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A B S T R A C T   

Osteoarthritis (OA) is a chronic osteoarthropathy characterized by the progressive degeneration of articular 
cartilage and synovial inflammation. Early OA clinical treatments involve intra-articular injection of glucocor
ticoids, oral acetaminophen and non-steroidal anti-inflammatory drugs (NSAIDs), which are used for anti- 
inflammation and pain relief. However, long-term use of these agents will lead to inevitable side effects, even 
aggravate cartilage loss. At present, there are no disease-modifying OA drugs (DMOADs) yet approved by reg
ulatory agencies. Polarization regulation of synovial macrophages is a new target for OA treatment. Inhibiting 
M1 polarization and promoting M2 polarization of synovial macrophages can alleviate synovial inflammation, 
relieve joint pain and inhibit articular cartilage degradation, which is a promising strategy for OA treatment. In 
this study, we describe the molecular mechanisms of macrophage polarization and its key role in the develop
ment of OA. Subsequently, we summarize the latest progress of strategies for OA treatment through macrophage 
reprogramming, including small molecule compounds (conventional western medicine and synthetic com
pounds, monomer compounds of traditional Chinese medicine), biomacromolecules, metal/metal oxides, cells, 
and cell derivatives, and interprets the molecular mechanisms, hoping to provide some information for DMOADs 
development.   

1. Introduction 

Osteoarthritis (OA) is the most common joint disease. As of 2020, 
more than 500 million people worldwide are affected by OA. The inci
dence of OA increases with age, and one third of the population over 65 
years old suffers from this disease [1]. The typical feature of OA is the 
progressive degeneration of cartilage, with pain and joint swelling. OA is 
a complex disease that can be due to a variety of predisposing factors, 
including aging, obesity, gender, sports injury, and genetic factors, but 
the pathogenesis is unclear [2–4]. In pathophysiology, increasing evi
dence suggests that low-grade synovial inflammation (synovitis) is 
closely associated with radiographic progression and joint pain in OA 
[5–8] (Fig. 1). According to the Kellgren-Lawrence (KL) classification, 
38 % of patients with KL grade 2–3 OA and up to 83 % of patients with 

KL grade 4 have synovitis of the patella [9]. Therefore, in addition to 
joint replacement surgery, which is usually the ultimate treatment for 
patients with advanced or end-stage OA, conservative medical treat
ments such as non-steroidal anti-inflammatory drugs (NSAIDs) and 
opioids are widely used to relieve joint inflammation. However, the 
above-mentioned treatment methods only relieve pain, and they cannot 
inhibit further deterioration of joint structure. Such methods are often 
accompanied by side effects (such as gastric bleeding and increased risk 
of osteoporosis in female patients), which limit their application 
[10–13]. Therefore, exploring new treatment strategies for OA is crucial. 

The synovium is formed by two layers, the lining layer and the sub- 
lining layer. The lining layer consists of resident macrophages and fi
broblasts, and plays a key role in maintaining the homeostasis of healthy 
synovial tissue [14]. The sub-lining layer contains interstitial 
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macrophages, fibroblasts, adipocytes, circulating monocytes, and blood 
vessels [15]. Interestingly, the resident macrophages provide an anti- 
inflammatory barrier around the joint that is disrupted during OA 
[16]. And non-resident macrophages derived monocytes accumulate 
and infiltrate in OA joints and drive synovial inflammation [17] (Fig. 2). 
Synovial infiltrating macrophages may also play an important role in 
peripheral mechanisms of OA pain sensitization [18,19], which are a 
potential target for OA therapy. In recent years, an increasing number of 
studies have focused on the important role of synovial macrophages in 
joint homeostasis, and confirmed that immunomodulation can prevent 
articular cartilage degeneration and promote cartilage repair [20]. 

2. Macrophage polarization 

2.1. Typing of synovial macrophages 

Traditionally, synovial macrophages can be broadly classified into 
classically activated M1 macrophages and alternately activated M2 
macrophages, which can exert pro-inflammatory and anti- 
inflammatory/tissue repair functions in response to stimuli from their 
microenvironment [21]. M1 macrophages have pro-inflammatory 
functions, and they are responsible for the release of factors critical 
for joint inflammation. M1 macrophages (CD80 and CD86 as M1 surface 
markers) are stimulated by interferon-γ (IFN-γ), tumor necrosis factor α 
(TNFα), lipopolysaccharide (LPS) and other toll-like receptor (TLR) li
gands, and produce a large number of pro-inflammatory cytokines and 
mediators by activating JAK/STAT signaling pathway, NLRP3 signaling 
and NFκB/MAPK signaling pathway [17,22,23]. By contrast, M2 mac
rophages (CD206 and CD163 as M2 surface markers) have anti- 
inflammatory functions, contributing to tissue repair and inflamma
tion resolution, and promoting wound healing. M2 macrophages can be 
further divided into specific subtypes. M2a, M2b, and M2c can be 
induced by interleukin 4 (IL-4), IL-10 and IL-13, play an anti- 
inflammation response and wound-healing role by producing cyto
kines such as IL-1RA, IL-10, CCL-18, and TGF-b [24–26]. M2 macro
phage induction depends on JAK/STAT3, JAK/STAT6, and PI3K/Akt 
signaling pathway [23] (Fig. 3). 

Interestingly, although the M1 and M2 macrophages are polar ex
tremes in vitro, they do not adequately reflect the complex profile of 
tissue macrophages in vivo. Studies have revealed the heterogeneity of 
macrophages in OA joints using advanced cell sequencing and analysis 
technology such as single-cell RNA sequencing (sc-RNA-seq). A study 
applied flow cytometry, mass cytometry, and sc-RNA-seq to analyze T 
cells, B cells, monocytes, and fibroblasts from 51 samples of synovial 

tissue of OA and IA patients. They identified 18 unique cell populations, 
including 4 different monocyte subpopulations: IL1B+ pro-inflammatory 
monocytes (SC-M1), NUPR1+ monocytes (SC-M2), C1QA+ monocytes 
(SC-M3), and IFN-activated SPP1+ monocytes (SC-M4). They found that 
SC-M1 highly express genes related to lipopolysaccharide response, and 
mainly exist in RA samples, and the proportion of SC-M2 cluster in OA 
patients increases. SC-M1 are similar to TLR-activated IL-1-producing 
pro-inflammatory monocytes, and SC-M4 express genes induced by type 
I and type II IFN. However, the transcriptional profiles of SC-M2 and SC- 
M3 are not consistent with known activation states, which may indicate 
that these subgroups exist in unique synovial homeostasis environments 
[27] (Fig. 2). Macrophage heterogeneity emphasizes the limitations of 
M1/M2 paradigm, and that a more comprehensive evaluation of 
macrophage phenotype is necessary for precise targeted OA treatment. 

2.2. Metabolic reprogramming in macrophage polarization 

Recent studies have shown that macrophage polarization is closely 
related to the cellular metabolic state, and metabolic pathways not only 
provide energy but also regulate macrophage phenotype and function. 
M1 macrophages convert arginine to nitric oxide (NO) by inducible NO 
synthase (iNOS), whereas M2 macrophages metabolize arginine away 
by arginase 1 (Arg1) to promote tissue repair [28] (Fig. 4). 

Parallel to arginine metabolism, the metabolic shift in glycolysis and 
oxidative phosphorylation (OXPHOS) is another key feature that defines 
different subtypes of macrophages. M1 macrophages exhibit enhanced 
glycolytic metabolism characterized by increased expression of glucose 
transporters and glycolytic enzymes and rapid ATP production, in 
contrast to the induction of OXPHOS in M2 macrophages, which is 
slower but produces more ATP [29,30]. The transition from OXPHOS to 
a highly metabolic active glycolytic state can lead to the accumulation of 
reactive oxygen species (ROS). Elevated levels of glycolytic metabolism 
in M1 macrophages also feed the pentose phosphate pathway, which 
supports inflammatory macrophage responses by inducing ROS and NO 
production and promoting nucleic acid and protein synthesis. However, 
this pathway is inhibited by the sedoheptulose kinase CARKL in M2 
macrophages [30–32]. ROS are involved in neuropathic pain by acti
vating TRPA1 in nociceptors [33]. High-level ROS causes hyper- 
peroxidation, protein carbonylation and DNA damage, which damage 
chondrocyte function [34,35]. Moreover, ROS/NO promote the syn
thesis of inflammatory mediators, inhibit cartilage matrix synthesis by 
regulating PI3K/Akt and MAPK pathways, and promote cartilage matrix 
degradation by promoting the expression of matrix metalloproteinases 
(MMPs), thereby aggravating OA disease progression [36,37]. 

Fig. 1. Pathogenic factors of osteoarthritis and structures of normal (a) and osteoarthritis (b) joint. Age, chronic inflammation, obesity, gender, sport injury, and 
genetic predisposition are the main risk factors of osteoarthritis. Common features of osteoarthritis include cartilage loss, osteophyte and synovitis. 
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Therefore, specifically scavenging the over-expressed ROS in the artic
ular cavity can significantly reduce the local inflammatory and articular 
cartilage lesion response of OA. 

Fig. 2. Pathology and macrophage involvement in OA joint. During OA, lining macrophages are damaged, and bone marrow-derived monocytes enter the synovial 
fluid and infiltrate into the injured sites. Infiltrated monocyte can further differentiate into M1-like or M2-like macrophages, and intra-articular DAMPs and SASP 
promoted the generation of more M1 macrophages. M1 macrophages produce pro-inflammatory mediators, causing inflammatory environment and cartilage 
damage. sc-RNA-seq identified new synovial macrophage subsets, including IL1B+ pro-inflammatory monocytes (SC-M1), NUPR1+ monocytes (SC-M2), C1QA+

monocytes (SC-M3), and IFN-activated SPP1+ monocytes (SC-M4), but their specific roles require to be further clarified. DAMPs: danger-associated molecular 
patterns; SASP: senescence-associated secretory phenotype; sc-RNA-seq: Single-cell RNA sequencing. 

Fig. 3. Crosstalk between macrophages and chondrocytes in OA. The degradation of ECM and cartilage fragments caused by mechanical and non-mechanical factors 
such as sports injury, obesity and aging act as DAMPs to stimulate the M1 polarization of macrophages. The activated macrophages secrete pro-inflammatory 
mediators, further promoting the degradation of ECM. Similarly, degraded ECM and cartilage fragments activate macrophages, resulting in a repeating cycle of 
inflammation and cartilage degradation. ECM: extracellular matrix; DAMPs: danger-associated molecular patterns. 

Fig. 4. Metabolic reprogramming of macrophages. The convertion of arginine metabolism pattern and glucose metabolism pattern is one of the characteristics of 
macrophage polarization. INOS, glycolysis and pentose phosphate pathway in M1 macrophages promote the generation of ROS and NO, resulting in inflammation, 
which are inhibited in M2 macrophaged by Arg1 and OXPHOS. 
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3. Macrophages in osteoarthritis 

3.1. Cellular crosstalk in OA progression 

During OA development, macrophages accumulate in the synovium 
and joint cavity, and they are activated to M1 phenotype by endogenous 
damage-associated molecular patterns (DAMPs) such as cartilage debris 
and aggrecan, or exogenous pathogen-associated molecular patterns 
(PAMPs). Activated macrophages can induce synovial inflammation by 
producing cytokines, ROS, NO, MMPs, as well as a disintegrin and 
metalloprotease with thrombospondin type 1 motifs (ADAMTS). In
flammatory factors and MMPs then shift the balance of synthesis and 
degradation of extracellular matrix (ECM) maintained by chondrocytes 
into catabolism by degrading native collagen and aggrecan [38,39]. This 
metabolic imbalance leads to cartilage damage and osteophyte forma
tion. The disordered joint environment further stimulates activated 
macrophages to produce inflammatory response [40,41] (Fig. 3). 
Cartilage degradation are also related to senescence-associated secre
tory phenotype (SASP). Age is the main pathogenic factor of osteoar
thritis. In age-ralated OA joint, the clearance defect of senescent 
chondrocytes leads to their continuous accumulation, thus maintaining 
the production of SASP, and promoting chronic low-grade inflammation 
[42]. Correspondingly, senescent macrophages exhibit reduction of 
phagocytosis and enhancement of the inflammatory cytokine response 
[43]. 

3.2. Macrophage polarization and osteoarthritis 

Histological studies have observed an increase in the number of 
activated macrophages in the synovium of OA. Etarfolatide labeling 
combined with SPECT-CT imaging detected the accumulation of acti
vated macrophages in 76 % of OA knee joints in vivo, and the number of 
activated macrophages was significantly correlated with OA knee pain 
(R = 0.60, P < 0.0001) and radiographic severity, including joint space 
narrowing (R = 0.68, P = 0.007) and osteophytes (R = 0.66, P = 0.001) 
[44]. Moreover, the ratio of M1/M2 macrophages was positively 
correlated with the KL grade of patients with knee OA. The ratio of M1/ 
M2 macrophages in synovial fluid and peripheral blood was significantly 
higher in patients with knee OA compared with healthy controls [45]. 
Synovial macrophage M1 and M2 polarization exacerbate and attenuate 
OA progression, respectively; thus, synovial M1 and M2 macrophages 
play a key role in OA development [33]. 

Therefore, macrophage polarization is a potential target for OA 
therapy. Various approaches have been demonstrated to improve OA 
symptoms by modulating macrophage polarization. Herein, we sum
marize the research progress of small molecule drugs (conventional 
western medicine and synthetic, monomer compounds of traditional 
Chinese medicine), biomacromolecules, metal/metal oxides, cells, and 
cell derivatives in the treatment of OA over the past five years. 

4. Macrophage-based therapeutic strategies for OA 

4.1. Conventional western medicine and synthetic compounds 

Chronic pain is associated with OA disease and affects millions of 
people worldwide. Studies suggests that the synovitis, rather than 
cartilage and bone defect, is associated with OA pain severity due to 
absence of afferent nerve innervation in the latter [46–48]. Conven
tional western medicines, such as glucocorticoids and NSAIDs, have 
been used for anti-inflammation and pain relief. Studies have shown that 
some of them can alleviate inflammation by regulating macrophage 
polarization, thus delaying the progress of osteoarthritis [49]. However, 
inevitable side effects limit their lone-term use [50,51]. In order to solve 
various adverse effects caused by oral and multiple injections of drugs, 
intra-articular drug delivery systems have been developed, which can 
prolong retention time, increase local bioavailability, and reduce 

systemic exposure [52]. 

4.1.1. Triamcinolone 
Triamcinolone is a synthetic glucocorticoid that can be used to treat 

OA and relieve pain. Michiel and colleagues revealed that triamcinolone 
strongly induces monocyte differentiation into CD163+ and FRβ+ mac
rophages in vitro, promoting IL-10 expression and preventing osteo
phyte formation in a rat OA model [53]. 

Intra-articular injection of triamcinolone into arthritis patients can 
eventually lead to drug resistance and serious local and systemic side 
effects. In this respect, the use of nanomaterials with low toxicity, high 
cell targeting capacity, and sustained drug release ability to regulate 
immune response is a valuable strategy. Triamcinolone–gold nano
particle complex was found to promote the transition of synovial mac
rophages from M1 to M2 phenotype and the cartilage regeneration in OA 
[54]. Another study developed a CD90 + mesenchymal stem cell- 
derived microvesicle (MSC-MV)-coated Poly (lactic-co-glycolic acid) 
(PLGA) nanoparticle encapsulated with triamcinolone acetonide (T- 
CD90@NP). MSC-MV has been reported to promote repair and regen
eration of osteochondral defects and alleviate OA degeneration[55]. It is 
shown that T-CD90@NP promotes the regeneration and reduced 
apoptosis of chondrocytes, and enhances M2 polarization of macro
phages to regulate inflammation in rat and rabbit OA models [56]. 

4.1.2. Dexamethasone 
As one of the common glucocorticoid family members, dexametha

sone (DEX) has historically been applied topically to improve cartilage 
matrix degeneration and joint inflammation microenvironment [57]. 
Studies have found that DEX inhibits M1 macrophages while promoting 
M2 macrophages, and has anti-inflammatory effects on IFNγ + TNFα- 
stimulated synovial explants [58]. 

Hydrogel as a drug delivery system has been used to prolong the 
retention time of drugs in joints and reduce the side effects caused by 
repeated injections and long-term administration. Zhou et al. con
structed injectable self-healing hydrogels through the Schiff base reac
tion of hydrazide-grafted hyaluronic acid (HA-ADH) and aldehyde- 
modified dextran (Dex-ALH), and dexamethasone acetate (DA) loaded 
poly(ethylene glycol)-b-polythioketal-b-poly(ethylene glycol) (PEG- 
PTK-PEG) micelles were encapsulated into hydrogels to build a ROS- 
scavenging and drug-release platform, solving the problem of sus
tained drug release. Intra-articularly administered multifunctional 
injectable hydrogels effectively reduce inflammation and significantly 
alleviates OA symptoms by depleting ROS and inhibiting inflammatory 
cytokines, as well as downregulating the proportion of pro- 
inflammatory M1 macrophages in a rat OA model [59]. 

4.1.3. Celecoxib 
Celecoxib (CLX), a selective cyclooxygenase-2 inhibitor belonging to 

the NSAID class, is used to release long-term osteoarthritis pain [60]. 
Fang and colleagues loaded DEX (DM) on microspheres composed of 
sodium alginate and hyaluronic acid, fabricated CLX microcrystals (CM) 
by ultrasonic method, and finally cross-linked poloxamer 407 (P407) 
and Gantrez® S97 (GS97) to synthesize GZF gel to encapsulate DM and 
CM to construct intra-articular injection gel (DM/CM/Gel). The DM/ 
CM/Gel system shows a favorable safety profile in vitro. It can inhibit 
M1 polarization of macrophages, and downregulate inflammation, 
chondrocyte erosion, and chondrocyte loss in vivo [61]. 

4.1.4. Metformin 
Metformin is the first-line pharmacologic treatment for type 2 dia

betes. In addition to the hypoglycaemic effect, metformin has been 
proven to have anti-inflammatory, anti-ageing and weight lose effects 
[62–64]. And studies have reported that metformin can inhibit the 
progression of OA by targeting AMP-activated protein kinase (AMPK) in 
chondrocytes [65,66]. Li et al. revealed that metformin decreases 
apoptosis and catabolism in chondrocytes, inhibits the infiltration and 
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M1 polarization of synovial macrophages, thus protects against knee 
OA. In high-fat diet (HFD) OA mice, metformin additionally reduces 
leptin secretion from adipose tissue to protect OA knee [67]. 

4.1.5. Kmup-1 
KMUP-1 is a chemical synthetic xanthine-based derivative developed 

by Yeh and his colleagues. Their group has found that KMUP-1 possesses 
multifunctional properties, including anti-inflammatory, car
dioprotective, and neuroprotective roles [68–70]. Based on these find
ings, they investigated the in vitro anti-inflammatory and in vivo anti- 
osteoarthritis effects of KMUP-1. In vitro study showed that KMUP-1 
downregulates LPS-induced inflammatory cytokines, MMPs and NO in 
RAW264.7 cells. KMUP-1 plays an anti-inflammatory role by suppress
ing the activation of MAPK/NFκB signaling pathway, which can be 
attenuated by SIRT1 inhibitor. In vivo study showed that KMUP-1 re
duces mechanical hyperalgesia, inflammation and articular cartilage 
erosion in OA rats, suggesting that KMUP-1 inhibits articular cartilage 
degradation by regulating inflammation and is a potential agent for OA 
treatment [71]. 

4.1.6. Srt2104 
The silent information regulator 2 type 1 (SIRT1) is an antiaging 

gene, which has been proved to prevent OA development [72]. SRT2104 
is a highly selective SIRT1 activator. A recent study showed that both 
intraperitoneal injection and intra-articular injection of SRT2104 could 
reduce M1 macrophages and increase M2 macrophages in the synovium 
of OA mice, and hinder the progression of OA, suggesting that SRT2104 
may serve as a new treatment for OA [73]. 

Information on conventional western medicine and synthetic com
pounds that regulate macrophage polarization is summarized in Table 1. 

4.2. Monomer compounds of traditional Chinese medicine 

In addition to the drug delivery systems, the investigation of tradi
tional Chinese medicine (TCM) monomer compounds with anti- 
inflammatory and cartilage protective effects is another way to 
develop DMOADs. 

4.2.1. Liquiritin 
Liquiritin, is an antioxidant isolated from Glycyrrhizae uralenis with 

neuroprotective, anti-cancer, anti-inflammatory and cartilage protective 

Table 1 
Summary of information on conventional western medicine and synthetic compounds developed for osteoarthritis treatment.  

Small 
molecules 

Chemical formula Property Study models Dosage Immunoregulatory 
function 

Signaling 
pathways; 
Target 

Ref. 

Triamcinolone Glucocorticoid CIA mouse model; 
J774 cells 

2 mg/kg and 5 mg/ 
kg; 500 ng/mL 

M1↓ 
M2↑ 

Target: 
glucocorticoid 
receptor 

[54] 

Triamcinolone 
acetonide 

Glucocorticoid ACLT-induced OA rat 
and rabbit models 

20 % (w/w) of the 
respective solutions 
during the PLGA core 
preparation 

M1↓ 
M2↑ 

IL-10; Target: 
glucocorticoid 
receptor 

[56] 

Dexamethasone Glucocorticoid Synovial explants 
from OA patients; 
Primary human 
monocytes 

1 μM M1↓ 
M2↑ 

Target: 
glucocorticoid 
receptor 

[58] 

Dexamethasone 
acetate  

Glucocorticoid MIA-induced OA rat 
model 

12.5 μg in hydrogel M1↓ 
M2↑ 

Target: 
glucocorticoid 
receptor 

[59] 

Celecoxib A selective 
cyclooxygenase-2 
inhibitor 

MIA-induced OA rat 
model; RAW264.7 
cells 

5 mg/mL; 25.80 ng/ 
ml 

M1↓ Target: COX-2 [60,61] 

Metformin Biguanide; 
hypoglycemic drug 

DMM-induced OA in 
mice; Mouse bone 
marrow-derived 
macrophages 
(BMDMs); 
RAW264.7 cells 

250 mg/kg/day; 2 
mM; 2 mM 

M1↓ 
M2↑ 

AMPK, 
mTORC1; 
Target: P-AMPK 

[67] 

KMUP-1 A chemical 
synthetic xanthine- 
based derivative 

MIA-induced OA rat 
model; RAW264.7 
cells 

5 mg/kg; 1–10 μM M1↓ MAPK, NFκB [71] 

SRT2104 A potent SIRT1 
activator 

DMM-induced OA 
mouse model 

Intraperitoneal 
injection: 25 mg/kg, 
0.2 mL; Intra- 
articular injection: 17 
ng/kg, 10 μL 

M1↓ 
M2↑ 

Target: SIRT1 [73] 

CIA: collagen-induced OA; ACLT: anterior cruciate ligament transection; PLGA: poly(lactic-co-glycolic acid); MIA: monoiodoacetic acid; COX-2: cyclooxygenase-2; 
DMM: destabilization of the medial meniscus; AMPK: AMP-activated protein kinase; mTORC1: mammalian target of rapamycin C1; MAPK: mitogen-activated protein 
kinase; NFκB: nuclear factor kappa-light-chain-enhancer of activated B cells; SIRT1: silent information regulator 2 ortholog 1. 
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activities [74–76]. He et al. developed a composite carrier with dual 
antioxidant effects based on liquiritin-loaded liposomes and the inject
able chondroitin sulfate hydrogel (ChsMA@Lipo). ChsMA@Lipo inhibits 
macrophage M1 polarization and the inflammasome activation by sup
pressing the MAPK and NFκB signaling pathways, attenuates IL-1β- 
induced extracellular matrix (ECM) degradation in chondrocytes, and 
alleviates the progression of OA, which is a promising treatment for OA 
[77]. 

4.2.2. Quercetin 
Quercetin, a natural flavonoid, can regulate synovial macrophage 

polarization to M2 phenotype by activating STAT6/Akt signaling 
pathway, and inhibit chondrocyte inflammation and apoptosis in vitro. 
Therefore quercetin provides a pro-chondrogenic environment in vivo 
and is a potential drug for the treatment of OA [78]. 

4.2.3. Kinsenoside 
Kinsenoside, a major active ingredient isolated from Anoectochilus 

roxburghii, inhibits inflammation signals by targeting IKK phosphoryla
tion [79]. The authors further revealed that kinsenoside reduces the 
infiltration of M1 macrophages and promotes the infiltration of M2 
macrophages in the synovium by inhibiting the NFκB/MAPK signaling 
pathway, thereby inhibiting subchondral bone destruction and articular 
cartilage damage in OA [80]. 

4.2.4. Pseudolaric acid B 
Pseudolaric acid B, a diterpene acid isolated from the roots of 

Pseudolarix kaempferi Gorden (pinaceae), inhibits NFκB signaling by 
stabilizing PPARγ, thereby reducing macrophage M1 polarization and 
angiogenesis, and attenuating articular cartilage degeneration during 
OA and synovitis [81]. 

4.2.5. Angelicin 
Angelicin is a tricyclic aromatic compound isolated from Angelica 

Sinensis with anti-inflammatory, antibacterial, antitumor and antiviral 
activities. Angelicin can promote the repolarization of M1 to M2 mac
rophages by activating the p-STAT3/STAT3 signaling pathway, and 
decelerate the development of post-traumatic osteoarthritis (PTOA), 
showing an effective therapeutic value [82]. 

4.2.6. Fargesin 
Fargesin, one of the main components of Magnolia fargesii, exerts 

anti-inflammatory effects in THP-1 monocytes by suppressing PKC- 
dependent AP-1 and NFκB signaling [83]. Lu et al. showed that farge
sin can significantly reduce the number of M1 macrophages, increase the 
number of M2 macrophages in OA mice by inhibiting p38/ERK MAPK 
and p65/NFκB signaling, alleviate synovitis and thus improve OA [84]. 

4.2.7. Capsaicin 
Capsaicin, the active ingredient in capsicum, activates the Ca2+/ 

CaMKII/Nrf2 signaling pathway through the ion channel TRPV1 and 
inhibits M1 polarization of macrophages in the synovium, thereby 
attenuating OA phenotypes including joint swelling, synovitis, cartilage 
damage, and osteophyte formation [85]. 

4.2.8. Frugoside 
Frugoside, a cardiac glycoside compound isolated and extracted from 

Calotropis gigantea, inhibits macrophage M1 polarization by down
regulating miR-155 levels, thereby reducing synovial inflammation and 
delaying OA progression in mice [86]. 

4.2.9. Digoxin 
Digoxin, another common cardiac glycoside, can suppresses 

inflammation and alters lipid metabolism. Thus, digoxin has been 
studied for the treatment of atherosclerosis, steatohepatitis and auto
immune arthritis [87–89].And Ouyang et al. revealed that digoxin 

improves steatohepatitis by suppressing PKM2-ROS transactivation 
[89,90]. Based on the above researches, Lee et al. focused on the role of 
digoxin in OA. They suggested that digoxin alleviates synovitis by 
inhibiting the M1 polarization of synovial macrophages in OA. Me
chanically, digoxin controls OA inflammatory microenvironment and 
promotes chondrogenesis by downregulating the M1 macrophage- 
derived exosomal miR-146b-5p/Usp3&Sox5 axis [91]. 

4.2.10. Nicotine 
Nicotine, an alkaloid, is the main component of Nitotiana tobacum 

and a potent agonist to nicotinic acetylcholine receptors (nAChRs). Teng 
et al. found that in monosodium iodoacetate (MIA)-induced OA mice, 
nicotine markedly inhibits mechanical allodynia and cartilage degra
dation by activating a7-nAChRs. And in LPS treated RAW264.7 cells, 
nicotine inhibits the expression of MMP-9 by activating PI3K/Akt, and 
suppresses NFκB activation, both of which depend on α7-nAChRs. Taken 
together, nicotine can attenuate joint inflammation and pain in experi
mental OA via α7-nAChRs/ PI3K/Akt/ NFκB, which is a potential agent 
for OA treatment [92]. 

Information on monomer compounds of TCM that regulate macro
phage polarization is summarized in Table 2. 

4.3. Biomacromolecules 

Biomacromolecules are natural active ingredients contained in ani
mals, including proteins, polypeptides, nucleic acids, glycans and lipids. 
Biomacromolecular drugs have strong specificity, high pharmacological 
activity, and small dosage. They have unique advantages that traditional 
small molecule drugs do not have in the treatment of various diseases, 
and have become one of the most promising hot fields for new drug 
development. 

4.3.1. Macromolecular hyaluronic acid 
Intra-articular injection of hyaluronic acid (HA) is a broad treatment 

option to replace the loss of viscoelastic synovial fluid in OA joints. In 
OA joints, where HA concentrations in synovial fluid are consistently 
lower than in healthy joints, additional high-molecular HA supple
mentation can be used to increase viscosity, reduce inflammation, 
enhance ECM protein synthesis, and maintain cartilage thickness, area, 
and surface smoothness [93]. Recent studies have found that in an in 
vitro inflammation model, macromolecular HA can reduce chondrocyte 
inflammation caused by co-culture of M1 macrophages, reduce its 
catabolism level, and have a protective effect on chondrocytes [94]. 
Mechanistic studies have shown that macromolecular HA inhibits IL-1β- 
induced synovial inflammation and M1 polarization of macrophages 
through the GRP78-NFκB signaling pathway [95]. 

4.3.2. Squid type II collagen 
Type II collagen is an indispensable collagen component in articular 

cartilage and plays a crucial role in the development and maturation of 
chondrocytes. Therefore, type II collagen or type II collagen-derived 
composites have attracted more attention and interest in the treatment 
and research of OA. Squid type II collagen (SCII) has a similar amino acid 
composition to terrestrial animal type II collagen and is not immuno
genic. In addition, studies have shown that SCII can inhibit M1 macro
phages by promoting the dephosphorylation of p-STAT1, promote the 
proportion of M2 macrophages in synovial fluid, and increase the pro
duction of pro-chondrogenic cytokines (TGF-β1 and TGF-β3) level, 
thereby promoting cartilage repair in OA [96,97]. 

4.3.3. Liraglutide 
Liraglutide is a modified human glucagon-like peptide-1 (GLP-1) for 

the treatment of type II diabetes with anti-inflammatory and anti- 
catabolic effects. Intra-articular injection of liraglutide reduces pain in 
a mouse model of OA. In vitro experiments showed that liraglutide shifts 
the polarized macrophage phenotype from a pro-inflammatory M1 
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phenotype to an anti-inflammatory M2 phenotype, and has anti- 
chondrocyte catabolic activity, thus serving as a candidate for OA 
treatment [98]. 

4.3.4. Itch 
Ubiquitination is a general protein post-translational modification 

mediated by ubiquitin E1, E2 and E3 ligases. Ubiquitinated proteins are 
degraded and thereby lose their biological function. The ubiquitin E3 
ligase Itch is a potent negative regulator of inflammation that limits OA 
progression by inhibiting M1 macrophage polarization [99]. Previous 

study has reported that Itch can be recruited to A20 by the regulatory 
molecule TAX1BP1, thus regulating A20-mediated NFκB inactivation 
and inhibiting inflammation [100]. Therefore, it is speculated that Itch 
may regulate the polarization of macrophages through the above 
mechanisms. 

4.3.5. Mfg-E8 
Milk fat globule-epidermal growth factor (EGF) factor 8 (MFG-E8) 

has been extensively studied in various organs and diseases as an 
essential bridging molecule between apoptotic cells and phagocytes. 

Table 2 
Summary of information on monomer compounds of TCM developed for osteoarthritis treatment.  

Small 
molecules 

Chemical formula Property Study models Dosage Immunoregulatory 
function 

Signaling 
pathways; 
Target 

Ref. 

Liquiritin An antioxidant 
isolated from 
Glycyrrhizae 
uralenis 

DMM-induced 
OA rat model 

Intra-articular 
injection at 40 mg/ 
mL as liposomes 
and 140 mg/mL as 
ChsMA@Lipo, 50 
μL. 

M1↓  MAPK, NFκB; 
Target: MAPK 

[75,77] 

Quercetin A natural 
flavonoid 

DMM- and ACLT- 
induced OA rat 
model; 
RAW264.7 cells 

Intra-articular 
injection at 8 μM; 
100 μL; 8 μM 

M2↑ AMPK/ 
SIRT1, 
STAT6, Akt 

[78] 

Kinsenoside A major active 
ingredient 
isolated from 
Anoectochilus 
roxburghii 

ACLT-induced 
OA mouse model; 
RAW264.7 cells 

Intraperitoneal 
injection at 2.5, 5 
and 10 mg/kg 
kinsenoside; 
6.25–25 μg/mL 

M1↓ 
M2↑ 

MAPK, NFκB 
and STAT6; 
Target: p-IKK 

[79,80] 

Pseudolaric 
acid B 

A diterpene acid 
isolated from the 
roots of 
Pseudolarix 
kaempferi Gorden 
(pinaceae) 

DMM-induced 
OA mouse model; 
RAW264.7 cells 

Intra-articular 
injection at 5 and 
10 mg/kg; 0.75 and 
1.5 μM 

M1↓ PPARγ- NFκB; 
Target: PPARγ 

[81] 

Angelicin A tricyclic 
aromatic 
compound 
isolated from 
Angelica Sinensis 

DMM-induced 
OA mouse model; 
BMDMs 

Intraperitoneal 
injection at 20 mg/ 
kg; 30 μM 

M1↓ 
M2↑ 

CD9/gp130/ 
STAT3 

[82] 

Fargesin One of the main 
components of 
Magnolia fargesii 

CIOA mouse 
model; 
RAW264.7 cells 

Intra-articular 
injection at 5, 10, or 
20 mg/kg, 10 μL; 
10, 20, and 40 μM 

M1↓ 
M2↑ 

MAPK, NFκB; 
Target: PKC 

[83,84] 

Capsaicin The active 
ingredient in 
capsicum 

DMM-induced 
OA rat model; 
RAW264.7 cells 

Intra-articular 
injection at 50 μM, 
50 μL; 50 μM 

M1↓ TRPV1/Ca2+/ 
CaMKII/Nrf2; 
Target: 
TRPV1 

[85] 

Frugoside A cardiac 
glycoside 
compound 
isolated and 
extracted from 
Calotropis 
gigantea 

CIOA mouse 
model; 
RAW264.7 cells; 
Primary mouse 
peritoneal 
macrophages 

Intra-articular 
injection at 0.2 mg/ 
kg; 25 μM, 50 μM 
and 100 μM for 
macrophages 

M1↓ miR-155 [86] 

Digoxin A cardiac 
glycoside 

CIOA mouse 
model; 
RAW264.7 cells; 
Human synovial 
macrophages of 
OA patients 

Intra-articular 
injection at 0.02 (L) 
or 0.2(H) mg/kg; 
60 μM 

M1↓ Target: PKM2 [89–91] 

Nicotine A potent agonist 
to nAChRs 

MIA-induced OA 
mouse model; 
RAW264.7 cells 

Intraperitoneal 
injection at 0.5 or 1 
mg/kg; 10 μM 

M1↓ α7-nAChRs/ 
PI3K/Akt, α7- 
nAChRs/ 
NFκB; Target: 
α7-nAChRs 

[92] 

DMM: destabilization of the medial meniscus; MAPK: mitogen-activated protein kinase; NFκB: nuclear factor kappa-light-chain-enhancer of activated B cells; ACLT: 
anterior cruciate ligament transection; AMPK: AMP-activated protein kinase; SIRT1: silent information regulator 2 ortholog 1; STAT: signal transducer and activator of 
transcription; Akt: protein kinase B; p-IKK: phosphorylated kappa B inhibitor protein kinase; PPARγ: peroxisome proliferator-activated receptor γ; gp130: glycoprotein 
130; PKC: protein kinase C; CIOA: collagenase-induced OA; TRPV1: transient receptor potential vanilloid 1; CaMKII: Ca2+/calmodulin dependent protein kinase II; Nrf 
2: nuclear factor-erythroid 2-related factor 2; PKM2: M2-type pyruvate kinase; MIA: monoiodoacetic acid; α7-nAChRs: alpha7 nicotinic acetylcholine receptor; PI3K: 
phosphatidylinositol 3-kinase; BMDMs: bone marrow-derived macrophages. 
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MFG-E8 can inhibit neuronal inflammation by driving microglial M2 
polarization, which may be mediated by modulation of the integrin β3/ 
SOCS3/STAT3 signaling pathway [101]. Loss of MFG-E8 can result in 
marked progressive articular cartilage damage, synovial hyperplasia, 
and massive osteophyte formation in OA mice, which can be alleviated 
by intra-articular injection of recombinant mouse MFG-E8 (rmMFG-E8). 
Mechanistically, MFG-E8 is inhibited by miR-99b-5p, whose expression 
is significantly upregulated in OA cartilage, in part by activating NF-κB 
signaling in chondrocytes, leading to the exacerbation of experimental 
OA. Whereas rmMFG-E8 can downregulate NFκB signaling, promote 
macrophage M2 polarization, delay chondrocyte senescence, and thus 
alleviate OA progression [102]. 

4.3.6. Alpha-defensin-1 
Alpha-defensin-1 is one of the most potent defensins. In vitro ex

periments showed that it can promote M1 macrophage to M2 macro
phage polarization and indirectly protect chondrocytes. In a rat model of 
OA, α-defensin-1 alleviates the severity of OA, thus can serve as a 

candidate treatment for OA [103]. 

4.3.7. Chondroitin sulfate 
Chondroitin sulfate is a sulfated glycosaminoglycan commonly found 

in connective tissue and cartilage with many beneficial properties, such 
as anti-inflammatory activity, antioxidant activity, and maintenance of 
the chondrogenic phenotype [104–106]. As mentioned above in this 
review, the composite carrier with dual antioxidant effects based on 
liquiritin-loaded liposomes and the injectable chondroitin sulfate 
hydrogel (ChsMA@Lipo) inhibits macrophage M1 polarization and the 
inflammasome activation, attenuates IL-1β-induced extracellular matrix 
(ECM) degradation in chondrocytes, and alleviates the progression of 
OA, which is a promising treatment for OA [77]. 

4.3.8. Il-4 
IL-4, a type 2 inflammatory cytokine, is an inducer of macrophage 

M2 polarization and is well-known for its role in promoting tissue 
healing. Stimulation of macrophages, osteoclasts, and synovial explants 

Table 3 
Summary of information on biomacromolecules developed for osteoarthritis treatment.  

Biomacromolecules Chemical property Property Study models Dosage Immunoregulatory 
function 

Signaling 
pathways; 
Target 

Ref. 

Macromolecular 
Hyaluronic acid 

MW 1000–2000 kDa 

The viscoelastic 
component of synovial 
fluid 

Primary synovial 
cells from OA 
patients; THP-1 
cells 

1 mg/mL M1↓ 
M2↑ 

GRP78/NFκB [93–95] 

Squid type II collagen ~110 kDa Has a similar amino 
acid composition to 
terrestrial animal type 
II collagen 

ACLT- and DMM- 
induced OA rat 
model; 
RAW264.7 cells 

Intra-articular 
injection at 3 mg/ 
mL and 10 mg/mL, 
100 μL; Cells 
seeded on SCII- 
coated plates (3 
mg/mL) 

M1↓ 
M2↑ 

STAT1, 
STAT6 

[96,97] 

Liraglutide C172H265N43O51 

M. Wt: 3751.25 
A modified human 
glucagon-like peptide- 
1 

MIA-induced OA 
mouse model; 
RAW264.7 cells 

Intra-articular 
injection at 20 g; 
50 nM 

M1↓ 
M2↑ 

Target:GLP- 
1R 

[98] 

Itch ~40 kDa Ubiquitin E3 ligase MLI- or DMM- 
induced OA in 
Itch-/- mice; 
Itch-/- BMDMs  

M1↓ Speculated 
target: the 
ubiquitin- 
editing 
enzyme A20 

[99,100] 

rmMFG-E8 ~45 kDa A secreted 
glycoprotein 

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

Intra-articular 
injection at 50 μg/ 
kg; 500 ng/mL 

M1↓ 
M2↑ 

NFκB; 
Speculated 
target: 
integrin β3 

[101,102] 

α-Defensin 1  3.4 kDa (30 amino acids)  A multifunctional low 
molecular weight 
molecule released from 
apoptotic neutrophils 

MLI-induced OA 
rat model; THP-1 
cells 

Intra-articular 
injection at 10 ng/ 
mL, 250 μL; 10 ng/ 
mL 

M1↓ 
M2↑  

[103] 

Chondroitin sulfate An important 
component of cartilage 
with inflammatory 
activity, antioxidant 
activity, the regulation 
of enzyme activity, and 
maintenance of the 
chondro- genic 
phenotype. 

DMM-induced 
OA rat model 

Intra-articular 
injection at 100 
mg/mL as ChsMA 
microgel and 140 
mg/mL as 
ChsMA@Lipo, 50 
μL 

M1↓ MAPK, NFκB [77,106] 

IL-4 13.7 kDa  A type 2 inflammatory 
cytokine 

Human synovial 
tissue explants; 
human 
macrophages 
from peripheral 
blood 
monocytes; 
BMDMs 

10 ng/mL M2↑ STAT6; 
Target: IL-4R 

[107] 

ACLT: anterior cruciate ligament transection; MIA: monoiodoacetic acid; MLI: meniscus ligamentous injury; DMM: destabilization of the medial meniscus; NFκB: 
nuclear factor kappa-light-chain-enhancer of activated B cells; STAT: signal transducer and activator of transcription; GRP78: 78-kD glucose-regulated protein; MAPK: 
mitogen-activated protein kinase; BMDMs: bone marrow-derived macrophages; GLP-1R: glucagon-like peptide-1 receptor. 
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with IL-4 in vitro suggests that IL-4 can modulate the immune micro
environment, induce polarization of joint-resident macrophages toward 
the M2 phenotype, effectively clear pro-inflammatory debris, and 
maintain steady-state activity levels of osteoclasts in subchondral bone. 
Thus IL-4 could be a candidate pathway for OA treatment [107]. 

In recent years, biomacromolecule drugs have gradually emerged, 
including vaccines, blood component products, cell therapy prepara
tions, gene therapy preparations and recombinant therapeutic proteins, 
which have been used for the treatment of tumors, autoimmune diseases 
and metabolic diseases. However, the complex structure of biological 
macromolecules, the difficulty in development, the difficulty in 
permeating through biological membranes, and the high clinical cost 
limit its clinical application. 

Information on biomacromolecules that regulate macrophage po
larization is summarized in Table 3. 

4.4. Metal and metal oxides 

Metal/metal oxides have unique physical properties. They can 
simulate the activity of antioxidant enzymes and catalyze the degrada
tion of superoxide anions and hydrogen peroxide. And metal/metal 
oxide nanoparticles (NPs) are widely used in drug delivery due to their 
good stability and cell uptake efficiency. 

4.4.1. Magnesium ions 
Magnesium ions (Mg2+) can support MSC chondrogenesis and 

regulate macrophage polarization [108–110]. JDBM is a biodegradable 
Mg-Nd-Zn-Zr alloy with excellent biocompatibility, strength and 
ductility. Zhao et al. fabricated JDBM scaffolds coated with polydop
amine, which can promote chondrogenesis and effectively attenuate 
local inflammatory responses by transforming synovial macrophages 
from the M1 to M2 subtype, representing a promising material for OA 
treatment [111]. 

4.4.2. Manganese dioxide 
Manganese dioxide (MnO2) NPs can decompose H2O2 and release 

oxygen, which are used to scavenge ROS in the damaged microenvi
ronment. Zhang et al. fabricated a camouflaged meta-Defensome, 
composed of a SAR targeting ligand, a mitochondrial targeting ligand, 
an OA synovium targeting (macrophage membrane coated PLGA 
nanoparticles (MMP) to target M1 macrophages), a mitochondrial iNOS 
(mtNOS) inhibitor, and MnO2 NPs. The meta-Defensome was demon
strated to transform M1 synovial macrophages into the M2 phenotype by 
scavenging mtROS and inhibiting mtNOS, thereby effectively sup
pressing synovial inflammation and progression of early OA. Thus, 
mitochondrial metabolism reprogramming can serve as a novel and 
practical approach to repolarize M1 synovial macrophages. The 
camouflaged meta-Defensomes are a promising therapeutic agent for 
impeding OA progression [112]. 

4.4.3. Nanozymes 
Hypoxia and high ROS levels are the characteristic pathological 

changes of osteoarthritis, which increase hypoxia-inducible factor-1α 
(HIF-1α) level, induce the conversion of M1 macrophages, suppress the 
production of extracellular matrix (ECM), and promote bone resorption. 
Prussian blue nanozymes have multi-enzymatic-like catalytic activities, 
which can effectively scavenge ROS and ameliorate the immune 
microenvironment, but their non-degradability hinders the further 
clinical translation [113]. Xiong et al. constructed a Hollow manganese 
Prussian blue nanozymes (HMPBzymes) with good pH-responsive 
biodegradation, biocompatibility, and multi-enzymatic activities. 
HMPBzymes suppress HIF-1α expression, decrease ROS level, modulate 
the conversion of M1 macrophages to M2 macrophages, and alleviate 
the degeneration of cartilage in OA rat models [114]. 

Although metal/metal oxides exhibit excellent physical and biolog
ical properties, the accumulation of metal/metal oxide NPs and their 

degradation release metal ions in vivo may lead to potential toxicity, so 
their long-term safety needs to be further monitored. 

Information on metal and metal oxides that regulate macrophage 
polarization is summarized in Table 4. 

4.5. Cells 

In recent years, cell therapy has emerged as a promising therapeutic 
approach with the potential to treat and even cure various diseases. Cell 
therapy offers unique clinical and therapeutic advantages over tradi
tional small molecules and increasingly biologics. In particular, living 
cells can simultaneously and dynamically perform complex biological 
functions that cannot be achieved by conventional drugs [115]. 

4.5.1. Stem cells 
Taking mesenchymal stem cells (MSCs) as an example, MSCs are a 

class of cells with self-renewal and directed differentiation potential that 
can differentiate into multiple cell types, such as osteoblasts, adipocytes, 
and chondrocytes. Currently, MSCs have been widely used in cell-based 
therapy for clinical, preclinical and tissue engineering applications due 
to their immunomodulatory and regenerative properties [116]. Bone 
marrow, human umbilical cord, and adipose tissue-derived MSCs have 
emerged as a promising therapeutic strategy for the treatment of knee 
OA [117–119]. In addition to the ability of cartilage differentiation, 
MSCs have immunomodulatory properties by secreting anti- 
inflammatory factors, which can modulate macrophage polarization 
by inducing a transition from M1 to M2 phenotype, thereby attenuating 
cartilage damage and promoting tissue repair [120–122]. 

Other stem cell types, such as human dental pulp stem cells (hDPSCs) 
and amniotic fluid stem cells (AFSCs) have also been shown to have 
immunomodulatory functions and are used in OA treatment [123,124]. 

4.5.2. Macrophages 
In addition to stem cells, macrophages can be directly injected into 

the joint site to play an immunomodulatory role and promote tissue 
repair. Bone marrow mononuclear cells (BMNCs) are a rich source of 
macrophage progenitors, the number of M2 macrophages and the con
centration of IL-10 in the synovium are increased after injection of 
autologous BMNCs in equine OA joints. Histologically, BMNC- treated 
joints are comparable to healthy joints. Autologous BMNCs are readily 
available and may benefit thousands of patients [125]. 

In addition, Ma and colleagues developed artificial M2 macrophages 
composed of macrophage membrane as “shell” and inflammatory 
response nanogel as “yolk”, in which the nanogel was prepared by the 
physical interaction of gelatin and chondroitin sulfate through ionic and 
hydrogen bonds. Artificial M2 macrophages can reside in inflamed areas 
for a long time, down-regulate inflammation, and are continuously 
released to repair cartilage when there is low inflammatory activity, 
providing new ideas for OA treatment [126]. 

Information on cells that regulate macrophage polarization is sum
marized in Table 5. 

4.6. Cell derivatives 

Although many cell therapy-based clinical trials have demonstrated 
promising results, there are some drawbacks such as technical limita
tions of in vitro expansion, low in vivo survival and potential immune 
rejection [127–129]. 

4.6.1. Extracellular vesicles 
In fact, numerous studies have shown that the therapeutic potential 

of MSCs and macrophages is mainly attributed to their paracrine factors, 
especially small extracellular vesicles (EVs) [130–132]. MSCs-derived 
EVs (MSC-EVs) have similar biological functions to MSCs, such as pro
moting cartilage regeneration, suppressing inflammatory responses, and 
modulating the immune system, and are potential alternative therapies 
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for the treatment of OA [133–135]. 
Zhang and colleagues demonstrated that EVs derived from bone 

marrow MSCs (BMSC-EVs) can alleviate cartilage damage, reduce 
osteophyte formation, and alleviate arthritis by inhibiting M1 macro
phage production and promoting M2 macrophage production [136]. 

Intra-articular injection of human umbilical cord mesenchymal stem 
cell EVs (hUCMSC-EVs) in OA knees can significantly reduce the pro
portion of M1 macrophages, increase the proportion of M2 macro
phages, and alleviate cartilage damage. Mechanistically, EVs upregulate 
many proteins related to cartilage repair, which are mainly involved in 
immune regulation [122,137]. A recent study showed that hUCMSC-EVs 
inhibit the secretion of pro-inflammatory factors and the degradation of 
cartilage ECM by lowering the m6A level of NLRP3 mRNA with miR- 
1208 targeting and combining with METTL3, thereby alleviating OA 
progression in mice[138]. 

Adipose-derived mesenchymal stem cells EVs (AMSC-EVs) can pre
vent cartilage degeneration, inhibit the infiltration of M1 macrophages 
into the synovium, and significantly slow OA disease progression [139]. 
Mechanistic studies showed that MSC-EVs highly express a variety of 
miRNAs, which contribute to chondroprotection and M1 to M2 macro
phage polarization [137,140,141]. 

4.6.2. Platelet-rich plasma 
Many studies have reported positive effects of platelet-rich plasma 

(PRP) administration in patients with knee OA [142–144]. PRP contains 
high concentrations of growth factors and inflammatory factors that 
stimulate soft tissue healing and promote bone or cartilage regeneration, 

and direct injection of PRP can modulate the inflammatory environment 
of joints [145–147]. One of the molecular mechanisms by which PRP 
exerts this modulation is to prevent the activation of NFκB target genes 
[148]. At the cellular level, addition of PRP supernatant to the culture 
medium of monocyte-derived macrophages and M1 polarized macro
phages significantly inhibits M1 macrophage polarization and promotes 
M2 macrophage polarization, further validating the immunomodulatory 
effect of PRP [149]. 

4.6.3. Cell-free fat extract 
On the other hand, given the abundant cell populations, excellent 

paracrine function, and immunomodulatory properties exhibited by 
secreted factors and EVs in adipose tissue, Zhang and colleagues 
developed a novel cell-free fat extract (CEFFE) [150]. They mechanis
tically isolated protein extracts containing a large number of growth 
factors and inflammatory factors from adipose tissue, and confirmed 
that CEFFE has anti-inflammatory, anti-apoptotic, anti-oxidative, and 
pro-cell proliferation properties. A recent study showed that CEFFE can 
inhibit macrophage M1 polarization, reduce ROS production, and pro
mote cartilage regeneration, thereby inhibiting OA progression [151]. 
As a new stem cell derivative with no cells, no side effects, unlimited 
materials and multiple physiological functions, CEFFE will be a prom
ising alternative therapy for OA. The development time of CEFFE is still 
short, so key issues such as its preparation process and standards, 
immunogenicity, and largescale clinical application remain to be 
resolved. 

Information on cell derivatives that regulate macrophage 

Table 4 
Summary of information on metal and metal oxides developed for osteoarthritis treatment.  

Metal/metal 
oxides 

Property Study models Dosage Immunoregulatory 
function 

Signaling pathways; 
Target 

Ref. 

Magnesium 
ions 

Function in the form of Mg-Nd-Zn-Zr alloy 
scaffold 

RAW264.7 cells JDBM extracts (10 mM 
Mg) 

M1↓ 
M2↑ 

NFκB; Target: TRPM7 [110,111] 

Manganese 
dioxide 

ROS scavenger; Function in combination 
with a SAR targeting ligand, a 
mitochondrial targeting ligand, an OA 
synovium targeting, and a mitochondrial 
iNOS inhibitor 

CIOA mouse 
model; 
RAW264.7 cells 

Intravenous injection at 1 
mg/mL meta-Defensomes, 
100 μL; 1 mg/mL meta- 
Defensomes 

M1↓ 
M2↑ 

Mitochondrial 
metabolic 
reprogramming; 
Target: ROS 

[112] 

Nanozymes A Hollow manganese Prussian blue 
nanozymes 

MIA-induced 
OA rat model; 
BMDMs 

Intra-articular injection at 
80 μg/mL; 80 μg/mL 

M1↓ 
M2↑ 

Scavenger active 
oxygens; Target: ROS 

[114] 

CIOA: collagenase-induced OA; MIA: monoiodoacetic acid; BMDMs: bone marrow-derived macrophages; NFκB: nuclear factor kappa-light-chain-enhancer of activated 
B cells; iNOS: inducible nitric oxide synthase; ROS: reactive oxygen species; TRPM7: transient receptor potential cation channel member 7. JDBM: porous Mg-Nd-Zn-Zr 
alloy. 

Table 5 
Summary of information on cell therapies developed for osteoarthritis treatment.  

Cells Study models Dosage/cells Immunoregulatory 
function 

Ref. 

AMSCs CIOA mouse model Intra-articular injection with 20,000 cells in 6 μL mouse 
serum 

M1↓ [120] 

BMSCs Mouse BMDMs  Co-culture with BMDMs M1↓ 
M2↑ 

[121] 

hUCMSCs ACLT-induced OA rat model Intra-articular injection with 200 μL hUCMSCs (5 × 105), M1↓ 
M2↑ 

[122] 

hDPSCs Cut of the medial parenchyma of the ACL and the meniscus 
ligament-induced OA rabbit model; Human osteoarthritic 
macrophage 

Intra-articular injection at 2 × 105/knee joint and 1 × 106/ 
knee joint, 250 μL; Co-culture with 2 × 106 osteoarthritic 
macrophages 

M1↓ 
M2↑ 

[123] 

AFSCs MIA-induced OA rat model Intra-articular injection at 5 × 105/knee joint, 50 μL M1↓ 
M2↑ 

[124] 

BMNCs 0.5 ng LPS in 2 mL PBS-induced synovitis horse model Intra-articular injection at 20 × 106 cells mixed with LPS M2↑ [125] 
Artificial M2 

macrophages 
Papain solution-induced OA mouse model; RAW264.7 
cells 

Injection with 20 μL AM2M (14.62 mg/kg); AM2M 
containing 0.6 mg/mL ChS@GC 

M2↑ [126] 

AMSCs: adipose-derived mesenchymal stem cells; BMSCs: bone marrow mesenchymal stem cells; hUCMSCs: Human umbilical cord mesenchymal stem cells; hDPSCs: 
human dental pulp stem cells; AFSCs: amniotic fluid stem cells; BMNCs: bone marrow mononuclear cells; AM2M: artificial M2 macrophages; BMDMs: bone marrow- 
derived macrophages; CIOA: collagenase-induced OA; BMDMs: bone marrow-derived macrophages; ACLT: anterior cruciate ligament transection; MIA: monoiodo
acetic acid. 
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polarization is summarized in Table 6. 

5. Conclusions 

Osteoarthritis is a highly prevalent human degenerative joint disor
der. At present, there are no approved disease-modifying drug available, 
which brings a heavy burden to the global health system. Efforts for 
developing DMOADs have been made. Macrophage polarization is 
involved in joint pain and OA development, which is the key for OA 
treatment. In the future, it will be an effective strategy to develop 
treatment measures for OA through modulating macrophage repolari
zation (M1-M2). 

Small molecule compounds, biomacromolecules, metal/metal ox
ides, cells, and cell derivatives are the most widely studied macrophage- 
based therapeutic strategies. (1) Clinical OA drugs, such as glucocorti
coids and NSAIDs are not effective in preventing disease progression and 
are often accompanied by side effects. Traditional Chinese medicines 
and their monomers, such as Kinsenoside, may bring new hope for the 
development of DMOADs. In view of the fact that most of the above 
natural compounds are still in the preclinical research stage, it will take 
years of development before they can be used in patients with OA; (2) 
Biomacromolecules have strong specificity and high pharmacological 
activity, and have broad prospects for drug development. Most biolog
ical macromolecules have complex structures and are not easy to 
penetrate biological membranes, which makes their development diffi
cult and clinically expensive, further limiting their widespread use; (3) 
Metal/metal oxides as scavengers of ROS are commonly loaded into 
scaffolds or nanomaterials to play an anti-inflammatory role. The 
toxicity caused by the accumulation of material degradation products 
and metal ions in vivo needs to be considered; (4) Stem cell therapy has 
been a hotspot in disease treatment research in recent years. MSCs have 
the characteristics of self-renewal, multi-directional differentiation and 
immune regulation. They can be expanded and cultured in vitro and 
then transplanted into the injury site for directional differentiation, 
regulate inflammation at the injury site, and promote tissue regenera
tion, showing great advantages in bone and cartilage regeneration. 
Encouragingly, MSCs for osteoarthritis are currently in clinical trials; (5) 
Stem cell derivatives contain a variety of growth factors and inflam
matory factors. They are the main components of stem cells to play a 
therapeutic role, and they do not require in vitro expansion and have 
low immunogenicity. However, the high cost, potential risks, lack of 
standardization in preparations of cells and their derivatives need to be 
further improved before clinical applications. 

6. Perspectives 

6.1. Drug delivery systems 

All the above treatment schemes face problems such as short drug 
residence time, poor cartilage permeability, and unstable local drug 

concentration. Drug sustained-release carrier is a powerful tool to solve 
the above problems. Microparticles, nanoparticles, liposomes, and 
hydrogels can improve drug permeability, prolong bioavailability, and 
greatly improve drug efficacy. Drug delivery systems may be the 
development direction of intra-articular drug injection. 

6.2. Macrophage-targeting therapy 

In addition to improving the drug retention rate in the joint cavity, 
macrophage-targeting therapy is another research emphasis to improve 
the efficacy. 

ligand-decorated NPs were developed to target synovial macro
phages. The ligands recognize and bind the typical pattern recognition 
receptors (PRRs) distributed on the surface of the macrophages. For 
example, Zhou et al. developed anti-CD16/32 antibody, S-methyl
isothiourea hemisulfate salt (SMT) and catalase (CAT) modified ZIF-8 
NPs, and Zhang et al. developed SAR targeting ligand, SMT and MnO2 
decorated polymeric nanoparticles to target M1 macrophages and 
regulate intracellular NO and ROS, both of which can successfully 
attenuate osteoarthritis [112,152]. 

M1 macrophages in the OA synovium secretes various inflammatory 
factors and MMPs that can accelerate the degradation of ECM, thereby 
promoting the apoptosis of chondrocyte [8,153]. These apoptotic 
chondrocyte debris will be engulfed and cleared by synovial macro
phages via efferocytosis [16,154]. Besides, cell efferocytosis has been 
proven to promote macrophage proliferation and polarization to M2 
phenotype [155]. Thus, mimicking cell apoptosis to induce cell effer
ocytosis is another macrophage-targeting therapy. Kraynak and col
leagues synthesized phosphatidylserine-supplemented cell membrane- 
coated nanoparticles (PS-MNPs) to emulate key characteristics of the 
apoptotic cell surface. These PS-MNPs reduce inflammatory cytokine 
expression to promote an anti-inflammatory phenotypic shift in mac
rophages, without the use of small molecule inhibitors or other drugs 
[156]. Yang et al. developed metalorganic framework nanoparticles 
loaded with apoptotic chondrocyte membrane as “eat me” signals and 
quercetin as immunomodulator to treat osteoarthritis [157]. In addition 
to apoptotic chondrocyte membrane, membrane of MSCs or extracel
lular vesicles also can be used to target macrophages. 

Macrophage membrane can target and reside in the inflamed area for 
a long time, which has been use for targeted treatment of osteoarthritis 
[112,126]. Artificial M2 macrophages with macrophage membrane as 
“shell” and inflammation-responsive nanogel as “yolk” can reside in the 
inflammatory area to modulate inflammation and repair cartilage, 
providing new ideas for OA treatment. 

6.3. Direction of clinical treatment of osteoarthritis 

Early OA clinical treatments involve intra-articular injection of glu
cocorticoids, oral acetaminophen and NSAIDs, which will lead to inev
itable side effects. At present, there is an immense clinical need for novel 

Table 6 
Summary of information on cell derivatives developed for osteoarthritis treatment.  

Cell 
derivatives 

Source Study models Dosage Immunoregulatory 
function 

Ref. 

Exosomes BMSCs Modified Hulth technique-induced OA 
rat model; RAW264.7 cells 

Intra-articular injection at 1010 particles/mL, 10 μL; 1 μg/mL M1↓ 
M2↑ 

[136] 

EVs hUCMSCs DMM-induced OA mouse model; THP- 
1 cells 

Intra-articular injection at 1011 particles/mL; / M1↓ 
M2↑ 

[138] 

Small EVs AMSCs MIA-induced OA rat model Intra-articular injection at 1 × 108 particles, 30 μL per joint M1↓ 
M2↑ 

[139] 

PRP Blood Monocytes isolated from human 
peripheral blood 

10 % LP-PRP in the culture medium M1↓ 
M2↑ 

[148,149] 

CEFFE Fat tissue MIA-induced OA rat model; 
RAW264.7 cells 

Intra-articular injection at 0.0357 mg, 0.075 mg, 0.15 mg, 60 
μL per joint; 100 μg/mL, 250 μg/mL, and 500 μg/mL 

M1↓ 
M2↑ 

[151] 

EVs: Extracellular vesicles; BMSCs: bone marrow mesenchymal stem cells; hUCMSCs: Human umbilical cord mesenchymal stem cells; AMSCs: adipose-derived 
mesenchymal stem cells; PRP: platelet rich plasma; CEFFE: cell-free fat extract; DMM: destabilization of the medial meniscus; MIA: monoiodoacetic acid. 
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DMOADs or regenerative therapies. At present, the OA treatment stra
tegies under development include cartilage-targeting DMOADs, such as 
sprifermin, bone-targeting DMOADs, such as MIV-711, and inflamma
tion- and pain-based DMOADs, such as XT-150. However, only a very 
few drugs have resulted in amelioration of joint structure and function 
and no pharmacological treatment has yet been able to halt or reverse 
OA progression in the long term [158]. The polarization regulation of 
synovial macrophages is a new target for OA treatment. Screening and 
identification of drugs that regulate macrophage polarization is ex
pected to achieve a breakthrough in DMOADs. 

For the middle stage of osteoarthritis, oral or intra-articular injection 
drugs have little effect. Articular cartilage defects caused by sports, 
aging, trauma, inflammation, etc. bring about disability and worldwide 
socioeconomic loss. However, due to its avascular and nearly acellular 
characteristic, cartilage tissue regeneration ability is limited to some 
extent. MSCs are considered to be a promising therapeutic strategy due 
to their immunomodulatory properties and multidirectional differenti
ation potential, including osteoblasts, chondrocytes and adipocytes. 
Clinical trials have verified the safety and effectiveness of MSCs in the 
treatment of osteonecrosis, osteoarthritis, spinal cord injury, ischemic 
stroke, type 2 diabetes, cirrhosis and other diseases. Stem cell therapy 
may be the future clinical development direction. 

In the late stage of OA, extensive cartilage is destroyed, and the joint 
space is narrowed, so the joint structure needs to be supported by the 
surgical grafts. At present, the clinical treatment strategies for cartilage 
injury mainly include autogenous or artificial cartilage transplantation 
and artificial joint replacement. Artificial joint replacement is the pas
sive choice at the end of severe cartilage injury. This strategy is not only 
unable to achieve “knee preservation treatment”, but also has a variety 
of postoperative complications such as joint pain and osteoporosis. 
Tissue engineering strategies based on smart scaffolds such as decellu
larized extracellular matrix (dECM) and stem cells maybe help to realize 
cartilage regeneration. Articular cartilage defect is usually accompanied 
by subchondral bone degeneration, which is an important and intrac
table clinical problem. Studies have proved that osteochondral regen
eration in vivo can be achieved by integrating different scaffold 
materials or different modifications to construct an osteochondral in
tegrated scaffold. Thus, the fabrication of biphasic cartilage-bone inte
grated scaffolds is an attractive strategy for osteochondral repair. 

Author contributions: Conceptualization, Weiyun Wang, Guang
dong Zhou, and Wenjie Ren; writing—original draft preparation, 
Weiyun Wang, Yaru Chu and Pengyuan Zhang; writing—review and 
editing, Weiyun Wang, Zhuo Liang, Zhenlin Fan, Xueqiang Guo, 
Guangdong Zhou and Wenjie Ren; funding acquisition, Weiyun Wang 
and Wenjie Ren. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This study was supported by the grants from National 
Natural Science Foundation of China (No. 32200754) for Weiyun Wang; 
the Key Research and Development Program of Henan province (No. 
221111310100) for Wenjie Ren; the Major Science and Technology 
Projects of Xinxiang City (No. 21ZD006) for Wenjie Ren; and the Open 
Project Program of the Third Affiliated Hospital of Xinxiang Medical 
University (No. KFKTZD202105 for Wenjie Ren; No. KFKTYB202107 for 
Zhenlin Fan; No. KFKTYB202119 for Xueqiang Guo). 

Data availability 
No data was used for the research described in the article. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

References 

[1] D.J. Hunter, L. March, M. Chew, Osteoarthritis in 2020 and beyond: a Lancet 
Commission, Lancet 396 (10264) (2020) 1711–1712. 

[2] D. Chen, J. Shen, W. Zhao, T. Wang, L. Han, J.L. Hamilton, H.J. Im, 
Osteoarthritis: toward a comprehensive understanding of pathological 
mechanism, Bone Res 5 (2017) 16044. 

[3] J. Martel-Pelletier, A.J. Barr, F.M. Cicuttini, P.G. Conaghan, C. Cooper, M. 
B. Goldring, S.R. Goldring, G. Jones, A.J. Teichtahl, J.P. Pelletier, Osteoarthritis, 
Nat Rev Dis Primers 2 (2016) 16072. 

[4] R.F. Loeser, J.A. Collins, B.O. Diekman, Ageing and the pathogenesis of 
osteoarthritis, Nat. Rev. Rheumatol. 12 (7) (2016) 412–420. 

[5] A. Mathiessen, P.G. Conaghan, Synovitis in osteoarthritis: current understanding 
with therapeutic implications, Arthritis Res. Ther. 19 (2017). 

[6] J.P. Pelletier, J. Martel-Pelletier, S.B. Abramson, Osteoarthritis, an inflammatory 
disease - Potential implication for the selection of new therapeutic targets, 
Arthritis Rheum. 44 (6) (2001) 1237–1247. 

[7] M.J. Benito, D.J. Veale, O. Fitzgerald, W.B. van den Berg, B. Bresnihan, Synovial 
tissue inflammation in early and late osteoarthritis, Ann. Rheum. Dis. 64 (9) 
(2005) 1263–1267. 

[8] E. Sanchez-Lopez, R. Coras, A. Torres, N.E. Lane, M. Guma, Synovial 
inflammation in osteoarthritis progression, Nature Reviews Rheumatology 18 (5) 
(2022) 258–275. 

[9] S. Krasnokutsky, I. Belitskaya-Levy, J. Bencardino, J. Samuels, M. Attur, 
R. Regatte, P. Rosenthal, J. Greenberg, M. Schweitzer, S.B. Abramson, L. Rybak, 
Quantitative Magnetic Resonance Imaging Evidence of Synovial Proliferation Is 
Associated With Radiographic Severity of Knee Osteoarthritis, Arthritis Rheum. 
63 (10) (2011) 2983–2991. 

[10] J. Runhaar, R.M. Rozendaal, M. van Middelkoop, H.J.W. Bijlsma, M. Doherty, K. 
S. Dziedzic, L.S. Lohmander, T. McAlindon, W. Zhang, S.B. Zeinstra, Subgroup 
analyses of the effectiveness of oral glucosamine for knee and hip osteoarthritis: a 
systematic review and individual patient data meta-analysis from the OA trial 
bank, Ann. Rheum. Dis. 76 (11) (2017) 1862–1869. 

[11] A.-M. Malfait, T.J. Schnitzer, Towards a mechanism-based approach to pain 
management in osteoarthritis, Nature Reviews Rheumatology 9 (11) (2013) 
654–664. 

[12] R.H. Palmer, Risk of Upper and Lower Gastrointestinal Bleeding in Patients 
Taking Nonsteroidal Anti-Inflammatory Drugs, Antiplatelet Agents, or 
Anticoagulants, Clin. Gastroenterol. Hepatol. 13 (11) (2015) 2023–2024. 

[13] B.R. da Costa, T.V. Pereira, P. Saadat, M. Rudnicki, S.M. Iskander, N.S. Bodmer, 
P. Bobos, L. Gao, H.D. Kiyomoto, T. Montezuma, M. Almeida, P.-S. Cheng, C. 
A. Hincapie, R. Hari, A.J. Sutton, P. Tugwell, G.A. Hawker, P. Juni, Effectiveness 
and safety of non-steroidal anti-inflammatory drugs and opioid treatment for 
knee and hip osteoarthritis: network meta-analysis, Bmj-British Medical Journal 
375 (2021). 

[14] I.R. Klein-Wieringa, B.J.E. de lange-Brokaar, E. Yusuf, S.N. Andersen, J.C. 
Kwekkeboom, H.M. Kroon, G.J.V.M. van Osch, A.-M. Zuurmond, V. Stojanovic- 
Susulic, R.G.H.H. Nelissen, R.E.M. Toes, M. Kloppenburg, A. Ioan-Facsinay, 
Inflammatory Cells in Patients with Endstage Knee Osteoarthritis: A Comparison 
between the Synovium and the Infrapatellar Fat Pad, J. Rheumatol. 43(4) (2016) 
771-778. 

[15] P. Haubruck, M.M. Pinto, B. Moradi, C.B. Little, R. Gentek, Monocytes, 
Macrophages, and Their Potential Niches in Synovial Joints - Therapeutic Targets 
in Post-Traumatic Osteoarthritis? Front. Immunol. 12 (2021), 763702. 

[16] S. Culemann, A. Grueneboom, J. Angel Nicolas-Avila, D. Weidner, K.F. Laemmle, 
T. Rothe, J.A. Quintana, P. Kirchner, B. Krljanac, M. Eberhardt, F. Ferrazzi, 
E. Kretzschmar, M. Schicht, K. Fischer, K. Gelse, M. Faas, R. Pfeifle, J. 
A. Ackermann, M. Pachowsky, N. Renner, D. Simon, R.F. Haseloff, A.B. Ekici, 
T. Baeuerle, I.E. Blasig, J. Vera, D. Voehringer, A. Kleyer, F. Paulsen, G. Schett, 
A. Hidalgo, G. Kroenke, Locally renewing resident synovial macrophages provide 
a protective barrier for the joint, Nature 572 (7771) (2019) 670-+. 

[17] H. Zhang, D. Cai, X.J.O. Bai, Cartilage, Macrophages regulate the progression of 
osteoarthritis 28 (5) (2020). 

[18] R. Domoto, F. Sekiguchi, M. Tsubota, A. Kawabata, Macrophage as a Peripheral 
Pain Regulator, Cells 10 (8) (2021). 

[19] R.E. Miller, P.B. Tran, R. Das, N. Ghoreishi-Haack, D. Ren, R.J. Miller, A.- 
M. Malfait, CCR2 chemokine receptor signaling mediates pain in experimental 
osteoarthritis, Proc. Natl. Acad. Sci. U. S. A. 109 (50) (2012) 20602–20607. 

[20] C.L. Wu, N.S. Harasymowicz, M.A. Klimak, K.H. Collins, F. Guilak, The role of 
macrophages in osteoarthritis and cartilage repair, Osteoarthritis Cartilage 28 (5) 
(2020) 544–554. 

[21] S. Gordon, F.O. Martinez, Alternative activation of macrophages: mechanism and 
functions, Immunity 32 (5) (2010) 593–604. 

[22] T. Lawrence, G. Natoli, Transcriptional regulation of macrophage polarization: 
enabling diversity with identity, Nature Reviews Immunology 11 (11) (2011) 
750–761. 

[23] L. Wang, C. He, Nrf2-mediated anti-inflammatory polarization of macrophages as 
therapeutic targets for osteoarthritis, Front. Immunol. 13 (2022). 

[24] S.K. Biswas, A. Mantovani, Macrophage plasticity and interaction with 
lymphocyte subsets: cancer as a paradigm, Nat. Immunol. 11 (10) (2010) 
889–896. 

[25] Y. Chen, W. Jiang, H. Yong, M. He, Y. Yang, Z. Deng, Y. Li, Macrophages in 
osteoarthritis: pathophysiology and therapeutics, American Journal of 
Translational Research 12 (1) (2020) 261–268. 

W. Wang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1567-5769(23)00113-3/h0005
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0005
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0010
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0010
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0010
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0015
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0015
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0015
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0020
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0020
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0025
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0025
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0030
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0030
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0030
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0035
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0035
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0035
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0040
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0040
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0040
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0045
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0045
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0045
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0045
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0045
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0050
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0050
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0050
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0050
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0050
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0055
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0055
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0055
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0060
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0060
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0060
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0065
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0065
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0065
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0065
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0065
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0065
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0075
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0075
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0075
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0080
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0080
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0080
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0080
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0080
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0080
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0080
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0085
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0085
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0090
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0090
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0095
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0095
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0095
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0100
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0100
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0100
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0105
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0105
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0110
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0110
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0110
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0115
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0115
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0120
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0120
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0120
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0125
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0125
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0125


International Immunopharmacology 116 (2023) 109790

13

[26] L. Quero, A.N. Tiaden, E. Hanser, J. Roux, A. Laski, J. Hall, D. Kyburz, miR-221- 
3p Drives the Shift of M2-Macrophages to a Pro-Inflammatory Function by 
Suppressing JAK3/STAT3 Activation, Front. Immunol. 10 (2020). 

[27] F. Zhang, K. Wei, K. Slowikowski, C.Y. Fonseka, D.A. Rao, S. Kelly, S.M. 
Goodman, D. Tabechian, L.B. Hughes, K. Salomon-Escoto, G.F.M. Watts, A.H. 
Jonsson, J. Rangel-Moreno, N. Meednu, C. Rozo, W. Apruzzese, T.M. Eisenhaure, 
D.J. Lieb, D.L. Boyle, A.M. Mandelin, 2nd, A. Accelerating Medicines Partnership 
Rheumatoid, C. Systemic Lupus Erythematosus, B.F. Boyce, E. DiCarlo, E.M. 
Gravallese, P.K. Gregersen, L. Moreland, G.S. Firestein, N. Hacohen, C. Nusbaum, 
J.A. Lederer, H. Perlman, C. Pitzalis, A. Filer, V.M. Holers, V.P. Bykerk, L.T. 
Donlin, J.H. Anolik, M.B. Brenner, S. Raychaudhuri, Defining inflammatory cell 
states in rheumatoid arthritis joint synovial tissues by integrating single-cell 
transcriptomics and mass cytometry, Nat. Immunol. 20(7) (2019) 928-942. 

[28] J.E. Albina, C.D. Mills, A. Barbul, C.E. Thirkill, W.L. Henry, B. Mastrofrancesco, 
M.D. Caldwell, ARGININE METABOLISM IN WOUNDS, Am. J. Physiol. 254 (4) 
(1988) E459–E467. 

[29] C. Diskin, E.M. Palsson-McDermott, Metabolic Modulation in Macrophage 
effector Function, Front. Immunol. 9 (2018). 

[30] L.A.J. O’Neill, R.J. Kishton, J. Rathmell, A guide to immunometabolism for 
immunologists, Nature Reviews Immunology 16 (9) (2016) 553–565. 

[31] A. Haschemi, P. Kosma, L. Gille, C.R. Evans, C.F. Burant, P. Starkl, B. Knapp, 
R. Haas, J.A. Schmid, C. Jandl, S. Amir, G. Lubec, J. Park, H. Esterbauer, 
M. Bilban, L. Brizuela, J.A. Pospisilik, L.E. Otterbein, O. Wagner, The 
Sedoheptulose Kinase CARKL Directs Macrophage Polarization through Control of 
Glucose Metabolism, Cell Metab. 15 (6) (2012) 813–826. 

[32] J. Van den Bossche, L.A. O’Neill, D. Menon, Macrophage Immunometabolism: 
Where Are We (Going)? Trends Immunol. 38 (6) (2017) 395–406. 

[33] H. Zhang, C. Lin, C. Zeng, Z. Wang, H. Wang, J. Lu, X. Liu, Y. Shao, C. Zhao, 
J. Pan, S. Xu, Y. Zhang, D. Xie, D. Cai, X. Bai, Synovial macrophage M1 
polarisation exacerbates experimental osteoarthritis partially through R-spondin- 
2, Ann. Rheum. Dis. 77 (10) (2018) 1524–1534. 

[34] S. Portal-Nunez, P. Esbrit, M. Jose Alcaraz, R. Largo, Oxidative stress, autophagy, 
epigenetic changes and regulation by miRNAs as potential therapeutic targets in 
osteoarthritis, Biochem. Pharmacol. 108 (2016) 1–10. 

[35] P. Lepetsos, A.G. Papavassiliou, ROS/oxidative stress signaling in osteoarthritis, 
Biochimica Et Biophysica Acta-Molecular Basis of Disease 1862 (4) (2016) 
576–591. 

[36] O.R. Mahon, D.J. Kelly, G.M. McCarthy, A. Dunne, Osteoarthritis-associated basic 
calcium phosphate crystals alter immune cell metabolism and promote M1 
macrophage polarization, Osteoarthritis Cartilage 28 (5) (2020) 603–612. 

[37] Y. Bai, X. Gong, C. Dou, Z. Cao, S. Dong, Redox control of chondrocyte 
differentiation and chondrogenesis, Free Radic. Biol. Med. 132 (2019) 83–89. 

[38] M.B. Goldring, K.B. Marcu, Cartilage homeostasis in health and rheumatic 
diseases, Arthritis Res. Ther. 11 (3) (2009) 224. 

[39] J.D. Sandy, A contentious issue finds some clarity: on the independent and 
complementary roles of aggrecanase activity and MMP activity in human joint 
aggrecanolysis, Osteoarthritis Cartilage 14 (2) (2006) 95–100. 

[40] J. Bondeson, A.B. Blom, S. Wainwright, C. Hughes, B. Caterson, W.B. van den 
Berg, The Role of Synovial Macrophages and Macrophage-Produced Mediators in 
Driving Inflammatory and Destructive Responses in Osteoarthritis, Arthritis 
Rheum. 62 (3) (2010) 647–657. 

[41] D. Wang, X.Q. Chai, S.S. Hu, F. Pan, Joint synovial macrophages as a potential 
target for intra-articular treatment of osteoarthritis-related pain, Osteoarthritis 
Cartilage 30 (3) (2022) 406–415. 

[42] G. Alsaleh, F.C. Richter, A.K. Simon, Age-related mechanisms in the context of 
rheumatic disease, Nat. Rev. Rheumatol. 18 (12) (2022) 694–710. 

[43] A.J. Stranks, A.L. Hansen, I. Panse, M. Mortensen, D.J. Ferguson, D.J. Puleston, 
K. Shenderov, A.S. Watson, M. Veldhoen, K. Phadwal, V. Cerundolo, A.K. Simon, 
Autophagy Controls Acquisition of Aging Features in Macrophages, J. Innate 
Immun. 7 (4) (2015) 375–391. 

[44] V.B. Kraus, G. McDaniel, J.L. Huebner, T.V. Stabler, C.F. Pieper, S.W. Shipes, N. 
A. Petry, P.S. Low, J. Shen, T.A. McNearney, P. Mitchell, Direct in vivo evidence 
of activated macrophages in human osteoarthritis, Osteoarthritis Cartilage 24 (9) 
(2016) 1613–1621. 

[45] J.P. Caron, J.C. Fernandes, J. MartellPelletier, G. Tardif, F. Mineau, C.S. Geng, J. 
P. Pelletier, Chondroprotective effect of intraarticular injections of interleukin-1 
receptor antagonist in experimental osteoarthritis - Suppression of collagenase-1 
expression, Arthritis Rheum. 39 (9) (1996) 1535–1544. 

[46] P.A. Dieppe, L.S. Lohmander, Pathogenesis and management of pain in 
osteoarthritis, The Lancet 365 (9463) (2005) 965–973. 

[47] M.T. Hannan, D.T. Felson, T. Pincus, Analysis of the discordance between 
radiographic changes and knee pain in osteoarthritis of the knee, J. Rheumatol. 
27 (6) (2000) 1513–1517. 

[48] T. Neogi, L. Frey-Law, J. Scholz, J. Niu, L. Arendt-Nielsen, C. Woolf, M. Nevitt, 
L. Bradley, D.T. Felson, S. Multicenter Osteoarthritis, Sensitivity and sensitisation 
in relation to pain severity in knee osteoarthritis: trait or state? Ann. Rheum. Dis. 
74 (4) (2015) 682–688. 

[49] Y. Sun, Z. Zuo, Y. Kuang, An Emerging Target in the Battle against Osteoarthritis: 
Macrophage Polarization, Int. J. Mol. Sci. 21 (22) (2020). 

[50] T.E. McAlindon, M.P. LaValley, W.F. Harvey, L.L. Price, J.B. Driban, M. Zhang, R. 
J. Ward, Effect of Intra-articular Triamcinolone vs Saline on Knee Cartilage 
Volume and Pain in Patients With Knee Osteoarthritis A Randomized Clinical 
Trial, Jama-Journal of the American Medical Association 317 (19) (2017) 
1967–1975. 

[51] L.J. Crofford, - Use of NSAIDs in treating patients with arthritis, - 15(- 3) (2013). 

[52] Y. Cao, Y. Ma, Y. Tao, W. Lin, P. Wang, Intra-Articular Drug Delivery for 
Osteoarthritis Treatment, Pharmaceutics 13 (12) (2021). 

[53] M. Siebelt, N. Korthagen, W. Wei, H. Groen, Y. Bastiaansen-Jenniskens, C. Muller, 
J.H. Waarsing, M. de Jong, H. Weinans, Triamcinolone acetonide activates an 
anti-inflammatory and folate receptor-positive macrophage that prevents 
osteophytosis in vivo, Arthritis Res. Ther. 17 (2015). 

[54] J.-Y. Park, S. Kwon, S.-H. Kim, Y.J. Kang, D. Khang, Triamcinolone-Gold 
Nanoparticles Repolarize Synoviocytes and Macrophages in an Inflamed 
Synovium, Acs Applied Materials & Interfaces 12 (35) (2020) 38936–38949. 

[55] S.S.H. Tan, C.K.E. Tjio, J.R.Y. Wong, K.L. Wong, J.R.J. Chew, J.H.P. Hui, W. 
S. Toh, Mesenchymal Stem Cell Exosomes for Cartilage Regeneration: A 
Systematic Review of Preclinical In Vivo Studies, Tissue Eng Part B Rev 27 (1) 
(2021) 1–13. 

[56] Y. Li, Q. Tu, D. Xie, S. Chen, K. Gao, X. Xu, Z. Zhang, X. Mei, Triamcinolone 
acetonide-loaded nanoparticles encapsulated by CD90(+) MCSs-derived 
microvesicles drive anti-inflammatory properties and promote cartilage 
regeneration after osteoarthritis, J Nanobiotechnology 20 (1) (2022) 150. 

[57] R. Black, A.J. Grodzinsky, DEXAMETHASONE: CHONDROPROTECTIVE 
CORTICOSTEROID OR CATABOLIC KILLER? European Cells & Materials 38 
(2019) 246–263. 

[58] L. Utomo, G.J.V.M. van Osch, Y. Bayon, J.A.N. Verhaar, Y.M. Bastiaansen- 
Jenniskens, Guiding synovial inflammation by macrophage phenotype 
modulation: an in vitro study towards a therapy for osteoarthritis, Osteoarthritis 
Cartilage 24 (9) (2016) 1629–1638. 

[59] T. Zhou, H. Xiong, S.Q. Wang, H.L. Zhang, W.W. Zheng, Z.R. Gou, C.Y. Fan, C. 
Y. Gao, An injectable hydrogel dotted with dexamethasone acetate-encapsulated 
reactive oxygen species-scavenging micelles for combinatorial therapy of 
osteoarthritis, Materials Today Nano 17 (2022). 

[60] R.R. Bannuru, M.C. Osani, E.E. Vaysbrot, N.K. Arden, K. Bennell, S.M.A. Bierma- 
Zeinstra, V.B. Kraus, L.S. Lohmander, J.H. Abbott, M. Bhandari, F.J. Blanco, 
R. Espinosa, I.K. Haugen, J. Lin, L.A. Mandl, E. Moilanen, N. Nakamura, 
L. Snyder-Mackler, T. Trojian, M. Underwood, T.E. McAlindon, OARSI guidelines 
for the non-surgical management of knee, hip, and polyarticular osteoarthritis, 
Osteoarthritis Cartilage 27 (11) (2019) 1578–1589. 

[61] W. Fang, F. Yang, W. Li, Q. Hu, W. Chen, M. Yang, J. Chen, L. Qiu, 
Dexamethasone microspheres and celecoxib microcrystals loaded into injectable 
gels for enhanced knee osteoarthritis therapy, Int. J. Pharm. 622 (2022). 

[62] N. Barzilai, J.P. Crandall, S.B. Kritchevsky, M.A. Espeland, Metformin as a Tool to 
Target Aging, Cell Metab. 23 (6) (2016) 1060–1065. 

[63] A.R. Cameron, V.L. Morrison, D. Levin, M. Mohan, C. Forteath, C. Beall, A. 
D. McNeilly, D.J.K. Balfour, T. Savinko, A.K.F. Wong, B. Viollet, K. Sakamoto, S. 
C. Fagerholm, M. Foretz, C.C. Lang, G. Rena, Anti-Inflammatory Effects of 
Metformin Irrespective of Diabetes Status, Circ. Res. 119 (5) (2016) 652–665. 

[64] W.I. Sivitz, L.S. Phillips, D.J. Wexler, S.P. Fortmann, A.W. Camp, M. Tiktin, 
M. Perez, J. Craig, P.A. Hollander, A. Cherrington, V.R. Aroda, M.H. Tan, 
J. Krakoff, N. Rasouli, N.M. Butera, N. Younes, G.R. Grp, Optimization of 
Metformin in the GRADE Cohort: Effect on Glycemia and Body Weight, Diabetes 
Care 43 (5) (2020) 940–947. 

[65] X. Feng, J. Pan, J. Li, C. Zeng, W. Qi, Y. Shao, X. Liu, L. Liu, G. Xiao, H. Zhang, 
X. Bai, D. Cai, Metformin attenuates cartilage degeneration in an experimental 
osteoarthritis model by regulating AMPK/mTOR, Aging-Us 12 (2) (2020) 
1087–1103. 

[66] J. Li, B. Zhang, W. Liu, Metformin limits osteoarthritis development and 
progression through activation of AMPK signalling (vol 79, pg 635, 2020), Ann. 
Rheum. Dis. 79(9) (2020). 

[67] D. Li, G. Ruan, Y. Zhang, Y. Zhao, Z. Zhu, Q. Ou, H. Huang, J. Chen, W. Han, S.a. 
Tang, J. Li, L. Wang, T. Chen, X. Bai, D. Cai, C. Ding, Metformin attenuates 
osteoarthritis by targeting chondrocytes, synovial macrophages and adipocytes, 
Rheumatology (2022). 

[68] B.N. Wu, C.W. Chen, S.F. Liou, J.L. Yeh, H.H. Chung, I.J. Chen, Inhibition of 
proinflammatory tumor necrosis factor-{alpha}-induced inducible nitric-oxide 
synthase by xanthine-based 7-[2-[4-(2-chlorobenzene)piperazinyl]ethyl]-1,3- 
dimethylxanthine (KMUP-1) and 7-[2-[4-(4-nitrobenzene)piperazinyl]ethyl]-1, 3- 
dimethylxanthine (KMUP-3) in rat trachea: The involvement of soluble guanylate 
cyclase and protein kinase G, Mol. Pharmacol. 70 (3) (2006) 977–985. 

[69] J.L. Yeh, J.H. Hsu, P.J. Wu, S.F. Liou, C.P. Liu, I.J. Chen, B.N. Wu, Z.K. Dai, J. 
R. Wu, KMUP-1 attenuates isoprenaline-induced cardiac hypertrophy in rats 
through NO/cGMP/PKG and ERK1/2/calcineurin A pathways, Br. J. Pharmacol. 
159 (5) (2010) 1151–1160. 

[70] Y.Y. Hsu, C.M. Liu, H.H. Tsai, Y.J. Jong, I.J. Chen, Y.C. Lo, KMUP-1 attenuates 
serum deprivation-induced neurotoxicity in SH-SY5Y cells: roles of PKG, PI3K/ 
Akt and Bcl-2/Bax pathways, Toxicology 268 (1–2) (2010) 46–54. 

[71] S.E. Huang, E. Sulistyowati, Y.Y. Chao, B.N. Wu, Z.K. Dai, J.H. Hsu, J.L. Yeh, In 
Vitro Evaluation of the Anti-Inflammatory Effect of KMUP-1 and In Vivo Analysis 
of Its Therapeutic Potential in Osteoarthritis, Biomedicines 9 (6) (2021). 

[72] M. Dvir-Ginzberg, A. Mobasheri, A. Kumar, The Role of Sirtuins in Cartilage 
Homeostasis and Osteoarthritis, Curr. Rheumatol. Rep. 18 (7) (2016) 43. 

[73] N. Miyaji, K. Nishida, T. Tanaka, D. Araki, N. Kanzaki, Y. Hoshino, R. Kuroda, 
T. Matsushita, Inhibition of Knee Osteoarthritis Progression in Mice by 
Administering SRT2014, an Activator of Silent Information Regulator 2 Ortholog 
1, Cartilage 13 (2_suppl) (2021) 1356S–1366S. 

[74] Y. Nakatani, A. Kobe, M. Kuriya, Y. Hiroki, T. Yahagi, I. Sakakibara, K. Matsuzaki, 
T. Amano, Neuroprotective effect of liquiritin as an antioxidant via an increase in 
glucose-6-phosphate dehydrogenase expression on B65 neuroblastoma cells, Eur. 
J. Pharmacol. 815 (2017) 381–390. 

W. Wang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1567-5769(23)00113-3/h0130
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0130
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0130
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0140
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0140
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0140
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0145
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0145
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0150
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0150
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0155
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0155
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0155
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0155
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0155
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0160
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0160
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0165
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0165
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0165
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0165
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0170
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0170
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0170
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0175
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0175
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0175
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0180
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0180
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0180
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0185
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0185
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0190
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0190
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0195
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0195
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0195
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0200
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0200
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0200
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0200
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0205
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0205
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0205
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0210
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0210
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0215
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0215
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0215
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0215
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0220
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0220
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0220
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0220
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0225
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0225
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0225
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0225
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0230
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0230
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0235
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0235
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0235
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0240
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0240
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0240
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0240
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0245
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0245
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0250
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0250
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0250
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0250
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0250
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0260
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0260
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0265
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0265
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0265
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0265
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0270
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0270
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0270
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0275
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0275
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0275
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0275
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0280
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0280
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0280
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0280
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0285
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0285
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0285
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0290
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0290
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0290
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0290
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0295
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0295
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0295
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0295
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0300
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0300
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0300
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0300
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0300
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0300
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0305
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0305
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0305
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0310
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0310
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0315
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0315
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0315
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0315
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0320
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0320
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0320
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0320
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0320
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0325
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0325
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0325
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0325
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0340
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0340
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0340
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0340
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0340
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0340
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0345
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0345
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0345
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0345
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0350
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0350
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0350
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0355
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0355
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0355
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0360
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0360
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0365
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0365
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0365
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0365
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0370
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0370
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0370
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0370


International Immunopharmacology 116 (2023) 109790

14

[75] Z. Ke-feng, D. Hong, C. Cai-yue, C. Yu-yao, S. Jia-li, Y. Hui-jiao, W. Yong-chao, 
C. Wen-gen, G. Gui-zhen, W. Zhao-Jun, Liquiritin from Glycyrrhiza uralensis 
attenuating rheumatoid arthritis via reducing inflammation, suppressing 
angiogenesis, and inhibiting MAPK signaling pathway, J. Agric. Food Chem. 67 
(10) (2019) 2856–2864. 

[76] J.-R. Wang, T.-Z. Li, C. Wang, S.-M. Li, Y.-H. Luo, X.-J. Piao, Y.-C. Feng, Y. Zhang, 
W.-T. Xu, Y. Zhang, T. Zhang, S.-N. Wang, H. Xue, H.-X. Wang, L.-K. Cao, C.- 
H. Jin, Liquiritin inhibits proliferation and induces apoptosis in HepG2 
hepatocellular carcinoma cells via the ROS-mediated MAPK/AKT/NF-kappa B 
signaling pathway, Naunyn Schmiedebergs Arch. Pharmacol. 393 (10) (2020) 
1987–1999. 

[77] Y. He, M. Sun, J. Wang, X. Yang, C. Lin, L. Ge, C. Ying, K. Xu, A. Liu, L. Wu, 
Chondroitin sulfate microspheres anchored with drug-loaded liposomes play a 
dual antioxidant role in the treatment of osteoarthritis, Acta Biomater. 151 
(2022) 512–527. 

[78] Y. Hu, Z. Gui, Y. Zhou, L. Xia, K. Lin, Y. Xu, Quercetin alleviates rat osteoarthritis 
by inhibiting inflammation and apoptosis of chondrocytes, modulating synovial 
macrophages polarization to M2 macrophages, Free Radic. Biol. Med. 145 (2019) 
146–160. 

[79] Q. Han, W. Bing, Y. Di, L. Hua, L. Shi-He, Z. Yu-Hua, H. Xiu-Guo, W. Yu-Gang, 
F. Qi-Ming, Y. Shih-Mo, T. Ting-Ting, Kinsenoside screening with a microfluidic 
chip attenuates gouty arthritis through inactivating NF-kappaB signaling in 
macrophages and protecting endothelial cells, Cell Death Dis. 7 (9) (2016) e2350. 

[80] F. Zhou, J. Mei, X. Han, H. Li, S. Yang, M. Wang, L. Chu, H. Qiao, T. Tang, 
Kinsenoside attenuates osteoarthritis by repolarizing macrophages through 
inactivating NF-kappaB/MAPK signaling and protecting chondrocytes, Acta 
Pharm Sin B 9 (5) (2019) 973–985. 

[81] J. Lu, H. Guan, D. Wu, Z. Hu, H. Zhang, H. Jiang, J. Yu, K. Zeng, H. Li, H. Zhang, 
C. Pan, D. Cai, X. Yu, Pseudolaric acid B ameliorates synovial inflammation and 
vessel formation by stabilizing PPAR gamma to inhibit NF-kappa B signalling 
pathway, J. Cell. Mol. Med. 25 (14) (2021) 6664–6678. 

[82] Z. Tian, F. Zeng, C. Zhao, S. Dong, Angelicin Alleviates Post-Trauma 
Osteoarthritis Progression by Regulating Macrophage Polarization via STAT3 
Signaling Pathway, Front. Pharmacol. 12 (2021). 

[83] T.H. Pham, M.S. Kim, M.Q. Le, Y.S. Song, Y. Bak, H.W. Ryu, S.R. Oh, D.Y. Yoon, 
Fargesin exerts anti-inflammatory effects in THP-1 monocytes by suppressing 
PKC-dependent AP-1 and NF-kB signaling, Phytomedicine 24 (2017) 96–103. 

[84] J. Lu, H. Zhang, J. Pan, Z. Hu, L. Liu, Y. Liu, X. Yu, X. Bai, D. Cai, H. Zhang, 
Fargesin ameliorates osteoarthritis via macrophage reprogramming by 
downregulating MAPK and NF-kappa B pathways, Arthritis Res. Ther. 23 (1) 
(2021). 

[85] Z. Lv, X. Xu, Z. Sun, Y.X. Yang, H. Guo, J. Li, K. Sun, R. Wu, J. Xu, Q. Jiang, 
S. Ikegawa, D. Shi, TRPV1 alleviates osteoarthritis by inhibiting M1 macrophage 
polarization via Ca2+/CaMKII/Nrf2 signaling pathway, Cell Death Dis. 12 (6) 
(2021). 

[86] H. Wang, H. Zhang, K. Fan, D. Zhang, A. Hu, X. Zeng, Y.L. Liu, G. Tan, H. Wang, 
Frugoside delays osteoarthritis progression via inhibiting miR-155-modulated 
synovial macrophage M1 polarization, Rheumatology (Oxford) 60 (10) (2021) 
4899–4909. 

[87] J. Lee, S. Baek, J. Lee, J. Lee, D.-G. Lee, M.-K. Park, M.-L. Cho, S.-H. Park, S.- 
K. Kwok, Digoxin ameliorates autoimmune arthritis via suppression of Th17 
differentiation, Int. Immunopharmacol. 26 (1) (2015) 103–111. 

[88] H. Shi, X. Mao, Y. Zhong, Y. Liu, X. Zhao, K. Yu, R. Zhu, Y. Wei, J. Zhu, H. Sun, 
Y. Mao, Q. Zeng, Digoxin reduces atherosclerosis in apolipoprotein E-deficient 
mice, Br. J. Pharmacol. 173 (9) (2016) 1517–1528. 

[89] X. Ouyang, S.N. Han, J.Y. Zhang, E. Dioletis, B.T. Nemeth, P. Pacher, D. Feng, R. 
Bataller, J. Cabezas, P. Starkel, J. Caballeria, R.L. Pongratz, S.Y. Cai, B. Schnabl, 
R. Hoque, Y. Chen, W.H. Yang, I. Garcia-Martinez, F.S. Wang, B. Gao, N.J. Torok, 
R.G. Kibbey, W.Z. Mehal, Digoxin Suppresses Pyruvate Kinase M2-Promoted HIF- 
1alpha Transactivation in Steatohepatitis, Cell Metab. 27(2) (2018) 339-350 e3. 

[90] P. Zhao, S.N. Han, S. Arumugam, M.N. Yousaf, Y. Qin, J.X. Jiang, N.J. Torok, 
Y. Chen, M.S. Mankash, J. Liu, J. Li, Y. Iwakiri, X. Ouyang, Digoxin improves 
steatohepatitis with differential involvement of liver cell subsets in mice through 
inhibition of PKM2 transactivation, Am. J. Physiol. Gastrointest. Liver Physiol. 
317 (4) (2019) G387–G397. 

[91] H. Jia, L. Duan, P. Yu, Y. Zhou, R. Liu, H. Wang, Digoxin ameliorates joint 
inflammatory microenvironment by downregulating synovial macrophage M1- 
like-polarization and its-derived exosomal miR-146b-5p/Usp3&Sox5 axis, Int. 
Immunopharmacol. 111 (2022). 

[92] P. Teng, Y. Liu, Y. Dai, H. Zhang, W.T. Liu, J. Hu, Nicotine Attenuates 
Osteoarthritis Pain and Matrix Metalloproteinase-9 Expression via the alpha7 
Nicotinic Acetylcholine Receptor, J. Immunol. 203 (2) (2019) 485–492. 

[93] C. Cooper, F. Rannou, P. Richette, O. Bruyere, N. Al-Daghri, R.D. Altman, M. 
L. Brandi, S.C. Basset, G. Herrero-Beaumont, A. Migliore, K. Pavelka, 
D. Uebelhart, J.-Y. Reginster, Use of Intraarticular Hyaluronic Acid in the 
Management of Knee Osteoarthritis in Clinical Practice, Arthritis Care Res. 
(Hoboken) 69 (9) (2017) 1287–1296. 

[94] C. Bauer, E. Niculescu-Morzsa, V. Jeyakumar, D. Kern, S.S. Spaeth, S. Nehrer, 
Chondroprotective effect of high-molecular-weight hyaluronic acid on 
osteoarthritic chondrocytes in a co-cultivation inflammation model with M1 
macrophages, Journal of Inflammation-London 13 (2016). 

[95] C.H. Lee, C.F. Chiang, F.C. Kuo, S.C. Su, C.L. Huang, J.S. Liu, C.H. Lu, C.H. Hsieh, 
C.C. Wang, C.H. Lee, P.H. Shen, High-Molecular-Weight Hyaluronic Acid Inhibits 
IL-1beta-Induced Synovial Inflammation and Macrophage Polarization through 
the GRP78-NF-kappaB Signaling Pathway, Int. J. Mol. Sci. 22 (21) (2021). 

[96] M. Dai, X. Liu, N. Wang, J. Sun, Squid type II collagen as a novel biomaterial: 
Isolation, characterization, immunogenicity and relieving effect on degenerative 
osteoarthritis via inhibiting STAT1 signaling in pro-inflammatory macrophages, 
Materials Science & Engineering C-Materials for Biological Applications 89 
(2018) 283–294. 

[97] M. Dai, B. Sui, Y. Xue, X. Liu, J. Sun, Cartilage repair in degenerative 
osteoarthritis mediated by squid type II collagen via immunomodulating 
activation of M2 macrophages, inhibiting apoptosis and hypertrophy of 
chondrocytes, Biomaterials 180 (2018) 91–103. 

[98] C. Meurot, C. Martin, L. Sudre, J. Breton, C. Bougault, R. Rattenbach, K. Bismuth, 
C. Jacques, F. Berenbaum, Liraglutide, a glucagon-like peptide 1 receptor agonist, 
exerts analgesic, anti-inflammatory and anti-degradative actions in osteoarthritis, 
Sci. Rep. 12 (1) (2022). 

[99] X. Lin, W. Wang, A. McDavid, H. Xu, B.F. Boyce, L. Xing, The E3 ubiquitin ligase 
Itch limits the progression of post-traumatic osteoarthritis in mice by inhibiting 
macrophage polarization, Osteoarthritis Cartilage 29 (8) (2021) 1225–1236. 

[100] N. Shembade, N.S. Harhaj, K. Parvatiyar, N.G. Copeland, N.A. Jenkins, L. 
E. Matesic, E.W. Harhaj, The E3 ligase Itch negatively regulates inflammatory 
signaling pathways by controlling the function of the ubiquitin-editing enzyme 
A20, Nat. Immunol. 9 (3) (2008) 254–262. 

[101] Y.-Y. Gao, T. Tao, D. Wu, Z. Zhuang, Y. Lu, L.-Y. Wu, G.-J. Liu, Y. Zhou, D.- 
D. Zhang, H. Wang, W. Dai, W. Li, C.-H. Hang, MFG-E8 attenuates inflammation 
in subarachnoid hemorrhage by driving microglial M2 polarization, Exp. Neurol. 
336 (2021). 

[102] Y. Lu, L. Liu, J. Pan, B. Luo, H. Zeng, Y. Shao, H. Zhang, H. Guan, D. Guo, C. Zeng, 
R. Zhang, X. Bai, H. Zhang, D. Cai, MFG-E8 regulated by miR-99b-5p protects 
against osteoarthritis by targeting chondrocyte senescence and macrophage 
reprogramming via the NF-kappa B pathway, Cell Death Dis. 12 (6) (2021). 

[103] J.W. Xie, Y. Wang, K. Xiao, H. Xu, Z.Y. Luo, L. Li, F.X. Pei, V.B. Kraus, Z.Y. Huang, 
Alpha defensin-1 attenuates surgically induced osteoarthritis in association with 
promoting M1 to M2 macrophage polarization, Osteoarthritis Cartilage 29 (7) 
(2021) 1048–1059. 

[104] B. Corradetti, F. Taraballi, S. Minardi, J. Van Eps, F. Cabrera, L.W. Francis, S. 
A. Gazze, M. Ferrari, B.K. Weiner, E. Tasciotti, Chondroitin Sulfate Immobilized 
on a Biomimetic Scaffold Modulates Inflammation While Driving Chondrogenesis, 
Stem Cells Translational Medicine 5 (5) (2016) 670–682. 

[105] J.Y. Lee, S.H. Lee, H.J. Kim, J.M. Ha, S.H. Lee, J.H. Lee, B.J. Ha, The preventive 
inhibition of chondroitin sulfate against the CCl4-induced oxidative stress of 
subcellular level, Arch. Pharm. Res. 27 (3) (2004) 340–345. 

[106] M. Meghdadi, M. Pezeshki-Modaress, S. Irani, S.M. Atyabi, M. Zandi, Chondroitin 
sulfate immobilized PCL nanofibers enhance chondrogenic differentiation of 
mesenchymal stem cells, Int. J. Biol. Macromol. 136 (2019) 616–624. 

[107] E.P. von Kaeppler, Q. Wang, H. Raghu, M.S. Bloom, H. Wong, W.H. Robinson, 
Interleukin 4 promotes anti-inflammatory macrophages that clear cartilage debris 
and inhibits osteoclast development to protect against osteoarthritis, Clin. 
Immunol. 229 (2021). 

[108] <2006 Unphysiologically High Magnesium Concentrations Support.pdf>. 
[109] X. Li, Q. Huang, L. Liu, W. Zhu, T.A. Elkhooly, Y. Liu, Q. Feng, Q. Li, S. Zhou, 

Y. Liu, H. Wu, Reduced inflammatory response by incorporating magnesium into 
porous TiO2 coating on titanium substrate, Colloids Surf. B. Biointerfaces 171 
(2018) 276–284. 

[110] W. Qiao, K.H.M. Wong, J. Shen, W. Wang, J. Wu, J. Li, Z. Lin, Z. Chen, J. 
P. Matinlinna, Y. Zheng, S. Wu, X. Liu, K.P. Lai, Z. Chen, Y.W. Lam, K.M. 
C. Cheung, K.W.K. Yeung, TRPM7 kinase-mediated immunomodulation in 
macrophage plays a central role in magnesium ion-induced bone regeneration, 
Nat Commun 12 (1) (2021) 2885. 

[111] J. Zhao, H. Wu, L. Wang, D. Jiang, W. Wang, G. Yuan, J. Pei, W. Jia, The 
beneficial potential of magnesium-based scaffolds to promote chondrogenesis 
through controlled Mg2+ release in eliminating the destructive effect of activated 
macrophages on chondrocytes, Biomaterials Advances 134 (2022). 

[112] L. Zhang, X. Chen, P. Cai, H. Sun, S. Shen, B. Guo, Q. Jiang, Reprogramming 
Mitochondrial Metabolism in Synovial Macrophages of Early Osteoarthritis by a 
Camouflaged Meta-Defensome, Advanced Materials 34 (30) (2022). 

[113] Y. Huang, J. Ren, X. Qu, Nanozymes: Classification, Catalytic Mechanisms, 
Activity Regulation, and Applications, Chem. Rev. 119 (6) (2019) 4357–4412. 

[114] H. Xiong, Y. Zhao, Q. Xu, X. Xie, J. Wu, B. Hu, S. Chen, X. Cai, Y. Zheng, C. Fan, 
Biodegradable Hollow-Structured Nanozymes Modulate Phenotypic Polarization 
of Macrophages and Relieve Hypoxia for Treatment of Osteoarthritis, Small 18 
(32) (2022). 

[115] L.L. Wang, M.E. Janes, N. Kumbhojkar, N. Kapate, J.R. Clegg, S. Prakash, M. 
K. Heavey, Z. Zhao, A.C. Anselmo, S. Mitragotri, Cell therapies in the clinic, 
Bioeng Transl Med 6 (2) (2021) e10214. 

[116] C. Hyunchul, J.W. Chai, E.C. Jeong, S. Oh, J.S. Shin, H. Shim, K.S. Yoon, Intra- 
articular Injection of Mesenchymal Stem Cells for the Treatment of Osteoarthritis 
of the Knee A 2-Year Follow-up Study, Am. J. Sports Med. 45 (12) (2017) 
2774–2783. 

[117] P.K. Gupta, A.K. Das, A. Chullikana, A.S. Majumdar, Mesenchymal stem cells for 
cartilage repair in osteoarthritis, Stem Cell. Res. Ther. 3 (4) (2012) 25. 

[118] L. Wu, J. Leijten, N. Georgi, C.A. van Blitterswijk, M. Karperien, TROPHIC 
EFFECTS OF MESENCHYMAL STEM CELLS INCREASE CHONDROCYTE 
PROLIFERATION AND MATRIX FORMATION, Osteoarthritis Cartilage 19 (2011) 
S105–S. 

[119] A.I. Caplan, D. Correa, The MSC: An Injury Drugstore, Cell Stem Cell 9 (1) (2011) 
11–15. 

[120] M. ter Huurne, R. Schelbergen, R. Blattes, A. Blom, W. de Munter, L.C. Grevers, 
J. Jeanson, D. Noel, L. Casteilla, C. Jorgensen, W. van den Berg, P.L.E.M. van 

W. Wang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1567-5769(23)00113-3/h0375
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0375
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0375
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0375
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0375
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0380
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0380
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0380
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0380
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0380
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0380
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0385
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0385
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0385
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0385
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0390
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0390
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0390
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0390
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0395
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0395
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0395
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0395
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0400
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0400
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0400
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0400
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0405
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0405
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0405
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0405
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0410
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0410
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0410
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0415
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0415
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0415
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0420
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0420
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0420
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0420
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0425
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0425
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0425
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0425
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0430
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0430
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0430
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0430
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0435
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0435
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0435
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0440
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0440
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0440
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0450
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0450
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0450
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0450
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0450
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0455
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0455
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0455
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0455
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0460
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0460
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0460
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0465
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0465
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0465
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0465
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0465
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0470
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0470
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0470
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0470
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0475
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0475
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0475
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0475
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0480
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0480
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0480
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0480
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0480
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0485
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0485
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0485
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0485
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0490
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0490
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0490
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0490
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0495
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0495
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0495
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0500
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0500
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0500
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0500
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0505
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0505
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0505
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0505
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0510
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0510
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0510
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0510
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0515
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0515
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0515
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0515
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0520
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0520
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0520
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0520
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0525
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0525
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0525
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0530
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0530
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0530
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0535
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0535
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0535
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0535
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0545
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0545
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0545
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0545
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0550
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0550
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0550
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0550
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0550
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0555
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0555
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0555
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0555
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0560
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0560
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0560
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0565
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0565
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0570
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0570
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0570
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0570
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0575
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0575
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0575
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0580
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0580
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0580
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0580
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0585
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0585
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0590
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0590
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0590
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0590
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0595
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0595
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0600
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0600


International Immunopharmacology 116 (2023) 109790

15

Lent, Antiinflammatory and chondroprotective effects of intraarticular injection 
of adipose-derived stem cells in experimental osteoarthritis, Arthritis Rheum. 64 
(11) (2012) 3604–3613. 

[121] D.-I. Cho, M.R. Kim, H.-Y. Jeong, H.C. Jeong, M.H. Jeong, S.H. Yoon, Y.S. Kim, 
Y. Ahn, Mesenchymal stem cells reciprocally regulate the M1/M2 balance in 
mouse bone marrow-derived macrophages, Exp. Mol. Med. 46 (2014). 

[122] S. Tang, P. Chen, H. Zhang, H. Weng, Z. Fang, C. Chen, G. Peng, H. Gao, K. Hu, 
J. Chen, L. Chen, X. Chen, Comparison of Curative Effect of Human Umbilical 
Cord-Derived Mesenchymal Stem Cells and Their Small Extracellular Vesicles in 
Treating Osteoarthritis, International Journal of Nanomedicine 16 (2021) 
8185–8202. 

[123] P.-L. Li, Y.-X. Wang, Z.-D. Zhao, Z.-L. Li, J.-W. Liang, Q. Wang, B.-F. Yin, R.- 
C. Hao, M.-Y. Han, L. Ding, C.-T. Wu, H. Zhu, Clinical-grade human dental pulp 
stem cells suppressed the activation of osteoarthritic macrophages and attenuated 
cartilaginous damage in a rabbit osteoarthritis model, Stem Cell. Res. Ther. 12 (1) 
(2021). 

[124] M. Zavatti, F. Beretti, F. Casciaro, E. Bertucci, T. Maraldi, Comparison of the 
therapeutic effect of amniotic fluid stem cells and their exosomes on 
monoiodoacetate-induced animal model of osteoarthritis, Biofactors 46 (1) 
(2020) 106–117. 

[125] B.C. Menarim, K.H. Gillis, A. Oliver, C. Mason, Y. Ngo, S.R. Werre, S.H. Barrett, 
X. Luo, C.R. Byron, L.A. Dahlgren, Autologous bone marrow mononuclear cells 
modulate joint homeostasis in an equine in vivo model of synovitis, FASEB J. 33 
(12) (2019) 14337–14353. 

[126] Y. Ma, H. Yang, X. Zong, J. Wu, X. Ji, W. Liu, P. Yuan, X. Chen, C. Yang, X. Li, 
Y. Chen, W. Xue, J. Dai, Artificial M2 macrophages for disease-modifying 
osteoarthritis therapeutics, Biomaterials 274 (2021). 

[127] W.Y.-w. Lee, B. Wang, Cartilage repair by mesenchymal stem cells: Clinical trial 
update and perspectives, Journal of Orthopaedic Translation 9 (2017) 76-88. 

[128] T. Jiang, G. Xu, Q. Wang, L. Yang, L. Zheng, J. Zhao, X. Zhang, In vitro expansion 
impaired the stemness of early passage mesenchymal stem cells for treatment of 
cartilage defects (vol 8, e2851, 2017), Cell Death Dis. 10 (2019). 

[129] Q. Xia, S. Zhu, Y. Wu, J. Wang, Y. Cai, P. Chen, J. Li, B.C. Heng, H.W. Ouyang, 
P. Lu, Intra-Articular Transplantation of Atsttrin-Transduced Mesenchymal Stem 
Cells Ameliorate Osteoarthritis Development, Stem Cells Translational Medicine 4 
(5) (2015) 523–531. 

[130] R.C. Lai, R.W. Yeo, S.K. Lim, Mesenchymal stem cell exosomes, Semin. Cell Dev. 
Biol. 40 (2015) 82–88. 

[131] S. Cosenza, M. Ruiz, K. Toupet, C. Jorgensen, D. Noel, Mesenchymal stem cells 
derived exosomes and microparticles protect cartilage and bone from degradation 
in osteoarthritis, Sci. Rep. 7 (2017). 

[132] W.S. Toh, R.C. Lai, J.H.P. Hui, S.K. Lim, MSC exosome as a cell-free MSC therapy 
for cartilage regeneration: Implications for osteoarthritis treatment, Semin. Cell 
Dev. Biol. 67 (2017) 56–64. 

[133] D.G. Phinney, M.F. Pittenger, Concise Review: MSC-Derived Exosomes for Cell- 
Free Therapy, Stem Cells 35 (4) (2017) 851–858. 

[134] C.Y. Tan, R.C. Lai, W. Wong, Y.Y. Dan, S.-K. Lim, H.K. Ho, Mesenchymal stem 
cell-derived exosomes promote hepatic regeneration in drug-induced liver injury 
models, Stem Cell. Res. Ther. 5 (2014). 

[135] J. Burrello, S. Monticone, C. Gai, Y. Gomez, S. Kholia, G. Camussi, Stem Cell- 
Derived Extracellular Vesicles and Immune-Modulation, Frontiers in Cell and 
Developmental Biology 4 (2016). 

[136] J. Zhang, Y. Rong, C. Luo, W. Cui, Bone marrow mesenchymal stem cell-derived 
exosomes prevent osteoarthritis by regulating synovial macrophage polarization, 
Aging-Us 12 (24) (2020) 25138–25152. 

[137] K. Li, G. Yan, H. Huang, M. Zheng, K. Ma, X. Cui, D. Lu, L. Zheng, B. Zhu, 
J. Cheng, J. Zhao, Anti-inflammatory and immunomodulatory effects of the 
extracellular vesicles derived from human umbilical cord mesenchymal stem cells 
on osteoarthritis via M2 macrophages, Journal of Nanobiotechnology 20 (1) 
(2022). 

[138] H. Zhou, X. Shen, C. Yan, W. Xiong, Z. Ma, Z. Tan, J. Wang, Y. Li, J. Liu, A. Duan, 
F. Liu, Extracellular vesicles derived from human umbilical cord mesenchymal 
stem cells alleviate osteoarthritis of the knee in mice model by interacting with 
METTL3 to reduce m6A of NLRP3 in macrophage, Stem Cell, Res. Ther. 13 (1) 
(2022). 

[139] C.H. Woo, H.K. Kim, G.Y. Jung, Y.J. Jung, K.S. Lee, Y.E. Yun, J. Han, J. Lee, W. 
S. Kim, J.S. Choi, S. Yang, J.H. Park, D.-G. Jo, Y.W. Cho, Small extracellular 
vesicles from human adipose-derived stem cells attenuate cartilage degeneration, 
Journal of Extracellular Vesicles 9 (1) (2020). 

[140] R. Wang, B. Xu, TGF-beta 1-modified MSC-derived exosomal miR-135b attenuates 
cartilage injury via promoting M2 synovial macrophage polarization by targeting 
MAPK6, Cell Tissue Res. 384 (1) (2021) 113–127. 

[141] E. Ragni, C. Perucca Orfei, P. De Luca, C. Mondadori, M. Vigano, A. Colombini, 
L. de Girolamo, Inflammatory priming enhances mesenchymal stromal cell 
secretome potential as a clinical product for regenerative medicine approaches 
through secreted factors and EV-miRNAs: the example of joint disease, Stem Cell. 
Res. Ther. 11 (1) (2020). 

[142] S. Patel, M.S. Dhillon, S. Aggarwal, N. Marwaha, A. Jain, Treatment With Platelet- 
Rich Plasma Is More Effective Than Placebo for Knee Osteoarthritis A Prospective, 
Double-Blind, Randomized Trial, Am. J. Sports Med. 41 (2) (2013) 356–364. 

[143] K.-V. Chang, C.-Y. Hung, F. Aliwarga, T.-G. Wang, D.-S. Han, W.-S. Chen, 
Comparative Effectiveness of Platelet-Rich Plasma Injections for Treating Knee 
Joint Cartilage. Degenerative Pathology: A Systematic Review and Meta-Analysis, 
Arch. Phys. Med. Rehabil. 95 (3) (2014) 562–575. 

[144] S. Mehranfar, I.A. Rad, E. Mostafav, A. Akbarzadeh, The use of stromal vascular 
fraction (SVF), platelet-rich plasma (PRP) and stem cells in the treatment of 
osteoarthritis: an overview of clinical trials, Artificial Cells Nanomedicine and 
Biotechnology 47 (1) (2019) 882–890. 

[145] S.G. Boswell, B.J. Cole, E.A. Sundman, V. Karas, L.A. Fortier, Platelet-rich plasma: 
a milieu of bioactive factors, Arthroscopy 28 (3) (2012) 429–439. 

[146] P.-H. Huang, C.-J. Wang, W.-Y. Chou, J.-W. Wang, J.-Y. Ko, Short-term clinical 
results of intra-articular PRP injections for early osteoarthritis of the knee, 
International Journal of Surgery 42 (2017) 117–122. 

[147] Y. Sun, Y. Feng, C.Q. Zhang, S.B. Chen, X.G. Cheng, The regenerative effect of 
platelet-rich plasma on healing in large osteochondral defects, Int. Orthop. 34 (4) 
(2010) 589–597. 

[148] G.M. van Buul, W.L.M. Koevoet, N. Kops, P.K. Bos, J.A.N. Verhaar, H. Weinans, M. 
R. Bernsen, G.J.V.M. van Osch, Platelet-Rich Plasma Releasate Inhibits 
Inflammatory Processes in Osteoarthritic Chondrocytes, Am. J. Sports Med. 39 
(11) (2011) 2362–2370. 

[149] R. Uchiyama, E. Toyoda, M. Maehara, S. Wasai, H. Omura, M. Watanabe, M. Sato, 
Effect of Platelet-Rich Plasma on M1/M2 Macrophage Polarization, Int. J. Mol. 
Sci. 22 (5) (2021). 

[150] Z. Yu, Y. Cai, M. Deng, D. Li, X. Wang, H. Zheng, Y. Xu, W. Li, W. Zhang, Fat 
extract promotes angiogenesis in a murine model of limb ischemia: a novel cell- 
free therapeutic strategy, Stem Cell. Res. Ther. 9 (2018). 

[151] Z. Jia, B. Kang, Y. Cai, C. Chen, Z. Yu, W. Li, W. Zhang, Cell-free fat extract 
attenuates osteoarthritis via chondrocytes regeneration and macrophages 
immunomodulation, Stem Cell. Res. Ther. 13 (1) (2022). 

[152] F. Zhou, J. Mei, S. Yang, X. Han, H. Li, Z. Yu, H. Qiao, T. Tang, Modified ZIF-8 
Nanoparticles Attenuate Osteoarthritis by Reprogramming the Metabolic 
Pathway of Synovial Macrophages, ACS Appl Mater Interfaces 12 (2) (2020) 
2009–2022. 

[153] J. Xie, Z. Huang, X. Yu, L. Zhou, F. Pei, Clinical implications of macrophage 
dysfunction in the development of osteoarthritis of the knee, Cytokine Growth 
Factor Rev. 46 (2019) 36–44. 

[154] <2021 Critical role of synovial tissue-resident macrophage niche in joint 
homeostasis and suppression of chronic inflammation.pdf>. 

[155] B.D. Gerlach, P.B. Ampomah, A. Yurdagul, Jr., C. Liu, M.C. Lauring, X. Wang, C. 
Kasikara, N. Kong, J. Shi, W. Tao, I. Tabas, Efferocytosis induces macrophage 
proliferation to help resolve tissue injury, Cell Metab. 33(12) (2021) 2445-2463 
e8. 

[156] C.A. Kraynak, D.J. Yan, L.J. Suggs, Modulating inflammatory macrophages with 
an apoptotic body-inspired nanoparticle, Acta Biomater. 108 (2020) 250–260. 

[157] H. Yang, Z. Yu, S. Ji, J. Yan, Y. kong, Q. Huo, Z. Zhang, Y. Niu, Y. Liu, Regulation 
of Synovial Macrophages Polarization by Mimicking Efferocytosis for Therapy of 
Osteoarthritis, Advanced Functional Materials 32(52) (2022). 

[158] N. Schafer, S. Grassel, Targeted therapy for osteoarthritis: progress and pitfalls, 
Nat. Med. 28 (12) (2022) 2473–2475. 

W. Wang et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1567-5769(23)00113-3/h0600
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0600
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0600
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0605
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0605
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0605
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0610
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0610
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0610
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0610
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0610
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0615
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0615
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0615
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0615
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0615
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0620
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0620
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0620
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0620
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0625
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0625
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0625
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0625
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0630
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0630
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0630
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0640
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0640
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0640
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0645
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0645
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0645
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0645
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0650
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0650
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0655
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0655
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0655
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0660
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0660
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0660
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0665
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0665
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0670
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0670
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0670
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0675
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0675
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0675
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0680
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0680
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0680
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0685
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0685
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0685
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0685
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0685
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0690
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0690
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0690
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0690
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0690
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0695
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0695
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0695
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0695
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0700
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0700
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0700
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0705
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0705
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0705
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0705
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0705
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0710
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0710
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0710
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0715
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0715
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0715
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0715
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0720
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0720
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0720
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0720
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0725
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0725
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0730
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0730
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0730
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0735
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0735
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0735
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0740
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0740
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0740
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0740
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0745
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0745
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0745
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0750
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0750
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0750
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0755
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0755
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0755
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0760
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0760
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0760
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0760
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0765
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0765
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0765
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0780
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0780
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0790
http://refhub.elsevier.com/S1567-5769(23)00113-3/h0790

	Targeting macrophage polarization as a promising therapeutic strategy for the treatment of osteoarthritis
	1 Introduction
	2 Macrophage polarization
	2.1 Typing of synovial macrophages
	2.2 Metabolic reprogramming in macrophage polarization

	3 Macrophages in osteoarthritis
	3.1 Cellular crosstalk in OA progression
	3.2 Macrophage polarization and osteoarthritis

	4 Macrophage-based therapeutic strategies for OA
	4.1 Conventional western medicine and synthetic compounds
	4.1.1 Triamcinolone
	4.1.2 Dexamethasone
	4.1.3 Celecoxib
	4.1.4 Metformin
	4.1.5 Kmup-1
	4.1.6 Srt2104

	4.2 Monomer compounds of traditional Chinese medicine
	4.2.1 Liquiritin
	4.2.2 Quercetin
	4.2.3 Kinsenoside
	4.2.4 Pseudolaric acid B
	4.2.5 Angelicin
	4.2.6 Fargesin
	4.2.7 Capsaicin
	4.2.8 Frugoside
	4.2.9 Digoxin
	4.2.10 Nicotine

	4.3 Biomacromolecules
	4.3.1 Macromolecular hyaluronic acid
	4.3.2 Squid type II collagen
	4.3.3 Liraglutide
	4.3.4 Itch
	4.3.5 Mfg-E8
	4.3.6 Alpha-defensin-1
	4.3.7 Chondroitin sulfate
	4.3.8 Il-4

	4.4 Metal and metal oxides
	4.4.1 Magnesium ions
	4.4.2 Manganese dioxide
	4.4.3 Nanozymes

	4.5 Cells
	4.5.1 Stem cells
	4.5.2 Macrophages

	4.6 Cell derivatives
	4.6.1 Extracellular vesicles
	4.6.2 Platelet-rich plasma
	4.6.3 Cell-free fat extract


	5 Conclusions
	6 Perspectives
	6.1 Drug delivery systems
	6.2 Macrophage-targeting therapy
	6.3 Direction of clinical treatment of osteoarthritis

	Declaration of Competing Interest
	Data availability
	References


