatory diseases such as periodontitis which
is one of the most common oral diseases and associated
with alveolar bone resorption and tooth loosening in
adults [1]. The therapeutics for periodontitis are intended
to block inflammation locally, but not enough for in-
flammatory bone destruction [2]. However, many patients
still suffer from bone loss under the anti-inflammation
treatments [3]. Therefore, more effective and economic
treatments to reduce the inflammation and bone de-
struction are urgently needed. In the pathogenesis of
periodontitis, osteolysis is predominantly caused by in-
creased osteoclasts number and activity [3, 4]. The most
determined cytokine involved in osteoclastogenesis is the
receptor activator of nuclear factor xB ligand (RANKL)
[5]. Presence of RANKL could be modulated by several
proinflammatory cytokines such as tumor necrosis factor

(TNF-«), interleukin 1 (IL1), and interleukin 6 (IL6) [6].
Thus, an ideal therapeutic strategy to prevent inflammatory
bone destruction is to suppress proinflammatory cytokines
activation during osteoclastogenesis.

The phosphatase and tensin homolog deleted on chro-
mosome 10 (PTEN) is a specific tumor suppressor gene
which can efliciently limit phosphoinositide 3-kinase (PI3K)
activity and downstream serine/threonine kinase Akt (also
known as protein kinase B or PKB) signaling [7]. Several
studies indicate that the PI3K/PTEN pathway regulates the
inflammatory response [8, 9]. The nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-«B) pathway is the
classical proinflammatory signaling pathway based on the
role of NF-«B in proinflammatory gene expressions. The
study has shown that Toll-like receptor (TLR)-induced PI3K /
Akt activation is phosphorylated, thereby inhibiting down-
stream glycogen synthase kinase (GSK) 3p, leading to a di-
minished expression of NF-xB-driven proinflammatory
genes in monocytes [10]. PTEN also plays an important role
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in varieties of cellular regulation, including survival, apo-
ptosis, autophagy, migration, and proliferation [11]. How-
ever, its role during inflammatory bone loss remains unclear.

In the present study, ligature-induced periodontitis
in wild type (C57BL/6]) mice were used as in vivo models
and RAW264.7 cells were used for in vitro studies. The
protective effects of PTEN on ligature-induced peri-
odontitis and the underlying mechanisms associated
with inflammatory factors regulation were investigated.
Our study provides a novel insight into understanding
the protective effects of PTEN on inflammation and bone
remodeling in periodontitis and proposes that PTEN can
be used as an adjuvant therapy for inflammatory
diseases.

2. Materials and Methods

2.1. Animals. All mice were maintained in C57BL/6]
background and housed under pathogen-free conditions
with a 12-hour light/dark cycle and fed regular chow and
sterile water throughout the experimental period. Our study
was approved by the Ethics Committee of Shandong Pro-
vincial Hospital affiliated to Shandong University. All ex-
periments were performed according to the Regulations and
Guidelines approved by the Shandong Provincial Hospital
Animal Care and Use Committee.

2.2. Generation of Ligature-Induced Periodontitis Model.
Ligature-induced periodontitis model was performed as
described previously with slight modification [12]. A 5-0 silk
ligature (Roboz Surgical Instrument Co., MD, USA) was tied
gently around the left maxillary second molar under anes-
thesia to induce periodontitis, which was maintained for 10
days, and the contralateral molar was served as a control. The
ligatures remained in place in all mice throughout the ex-
perimental period, monitored every 3 days and retied if the
ligature was loose or gone. Furthermore, if the ligature was
not present at the termination of the experiment, the sample
was removed from the analysis.

2.3. Nanoparticle Therapy. To prepare nanoparticle for in
vivo treatment, 10ug of recombinant PTEN plasmid
(pcDNA3.1-PTEN) or pcDNA3.1 (control) was mixed with
20ul of nanoparticle in vivo DNA transfection reagent
(Engreen Biosystem Co. Ltd., Beijing, China) according to
previous studies and the manufacturer’s protocol [13, 14].
Mice (10 weeks old) were given local injection of nano-
particles containing 10ug plasmid at the left maxillary
second molar periodontal tissues every 3 to 4 days during the
two weeks of therapy.

2.4. Histology and Histological Scoring. Histological studies
were performed as previously described [15]. Briefly, sam-
ples were decalcified in 10% ethylenediaminetetraacetic acid
(EDTA) for 4 weeks. Specimens were optimal cutting
temperature compound- (OCT-) embedded, cut into 7 ym-
thick sections in the coronal plane using a microtome, and
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stained with hematoxylin and eosin (H&E) (Abcam, UK). In
addition, samples were further stained with tartrate-resistant
acid phosphatase (TRAP) (Sigma-Aldrich, MO, USA) to
evaluate the number of osteoclasts [16].

All specimens were blindly analyzed by an experienced
examiner and scored for inflammation and bone destruction
[17-19]: Score 0: no inflammation and bone destruction,
normal gingiva; Score 1: mild inflammation, sparse mono-
nuclear cells, osteoclast activation; Score 2: moderate in-
flammation, monocyte infiltration, and/or sparse eosinophils or
neutrophils, osteoclasts lacunas; Score 3: severe inflammation,
eosinophils or polymorphonuclear neutrophils infiltration, with
abscess areas, signs of bone erosion; Score 4: severe in-
flammation with severe alveolar bone erosion and resorption.

2.5. Plasmid or siRNA Transfection. Plasmids were con-
structed by cloning the PTEN gene open-reading frame
(ORF) into pcDNA3.1-Flag. For siRNA transfection,
RAW264.7 cells were transfected with siRNA targeting
PTEN (#1 sense strand: CGTTAGCAGAAACAAAAGGAG
and #2 sense strand: GATCTTGACCAATGGCTAA) using
Lipofectamine™ 2000 reagent (Thermo Fisher Scientific,
USA) according to the manufacturer’s protocol. A final
concentration of 100 nM siRNA was used. After transfection
for 48 hours, quantitative real-time PCR analysis was used to
assess the mRNA content.

2.6. RNA Analysis. RNA analysis was performed as de-
scribed with a minor modification [20]. Message RNA from
mouse molar periodontal tissues was isolated using Trizol
reagent (Life Technologies, USA). 2 ug of RNA was reverse
transcribed into complementary deoxyribonucleic acid
(cDNA) using the Reverse Transcription Kit (TAKARA,
Japan). The reaction mixture we prepared contained
primers, the cDNA template, and the double stranded DNA-
specific dye SYBR Mix (Bimake, USA). The primers’ se-
quences are shown in Table 1.

2.7. Statistical Analysis. All data were expressed as the
mean + SEM (n>5). To determine the difference between
two groups, a two-tailed Student’s ¢-test was performed. To
compare more than two groups, a two-way analysis of
variance (ANOVA) followed by a Bonferroni post hoc test
with a 95% confidence interval (Graphpad Prism, USA) was
used. p values <0.05 were considered to be statistically
significant.

3. Results

3.1. Ligature-Induced Periodontitis and Inflammatory Bone
Loss in Mice. To assess the changes in inflammation and
bone mass, histological analysis was performed. Ligature-
induced periodontitis mice showed a significant gingival
swelling, a greater soft tissue thickness, and severe bone
resorption compared to the unligated group (Figure 1(a)). In
addition, a wide range of inflammatory cells were shown
around the root of the second molar (Figures 1(a) and 1(b))
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TaBLE 1: List of primers sequence for qPCR.

Target (Genbank no.)

Forward primer (5'-3') and reverse primer (5'-3)

Product size (bp)

AGGTCGGTGTGAACGGATTTG and

GAPDH (NM_001289726.1) TGTAGACCATGTAGTTGAGGTCA 123
PTEN (NM_008960.2) ACACCGCCAAATTTAACTGC and TACACCAGTCCGTCCCTTTC 170
IL1 (NM_008361.4) GCCCATCCTCTGTGACTCAT and AGGCCACAGGTATTTTGTCG 230
IL6 (NM_001314054.1) AGTTGCCTTCTTGGGACTGA and TCCACGATTTCCCAGAGAAC 159
TNF-a (NM_001278601.1) CGTCAGCCGATTTGCTATCT and CGGACTCCGCAAAGTCTAAG 206
TRAP (NM_001102405.1) CAGCAGCCAAGGAGGACTAC and ACATAGCCCACACCGTTCTC 190
Cathepsin K (NM_007802.4) CCAGTGGGAGCTATGGAAGA and AAGTGGTTCATGGCCAGTTC 162
Osteocalcin (OC) (NM_001032298.3) AAGCAGGAGGGCAATAAGGT and TTTGTAGGCGGTCTTCAAGC 156
ALP (NM_007431.3) GCTGATCATTCCCACGTTTT and CTGGGCCTGGTAGTTGTTGT 204

and the inflammation score was significantly increased in
ligature-induced periodontitis mice (Figure 1(c)). Ten days
after ligature, there was a significant difference in bone mass
between the ligature-induced periodontitis group and the
unligated group. The bone loss around the ligature was
significantly increased in mice compared to unligated
controls (Figure 1(a)). To assess osteoclast activity, samples
were further analyzed by TRAP staining (Figures 1(d) and
1(e)). The result showed that TRAP-positive multinucleated
cells increased significantly in the ligature-induced peri-
odontitis group compared to the unligated group
(Figure 1(f)).

3.2. Gingival mRNA Expressions of PTEN and Inflammatory
Cytokines. PTEN, as a regulator of the mitogen-activated
protein kinase (MAPK) pathway and inflammatory cyto-
kines, was found decreased in ligature-induced periodontitis
(Figure 2(a)). And the inflammatory cytokines such as IL1,
IL6, and TNF-a mRNA expression levels were increased in
the ligature-induced periodontitis group, especially the
expression of IL1 and TNF-a (Figures 2(b)-2(d)). In-
flammation was shown to cause excessive bone resorption as
well as impaired bone formation. Thus, we determined the
bone formation gene markers, osteocalcin (OC) and alkaline
phosphatase (ALP), and bone erosion markers, tartrate-
resistant acid phosphatase (TRAP) and cathepsin K (Fig-
ure 3). The results showed that the gene expressions of bone
erosion makers TRAP and cathepsin K were significantly
increased in the ligature-induced periodontitis (Figures 3(a)
and 3(b)), rather than bone formation markers OC and ALP
(Figures 3(c), and 3(d)).

3.3. PTEN Regulated the Expression of Inflammatory
Cytokines. Macrophages play important roles in the path-
ogenesis of periodontitis by regulating the immune response
and regulating tissue repair and bone loss [21, 22]. We first
silence the PTEN expression in RAW264.7 cells through
siRNA and found the same results as those of in vivo ex-
periment; the expressions of inflammatory cytokines IL1 and
TNE-« were significantly increased (Figure 4(a)). To further
confirm this, we then forced overexpression of PTEN in
RAW264.7 cells. The results showed that overexpression of
PTEN reduced the expression of IL1 and TNF-«
(Figure 4(b)).

3.4. Overexpression of PTEN Inhibits the Inflammation In
Vivo. To further study the anti-inflammatory effects of
PTEN, we made PTEN nanoparticles by mixing the 10 ug
PTEN plasmids with 20 ul nanoparticles and injected the
mixture into the gingiva three times/week for two weeks
(Figure 5(a)). After injection, we found that PTEN gene
expression was increased (Figure 5(b)) while the in-
flammatory factors such as IL1, IL6, and TNF-a were de-
creased, especially the expression of IL1 and TNF-«
(Figures 5(c)-5(e)). Moreover, osteoclast markers TRAP and
cathepsin K were downregulated after exogenous PTEN
injection (Figures 5(f) and 5(g)). Conclusively, our results
showed that nanoparticle-packaged PTEN can alleviate
inflammatory osteolysis.

4. Discussion

Our in vitro and in vivo data highlight the anti-inflammatory
role of PTEN presentation. The schematic structure of the
predicted PTEN protein has been reported [23]. The
phosphoinositide 3-kinases can be inhibited by the protein
and lipid phosphatase activity of PTEN [24]. Here, we found
the gene expression level of PTEN is responsible for in-
flammation regulation. However, we cannot neglect the
effect of protein and its postmodification; thus, further study
will focus on the protein and modification level.

In our study, inhibition of PTEN expression with siRNA
results in upregulation of IL1 and TNF-«, whereas the ex-
pression of IL6 was not significantly altered, suggesting that
PTEN may exert anti-inflammatory effects in mouse peri-
odontitis by modulating the expression of IL1 and TNF-a. NF-
B is generally considered to be the major regulatory pathway
of genes encoding proinflammatory proteins including IL1,
IL6, and TNF-a [25]. The expression of TNF-stimulated NF-
xB-dependent genes can be blocked by PTEN [26], which
supports our hypothesis that PTEN can play a role in regu-
lating the expression of proinflammatory proteins IL1 and
TNF-a. In addition, PTEN can regulate NF-«B via the PI3K/
Akt pathway [9]. Under physiological conditions, PI3K/Akt/
PTEN signaling plays a key role in inflammation [27]. As the
common downstream molecules of NF-xB pathway, IL1, IL6,
and TNF-«a play a role in maintaining the cell homeostasis
[28-30], further suggesting that PTEN may regulate the in-
flammatory response through the PI3K/Akt/NF-xB pathway.

PTEN enforced overexpression in RAW 264.7 cells
inhibited inflammation and osteoclast in our mouse model,
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FiGure 1: Ligature induced the periodontitis and inflammatory bone loss. (a) Histologic changes in periodontal tissue were monitored by
hematoxylin and eosin (H&E) staining. Noticeable inflammatory reaction and damage to organizational structures were observed in
ligature-induced periodontitis. Scale bars, 100 ym. (b) Higher magnification of (a). Scale bars, 50 ym. (c) Quantitative analysis of in-
flammation score of maxillary second molar periodontal tissues. Values are the mean + SEM. Asterisks (**) denote significant differences
(p <0.01), n="5 biological replicates. (d) TRAP staining showed a significant increase of TRAP-positive multinucleated osteoclasts in mouse
maxilla in the ligature-induced periodontitis group. Scale bars, 100 ym. (e) Higher magnification of (d). Scale bars, 50 ym. (f) Quantitative
analysis of TRAP-positive multinucleated osteoclasts showed a significantly increased number of osteoclasts in the ligature-induced
periodontitis group compared to unligated group. N.Oc/B.Pm (mm™'): number of osteoclasts per bone perimeter. Values are the
mean + SEM. ** p <0.01, n=5 biological replicates.
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FiGUure 2: PTEN mRNA were reduced and inflammatory factor mRNA was increased by ligature. (a) Quantitative real-time PCR analysis of
PTEN mRNA transcripts from ligature-induced and control mice. Each sample was standardized to GAPDH levels and run in triplicate.
Data represent PTEN expression in periodontal tissue relative to control. n =5 biological replicates. Inflammatory factors (b) IL1, (c) IL6,
and (d) TNF-«a were measured as described in Materials and Methods from periodontal tissues. n =5 biological replicates. Values are the

mean = SEM. *p<0.05; **p<0.01; n=>5 biological replicates.

indicating that PTEN may act as a critical regulator be-
tween inflammation and bone remodeling. Some relative
studies have shown that downregulating PTEN increased
phosphorylation of Akt which can promote osteoclasto-
genesis [31-33]. We herein found that PTEN can regulate
osteoclast activity through inflammatory factors, particu-
larly IL1.

Numerous studies have demonstrated that IL1 can
stimulate osteoclast differentiation and activation [34-37].
In addition, inhibiting IL1 significantly reduces bone ero-
sions and cartilage degradation, whereas blocking TNF-«

decreases inflammation [35, 38, 39]. IL1 may increase
multinucleated cell formation through direct stimulation
[40]. IL1 is capable of inducing CSF-GM production and can
stimulate CSF-GM production in the bone marrow. CSF-
GM stimulates the proliferation and differentiation of CFU-
GM, the probable progenitor for osteoclast [41, 42]. We
therefore speculate that PTEN regulate the bone remodeling
mainly through activation of IL1. However, no significant
changes were found in osteoblast marker genes, suggesting
that PTEN primarily regulates osteoclasts rather than os-
teoblasts during bone remodeling.
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5. Conclusions

In summary, we report here for the first time that activation
of PTEN is necessary for inhibition of inflammation and
alveolar bone loss, which suppresses both processes via
inhibiting the IL1 and TNF-« pathways in periodontitis.
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In the process of bone tissue engineering, the osteoimmunomodulatory property of biomaterials is very important for osteogenic
differentiation of stem cells, which determines the outcome of bone regeneration. Magnesium (Mg) is a biodegradable, bio-
compatible metal that has osteoconductive properties and has been regarded as a promising bone biomaterial. However, the high
degradation rate of Mg leads to excessive inflammation, thereby restricting its application in bone tissue engineering. Importantly,
different coatings or magnesium alloys have been utilized to lower the rate of degradation. In fact, a prior study proved that 3-TCP
coating of Mg scaffolds can modulate the osteoimmunomodulatory properties of Mg-based biomaterials and create a favorable
immune microenvironment for osteogenesis. However, the osteoimmunomodulatory properties of Mg ions themselves have not
been explored yet. In this study, the osteoimmunomodulatory properties of Mg ions with involvement of macrophages and bone
marrow stem cells (BMSCs) were systematically investigated. Microscale Mg ions (100 mg/L) were found to possess osteoim-
munomodulatory properties that favor bone formation. Specifically, microscale Mg ions induced M2 phenotype changes of
macrophages and the release of anti-inflammatory cytokines by inhibiting the TLR-NF-«B signaling pathway. Microscale Mg ions
also stimulated the expression of osteoinductive molecules in macrophages while Mg ions/macrophage-conditioned medium
promoted osteogenesis of BMSCs through the BMP/SMAD signaling pathway. These findings indicate that manipulating Mg ion
concentration can endow the Mg biomaterial with favorable osteoimmunomodulatory properties, thereby providing fundamental
evidence for improving and modifying the effect of Mg-based bone biomaterials.

1. Introduction

Foreign materials for repairing bone defects have a great
influence on osteogenesis and osteoclasts, forming the basis
for the study of osteoimmunology. Osteoimmunology aims
to understand the interaction and related mechanism be-
tween the skeletal system and immune system [1]. When an
implant is placed into a host, immune response around the
implant is triggered. Following the start of immune re-
sponse, phenotype switching of macrophages and adhesion
of interleukin- (IL-) 10, IL-1ra, and other inflammatory
factors occur, which also have an influence on cells asso-
ciated with osteogenesis and osteoclasts [1, 2]. As there is a
strong relationship between the immune system and the

skeletal system, an ideal bone biomaterial in the host should
be able to accelerate osteogenesis in the bone defect area
through local immune response. Immunomodulatory
properties of bone substitute materials are suggested to be of
great importance for the success of bone tissue engineering
(1, 2].

Magnesium (Mg) is an essential inorganic component in
bone tissue and plays an important role in skeletal devel-
opment. Mg has mechanical properties similar to those of
bone tissue and displays antibacterial activity, excellent
biocompatibility, and biodegradability [3, 4]. Studies have
shown that Mg ion supplementation improved the adhesion
of osteoblasts to biomaterials, mediated by integrin [5]. In
addition, Mg ions act as the nuclei for hydroxyapatite
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formation to promote bone matrix mineralization [6, 7].
Mg-incorporation of mesoporous TiO, coatings showed
better surface, osteoconductive ability, and elevated ex-
pression of osteogenic genes [8]. However, there is still a
great challenge that must be addressed before Mg can be
utilized clinically. The active chemical character of Mg will
not only produce a great amount of air, which reduces the
contact between bone and material, but also result in an
inflammatory reaction due to rapid degradation. Notably,
different coatings or magnesium alloys have been utilized to
lower the rate of degradation. A prior study showed that
B-TCP coating of Mg scaffolds can modulate the scaffold’s
osteoimmunomodulatory properties and shift the immune
microenvironment toward one that favors osteogenesis over
osteoclastogenesis [9]. However, the osteoimmunomodu-
latory properties of Mg ion itself have not yet been explored.

Macrophages play an important role in human immune
defense and osteoimmunology [10, 11]. There are two typical
phenotypes of macrophages. The classically activated M1
phenotype mainly participates in T helper cell 1- (Th1-) type
inflammation, which is involved in defense against foreign
harmful substances, but can sometimes cause excessive
inflammatory response in host. Additionally, the alterna-
tively activated M2 phenotype is involved in Th2-type in-
flammation which reduces inflammation response and
improves impairment [12, 13]. These two phenotypes can
switch to each other in response to biomaterials or microbes.
Furthermore, following phenotype switching of macro-
phages, osteoinductive molecules such as bone morphoge-
netic protein 2 (BMP-2) and transforming growth factor-f3
(TGF-p) can be secreted to promote osteogenesis [14, 15].
Given their important roles in bone remodeling, the re-
sponse of macrophages was applied to evaluate the
osteoimmunomodulatory properties of biomaterials [16].

In the present study, the osteoimmunomodulatory
properties of microscale Mg ions were extensively in-
vestigated by using a biomimicking condition comprising
Mg ions, bone marrow stem cells (BMSCs), and macro-
phages. First, the phenotype changes of macrophages in
response to Mg ions and inflammatory/anti-inflammatory
cytokines were evaluated to assess the immune environment.
Thereafter, the important inflammatory signaling pathway
factor, nuclear factor kappa B (NF-xB), was studied to ex-
plore the molecular mechanism of Mg ions in macrophages.
The osteogenic differentiation of BMSCs mediated by the Mg
ions was then investigated under the influence of macro-
phages, to prove whether the regulated immune environ-
ment by Mg ion could promote osteogenesis. The aim of this
study was to determine whether microscale Mg ions possess
osteoimmunomodulatory properties and whether this reg-
ulated immune environment could positively influence
osteogenesis, ultimately providing the fundamental evidence
of utilizing Mg-based biomaterial as bone scaffold.

2. Materials and Methods

2.1. Cell Culture. The murine-derived macrophage cell line,
RAW 264.7 (RAW), was cultured in Dulbecco’s modified
Eagle Medium (DMEM, Gibco, USA) supplemented with
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10% heat inactivated fetal bovine serum (FBS, Gibco) and
1% (v/v) penicillin/streptomycin (Sigma, USA) at 37°C in a
humidified CO, incubator. Growing cells were expanded for
two passages before use in this study. Mice BMSCs were
isolated and cultured following protocols from previous
studies [9]. Bone marrow was briefly isolated from SD mice
(5-6 weeks old). Under aseptic conditions, bilateral femurs
and tibias of rats were isolated and removed. Bone marrow
was rinsed with DMEM solution and centrifuged at
1000 rpm for 5 min. The supernatant was discarded, and the
precipitate was resuspended with culture medium con-
taining DMEM, 15% FBS, and 1% (v/v) penicillin/strepto-
mycin. Cells were then seeded in tissue culture flasks and
incubated at 37°C in a humidified CO, incubator. The
culture medium was first changed within 24 h and then every
3 days. The attached cells were expanded and early passages
(p3) were used in the following study.

2.2. Effect of Mg Ions on RAW264.7 Cells

2.2.1. Proliferation of RAW Cells Stimulated with Mg Ions.
Cell culture medium consisted of DMEM without Mg ions
(HyClone, USA), 10% FBS, and 1% (v/v) penicillin/
streptomycin. Based on the molecular weights of Mg, S, and
O, MgSO, was added to the culture medium to a final
concentration of 0, 5, 10, 25, 50, 100, 250, and 500 mg/L Mg
ions. Additionally, the effects of Mg ions on RAW pro-
liferation were investigated using Cell Counting Kit-8
Assay (CCK-8, Dojindo, Japan). RAW cells were seeded in
96-well microplates at a density of 2x10° cells/well and
were allowed to adhere and spread for 24 h. RAW cells were
then treated with various concentrations of Mg ions (0, 5,
10, 25, 50, 100, 250, and 500 mg/L) for 1, 3, and 7 days.
Thereafter, cells were incubated with the CCK-8 solution
for 2 h. The absorbance was measured at 450 nm by using a
UV spectrophotometer.

2.2.2. Phenotype Switches and Expression of Inflammatory
Genes in RAW Cells. Gene expression of macrophage
surface markers (CCR7 and CD206) and inflammatory-
related cytokines (IL-1ra, IL-10, IL-1p, IL-6, IL-18, and
TNEF-a) were detected by RT-PCR to observe the pheno-
type changes and pro/anti-inflammation ability of RAW
cells. These cells were also seeded on 6-well plates at a
density of 1 x 10° cells/well. LPS (1 ug/mL) was added to the
media when it reached 80% confluence to activate RAW
cells for 2h. Cells were then stimulated with different
concentrations of Mg ions (0, 10, 100, and 500 mg/L) for
6 h. Thereafter, total RNA was extracted by using TRIzol
reagent (Invitrogen, USA), and the RNA concentrations
were quantified with a Nanodrop protein/nucleic acid
spectrophotometer (Thermo-Fisher, USA). Notably, first
strand ¢cDNA was synthesized using the RNA reverse
transcription kit (Takara, Japan), and qRT-PCR was per-
formed using a SYBR Green I Master kit (Takara) in
LightCycle 96 RT-PCR (Roche, Switzerland). Primers for
the target genes are listed in Table 1.
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TABLE 1: Primer pairs used in the qRT-PCR. TasLE 1: Continued.
Gene Primer sequences Gene Primer sequences
Forward: 5'-AGACGAAATCCCTGCTACTG- Forward: 5'-TGACCACAGTCCATGCCATC-
CD206 3 GAPDH 3
Reverse: 5'-CACCCATTCGAAGGCATTC-3' (mouse) Reverse: 5'-GACGGACACATTGGGGGTAG-

Forward: 5'-ATGACGTCACCTACAGCCTG-
3[

Reverse: 5'-CAGCCCAAGTCCTTGAAGAG-
3[

Forward: 5'-
CTCCAGCTGGAGGAAGTTAAC-3'
Reverse: 5'-CTGACTCAAAGCTGGTGGTG-
3/

Forward: 5'-
GAGAAGCATGGCCCAGAAATC-3'
Reverse: 5'-GAGAAATCGATGACAGCGCC-
3/

Forward: 5'-TGGAGAGTGTGGATCCCAAG-
3/

Reverse: 5'-GGTGCTGATGTACCAGTTGG-
3/

Forward: 5'-
ATAGTCCTTCCTACCCCAATTTCC-3'
Reverse: 5'-
GATGAATTGGATGGTCTTGGTCC-3'
Forward: 5'-

IL-18 TGGCCGACTTCACTGTACAAC-3'

Reverse: 5'-TGGGGTTCACTGGCACTTTG-3'

Forward: 5'-CTGAACTTCGGGGTGATCGG-
3/

Reverse: 5'-
GGCTTGTCACTCGAATTTTGAGA-3'
Forward: 5'-AGGTAAGCAGCAGAACCAGG
-3/

Reverse: 5'-
TGTCCTAGGGGGTCATCAAGG-3'
Forward: 5'-AGATGGTTCAGCTGGGTGTC-
3/

Reverse: 5'-
TGGAGTCTCAAGAAGGGGTTC-3'
Forward: 5'-CTTGGCGCTGCAAACCATC-3'
Reverse: 5'-
GCCTCTCAAATACAGACTCCCG-3'
Forward: 5'-
GTGGAAATCAACGGGATCAGC-3'
Reverse: 5'-
CAGCAGTTCTTCTCTGTGGAGC-3'
Forward: 5'-CAACACCCTGAACCCAGAG-3'
Reverse: 5'-CTT
CACCACCATGTTGGACAG-3'
Forward: 5'-GCTCCACAAACGAGAAAAGC-
3/

Reverse: 5'-AGCAAGGGGAAAAGGACACT-
3/

Forward: 5-TGGCAGGACTGGATCATTGC-
3/

Reverse: 5'-
ACCAAGGTCTGTACAATGGCG-3'
Forward: 5'-
GTCCCATGAAGTGATCAAGTTC-3'
Reverse: 5'-
TCTGCATGGTGATGTTGCTCTCTG-3'

CCR7

IL-1ra

IL-10

IL-18

IL-6

TNF-«a

Mydss

Ticam1l

Ticam2

TGE-B1

TGE-B3

BMP-2

BMP-6

VEGF

3/
Forward: 5'-TCTTTTGGGATCCGAGCACC-
Runx-2 3/

Reverse: 5'-ATCTCCACCATGGTGCGGTT-3'
Forward: 5'-CCA TTT CAG CCT CAG GAT
CG-3'

Reverse: 5'-TGG CCA CGT TGG TGT TGA
GT-3'

Forward: 5'-
CCAAGCGTGGAAACACACAGCC-3'
Reverse: 5'-
GGCTTTGGAACTCGCCTGACTG-3'
Forward: 5'-
GCCCTGACTGCATTCTGCCTCT-3'
Reverse: 5'-
TCACCACCTTACTGCCCTCCTG-3'
Forward: 5'- TACCACCATAACAGCACTAC-
3/

Reverse: 5'-GAACACCAATATTCAGGAGC-
3/

Forward: 5'-
GTACTATGAACTGAACAACGG-3'
Reverse: 5'-TATAGATGGACACCTTTCCC-3'
Forward: 5'-
GAGATCAATAGAGGAGATGTTC -3’
Reverse: 5'-TCGGTTCTTATTGTTGGAAG-3'
Forward: 5'-
GACACGTGCGAATTGGACAATG-3'
Reverse: 5'-CGTCTGATTTCATACCAGTAC-
3/

Forward: 5'-TCAGCAATGCCTCCTGCAC-3'
Reverse: 5'-TCTGGGTGGCAGTGATGGC-3'

ALP

OPN

OCN

SMAD4

SMAD5

SMADI1

BMPRI1A

GAPDH (rat)

2.2.3. Activation of Toll-Like Receptor (TLR) and NF-xB
Signaling Pathways in RAW Cells. The TLR and NF-«B
pathways were analyzed to explore the molecular mecha-
nisms that underlie the macrophage gene changes. RAW
cells were seeded on 6-well plates at a density of 1 x 10° cells
per well and grew to 80% confluence. RAW cells were first
activated by LPS (1 yg/mL) for 2h and then stimulated with
different concentrations of Mg ions for 6 h. Total RNA was
collected for gene detection of myeloid differentiation factor
88 (MyD88) and TIR domain-containing adapter molecule 1
(Ticam1) and Ticam2 by RT-PCR, using the same method
described in Section 2.2.2.

Whole cell lysates were also collected after 6h of
stimulation by Mg ions, and protein expression of NF-«xB
p65 and inhibitor protein kappa B (I-xB) were determined
by western blot. In addition, total protein from RAW cells
was extracted using the total protein extraction reagent kit
(Beyotime Institute, Shanghai, China) and protein con-
centration was measured using the BCA assay. Equal
amounts of protein (20ug) were prepared and separated
using 10% sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto



PVDF membranes. Membranes were blocked in TBST
containing 50 g/L skim milk powder for 2h and incubated
with primary antibodies overnight at 4°C. The primary
antibodies included rabbit against mice anti-p-I-«¥B poly-
clonal antibody (Bioss Corporation, Beijing, China), anti-
NF-«B p65 monoclonal antibody (Santa Cruz, USA), and
anti-GAPDH (Abcam, UK). Membranes were then washed 3
times and probed with the secondary antibody, anti-rabbit
IgG (Bioteke Corporation, Beijing, China). The results were
detected with the ECL detection kit, and the relative intensity
of protein bands was quantified using the Image ] software.
Levels of I-xB and NF-«B expression were calculated relative
to GADPH.

2.2.4. Expression of Osteogenesis-Related Cytokines in RAW
Cells. RAW cells were seeded on 6-well plates, activated by
LPS for 2 h, and stimulated with different concentrations of
Mg ions for 6h as described in Section 2.2.3. Samples were
collected and subjected to RT-PCR for the detection of
BMP-2, BMP-6, TGF-f1, TGF-$3, and vascular endothelial
growth factor (VEGF), using the method described in
Section 2.2.2.

2.3. Effects of Mg Ions/RAW Cells-Conditioned Media on the
Osteogenic Differentiation of BMSCs

2.3.1. ALP Activity Test. RAW cells were stimulated with
different concentrations of Mg ions (0, 10, 100, and 500 mg/
L) for 6 h. Culture media were then collected and marked as
Mg ions/RAW264.7 cells-conditioned media. Alkaline
phosphatase (ALP) activity of BMSCs in the condition
medium was measured using the Alkaline Phosphatase
Assay Kit (BioAssaySystems, USA). BMSCs were seeded on
24-well plates at a density of 5x 10* cells per well with the
complete culture medium. After 80% confluence, cells were
stimulated with Mg ions/RAW264.7 cells-conditioned me-
dia for 7 days. Cells were then lysed in 1% Triton X-100. The
supernatant of the medium was then harvested for ALP
assay, and optical density (OD) was detected at 405 nm with
a spectrophotometer. ALP activity is presented as OD values
divided by the reaction time and total protein amount.

2.3.2. Osteogenic Gene Expression of BMSCs. BMSCs were
seeded on 24-well plates at a density of 5x 10* cells per well
with the complete culture medium. BMSCs were also
stimulated with Mg ions/RAW264.7 cells-conditioned me-
dia for 1 day and 3 days. Samples were collected and sub-
jected to RT-PCR for the detection of the osteogenic genes,
Runx-2, ALP, OPN, and OCN, with the method described in
Section 2.2.2.

2.3.3. Activation of BMP/SMAD Signaling Pathway in
BMSCs. BMSCs were stimulated with Mg ions/RAW264.7
cells-conditioned media for 1 and 3 days, and total RNA was
extracted to study the activation of BMP/SMAD pathway by
RT-PCR as described in Section 2.2.2. Pathway-related genes
included mothers against decapentaplegic homolog 1/4/5
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(SMAD1/4/5) and bone morphogenetic protein receptor
type IA (BMPR1A). Protein levels of SMAD4 and BMPRI1A
were further confirmed by western blot on days 3 and 7. The
detailed methods are described in Section 2.2.3.

2.3.4. Statistical Analysis. All data were presented as
mean + standard deviation (SD). Statistical analyses were
performed with SPSS 22.0. One-way analysis of variance
(ANOVA) was used to analyze the statistical difference when
more than 2 groups were compared. Student’s t-test was
used to compare experimental groups and control group. A
P value <0.05 was considered to be statistically significant.

3. Results

3.1. Effect of Mg Ions on Cell Proliferation of Macrophages.
To identify the cytotoxic effects of Mg ions, macrophages
were treated with different concentrations of Mg ions (5, 10,
25,50, 250, and 500 mg/L) for 1, 3, and 5 days (Figure 1). The
CCK-8 assay showed that 100 mg/L (<100 mg/L) Mg ions
had no obvious influence on the proliferation of RAW264.7
cells compared to control (P > 0.05). However, Mg ions at a
concentration of 100 mg/L significantly increased the pro-
liferation of RAW264.7 on days 3 and 5 (P < 0.05). On day 5,
cell proliferation also significantly increased at a concen-
tration of 250 mg/L (P < 0.05).

3.2. Surface Marker Changes and Inflammatory Gene Ex-
pression of RAW Cells in response to Mg Ions. Stimulation of
RAW cells with Mg ions (100 mg/L) revealed the increased
gene expression of the M2 surface marker, CD206, relative to
the control group (P < 0.05, Figure 2(a)), thereby indicating
a shift toward the M2 phenotype in response to Mg ions. In
contrast, stimulation with Mg ions resulted in reduced gene
expression of the M1 phenotype marker, CCR7, compared to
the control group (P <0.05, Figure 2(b)).

The gene expression of anti-inflammatory and in-
flammatory cytokines was detected in RAW264.7 cells after
exposure to Mg ions for 6h. The expression level of anti-
inflammatory genes (IL-10 and IL-1ra) was upregulated at
all concentrations of Mg ions compared to the control
(P <0.05, Figure 3(a)). In contrast, the expression of the
inflammatory cytokine, TNF-a, was significantly down-
regulated at concentrations of 10 mg/L and 100 mg/L of Mg
ions (P <0.05, Figure 3(b)). Furthermore, the expression of
other inflammatory cytokines increased slightly. For in-
stance, the expression of IL-6 and IL-1p increased at 500 mg/
L Mg ions and that of IL-18 increased at 10 mg/L Mg ions
(P <0.05, Figure 3(b)). However, the fold changes of in-
flammatory cytokines (IL-6, IL-1f, and IL-18) were obvi-
ously less than that of anti-inflammatory cytokines (IL-10
and IL-1ra).

3.3. Effect of Mg Ions on TLRs and NF-xB Signaling Pathway in
RAW 264.7 Cells. To explore the molecular mechanisms of
the inflammation-related gene alterations, the TLRs and NF-
kB signaling pathways were examined in RAW cells.
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FiGure 1: Effect of Mg ions on the proliferation of RAW264.7 cells. *P <0.05 versus the control without Mg ions.
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FIGURE 2: Effect of Mg ions on RAW264.7 phenotype transformation. (a) Gene expression of the M2 phenotype marker, CD206. (b) Gene
expression of the M1 phenotype marker, CCR7. *P < 0.05, compared to the control group without Mg ions.
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Figure 3: Continued.
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Figure 3: Effect of Mg ions on the gene expression of anti-inflammatory and inflammatory cytokines in RAW264.7 cells. (a) Gene
expression of the anti-inflammatory cytokines, IL-10 and IL-1a. (b) Gene expression of the anti-inflammatory cytokines, TNF-a, IL-6, IL-18,
and IL-18. *P <0.05, compared to the control group without Mg ions.

Compared to the control group, gene expression of Myd88,
Ticam1, and Ticam?2 were downregulated in 100 and 500 mg/
L Mg ion groups with significant differences (P <0.05,
Figure 4(a)). Western blot also showed that the protein
expression of NF-«B p65 had no significant difference be-
tween Mg ion and control groups. In contrast, the down-
stream molecular IxB-« was upregulated at 100 and 500 mg/
L Mg ions compared to the control (P < 0.05, Figure 4(b)),
indicating the inhibition of the TLR-NF-xB signaling
pathway.

3.4. Effect of Mg Ions on the Expression of Osteogenesis-
Related Cytokines in RAW264.7 Cells. BMPs, the TGE-f3
family, and VEGF are all important osteogenesis-related
factors. RT-PCR demonstrated that gene levels of BMP-2
and VEGF were significantly higher in 100 mg/L Mg ion
groups than that of control (P <0.05, Figure 5). In contrast,
TGF-f33 gene expression level was slightly downregulated in
Mg ion groups compared to the control group (P <0.05).
Gene expression of TGF-f1 and BMP-6 showed no obvious
differences in each group.

3.5. Effects of Mg Ions/RAW264.7 Cells-Conditioned Media
on the Osteogenic Differentiation of BMSCs. To clarify
whether Mg ions influence osteogenesis of BMSCs through

regulating macrophages, Mg ions/RAW264.7 cells-condi-
tioned media were utilized for osteogenic differentiation of
BMSCs. The results showed that when BMSCs were stim-
ulated with conditioned media containing 100 and 500 mg/L
Mg ions, ALP activity was significantly enhanced compared
to control (P <0.05, Figure 6(a)). Furthermore, osteogenic
gene expression of BMSCs in conditioned media was ex-
plored by RT-PCR. On day 3, BMSCs stimulated with Mg
ions/RAW264.7 cells-conditioned medium of all concen-
trations of Mg ions had a significantly upregulated ex-
pression of the osteogenic genes (Runx-2, ALP, OPN, and
OCN) compared to the control group (P < 0.05, Figure 6(b)).
In addition, on day 1, conditioned medium with 100 mg/L
Mg ions significantly increased gene expression of Runx-2,
ALP, and OCN in BMSCs (P <0.05, Figure 6(b)).

3.6. Activation of the BMP/SMAD Signaling Pathway in
BMSCs Stimulated with the Mg Ion/RAW264.7 Cells-Condi-
tioned Media. To explore the molecular mechanisms of
improved osteogenesis of BMSCs in Mg ions/RAW264.7
cells-conditioned media, the BMP/SMAD signaling pathway
was studied. RT-PCR results showed that the gene expres-
sions of SMAD4, SMAD5, and BMPR1A were increased
significantly with all concentrations of Mg ions on day 3
(P <0.05, Figure 7(a)). Furthermore, on day 1, the conditioned
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FIGURE 4: Effect of Mg ions on the TLR and NF-«B signaling pathways of RAW 264.7 cells. (a) Gene expression of the TLRs pathway
markers, Myd88, Ticaml, and Ticam?2 in RAW264.7 cells. (b) Protein expression of NF-«B p65 and I-«B in RAW 264.7 cells. *P <0.05,

compared to the control group without Mg ions.

medium with 100 mg/L Mg ions caused a significant increase
in the gene expression of SMAD4 and BMPRIA (P <0.05,
Figure 7(a)). However, gene expression of SMADI had no
obvious change in all groups. The protein expressions of
SMAD4 and BMPRI1A were further confirmed by western
blot. The result showed that the protein levels of SMAD4 and
BMPRI1A significantly enhanced in the conditioned medium
with 10 and 100mg/L Mg ions on day 3 (P<0.05,
Figure 7(b)). However, on day 7, 100mg/L Mg ions/
RAW264.7 cells-conditioned media also significantly upre-
gulated the protein expression of SMAD4 and BMPRIA
(P <0.05, Figure 7(b)).

4. Discussion

In this study, the osteoimmunomodulatory properties of Mg
ions with the involvement of macrophages and BMSCs were
systematically investigated. Our results showed that mi-
croscale Mg ions (100mg/L) possess the osteoimmuno-
modulatory property that favors bone formation. More
specifically, microscale Mg ions induced the M2 phenotype
changes of macrophages and release of anti-inflammatory
cytokines by inhibiting the TLR-NF-«B signaling pathway.

Mg ions stimulated the expression of osteoinductive mol-
ecules in macrophages, and Mg ions/macrophage-condi-
tioned medium promoted osteogenesis of BMSCs, most
likely through the BMP/SMAD signaling pathway. These
findings indicated that manipulating Mg ion concentration
can endow the Mg scaffold with favorable osteoimmuno-
modulatory properties, thereby providing the fundamental
evidence for the development and modification of Mg-based
bone biomaterials.

Mg scaffold is a promising bone substitute due to its
excellent mechanical properties and biocompatibility
[3, 4, 17]. However, Mg is a highly reactive metal and
corrodes quickly, thereby causing massive inflammatory
reaction in vivo [6]. We inferred that the ionic concentration
of the Mg scaffold is a key factor that determines the
osteoimmunomodulatory property of biomaterials. How-
ever, a previous study showed that coating of the Mg
scaffolds with 3-TCP greatly decreased the concentration of
Mg ions in solution (195.4 + 0.86 mg/L) compared to the Mg
scaffolds (1021 +2.13 mg/L) [9]. Mg-B-TCP scaffold has been
proven to induce macrophages expressing the M2 surface
marker, CD163, and anti-inflammatory cytokines (IL-1ra)
[9]. Therefore, we hypothesized that the anti-inflammatory
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FiGure 5: Effect of Mg ions on the gene expression of osteogenesis-related cytokines (BMP2, BMP6, TGF-f1, TGF-f33, and VEGF) in
RAW264.7 cells. *P <0.05, compared to the control group without Mg ions.

effects of Mg-B-TCP are attributed to the lower concen-
tration of Mg ions. Our present study however demonstrated
that microscale Mg ions (100 mg/L) induce a shift toward the
M2 phenotype of macrophage with increased gene ex-
pression of the surface marker, CD206, and reduced the M1
phenotype marker, CCR7. Microscale Mg ions (100 mg/L)
also increased the gene expression of the anti-inflammatory
cytokines, IL-10 and IL-1ra, and decreased the important
inflammatory cytokine, TNF-«. Although the inflammatory
cytokines of IL-6 and IL-1p increased slightly, it most likely
occurred with the high concentration of Mg ions (500 mg/L).
Consistently, a previous study by Sugimoto et al. showed
that MgSO, at a concentration of 60 mg/L decreased in-
flammatory cytokine production of IL-6 and TNF-a by

inhibiting the TLR receptor pathway [18], which is ap-
proximately the same concentration of Mg ion used in our
study (100 mg/L). These findings indicate that the microscale
Mg ions can induce macrophage polarization toward the M2
extremity and create an anti-inflammatory microenviron-
ment for bone regeneration.

Notably, toll-like receptor (TLR) signaling is an essential
pathway in the innate immune response, through which
macrophages recognize foreign antibody and initiate anti-
gen-specific adaptive immune response [19, 20]. Activation
of TLR signaling is mediated by a unique interaction be-
tween TIR domain-containing cytosolic adapters which
include MyD88 and TIR domain-containing adapter-in-
ducing IFND (TRIF) also known as toll-like receptor adapter
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FIGURE 6: Effects of Mg ions/RAW264.7 cells-conditioned media on the osteogenic differentiation of BMSCs. (a) ALP activity of BMSCs in
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*P <0.05, compared to the control group.

molecule (Ticam) [20]. Importantly, upon ligand binding,
TLR leads to the activation of NF-«B pathways to elicit the
expression of inflammatory cytokines [21]. In most cell
types, NF-xB is bound to its inhibitor, I-«B, and resides in
the cytoplasm as an inactive NF-xB/I-kB complex [22].
However, the activated form of NF-«B is a heterodimer of
the p65 subunit associated with p50 or p52 subunit, and p65/
p50 or p65/p52 heterodimer migrates into the nucleus and

initiates transcription of the inflammatory genes [22]. In the
present study, the gene expression of Myd88, Ticaml, and
Ticam2 were downregulated and the NF-«B inhibitor, IxB-a,
was upregulated in the 100 and 500 mg/L Mg ion groups.
Such finding would indicate that the microscale Mg ions
dampen the inflammatory response potentially by inhibiting
the TLR-NF-xB pathway. Similarly, a previous study by
Sugimoto et al. showed that MgSO, decreases TLR-mediated



10 BioMed Research International

SMADI1 SMAD4
1.5 2.5 4
I 2.0
S "o’o
= 1.0 4
£ I £ 5.
9] (9]
S ot
) )
& % 1.0 1
S 0.5 g
] ]
0.5
0.0 - 0.0 -
Control 10 100 500 Control 10 100 500 Control 10 100 500 Control 10 100 500
D1 D3 D1 D3
Mg**: mg/L Mg?*: mg/L
SMAD5 BMPR1A
2.5 2.5 4
2.0 1
S o
5 g
< < 1.5+
9] i)
S ot
o =}
& % 1.0 1
= =
2 L)
] ]
0.5
0.0 -
Control 10 100 500 Control 10 100 500 Control 10 100 500 Control 10 100 500
D1 D3 D1 D3
Mg?*: mg/L Mg?": mg/L
()
Day 3 Day 7
SMAD4 70kDa
BMPRI1A 60kDa
GADPH 36kDa
Control 10 100 500 Control 10 100 500 Mg?": mg/L
SMAD4 BMPRI1A
3 1 2.0

—
w
1

Relative band intensity
o —
wn o
1 1

Relative band intensity

0.0 -
Control 10 100 500 Control 10 100 500 Control 10 100 500 Control 10 100 500

D3 D7 D3 D7
Mg?*": mg/L Mg?*: mg/L

(b)
FIGURE 7: Activation of the BMP/SMAD signaling pathway in BMSCs stimulated with the Mg ions/RAW264.7 cells-conditioned media. (a)

Gene expressions of the BMP/SMAD pathway markers SMAD1, SMAD4, SMAD5, and BMPRIA were demonstrated by RT-PCR. (b)
Protein expressions of SMAD4 and BMPRI1A were examined by western blot. *P <0.05, compared to the control group.



BioMed Research International

cytokine production in monocytes by increasing IxB-a levels
and downregulating NF-«B p65 levels [18]. However, in our
study, protein expression of NF-«B p65 showed no alteration
in the Mg ion groups. Hence, we inferred that Mg ions might
inhibit other components in the NF-xB pathway in mac-
rophages, such as p50 or p52. This discrepancy might be due
to the diverse inflammatory cell types and different exper-
imental conditions.

Subsequently, we sought to clarify whether the modi-
fication of macrophages by Mg ions would influence
osteogenesis of BMSCs. Therefore, Mg ions/RAW264.7 cell-
conditioned media were utilized for osteogenic differenti-
ation of BMSCs.

Importantly, RUNX2 is a key transcription factor of
osteoblast differentiation [23]. ALP is a well-known marker
for pre-osteoblast differentiation and osteoblast minerali-
zation [24]. In addition, OPN and OCN are important
genes in the process of mineral deposition [24]. The result
showed that when stimulated with conditioned media of
100 mg/L Mg ions, BMSCs resulted in a significant en-
hancement in ALP activity and osteogenic genes (Runx-2,
ALP, OPN, and OCN), which would indicate that Mg ions
promote osteogenesis of BMSCs through macrophage
regulation.

Although microscale Mg ions have been shown to
transit macrophages phenotype into M2, the molecular
mechanisms whereby M2 macrophage influences osteo-
genesis are yet to be established. We hypothesized that the
M2 macrophage may promote osteogenesis of BMSCs
through paracrine function. Notably, a previous study
reported that the M2 phenotype secretes osteoinductive
and osteogenic cytokines such as BMP-2 and VEGF
[14, 25]. Among the BMP family members, BMP-2 is a
potent osteoinductive agent [26-28] and VEGF is an
important proangiogenic factor that binds to VEGFR and
initiate angiogenic cascade [29]. In the process of bone
formation, angiogenesis and osteogenesis are coupled with
each other as the function of VEGF and BMP-2 has been
found to be closely related and synergistic [30, 31]. Indeed,
our study demonstrated that Mg ions upregulated the gene
expression of BMP-2 and VEGF in macrophages. We
inferred that the upregulation of BMP-2 might activate the
BMP-2/SMAD signaling pathway in BMSCs which is the
key pathway for osteogenic differentiation. In this path-
way, BMP-2 binds with BMPR2 and then recruits BMPRA1
[32]. Subsequently, phosphorylation of SMADI1/5/8 is
triggered, which sequentially causes dimer complex to
form with SMAD4. The complexes translocate into the cell
nucleus to induce transcription of the osteogenic gene,
Runx2 [32]. The result however showed the activation of
BMP-2/SMAD signaling in BMSCs as demonstrated by the
upregulation of SMAD4 and BMPRIA at both gene and
protein levels. Therefore, it is reasonable to infer that
microscale Mg ions trigger the phenotype switches of
macrophages into M2 by inhibiting the TLR-NF-«B sig-
naling pathway and, as a result, causes the upregulation of
anti-inflammatory cytokines (IL-10 and IL-1ra). Fur-
thermore, the microscale Mg ions stimulate macrophages
to upregulate VEGF and BMP-2 expression, which activate
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the BMP-2 pathway in BMSCs, thereby enhancing oste-
ogenic differentiation of stem cells. The present study
proposed that manipulating Mg concentration in bone
biomaterial could regulate the immune environment that
positively influences osteogenesis and avoids the de-
structive inflammatory reaction caused by the Mg-based
biomaterial.

Apart from secretion of VEGF and BMP-2, excessive M2
macrophages have been reported to secrete fibrous agents,
such as TGF-fs, resulting in pathological fibrosis, formation
of scar tissue, or delayed wound healing [14, 25, 33]. TGF-f1
is a potent cytokine to promote fibroblast proliferation [34],
and TGF-f33 induces the synthesis of extracellular matrix
(ECM) protein, such as type I collagen, fibronectin, pro-
teoglycans, and laminin [35]. In this study, we found the
downregulation of TGF-3 in Mg ion groups, which in-
dicated that maybe stimulating macrophages with micro-
scale Mg ions could not induce pathological fibrosis.

5. Conclusions

In summary, controlling the releasing concentration of
Mg ions (approximately 100 mg/L) conquers the detri-
mental osteoimmunomodulatory properties of Mg-based
biomaterials, causing them to be more favorable towards
osteogenesis of BMSCs. Specifically, microscale Mg ions
induced M2 macrophage phenotype switches and pro-
duced an anti-inflammatory environment most likely
through the inhibition of the TLR-NF-xB signaling
pathway. Microscale Mg ions stimulate macrophage ex-
pression of BMP-2 and activate the BMP-2 signaling
pathway in BMSCs, thereby enhancing osteogenic dif-
ferentiation. Therefore, manipulating the concentration
of Mg ions in Mg-based bone scaffolds endows bio-
materials with favorable osteoimmunomodulatory
properties. The present study provides fundamental evi-
dence and proposes novel strategies for the development
or modification of advanced Mg-based bone biomaterials
using stem cells.
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