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Abstract
Primary osteoarthritis (OA) is a prevalent degenerative joint disease that mostly affects the knee joint. It is a 
condition that occurs around the world. Because of the aging population and the increase in obesity prevalence, 
the incidence of primary OA is increasing each year. Joint replacement can completely subside the pain and 
minimize movement disorders caused by advanced OA, while nonsteroidal drugs and injection of sodium 
hyaluronate into the joint cavity can only partially relieve the pain; hence, it is critical to search for new methods 
to treat OA. Increasing lines of evidence show that primary OA is a chronic inflammatory disorder, with synovial 
inflammation as the main characteristic. Macrophages, as one of the immune cells, can be polarized to produce 
M1 (proinflammatory) and M2 (anti-inflammatory) types during synovial inflammation in OA. Following polarization, 
macrophages do not come in direct contact with chondrocytes; however, they affect chondrocyte metabolism 
through paracrine production of a significant quantity of inflammatory cytokines, matrix metalloproteinases, 
and growth factors and thus participate in inducing joint pain, cartilage injury, angiogenesis, and osteophyte 
formation. The main pathways that influence the polarization of macrophages are the Toll-like receptor and NF-κB 
pathways. The study of how macrophage polarization affects OA disease progression has gradually become one 
of the approaches to prevent and treat OA. Experimental studies have found that the treatment of macrophage 
polarization in primary OA can effectively relieve synovial inflammation and reduce cartilage damage. The present 
article summarizes the influence of inflammatory factors secreted by macrophages after polarization on OA 
disease progression, the main signaling pathways that induce macrophage differentiation, and the role of different 
polarized types of macrophages in OA; thus, providing a reference for preventing and treating primary OA.
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Introduction
Primary OA is a common chronic disease with pain 
and loss of motor function as the characteristic disease 
manifestations [1]. Previous studies have shown that 
with the aging of population and the high obesity rate, 
OA has become a major musculoskeletal disease glob-
ally that affects the daily activities of the elderly popula-
tion [2, 3]. OA affects women more frequently than males 
in those over 50. In OA patients with age ≥ 65 years, OA 
occurs in the hand, knee, and hip in 60%, 33%, and 5% 
of the patients, respectively; however, patients with OA 
in the hip and knee experience a higher degree of pain 
and disability [4]. Presently, clinical treatment of OA 
mainly includes nondrug therapy, drug therapy, and sur-
gical therapy [1, 5, 6]. Knee OA can be treated non-oper-
atively through diet management, appropriate exercise, 
and drugs such as non-steroidal anti-inflammatory drugs 
and intraarticular hyaluronic acid (IAHA) [7, 8]. For the 
overall treatment of hip OA, non-drug therapy is still 
the strongest recommendation due to the lack of drug 
clinical research data, while for the treatment of hand 
OA, drug therapy is mainly used, especially non-steroi-
dal anti-inflammatory drugs or selective COX-2 inhibi-
tors [7, 9]. Since the intervention for treating the disease 
mainly occurs in the late stage of OA progression, the 
therapeutic effect of nondrug treatments such as plate-
let-rich plasma (PRP), nonsteroidal anti-inflammatory 
drugs, and opioids is limited. Except for hip and knee 
replacement, which can treat end-stage diseases, there is 
no other approach that can delay the disease progression 
and the irreversible damage of cartilage [2, 9, 10]. There-
fore, it is urgent and important to develop new methods 
for the treatment of OA.

Previously, primary OA was thought to be a degenera-
tive disease; nevertheless, in the past decade, increasing 

lines of evidence show that OA is a multifactor disease, 
and low-grade, chronic synovial inflammation plays an 
important role in OA. As a separate risk element for new 
knee OA, synovitis is caused by multiple aspects, includ-
ing not only cartilage and meniscus injury but also liga-
ment injury and crystal deposition [11]. Modern imaging 
techniques such as magnetic resonance imaging and 
ultrasound examination have confirmed the role of syno-
vitis in primary OA pain and changes in bone and carti-
lage structure; however, the degree of synovitis needs to 
reach a certain threshold to affect OA disease progres-
sion [11, 12]. Synovial inflammation is mainly mediated 
by immune cells, particularly macrophages, which are 
the primary participants in chronic synovial inflamma-
tion, osteophyte formation, joint pain, subchondral bone 
remodeling, and cartilage injury, and the extent of mac-
rophage activation is also correlated with OA severity 
[13–17].

Macrophages are commonly categorized into two 
types: classically activated M1 type and alternately acti-
vated M2 type. Based on the expression of CD markers 
on the cell surface, M1 and M2 macrophages are classi-
fied as CD11c + CD206- and CD11c-CD206+, respec-
tively. M1 macrophages are activated by environmental 
factors like interferon-γ (IFN-γ), tumor necrosis factor-α 
(TNF-α), and lipopolysaccharide (LPS), and they secrete 
proinflammatory cytokines such as IL-1, IL-6, and low 
levels of IL-10. M2 macrophages have anti-inflammatory 
properties and tissue repair function [18, 19] (Fig. 1). By 
generating cytokines including TGF-β, IL-10, CCL-18, 
and IL-1RA, these macrophages contribute to the reduc-
tion of inflammation(Fig.  1). The spatial and temporal 
distribution of M1 and M2 macrophages are essential for 
the accurate control of inflammation and the regenera-
tion of tissue. During OA disease progression, the ratio of 

Fig. 1 Origin and polarization of macrophages
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M1/M2 macrophages constantly changes, and the imbal-
ance between proinflammatory and anti-inflammatory 
macrophages is one of the causes of low-grade chronic 
inflammation [20]. It is, however, interesting to note that 
the simple depletion of macrophages does not delay pri-
mary OA progression; in contrast, it aggravates synovitis 
and increases the production of inflammatory cytokines. 
Therefore, more targeted approaches for different polar-
ized macrophage subsets are required for primary OA 
prevention and treatment [14, 21]. Previous studies have 
shown that macrophages are involved in skeletal muscle 
and tendon repair [22, 23]. However, targeted therapies 
on how to slow down the primary OA process by regu-
lating macrophage polarization are yet to be developed. 
This study focuses on the function of synovial macro-
phages and their subsets in OA and the paracrine effects 
they have on chondrocytes, adipose tissue, and neovas-
cularization. We also highlight the signaling pathways 
that regulate macrophage polarization and provide an 
overview of the pertinent mediators released by macro-
phages that are important in the progression of OA. We 
aimed to find a new target to treat or delay primary OA 
disease by studying macrophages and their polarization 
process in primary OA.

Polarization of macrophages in OA
Synovium and macrophage polarization
Human joint synovium, as a macrophage-rich area in 
joints, is composed of two layers. The first layer is an inti-
mal lining layer containing macrophages and fibroblast-
like synovium cells with secretory function. The second 
layer, known as the synovial sublining layer, is mostly 
made up of blood vessels and fibrous connective tissues. 
It contains very few macrophages and lymphocytes [24, 
25]. A central feature of primary OA is activation of the 
innate immune system [26–29]. This is different from 
the characteristics of rheumatoid arthritis, which repeat-
edly and continuously activates the innate and acquired 
immune system, leading to immune tolerance, autoanti-
body production and excessive production of inflamma-
tory cytokines in the later stage of the disease [26–29]. 
The investigation of tissue-resident macrophages in 
mouse primary OA revealed that resident macrophages 
in OA can act as a barrier similar to epithelial cells and 
shield proinflammatory signals through tight junctions 
between cells to limit early inflammatory responses [18] 
(Fig. 1). Human subject tissue-resident macrophages can 
be subdivided into CD11c-CD206-, CD11c + CD206- 
(M1), CD11c-CD206+ (M2), and CD11c + CD206 + mac-
rophages according to CD markers [19, 30]. Nonetheless, 
some research has demonstrated that human periph-
eral blood monocyte-derived macrophages (MDMS), 
which are classified according to CD markers as 
CD86-CD206-, CD86 + CD206-, CD86-CD206+, and 

CD86 + CD206 + macrophages, are the primary agents in 
the inflammatory aspects of the illness [19, 30]. Among 
them, CD86 + CD206- and CD86-CD206 + macrophages 
had similar effects with M1 and M2 macrophages, 
respectively, and the transcription factors Pu.1, CEBP-α, 
CEBP-β, and Jun can control the differentiation of sys-
temic monocytes into proinflammatory synovial mac-
rophages [19, 30, 31]. At the beginning of inflammation, 
hyaluronic acid and fibronectin released from the extra-
cellular matrix and intracellular proteins from stressed, 
damaged, or necrotic cells serve as endogenous dam-
age-associated molecular patterns (DAMPs) through 
the Toll-like receptor (TLR) pathway (Fig.  2). Finally, 
signaling cascades activate transcription factors such as 
interferon regulatory factors (IRFs), AP-1, and nuclear 
factors (NF-kB), thereby producing chemokines (such 
as IL-5 and CCL1) and cytokines (such as IL-6, IL-2, and 
TNF). Additionally, the damaged meniscus and ligaments 
also produce inflammatory signals, and these inflam-
matory signals and chemokines can recruit and activate 
MDMS, thereby exacerbating the inflammatory response 
[32–34] (Fig. 3). Proinflammatory cytokines and stroma-
degrading enzymes (matrix metalloproteinase(MMP)) 
generated during the inflammatory response diffuse to 
cartilage through the synovial fluid. At the end of this 
process, the cartilage gradually degenerates, causing 
more inflammatory signals to be produced, maintaining 
and exacerbating the illness [35] (Fig. 3).

Macrophages can also be activated by the inflamma-
some. Pyrin domain 3 (NLRP3) is an intracellular protein 
complex that participates in the activation of IL-1β and 
IL-18 by splitting pro-caspase-1 into caspase-1, thereby 
promoting inflammatory cytokine production. Calcium 
phosphate crystals commonly found in the joint fluid 
of OA patients, together with uric acid, also participate 
in the proinflammatory process of the NLRP3 inflam-
masome [36]. However, it remains unclear whether 
the mechanism of caspase-1 activation depends on the 
activation of this inflammasome [37]. Zhou et al. used 
extracellular vesicles (EVs) of human umbilical cord mes-
enchymal stem cells to inhibit the expression of methyl-
transferase-like protein 3 (METTL3), diminish the m6A 
expression level of NLRP3 in macrophages, and inhibit 
the activity of NLRP3 in a mouse OA model, which 
exerted anti-inflammatory effects [38].

These studies suggest that synovial inflammation is an 
important part of OA progression and emphasize the 
role of polarized macrophages in promoting inflamma-
tion and cartilage damage. Therefore, targeting and reg-
ulating polarized macrophages appear to be an effective 
approach to prevent and treat OA(Table 1).

Articular macrophages can be classified into resident 
macrophages and MDM, among which resident macro-
phages can perform epithelial-like barrier function and 
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Fig. 3 Cartilage degradation and the generation of macrophage pro- or anti-inflammatory factors

 

Fig. 2 Activation and signal transmission of TLR signal transduction
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intercellular connections can shield inflammatory sig-
nals during disease progression. Nonetheless a portion 
of resident macrophages can still differentiate into pro-
inflammatory macrophages. The cells from both sources 
differentiate into the M1 phenotype under the stimula-
tion of IFN-γ, TNF-α, and LPS and secrete proinflam-
matory cytokines such as TNF-α, IL-1, IL-6, and IL-10, 
which played the pro-inflammatory role of macrophages. 
Following stimulation by IL-4 and IL-10, they can differ-
entiate into the M2 phenotype and secrete anti-inflam-
matory cytokines IL-1RA, IL-10, CCL-18, and TGF-β. 
M2 phenotype can secrete anti-inflammatory cytokines 
to play an anti-inflammatory role. MDM has a significant 
impact on how primary OA develops.

Infrapatellar fat pad and macrophage polarization
The infrapatellar fat pad (IPFP) is a reservoir of adi-
pose tissue in the knee joint, which can secrete inflam-
matory mediators that affect synovial and cartilage 

inflammation and participate in OA disease progression. 
IPFP is also another location where macrophages exist 
in large numbers in the joint [39]. Prior researches have 
confirmed that the quantity of macrophages in the IPFP 
of OA patients increased significantly, and the propor-
tion of M1-like (CD11C+) macrophages and M2-like 
(CD206+) macrophages increased [40]. Macrophages 
exist in an intercellular matrix composed of collagen 
and elastic fibers. The activation of various growth fac-
tors, cytokines, and enzymes produced by macrophages 
can enhance osteophyte formation, aggravate or reduce 
chondrolysis through MMP activity, induce joint effu-
sion through vasodilation, and affect subchondral bone 
metabolism [39]. Through an immunomic analysis of 
macrophage subsets in IPFP of patients with osteo-
arthritis (OA) in the knee, Patchanika et al. discov-
ered that OA-related genes were expressed at higher 
levels in CD11c + CD206 + macrophages as opposed 
to CD11c + CD206-, CD11c-CD206+, and CD11c-
CD206- macrophages [19]. This is consistent with the 
conclusion that CD11c + CD206 + macrophages in adi-
pose tissue secrete more inflammatory cytokines [41]. 
Additionally, Patchanika et al. observed that after treat-
ing MDM with IPFP-conditioned medium, there was a 
decrease in the expression of CD86 + CD206 + and CD86-
CD206 + macrophages and an increase in the expression 
of CD86 + CD206 + macrophages [19]. In stark contrast, 
MDM treated with synovial tissue culture medium 
showed an increase in CD86 + CD206- macrophage phe-
notype and a decrease in CD86 + CD206 + macrophage 
phenotype [19]. As the closest adipose tissue and mac-
rophage reservoir to the joint cavity, IPEP can affect the 
progression of human OA disease by affecting macro-
phage polarization.

Macrophage polarization and neovascularization
The generation of new blood vessels is often accompa-
nied by the growth of sensory nerves, and the joint pain 
of OA patients may be associated with the neovascu-
larization of the synovium and osteochondral junction. 
Synovial angiogenesis in OA patients is directly propor-
tional to the histological grade of macrophage infiltra-
tion and inflammation, and the vascular density at the 
osteo-cartilage junction is associated with the change in 
OA, which might be related to the large production of 
provascular growth factors such as vascular endothelial 
growth factor (VEGF) and its inducer hypoxia-induced-
factor-1α (HIF-1α) [42–44]. However, a notable finding 
is that M2 macrophages are less sensitive to endogenous 
antivascular growth factor IL-10, and TNF-β produced 
by M2 can regulate the formation of H-type blood ves-
sels and enhance VEGF production in articular carti-
lage exografts; thus, it may play a more important role in 
synovial and subchondral bone angiogenesis [42]. Lowin 

Table 1 Summary of treatment of osteoarthritis associated with 
macrophage polarization
Name Study model Immu-

noregu-
latory 
function

Signaling 
pathways

Ref.

Metformin DMM-induced 
OA mouse 
model; BMDMs; 
RAW264.7 cells

M1↓ mTOR [51]

EVs bone marrow 
mesenchymal 
stem cell-derived 
exosomes; 
RAW264.7 cells

M1↓
M2↑

mTOR [56]

Clodronate C57 mice 
received a closed 
articular fracture

M1↑
M2↓

None [64]

Triamcinolone Primary human 
monocytes

M1↓
M2↑

mTOR [66]

Alpha defensin-1 THP-1 human 
monocytic cell 
line; chondro-
cytes of OA 
patients

M1↓
M2↑

Insulin signal-
ing and Toll-
like receptor 
pathways

[29]

Dexamethasone ACLT-induced 
OA rat and rabbit 
models

M1↓
M2↑

mTOR [65]

Apigenin Hulth surgery 
induced OA 
mouse

M1↓
M2↑

mTOR/MAPK [76]

SHP099 DMM-induced 
OA mouse 
model; 
RAW264.7 cells

M1↓ TLR/MyD88 [77]

Nrf2 NA M1↓
M2↑

TGF-β/
SMAD、TLR/
NF-κB and 
JAK/STAT

[69]
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et al. observed that androgen/estrogen transformation 
occurs in the tissues of OA patients, and estrogen can 
induce VEGF expression and promote the increase in the 
number of placental growth factor 1 (PlGF-1)-positive 
macrophages; the authors also found that the density of 
macrophages is positively correlated with the density of 
type IV collagen-positive blood vessels [45].

Macrophage polarization and adipose tissue
Obesity is one of the most influential and changeable 
risk elements for primary OA, while healthy people show 
the predominance of M2 macrophages [46]. Obesity 
can induce the secretion of monocyte chemoattractant 
protein 1 (MCP-1) in adipose tissues and accelerate the 
recruitment and activation of MDMS. Following polar-
ization, macrophages can release proinflammatory fac-
tors to interact with adipocytes through the paracrine 
mode [47]. The released MCP-1 can recruit and again 
activate macrophages; thus, this cycle is repeated to 
induce chronic inflammation in adipose tissues [47]. 
Saturated fatty acids released by adipose tissues can 
interact with the TLR4 complex to activate the NF-κB 
pathway. Leptin produced by adipose tissues can enable 
macrophages to express the M2 phenotype marker while 
secreting proinflammatory cytokines such as TNF-α, 
IL-6, IL-1β, IL-1ra, and IL-10 to regulate chondrocytes 
to produce MMPs and ADAMTS [48, 49] (Fig.  3). Adi-
ponectin produced by adipose tissues can also inhibit M1 
macrophage activation and upregulate M2 macrophage 
markers such as IL-10 and MgL-1 to play an anti-inflam-
matory role by downregulating TNF-α, IL-6, and MCP-1 
[50]. By conducting experiments, Li confirmed that met-
formin can reduce leptin secretion in the adipose tissues 
of obese mice, thus reducing the level of proinflammatory 
factors and decreasing the infiltration and polarization of 
macrophages in adipose tissues [51](Table  1). However, 
it’s possible that conclusions from studies using mice 
won’t necessarily apply to people. Modulation of adipose-
associated macrophages frequently has an impact on the 
body’s other macrophages [47]. Therefore, the specific 
role of adipose-associated macrophages is still unclear. 
More research is needed to determine whether inhibiting 
adipose tissue’s production of inflammatory cytokines 
and severing the macrophage-adipose tissue communica-
tion pathway can delay the progression of osteoarthritis 
and control macrophage reprogramming.

Articular cartilage degeneration, subchondral bone 
thickening, osteophyte production, meniscus degrada-
tion and variable degrees of synovial inflammation are 
typical features of primary OA. PAMPs, DAMPs, and the 
inflammasome constitute the main microenvironment 
for macrophage polarization. M1 phenotype is regulated 
by p38 MAPK, JNK, HIF-1α, and other pathways, while 
M2 phenotype is regulated by PI3K/Akt1, JAK/STAT3/6, 

and other pathways. These polarized macrophages 
secrete proinflammatory factors such as TNF-α, IL-1β, 
IL-6, and MMPs and anti-inflammatory factors such as 
IL-4 and IL-10. On the one hand, polarized M1 macro-
phage products can aggravate synovial inflammation and 
secrete VEGF, which promotes synovial neovasculariza-
tion and osteochondral junction neovascularization. 
Moreover, the proinflammatory factors secreted by M1 
macrophages can also promote articular cartilage damage 
and stimulate chondrocytes to secrete metabolic factors 
such as MMPs, ADAMTS, aggrecanase and IL-4D, which 
directly act on M1 macrophages to promote their further 
secretion of proinflammatory factors. On the other hand, 
injured meniscus and degraded cartilage extracellular 
matrix (ECM) can function as DMEM to stimulate mac-
rophage polarization through several signaling mecha-
nisms. These two aspects work together to aggravate the 
pain related to primary OA and to create a vicious cycle 
of cartilage degradation and synovial inflammation.

Interaction between macrophage polarization and 
chondrocytes
Macrophage-induced inflammation has a significant 
impact on cartilage damage and subchondral bone 
remodeling during primary OA progression; however, 
the sequence of changes is uncertain. By conducting flow 
cytometry, Pippenger confirmed the presence of mac-
rophages (CD45+/CD14+/CD68+) in the bone marrow 
tissues of subchondral trabecular bone in primary OA 
patients during disease progression; among these macro-
phages, CD68 + macrophages are associated with the new 
bone formation region [52, 53]. Polarized macrophages in 
human joints can produce higher levels of TNF-α, IL-1β, 
IL-6, and other cytokines through the paracrine mecha-
nism, which can regulate the synthesis of the extracellu-
lar matrix of chondrocytes; this results in the degradation 
of matrix components such as aggrecan (ACAN) and 
type II collagen (COL2), and the degraded substances act 
as new DAMP. Cartilage injury in OA is a vicious cycle 
that involves stimulation of macrophage activation and 
exacerbation of synovial inflammation. Interestingly, the 
induction of TNF-α expression in cartilage can impair 
the production of protease agglutinase 1 (ADAMTS4); 
however, the production of agglutinase 2 (ADAMTS5) is 
not affected by TNF-α or IL-1β [54, 55]. Therefore, a bet-
ter understanding of the crosstalk between inflammatory 
macrophages and chondrocytes may help to identify new 
therapeutic targets for the treatment of cartilage damage 
in primary OA.

Intercellular communication between activated mac-
rophages and chondrocytes can also occur through 
EVs. Taku Ebata et al. collected EVs produced by acti-
vated macrophages and used them for the in vitro knee 
injection experiments of chondrocytes and mouse OA 
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models(Table 1). The outcomes demonstrated a notewor-
thy increase in the expression of catabolic-related factors. 
RNA sequencing analysis disclosed that the upregulated 
genes were mainly linked to the apoptotic process and 
tumor necrosis factor signaling pathways. These findings 
suggest that activated macrophages induce the apopto-
sis of chondrocytes [56]. Other studies have shown that 
synovial macrophages can regulate the chondrogenic 
role of mesenchymal progenitor cells (MPCs) to affect 
cartilage injury in primary OA patients; however, the 
specific mechanisms remain unclear [57]. These results 
demonstrate that the signaling process between mac-
rophages and chondrocytes is essential for primary OA 
cartilage injury. Recent studies have also revealed the 
effect of different polarized macrophages on OA chon-
drocytes. Zhang et al. successfully promoted the phe-
notypic transformation of macrophages from M1 to M2 
by using exosomes derived from bone marrow mesen-
chymal stem cells in a rat model of OA [58]. In in vitro 
experiments, chondrocytes could maintain their growth 
characteristics and inhibit hypertrophy; moreover, the 
levels of the proinflammatory cytokines TNF-α, IL-6, 
and IL-1β were decreased, while the levels of the anti-
inflammatory cytokine IL-10 were increased. In animal 
experiments, a decrease in osteophyte number reduced 
chondrocyte injury [58]. Thus, the polarization process 
of macrophages has a significant part in cartilage injury, 
and a better understanding of the paracrine and other 
signal exchange mechanisms between these two types of 
cells will help provide important clues for primary OA 
treatment.

Further studies have shown that pinocytosis of macro-
phages also has a significant impact on cartilage injury. 
The retention of the cytostatic capacity of M2 macro-
phages enables continuous elimination of apoptotic cells 
(ACs) and other DAMP, which is essential for main-
taining the anti-inflammatory function [59]. Yao et al. 
reported that the secretion of growth arrest protein 6 
(GAS6) decreased following the polarization of M1 mac-
rophages in the synovial membrane of OA model mice, 
thereby resulting in reduced pinocytosis and phagocy-
tosis of synovial macrophages to DAMP; moreover, the 
cell content released by accumulated ACs further acti-
vated the immune response, resulting in the release of 
TNF-α, IL-1β, IL-6, and other inflammatory factors [60]. 
The expression levels of chondrocyte proteins such as 
p16, p21, and MMP13 increased, and the injection of 
GAS6 into the articular cavity restored the macrophages’ 
phagocytic function and contributed to the maintenance 
of cartilage thickness [60].

These studies reveal that the complex signaling process 
between macrophages and chondrocytes is an important 
pathway that leads to cartilage injury and disease pro-
gression, and the paracrine production of inflammatory 

cytokines is the main aspect. However, most recent stud-
ies have focused on in vitro experiments, and there is no 
in vivo evidence to confirm the biological crosstalk and 
specific mechanisms of the association between macro-
phages and chondrocytes in the human body; this topic 
requires further research.

Pathological changes of macrophages and OA
Research based on radionuclides
Macrophage polarization is one of the markers of OA 
pathology. Kraus et al. used 99mTC-EC20 to label folate 
receptor-β (FR-β), which is highly expressed by macro-
phages, and 50 patients were examined by single photon 
emission computed tomography combined with high 
resolution computed tomography (SPECT-CT). The sta-
tistical analysis of the absorbed radioactive signal showed 
that the inflammation caused by macrophage polariza-
tion was closely related to the imaging severity of knee 
joint space stenosis and osteophytes. It is also believed 
that blocking the transformation of macrophages from 
M1 to M2 phenotype will inhibit the repair and healing 
process of OA [16]. Yang et al. used a radioactive probe 
cFLFLF-PEG-HYNIC-99 mTc to specifically label formyl 
peptide receptor 1 (Fpr1) expressed by activated M1 
macrophages in OA [61]. In a mouse model, the signal 
difference between the OA model group and the sham 
operation group was apparent in the early stage of the 
disease, and the signal intensity of the probe gradually 
decreased with disease progression However, it remains 
unclear whether this change is due to the differentia-
tion of blood-derived monocytes into M1 macrophages 
or due to the reprogramming of M2 macrophages into 
M1 macrophages. M1 macrophages have a primary role 
in the disease’s early inflammatory response [61]. These 
studies confirm that macrophage polarization is involved 
in the entire process of OA disease progression and has a 
significant impact on the early stage of disease progres-
sion; thus, macrophage polarization can be used as an 
important reference for the early assessment of OA pro-
gression and disease prevention.

Number and type of macrophages affect the pathological 
changes of OA
After determining the role of synovial inflammation 
in OA, the researchers such as Martin et al. assessed 
whether the number of macrophages influences the rela-
tionship between macrophages and OA [62, 63]. Bailey 
et al. injected clodronate enclosed in liposomes into the 
joint cavity to inhibit local joint macrophages or used 
the small molecule AP20187 to specifically inhibit mac-
rophages in transgenic mice [64](Table  1). The results 
showed a rise in the proportion of M1 macrophages. 
However, it remains unclear whether this change is due 
to the differentiation of MDMS into M1 macrophages or 
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due to the reprogramming of M2 macrophages into M1 
macrophages [64]. Interestingly, the depletion of macro-
phages leads to severe synovial inflammation and aggra-
vates OA [64]. Wu et al. also confirmed that macrophage 
depletion of mice with joint osteophytes significantly 
decreased, but did not reduce OA; however, it promoted 
the production of proinflammatory cytokines in serum 
and joints [21]. Additionally, the dexamethasone can 
promote synovial macrophage transformation into the 
M2 phenotype and thus has a chondroprotective effect; 
moreover, the intra-articular injection of triamcinolone 
into the knee joint of rats can increase the proportion 
of M2 macrophages and significantly reduce the forma-
tion of knee osteophytes [65, 66](Table 1). These studies 
confirmed that the number of polarized macrophages 
is closely associated with primary OA pain、synovitis 
and osteophyte formation; however, it remains to be 
determined whether M1 and M2 macrophages can be 
transformed in OA. Unfortunately, regulating macro-
phage reprogramming to treat OA is still in the experi-
mental stage, and this aspect remains the focus of future 
research.

Macrophages and pain in primary OA
Previous studies have also shown that macrophages are 
associated with abnormal pain in primary OA [67]. Cindy 
et al. injected hyaluronan hexadecylamide derivative and 
bone marrow-derived stem cells (MSCs) into the knee 
joint of an OA mouse model; the authors observed that 
pain reduction was associated with a reduction in macro-
phage numbers [68]. Macrophages can also regulate pain 
in the dorsal root ganglion (DRG) far from the injured 
site. Previous experiments have confirmed that sensory 
neurons innervating OA knee joints can promote macro-
phage transformation to M1 phenotype, thereby resulting 
in persistent joint pain; however, the pain is relieved after 
M2 macrophage injection into the DRG. These findings 
reveal the critical role of macrophages in maintaining 
primary OA pain and provide new directions for treating 
OA pain.

Signaling pathway of macrophage polarization
Despite reprogramming macrophages is a promising 
therapeutic approach for treating inflammatory disor-
ders, the processes controlling macrophage polariza-
tion are intricate [29]. The most typical one is mediated 
by TLRs. The TLRs are a group of membrane-associated 
pattern recognition receptors (PRRs) that react to patho-
gen-associated molecular patterns (PAMPs) like LPS in 
addition to recognizing endogenous DAMPs [69]. There 
are many types of DAMPs, including [1] extracellular 
matrix breakdown products; [2] intracellular proteins 
released from stressed and damaged cells, such as high 
mobility group protein B1 and S100 protein family; [3] 

plasma proteins such as GC-globulin, α1-microglobulin, 
and α2-macroglobulin; and [4] crystals present in the 
synovial fluid and tissues of joints, such as basic calcium 
phosphate (BCP) and calcium pyrophosphate dihydrate 
(CPPD) crystals [33] (Fig.  2). After the stimulation of 
PRRs by the signal, interleukin-1 receptor-associated 
kinase 4 (IRAK4) is recruited, binds to the TLR junc-
tion molecule MyD88, and undergoes phosphorylation, 
thereby prompting tumor necrosis factor receptor-asso-
ciated factor 6 (TRAF6) to produce two modes of action, 
one of which involves binding to TGF-beta-activating 
kinase 1 (TAK-1) to generate signal transmission(Fig. 2). 
The activation of the trimer IκB kinase (IKK) complex 
composed of catalytic (IKKα and IKKβ) and regula-
tory (IKKγ) subunits leads to the ubiquitination of the 
NF-κB inhibitor (IκBα), release of NF-κB protein dimers 
for nuclear translocation, binding to specific targets in 
the nucleus, and initiation of the secretion of cytokines 
and chemokines such as TNF, IL-6, and MMP [70, 71] 
(Fig.  2). Another method involves recruiting receptor-
interacting protein kinase 1 (RIPK1) for TRAF6, which 
transmits signals through the IKK complex or activates 
interferon regulatory factor 5 (IRF5) in the nucleus to 
bind to specific DNA elements [72] (Fig.  2). Stabler et 
al. established an in vitro model to demonstrate that 
chondroitin sulfate (CS) can influence the proinflam-
matory effect of NF-kB by inhibiting the downstream 
TLR pathway, wherein the classical pathway comprising 
heterodimers of p50/p65 and homodimers of p50 is the 
most affected one [73]. The Rel B specification (p50/Rel 
B) and C-Rel specification (p50/C-Rel) subunits are also 
affected [73]. Through in vitro experiments and a rat OA 
model, Xie et al. demonstrated that Alpha defensin-1 can 
induce the transformation of macrophages from M1 to 
M2 by affecting the TLR pathway [29](Table 1). In vitro 
Transwell co-culture experiments showed that the co-
culture of M1 macrophages and chondrocytes increased 
the expression of OA-related proteases such as MMP-3, 
MMP-13, and ADAMTS5, which aggravated OA sever-
ity; in contrast, the use of Alpha defensin-1 reduced the 
level of the abovementioned proteases. This provides 
an alternative method to reprogram macrophages [29]. 
Existing studies have shown that TLR channels can sup-
press synovial inflammation and decrease the release of 
related inflammatory cytokines by M1 macrophages or 
promote M1 macrophage transformation into M2 mac-
rophages. Because of the reversible state of macrophage 
polarization, the ideal approach to prevent these cells 
from inducing joint damage is to shift them from the M1 
phenotype to the M2 phenotype.

In addition to the classical TLR pathway, there are 
other M1 phenotypic programming pathways, such as 
p38 MAPK, JNK, Notch, PI3K/Akt2, JAK/STAT1, and 
HIF-1α pathways, as well as major pathways that program 
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transformation to the M2 phenotype, including PI3K/
Akt1, JAK/STAT3/6, TGF-β/SMAD, and HIF-2α path-
ways [74] (Fig. 3). Yan et al. constructed a NAHA-CaP/
siCA9 nanocore to inhibit the activation of p38 MAPK, 
NF-κB (p50/p65), and MyD88 signaling pathways, which 
reduced the production of proinflammatory factors and 
promoted the repolarization of macrophages from the 
M1 type to the M2 type [75]. Furthermore, pro-chondro-
genic cytokine and matrix genes were shown to be upreg-
ulated in OA models in both rats and mice models [75]. Ji 
et al. used apigenin to inhibit M1 macrophage polariza-
tion and promote M2 macrophage polarization through 
the TRPM7-mTOR and MAPK pathways, alleviate the 
chondrocyte apoptosis and inflammatory response in the 
macrophage-chondrocyte co-culture system, and effec-
tively slow down OA disease progression [76](Table  1). 
Sun et al. injected SHP099 into the knee joint to inhibit 
the TLR signaling of NF-κB and the PI3K-AKT signaling 
pathway during M1 polarization, which successfully alle-
viated joint synovitis and cartilage injury [77](Table  1). 
Nuclear factor-erythrocyte 2-associated factor-2 (Nrf2) 
is a transcription factor that encodes several antioxidant 
enzymes and has anti-inflammatory effects. Following 
its activation, Nrf2 can inhibit M1 polarization and pro-
mote M2 polarization through the TGF-β/SMAD, TLR/
NF-κB, and JAK/STAT signaling pathways [69](Table 1). 
The polarization pathways of macrophages are numer-
ous and may be reprogrammed by regulation. This repro-
gramming can then be utilized as a target to inhibit the 
progress of primary OA disease.

In general, the induction of differentiation and repro-
gramming of macrophages has increasingly become a 
research hotspot in OA treatment. Recent research also 
shows that the transformation of M1 macrophages into 
M2 macrophages can effectively inhibit the progression 
of OA inflammation, although M1 and M2 macrophages 
are only two extreme polarization conditions. Hence, 
studies of macrophage subpopulations may provide a 
more efficient approach to reprogram macrophage polar-
ization [78–80].

Toll-like receptors (TLRS), composed of MyD88/TRIF 
or MAL/TRAM, receive stimulation from PAMPs and 
DAMPs. Among these, LPS is a representative of PAMPs, 
and DAMPs are made up of plasma proteins (GC-glob-
ulin, α1-microglobulin, α2-macroglobulin, etc.), intra-
cellular products (hyaluronic acid and fibronectin, etc.) 
and microcrystals (BCP and CPPD). Following the bind-
ing of the ligand to TLR, IRAK4 is rapidly recruited and 
binds to MyD88 and other junction molecules to form 
a complex; this process prompts TRAF6 and TAK-1 to 
induce signal transmission, thereby activating the IKK 
complex composed of IKKα, IKKβ, and IKKγ. Follow-
ing IκBα’s phosphorylation and ubiquitination as a result 
of IKKβ activity, NF-κB inhibitors are efficiently broken 

down by proteases, releasing NF-κB protein dimers. 
Simultaneously, the nuclear localization signal of NF-κB 
is obtained, enabling it to translocate to the nucleus and 
bind itself to particular locations within the target gene 
promoter region, thereby enhancing gene transcription. 
TRAF6 can also recruit RIPK1 while activating IRF5 into 
the nucleus to bind specific genes. The IKK-IκBα-Nf-κb 
axis can be activated by RIPK1 binding to the IKK com-
plex, which can convey signals and impact the nuclear 
translocation of the NF-κB protein dimer.

Cytokines secreted by polarized macrophages drive OA 
progression
Cytokines and related proteins secreted by synovial mac-
rophages after polarization are the main factors that lead 
to OA inflammation; among these factors, interleukin-1β 
(IL-1β) and TNF-α produced by M1 macrophages are the 
main mediators that drive OA synovial inflammation and 
cartilage destruction [81]. This influence is multifaceted. 
Previous experiments have shown that IL-1β and TNF-α 
can induce increase in the levels of MMP1, MMP3, IL-6, 
and IL-8 and also increase NO release, which is accom-
panied by the loss of cartilage proteoglycan [82, 83]. Fei 
et al. used luteolin to inhibit IL-1β, which significantly 
reduced the level of inflammatory factors, reversed type 
II collagen degradation, and inhibited NF-κB phosphor-
ylation [84]. Therefore, we can assume that cytokines 
secreted by macrophages will not only cause synovial 
inflammation but also lead to chondrocyte apoptosis and 
reduction in key synthetic components of the chondro-
cyte extracellular matrix, such as proteoglycan and type 
II collagen. In addition, compared to patients with early-
stage OA, patients with end-stage OA show a reduction 
in the expression level of proinflammatory factors such 
as IL-1β, while the TNF-1β level changes with disease 
severity and can predict OA disease progression [85, 86].

Bone formation and remodeling are determined by the 
relationship between osteoclasts’ bone resorption and 
osteoblasts’ bone formation. IL-1β and TNF-α secreted 
by activated macrophages promote osteoclast matura-
tion and affect bone metabolism by participating in the 
OPG/RANKL/RANK system composed of osteoprotege-
rina (OPG), NF-κB receptor activator ligand (RANKL), 
and NF-κB receptor activator (RANK). It also has adverse 
effects on the surrounding cartilage [87]. Macrophages 
have an impact on bone at every stage of the inflam-
matory response. During arthritis progression, fibro-
blast-like synovial cells (FLS) can promote macrophage 
polarization, which drives joint inflammation and bone 
destruction. During the bone repair process, vascular 
endothelial growth factor (VEGF) secreted by chondro-
blasts can recruit macrophages to participate in the pro-
cess of bone remodeling and repair [88].
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Macrophages also inhibit primary OA disease progres-
sion. Existing experimental studies have shown that IL-4 
can stimulate macrophages to polarize into M2 type, 
promote the secretion of the anti-inflammatory factors 
IL-10 and TNF-β, and effectively inhibit osteoclast for-
mation through the type I receptor made up of common 
gamma chain (γC) subunits and IL-4Rα. IL-4 deficiency 
can lead to more severe cartilage injury and osteophyte 
formation [89]. Based on the anti-inflammatory effect of 
M2 macrophages, researchers have demonstrated that 
artificial M2 macrophages, which are composed of the 
macrophage cell membrane as the “shell” and the inflam-
mation-responsive gel as the “yolk,” can downregulate the 
inflammatory response during the acute reaction period 
and can continuously release chondroitin sulfate and 
other substances in the gel during the low inflammatory 
activity period to achieve continuous repair of cartilage 
[89]. Other studies further confirmed that M2 macro-
phages play an anti-inflammatory role in the develop-
ment of primary OA disease [89, 90].

Discussion
Macrophages, as one of the immune cells, play a signifi-
cant part in the induction and maintenance of chronic 
inflammation in primary OA. Current evidence suggests 
that OA synovial inflammation is dependent on the pro-
liferation and activation of macrophages. Activated M1 
macrophages can accumulate in large quantities in the 
synovial membrane and IPFP, produce a variety of pro-
inflammatory factors and MMPs through the paracrine 
mechanism, and communicate with chondrocytes and 
adipose tissues. This process promotes balancing the 
synthesis and degradation of the ECM maintained by 
chondrocytes through catabolism, leading to cartilage 
injury and osteophyte formation; it further stimulates 
macrophage activation, promotes M1/M2 macrophage 
imbalance, and aggravates synovial inflammation and 
cartilage injury. M1 affects bone metabolism and acceler-
ates subchondral bone remodeling by promoting osteo-
clast maturation. The targeted reduction in the number 
of macrophages slowed down primary OA pain; how-
ever, reduction in the number of cells did not delay dis-
ease progression. Further experiments confirmed that 
the inhibition of M1 polarization or enhancement of M2 
polarization could effectively alleviate primary OA dis-
ease progression. Thus, regulating the polarization of M1 
and M2 macrophages or promoting the transformation 
of M1 macrophages to M2 macrophages is a more effec-
tive approach to prevent and treat primary OA disease, 
rather than solely reducing the number of macrophages. 
Sadly, the preclinical stage is the only one covered by 
these investigations. Another limitation is that divid-
ing macrophages into M1 or M2 types only on the basis 
of their functions in physiology and the development of 

illness is no longer sufficient because macrophages are a 
highly heterogeneous and plastic cell subset. Therefore, 
cell surface markers are often used to classify M1 and M2 
kinds of macrophages. Research has revealed that cer-
tain subtypes of macrophages, which are more numerous 
than M1 and M2 macrophages, contribute significantly 
to the development of primary OA [19]. It is unclear, nev-
ertheless, which subtypes of macrophages with particular 
functions can serve as the most effective targets for pri-
mary OA. In addition, the immune activation mechanism 
of the anti-inflammatory effect of tissue-resident macro-
phages in the knee joint and the pro-inflammatory effect 
of MDM are still unclear. Single-cell RNA sequencing 
and immunohistochemistry will continue to be required 
in the future to tease out the spatial and temporal char-
acteristics of macrophages derived from diverse sources. 
It is undeniable that controlling macrophage polarization 
helps prevent primary OA from progressing and promote 
the transformation of M1 macrophages into M2 macro-
phages, which helps to lessen pain, preserve cartilage, 
lessen synovial inflammation, and interrupt the malig-
nant cycle that leads to primary OA. Following further 
studies on primary OA, this disease is gradually classi-
fied into various subtypes, which poses a new challenge 
to study the mechanism of action of macrophages after 
polarization.

This review summarizes the biological relationship 
between macrophages and the surrounding cells and 
briefly analyzes the mechanism of action. Several in 
vitro experiments confirmed the feasibility of targeted 
regulation of macrophage polarization for preventing 
and treating primary OA disease. Further studies should 
investigate the fine tuning of macrophage polarization in 
OA.
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