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Abstract: [Objective] To investigate the inhibitory effect of tauroursodeoxycholic acid (TUDCA) on neurogenic
heterotopic ossification (NHO) after spinal cord injury and its potential mechanism.[Methods] SPF-grade male C57BL/6
mice were used to establish an NHO model. The mice were randomly divided into three groups: sham operation group

(laminectomy only) , NHO model group (spinal cord injury + intramuscular injection of cardiotoxin) , and TUDCA
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treatment group (NHO model + daily intragastric administration of TUDCA at 200 mg/kg for 4 consecutive weeks). The
area and maturity of heterotopic ossification were quantitatively assessed by micro—computed tomography (micro—CT) and
hematoxylin—eosin (H&E) staining. Flow cytometry was used to quantify the interleukin (IL) —=1f secretion level of M2
macrophages. RAW264.7 macrophages were cultured in vitro and divided into control, tumor necrosis factor (TNF)a, and
TNFa +TUDCA (200 pmol/LL) groups to detect the expression level of the polarization marker CD206. Additionally,
macrophages were divided into control, TUDCA 200 pmol/L., and TUDCA 400 pmol/L. groups to assess the IL-1f
secretion level.[ Results] Compared with the NHO group, the bone volume in the TUDCA—treated group was significantly
reduced (12.69+1.13 vs. 7.647+1.19, P=0.003). Compared with the TNFa group, qPCR results showed that the
expression of the M2 macrophage marker CD206 was significantly upregulated in the TNFa+TUDCA group (0.55+0.019,
1.11+0.023, P<<0.001). Compared with the control group, ELISA results showed that TUDCA stimulation of macrophages
significantly upregulated IL—1f secretion (404.7+24.38 vs. 652.8+32.61, P=0.003 7). TUDCA administration upregulated
IL-1B secretion by local muscle macrophages and inhibited heterotopic ossification formation. [ Conclusions] TUDCA
might participate in inhibiting NHO formation by inducing M2 macrophage polarization and upregulating IL-1 secretion,
thereby alleviating the development and progression of neurogenic heterotopic ossification after spinal cord injury. This
finding provides experimental evidence for expanding the application of TUDCA in the treatment of complications following
spinal cord injury.
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(tauroursodeoxycholic acid, TUDCA ) f2&—Ff Py i 4
FROKMERTT IR , 76 L2 40 0 R BB AL, | Bl 2 P B
M 46 AR 25 Al 2B AT PR 1SS A v 18 B 7 R4
PRI, BFFE M, TUDCA i Al 58 1o ¥ [7] STING &
141 STING/NF-k B/NLRP3 i 4 5K ) 1% 4 £ 7T £5
T2, A B PE A 3 A 28 98 0 AH DG B 1t T T
PRI RATAATFE R, 12 SCL 3l Wi £l
Hr, TUDCA A i fey i 9 A ¥ 11, At 1 57 /1 A
BESSE AL, B S I REIR AL 0 LA, TUDCA it
Wk BLRE S P45 LW AN M AL L 175 5 M2 BU e R
SN2 S R 7 B R (= B S =N
TUDCA XF - fQH L BoA P98 01, © A BEIE R
HAT 2 e (8] 58 57 40 i 1Y B 534K, $2 78 TUDCA
MRES S E R A R B RS . A R -1
(interleukin, IL-1@) & —Fh #L71 (1) Z2 D GEAE 58 41 Jifd

[J SUN Yat-sen Univ(Med Sci) ,2026,47(4) :690-698 |

7, AR sl AR B 5 T L TL- 18 W J B 42 i 1l
T 200 B8 B R v A G i PR e 3k s (R AR
GONE B R R A E T, T~ 1 D) 3 400 ) i 2 s
T Runx2 F1 Osx B AR B il 10 il 0% 1, () A i
RANKL 35 {2 25 55 B 40 M Az ok, DA T 00 1 o -
IR BRI M2 Y [ I 440 i 30 B 4 L 4L
SRS DI BT 5 R VE AR e S
WL R4 5 7R M2 I 20 i 38 3 43 W TGF-B1
S AR SO B R AR, T 55 — SR 5 U M2
SRUE Y IL-18 W REM G L o4 BT iR
AR /N B 2 A S B AR R R Rt
TUDCA Xf NHO Wil /8 F , 14025 1 B mT REAIL
Hil——TUDCA /55 M2 E W& 40 i AL I HiH 1L-18
A3 U, R AN E ST . A ST B TR R
TUDCA £ #8408 45 I & SE 16 97 i FH A 52, R
NHO B {3 H AT 19 52 344 40

1 #MH57*

1.1 EIwsh¥5LIE

SPF 9% I ¥ CSTBL/6 /N B, 3~5 J&] i , A i 1
15~25 ¢, W4 [ 1L K2 5256 2h ) s (VR ATIE S
SCXK (#)2022-0002) . A7 3l ¥y 34 48 57 T 46 i



692 HlR AR 2 (R A2 )

547 %

(22+2)°C AH I (50%+10%) . 12 h /K5 G B 25 55
A BPOKERE . T s sess iy R4 M B
25 K2 o )10 B 25 01 o o % AL oE CHE
20230407006) , Jf: /™ ke 2 18 32 [ [ 57 A WF 5T Be
(50 Zh Wy g 20 5 FH 46 R ) Kb L sl i A B
ZKBNPHAT
1.2 NHOEEIf# 1

AR TR E S BRI R, TN T
5 T13 Z [ 474 Rl WA, 76 1 2 L PN 3 569 DAl
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# (Cardiotoxin, CDTX, 7l it 0.32 mg/kg) , M Tfii 14
NHO /N AR T A ZH (Sham ) « A A7 HE AR B BR:
RN HE, 5 0 S RBUE IR LG
24 H , BORIGEIEZH (NHO) 47 SCI+CDTX AbH , 4
H o S A A BEEL K . NHO+TUDCA 4H : 17 SCI+
CDTX AbFH, 45 H J# H TUDCA (200 mg/kg, 7 T4 FH
£hoK , Sigma—Aldrich, T0266 ) , #E2E 4525 4 ]
1.3 Az 5418

RAW264.7 4l & . 14 H L ATCC, 355 T
DMEM 5 B8 55 35 3 (Gibeo) , I 10% (viv) G 4 1L
it (FBS, Gibeo) 1 1% (viv) 7 % R4 T £ (KW
.8 2 100 U/mL, 555 K 100 pg/mL, Gibeo) , T
37°C AR 5% COFE TR B IE
1.4 HEFERIEL O-EL%(SOFG)E®

HAVREAR B 5B 40 o/L 2 B W (PFA) & 2
24 h,SRJGTE 14% EDTA 454 d. 524 h B4 —
U, MRS 1 100 g/L . 200 g/L 1 300 g/L (I E
BE/PBS W . WA LW FHROEVIERE R &Y
(OCT) , ZEV AR HI e Tha R, 31 F-80 °C
T#47 o 1l FH Leica CM1950 ¥ V1 A HLKR 21 ZUREAS
VIR 8 pwm Y] o i T IEAR A 250 IF g 4
ZVN SEALE AL (HO) IE A, 317 T R R R e
(hematoxylin—eosin, H&E) 4t 6 F & 41 0- [# %%
(safranin o and fast green staining, SOFG ) 4, ,
1.5 GREWRLE

2100 A 3R 40 i 40 /L 2 5 B
(PFA) [ %2 30 min, #&J5 FH 0.3% Triton X-100 %1k
A3 30 min, PBSYEW 3 UK, HI51.5 /L IEH I il
WEMA 1 h, AL M S —PirE4CTHE
AR VRN B 0L 1. PBS PUEVR 3K UA, N
A Alexa—Fluor 594 #7112 B 931 % . Alexa Fluor 488
PRIt B B B/ Bk Alexa Fluor 488 F3ic 1 9 3t K
P, EIREE 1 he &a , PBSTER 3R, S

4", 6~ " JpkIE-2- L FLM|E(DAPT) ) Prolong Gold $it
2 G K EF A 5] (Molecular Probes, Invitrogen) £
Ao A B A% ff il Olympus BX63 2 73 #%
(Olympus, HAS)MEL

x1 HFFIE

Table 1 Antibodies list
Reagent or Resource Source Identifier
Antibodies
OCN Abcam Cat# ah93876
CD206 Abcam Cat# ah64693
IL-1B Abcam Cat# ah283818
CD45- APC-Cy7 Biolegend Cat# 103116
CD11b- PE-Cy7 BioLegend  Cat# 101216
F4/80- FITC BioLegend  Cat# 123108
CD206- PerCP-Cy5.5 BioLegend  Cat# 141716
IL-1B-FITC eBioscience Cat# 11-7114-82

1.6 EHBREK Western blot 4> #7

FEIOEEE 1, 2R BCA B0 5 8 (I .
20 wg BE M L FET 100 ¢/l SDS-PAGE % i
(Asegene, "IN ) , 38 2 F 2 EJDRE 43 55 10 2 1 5
% & PVDF I . JIEH & 50 /L BB 43 8 (%) TBST
(50 mmol/L. Tris, pH 7.6, 150 mmol/LL NaCl, 1.1 g/LL
Tween 20) &4, Sk 5 5 —$Hi1E4 CF T+% 50 g/Lﬂf‘é

BEWik B TBSTHF A LK. —hifFE R, H
TBST YEME 3 UK, BHK S min, 2R )5 50 i Ak 4 ity
(HRP)Fric i B =M E 1 h, FH TBST Y I 3
K o 8 ] ECL X F (Thermo Fisher Scientific ) ¥ i
BaREbRIC . R BRI KO R G Ak &k
5.

1.7 BB SR % Wit Ie (ELISA)

SR ELISA ¥4 60\ 55 /0N BRUUL PR 20 2R AR
IL-1B A F it e BE 3 7T A9 6B 5 ff F ELISA
T2 500 G I LR L 2R AR v TL-18 F B K F
MR ) 1 7 A AR AR i ] TL-18 ELISA 57 &
AN BV WP IL- 1@ Ve B o WA WL IR 24 A W 1)
W B S DU 4B R i fdTH Invitrogen
B 75 W B 72 3 577) £ (Invitrogen , 88—7013A-88) i
i TL-18 7K F- . %4 38 2o i b1 { (TECAN, Mount
Waverley, Victoria) R4 .
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fii 5 s WL A 25 38 7] & (Miltenyi Biotech,
Bergisch Gladbach) #1 GentleMACS 41 21 5] % #L
(Miltenyi Biotec, Macquarie Park ) M JJL A 1 43 25 Y
BN A AN RO, T PO YRR IC BT
PR BEAT Y €8 . K4 75 BD LSRIL jii =X 20 i X (BD
Biosciences, San Jose, CA) b %%, 318 A FlowJo v.
10.7.1 54 (Tree Star, Ashland, OR) #1753 #7 . 4L
I LS A0 T N AR IS ALY 1 o3 LU IR AR I, B
AR 50 000~ F A X T i A0 3, 4 )
SR PR G, O e i =X A i 4 2 AL (BD
Bioscience) [ #1701k
1.9 NEh¥CT

PRAHCH /D EUEZE L, I H 40 o/ 22 5 B i (7
iE o AT /NEIY CT (micro—computed tomography,
micro—CT) 45 i I, K b5 A 28 AKE i 22 v, i 1]
Scanco micro—CT40 FA (ST, FHI S B
55 kVp 170 pA. FRAS 402 IR T4 20 pm.
XF T AR AL 8 2 R BOE S A micro—CT
Ray V3.0 84 (Scanco Medical ) H , I 5 2 b — 4k 5]
B 385 A = ARG S AL E AR U L
IR NC RS e 7 N AP A e R N AV B e S = P W)
JULPA J) Fl 2 ) H A5 X (ROT) | 3 2ok K = [ B
(hounsfield unit, HU) [ {15 4y 450 HU A % HO
X3
110 HiFFSH

JFA SR A D 3R B LA bR
7 % (SEM) £ /8 o ffi | GraphPad Prism 9.0
(GraphPad Software, USA) #4758 153 1. W4l b
R AU Student” s ¢ K756 3 Z2 20 3R FH BT R
7 24531 (one—way ANOVA) . & H EZANFF, KH
Welch’ s ANOVA K 5% . DL *P<0.05, **P<0.01,
kP <0.001 2257 A Geit AT 3

2 # X

2.1 TUDCA & NHO By s B 1E

T WIHG TUDCA J2: 5 EA i e 22 D5 S or
HALIE A VEHT, FAT T T NHO /N RUBE Y . 3
A R AR5 /N B, AN RO L PR o) i 55
O METE R (CDTX) , IR T AU 22 Y e o
HAERY /N BRI i it/ Bz B BE P2 S qPCR
R, ik — 20 B 7R R A AR E M (TRT 1AL 1B) ¢

H&E G4 (8 Je 75 21 [ 4 e (0. 25 R o, RF 22 il H]
TUDCA 11 7]y BRI J5y 348 1) - Akt b 385 ok /> (&
1C) o FATHAT T A FOCL L, ¢ K 40 W
TUDCA £ /> BRI OCN 2 563 )i (3.847+0.46) 55
NHO 4 /)N §L(14.79+0.88) B 2 3k /> (1D, 1E) , 1=
11.06, P<0.001, Z 5 A G E L. h T HEW
B B2 S 7 A AT PR S, FRATTN /N BRI 11 7
T micro—CTHH L . Z5 R /R, TUDCA 41/ R
B AR b i (7.65+1.19) 5 NHO 41 /N L (12.69+
1.13) B & W/ (K 1F,G) ,1=3.08, P<0.05, 2 %4
gt B X, LR REUE T RATNE A,
TUDCA 75 EA B8 B8 0 D se W 52 1 [W] i, e
EA P/ NHO B S AE .
2.2 TUDCAB#= AL A 3 B8 E & 40 A M2 4R 4L

REA:F AT & B TUDCA AT LA i 75 5 5 W 240 i
M2 % b ol 38 4 BE 30 40 B AL 2B = Rk &, 1
F 093 I 149 JUL PRY Je 8 R R 45 R 92 A4 L 2 5
YA T 20 A 52w A LA S i A i e, R
FE 235 UL P o 7 R o T A R R S i A
F o RS MR ST FRATT 4 o 6 R
TNFo 41 (1755 M1 4k ) Al TNFa+TUDCA 41 1 75K
¥ , qPCR 45 3 /R , TNFa +TUDCA 4 CD206 1)
mRNA AH X} 2 ik 7K °F (1.11+0.023) % TNFa 41
(0.55+0.019) W2 LM, Z 5 HA G it% 8 L=
18.79, P<0.001) , Western blot A % J% ¢ )6 4% S [A]
FE $2 7R TNFa +TUDCA 4 CD206 f) % ik /K F
(17.29+1.33) % TNFa 41 (6.97+0.51) . & 14, 2%
S HA G L (1=7.24,P<0.01) , TUDCA 7] L)
W TNFo X L I 40 i M1 Ak 97 E— 25 3iE
527 TUDCA HA 5 5 B W 40 i M2 4% £k 19 76
(EI2A-D). ERZEHRFEH], TUDCA 7% F B W4
Jid M2 R RUAR Ak, M2 W Ak 1 58 200 i v B 2 S 7
LADPS 175
2.3 TUDCAi# S M2 E & 48 i 43 i IL-18 18 #=
NHO T 78

M2 AU I A 7E R AT B R S s 22 A A i PR
¥, Horh TNF-o JL-1B . IL-6 %5 B 4 i il 201k
BIFEF . 45 B TUDCA X %5 40 it 43 08 3% 114 52
M), F AT R AN [\ & B2 (0,200, 400 wmol/L) (1)
TUDCA H| # RAW264.7 Fi W 40 g , #F 47 qPCR .
Western blot £ i 3 Y £& I 5 M AT ELISA K .
qPCR 45 51 7R, 5% FEALA e, TUDCA o] g 3% |
W A0 B TL-18 19 263k K S, H v 200 wmol/L
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A shows the motor function scores of mice in the Sham and NHO groups indicating the stability of the NHO model, n=5. B shows qPCR results

indicating the expression levels of IL-6 and TNFa in the injured local muscle of mouse models in the Sham group and the NHO group, showing the

stability and reliability of the NHO model, n=5. C shows H&E and SOFG staining indicating that decrease heterotopic ossification in TUDCA groups

mice compared to NHO groups, 4 weeks of hindlimb of mice, Scale bars: 100 pwm; D, E show that decrease OCN proteins in TUDCA groups mice

compared to NHO groups. 4 weeks of hindlimb of mice, Scale bars: 100 pm, n=3, t=11.06, P < 0.001, F, G show decreases heterotopic ossification in
TUDCA groups mice compared to NHO groups. n = 3,1=3.08, P < 0.05,”P < 0.01, ""P < 0.001.
1 TUDCAA/NRRABLEENEN

Fig.1 Changes in heterotopic ossification levels in TUDCA-treated mice

TUDCA 4 (1.84+0.093) H| J# J5 1L-1B 3% ik Ft & 5
W (B 3A) , 22 5 BoA ge it 5 5 L (1=9.034,
P<0.001). ELISA 58 5 s 5% IZAH L (404.7+
24.38) , TUDCA W] {5 2 | ¥ 5 W 40 it TL—18 A% 40
JKF, Hirp 200 wmol/L TUDCA 41 (652.8+32.61) #i
PR 1L-18 £k T i oy B . (& 3B) , 22 R A 4
T4 L (1=9.043,P<0.001), Western blot £ [F]
FEHE7R 200 wmol/L TUDCA #H g 2 |4 IL-1B & A
B 43 W K- (1 3C) o Fl R AT, TL-18 7T fE
J& TUDCA 5 5 M2 # Ak J5 Fir 0 Wb 19 O ‘Bt ) 458
¥
24 TUDCATWgERFES M2 ERMPERMLIF L
T IL-1B &3 ib & 5HIH NHO A%

T B UEFRATT A A AR, FRATE A HE NHO /)
BB R, I HR 4225 F TUDCA Il . 38 3 i =X 40 g
ARG /1N B KRR S 350 5 W 40 i 43 9 TL— 1B 1) ik
K, K BLTUDCA 4/ R IL-18 3 NHO 2/ BT
WE 4A), FRATHEAT T ELISA S5 i 3o ¢ K656 73

Bt 45 5 [6) 26 B NHO+TUDCA 4H /)N BUEY TL-1B8 7K
S (201.2+12.58) % NHO 20 (127.4+7.99) & 2 |-
(K4B) , 22 7 BHA G115 L (1=4.955,P<0.01) .
L B PE PG BT B, S A JE R M2 B
4R R F £, 1 NHO+TUDCA 4H NHO /N ELIL-1B
B ¢ 658 FE (10.71+0.79) % NHO 4 & (2.65+0.29)
=L, 25 A% E X (1=9.516,P<0.001) .
[ A, S or B Ak O RAm v ) TR Bl 7 9 2
(K4C,4D) . Ph 53R TUDCA AJ B o 75 5
M2 B AR A pl Ak, UL R A TL-18 7K 7, DA
M2 540 NHO ¥ Al .

3 it

ARG FRATR A T /N B 2 A R
HALBIRL I8 i R LM R TUDCA K2l NHO /)N B
S AL E YR AL, IE S TUDCA HA 1) & B
iR A EAAMAER . A, JATE &M
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A shows the qPCR results indicating the expression levels of CD206 in macrophages after stimulation with PBS, TNFa and TNFa+TUDCA,
1=18.79, P < 0.001; B shows the Western blot results indicating the expression levels of CD206 in macrophages after stimulation with PBS, TNFa and
TNFa+TUDCA. C shows immunofluorescence results indicating the expression levels of CD206 in macrophages after stimulation with PBS, TNFa and
TNFo+TUDCA. bar=20 pm. D shows quantification of the mean fluorescence intensity of CD206 in immunofluorescence group in C. n = 3, 1=7.24,P <
0.01. *P < 0.05, **P < 0.01, ***P < 0.001.

E2 TUDCAFSERRZMM2 R
Fig.2 TUDCA induces M2 polarization of macrophages

IL-1B
%%
$k ok —
- 1
Pl sk ns o0 —E* s TUDCA
] e | —_—
3 2.0 g NT 200pmol/L 400pmol/L
o = 600 L Al A
s £ — u
Z 1.59 > IL-1B| T — —|17
DE: & a0 —e—
a2 ]
® 1.0 a
2 i GAPDHls“l 37
@ 054 = 200
& c
0.0- A 0 T T T
NT  200pmol/L400umol/L NT 200umol/L 400umol/L
TUDCA TUDCA

A shows the qPCR results indicating the expression level of IL-1f secreted by macrophages after TUDCA stimulation, t=9.034, P < 0.001; B shows
the ELISA results indicating the expression level of IL-1f secreted by macrophages after TUDCA stimulation, t=9.043, P < 0.001. C shows the Western
blot results indicating the expression level of IL-1f secreted by macrophages after TUDCA stimulation. n = 3, #*P < 0.01, ***P < (0.001.

3 TUDCA RI7] _Lif E 48R 4 i IL-18 B 7k F
Fig.3 TUDCA stimulation upregulates the level of IL-1 secreted by macrophages

TUDCA W] 755 I 40 it ] M2 RUAR Ak, 1 UL PR 3 B8 o HASAN AT 3 3 i 5 W 00 T M2 AR Ak ke g ol
B M2 [ I 240 i 4330 Y TL-18 BE A4 i il B 431k 1 005 8 Ry 38 A SRE 7K, 18 T aF NF-kB 38 %
AT 9 A A 47 /0 B S R AR AR LM* PR AR 2 PR LE BRI O0 R YT T R IR R 4 4 iy
SR TUDCA AUA R T HJEB K, 8 FHETSEY . Ak, TUDCA i REJE 5 -6 18] 75 5140
ek H %Ju#?;zﬁ—wﬂéé‘/ﬁé#mﬂwﬂw;zi JL B B A, X B R R R OGRS

TUDCA H EI7EI R b nl T8 7 IRy IR L I, FRATTHED TUDCA AT RE I8 423 B 451405 /0 BRL Y 5
FFRE . BEAEFSE s, TUDCA 754 #6451 05 b L PrE AT R o A AR R 2 A S 07 A 1) s B ik
AR SAE RN AEVE T, 3Rl 2 Ok T FRATTAE A BB /] B 000 A R UL ) Jg 8 3 20
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A shows the flow cytometry results indicating the expression level of IL—1 in macrophages in the muscle tissue of mice in each group; B shows the
ELISA results indicating the expression level of IL—1 in the muscle tissue of mice in each group, n=3, 1=4.955, P<0.01; C shows the
immunofluorescence results indicating the expression level of IL—1 around the heterotopic ossification (indicated by dotted lines) in the local muscle
tissue of mice in each, Scale bars: 200 wm; D shows quantification of the mean fluorescence intensity of IL-1f in immunofluorescence group in C, n=3,
1=9.516,P <0.001. n = 3, **P < 0.01, ***P < 0.001.
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Fig.4 TUDCA might participate in inhibiting heterotopic ossification by upregulating

the level of IL-1f in local muscle tissue
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