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Abstract: Bone homeostasis is a dynamic equilibrium state of bone formation and absorption, ensuring skeletal development and
repair. Bone immunity encompasses all aspects of the intersection between the skeletal and immune systems, including various
signaling pathways, cytokines, and the crosstalk between immune cells and bone cells under both homeostatic and pathological
conditions. Therefore, as key cell types in bone immunity, macrophages can polarize into classical pro-inflammatory M1 macrophages
and alternative anti-inflammatory M2 macrophages under the influence of the body environment, participating in the regulation of
bone metabolism and playing various roles in bone homeostasis. M1 macrophages can not only act as precursors of osteoclasts (OCs),
differentiate into mature OCs, but also secrete pro-inflammatory cytokines to promote bone resorption; while M2 macrophages secrete
osteogenic factors, stimulating the differentiation and mineralization of osteoblast precursors and mesenchymal stem cells (MSCs), and
subsequently increase bone formation. Once the polarization of macrophages is imbalanced, the resulting immune dysregulation will
cause inflammatory stimulation, and release a large amount of inflammatory factors affecting bone metabolism, leading to pathological
conditions such as osteoporosis (OP), rheumatoid arthritis (RA), and steroid-induced femoral head necrosis (SANFH). In this review,
we introduce the signaling pathways and related factors of macrophage polarization, as well as their relationships with immune factors,
OB, OC, and MSC. We also discuss the roles of macrophage polarization and bone immunity in various diseases of bone homeostasis
imbalance, as well as the factors regulating them, which may help to develop new methods for treating bone metabolic disorders.
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Introduction
The skeletal system is one of the important systems in the human body, providing structural support, protecting the
body’s internal organs, and maintaining normal life activities of the human body." At the same time, mesenchymal stem
cells (MSCs) in the bone marrow, as multi-lineage cells, can differentiate into osteoblasts (OBs), adipocytes, and
chondrocytes, and together with OBs and OCs (OC), participate in bone metabolic balance, However, in various
pathological microenvironments, cell-to-cell communication among different cells in the bone microenvironment is
influenced by a variety of cellular factors. Insufficient mineralization of OB, overactivation of OC, and bone formation
being less than bone resorption, lead to decreased bone density, increased bone fragility, destruction of the bone
microstructure, and damage to the healthy skeleton.” Therefore, the dynamic balance process between bone formation
and bone resorption is important for maintaining bone mass and mineral stability. Macrophages, as highly plastic and
dynamic innate immune cells, play a crucial role in bone immunity. They can engulf pathogens, cell fragments, and dead
cells, among other exogenous and endogenous substances, and release various immune regulatory factors such as
interleukins (IL) and tumor necrosis factor-alpha (TNF-a), making them significant regulators of chronic aseptic
inflammation.’

In recent years, an increasing number of studies have shown that the bone immune response involves interactions
between macrophages and bone cells. Macrophages can polarize into pro-inflammatory M1 macrophages and anti-
inflammatory M2 macrophages, and the different phenotypes of macrophages and their cellular factors interact with
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MSCs, OCs, and OBs, participating extensively in the pathophysiology of bone tissues. M1 macrophages release various
cytokines (such as TNF-a, IL-6, IL-1) and chemokines (such as CXCL2, CXCL8, and CXCL10) to promote the
differentiation and maturation of OCs; while cytokines secreted by M2 macrophages (IL-10 and IL-4) inhibit the
formation of OCs.* At the same time, M1 macrophages can promote angiogenesis, and enhance the osteogenesis of
early and mid-stage MSCs, while M2 macrophages secrete osteogenic factors, stimulating the mineralization of
osteoblast precursors and MSCs.” However, if macrophage polarization is imbalanced and M1 macrophages are activated
for extended periods, a large number of inflammatory factors are released, creating a chronic inflammatory environment
that can disrupt bone homeostasis. Diseases characterized by the deterioration of bone tissue microstructure and
abnormal bone metabolism, such as osteoporosis (OP), steroid-induced avascular necrosis of the femoral head
(SANFH), and rheumatoid arthritis (RA), which pose a serious threat to human health, cannot avoid the stimulus of
chronic inflammation.®® As immune effector cells, macrophages are closely related to the processes of bone resorption
and bone formation and participate in the development of bone homeostasis disorders in various ways.

In this review, we primarily focus on the impact of macrophage polarization and its signaling pathways on bone
metabolism-related cells such as OBs, OCs, and MSCs. We find that a variety of cytokines produced during the process
of macrophage polarization, such as ILs and TNF, are related to bone metabolism. Furthermore, we are interested in the
impact of macrophage polarization on bone homeostasis disorders under a chronic inflammatory environment. This
review aims to summarize the regulatory role of macrophage polarization and bone immunity in bone metabolic balance,
which may help maintain bone homeostasis in an inflammatory environment. Targeting the polarization of M1/M2 as
a treatment for bone homeostasis disorders may be an effective method.

Polarization of Macrophages

One group of macrophages consists of inflammatory macrophages that are biochemically differentiated from monocytic
eukaryocytes and are transported to the site of inflammation via the bloodstream; the other group consists of tissue-
resident macrophages. These tissue-specific macrophages engulf dead cells, debris, and endogenous and exogenous
antigenic material, orchestrate the inflammatory process, and recruit other macrophages as needed’ Macrophages are
highly plastic. As a highly plastic and dynamic cell population, macrophages are capable of changing their phenotype and
altering their function to adapt to specific biological functions and pathophysiological processes in reaction to different
triggers from the environment, a process known as macrophage polarization.'

There are two types of macrophage polarization: classical macrophage polarization (M1) and alternative macrophage
polarization (M2). The Th1 cytokine interferon-y (IFN-y), tumor necrosis factor-o. (TNF-a), the bacterial product lipopoly-
saccharide (LPS), viral infection, and other stimuli that cause macrophage polarization are the main stimulators of M1
macrophages.'! IL-1, IL-6, IL-12, TNF-q, nitric oxide (NO), reactive oxygen species (ROS), and other pro-inflammatory and
pro-immune cytokines are released in considerable quantities.'” Important for pathogen elimination and host protection
against infections, M1 macrophages are therefore potent pro-inflammatory and antimicrobial agents. However, when M1
cells are chronically activated, the body is exposed to a chronic inflammatory environment, resulting in chronic
inflammation.'® Therefore, to prevent the chronic inflammatory response caused by prolonged M1 cell activation, macro-
phages are polarized into M2 macrophages, which exert a significant anti-inflammatory effect.'* M2 macrophages are mainly
activated by substances such as Th2 cells, immune complex.'' M2 macrophages can be classified into different subpopula-
tions based on their activation pathways. The M2a subpopulation is activated by IL-4 and IL-13, whereas the M2b
subpopulation is induced by immune complexes or Toll-like receptor agonists. The M2¢ subpopulation is induced by IL-
10 and macrophage colony-stimulating factor (M-CSF), and the M2d subpopulation is induced by M-CSF, Toll-like receptor
antagonists, IL-10, and other factors.'” The activation of M2 macrophages leads to the secretion of anti-inflammatory factors
such as IL-10, TGF-B, VEGF, and small amounts of IL-12. These factors also increase the expression of chemokines and
proteins such as Argl, BMP-2, and BMP-4.'® As a result, M2 macrophages have a dual role in removing damaged cells,
debris, dead cells, and apoptotic neutrophils while also promoting tissue regeneration and vascular repair'’ (Figure 1).

M1 cells are primarily activated during the acute infection phase and require large amounts of energy for
antimicrobial activity, so glycolysis is the best metabolic pathway for inhibiting fatty acid uptake and oxidation."’
The sustained anti-inflammatory effect of M2 cells requires long-term energy, so oxidative glucose metabolism and
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Figure | Macrophages are polarized into the MO state and can be induced into pro-inflammatory M| macrophages by stimulatory factors such as LPS, IFN-y, TNF-q,
secreting a large number of inflammatory cytokines such as IL-1, IL-6, IL-12, TNF-q, nitric oxide (NO), and reactive oxygen species (ROS). In contrast, anti-inflammatory
M2 macrophages are activated by substances such as Th2 cells and immune complexes, releasing a large number of anti-inflammatory factors like IL-10, transforming growth
factor B (TGF-B), vascular endothelial growth factor (VEGF), and very low levels of pro-inflammatory cytokines such as IL-12. M2 is further divided into four subtypes: the
M2a subgroup activated by IL-4 and IL-13, the M2b subgroup induced by immune complexes or Toll-like receptor agonists, the M2c subgroup activated by IL-10, and the M2d
cell subgroup polarized by factors like macrophage colony-stimulating factor (M-CSF), Toll-like receptor antagonists, and IL-10.

Note: Adapted from Deng L, Jian Z, Xu T, et al. Macrophage Polarization: An Important Candidate Regulator for Lung Diseases. Molecules. 2023;28(5):2379.I8 Creative
Commons Attribution (CC BY) license (https:/ creativecommons.org/licenses/by/ 4.0/).

fatty acid oxidation are the best metabolic pathways for M2 cells.”’ M2 cells require sustained long-term energy to
exert their long-term anti-inflammatory effects. When the M1-M2 metabolism of macrophages is unbalanced, it is
easy for M1 to be abnormally activated for a long time, M1 cannot be converted to M2, and the body turns into
a chronic inflammatory state, which leads to immune dysregulation, promotes the emergence of metabolic bone
disease and interferes with the balance between osteogenesis and bone metabolism.

Signaling Pathways and Factors Related to Macrophage Polarization
Macrophage polarization is a complex process that involves the interplay of various signaling pathways, cytokines, and
microenvironmental factors. Recent research has uncovered several key signaling pathways involved in this process, including
the Janus tyrosine kinase (JAK)-signal transducer and activator of transcription (STAT) JAK/STAT signaling pathway, Toll-like
receptors (TLRs), nuclear factor kappa B (NF-kB) TLRs/NF-kB signaling pathway, phosphatidylinositol 3-kinase (PI3K)-
protein kinase B PI3K/AKT signaling pathway, Notch signaling pathway, Hypoxia-inducible factor 1 (HIF-1), c-Jun N-terminal
kinase (JNK) pathway, and cyclic adenosine (cAMP) pathway. These pathways are all involved in regulating macrophage
polarization.

The precise roles of these signaling pathways and factors in macrophage polarization vary depending on the
microenvironment. In some cases, they may act alone, while in other cases, they may act in concert with other factors
to regulate macrophage polarization. The broad range of signaling pathways and factors associated with macrophage
polarization underscores the crucial role it plays in maintaining bone homeostasis (Figure 2).
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Figure 2 Related to macrophage polarization, there are mainly five signaling pathways: the JAK/STAT signaling pathway, the TLRs/NF-«kB signaling pathway, the PI3K/AKT
signaling pathway, the TLRs/NF-kB signaling pathway, the Notch signaling pathway, and the HIF-1 signaling pathway. These pathways either individually or in conjunction with
other pathways regulate macrophage polarization.

JAK/STAT Signaling Pathway

The JAK/STAT pathway is a highly conserved signaling pathway that constitutes an important cascade of signaling and
cytokine transduction factors in the body. It is linked to the emergence of numerous diseases and plays a crucial role in
the immune system and cell growth.>! The JAK/STAT signaling pathway is composed of cellular receptors, JAK proteins,
and STAT proteins. JAK1, JAK2, JAK3, and TYK2 are the four big molecular proteins that make up the JAK family.*
JAKs have seven homologous domains and JAK kinases have two nearly identical structural domains that transfer
phosphate groups, JHI1 is a carboxy-terminal catalytic or kinase structural domain and JH2 is a pseudokinase (PK) or
kinase-like structural domain that regulates the activity of the kinase structural domain. The Src-homology 2 (SH2)
domain, which is made up of half of JH3 and half of JH4, and the FERM domain, which is made up of half of JH4, JH5,
JH6, and JH7, control the binding of JAK to the box1/2 proximal area of the cytokine receptor membrane.*

The STAT family of proteins is composed of seven members: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B,
and STAT6.** These proteins contain a DNA-binding region, an SH3 structural domain, an SH2 structural domain, and
a transcriptional activation region (TAD) located at the protein’s C-terminus. After being phosphorylated at tyrosine sites,
these proteins can dimerize through their individual SH2 phosphotyrosine interactions and translocate to the nucleus,
where they regulate the transcription of a wide range of genes.*

Regarding the role of the JAK/STAT signaling pathway in macrophage polarization, Tomoya found that STAT1
phosphorylation was enhanced in LPS and IFN-y macrophages and that gene expression of IL-6, NO synthase, and
cyclooxygenase (COX-2) was enhanced in the cells, demonstrating that LPS + IFN-y stimulation enhances macrophage
activation through JAK/STAT1 signaling.?® In M1, Wu discovered the high expression of the chemokine CXCL9, which
was significantly enriched in the JAK/STAT signaling pathway. However, over time, CXCL9 expression decreased,
resulting in the inhibition of the JAK/STAT signaling pathway. Consequently, M1 macrophages underwent a gradual
differentiation into M2 macrophages.”’ By stimulating the STAT3 signaling pathway, IL-4 encourages M2 phenotype, Li
found that in IL-13- and IL-4-induced polarization to M2 macrophages, etanercept decreased TNF-a and IL-6/12/23
levels, increased IL-4/10 levels, decreased the Th17/Treg ratio, and promoted differentiation of M1 macrophages into M2
macrophages.”® An IL-4-mediated signaling pathway is primarily regulated by STAT6, which in turn plays a crucial role
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in the modulation of M2. Wang’s study demonstrated that adipose-derived stem cell-secreted exosomes (ADSC-Exo)
significantly increased the phosphorylation levels of JAK and STAT6 in macrophages, thereby activating the JAK/STAT6
pathway and inducing M2 polarization. Inhibition or knockdown of peroxisome proliferator-activated receptor y
(PPAR-y) and nuclear factor erythroid-related factor 2 (Nrf2) decreases the accumulation of M2 macrophage markers
IL-19 and Argl, and STAT6 can increase JAK2 phosphorylation and promote M2 macrophage polarization by triggering
the Nrf2-associated antioxidant transcription and the PPAR-associated anti-inflammatory pathway.’® Xu demonstrated
that scorpion venom polypeptide (SVP) could prevent M2 polarization of macrophages and reduce levels of M2
polarization-associated cytokines and fibrosis factors by inhibiting protein phosphorylation in the JAK/STAT6
pathway.>’ The SOCS family of cytokine signal transduction inhibitors are suppressors of the STAT family that play
a crucial part in limiting the inflammatory response. Song’s research showed that upregulating the expression of SOCS3
inhibited the phosphorylation of JAK2 and STAT3, thereby blocking the JAK2/STAT3 pathway. This blockage resulted
in the suppression of M1 macrophage polarization and inflammatory responses.>*

TLRs/NF-xB Signaling Pathway

A well-known regulation route of the inflammatory response, the TLRs/NF-B is implicated in several inflammatory
activities. TLRs belong to the superfamily of innate immunity receptors, and pattern recognition receptors (PRRs), and
are important inflammatory recognition receptors. TLRs activate NF-kB signaling by recognizing specific PAMPs or
other cytokines, enhancing the expression of genes associated with inflammation as a result, starting the inflammatory
response.”® The signaling pathway of Toll-like receptors (TLRs) and NF-kB is implicated in regulating macrophage
polarization, TLR4/NF-kB pathway is one of the earliest and most well-established pathways identified as promoting M1
macrophage polarization. High expression levels of TLR4 have been shown to induce increased M1 and decreased M2
both in vitro and in vivo.** MyD88, a binding protein common to all TLRs except TLR3, activates NF-kB. TLRs
stimulate NF-xB entry into the nucleus via MyD88, which increases M1 polarizing factor and decreases M2 polarizing
factor in macrophages, increasing the M1/M2 ratio and accelerating the body’s inflammatory response.>> Using a mouse
model of colitis, Kang observed significant increases in the levels of signaling molecules TLR2 and TLR4, as well as
downstream proteins MyD88 and NF-kB. Correspondingly, levels of proinflammatory factors CLL-2, IL-1f, and IL-6,
and the percentage of M1 also increased.>® NF-kB, a downstream factor of TLRs, was activated and entered the nucleus
to regulate gene expression and induce inflammatory responses. NF-«B induced polarization of M1 macrophages, which
was attenuated by inhibition of NF-kB expression and thus of M1 trademark genes IL-6, iNOS, and TNF-a.*’ In LPS-
induced M1 polarization, levels of IL-1p, IL-6, TNF-a, COX-2, and NO were increased, whereas LPS strongly promoted
fluorescent expression of NF-kBp65 in the nucleus and increased nuclear translocation of NF-xB, but LEE found that
after recombinant human KAIl second extracellular domain protein (thKAIl) inhibited NF-kB factors, these factors
remained stable until they were removed. The mechanism of action is that Glu214 from rhKAIl residues strongly
interacts with Lys 360 from TLR4 residues, inhibiting transcription of NF-kB, a downstream factor of TLR4, resulting in
reduced levels of M1 polarization and anti-inflammatory effects in LPS-polarized macrophages.’® Tian’s research
indicates that EGCG has the ability to indirectly regulate macrophages’ transformation from M1 to M2 phenotype. By
reducing NF-kB activation in macrophages, EGCG helps to restore their immunomodulatory capacity.®®

PI3K/AKT Signaling Pathway

The PI3K/AKT pathway is a crucial intracellular signaling pathway that responds to extracellular signals, promoting
cellular functions, including metabolism, proliferation, cell survival, growth, and motility. A heterodimer of two subunits
called PI3K, which binds a variety of cytokines and phosphorylates phosphatidylinositol biphosphate (PIP2) to create
phosphatidylinositol triphosphate (PIP3), is made up of the catalytic p110 subunit and the regulatory p85 subunit. PIP3
acts as an important lipid second messenger, activating PDK1 and AKT, whereas phosphatase and tensin (PTEN)
homologs, negative regulators of AKT, dephosphorylate PIP3 to PIP2, thereby reducing AKT activation.*® There are
three different isoforms of AKT, which are AKT1, AKT2, and AKT3. These isoforms are all serine/threonine protein
kinases. AKT acts as a downstream target protein of PI3K and becomes activated in response to PI3K stimulation. It
plays a crucial role in macrophage polarization.*' Upon activation of the PI3K/AKT signaling pathway, the expression of
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surface antigens of M1 macrophages, including CDl1lc, CD16, and CD86, is significantly reduced. This leads to
a decrease in the secretion of inflammatory factors and an inhibition of MO polarization towards M1.** In M1
macrophages treated with PI3K inhibitors, protein levels of p-AKT and the AKT downstream factor p-mTOR were
significantly reduced, the PI3K/AKT pathway was inhibited, CD206 and iNOS levels in M1 were enhanced, and pro-
inflammatory factors IL-12, TNF-a, and IL-6 were increased, promoting M1 polarization and accelerating inflammatory
factor expression.'>* Phosphorylation of AKT activates degradation of the NF-kB inhibitor kinase IKB, NF-kB is then
allowed to leave the cytoplasm and move into the nucleus, where it begins to express genes that it targets to support cell
survival, thereby promoting M1 by inhibiting PI3K signaling and activating NF-kB signaling.** Wang discovered that
macrophages express chemokine-like receptor 1 (CMKLR1), which stimulates the activation of C/EBPf through the
PI3K/AKT signaling pathway. This process effectively restricts the activation of NF-kB, promoting the polarization of
anti-inflammatory M2 cells and inhibiting the polarization of pro-inflammatory M1 macrophages.* Activation of the
PTEN/FOXO1 pathway, a negative regulator of AKT, inhibits the transcription factor function of FOXO1 and results in
the phosphorylation of AKT, which causes FOXO1 to move from the nucleus to the cytoplasm. This process leads to the
suppression of TLR4 expression, thereby inhibiting the polarization of M2 macrophage.*®*” The WU study showed that
in mice with periodontitis, PTEN were more prominent than in other species. In mice with periodontitis, PTEN
expression was significantly higher than in controls, and high PTEN expression promoted classical macrophage
polarization (M1 polarization). By inhibiting PTEN overexpression, Aktl activation was promoted, whereas Akt2
expression was inhibited. Inhibition of PTEN in macrophages thus induced an alternative polarization of macrophages
(M2 polarization). Furthermore, overexpression of Akt2 rescues the effect of PTEN on NF-«B, and inhibition of PTEN
causes macrophages toward the M2 phenotype via differentially regulating Aktl and Akt2.*®

Notch Signaling Pathway

The Notch is a highly conserved pathway that plays a vital role in regulating the differentiation and function of various
cells and participating in a wide range of fundamental tissue processes. It is also a crucial pathway involved in mediating
the inflammatory response.*’ Notch ligands can be divided into two types: Delta-type receptors and Jagged-type
receptors. The y-secretase complex initiates a series of proteolytic cleavages that activate the Notch intracellular
structural domain (NICD). NICD is translocated into the nucleus, where it binds to the JK site nuclear recombination
recognition sequence binding protein (RBP-J) and the Mastermind-like nuclear effector, activating downstream target
genes Hey, Hes, and other basic-helix-loop-helix families of transcriptional helix-loop-helix (b HLH) repressors.’” These
repressors contribute to the polarization of macrophages. D114 interacts with RBP-J to facilitate the polarization of M1
macrophages by binding to the Notchl receptor, activating downstream-secretase and ADAM proteases, and allowing
NICD to enter the nucleus.’’ In the context of LPS and IL-4-induced differentiation of bone marrow macrophages into
M1 and M2, respectively, upregulation of NICD, Hes5, and Hes1 was associated with LPS-mediated differentiation of
macrophage cells into M1 cells. mRNA levels of MCP-1, iNOS, IL-12, and IL-6 released by M1 were elevated, but
mRNA levels of inflammatory cytokines released by M2 were not. Inflammatory cytokine levels were elevated, but they
were reversed after the use of the Notch signaling inhibitor DAPT.? Inhibition of Notch1 overexpression accelerated the
polarization of M2 macrophages.”® In a model of acute liver injury, Notchl and NICD expression were significantly
upregulated in liver macrophages. Levels of proinflammatory factors TNF-a, IL-6, and IL-1B were higher in the Notch1-
overexpressing group than in the Notchl-deficient group. Notchl deficiency in the bone marrow inhibited YAP signaling
and promoted M2 macrophage polarization in the damaged liver. However, YAP overexpression increased the expression
of the Notch ligand gene jaggedl and promoted activation of the Notchl pathway, accompanied by increased expression
of TNF-a, II-1B, Mcp-1, and Cxcl-1, which accelerated macrophage polarization to the M1 phenotype.>*

Hypoxia-Inducible Factor HIF-I

HIF-1, HIF-2, and HIF-3 are the three members of the HIF family. When cells are subjected to hypoxia, HIF-1 is
stabilized and moved to the nucleus where it forms a heterodimer with HIF-1. Physiological and pathological processes,
including angiogenesis, cellular metabolism, and inflammation, are regulated by heterodimerization, which binds to the
hypoxia-responsive element (HRE).”> NF-xB is the most important signaling factor that activates HIF-1o in addition to
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hypoxia, and NF-kB inhibitors are phosphorylated in hypoxic environments to release NF-kB, which in turn upregulates
HIF-1a transcription. In addition to NF-«B, it participates in the regulation of the PI3K/AKT signaling pathway, which
directly or indirectly controls the release of proinflammatory factors and inflammatory responses, including IL-1f, IL-6,
and TNF-0.>® M1 macrophages rely on glycolysis to produce ATP, and hypoxia is the main driving factor of glycolysis.
HIF-1 activates the expression of glycolytic enzymes such as hexokinase II (HKII), phosphofructokinase (PFKFB3) and
blocks the flow of glucose through the TCA cycle and OXPHOS, which reduces the level of M2 polarization.”’ In
a mouse model of LPS-induced acute respiratory distress syndrome (ARDS), Chen discovered that patients with ARDS
had increased levels of inflammatory cytokines and an imbalance in Th17/Treg and M1/M2 ratios. This was determined
by HIF-1o immunoprecipitation and ubiquitination analysis. Chen also found that SPP1 leads to reduced ubiquitination
and degradation of HIF-1a in ARDS. But inhibited M2 polarization by upregulating HIF-1a. Therefore, the ubiquitina-
tion-dependent degradation of HIF-1a decreased M2 polarization and increased the M1/M2 ratio.>® Li’s research showed
that in RA, proinflammatory M1 macrophages could activate the signaling cascade between NF-kB and HIF-la to
produce reactive ROS, further enhancing M1 and exacerbating the development of RA. By inhibiting the HIF-10/NF-«xB
cascade, the transformation of M1 to M2 can be effectively achieved, which helps with macrophage repolarization and

reduces inflammation in the body.>”

The Role of Macrophage Polarization in the Regulation of Bone

Homeostasis

Osteoimmunology, as a cross-discipline, focuses on how the immune system and skeletal system interact. Immune cells
and OBs share cytokines and signaling molecules in the intraosseous environment. Under physiological and pathological
conditions, osteocytes and immune cells collaborate to maintain the intraosseous environment’s equilibrium. Abnormal
immune function affects the consistency of the atmosphere within the skeletal system; Inversely, alterations in the
homeostasis of the bone marrow’s internal environment can impact immune cells and immunological chemicals, resulting
in anomalies in the immune system. Macrophages, a significant class of immune cells, are crucial for the control of bone
homeostasis (Figure 3).

osteoclast osteoblast

&Q

O¢{~ .
2
’)e@
osteoclast

Figure 3 Relationship between MI, M2, OBs, OCs and BMSCs: M1 cells promote the formation of OCs, and depending on the cytokines they secrete, they may have
a promoting or inhibiting effect on OBs and BMSCs. At the same time, BMSCs seem to have a regulatory effect on M| as well. M2 cells inhibit the formation of OCs and have
a promoting effect on OBs and BMSCs.

Journal of Inflammation Research 2023:16 hetps: 3569

Dove:


https://www.dovepress.com
https://www.dovepress.com

Hu et al Dove

Effect of Macrophages on Osteoblast
OB is a key cell in bone formation, derived from MSCs, and is crucial for bone processes’ synthesis, secretion, and
mineralization.®® Macrophages can affect bone function directly or indirectly since they are present on the surface of the
bone, near the mature bone cells, in addition to the bone marrow.®' Studies have confirmed that depletion of CD169"
macrophages affects bone repair and that CD169" are necessary for the maintenance of bone tissue, providing important
anabolic support during bone homeostasis and repair.> Macrophages are essential to the maintenance of OB. Upon
timely transition of macrophages from M1 to M2 phenotype, OB exhibits enhanced proliferation, adhesion, and
extracellular mineralization capacity, as well as osteogenic gene phenotypes including Runx2, ALP, COL1A1, OPN,
and OCN.® Simultaneously inducing macrophage M2 polarization and activator release reduces bone damage.®*
Current studies have shown that macrophage regulation of OB relies primarily on specific cytokines secreted by
macrophages. M1 macrophages, as pro-inflammatory cells, secrete a large number of TNF-a and IL-6 during maturation,
all of which stimulate OB activity. TNF-0, as a mononuclear factor for M1 phenotypic polarization released by
macrophages, has TNFR1 and TNFR2 receptors, both expressed in immune cells, with TNFR1 activation leading to
apoptosis and TNFR2 activation to cell proliferation. In the skeletal system, TNF-a inhibits bone formation by inhibiting
OB function and reducing OB alkaline phosphatase activity. Early on, TNF-a prevents OB formation by increasing
RUNX2 expression through the regulation of Smurfl and Smurf2, which degrade Runx2 protein. In addition, TNF-a

1. Zhao observed a slight increase in TNF-a and IL-6 expression in

inhibits OB differentiation by suppressing IGF-
MG-63 OB, along with a decrease in ALP, collagen-I, Runt-related transcription factor 2 (RUNX2), and osteoprotegerin
(OPG) expression.®® It has also been noted that TNF-a. may, in a dose-dependent manner, boost osteogenic differentia-
tion. Additionally, it has been shown that low levels of TNF-a can increase RUNX2 expression, thereby promoting
osteogenesis.®” As a member of the interleukin family, IL-6 binds to the IL-6 receptor, resulting in dimerization of the IL-
6 signaling transmembrane receptor subunit of the cell surface protein (gp130) and subsequent activation of JAK/STAT
to generate downstream pathways involved in the regulation of osteogenesis. IL-6 and its soluble receptors activate the
SHP2/MEK2/ERK and SHP2/PI3K/Akt2 pathways, negatively regulating OB differentiation by significantly reducing
ALP activity, OB gene expression and mineralization in a dose-dependent manner.®® On the other hand, IL-6 and its
receptors can also promote OB differentiation through alternative mechanisms. In fact, in primary rat OB cultures,
exogenous IL-6 and IL-6sR have been demonstrated to synergistically enhance the action of the osteogenic protein BMP-
7, leading to an increase in ALP activity and the development of mineralized bone nodules.®’

It has been discovered that M2 macrophages are essential for OB differentiation and osteogenic activity. Upon
triggering M2 polarization of macrophages, BMP-2 and Osx mRNA expression is upregulated, which accelerates OB
proliferation and promotes bone regeneration.”® Moreover, M2 cells secrete not only anti-inflammatory factors but also
BMP-2 and BMP-4. BMP-2, for example, as demonstrated to induce the differentiation and proliferation of undiffer-
entiated MSCs into OBs, promote OB differentiation and maturation, participate in the growth and development of bone
and cartilage, and accelerate the reconstruction process, thus accelerating the repair of bone defects and demonstrating
strong osteogenic induction. By binding to the BMP receptor, BMP-2 activates phosphorylation of SMAD1, and induces
translocation of Runx2 to the nucleus, this leads to an increase in the expression of ALP and osteocalcin in cells,
promoting osteogenesis.”' As a result, macrophages and the cytokines they emit can control how functionally active OBs
are; which is crucial for the control of bone production.

Effect of Macrophages on Osteoclast

OC is a key cell mediating bone resorption and plays an important role in bone metabolism. Factors include nuclear
factor kappa receptor activator and macrophage colony-stimulating factor (M-CSF) to promote the OC precursor. OCs
and macrophages are derived from the same progenitor and compete to differentiate into their respective cell types. This
competition can ultimately impact bone resorption by regulating the maturation and function of OCs. Additionally,
macrophages themselves can regulate bone resorption by impacting OC maturation and function. In a mouse model of
chronic inflammatory bone loss, researchers found that mesenchymal stromal cell therapy, which secretes IL-4, can
polarize M1 into M2 anti-inflammatory cells. This treatment significantly reduces the number of OCs and effectively
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decreases local bone loss.”” In a periodontitis model using diabetic rats, higher levels of macrophage infiltration and M1
macrophage polarization were observed compared to control groups. Additionally, when M1/M2 macrophages were
treated with high levels of glucose, the supernatants increased the formation of OCs compared to cells cultured at normal
glucose levels. However, when N-acetylcysteine was added in combination with high glucose treatment, ROS levels were
reduced and M1/M2 polarization was reversed. This effectively ameliorated symptoms of alveolar bone loss and reduced
the number of bone lesions.”

M1 macrophages secrete proinflammatory factors like TNF-a and IL-1B to mature OCs precursors and form the OCs,
However, M2 macrophages prevent the development of OCs by OCs precursor cells by secreting the IL-4 and IL-10.
TNF-a is the most potent OCs-forming factor secreted by M1 and, in addition to directly promoting OCs precursor
formation, it also stimulates RANKL secretion on the surface of other cells. It promotes the formation of OC. There is
a strong correlation between TNF-a and both RANK and estrogen levels in patients with OP. Through the activation of
the NF-kB and PI3K/Akt signaling pathways in in vitro tests, TNF-a was revealed to synergistically increase RANKL-
induced OCs formation.”* In OBs that were cultured with TNF-o, there was a higher expression of RANKL mRNA
compared to the control group. Furthermore, the number of TRAP-positive cells and the percentage of RANKL-positive
cells increased, and MAPK phosphorylation was upregulated, which activated the NF-kB-like pathway in these cells. As
a result, there was an increase in OC production and enhancement of bone resorption.”” Furthermore, TNF-o affected OC
without the help of the RANKL/RANK/OPG system. TNF-a was only moderately produced by RANKL-induced
macrophages. TLR4 inhibitors had no impact on the OC era generated by RANKL. While TNF-a was linked to the
increase in OC differentiation in OCs treated with LPS, the RANKL/RANK/OPG axis was not.”® In contrast, the AMPK/
SIRT1/NF-kB pathway inhibited the conversion of macrophages to a proinflammatory M1 phenotype and suppressed
bone tissue differentiation and bone resorption by reducing TNF-a secretion.”’ IL-1 is the most important and notable
proinflammatory factor of the interleukin family and promotes OC production, which in turn stimulates bone
resorption.”® TL-1 also induces the release of TNF-a and IL-6, which stimulate bone formation.”” IL-1p has been
found to increase the expression of iNOS, IGF2, as well as the chemokines stromal cell-derived factor 1 (SDF-1) and
C-X3-C motif ligand 1 (CX3CL1) in non-OCs of mouse bone marrow cells. This, in turn, causes a rise in the production
of OCs.* In a mouse model of arthritis, IL-1f blockers were found to be more effective in reducing the disease during
the early stages of arthritis than in established arthritis. This was particularly evident in the prevention of bone erosion,
where blocking IL-1f resulted in a reduction of OC production and bone resorption.®' IL-6, one of the OC factors, and
STAT3 can be activated by the JAK pathway via IL-6, thereby inducing OC formation.®? Studies have shown that via
modifying the NF-kB, ERK, and JNK signaling pathways, IL-6/sIL-6R can control bone cell differentiation and activity
induced by RANKL. Therefore, IL-6 may have a dual role in the development of OP, operating as both a pro-resorption
and an osteoprotective factor, depending on the level of RANKL in the local microenvironment.® In a diabetic rat model,
the JAK2/STAT3 signaling pathway was used to regulate IL-6 levels, this caused peri-implant bone resorption in peri-
implantitis and a decline in the number of OCs.** Anti-inflammatory M2 macrophages secrete IL-4 and IL-10, which
inhibit the differentiation of OC precursors into OC and reduce the amount of OCs by suppressing pro-inflammatory
factors like TNF-a, IL-1, and IL-6. IL-4 and TNF-a also decrease the levels of anti-tartaric acid phosphatase 5b
(TRACP5b), a bone resorption marker, in a mouse model.®® IL-4 can inhibit the differentiation of OC precursors into
OCs in vitro and in vivo. This inhibition is achieved through downregulating RANKL expression in OB and upregulating
OPG by inhibiting NF-xB, the MAPK signaling pathway.*® IL-4 also directly inhibits OC formation by binding to the
peroxisome proliferator-activated receptor y1 on OC precursors.®” Moreover, when TNF-a was used to induce OC
production independently of RANKL, IL-4 inhibited OC differentiation through a STAT6-dependent mechanism.®®

The Effect of Macrophages on Bone Marrow Mesenchymal Stem Cells

Bone marrow mesenchymal stem cells (BMSCs) are stromal stem cells of the bone marrow that have the capacity to
differentiate into osteogenic, lipogenic, chondrogenic, and vascular cells. Macrophages influence BMSC migration,
differentiation, proliferation, and apoptosis in addition to helping MSCs differentiate into osteogenic MSCs, which in
turn helps with bone neogenesis. Then again, MSCs can also influence macrophage polarization and function. Thus,
macrophages and MSCs interact to regulate bone homeostasis.
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The polarization of macrophages from M1 to M2 stimulated osteogenic differentiation in BMSCs to enhance osteogenesis
by upregulating the expression of osteogenic genes (Runx-2, OCN, OPN), in addition, boosting the expression of angiogenic
genes (VEGF and bFGF) to increase angiogenesis.® Cai observed that when macrophages and BMSCs were co-cultured, the
macrophages shifted towards the M2 phenotype and secreted TGF-B1, which stimulated BMSC migration, proliferation, and
osteogenic differentiation.”® Conversely, when macrophages were co-cultured with human MSCs, the MSCs exhibited
immunomodulatory activity, suppressing the M1 and enhancing the M2. The addition of macrophages enhanced the
osteogenic differentiation of MSCs, irrespective of their polarization status. Interestingly, pro-inflammatory M1 macrophages
were the most effective in promoting new bone formation.”’ However, hypoxia-induced M1 macrophage-derived exosomes
led to a decline in BMSCs’ viability and migratory capacity, and increased apoptosis.”” In another study by Wang, a diabetic
model was used to show that AGEs induced M1 macrophage polarization, leading to increased levels of TNF-a, iNOS, and
IL-6, activation of NF-«kB, and altered ALP activity and matrix mineralization in BMSCs. AGEs also decreased the expression
of ALP, OCN, OPN, and OSX, inhibiting osteogenesis in BMSCs.”® The study’s findings are presented below, When BMSCs
derived from MO, typical M1, low inflammatory M1, and M2 macrophages were treated with M1 and low inflammatory M2
macrophages, significant increases in migration, osteogenic differentiation, and mineralization were observed. Among the
macrophages tested, low inflammatory M1 macrophages induced the highest autophagy levels in BMSCs. Autophagy was
found to be responsible for the observed effects on BMSC migration and osteogenic differentiation, and interference with
autophagy eliminated these effects.”® The study also indicates that M1 macrophages have differential effects on BMSCs, and
whether they promote or inhibit osteogenesis may depend on the type and amount of inflammatory factors they produce. In
BMSCs with low or early levels of inflammation, M1 macrophages may be critical in promoting bone repair.

The M2 polarization of macrophages in bone regeneration, which is well known for its anti-inflammatory qualities and
capacity to promote tissue repair and bone production. M2 macrophages can promote osteogenesis in vitro and protect
alveolar bone from resorption in vivo by inhibiting OC production. M2-Exos has also been found to promote osteogenic
differentiation by upregulating the IL-10 cytokine program in BMSCs and macrophages through direct delivery of exosomal
IL-10 mRNA. This activates the IL-10/IL-10R cellular pathway, regulating cell differentiation and bone metabolism.”” In
diabetic OP model mice, drug treatment increased the proportion of M2 F4/80" and CD206" phenotype cells and decreased
the level of the proinflammatory factor IL-1B secreted by M1 macrophages. It also increased the level of the anti-
inflammatory factor TGF-B1 secreted by M2 macrophages, which is considered a key factor in promoting BMSC migration
and osteogenic differentiation. The drug may promote osteogenic differentiation of BMSCs by activating the PI3K/AKT
pathway to increase the surface area of mineralized nodules in the cells.”® In addition, the anti-inflammatory factor IL-4 can
increase M2 macrophage polarization and reduce apoptosis in vivo. It also increases the expression of TGF-B1, activating the
TGF-B1/Smad pathway in BMSCs and promoting osteogenic differentiation.”” To summarize, the M2 plays a critical role in
bone regeneration, and various factors IL-10, TGF-B1, and IL-4 can promote osteogenic differentiation in different ways.

Macrophages and MSCs are known to mutually influence each other’s polarization and metabolism. On one hand, MSCs
boost the expression of anti-inflammatory genes while decreasing the expression of pro-inflammatory genes, can promote the M1
to the M2 type. On the other hand, macrophages can promote the osteogenic differentiation of MSCs.”® Under inflammatory
conditions, MSCs produce prostaglandin E2 (PGE2), which accelerates M2 macrophage polarization and increases the
expression of IL-10 while suppressing the inflammatory response. PGE2 also acts as a lipid signaling molecule that stimulates
bone resorption and formation, leading to an increase in bone mass and strength. M2 macrophages enhance BMSC proliferation
and osteogenic differentiation by increasing a protein’s expression in pathways related to osteogenic differentiation, such as
Runx2, OCN, and ALP.”’

Macrophage Therapy for Diseases Associated with an Imbalance of Bone
Homeostasis

Immune cells and immune-derived cytokines are involved in bone homeostasis. The complex cross-talk between the
skeletal and immune systems also exists in various clinically relevant diseases, including OP, SANFH, RA and other
bone homeostasis imbalance diseases. Macrophages, as immune cells, participate in the pathophysiology of various
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metabolic bone diseases with their different phenotypes. Both in vivo and in vitro studies have confirmed that regulating
the level of macrophage polarization can regulate the immune homeostasis of these diseases.

Macrophages and Osteoporosis

OP, is a systemic metabolic disease characterized by the destruction of bone microarchitecture, imbalance of bone home-
ostasis, and reduced bone density. It is classified as primary (postmenopausal OPand age-related OP) or secondary, with more
than 200 million people worldwide suffering from OP, making it a global public health problem.'® The osteogenic capacity
of patients with OP is lower than their bone resorption capacity, resulting in bone loss, increased bone fragility, and
cumulative risk of fracture, with chronic inflammation being the primary cause of the disease.'®’ To activate adaptive
immune responses and get rid of external irritants, M1 macrophages release pro-inflammatory mediators in the early stages.
In the middle to late stages, M2 macrophages release anti-inflammatory mediators to reduce excessive inflammation and
encourage bone and tissue regeneration. In patients with OP, there is chronic activation of M1 macrophages in the body,
which leads to a persistent state of inflammation. Although M1 macrophages are important for bone resorption, they also
promote the production of OC and hinder cellular osteogenesis by secreting pro-inflammatory and chemotactic factors.
Research studies have revealed that the proportion of M1/M2 macrophage phenotypes increases in osteoporotic models, and
lowering this ratio is a promising strategy for treating OP. Therefore, regulating the balance between M1 and M2
macrophages could be a potential therapeutic approach for managing OP.'"> Decreased estrogen, an important factor in
the postmenopausal OP, results in abnormal macrophage function in immune regulation, and estrogen deficiency results in
increased IL-6 and TNF-a, which stimulate stable, long-term polarization of macrophages to the M1 phenotype, thereby
stimulating OC formation leading to bone loss.'”® Exosomes derived from M1 macrophages that were treated for OPhave
been found to induce JNK phosphorylation and activate the JNK signaling pathway, upregulate miR-98 expression in cells,
and at the same time inhibit osteogenic differentiation of OB, which further worsens bone loss and makes symptoms of OP
more severe.'” As immune cells, macrophages are phagocytic in nature. In a high-resolution in vitro confocal imaging
model of OPthat used mixed OCs-macrophage cultures on bone matrix, BATOON observed that macrophages positioned
adjacent to the basolateral functional secretory domain of the cementing line effectively cleared degraded bone byproducts.
The presence of bone particles in the co-cultured macrophages was not due to direct macrophage resorption but rather
reflected indirect resorption of the bone matrix. Indirect resorption of resorption byproducts released from the OC, suggests
that bone macrophages support and promote OC-mediated resorption in the OP mouse model.'® The use of TET in the OP
rabbit model by FANG decreased the levels of MMP-9, PPAR-y, RANKL, B-CTX, and TRACP-5b and increased the
expression of OPG, ALP, and OC while inhibiting the production of IL-1, TNF-q, and IL-6 and promoting the M1 to M2
polarization of macrophages, suggesting that TET may promote M2 macrophage polarization via.'®® ZHANG found that the
use of berberine could inhibit OC production in vitro by downregulating the gene and protein expression levels of RANKL-
induced CTSK, MMP-9, NFATc1, CD44, and DC-STAMP and revealed the formation of OC in bone could be considerably
observed using berberine in an in vivo animal model of OP. The use of berberine in an in vivo model of OP mice resulted in
a significant reduction in OP symptoms, leading to the conclusion that bone macrophage-induced OC production can be
effectively treated by inhibiting OC production.'®” Avicularin was found to reduce the expression of inflammatory cytokines
and decrease the levels of CD86 and iNOS around implants in osteoporotic (OP) mice. This effect was achieved by blocking
NF-«B phosphorylation, suggesting that avicularin has anti-inflammatory properties. Specifically, it inhibits the polarization
of M1 cells through NF-«B inhibition, which helps to attenuate the inflammatory bone loss caused by macrophages of M1
phenotype.'® Chronic inflammation, a key driver of bone loss, is closely linked to macrophage polarization, and an
imbalance in macrophage polarization leads to an accumulation of inflammatory factors, affecting bone metabolic home-
ostasis and exacerbating the development of bone loss. Therefore, targeting macrophage polarization to induce a dynamic
M1/M2 balance could be a novel therapeutic strategy for OP.

Macrophages and Steroid-Induced Femoral Head Necrosis

The SANFH is caused by the unregulated use of glucocorticoids, which cause programmed osteogenic cell death,
resulting in a lower rate of bone formation than bone resorption. This leads to an imbalance of bone homeostasis in the
femoral head, as well as ischemic necrosis of the femoral head due to glucocorticoid damage to the bone
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microvasculature and localized complications of aseptic inflammation.® Under the stimulation of chronic inflammation,
necrotic bone forms, preventing normal bone reconstruction and repair and allowing the further development of SANFH.
Macrophages, as major players in the immune system, have an important regulatory function in chronic inflammation and
also regulate physiological cell functions, such as lipogenic osteogenic differentiation of BMSCs, osteogenic properties
of OBs, and vascular endothelial cell turnover and repair, as well as the removal of apoptotic or necrotic cellular debris.
Based on clinical data, it has been found that there is a significant infiltration of macrophages in the necrotic zone and
adjacent areas of patients with ONFH. With significantly more macrophages present in SANFH patients compared to
those with other risk factors.'” Additionally, the greatest number of inflammatory cells found in the cancellous bone
tissue of the femoral head affected by osteonecrosis were macrophages.''® The expression of IL-1B, TNF-a, and IL-6 was
likewise markedly enhanced in the ONFH piglet model, and the necrotic bone stimulated the inflammatory response by
activating TLR4 to stimulate M1 polarization of macrophages, a large number of M1 macrophages infiltrated the necrotic
area of SANFH.""" Glucocorticoids have an extremely potent inhibitory effect on immune system cells, regulating
macrophage survival, migration, and proliferation by binding to glucocorticoid receptors in different ways.
Glucocorticoids not only counteract the expression of proinflammatory genes in cells, but they also induce M2
polarization and enhance the production of IL-10 and TGF-f in THP1 monocytes treated with dexamethasone (Dex),
while suppressing the production of IL-1p, TNF-a, and IL-6.""? It also increases the expression of NLRP3 inflammatory
vesicles in macrophages113 and acts synergistically with cytokines to increase the production of pro-inflammatory
mediators.''* Immune factors can be transmitted from the local lesion to the blood in the early stages of SANFH due
to enhanced TNF- activity and significant infiltration of M1 macrophages in the osteonecrosis zone.''> Curcumin
interferes with the JAK1/2-STAT1 pathway to inhibit M1 macrophage polarization and reduce M1 infiltration and
systemic inflammation in the femoral head of a mouse model of SANFH. Additionally, curcumin also reduces osteocyte
apoptosis and SANFH symptoms.''® Astragaloside, on the other hand, promotes the repolarization of M1 to M2 and
reduces the proportion of M1 macrophages in SANFH. This reduces TNF-a and IL-1B levels, decreases osteocyte
apoptosis, and alleviates arthritic symptoms, inflammatory cytokines, and other SANFH symptoms.''” In conclusion,
macrophage polarization and autoimmunity play a very important role in the development of SANFH. In long-term
inflammation, pro-inflammatory factors secreted by M1 macrophages promote the rate of bone resorption, which leads to
bone loss and accelerates the process of SANFH. By inhibiting M1 macrophage polarization and promoting repolariza-
tion to M2 macrophages, this can help reduce inflammation, alleviate arthritic symptoms, and decrease osteocyte
apoptosis in the femoral head, so that intervention in M1 macrophage polarization could be one of the treatment methods
for SANFH.

Macrophages and Rheumatoid Arthritis
An aggressive form of arthritis is a defining feature of the chronic systemic inflammatory diseaseRA.'"® It is character-
ized by erosive arthritis, patients with active RA have abnormal bone metabolism, with large amounts of inflammatory
factors leading to an imbalance in the OB/OC ratio, resulting in bone loss. M1/M2 macrophage polarization imbalances
play a role in the emergence of RA. Recent research has demonstrated that M1 macrophage infiltration in RA
corresponds with osteogenesis of joint damage and that substantial numbers of M1 macrophages are present in arthritic
models.'"” Elimination of macrophage infiltration in inflamed tissues may contribute to the treatment of RA. Under the
inflammatory conditions of RA, many bone loss-mediating IL-1B, IL-6, TNF-a, and HIF-1a, are produced, all of which
are associated with M1 macrophages, which promote RANKL production and mediate bone cell hyperactivation. In RA,
synovial tissue expresses the chemokine CCL21 in high numbers, and CCL21 stimulates an increase in the number of M1
macrophages, leading to elevated IL-6 and IL-23 transcription. IL-6 and IL-23 are involved in the maintenance of Th17
polarization, which plays an important role in OC production, and therefore, CCL21-induced promotion of Th17 by M1
cytokine polarization stimulates of OC production and exacerbation of OC production, exacerbation of erosive arthritis in
RA."?° JAK/STAT is a key pathway of bone destruction in a rat model of RA, characterized by a high expression state of
OCs and M1."?!

In a rat model of RA, there is a high expression state of OCs and M1. Targeting increased apoptosis of M1
macrophages and reducing their number leads to a decrease in the expression levels of TNF-a and IL-1p. This approach
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also increases the number and thickness of bone trabeculae, thereby reducing the symptoms of bone loss to some extent,
halting the progression of bone damage, and restoring normal bone homeostasis.'** Pun inhibits the activation of
receptors in the NF-kB pathway and transforms M1 to M2 after PUN treatment. In the RA model, the expression of
iNOS and other proinflammatory cytokines released by M1 macrophages is reduced in the PUN-treated group. However,
the concomitant increase in the expression of anti-inflammatory markers of M2 macrophages, such as Arg-1 and IL-10,
contributes to the treatment of RA.'*> Macrophages are crucial immune cells in the development of RA, and under-
standing the dialectic between immune cells and skeletal cells and elucidating the mechanisms of macrophage polariza-

tion in RA may be effective in combating RA.

Discussion and Conclusion

Macrophages are one of the main functional cells of the immune system, playing an irreplaceable role in pathogen
recognition, clearance, and innate and acquired immune responses. Depending on the microenvironment, they can
polarize into two phenotypes, M1 and M2, and play different roles. Normal bone homeostasis is very important for
bone development and maintenance. As a complex and dynamic process, various mechanisms coordinate to regulate
bone homeostasis. In the past, the focus of bone homeostasis research was on the association between OBs and OCs.
However, with the development of interdisciplinary integration, it has been found that the skeletal system and the
immune system interact. As immune cells, macrophages can interact with OBs, OCs, and bone marrow stromal cells. An
increasing number of studies have shown that macrophage polarization is an important factor in regulating bone
metabolism and a target for treating bone homeostasis disorders. The mechanisms by which macrophages regulate
bone homeostasis are complex, and different phenotypes affect bone homeostasis in different ways. As a pro-
inflammatory cell, M1 macrophages may promote bone formation in the acute phase, but in chronic inflammation, M1
exacerbates bone resorption, decreases osteogenic ability, and leads to bone homeostasis imbalance. On the other hand,
M2 macrophages release anti-inflammatory factors in the later stages of inflammation, reducing the body’s inflammatory
response. At the same time, they induce OBs differentiation and increase bone mineralization, promoting bone formation,
effectively reducing bone loss, and maintaining bone homeostasis. Therefore, by regulating macrophage polarization and
promoting bone regeneration through immune cell factors, adjusting bone homeostasis may be an effective therapeutic
target for promoting bone repair.

Biological materials with immunomodulatory properties have now been developed for use in bone tissue engineering.
Olwyn developed an immunomodulatory scaffold containing bone-like nanohydroxyapatite particles (BMnP), which can
induce the formation of M2 macrophages and increase the production of the anti-inflammatory cytokine IL-10. In vitro
experiments also confirmed that macrophages treated with nanoparticles enhance the osteogenic effect of MSCs in vitro,
promoting an increase in bone mass.'** Li developed a gastrodin-biodegradable polyurethane/nanohydroxyapatite
composite biomaterial. This biomaterial can trigger the polarization of M2 macrophages and accelerate vascular
generation.'”® Huang found that chitooligosaccharides (COS) can regulate macrophage polarization, enhance the

126

osteogenic differentiation of BMSCs, and promote bone formation. > Meanwhile, researchers have also developed

some bioactive drugs to correct bone homeostasis. Liu found that small extracellular vesicles derived from bone marrow
mesenchymal stem cells (BMSC-sEV) influence macrophage polarization, thereby treating bone loss in periodontitis.'?’
Zhu used crocin to suppress inflammation induced by titanium particles and enhance the osteogenic differentiation of
BMSCs by inducing the polarization of M2 macrophages.'*® This provides new insights into the regulation of bone
homeostasis by macrophages.

In general, the polarization of macrophages and bone immunity play a very important role in the occurrence and
development of bone homeostasis disorders. Pro-inflammatory macrophages and inflammatory cell factors promote the
generation of OCs, while anti-inflammatory macrophages can reduce bone loss. Therefore, regulating the direction of
macrophage polarization can improve the pathogenesis of bone homeostasis imbalance and effectively treat such

diseases.
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