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Abstract

Ankylosing Spondylitis (AS) is a disease characterized by chronic inflammation of the spine and sa-
croiliac joints. Its pathogenesis has not yet been fully elucidated. Recent studies have revealed that
the bidirectional regulatory network between the intestinal microbiota and the skeletal system -
namely the gut-skeletal axis-may participate in the pathological bone formation process of AS
through mechanisms such as immune regulation, secretion of metabolites, and activation of inflam-
matory pathways. Although existing studies have confirmed the association between the gut-skele-
tal axis and AS, the specific molecular mechanisms, microbial-host interaction patterns, and factors
influencing individual differences still need to be further explored. In particular, whether the me-
tabolites of the microbiota (such as butyrate) regulate the differentiation of osteoblasts, and the
temporal and spatial causal relationship between intestinal barrier disruption and spinal ankylosis,
remain the core unresolved issues in current research. This article systematically reviews the latest
research progress of the gut-skeletal axis in AS, focuses on analyzing the cross-regulatory mecha-
nism of the microbiota-immune-skeleton, and assesses the clinical potential of targeted interven-
tion strategies (such as probiotic therapy, dietary regulation). Based on the importance of the gut-
skeletal axis in AS, we propose a multidisciplinary integrated research framework, aiming to pro-
vide new targets for the precise diagnosis and treatment of AS.
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1. 5|8

AR, éﬁa‘riﬁﬁﬁé(AsM’Eﬂrﬁ’E%%B@é%ﬁ‘ M PEEAT PRI SREVE & e Ve, S AR
L IR FE R R R, B AR AE, MREE A IV RE S BRI
[2]. Bk4k, AS H%%Lﬁf@%%ré SREVERAIF BRI 4R % A SR B RAE SRR N I SR bR IR
[3]o AS MIAERKINELIN 0.1%~1.4%, B THERM, BYERERERT M, Brdlh 2:1 [4].
it %%%IEEE%EPTﬁEﬂ?%FE‘JWT“&ﬁFL W EX AR L, H T Z RN R A
PL 7 ZJ(NSAIDs)FI TNF #7755, X Se2j) R Be A 2 il AS I ORERIL, HJCi b B2 ih e )

HEBIE 5] [6]. X ﬂuﬁm; TRASHIF L8 AR 2B R 72 77 1)

IR R AL, JUHS HLA-B27 HAR BRI CERTE[7] [8]. (HERILZ AL, MpiEfeds. %y T
M. FERR(RG. EEE. B WIRERFEE AS RIFEHLEIHIEER B, DAk 2 1T
FRW], WiERaS 5 A JORE Z A AE 2 O] K9] [10]. MR miERe S — B, A7) REAEfd 1 eF
R I3 4 ) i) L ZE AN BRAE ARV R P AR ARO[ 11 ] BRI, 76 AS BIVATTATUR, BRER 22 RO 7T T AR SR
FE T DA T8 S 2B T D L P R 42 SRS o I I PRIE 408 38 BT, SR FH 2 26 TR G R 4T e S8 IR T TLF B
REME A 2 AS FEE T [V B A5 A4, R IRk SE 7K P, B 28 AR DT AR DRI AR REAR [12] [13]6
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e RS A RATHRAE T — AN A, BARNERR AS BRI KR FRIT 5%, R s e v -
T - EEEITE AS FERE T OCEEIE A

2. HaRHEH

Jor T8 e e — e ARG R, L b B M 3 AT B e R R R ANE B S RGN, SRV
BRFMA TN BIGIEREN, [FI 7 55 AR F PR 3N [14] . Wi A P 48 sk A i i AR
(BRI 38 8 B 2 ) 5 22 P B B 08 (W B S B AA E R OGS 98) B ARG, X —RINFF T “W - B 1
MBS, 487 T W ETE RS B R G 0 B A8 BAR R B e IR B[ 15] - B il () 72 1 i
RAS B AEDRE 2 MM EAER, 2 EZEHREMAEYR . 6 E0% RS0, 540 M (G R 40
SR AN S L TR 5 A% Sl B A R, AR AL 32 BP0 S G 5 17 AR = P 4% 16

NEGTE R RLE 1% 101, HAEH IR 4R NRFEF AL 150 %, Gt Pe K i 2 o B A4 3
) 2L 7 B W T R R S 2R I UAE TR [ 17] 8 2, T A= a8 R 1 1 2 1 S % IR RERsE R AR .
ERMAEYIRES T AR T MR-, ek S4ERFATTYE T 4000 SO2 R VE T 48a(n Th17 4H0) 2 (7]
FROAERT EE BB, AT 520 B WA 5 T BRI Bh 2P [ 18] [ 191 FLai, i i A== 2 i Fa 5 IR D7 BR (SCF As) <
TIRIBEEE Wntl0 {5 5@ MBS, RIERCE M 8585 74k, [R5 a 40 B s 20,
T BE B T R I B i [15] [20]. 7E AS BEMETERREE. KBS EHEREE %,
[F) I P TR A A A L2 1] IR BTN To R Bk &) B o X e AS B AR % B RV E R AR
[22].

3. BRI AS FEER
3.1. RERGET

Ji 8 T A T DL R S R GER VA TR A0 R B A R T e, TR B - B P, B
FUBR 0l BN AR P [ 23]-[25] o WIF T2 B, JolE TR 55 P B 3 S PR AR SRR 4 P R 928 40 P e 8 Bz ik,
AT LA P RGUBETUE R 72 5 AR 00T, WOEMCE 40, RIS R AR T R, A SEL
RVEEAZR[26]. FIE TL-23/TL-17 Fl80S H A 40 A 2-23 (IL-23) 5 A4 R-17 (IL-17) R4 K,
T 7E 38 J 34 s 4 B 7 A2 TL-17 F e 4 (D Th7 0 MWl R, B il RStz ik £ 4 5,
I ARIE G . BEJE TL-17 30— 0 30E Ja i i E WA . BT 44 AN 1R 78 R A, (R e A PRI 2 1)
RIEE T, IR IERE T-a (TNF-a)s IL-18. IL-6 2%, J1S80As B 40 M v 1 5| ek 3o W A - 184 58 12
T,

Joie B A T B R B R R EIE Dy AS 3 R YR T — A S IR M SOREA IR [26], #0H TARCE
A AR B T B . T R I AT T R 22 Tregs WAL 04K, 530 Th17 4000 R0k, 8
B AN AT AR BB, JF B IASE AN RANKL (3%, Mt — b e dhms g 4 i o4k [27], X6
FVEHEFEAT R IR, 9 AS JE SR EVE B T (B 38 SR E) BIIE S5 IFBE e 1 3kt TE N EZ 12
I Wnt (558 A BMP {55855, SRR R 41 e i SEBLECE AL, S BUYURE N 1
PEAGCEBETER), — BB T BRSO, AS BE e KA., FHmE, H
A ERL[28].

3.2. BELB

Wi WA 2 5 F et BRI RS, e, B TE R SR A B4 T i e 45 1Y
Wi, OB IR AR T 1 (IGF-1) I ML KT 5% VA R M Al Fr A0 A P [29] - BR T B AR B i L
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A&, WTE AR 2R R I 2 8 e 52 il i 48 L ) OPG/RANKL 38 6 SR Y 4% 4 B 4346 [30]

AR, AS B I B A 2 FE I B BRI, R i bR A OCSAT B8 (0 = L, 1 i
FESU B WA T AT 1 1) =F BE A1 BB N, XSS B R (08 40 5 95000 (s S AN ™ AR FE DA OG . Ho,
5B 2 IR 2 1R (SFB) A5 11 18 41 B4 T LA B R B AE [ i (1 i b R M AREC) b, A2 b 4d B T 40 (Th)
17 AR, I X T IE R A MR e R 4 R R R T L R Fe S G Z[31]. (HAHERENE,
KA R TR E &, EMEFMRERE, SR ETIMRE TR, SR T o et
W1 R AR F

3.3. IAERREHIA

Jo3E 5 i 1) e B Ak S A A B A RR AL A B S B VEAE T, BB R RE S SE M LA I SNz, e 3 1
SRR (e Rt B AL, MR EREE A (IgA). REIREHA G (IgG)SF iR m™ 4, Mm4Efiin
RO B B (A T RE[32] . T 3 B A 2 R 55 3 ) JORE UK e 2 S BURG I 20 1 AR IE IR, (45 i T i 1 4
1, T T EUGF PR S Gl 2B N [33]. I i 57 P D e 953 25 (R i S & PRI I L R) = 3 5
B & AR, SR SVERAER N, X —ILRAE AS B HIUAWIR[34].

KA AL P A (SN T VEmE, KRG R RF IR ZEMN. B F R IIE, il
UM R 9 RE M M 3 B30 0L 38 XU 23 T 5 [35] [36] IR FCdi H, ik 70% 01 AS B3 G IR K
P 20E, Ferf 5%~10% 0 JOEHE ¥ 2t NI PR € SLI SAEVE i (IBD) [3].

3.4. SCFAs 7K &K

NG T B2 (SCFAs) 2 HH T8 Hh A S 40 A (AN FLER AT B . T BRAR 1A 55 ) R TR N T2 BAT TH AL i &
YT PR AR RENURIIR, EEAEER. WK, TREHNR, 2N SHERE. HEmsEmeEnsE
FAFEZ A EAE MG ST, 1E%5% AR 23 77 Th AL 25 S AE FH[37]. FFER W, SCFAs T
PURAER AL, BRI EEAEH T SRR B4 . 8 R SCFAs U2 TR MR, 25
AT, T BE I BB A [38]. SCFAs o T R R A PR R £ wT i ik A AR e R A i 2R
ik 5 R E MR IE5E Wnt/B-catenin {5 5@ B VG, BEIm I OESCE AN . I HOE RS AR e i
(1 BMP G #8) 7 A B [RI RO, 14 58 R 4 R PR 2 AL AT D RE[39]

[FI SCFAs ] 7E 2 J2 M ik 4 M (9 26 R v, IR XT BT AS BRI DG . 7R B 40 B i 44
(B2 i/ Az i ), T ERERM HDAC #HIE =2 75 el 40 M b 58 A0 S AR, Ji i 4]
NFATc1 (RS 40 oA i 2 42 2 S R ) IO SRR RS SR BHL TR 1 A0 PR PR 0 AL RR I (371 Al IR A
RANKL 5 RANK (454 . BRELRE B BAR A TR 4R Tk, #0H] RANKL fil & i R (5 5 JUE M,
45 NF-xB Fl MAPK %, MIimiBHET > tLid #E[40]. SCFAs RSN 412 (3 it £ BB (HDA C) 3% 14 5k 5
F Treg 0™ AT R P+ IL-10) A0 Th17 40M(7™ A2 K K+ IL-17), R RS MEFE K RANKL/OPG b
{E[27] [39]. RANKL = ZL G i e 4 o fn 38 i 4n i =42, 1 OPG s H itk . T REhimdhi
G B T, 0 Y TE SRE AR A ML o3 AL, TRIERIRD T SR EN B 4 M o A AR OB S, 15 T AR
B A R AE R TS, AT A5 B AR I [40]. SCFAs 348 ] 500 it 25 W e 5 2 AR e g 0 1R v DA
BN bR IR B M RN R TR, Y94 B W SORN 4 i 55 i 458 S 4 A B T Rk, AT RS N/ Bk
BXEE AR [41].

LR ERTIR, s AT TR 5 B AR R (AS) ML BSR4 TR A, R T B R S A R R
fEZ A 220 &R o IR NBRRX — AL, RATAT LAY AS B B2 B ISR IG 7 52 40 i 8 Bk . ok
SKIIIFURE— 20 S AR TR R I A M 00 A8 A S 0 AS B AR M B pdszm, DU G RIR it
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A RHER IR T BT
4. YRR RER

KT AS WHTCHIRATF A SZ BRI AR FT A R A, SR 5 B A A — S50t — T KA B
0 [42] [43], MIEE B RPN SV S 5 BB, 5 SRR TR IR S RERE B s o LR PPALRT LT
IR E IR SLR TG . B, RGPSV AS FIRHLEI IR R 51677 7% 1 Q0
FREI,

4.1. BRTE R/ AS PR FEQRFEUATILA

1) FEEEM/NRBER, W1 C57BL/6 #F A4 (WT) A H ERAP1 ZE K% ERAP1-/-)/Ni HLA-B27 A
TEACIE LR /N . SOCS3 MUK K(TG) /N B LA K ank/ank B & METEAE /MR [42] [44] [45];

2) ZAZ/NRARTY, U BALB/c 5 DBA/1 2458 1) F1ACHEME /N 5

3) SEANRKEBR, W BE[40]. BA, BRFUE LRI AS E3E IR 78 51 T 40 e (MSCs) % 16 3|
NOD-SCID /)N ERUBEAE, BRINFEE TSI AS I BRI F BEE UK B PIREAL[47] . X BERERY % AR, IR
WFIT AS [ R AL S a7 $E g it 7 ) T H.

4.2. F AS BYIRBIKMB R AHHIEI A

1) EEZEPG) FHA: Ve & 2SN RCE R IR

2) MRS R (CIAVAL: R I BRI 1 S 2 sh W, AR AS FISTT RAERFIE ;

3) WAEM R SR SRS AL BT TR . TR IR B W (curdlan) BA S B-1,3- 7 SR VA (-
1,3-glucan solution) %, 8 I ¥ 6 R s REUTE KM R IE RN XLk 307 A& BAF R, BRI AS
FIAS R ERRAAE , ABF AL AR L S 25 e dR (it 7 A T AL

AR, T (GRS BRI U A 5 B AR R R 7 TR E 7 2R . TR, IiE TR
YRR IR BB B B B AN GF ANRRI A #A T IR S, BE KR H R
PN TR ) GRS BT AR RACER N S BUE RN, KRBy BT m AR 4R > I H
TE TR E A PRI IR, UESE T W TE G A R A A 2 T A v R T 2 o ) S B A T 48] [49]
BB EIAWTER N, AS SRR AN 7635, I B0 AR LI FIER R IG T HE s fe Al 17 IR S A
ARRAT T E i SRR HEAL o7 BEAFAE AU BE 3R T LS AL N F O (B PPAS 55 05 T, DA SE S IR 55 1
AS HIFERIIT TR PR EZ AL «

5. BT AR He0 s B M EE AR TT Rk
5.1. BERMIERS: EENEMHBE

FHMHEMDTE R — MO X% 0 “ 8557 BAEEOR, ILHRZ R PN R YIRE. BAm S,
FMT FIR DA B S ik B0, HIEAHRAD IR, MR B s IR S Th 3R ICH ad i RE, RN
HAL MR 2 AR N B R IE T, 2R E VeV AR IR AR, NI BB MG T 5 il e 2L
FHR IR o

B TERE], GF CERBER) /R B 4 Bc k>, B #h A/ &R 6 (IL-6). TNF-a Al
RANKL 7K-FFEAR, IXLedi i 1 A (2 AN asc B A A, TR 5 MR IR /0N B F) B T A A A 21 /0 B
KA JG, GF /NI R G B IEH K F[30]. AHRIERR, 19 BLZIRNE (SFB)IE T LA 5 Th17 4
(R1534K[50],  SFB #2 A 2 GF /N LA A AT U5 Th17 20 RO 80RE , DT 5 302 4 4 0 R -7 (0 466 TL-17
TNF-a IL-15 %5), JF{esEas i 240 i A o s Bk i [51]. % GF /) RgE AT S E A R AT LUSe
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B BRI R AT, TAE IR /N, 1S LA 367 AT LARR AR S i v e B g R A 7T
5.2. RRPTHER TR

G )R EEE BT 4R e A R R A 5 7B DhRe AR € « Hi i IR = — Pl 2 HE SR 1)
PR AR, X AS EHAFBE M. BMIHRKERAGE. KR EE, HAIR. BT,
DA KD () A RN FL I o X PP AT iR MR R R IRRE I 451, MU ReA = R =,
PRAEAUE TS A, IC R I 1T BRI - S Rl A IE S N, AR O 15 P& XU [ 52] o £ 4E TR B AT
ORI S RE T AR OSSR, AL B AN B, SRR IR R & =, BE
&M IEF ) pH {E[53].

ITEM IR B2 AS BB rh— M S PRI I 50 . i A R AT RE S K AS I B R (40 e 75 A0
BB R A AF . L, b, Lo, B STER IR, AT BRI e EOm B 1A KRR,
HGE A TE R . RTER IR RN F 2 aHE:. © BAOBURREARIEYR, FIEAF%EE: © I
WAL, Jld 4 5 S SN s ) B W BRI, el JORE DR R AR BRI TE AR
AS VRIT AL TR R A AN RS o A BB SRR R B, AR L AUk TR T a1 T R R R A
My SCGEAB FE R . 36 5E g1 BE I T RE AN T g S N AR 2 LT, 9 AS RGBSR .

5.3. v FEmEEFEE KBS

a2 TR AT L A ELR R b B 4 PR G5 A B P R AR, S O R B R D RE L ek
RAEANRIA T FEARIZIE pH B RIS IR SCRIIRIUAT 5 20 1 B VR OR et 2 FOR A o B i B 541,
wh7e i AL (P R IRFLAT T ATCC PTA 6475) 1 A H T2 LB B AL, WK BMD Z4F 1 iE
RACRZE BRRAL[55], 45 10 P e HEPE /N BUR B SRR FUAT I 4 JH,  F 70 0T 7 B2 L AT B A X 24 3e
TERPIEMAEDB R 2R, iE TRER G, DU T BRIK P E A ME T, it —8
W5 A 2 5 [56].

i A TR Al I AR R Ry, X RAUK RGP, ik E AR, IF
HLRE S e S R T — e B A 2 T8 B 18 SR (57]. B Ange Ry B ek A o] DA i TE A
R, R HUERIRES, M TIFEARZIE R pH 8, 4ERemiEfads(ss]. KilmER e B8E &
b, P B R R . IS IR A B RAE, T4 TR AR B R 1 FLE(GOS) T LAY 5 I IR
FMRTR/N R IE B R RO ALY 2 BEVE R SCRAs IR, J 100 oy i T 3052 1P M 28 RE 40 L R 159 -

6. FAE I PR P EY N A AT

FER WA NI R, s feE AS T8 R N2 Wi 4t 7R JLaR, BRI
(MR AT SEHLETZ 4 (CT) SRR A HOR IHED , 45 501 A B BREE 57 1B Bl K Bk B AT R X2 AS
MR IR 2RI [60]. BEEX B E BHLHRT FCRIR N, 12 AS ImPRIZW5 T, MriE A4 A e
AS FFIR BB AL 7R BB . BIFTCR T, R g B TR VR B R A B AR A, LR B R
SR PRI, ATRESONIE E R EVIAR SH(38]. AR, B BG R AR A2 G
PeE B, AR ENCERSHE R OR TR, S AS S S AN AL TS DA -

FEIRYT U, BRI B AR IESCA AS B BLHT SR . REE AR B R L ST B R R E I
Th17/Treg “FHTRAEHRAE ], AR e+ PN 2 ety il S0 55 M iR ot i g B b fg . 0T
RG], SRR FMT) R R LR o R e SR (61 EARERFE, BUA D50
TNF- 10|75 T RE & il 142 R i R A A R, SRR BRATAKR AT AR s f8 8 AR AL AL VR T T %6

TEA NG HEBSTT R B S 55 — DN B Z 71 BT B E KB W R REE AT 0 26T, A8
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PRI 23T ORI A RN AR T B 2 (3 2R TR R AT B EL ) SCFAs 7KF K 85E b i
PI(CRP. IL-6)FIH5 AS B3E 7 MR R B, AR R SE Y, g SR TR[38] . ddid & #1024
HANENSEIRTT 7, PIRESCILEASHE R B . SR, X — U I PR AL AT T s v 22 Bk
BFEREBET TR AMEZE R KT SR = 55 0 8. AR B R 2 KMAERIGIRIT 5T, 4624
SHARFIN TR T, WS E e I R SE BRI A . BEAE B TE IR N, B R A B AS
CEEHNEEMARG Y, NEERATE I, SO, A RS T k.

TEREV 5 UG Tl BEE S B PR IR, FE TR E R ALY bR BB U5 5 105 WAk 7572
WO IR . BFFLRIA, MRI A CT AMYUAT LU TR, 36T DATE ¥R T Ik 72 o s 0 4k F A
BITIRL. BN, XEE X JeTHEHLEZE i (DECT)# A & —FiE 2 TR, v LU F PPl SRR 1 1)
BRI, U R R, & A T VAN %2 MRI B [62]. AN, HLA-B27 Z5EHirid
YRR A AS B UG PR IRGE T EEARIE . WFAURIL, HLA-B27 PHME B G sh ik F1 3 B
B RS A P 2 v T B M R IR BRI PR IS A 75 i) 8 AR AGTR T J7 SR B 25 R IX 8 A Wb 5 A 1 S A [63 ]
I EEA AR VAN . IR R VP2 RO DRI, 2525 B % o0 g b T 00 £ Ry e i ik e, b s B DA o 1) B
V7RIS, AT B i R 0 A T R R AR T RO .

7. GRERE

BEE XS AS Jp BEALH RN TT, Wi X — B s A RSB EIZHT 51 K 1 AR iz R
AFRENTT R o B S AR 7R 1 I8 A 0 5 1 i e 1) SR MM AR AR IR &, I AR
NFRfFE AS FRIBHLHIER AL 7 S8 L AR [16]. BRI RIR, i LYt ol fEi8 It %% R4
Wb ARG AR RS 2 AL, B e A AT JORE S NL, MM AE 5 ELYE R A 28 1 it e i A
KAEE B RBEEMEM[24] ARKIIFFRE=Tim: 1) @R THE I AS BHSW YR SV
SCFAs 7KF); 2) JTRRBERFERYT RN TR R A1) 3) Ba 2 A28 il @ MR T .

ARERIR R GG T Wi e 5 BV AE 28 (AS)H IR B e R AL AL 70 o RT3 A7 #E 1
PR i ) B AR I . SRR PR 2R K R L R A R BB, EL DA T U518 TR N e
TSt MRS FEARRA KA 35 RS R R T AAAE T & . BRI, RRWPFR TS — 7k
SRS EIRAIRE, DUHA AS IR PRIZ YT R 4 1 S mT 5 (1 BSR4 .

Xt B AL IR AR R, VB 0 B A R (AS) IR B A BRER AL TR LA, o2 (1 40
Zr MR S RIEEITRE TR . AS IRKRILZHE . IER IR, ARG iR 2 iy
ol R oK, RIS OB il ok =0 via ). BEERNA S AR EEORIED, WHEE UER
HER s i i il (KD R 2 AE D S LA o X — U LIRSS AS 2T ML AR R A A A4
FUELRTT T R JE, ARA R Z M T IR, 2 mRTTH AS 1277 K.

oM

8 A o K A O TR ) S
= A

A AT T SR DR R OB AT R, T FAT 16 10 o 2 I S R R AR
S5
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