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Abstract

Osteoarthritis (OA) is a degenerative joint disease that is common and signif-
icantly impacted in middle-aged and elderly people, and its accompanying in-
flammatory response plays a crucial role in the occurrence and progression of
the disease. In recent years, studies have shown that the polarization state of
macrophages plays a key role in the inflammatory response of OA. Macro-
phages are key players in OA pathology and their activation status has been
extensively studied. Various studies have shown that macrophages may re-
spond to stimuli in their microenvironment by changing their phenotype to a
pro-inflammatory or anti-inflammatory phenotype, called macrophage polar-
ization. Macrophages accumulate and polarize in many tissues (M1 or M2),
such as synovial membrane, adipose tissue, bone marrow and joints, while
resident macrophages, as well as other stromal cells (including fibroblasts,
chondrocytes, and osteoblasts) form joints and function as a whole unit. We
summarize findings related to macrophage polarization and osteoarthritis, in-
cluding pathogenesis, molecular pathways, and treatments, to alleviate the
progression of osteoarthritis disease.
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1. Introduction

Osteoarthritis (Osteoarthritis, referred to as OA) is a common joint disease world-
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wide, and is often found in middle-aged and elderly people. This disease is actually
caused by a variety of factors, which causes degeneration of those joints, which in
turn causes this degenerative change to occur from time to time. As human quality
of life improves and our lifespans grows, the number of elderly people suffering
from this disease is unfortunately increasing every year, as the WHO pointed out,
it is called “immortal cancer” [1] [2]. As of now, according to the data we obtain,
about 10% to 15% of adults worldwide are affected to various degrees by this dis-
ease. However, this situation is more common in the so-called middle-aged and
elderly groups. If we look at our country, that is, in mainland China, the propor-
tion of osteoarthritis is even a little higher among these middle-aged and elderly
people, or perhaps as high as 30% to 50% [3]. This number does make people feel
more popular. Generally speaking, patients often have some common symptoms,
such as joint pain and stiffness, and the patient’s late-stage quality of life is greatly
reduced, which affects the patient’s daily life and work. For now, the treatment
methods of osteoarthritis are generally divided into several categories, non-phar-
maceutical treatment, drug treatment and surgical treatment [4] [5].
Macrophages are multifunctional immune cells with excellent plasticity and are
involved in the stages of inflammation, such as the occurrence, development and
digestion. They are able to adapt to different organizational microenvironments
and perform various functions. Traditionally divided into classical activation
(M1) and selective activation (M2) phenotypes, recent advances reveal macro-
phage activation status profiles beyond this dichotomy. More and more studies
have shown that the polarization imbalance of macrophages is a key pathological
factor in various immune-related diseases such as autoimmune diseases and tu-
mors [6]. Complex interactions of signaling pathways, transcriptional regulators,
and epigenetic modifications coordinate macrophage polarization, allowing them
to dynamically respond to various stimuli. The plasticity of macrophages plays a
key role in tissue repair and regeneration, which coordinate inflammation, angi-
ogenesis, and matrix remodeling to restore tissue homeostasis. By leveraging the
potential of macrophage plasticity, novel therapeutic strategies for macrophage
polarization can be developed for a variety of diseases, including chronic wounds,
fibrotic diseases and inflammatory conditions. Ultimately, a deeper understand-
ing of the molecular mechanisms that underpin macrophage plasticity will pave
the way for innovative regenerative medicine and tissue engineering approaches

[7].

2. Main Body
2.1. Macrophage Morphology of Osteoarthritis

Osteoarthritis is a disease that affects most joint tissues. In today’s medical re-
search field, a relatively abundant type of immune cell in inflammation and joint-
related problems, like macrophages, is believed to have important associations
with the emergence and progression of diseases. In the context of macrophage

origin, macrophages come from two different lineages [8]. Macrophages are the
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main component of the immune system and also play a regulatory role in the in-
flammatory environment of OA. Studies have shown that the polarization process
of synovial M1 macrophages may be related to the increasing seriousness of oste-
oarthritis. However, more experimental evidence is needed to confirm the specific
biological mechanism of this causal relationship. Previous studies have confirmed
M1 macrophage-mediated cartilage destruction during OA progression [9]. Fahy
et al. experimentally demonstrated that M1-related cytokines IL-6, IL-1b, TNF-a
and tumorigenin M (OSM) can induce the destruction of chondrocytes, including
downregulation of type II collagen and aggrecan synthesis. In addition, synovial
M1 macrophages have also been shown to upregulate the production of proteo-
lytic enzymes such as matrix metalloproteinase (MMP)-1, MMP3, MMP13, MMP9
agglomerase and cyclooxygenase-2, through which the effects of these enzymes
can lead to joint degeneration [10]. From the above, macrophages play a relatively
important role, and they participate in a series of important stages of the inflam-
matory response, which involve occurrence, development, and even digestion.
However, the specific operating mechanisms of this have not been fully explained
yet. To some extent, each critical stage is closely related to complex biological sig-
naling pathways. Studies have shown that at different stages of the inflammatory
response, macrophages exhibit different phenotypes, and the polarization states
of macrophages (type M1 and type M2) will also affect the progress of OA. M1
macrophages are mainly proinflammatory and antibacterial effects, while M2
macrophages can be further subdivided into M2a, M2b and M2c. They exhibit
anti-inflammatory properties and help tissue repair and remodeling, which mainly

show anti-inflammatory and repair functions [11] [12].

2.2. Overview of Macrophage Polarization

In the study of biology, macrophages are an important part of the innate immune
system. These cells show extremely high mutant adaptability and extremely high
plasticity. The ability to present different functional states according to different
stimuli received in different microenvironments, so this change is called Macro-
phage Polarization. It is crucial for tissue repair and maintenance of homeostasis
in the body. Briefly, macrophages can present a unique, metastable functional
phenotype in response to environmental cues—a process called macrophage po-
larization [13] [14]. During the process of macrophage polarization, a variety of
different functional phenotypes can be presented, among which the two most clas-
sic phenotypes are: M1 type (classical activated type) macrophage M2 type (alter-
nate activated type) macrophage [15]. The two have completely different func-
tions in physiological and pathological environments, and are involved in inflam-
matory responses, immunosuppression, tissue repair and other processes respec-
tively. In addition, M1/M2 is just two extremes of macrophage polarization. In
actual cases, macrophage polarization is a continuous spectrum, not a dichotomy.
Studies have shown that macrophage polarization is crucial for maintaining tissue

repair and in vivo homeostasis [16]. Macrophage polarization usually refers to the
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process in which macrophages generate unique functional phenotypes by re-
sponding to signals such as stimulation in tissues in specific microenvironments
and transcription factors [13]. Udalova and colleagues have shown that the tran-
scription factor IRF5 controls the plasticity of M1 macrophages in mice and hu-
mans. M1 macrophages, or classically activated macrophages, act as antibacterial
and proinflammatory factors, which are activated in response to stimulation of
type 1 helper T (Th1) cells [17]. Studies have shown that the polarization of syn-
ovial M1 macrophages may be closely related to the development process of oste-
oarthritis, that is, OA, and that changes in M1 cells may be one of the important
factors that worsen the disease.

2.3. Application of Macrophage Polarization in the Treatment of
Osteoarthritis

1) In recent years, the research on the polarization mechanism of macrophages
has made great progress through technological advances, so it is a promising strat-
egy for the treatment of osteoarthritis, a disease that affects most joint tissues and
ultimately leads to degenerative joint lesions. In the current field of medical re-
search, inflammation phenomena and one of the most abundant immune cells in
various types of joints, macrophages, are widely believed to be important factors
that may be involved in the entire occurrence and progress of the disease. Its treat-
ments are diverse, including intra-articular (IA) injection, surgery, and cell ther-
apy, but the need for more effective clinical therapies remains high. More effective
ways to reduce inflammation progression is still needed. Methods for treating OA
include roughly physical stimulation, chemical compounds and biological mole-
cules. Studies have shown that most of these methods are related to macrophage
polarization. Therefore, OA treatment with macrophage polarization as a poten-
tial target.

2) Under the continuous influence of specific microenvironmental conditions,
macrophages with diverse morphologies have been demonstrated to have the abil-
ity to perform phenotypic switching based on external stimuli. Taking the patho-
genesis of osteoarthritis as an example, the proinflammatory effect plays an im-
portant role. Many experimental data have confirmed this that M1 type macro-
phages occupy key positions in the immune system. An example that constitutes
one of the important links in the early course of OA can be seen. The activation and
polarization process of M1 type macrophages is mainly dominated by the regulation
of inflammatory signals in tissues. M1 macrophages have the secretion behavior of
various proinflammatory cytokines such as IL-1, IL-6 and TNF, and the intensity of
inflammatory response has been significantly enhanced. Nowadays, relevant animal
experiments have confirmed the conclusion that the occurrence of M1 polarization
in synovial tissue will aggravate the OA-related symptoms in CIOA and DMM mod-
els. In contrast, when the Rheb gene is deletion, the mTORC1 pathway is enhanced,
which promotes the development of the M2 polarization process, and ultimately

results in a significant relief of CIOA symptoms in mice. The results show that mac-
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rophage M1 polarization leads to the worsening progress of experimental OA [9].
Synovial macrophages function like an immune cell that plays an important role in
the progression of osteoarthritis (OA). After reviewing some literature, we learned
that activated macrophages are regulated by some signal pathways, such as NF-«B,
MAPK, TGF-p, JAK/STAT, PI3K/Akt/mTOR and NLRP3 main pathways. These
activated macrophages are polarized to M1 or M2 subtypes according to specific
environments in the synovial tissue, synovial fluid, and peripheral blood of OA
patients. Research conclusions show that the severity of OA is somewhat complex
and vaguely related to a variety of factors. For example, in addition to some mu-
tual influences between self-secretion, in fact, there is also a paracrine mechanism,
which involves some immune cells, such as the difficult-to-describe relationship
between macrophages and chondrocytes. This mutual influence through secre-
tion, such as: inflammatory factors, growth factors, matrix metalloproteinase
(MMP) and inhibitors (TIMP), all of which have an unnegligible effect in the be-
ginning and development of OA, and cause the subsequent cartilage to be de-
graded and then further damaged. By treating those macrophages in the synovial
membrane, the pain can be relieved and inflammation problems can be prevented
when osteoarthritis continues to develop, thus avoiding damage to the cartilage
tissue and reducing the formation of osteophytes. Transformation reprogram-
ming of macrophages from M1 to M2 isoforms, exceeding the reduction in the
number of activated macrophages, appears to be an effective therapeutic option
for OA [18]. Therefore, we learned that M1 type related studies in synovial mem-
branes of OA patients point out that there is a significant increase in the number
of macrophages and a positive correlation with the severity of osteoarthritis (OA).
In today’s biomedical field, for M2 macrophages, they can produce some polari-
zation manifestations due to various stimuli, although the specific mechanism of
this polarization process still needs to be discussed in depth. Certain cytokines,
such as IL-4, IL-10 and IL-13, can induce changes, and another type of glucocor-

ticoid and immune complex with hormone effects is also involved in this process.

2.4. Basic Features of CXCL12

The CXCL12 molecule named SDF-1 is of great biological significance in the
chemokine family. The main way of its function is to specifically bind to CXCR4
and CXCR?7 receptors, thereby achieving regulatory effects on immune response
processes and cell migration behavior. The regulatory efficacy that cannot be ig-
nored has been proven to exist in the study of osteoarthritis pathological mecha-
nisms. Examples show that the transition of macrophage polarization state and its
recruitment behavior are significantly affected by this factor. CXCL12 signaling
molecules released in the autocrine or paracrine pathways, experimental data
show that they can lead to a decrease in the expression level of RUNX3 transcrip-
tion factor. The sustained expression characteristics of CD4 and CD14 surface
markers in the monocyte/macrophage population are also closely related to the

biological activity of this factor [19]. There is a positive correlation between serum
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levels of CXCL12 and the severity of osteoarthritis (OA), and has been observed
by several researchers. After 60 patients with knee OA were included in the study,
it was found that the significant increase in CXCL12 levels in their peripheral
blood and joint cavity fluid, compared with the healthy control group. The evalu-
ation results of the WOMAC scoring system also show that the concentration of
this chemokine is positively correlated with it [20]. The operation mode of the
above mechanism has not been fully explored. There are many links that need to
be thoroughly examined, making it difficult for researchers to fully grasp its po-
tential complexity. It shows that there are still significant limitations in the current

stage of understanding of this problem.

2.5. The Role of PI3K/Akt/mTOR Signaling Pathway and OA

Targeting of key molecular and signaling pathways involved in OA pathogenesis
has been extensively studied, where the PI3K/Akt pathway not only regulates the
survival, migration and proliferation of macrophages, but also coordinates the re-
sponse of macrophages to different metabolic and inflammatory signals [21] [22].
Its pathway is an important and very complex signaling pathway, in which more
than 150 proteins have been identified to participate in this pathway [23]. Various
molecules including insulin, glucose, a variety of growth factors and cytokines can
also initiate PI3K/AKT/mTOR signaling [24]. Based on the available evidence, the
PI3K/AKT/mTOR signaling pathway plays an indispensable role in the normal
metabolism of joint tissues, and also participates in the development of OA [25].
Thus, through these effectors, PI3K/AKT/mTOR can function in many in vivo
homeostasis processes, including cell cycle, cell survival, inflammation, metabo-
lism, and apoptosis [26]. So understanding the role of PI3K/AKT/mTOR signal-
ing pathways in osteoarthritis is beneficial for us to understand osteoarthritis. In-
cluding studies, downregulation of miR-34a promotes proliferation of chondro-
cytes in rat osteoarthritis and inhibits apoptosis through activation of the
PI3K/Akt pathway [27]. Researchers have shown that Kongensin A, which targets
PI3K, reduces inflammation-induced osteoarthritis by regulating macrophage po-
larization and alleviates inflammation signaling [28]. Benzophenone 3 (BP3) has
also been shown to significantly alter the expression of toxicological targets and
disrupt the PI3K/AKkt signaling pathway, thereby promoting OA pathogenesis
[29]. Some researchers have demonstrated that inhibiting the CXCL12a/CXCR4
signaling axis maintains the expression of metalloproteinase-3 tissue inhibitors
through the PI3K/Akt pathway to solve the mechanism of AMD3100 to prevent
OA [30].

In the current stage, in the study of intervention strategies for osteoarthritis
(OA) pathological process, the discussion of the mechanism of PI3K/AKT/mTOR
signaling pathway showed versatile characteristics. It is worth noting that the re-
construction of cartilage tissue homeostasis and the strengthening effect of the
cellular autophagy process may be achieved through the inhibitory treatment of

this signaling pathway; the mitigation effect of the degree of joint damage has also
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been observed, which are usually caused by osteoarthritis. Examples show that the
promotion of chondrocyte proliferation and the inhibition of apoptosis may be
achieved through the activation of the PI3K/AKT/mTOR signaling pathway,
which has potential value for the prevention and treatment of arthritis. It should
be emphasized that the in-depth verification of the above research directions is

still insufficient.

2.6. The Relationship between CXCL12 and Macrophages

1) Tumor-associated macrophages (TAM) in the tumor microenvironment is
closely related to poor prognosis of gastric cancer (GC). The upregulation of
HMGA1B/2 regulates macrophage polarization in a CXCL12/CXCR4-dependent
manner through POU1F1, thereby promoting metastasis and metastasis of gastric
cancer [31]. Studies have shown that malignant cells can secrete M2-like cyto-
kines, such as IL-10, CCL2/3/4/5/7/8, CXCL12, VEGF and platelet-derived growth
factor (PDGF), etc., so as to recruit more monocytes and M0 macrophages to a
certain region and distinguish them into the M2 phenotype [32]. Fire needle acu-
puncture (FNA) reduces KOA by activating the SDF-1/CXCR4 pathway, regulat-
ing macrophage polarization and reducing cartilage damage and inflammation.
Its experimental study showed that the ATI-2341 group showed a therapeutic ef-
fect similar to FNA, while the efficacy of the AMD3100 and AMD3100 + FNA
groups was reduced. These findings highlight the therapeutic potential of FNA in
KOA management [33].

Therefore, we can learn from these studies that activation of the CXCL12/
CXCR4 pathway, modulate macrophage polarization and reduce cartilage damage
and inflammation to alleviate KOA. These findings can be therapeutic potential
in OA management.

2) Research progress of CXCL12 as a therapeutic target

Research has shown that miR-31 expression was detected by reverse transcrip-
tion-quantitative polymerase chain reaction, and it was found that miR-31 was
downregulated in cartilage tissues of OA patients. microRNA. org is used to pre-
dict the gene target of miR-31, and the dual luciferase reporter assay is used to
verify that the CXC motif chemokine ligand 12 (CXCL12) is a direct target of miR-
31. Experimental validation of data shows that miR-31 promotes chondrocyte vi-
ability and migration through direct targeting CXCL12, which provides evidence
for CXCLI12 as a potential target for OA treatment [34]. Knockdown of miR-107
In related research, scholars have discussed some molecular mechanisms a lot. It
is worth noting that in a series of experiments, observations have shown that
CXCL12 may serve as a target for miR-107, a specific microRNA. CXCL12 over-
expression attenuates the role of miR-107 overexpression or HOTAIR knockdown
in proliferation, apoptosis, and ECM degradation, so it can be concluded that
CXCL12 is also considered to play a key role in regulating inflammatory responses
and bone remodeling, and HOTAIR knockdown promotes chondrocyte prolifer-
ation, but inhibits OA chondrocyte apoptosis and ECM degradation by regulating

DOI: 10.4236/jbm.2025.139021

254 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.139021

Z.Y.Houetal

the miR-107/CXCL12 axis [35]. Therefore, it has important biological significance
and clinical application value in the onset of osteoarthritis. Studying its functions
and related signaling pathways will provide theoretical basis and practical guid-

ance for the precise treatment of osteoarthritis.

3. Research Direction and Clinical Application Prospects

Among the regulatory pathways of macrophage polarization, the status of signaling
pathways such as JAK/STAT, PI3K/AKT/mTOR is particularly critical. This path-
way has a significant impact on the regulation of metabolic activity, intervention
in proliferation behavior and maintenance of viability of these immune cells. The
role it plays in the entire occurrence and development of inflammatory responses
cannot be ignored. Examples support that in-depth exploration of this signaling
pathway may open up a new research and development path for treatment strate-
gies, and thus improve the prognosis of patients with osteoarthritis. It is worth not-
ing that the CXCL12 molecule as a potential therapeutic target has shown encour-
aging application prospects. As an important chemokine, it plays a role by binding
to CXCR4. A research team has begun to analyze and conclude that the correlation
between serum CXCL12 levels and non-traumatic femoral head necrosis clinical
periods exists. Experimental data show that the reduction in serum CXCL12/SDF-
1 concentration is often accompanied by a tendency to worsen non-traumatic os-
teonecrosis [36]. Therefore, drugs targeting the CXCL12-CXCR4 axis show good
prospects in the treatment of osteoarthritis (OA). For example, sodium hyalu-
ronate-PDGF can interfere with the function of CXCL12, thereby showing pro-
tective effects on OA in preclinical models [37]. Astragalus IV, the main phyto-
chemical in Astragalus, has been identified as a novel CXCR4 antagonist. Reduced
ADAMTSS5 overexpression in CXCL12-induced chondrocytes by blocking the Akt
signaling pathway to achieve the effect of alleviating osteoarthritis, and in addi-
tion, its administration significantly repaired the damaged cartilage and subchon-
dral bones of rats induced by MIA [38]. And it has been approved by the China
National Medical Products Administration for human testing as an antiviral drug.

Therefore, the possibility that CXCL12 is considered a potential target for oste-
oarthritis treatment is emerging. However, the potential of CXCL12 as a thera-
peutic target, but at this stage, there is still no assessment of the long-term effects
and safety related to CXCL12-based therapies, including its long-term efficacy and
potential side effects.

4. Conclusion

In the practice of clinical treatment programs for osteoarthritis, hierarchical char-
acteristics are most significantly reflected in the application of treatment measures.
What needs to be paid full attention to are basic-level non-pharmaceutical inter-
ventions, among which the periodic development should be required to be mod-
ularized patient education. In terms of self-management skills, the programmatic

training process must be emphasized, and the implementation of exercise pre-
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scriptions must comply with standardized specifications. Differentiated designs
should be applied to the formulation of weight loss plans for overweight people.
The use of nonsteroidal anti-inflammatory drugs constitutes the core component
of drug treatment. Conventional treatment methods include the injection of corti-
costeroids in the articular cavity. When the disease progresses to the end stage, the
final choice often evolves into surgical interventions. Examples show that the effect
of improving quality of life has been clinically confirmed, and the severity of symp-
toms has indeed been reduced through these standard therapies. It can be seen that
there are still obvious shortcomings in improving cartilage tissue structure recon-
struction. What needs to be carried out in depth is the research on signal path related
mechanisms based on JAK/STAT, PI3K/AKT/mTOR and other signal pathways.
The existing research data support that the special value of macrophage polariza-
tion phenomenon is reflected in the research field of M2 type activation process.
It can be seen that the direction of screening out novel drug molecules is to pro-
mote the ability to transform M1 to M2.
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