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HWE HEMRE LIRS (steroid-associated osteonecrosis of the femoral head, SANFH) 24K Wl A5 B bl I T R 2 85
RAMHEA T g, R AR R R BRI . AR . B RS A R O A . B R
FRIT AN, A AR S X T Yl HE RAE RN L IS AR B B R R R B AT O R 40 ML Ak I AT i
(classically activated macrophages, M1 macrophages) FZAFAEAR N, P BERACAEN BT . (e B 4Gk . 0
HHER L 400 (bone marrow mesenchymal stem cells, BMSCs) E 0k M A6i405 1L PN J2 TORE, s B /NERRIR . L
AR E AN (alternatively activated macrophages, M2 macrophages) W& 5 RIEHIE . M4 . NEBE RHL H
W, AR AR AL SR . R [RIAR A F B R 1 SN AR T 38 e R N A Ak . R A A A B TR B R N Rz At i
RIS 2GSRBS . R HTRAS AL s o R R P I S R 252443 (nucleotide-binding domain leucine-
rich repeat and pyrin domain-containing receptor 3, NLRP3) #JE/MAK . #H F «B (nuclear factor kappa-B, NF-xB) . Janus ¥
fitg /A5 5 5 35 7 (Janus kinase/signal transducer and activator of transcription, JAK/STAT) Mgt AIUES 3 ity 5
F R B AL ¥ B B R84 1 (phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin, PI3K/Akt/
mTOR) 5538 B L[ 2 5 B g A AR A K KNI B e, . B 2 A £b Y B A SO AR B e T B — R T Yy 140k, T 5
NIRRT B R R S IEE R N AR R AT VIR G . A SCR SR B W40 M b R A 76 SANFH Hr i B EH . (55 0RH%
KA MBI, A B BT SANFH F B e 2 A o AL S A 200 ) T TSR s L AR A0
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BB IRt (osteonecrosis of the femoral head,
ONFH) J& H BB S Jay 0 i 8 10 52 45 By sk A 7
PEE TGN, H B FRRRAE A 40 B B RS Ak
SR IMAEIRSE, IF 0 ik — 20 51 ki /N Al R A
I BT BB AR E MG, A T
DifekEts, eEEm S E AT R YRR
JBeH Sk AL R 52 2%, LT R PR IR Sk IR A
(steroid-associated osteonecrosis of the femoral head,
SANFH) Je:f WAYIG RS Z — . SANFH Jf-E
Bl i R ER ok R R IRAE TR R A
AL S B AR 45 22 I R AL RV Ry 52
FR AR Y REMR R, WX RMER
SANFH %= & iy e R, Hoid & i (KA
L FH AT B N AR RS . I E AR B R

PR 35 5 = e 1 85 W 27/ N o= s 2 Y S T D
KAl g A 8Ue 5 55 2R pL 2 R 2 A2
i

B G IEFE N R G AT IV 7 SANFH &
g R ORAE T AR Y B A RAE B e RO
B E SOV AN, B SRR, wl
TEA RIS BT T A Ay i T s AL o

w Wl AR E R H (GSWSZD2024-19), Hili&
FREZGRIFAS BII 0 (GZKZ-2024-10), HliH H AR 3 4
(24JRRA1036), =NTHEMHEIHIIH (2023-ZD-214) FH
AR AFR QAL H (2026CXCY-279) %Ed,
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F AR AR AR S S B RS B VA G . 4y
fb R 5 W 4 Bl (classically activated macrophages,
M1 macrophages) FEA-FIERINL, S5 RIEK
KL T, P oMb 2 Fh e 5 A Brid e i
Ao S B, TR A DGR R s AR
S S AR B S 1 A
macrophages, M2 macrophages) TE S5 RIEH
B HLE RN EBEE , A B TR
B 78 5 T 2R B B oAb . AEARp LA A BT SRR SR
BERMIAERE 7. B R R R HEE R
RUZ ST, JRdedr B SRS IR AR 7
JE B E R AT Y E LA 7

I 240 A A 2R A AN S SANFH - S B2 0
Bir i EEERIIE R, WAl RIS i RAEK
T A AT i 5 B Sk 25 R T IR 1 G B FL PR
W RRBLAWE B TR AR R L R i i A
AN I IR T ZURE T ) 45 P A DA 5 AT 2 [m] 3K
ol B A AR A e A, ML AU 98 S I RS iR T
M2 BUESE SCHRFAREAN L, 1T BRI AE
BRI EsR  BE S MR A2 P AR
g ool

RAEEAERA R AWIE 2, (HE YIS
R UM . WE A . BRI FE S T (bone
marrow mesenchymal stem cells, BMSCs) M Ifil 4
R M [ AR AR R, AR DA 3 1 1) 1A
FEM LG, AR D RGN, ASCHEZEE R
JH A A 2 4 7 i 3R M B Sk SR AE v A FH SR 25
W, ARG HAERAEOR . B ERSL . AR
PR M AU 2 B R PR L, FERGA
YA AT 518 I S AR AR R AL, DU AR
A W] SANFH B S5 27 s il SR =40 ) B
W £ ARG £ P T 0054 ek B LR AR -

1 ERMERLEEEYFEM

11 EEMERISKIRES it

ELmg A 2Ok IR TR -E R A R 5, 2
BILAAR O X 5 40 . T e R 4 20 T 9 1) T L 500 4
JHL Y A L S R R T R 3 T 40 A3k
T BRI ERAZ AN, 55 e R A DR RN SE V& R
NP5 SV RS E BAMNEA L, Ht—4401k
FALBURE R E LA Y BFRERR, BREAX
YRR IR AT B LR A, o 2H 20 B A A
ALRURT R A Y e sl G A An i, I A —
1y F FRECETRE ) 1 AR R R B R T AR 2

(alternatively activated

S, ANTRIZSHY A 1A R S I 3 ) PR 3k R
FIIRERT A . HELA T RE G5 A e T o S A4
MR A, PR RS . AHEHE . HARR YR
FeLA St 5 e 2 s U B dn i F AR RS Al
JRUHE, TR TEAS Rl R BN 2 BBl A ] B,
JEAITEZ M ORI Z A K A e Ak 1) TR I Al
b MU/M2 SR AR AN E 52 42 o A D 4
RSB, AEAT) = R AR AE 5508 52 W) Dy R e i
F . R AHEZR.
1.2 MUM2ARAL K £ =R BYHFAE

RN EA B R A, H AR
FEAZ R FR AT AR . RIS IR R AT RE
FRE, fEZMMUM2 p2RHEZR T, E Wik
Al gy o e LiE e (M1 AL ) R B ARG B (M2
A e YE g Z B (lipopolysaccharide, LPS) |
TH#ZE y (interferon gamma, IFN-y). FiJRidRsE A
F o (tumor necrosis factor alpha, TNF-a) A Hi4f
Mo - B w48 4R vk i B 7 (granulocyte-
macrophage colony-stimulating factor, GM-CSF) %
RN, E R e T M1 AR . M1 AL
0 i 2 A Ak (cluster of differentiation, CD)
80, CD86, EEMAMAME GH UL T
(major histocompatibility complex class I, MHC II)
58— A b A & #  (inducible nitric oxide
synthase, iNOS) %4rF, FZ3W TNF-a. F4
% (interleukin, IL) -1B. IL-6 R, ™5
WA IERE S 998 JELAA T B Bl i ik
AR, EIL-4, IL-10, IL-13 A LA KNP
(transforming growth factor beta, TGF-B) 4§ il 4
T, A ) T M2 R Ak, HRRAE A
CD163. CD206. ##Z W2Mi 1 (arginase 1, Argl)
FhrlmRE, I FES 5N . T4
WL MAS ARG, FEFTE Y M LU SRR
5 M1 BY A i 1) £ 58 FN 51 A [R], M2
TR 0 40 L T ] A2 0 T AU S SRR IR, TR
PR HE G b AR R . AR
2, M1 M2 IFER O S I ZORRS, T2
ELWR 20 i 2 e R ALE S5 o I MR MERAS . #
g 1 R 1Y) DB AE T B — SR A 1Y) ] S T v AR AT
WIAE T H AR S AH DGRB8 52 AR DG SR AU A I Py P
PR KRR
1.3 BRHINMERE WKL

HHABAZ i E gL, B2 E A
e (osteal macrophages, osteomacs) FRA#FH 6oL B
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RSB IRESN, B S 5 HIEM . B
Ko 2, Hrr, osteomacs &40 TE IR K
B A R T ()RR S MR T B W 4 P A . Halper
p 2l 38 it | osteomacs F & F4/80° CD169"
Mac-2"" %/, AR # A 2 B g 2 R MR
F4/80" Mac-2"#", $&/r B (P58 v] 98 3 R S Pk 3R
B, Dife L, osteomacs 5 Al H 20 i R B 40 R
FRE®mBE R R . TR RHARET, Harzh
THBRE WA Y, JFE A TGF-B. IFECE B
(ephrin B) SFMIAG 5 S ML E Rk gnp, f2ita
R, #E— 58U, osteomacs if E #5255
BRI, BB >, 1ECD169- Ik R Z 1k
(CD169-diphtheria toxin receptor, CD169-DTR) /)\
FRUHPE BT R CD169" osteomacs Ji, BRI B M
BB N BCE SRS, TR A AR R AR
FARL . 7E AN ME Fas 15 S 081 (macrophage
Fas-induced apoptosis, MaFIA) /)N i Pl
i R R B A A R S BB T e S AT,
IR, osteomacs T 3d i 4E 45 Bl B 40 i D B U2
HieE . R EESN, Mohamad 5§ R
JH 540 s RNA 1/ (single-cell RNA sequencing,
scRNA-seq) . JITik o Hr LA S i i =X A i AR & 38
EAZ 40 it 7] 755 osteomacs |1 CD166 FIR G T 41
JfL AR ¢ # 1 (Embigin) , # BR CD166 2% i Ik
Embigin J&5, HAEdrE 040D RERE T W& T
W Ui, osteomacs HA X T— 4 41
L A S TR SN VAR 1 ol 5 s A~
osteomacs % ZH ZURE M (R 07 o AR 119 3R A i
Kot PE R R i A A6 i PR R
HDRESZ 8 AT BB B 5 B S A, 1T &
B RRERA

2 EEMEMEREREERRERELAE
R IR A

2.1 MIERUNSHBIRIEMKS ARG
TEW R MR SR Fe, RrEehl B B
QN7 N T = 4 Y 23 G U E T 01 02 N = K A VR 1 €
S Jry S it i g5 4 ] 42 T 5 4 L 1) ML % AR ff
% . M1 AYE B4 AT Kt 53 W TNF-a, IL-1B.
IL-6 M 7% PE % 2% (reactive oxygen species, ROS)
SRR, FrEARTE RN . KRB AT
INE R A0, B M1 R Ab- 2 RE HIOR -4
A7 WIERBIERR ', Fang 55 ' WF5E KB,
B PE I Sk PR BE S Kk X M1/M2 Eb 151 Bt s 2 F

BT, B DX R A5 B X 00 B 2 (R B
M2 FESRAL, BEIRAE 5 S A IR R ) 25 1) R A AT i
S5, BRARAER TN, M1 BB B4 H ™
H R —% AL A (nitric oxide, NO) FIROS 7) A fif
I 4R e o8 e A AR AARRR A, e S ik
RG2S PRAEAS I3 Bt S A4 g A1 51
BRI, BRI A O] 8 R R A A T
fiff ¥ f5 H 2A  (peroxiredoxin-like 2A, PRXL2A)
FEIRE B UM oAk, SE T B Sk R
WP SR, LT R ML A A AT e
JRy B A E A B A A7, AT A 2% Sk IR At ik
& RIS R, M B A i ASE R
AL . B R T R R N B B, R
SANFH it .
22 M2ERUENEEMSHREEFNER
B H Sk AL B A SANFH 401 4 42 U s BRAF
ik, T M2 24 B A A 3 2 R AR TR Ll
BB R A R A O . M2 LR
W20 B 22 A TR A SR IX R il A SR T, L3 RA A
248 L R1 R0 40 L 7 9 T[] R FE T L4 PN B 4 e
S A, DU 32F 1048 A 5 B O B
o Yuan 45 2 WS KL, M2 B IR A0 IR JE Y
Ah W5 4K (M2 macrophage-derived exosomes, M2-
Exos) AIfE I N B2 ARG 58 S5 IR R, (RIS
R 5 M AR, MHIRE SRR AR, AR
FEIX LA R A RIS, i — 2D SR S 2
SN, M2-Exos i A 85 S 20 it i A S B
(neutrophil extracellular traps, NETs) JE il & P 2
YRR DI I 6 40 0 R
SKIRFE B SRR, R B U ) M1 Y
3 I 240 it ] 3 e 71 8 AR miR-1a-3p 2 [] CCAAT/3
45 A # H { (CCAAT/enhancer-binding protein
zeta, Cebpz), {Ei#EBMSCs gk, M1 5
M2 SR 5 A4 T 3 2k AN () A 4 e ) o =3 1
SR Wi s A= P, 78 SANFH AL
L T R XS X A M2 AL EL R A, T
MAETRFE X DA M RS Wi ik 32, R 75
RN SR Z M Ry 23 [ 22 57 B 4K, Tang
8 IR I, W R BTICER T E A A
[A¥-1a (hypoxia-inducible factor-1o, HIF-1a) /Ifil
BN KA K A F  (vascular endothelial growth
factor, VEGF) 15510 B 55 Bl 4 o fb S i 48
B, dE— 20 PR M2 Y 5 5 A i T S A5 B - 1A
BERN . K, SANFH H Y M2 B A A & i
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[] B 1) 55 AR T AR L AR A S LEHE R, IR
- LS PR ARG, Fr SO e ot 483 1 128 2 it A2
FFrER g 2B R B
2.3 MUM2RAL IS B4 K &Ry 20
AR A 2 SANFH A & Ji B o 28 R
fillz—, HAZORI A FRBOE R 5B NA 2 K&
BE ARG Y, AT, mEE i S0 e
W5 s A A S BB B T 4R B A, A
TR BRI B Sk B/ INGR A I e k. SR, 7E
FEEERPEROAE T, B WA IR A R A ] A By
TR, FEORMEIXEHLUEE ZIR . RSN
FERWY, M1 Y E BEAH AR 2L A0 mT 38 o 98 3 1 %
(S22 18 = =10 N7 o B B T i ORI G
I BMSCs JSUH 73K, Runt AHOCH S A -2
(Runt-related transcription factor 2, RUNX2) . ik
% MR [ (alkaline phosphatase, ALP) . & 5 &
(osteocalcin, OCN) ;I Y Jig 5t ol 5 (collagen
type I alpha 1 chain, COL1A1) &l A K15
IRTRE S S AR, M2 RS A BT
RIFHIR G B BEE MR, I E—E R -
PR RE e S E g, RN, KINMERERYS
JR3T L HEAS L AT 2 MR AR, 1155 M2 Ay
FIMEE RN, BB BME AT RO ME L B
W BRI, MI1/M2 AR Ak 2 A AT 36 e 1 5 - I
W, M E IR, ERUE /NS R MR T A
J S5 PERE I, I R Sk B B A AU B
W52 A AL 2 5 SANFH i BEHERE LI DL 1,

3 BEBRARRUXRESEREREER
BLIRFERHIER

3.1 NLRP3Z#E/IMAIE B%

BATRRES & S RT B e B R T A2 7 91 5 A
M 45 5k 22 /& 3 (nucleotide-binding domain
leucine-rich repeat and pyrin domain-containing
receptor 3, NLRP3) #RAE/IMARIE KB RGH
BAERAA S ELEZEAEZ M, tNLRP3 £
BEH . EEAW MR SAEEREA
(apoptosis-associated speck-like protein containing a
CARD, ASC) MANEFIPEREMM 1 (cysteine
aspartic acid specific protease, caspase-1) —#P432H
B, Tz 2RI T W A A e B AN 45 A g A
g B MRS IESE, NLRP3 SAE/MAFE ol fie i
caspase-1 &1k, FEMA-FIL-1BFIIL-18 S-S B
[A B, caspase-1 1] Y] #|JH [z & D (gasdermin D,

GSDMD), B A BALIE A9 GSDMD-N 24
B, BTN ALIE TR N S T Y FE
SANFH 5, ¥ B R 15 S I ROS & |
SRR A5 S IR BT AL ZURE T ) FE I A 5 25 m] G
NLRP3 % /NA, I F — 25 38 5 M1 A R IE
N, fE LPS A H R JE e 15 51 SANFH /) FlUS
AUrh, BMSCs H' NLRP3 ., caspase-1 J2 GSDMD
KR ETHE, HE/SNLRP3I NS ET- S5 F
AN S AB S HE 1 R I 0, MCHFIRIA R,
NLRP3 i i 5 16 1k A 38 2 3 22 B i IL- 18 A1
IL-18, dE— R Afe R ME i S RE R sE, Il AR
A FET . T WL, NLRP3 RAE/ME
Wb B TR A S A . LRI RE RG-S
RAE R . AR T MR, & SANFH H 4
FFE M1 RS N ) T ZL 4T3R5
3.2 NF-«kBiESi#E%

¥ K ¥ «B (nuclear factor kappa-B, NF-«B)
{55300 B RS 15 WG 4 A % ik PR 3R T ML AR
R 2 IS EE , fF SANFH 5% 4 TR 8 b B
ORSHRAER 0 BB DOl R B R A S i SR
IR FE B 21 ORI 5 405 15 5 LA B Toll £ 32 14 4
(Toll-like receptor 4, TLR4) /Hf ¥£ 4> 1k A T 88
(myeloid differentiation factor 88, MyD88) %74
WAk, PR kB A 5% T kB I A
(inhibitor of nuclear factor kappa B, IkB) iRk &
W fi, fdi 3 B 1Y NF-«B p65 ¥ 00 AR, HET i 3h
TNF-a., IL-15 J IL-6 Z5Ae R FEFE 5% ™ WF5T
7N, SANFH B i kRS 41H TLR4, MyD88
JNF-xB p65 Fik W 3458, JEAFRE M1 AL w40
PSR . S S A S IR R B, Ak I T
(Aucubin) A[ 4] TLR4/MyD88/NF-kB p65 {55 ik
b, FEAR M 28 I A0 e L, 2 2 0 40 )
M2 RERIFAL, Dms e 2O B . L
LR EP], TLR4/MyD88/NF-kB #li A szl
R AAE RN, T A4 s 240 i {1 ¢ e 70y o 22
P . Bk, ROS ] iE— 25 H5E NF-xB {5 %
W, T AN ARAE B WA ELAR I 14 5 A
#% . BR Aucubin 4, B H AT IV A8 o AR
S [ I 20 i F2 R k3 SANFH 7 1|27 15 VI
I 24 25 P2 K ST A AT & B, Hu i IR 4% TNF/
NF-kB RAE(F T30 #%, Il 55 B A OC 40 M5 3 1 M1
RIE MR A A o 286 kF , NF-«B# A T
PHE S0 . R R 5 5 E v A B R A A 5
IAST N, JE 3% 3 SANFH S8 2E 1 5 B 2H 41
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Fig. 1 Schematic illustration of the pathological mechanisms by which macrophage polarization contributes to steroid—
associated osteonecrosis of the femoral head
E1 ERMEMEENESSHEERSLFENFENGREE

IEFE AT, MBSV E BEA AR A, e . Bl 5 0 A SO FRAR B DM . bl B SRR . EARR . B/
BREASIASCA SR O AR S5 5 AT A EM LR AL T IS M2 BB R N . MR E G2 AR G ARINLRP3 . NF-kB M JAK/STAT(E S{& L AT
PEHEMREIRTEE Fo. HAR-1B. A FR-6 MG MRS RAEN BRI, HERUNX2EIL R . RANKL/OPG R A K M4 P e it s [l
PI3K/Ak/mTORFIHIF-10/VEGFHISAEE 553251, {#BMSCsBUR 7L S A A A AE ) TR o L b2 3 [l g Ji i WO . B 3240
IS A RS BB S IR, fEUESANFHIEE . SANFH: I MERE LRI (steroid-associated osteonecrosis of the femoral head); M1 :
22 ML R E AN (classically activated macrophages); M2: ERIGLALE MELN (alternatively activated macrophages); NLRP3: AZT /iR
ZEAEEI E S AR B & IR 1 45F935Z 143 (nucleotide-binding domain leucine-rich repeat and pyrin domain-containing receptor 3) ;
NF-kB: #[HF«B (nuclear factor kappa-B); JAK/STAT: Janusi{ /{55 5% 5 5% 5#0% K ¥ (Janus kinase/signal transducer and activator of
transcription) ; PI3K: WiRMENIEE3#4ES (phosphatidylinositol 3-kinase) ; Akt: ZE[13#{ME§B (protein kinase B); mTOR: "iFLah#)H AR %
M (mammalian target of rapamycin) ; HIF-la: #4015 5 F 1o (hypoxia-inducible factor 1a); VEGF: Iil48 P & AK T (vascular
endothelial growth factor); TNF-o: MRIRFENFa (tumor necrosis factor-a); IL: [/ (interleukin); ROS: I%i1E%EZE (reactive oxygen
species) ; RUNX2: Runt#f]J5&#%5%KF2 (Runt-related transcription factor 2) ; RANKL: #% [HFxBZKIEALINFEAA (receptor activator of
nuclear factor-kB ligand); OPG: H{##"%& (osteoprotegerin); BMSCs: ‘HfH 7 T4l (bone marrow mesenchymal stem cells) .

PO FE T XA
3.3 JAK/STAT{ES @R

Janus J BEAE 5 5% T S e s GE M T (Janus
kinase/signal transducer and activator of transcription,
JAK/STAT) i I A I 515 5 T e S i A s
MRl 72 F WA AL R, TFN-y 22 JAK1/2 3
i STAT1 ), 8 H A H T M1 BUE RS, 1T IL-4/
IL-13 28 JAK A AR 5 3l STAT6, W) B fi 1] M2
RIS SN 4. Ren 25 0 AR W5 B A 20 W &
B, STAT1. JAKI FllJAK2 J& SANFH i) 425 5

HH, IS5 MBI E RS H R G, dE—2
W98 @7~ , SANFH 835 A7 76 B i 1) fo 028 40 i V= i
SR, o M1 RLE REAN T, RS B A
M R IEA G, SRR, SR T
il JAK 1/2-STAT1 38 1%, 55 M1 5 20 iz Ak
WD B AR T AR R AR R A T BR STAT1 Ay
SHER NS, STAT3 FI STAT6 i n] fiES HE 42
PEFYE . EREM = A= 2 M (oncostatin M,
OSM) TH]if5F STAT3 Wiz ik, HKGTHISIRE E2 )
A AL 2 e F e AR A AL e A . iksh,
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il B% B R 5t L I 16 1k T 4 5 STAT6 {5 %5, 1A
Argl. JLT B8 1 3 (chitinase-like protein 3,
Yml) ik, FRRMCIL-1B 7K, fuk B mgEan i &
STEN AL . BLAIESE 275, SANFH ' JAK/
STAT il f#% 7] B 1k STAT1 A A2 R A5 5 ik,
1] STAT6 S B S NEAS 5 AL o SR, 45 STAT WA
TEAS [R) 200 i K2 s [ B v i B AT s 0 — 20
gl
3.4 PI3K/Akt/mTOR{s Sif %

A A O LS 3- 3 it/ 20 (1 G B/ iR 5 R M AR
1 (phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of rapamycin, PI3K/Akt/mTOR)
WS SN S AR e, ik
BB WA A B AL S B AR E RS
B Y, fE SANFH GRS, Ry . Jm ki
BEfG S A A O T Tzl s R S T . o
IFAR 8 Sl g W) 20 00, T E R R B 1k
Akt {55 32 4l & mTOR #H 5 A B #2217 . Gao
T R, KBE (cortistatin) A AR
K R MR 5 W R Z K la (growth hormone
secretagogue receptor la, GHSR1a) /Akt{5 5 i [,
TG b FEARAN AT TR AL A AN N K S RE )
AR, R T R Sk B R IR A RN,
AKCAE 58055 7T [ I 450 5 il 5 I AR . S —
B, VEAEAE T T R O PIBK/AK {5 50 B F A
it 22 TR 2= H JE AL 1 6A  (lysine demethylase 6A,
KDM6A/UTX) ik . il zeste %k X 5t 5[] I
%12 (enhancer of zeste homolog 2, EZH2), fig i
ZHAR I H3 565 27 (i 2R — W 34k (trimethylation
of histone H3 lysine 27, H3K27me3) &1l P %L
e, DA A3 i 6 K AR5 5 9 BMSCs i A it
fig 5, bR, AN SRBEES AR
fiE S SANFH H B 6 1 [ S il 918 52 32 B 1 T
Lo TRl TEENRANAET, PBK/AKtfFZiESY
M2 BB AL T s A A B R . A OCHIFSR Y i,
5 W 40 0 7 T 32 AR 1 AT BTG PISK/AKYE Jit 5 il
¥ W§ 3B (glycogen synthase kinase 3 beta,
GSK3p) B-HKEFHET, iR APy B R 5 5
YOG sz R oy L3S T 1o (peroxisome
proliferator-activated receptor gamma coactivator 1
alpha, PGC-la), MEuRZOR A LBERR L, MTifE
E M2 5 5 2 B bz £k B BMSCs B 4. IR,
SANFH ' Akt 5552 45 1] BEHI 55 PGC- 1o RS ) 46
AR, Al E W2 B e DA A M2 AB S SRR, kT

3 (1982 K 19 = S 1IN = A W S VA =K e 9 =N P
mTOR AHICRN HAT AR BURAE . Ma S5 > F
FEAEW], BMSC R 5 20 fifd S 4 61 RE % 1 i PI3K/
Akt/mTOR J# #% , LB MHCEH 1 i3
(microtubule-associated protein 1 light chain 3,
LC3) Jf T W ik £ 1 A mE4E Sk B H op6e2
(sequestosome 1, SQSTMI1/p62), Mt s 4P
FWE PR SR B R A PN B 200 T A A T A A R
Jio P, TEIMAE N R, & R mTOR nf
AEIE T fE FEORAP P A WA M4 N B RE . PRl
W,, SANFH "1 PI3K/Akt/mTOR i J# 1) 55 AN GE ffj
RS RIS TR R . At R E R
SN F B M2 B AL . BUE e SN BB
2, 1M mTORAHIE FI W i DU B 2200 R i 8 PN e A
Bo ZAHASMN FERIEHIRZ . & EAL
Koty d A

4 REER=E

0 I 200 W £ 2K i 7 SANFH A9 & A= & Jie v L
AHEZEM . MRS L4038 i B TNF-o, 1L-
1B. IL-6 J¢ ROS S KA it , FFEE K A AR i
RN, G «B A2 R TE AL R BCAR B R R
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Pathological Roles and Regulatory Mechanisms of Macrophage Polarization
Imbalance in Steroid—associated Osteonecrosis of The Femoral Head®
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Abstract Steroid-associated osteonecrosis of the femoral head (SANFH) is a progressive osteoarticular disorder
associated with prolonged or high-dose glucocorticoid exposure. Its development involves local ischemia,
oxidative stress, dysregulated bone metabolism, and disruption of the osteoimmune microenvironment.
Macrophages exhibit marked phenotypic plasticity, and their polarization is essential for maintaining the dynamic
balance among inflammation, angiogenesis, and bone remodeling. Persistent glucocorticoid stimulation, hypoxia,
excessive reactive oxygen species, and damage-associated signals released from necrotic tissues can shift
macrophages toward a pro-inflammatory phenotype. Classically activated macrophages (M1 macrophages)
predominantly mediate inflammatory responses. By releasing tumor necrosis factor-a, interleukin-1p, interleukin-6,
and other mediators, promoting osteoclast activation, suppressing the osteogenic differentiation of bone marrow

mesenchymal stem cells (BMSCs), and impairing vascular endothelial function, M1 macrophages accelerate
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trabecular destruction and expansion of the necrotic lesion. In contrast, alternatively activated macrophages (M2
macrophages) contribute to inflammation resolution, neovascularization, osteogenic repair, and tissue remodeling,
thereby supporting regeneration within the necrotic region. Macrophage-derived exosomes further influence
disease progression through intercellular communication. Exosomes from different macrophage phenotypes can
differentially regulate adipogenic differentiation, neutrophil extracellular trap formation, and endothelial
phenotypic transition, thereby affecting the repair capacity of the necrotic area. These findings indicate that
macrophage polarization shapes the local microenvironment not only through soluble mediators but also through
vesicle-mediated communication with BMSCs, neutrophils, endothelial cells, and other cell populations. At the
molecular level, the nucleotide-binding domain leucine-rich repeat and pyrin domain-containing receptor 3
(NLRP3) inflammasome, nuclear factor kappa B (NF-kB), Janus kinase/signal transducer and activator of
transcription (JAK/STAT), and phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin
(PI3K/Akt/mTOR) pathways jointly regulate macrophage polarization and its downstream osteoimmune effects.
Dysregulation of these pathways may sustain inflammatory activation, aggravate oxidative and vascular injury,
inhibit osteogenesis, and impair tissue repair. NLRP3 inflammasome activation links danger signals and oxidative
stress to inflammatory cytokine maturation and pyroptotic injury; NF-«B signaling promotes pro-inflammatory
gene transcription and M1 polarization; JAK/STAT signaling participates in the balance between inflammatory
and reparative macrophage programs; and PI3K/Akt/mTOR signaling regulates cellular metabolism, survival,
autophagy, and regeneration. Notably, the biological effects of PI3K/Akt/mTOR signaling are cell-type dependent,
and Akt-mediated repair signaling should be distinguished from mTOR-related autophagy regulation. The
pathological significance of macrophage polarization in SANFH is not determined simply by an increase or
decrease in a single phenotype. Rather, disease progression appears to result from an imbalance between persistent
pro-inflammatory activity and insufficient reparative responses at different stages of the disease. Such an
imbalance disrupts the coordinated coupling of inflammation resolution, vascular regeneration, and bone
remodeling, ultimately contributing to structural deterioration of the femoral head. This review summarizes the
pathological roles, signaling regulation, and exosome-mediated intercellular communication associated with
macrophage polarization imbalance in SANFH. A more precise understanding of these mechanisms may clarify
the osteoimmune basis of SANFH and support the development of macrophage-targeted interventions. However,
most available evidence is derived from cellular and animal studies, and the temporal evolution of macrophage
phenotypes in patients remains insufficiently characterized. Therapeutic strategies should therefore move beyond
the simple suppression of M1 macrophages or enhancement of M2 macrophages and instead aim to restore a stage-
appropriate balance between inflammatory control and tissue repair while promoting angiogenesis and bone

reconstruction.
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