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Research progress on macrophage efferocytosis in osteoarthritis

YU Wenbo! , LIU Deren' , WEI Yibao', HU Enrui' , GONG Zijian' , WANG Peimin' **, LIAO Taiyang? ™

(1. Department of Orthopedics, Affiliated Hospital of Nanjing University of Chinese Medicine, Jiangsu Province Hospital of Chinese Medicine,
Nanjing 210029, China. 2. Department of Orthopedics, the Second Affiliated Hospital of Nanjing University of Chinese Medicine, Jiangsu Second
Chinese Medicine Hospital, Nanjing 210017)

Abstract  Osteoarthritis (OA) is a chronic disease primarily characterized by degenerative joint changes, with a complex
pathogenesis closely associated with factors such as aging and obesity. In recent years, the key mechanisms by which
macrophage-mediated efferocytosismaintains tissue homeostasis and regulates inflammatory responses have been gradually
elucidated. This article systematically reviews the fundamental processes and molecular mechanisms of efferocytosis, with a
focus on efferocytosis dysfunction induced by obesity and aging, and its impact on the pathological progression of OA, including
cartilage degradation, synovitis, subchondral bone damage, and osteophyte formation. Additionally, this article summarizes
therapeutic strategies targeting efferocytosis, including the potential applications of small-molecule drugs, electroacupuncture,
targeted delivery systems, and stem cell therapy in OA treatment. A deeper understanding of the role of efferocytosis in the
onset and progression of OA may provide new insights for early intervention and targeted therapy in OA.
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Hor, JFIEMRNEILS N 3 ARSI “Find-me”E5 5 (BEAFWMM) . “Eat-me™5 5
(EHEFEWE) Mfl“Don’t-eat-me™f5 5 (I HWE) U, “Find-me”f5 5 HyH -4l B, W30 LA
T VI AR EERE AR Clysophosphatidylcholine, LPC) . 4% B¥—1-f#8 (sphingosine-1-phosphate,
S1P) . REF=®%ER (adenosine triphosphate, ATP) . JRT =#f C(uridine triphosphate, UTP) %54y
1, IFEEXT ARG A, W C-X3-C £ 7k FF g 1 (C-X3-C motif ligand 1, CX3CL1) /C-X3-C
LR T 324K 1 (C-X3-C motif chemokine receptor 1, CX3CR1) i##. LPC/G & F #3214 132
(G protein-coupled receptor 132, GPR132) H . ATP/UTP/FZM G852 4K P2Y2 (purinergic receptor
P2Y2, P2Y2) i@E{AT S1P/#YE BE—1-lR %14 (sphingosine-1-phosphate receptors, S1PRs) i 4%,
T 4 552 5 W38 200 i 380 R0 T 2 P BT e A LBy g, AT AN IR T 4 B R 2 MR A R BUIR LS S E
N“Bat-me” M5 5, HimFEMWESEHIEN2Z% K (phosphatidylserine, PS) : PS fEZHMIH T[]
AR AR R N R R TR RS TAM 2R Z BRI A 5 % (TAM receptor tyrosine
kinases, TAMRTKs, {5 & R & (I HE 21K TYRO3. 2 /AHs & B2 i AXL (AXL receptor tyrosine
kinase, AXL) F1 Mer 2 {4 % B2 (Mer receptor tyrosine kinase, MerTK) ) . B &% avp3
Cintegrin alpha-v beta-3, avp3) F2r4k#% Ccluster of differentiation, CD) 36 ZFFlik4h & )8 5 2k
FRl2E, s, AR EERRE A . S5 & A Ccalreticulin, CRT) o 4 i 8] B4 F 4> F 3 Cintercellular
adhesion molecule 3, ICAM3) | #hM& Clq PLRJBEHCEE H | 7] fE 4 “Eat-me™{5 5 5 58 £ A T4 iR
[, [FFE, AW RE e i s Rt R . KR E A2 M KE-1. CD14. CD68. ik
Py R A 7 2 sz Ak R0 PSS, RIS, fg REAN M A T G bl A R AT B B, 43 KA “Don’t-eat-
me” {5 5——BIfi H R 1 [R] I % f% “Eat-me™{5 5, Hrfr, CDA47 #ll CD24 J2& M #“Don’t-eat-me™ 15 = Y it
R, EA14 58 BN 1 K15 5 M 8 A o (signal regulatory protein alpha, SIRPa) AHE 7
iR 4t A M R BR AR AL SE 210 Csialic acid-binding immunoglobulin-like lectin-10, Siglec-10) iR
FREE G, T CRA R 40 0 f 52 15 W 40 A 1) 6 I 1 R 1725270,
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WOE4E—B Z IRERBIE R A R Bz e N 7, #mAESEsE A&l 23 Ea 4, JLEEZIL
BN A AZ L, 33K S T T 7 W A T il O 7 s R U 4 e & Ok EE D

TERR R T B B, AWERIEE — /N Rab GTP i (Ras-related in brain GTPases, Rabs) 3%
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Table 1 Key signaling molecules and functions involved in efferocytosis (partial)
. NN A/ -
% Signal T A i R S
" Signal molecule/ligand Source o Main function
Receptor/sensor
C-X3-C FE /7 #ae A i T4 C-X3-C B HafbH 7524k 55315 CX3CRI 714
A 118111 Apo togic cells 1 Recruits CX3CR1-expressing
CX3CLI1 pop CX3CRI phagocytes
A5 I B9 T P I 8- 11 I T2 ff G AR A 132 I H S e A
LPC Apoptotic cell membrane GPR132 Assists in recruiting phagocytes

“Find-me™f5 5 ME= ﬁ?ﬁ@i/mﬁ RS-

“Find-me” signals
ATP/U TP

B LB
S1P

B M 22 S 4

PS
“Eat-me” {55
“Eat-me” signals
5 2R 1167
CRT
YL [ 255 B 27 3167
ICAM3

IMLEE 4717 1517)

CD47
“Don’t-eat-me”
5%
“Don’t-eat-me” Sk iE 2417 15171
signals CD24
SLAE 3107
CD31

B ER R, 15S EE
il e

FLHYE T4 MENS e Z AR P2Y2 Establishes a chemotactic
Early apoptotic cells P2Y2 gradient, and induces
macrophages.
accumulation
JET 4l YRR - 1 - BERZ A (R kA T 7%

Apoptotic cells S1PRs Promotes phagocyte migration

TAM ZARERMMER %0 ‘R 55, RIEg

9 BT ’
SN ARE W, WAE avp3 R
xposed apoptotic cell « v s
TAM RTKs, avp3 Core “eat-me” signal, initiates
membrane >
the phagocytosis program
B “izk” 52—, 5PS
TE T 40 A% 91 PrEAER, ﬁﬂiw{%ﬂ
Apoptotic cells CD91 Early “eat-me” signal, synergizes

with PS to promote recognition
TERFERG L N ER “IZR” 15
A% 14 5
CD14 Acts as an “eat-me” signal under
specific conditions
2t IR 55, Pk
NIRRT
Classic don’t-eat-me” signal,
prevents healthy cells from being
erroneously engulfed

i)
Apoptotic cells

FERNEA
SIRPa

ek FEAn a2 T
Healthy cell surface

MR RR 4G 1k S L BR B A

s e  CD47
Healthy cell surface IR Similar to CD47
Siglec-10
[ R LE L
SRR AL 494055 31 . }Tlu 1;51?%4?};%{ )
Cell junctions CD31 omophilic binding transmits

repulsive signals
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5% OA 1, Yao %8It — B F BoR, TEAEIEEE A Apoe” /INRRUIK OA T RZH S, W M1 B
I 0 L ()92 i 4, A 45 4 2E K KR 25 11 6 (growth arrest-specific protein 6, Gas6) 23 4 11l .
Gas6 A HUZR{EH TR e E A, Tl S TAM RTKs A B AEH L B4 A 510 i 28
fEF20), GX R BTE LS T8 ML AL B 20 AR 2R 97 N Gas6 3 Wh/K-F, SO A ZE AR B P . T ok
TR B FE AR 5 B B LA 5 i DA ) B B AR R OGB4 T L CAE 3 — 0 28R rh T A 1)
RO, ARZER AR .
22 RESHMEIERRME

OA TENHL B ZE A G, MMEE —EHRW KEF OA BEMM L E LS. CH IR,
TR BRI, 328 5 A0 I8 T M 2 ae i I B R BB Xu FBMER TR
S G| B M R E B AR I AR, BTERE R 6 (sirtuin 6, SIRT6) W] DLd i i #5 # s BF
fEALE], #H4) CDA7 M1 SIRPa (555, TREAE FER I, SIRT6 ZWiFE, FHUH 413K 11 1) CD47
FEVEARRE D) SIRPa KIATHE, (FHE TNk Bifu%E. Schloesser ZBUR I, &5 Xik T
LA YA AR AR SN S B A M L 55 FR I A S R, BhAh, B AT 4R A I e B R B
il B R A B 7 5, A BRI BRI T4 (RERIERDD BIBE I B3 R R, MEER X PR 2
/A (senescence-associated secretory phenotype, SASP) 7= A& [l il 4E FFR N = Z 40/ &
f) ffL ZE 1 #0461 (senescent cell-mediated efferocytosis suppression, SCES) ; 1F & 7£ 5256 HhiF B,
SCES j& i TR Z 4 i 3= sh3¥ in F & CD47 RIA (3 LR CD24 A7 KL , HiBES
A IV Tt DR A 2 % it R 4 2 Ik JOR A 2 7% Bl A £ 1 B 0 JL [RMB I 5 B R MR R TR ) SIRPac 3244 /& R 45
Hry WG RN Sre FURIX 2 & AR IRBEIRES L AL S S, PH I IR R RE A A e 2L
He, Mimdmsl ErEga A SR MEEER. T2, AR RRE T apREFEsHEE SASP, IE OA H#H
ARG FIThRER T, AT T 0 H A AR,
2.3 Htt X E = S H A /E AR

OA RZHHEILFEMEHMLER, BRAMBERNZEZI, EHEAE o Az 5 K &= A
KB, CHTZ ARV, 180 REMR A2 R T EORSEE S, RS OA = CHK
P40 R R 973 A0 O ML 7T e 1498, ORI, 9 T O e o G TR 2R A AR 51 A v ) M 3 A R G e 2t T R 3k
OA WK /> RGVERIIRIR, R AT LARE X 1 AN 75 T 1 DRV

3 FAZE{ERELEEXT OA BN

OA MR A= B M A RT R I 2 P B[ ST B AL, A BCE B 1. T E . Bl T i Al
T AR 3 2 ) B AE BT
31 HFIRUL

AW FEN, BCEBMAAE B AL EATHER, JFHES OA HIAHEAEH &t — 5 in B,
i % A FH G5 B = S 3 J] R 2% PR B S A AT N B R IR AR, 2 IR IR 51 R DG T P A 2R 1 FH R
B, ST IR T Al B TE VR A ROE R, BUER R MR T s 2, KA OA KT e
W IR BE AR OG0 & IR SR BE IR F o IV ER 1 MR 6, 1K 2 PR A e 28 P 41 A DR 7 i ) 8 & 4
P it W 3L 42 JB AR IR (matrix metalloproteinases, MMPs) FIER4E & (1 B i il — X el Ay
23 5| L ER 11 TRWH UL O R0 i DX 4% i, B 2% 5 B i JR A B3840,
3.2 BHER

WILRIE OA JIEH LT 2SS, (HHFEMIGRER (M. &R E) & a ik st
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[y, JFREE OA HEEEKHANE, /& OA FEHIMCHEAER. Li HEUNETHEREREERE (Z2d
T2 R I — FB VR BEPE B T B M OREARZS D oh, S BUKLZR 1R BRI R B8 3 T HL i —— 28 PRI B
TG R B RGN MerTK 5248 1) 8 1 24 VE FH 3G 58, BELRS T 15 Wk 200 PRLGT 0 T 40 i ) 1), 3 o A2
T 20 M AR SRR 98 1 R RORE TR, I IS SRR . IE A W SRS SRR, BV A S 10 B 2R AR
HEWE MR ML Bk M2 B4 2 RSB D), Hoax — i 72 52 304 4 51 4 R A0S 5 M i
A2l gl RE, &FRERAMRITIEN ML By M2 B, £33 B4 410 M1
MEVEAM S M2 ) B0 i g e, A Toin B B AR . B s 2, B M1 8k M2 1)
KA RIS OA JAEFIHCE B A A% O IR, 8 I & Ff g 45 U8 53X P A4 K 17 2 38 B2 (v o SR, T
e R IR IEH IhRE R T — AN E B RS, ke L, B ZEME R EE S S EA T A &,
AR EGR RVEIR AR, B A O 4 T DA R AR RS I R 7, BTS e BEAN MY,  BOfd T A R AE
1E o
33 BT ERG

BE N EBGE OA MM B A RILIEAARFE, SCHRAE T 05 B 40 M R0 BB 40 i 23 5ol A 5 1 B IR
ORI T 2 ) 747, B ARl An 00V TR, v i 460 B8 B0 53 RE A% 40 ) B 4 B T i 2
JR A B IS 5 I8 R R RIE MerTK, 8 1 410 il il i 200 o o 2, 550166 ol - &4 o i R AL e 0 S o 48
W, PECE T . BCE N R R () ST A AT ok, AT DA R R A R 5 T 4 A R 4
IEHRHE T E. Xu ZRAES: 7 M 284 SR8 T 5B gl B TE B ROE B, HET 51 & 208 A
BRE A . BB 2 MR R A M A, R 2 X i A IR 7R T4 (bone marrow mesenchymal
stem cells, BMSCs) (1) Z5/F F 76 & RS () 19 3ok 2 b [RDFE 22, 2 B8 SR UK 1) g 40 P et 2 0 1
BMSCs 1)l 38 i Ft 1 15 I i oA g, R AT B R s B s (1ese,
3.4 BERK

£ OA JifEH, AT B G AR E N 1%, WA T BB 0T, AN )8 AL
TERCE B, X —ILRIE R OA M —FARENLE, (HEEE OA W& IME, HEAWKKL, &L
SR LR STV B 1) 75 (A B B . o B B A 21 CUmig s #9073 ) IR, 5IR B 40
T, R BT R SR R A 2, T i W 4 B R A T B B I S B g e . — B8 S8l, R H
RIT 10 TG B 12 IF 8 % B P 2 1 FH R B T B B2 51 R | B G, H T A 2R A T e S B0 IR W 40 i
M1/M2 B A A, R DA 0 it 2 ok o Je sk 18 4 15 W 400 i i AL O TR 7 (01 46 2 5 B T il o

BT UL, MREREHSETEERE OA AR B S TN, JE/EmEI OA A 8 fE v T4 iy
KEMRAGI KRR, FENBEARE NERESEER AR, #—PnE OA MER.

4 RaZER) TR BE

ASC LR T BRI 5 I SR 1R F SR 7EHE S OA Jifh it b B B A7, IR ANIR R I FEIE
A BT —20 00 OA AT R A B ARNLE], FN AR T OA HIRYT B,
4.1 INGTFHY

Zhang BT REGAE T IDNS706 (FIM- & 22 Bk R IVUEATAEY) BE RN OA KRR
oA RS R R R, PR B VEAE DGR K, RS BRI R KT, DURCRRCE 4R R R R B
AR K, AT TR Ak 22 OA KR EISEFT BCERER . £ Ja IBFFE . Zhang 0810 — 0 ¥ 0+t
7 IDN5706 fI/EFIALAI, ek 7< T IDN5706 R85 3 EWEI AR ) M2 R AL, 58 M2 B 40
NS MZEER, FiAMZEMECEE Gase M MerTK HFik; EshWseitd, MM4MS 5545 5
F#H55) XMD8-92 #l1 il Bl ZE/F F J5 »  IDNS706 of i i 4 ik A1 20 o 97 T2 ) e 35 16 F B M1 595 2% B IDN5706
Af LIS e 3 OA KR MM 2 4E ARG OA MBI 25, MM A Bh T OA HIRYT -

WS 2 AR MR TT BE, W o I S VR B AE K BRI i SR i85 S pE e 3 R AL, R &
IRE B Il CTRIREAR R 4 A il 1) 2 BE 53D Y RE W0 PR AR B M B (I /KPS 980 IO R, AT e 0% 15 454
i, RIFGITAER I3 T IEEE08E— B30 F 1 FE I BE BB 05 11 RhoA/ROCKL/MLC {55 8%, Mifife
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B F-NIBhEE 2% oy SCR R R AL R, 38598 T BRI A S MR ZRER, ABI T 45 OA il i
SRR, DR A IR I A B A
4.2 BEFIT %

AT VR T A IR F T 2 H R AR B, S SR T AT IR T R BT R o I R R A
BT 75 350 CUAIE SE FLEHI T VR RE 05 250080 61T AR R MBI IR IR TG, (RIP IR A, AT ZE /R OA &
BRI O R A A — DR T DT IA T TR S OA I 4r T AL, SR Y
MU “BHFE SR . R Mg, 2 =877 . SREH, HZBE T OA KRR E LKE T
B AXL RIEHN, MMP13 Al Gas6 ik &2 FEAC, 4 HAEN, e +7in] aeilid Bl AXL 214k,
WoiE Gas6/AXL {55 @H, Rk EREAN ML M SR/, AT H ) 2 0E  BE, ZRfR OA EIRIA, FEZEit
B, BT SO 4R Gase Rk /K-F 5 Ml ZR1E FH P [P, 5120 78 0 52 3 1) F 4T TS Gase #RiA
FRAR B R IAR A G, ] 6 1) SR (R 22— @ A7 7E FL A v oK B T A5 Sl %, H 75 2250 2 0 0 8088 S8 o
43 BEEX RS

B ) 38 0K R G0 e e R 24 WK AE Ik B AR AL, AT R B SR T Ak, PRIREIE - B B . Xiong
SEIBSIRE 7 — b e 0 i ) 1% S R FR R 0 TR I OUAS T () /K B e 1 Bk A-Lipo/PAHM, sk (e 8 T fig
JR AR /N AR fiT A2 2E K I 7 -BB  (platelet-derived growth factor-BB, PDGF-BB) ; SZIG&EREIR, %
TUER B 054G M 2 A7 B AL 3R, FETE AT 26 T HRRERE I A-Lipo A PDGF-BB J4i = J5 A i 2 7 FH 1) 2%
2, Wang SR T —Fitath R 7 Eo ik 19 A0 i S5 A7 A i 2R /K BE R B H-C@IL (1 gt 44T i Al A4 5
By, FIERGRERR A H-C@IL AT LABGE MO B4 b 44 R K IRHIEE A S T 41 % ek
FEALBEAMBSEA 4 SEAUMEEMMEER . Liu S8 T —FMUSEHERED
(polymeric chloroquine, pCQ) Jy# A ff & AL W5 ALl (superoxide dismutase, SOD) i A 4hK
TR pCQ/SOD, 4N K kL B PR il 5 M 40 3 22 A4 R AN S MU 2R 1E A, pCQ/SOD ik AT LA e it 1 42
STAT3/ADAML7/MerTK 15 5 i i 14 5 E W4 i /3 I M 2R VE A . Khalilzad S5 18Ny 58 2 0 48 P oR T
o R P —— I T 4R R AR 33 Capoptotic extracellular vesicles, ApoEVs) A LU AT H: K 4R f #E )
P 25 BFIONS HE 8 18 A6 7 25 W A G S B R, AR T AR AE () CRT w] DL i B Wk 41 Jf 3% 4 1 4 b
ApOEVs AT L %%
4.4 FTHRSTE

T M7 V2 — R A AR B S s B2 MAA R G I7 ik, Bl E B TSR
g, HP AR OA. THIMEYT OA BIA I O M) iz, SR e HAE FNLHZ 75 ¥ Kokt i
ZeAF F R % T S /D 7881, ZE P BET- 40 (dental pulp stem cells, DPSCs) 22 i 5 48 hi IR f)
AR, DPSCs W] AE il i 8 o 2 ki 4k H WKL HE M2 BRI S ZR1E ], At BARLE A
Eﬁ%[ﬁg]c

g b, AR M SR R T T ST R R MR B N T AR R EIRITIE )1, A
FERIA R VG n 6k R gt Bl RS HEVE B I PRI SE 5240, (B A A0 B 22 = 5 A fr
RGEVHE s BAHTIEBRIGIRBIH 2 . AT MR A, WAEERLHIED AR 584 B T4
JPIE BRI R SHLABENENS, WZH THT RS ST AR AT B 2 H
MM AR T CA_E AT A, IRERXT OA IRIR 2 Uit — B Ak it 75, IR R SGE M R4 A 1Al I PR
AR

5 £k

B AN D Z R N, RIRVEE N OA BF W WL KR FFE K. OA W Z A
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