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FE R A EE S NI AL KIM-1, ICAM-1, PE3RSERF (TNF) -o. HAIMEAZE (IL-18) . IL-6, &S
BELER B AR AE A, SO SR YR B B, ISR A K RIS AR L, R AR O A AR
YIZBRE AR (SDC) -1, FRRIFE (HS) KIBENEF RS, ESrARINEERAL, LA A b fIG IR 5 AL
M (HOPE ) 411 HOPE+SDX 41, 44l 5 K, MHMEE 2 h, iR HEESH. &R WMHEEF 1d, 5
Sham 4 b, IRTABFHLURGINE, B/NEBLTTFSTHE, KIM-1, ICAM-1, vWF £ik¥ %, CD31 Kk
/A, I SDC-1 Fil HS KT, M EEMSE N, TNF-o. IL-1B. IL-6 A%, 5 IRI A4, IRI+SDX 4
BRI, BVERITESY T, KIM-1, ICAM-1, vWF 557K FRE, CD31 &k Z, i SDC-1 A1 HS
AOFREAR, MRS TR, TNF-a, IL-1B, IL-6 A TR (H25 P<0.05) . PSS 10d, IRI+SDX 4 F4H4!
iR, PR 25d, IRI+SDX 205 4H4) TGF-B. a-SMA ., COL-1 FEIAACERER, RIFETAmA TR (3
9 P<0.05) . 5 HOPE ALk, HOPE+SDX HALEHEER RIS, BN MmERH AL (¥28 P<0.01) . &2 &
T 0 T 3 A ) S E SR B AR I A PR R R T e i BT S04 B AU TR S 2 A 7 A A5
[Es@im ] AFvsiRe; (RIRABANUMER:; BRoME,; Sum-FREE; SRIERN; MEMNK,; W, g4k
[HESES] R617,R692 [ XEkiRERL] A [X=HS] 1674-7445 (2025) 03-0009-12

Sulodexide alleviates renal fibrosis following prolonged ischemia-reperfusion injury by protecting vascular endothelial
glycocalyx  Hu Chaoyu', Zhang Peng, Sun Chao, Mo Shuyong, Wang Yanfeng. “Institute of Hepatobiliary Research, Zhongnan
Hospital of Wuhan University, Wuhan 430071, China

Corresponding author: Wang Yanfeng, Email: yanfengwang@whu.edu.cn

[ Abstract] Objective To investigate the protective effects and mechanisms of sulodexide on renal fibrosis
induced by prolonged warm ischemia. Methods An in vivo ischemia-reperfusion injury (IRI) model was established in
rats, which were randomly divided into Sham group, IRI 60 min group (IRI group), and IRI 60 min + sulodexide group
(IRI+SDX group), with 20 rats in each group. Pathological examination was used to evaluate renal tissue injury and
fibrosis levels in each group. Immunohistochemistry was performed to detect the expression levels of kidney injury
molecule (KIM)-1, intercellular adhesion molecule (ICAM)-1, von Willebrand factor (vWF), transforming growth factor
(TGF)-B, a-smooth muscle actin (SMA), and type I collagen (COL-1). Immunofluorescence staining was used to detect
CD31 expression. Real-time quantitative polymerase chain reaction was employed to measure the expression of KIM-1,
ICAM-1, tumor necrosis factor (TNF)-a, interleukin (IL)-1p, and IL-6 in renal tissues. Transmission electron microscopy
was used to observe the structure of the renal glycocalyx. Evans blue dye was injected to assess renal vascular
permeability. Rat survival was recorded, and serum levels of syndecan (SDC)-1, heparan sulfate (HS) and serum creatinine
were measured. An ex vivo perfusion model was also established, with rats randomly assigned to either the hypothermic
oxygenated machine perfusion (HOPE) group or the HOPE+SDX group (five rats per group). Perfusion parameters were
recorded after 2 hours of ex vivo perfusion. Results One day after reperfusion, compared with the Sham group, the IRI
group exhibited more severe renal tissue injury, higher tubular injury scores, increased expression of KIM-1, ICAM-1 and
vWF, decreased CD31 expression, elevated serum levels of SDC-1 and HS, increased vascular permeability, and higher
expression of TNF-a, IL-1f and IL-6. Compared with the IRI group, the IRI+SDX group showed reduced renal tissue
injury, lower tubular injury scores, decreased expression of KIM-1, ICAM-1 and vWF, increased CD31 expression, lower
serum levels of SDC-1 and HS, decreased vascular permeability, and reduced expression of TNF-a, IL-1p and IL-6 (all P <
0.05). Ten days after reperfusion, renal tissue injury was further alleviated in the IRI+SDX group. Twenty-five days after
reperfusion, the IRI+SDX group exhibited decreased expression of TGF-B, a-SMA, and COL-1, as well as reduced
collagen deposition area (all P < 0.05). Compared with the HOPE group, the HOPE+SDX group showed increased renal
perfusion flow and decreased intrarenal vascular resistance (both P < 0.01). Conclusions Sulodexide may alleviates renal
IRI and fibrosis caused by prolonged warm ischemia by inhibiting inflammatory responses and protecting vascular
endothelial glycocalyx.

[ Key words] Sulodexide; Hypothermic oxygenated machine perfusion; Kidney transplantation; Ischemia-

reperfusion injury; Inflammation; Vascular endothelium; Glycocalyx; Fibrosis
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A H S Pl A S B R A R S T
o, AR A R A E ARG AL ROR, SYE AR
T JE H a2 AN PRI S v 7E AT O IESE T 2%
Ei8Hk ( donation after cardiac death, DCD ) #8F K
TR E R b T AR EORIET . el - P
HE5 (ischemia-reperfusion injury, IRI) J& ¥ F&HH
FAR AR A G (0 BEA F R, A el i R4
P FI A RE AT 0 FERE LA P AN B B e i s
(] (4 7 SR DO R R A5 3 V2 W R T B A i [, 2
SN AL R DN AR, B PR I 8] ) SE RS
TEYI N REAE IR I K A ZE AR B N, A% B i Al
R e E P i DCD A8 B A 7T 3k A 14 28 g I )
PGB K ™ 2 B B (acute kidney injury,
AKID) , EREIBHEIRER RS, IRI AR A4
FELUT R BALE , 1 e A A S L S 2 A e
SAAC AR haE, (23 1B /NVE T B AR I A LA N
P AN O AIBET o T I PR e 7 A IR A A
[AF ( tumor necrosis factor, TNF) -a. 1404
(interleukin, IL) -6 Fil IL-1B S5 4 R A+, #HF—4
RS /NG b B 0 DL N B A ) U AR
SO T TR U N B A, HLRE R AR
BN B AP ER (G2 N B AN D RE, I35 i 40 Al
PN B2 A M A BT, 7 L R A A P B L R
BE) L R A R R R R BB DIRE , DL ESZ I
AEF I 122 Bz 4 B 28 D K I T e i i
Bsah Rz, AN R, AdniEReE, iEE
BV, APYEACINTE . DA MBI A SR A S I K
PRAP A N B ATR YT IRT LA ST 7 A0 il 27 4 £ ik
AEEEZEL,

1% 7 45 A WL AR 73 ( hypothermic oxygenated
machine perfusion, HOPE ) J&—FlHi %4 B -7 H
AR, AE—E I A AT LAA 5 A ot I e S ) — il
MR AES , NAMRALE R FORNA R, AR
R, W LR AN, PETTSCE R A B R
Tifg. BRitzz4h, HOPE i HAWERRAMIEY . Wi
MAEEEZE . PGS E DIREAF LI, EF g HURR 2 A
18 1 285 5 v 4 R — b o R R SRR e R,
80% HIBRIR AT 2 20% HIBRIR KRR AL, X 4
RO RAZMEY AR, QPR . bl Pier
Hefe . MAEPATFNN B ORGP AE ) DFTERI, AT IR
R A 53 A TP SR PN B A0 AS AR SR SiE 22 /)N B
LT AEAL AR S AN, A BIFSE A AT 1% b A Tt

A P 6% 308 2o Ul AR A VBRI 0 9 T DA R
i T SHe vl 2 O TROCSY, PRI, A 0 o P
U 7 P 05 bR T LR 1l A5 PN B Dl M 451 4
AR B R AEAL, ABETRAUARIERF I bR X IRT s
M B R A TS R R E R

1 #HE57 %

1.1 SEIgH#Y

1.1.1 s=%3hdy  MEPE SD KRR (10~11 W, AR
i 350~380 g ) W [ AL A BRI ARG G, BT
A A TR FAR A T, R 22~24 €, R
B 609%~70%, FfHIEAE 12 h YEIE/12 h BESEER . i
EFEREN, FHARARME FARE D R EURE, 5056
IR A oK, RS N EEHERRE T TR, T
RAEEEE 12 he ALK WA L PF O
ST CHLE (RFRS . 202320002) o

112 22X A AE GRgHR (FRES L2,
BARA) 5 EHHAER (AL FER2il) ; ik
E M ERBE (syndecan, SDC) -1, il /IiFZE ( heparin
sulfate, HS) M I %0 % W BF i 5% ( enzyme-linked
immune absorbent assay, ELISA ) A& (BEEY
FHEABRA T ) 5 i is WU e R & (Fg st g ik
Y TR ) 5 GoCiBE (781 Merck 2] ) 5 $T
R B R IIELE R A v RINHER IR (fRE 2
A EARAT ) 5 /NhE G (REERHEEST
S ABRAT] ) 3 KPS-1 B HEHR . BB 2 e R
17 W ( University of Wisconsin solution, UW J& )
( LR ARHA AR ) 5 B E M (FE
TR ARAR ) 3 FAREBRE (HIITH =
WRIPCAERA R A o

113 s KRG 1 EEREREE,
5 IRISE 56 1 SD K L2 1R Bl AL 3 5 R k0
341, 2120 H: IEH4] (Sham 41) | IRI 60 min 41
(IRIZH ) . IRI 60 min+&7 #% 145 41 ( IRI+SDX
M) o ERAMNETESZI Y SD R BRI B LR 2 0
Jy24H, A4 5 2, H HOPE 41, HOPE+SDX 41,
1.2 ZWHNBRESHE

12,1 KA M IRI R4 EACAR A 09 1 3 R RAM T
AN ARAE N T 240 (50 mg/kg, MRS
BRI R UE T, SUNEER (10 mg/ke, BEIETEST) T
AR T IR o T HE VR S T ZE 0 D) 5 A 1]
Sham Z1 Fl IRI 41K fLA;: H R #f k3 1 mL A= B4R
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/K, IRI+SDX 4 K B H B # ki 8 10 mg/kg 1947
WEHRE, RREE 10 d. BERIREEST . RS, CRRRUE
TREFARREPWRFRE (37C) L. 28iE
SEMEALTREE, JFHRERTE (37.0£0.5) C. HUEHR
H 2 D) O R 58 22 W A TR I 60 min DAiFE B, #
FEE I OGP RR S, S KT ST 100 mL/kg R
K, AR BI4ERE K SR HT . DARRIR 25 24 31| 56 2 VE e,
B sh BRI R 240 (37 °C) v FETE 10d 510
B RO B, PR TE S 25 d 7R AR R BUE AT G Ak
Rl P 1 dEE4 6 HBUf)S @ RIE, FRECEIE
M, 5 JAHTF IR WA, FREE 10 d 54
2 3 HZRIEFARBUE IR 2L, Jdl 6 HHF PPl A=
FERR, XM EDIRRS 1. 2. 3. 5. 7. 10, 14d
SR ML S 0 LR, FE VRS 25 d ARAE S ARV
JlIR4EE22N

122 K5 DCD FAE#iA # 5 Z K KB SR
JH 2 Ak T Ak B2 R F i S o0 JE SR A5 Y O vk T
DCD K FUBE A BRI 5 U0 F iy fias B2 XU JIL 75 =
O ERAS:, 7E 6~7 min NSRBI [R], R4
KEVE T 37 C A b, F PGB ] 60 min.
KA FR A K (1 UmL) % iE S HS%
fitg (10 U/mL) 10 mL, iR T 2808 3 o0 bk s Ao 15 o
VEAEH o R BRI AT S IR BRI, R
Sk (24 G) , IFET 4 °C UW WP ERAD,
1.2.3 HOPE R 4f 5 1ij 4 i /9 77 1 # 47 HOPE!®),
HOPE+SDX ZH 4 &7 1% b4 ( 500 LSU) Jin A 25 mL
KPS-1 #iH (EFI8HIARR B 2 mg/mL ) |, TEHEER
GEER 5 min, SRERHEEEZRIRIE L, 7E 4~6 C
A9 HOPE #18], #ERRFE4ahlikEN 30 mmHg (1 mmHg=
0.133 kPa ) 14 2 h Iic S HEESE K hr e ) 1)
J 73163 LA TR — ik [ (4 37 2 A 3 F30 O A 5 BEL A
124 SeRETERGHAER Y FHEE1dEER
BB 120 RNA I IR B R 4t . R FH 3 S i 7

£, F RNA #5558 cDNA, 1752 i o8l Bl
MR RAEMRER N, VA B-actin fE NS, $iHE 271
BT T, XTI Ct A THE, o b s 2
f51d RNA ( messenger RNA, mRNA ) (A} ik
i, ST 1.

125 BAAZREFIE  FHHEE 1 d A0 dJEHA
41 10% Z R R 2 12 h, AKAEEIR, 7
ARZ L (hematoxylin-eosin, HE) Yeftf5, 624
B T WS B 2= AR Ak, BEAT B /INE B0 4
07, HBIEEEMIER 5 14, B/NE LR 4 ik
MK R ER . EARSREER; 257, BAME
2 oL QN TR VN> SR NI A L E 5% R S 7
Ol 1/3~2/35 3 43, B/NE LA . ik
NGER . RS ER, B SN R,
PR 25 d J5 B AH 2 T Masson Je (@ )5 ] Image J
EUG TR A T e o, TR A YL e
JE - A R B =l D i AR S T A < 100%, KR
Banff 1F43 410 534 0~3 9%, 0 94 [u] J5i £F 4 Ak i Bz i
DX 5% 1 2R BT A4l ot B2 T X I 69%0~25% (2
BE 6] B 2F 4e ik ) 5 2 G (A] BT £F 4E 4k o R BT X 5
26%~50% (P EERIBEF4EAL ) 5 3 ZRIAIBIETEAL b K
X i8>50% ( 2R Fier 4l ) U,

126 BAREZRFREAFEA FHEE1dER
e 28Uk (Gepedifb ) el R BLUE EZH 2
B 54557 F (kidney injury molecule, KIM ) -1, g
[A]ZhFf143F (intercellular adhesion molecule, ICAM ) -
1, 1% ¥ 1 & %% B F ( von Willebrand factor,
vWF ), S e eIk BUB IEZH 2L CD31 Y&
IKIKE, PEARAHE RIS L . RS 25 d fepiedd A g
£, K6 I 5% 4k 4= K [F 7 ( transforming growth factor,
TGF) -B. o-FiFWNLEIEE H ( smooth muscle actin,
SMA) . 1 BIRJFEH (type 1 collagen, COL-1)
FFR O, PR B RS 4t Ol . SR Image J K

x1 3519F5
Table 1 Primer sequences

FEN A PR 1E g J S

KIM-1 5'-AACGCAGCGATTGTGCATCC-3' 5-GTCCACTCACCATGGTAACC-3’
ICAM-1 5’-AGGTATCCATCCATCCCACA-3’ 5’-GCCACAGTTCTCAAAGCACA-3’
TNF-a 5'-GAGGTCAACCTGCCCAAGTA-3' 5'-GGGGGCTCTGAGGATTAGAC-3'
IL-1B 5'-CTGTGACTCGTGGGATGATG-3’ 5'-GGGATTTTGTCGTTGCTTGT-3'
IL-6 5'-GCAACTGTTCCTGAACTCAACT-3' 5-ATCTTTTGGGGTCCGTCAACT-3'

B-actin

5'-CGTTGACATCCGTAAAGACC-3'

5'-AACAGTCCGCCTAGAAGCAC-3'




+ 408 - arE A

F16

PTGt B T AR L A8
1.2.7 o 7 ¥ 35 L AT & M B 7 DUBF A P
W1 dfEREM ESHBKIMLFE S mL, BiJE % RE
1 800xg 0> 10 min, B L& F 1 EP 4 h & F
—80 C {RIFE&H, MRIE ELISA Kiliat 7] £ 5 B 450
JEMLIE T SDC-1., HS 7K o FEUIBRXF S Wk 1.
2. 3. 5. 7. 10, 14 dR4ERE# KA 0.2 mL,
1 800xg &.0>» 10 min, B LT+ EP &, RIE
I 775 HPLIEF 0 X 7) 10 I 5 00 35 AL
128 #HETEMENENEZTEH HEF 114G
BC 1% BT 7R 8T i AP ECVROTE T B JOE P 1M A 8 B2
BEE AR ID, WE A5 A A 0 ) s TR U R AR
0.5~1.0 mm AY/NERE R R ZH 2L, FHEETE 4 C /Y
2.5% IR FEHRBAEA B E W, 0.1 mol/L B ARES
GEopiehve, T 1% WELEIE [, R)E HIZER
Kbk, UL OBEKIG, F Agar Scientific f3H .
VIR JREE N 50~100 nm, FH 3% BEmRE (KW ) A
T TR, TR T AR
129 X BEEAMN T REFEEN FPEE1d
Ja . 2 KRk S SR EE (50 mgkg)
30 min 52K FIE E I KHEEE 0.9% NaCl w4 h
AIRL . SRS X R RS it 22 SR A8 SRR kb A, B
A BV AT TSR U OO TR . 1 B2 41
M TFEZEE T H 100% H ke (4 mL/g EiRE ) 7
24 h PEHUSCRBE Y RL, SR HSE SS C
T 24 PR THRRT . FEMERLDOTRTEYS
WEZ I, HASEEEE (620 nm 4b ) WlxE $2H
B SO YR B, st (SR R bRt
I TS B B
1.3 SitEFHE

¥ Graphpad Prism 8.0 44748 1153 Hr Fllz
Bl fFAIEAD AR 0T TR LSS Eebr i 22 320
PRI ST FEAR ] LU BCR AR RO « RS, 4 [R] L ACR
AR E T 2508, SRIG K Tukey £ LK .
¥ M Kaplan-Meier 4= 77 73 B oAl AL fE % . P<0.05 4
ZERAGIFRE L

2 % X
2.1 EFFE MR IE T BRE K R IRI A R IR 55 7
BEENERG

HE a2 R g ox, F¥EEFJE 1 d Sham 415 /)
BRI S, B/ NER S B NS S5 AR IE

B IRUZE /NS F A AR ik il i, B/ VS Y
sREA SR, R WL VE ISR AL, BNV R T
B, WRGIRIENETE , [RBA, K RAE A=
I, E/NERIE TR IRIHSDX 4 B AEZH 2L
R R, BN EBGE S TR (B
P<0.01, F1A) .

A S R B, 5 Sham 4l H#K, IRI
HR B /NVE E R i e e, B/ IVEE IR
WAL 2, AR KIM-1 2 iAH £; IR+
SDX £ B /N | R AR 5% IRT 2080, K SR
5t KIM-1 ik /> (#°4 P<0.01, K 1B) . IRI4H
KEUE2H 20 KIM-1 mRNA AH X} 3 35 = % Sham 2H 34
Jn, IRI+SDX 41 KIM-1 AH X% 5% ik & # IR1 41 9 2>
(¥k P<0.01, E1C) .

HE Qa2 R s, FEdE)E 10 d, IRI+SDX 41
SRR T — 2, B RS A S AR R AE K,
B LRI S — PR (P<0.01, B 1D) .

2.2 EREHEHETRE AR S IRI R IE R R

RS 1d, 5 Sham 4L, IRI 41K R
N AR T B, ICAM-1 Kkt £, KiEH
YHARARNR, SZEAR) T, HOEE S A 47 PN e R
8 A PR G £ 5 T TRI+SDX 2H P 1z 40 o4t 475 7
ACIRT 4%, ICAM-1 Rk, 1 4 O 35 Bs >
(P<0.01, K 2A) .

IRI 2 & 4 41 ICAM-1., TNF-a, IL-1B. IL-6 [
mRNA % £ 75 %8 Sham 43 %2, IRIZH+SDX 4H
B 2141 ICAM-1, TNF-a, IL-1B. IL-6 ) mRNA #H
XFFIREH IRT A (28 P<0.01, Kl 2B~E) .
23 EFSHEBRPLENEEZERBELEEE

5 Sham A AR, FHREEESS 1 d IRIA KR REHS
vWF Rk L2 I P Rz 40 9l %, Tl IRI+-SDX
2 vWF ik IR g0 (P<0.05, K 3A) .

55 Sham 4AHLL, FHEEVESS 1 d IR A S NER BX
B /INEE T B A0 A N BT /N LS Y CD31 25
S E [AAR HLAR 528K, T IRI+SDX ZH 4 1L Fh 6 30
CD31 /& £ 5, I 4 76 5 2 B 82 IF % K F
(P<0.05, K 3B) .

Y5 Sham A 04, FHEESS 1 dIRI 4K SDC-1,
HS 7K F-FFE, 1 IRI+SDX 20 SDC-1. HS 7K %%
IRT ZHF#A% (3920 P<0.05, K 3C. D) . EHH TR
fBE T, IRTALP FBEEEHER AR B ARG, B4
DA, A5 I ] LR i S B IRI+SDX 41
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KIM-1 mRNAA X}

IRI+SDX4

B/ NESEIT S (4))

e A BTG 1 d RS AL HE P00 KB/ NESITES (x400) 5 B FDMFRERE)G 1 d £S48 45 KIM-1 £
SETEOL (fsEdifh, x400) ;5 C ARG 1d B4HH KIM-1 mRNA FXFEiAS; D ENH#ETE 10 d KEEFHA
HE 4ea )2 /NSRS (x400) o 5 Sham 40 He#k, *P<0.01; 5 IRIZHHE, *P<0.01,

Bl1 SHEARENTR S MNSRGER

Figure 1 Pathological changes in renal tissue and the degree of tubular injury

PN B AR A3 DX HES RN A e e, AR/ DL
BB 5 Sham 4K (I 3E) .
2.4 EFiEHERAEIP S RE M EEE S

PR 1 d B IERAW BN, 28 A S A
BRI G, MO O B 0 Gkl b . IRI+SDX
BRI EEBLES T IRT 4L, B A S ekt
AL TF IRT 4L (P<0.01, Kl 4) .

2.5 SRS HEKEXR S IR B IR R BE
BREF %L

TR 10 d PIBRAEMEFAES , 24 RE 2 K
IS (K SA) o VIR NESS 14 d, 5 Sham
IR, IRIALIME MUK FHE, IRI+HSDX 41 IiLE
UK s 5 IRTALHEE, IRT+SDX 21 ifiL i ALEF
KRR (128 P<0.05, ESB) .
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. ARCHEFEDG 1 d &4 SHS ICAM-1 Jett (HRE 1k, *x400) ; B &K H'FHLS ICAM-1 mRNA FIX =ikt
C 5 TNF-a mRNA M %f ik & ; D M IL-1B mRNA AT Fik & ; E KN IL-6 mRNA A% Rk . 45 Sham 4 Hd,

"P<0.01; 5 IRIZHH I, °P<0.01,

B2 BRAXREAR

ICAM-1 B KAEEFFRIEKFELLE

Figure 2 Comparison of ICAM-1 and inflammatory factor expression levels in renal tissues of rats among different groups

A 25 d'B E 4] 21 Masson 4 {4 2R,
IR 20 A 55 22 I UARAE B /Nsk S B /N el B, [ s
ANEYTIK, B RIBTE A B INE e, B A BT 4
696 78 B B, TRI+SDX 41 K BB 21 4k 1k Eb 6] B
%, BEEBURE D (P<0.05, K 6A) . 5 Sham 21
A, IRT4H TGF-B. o-SMA il COL-1 & ik 3 Jinl ;
ifi IRI+SDX 41 TGF-B. a-SMA. COL-1 % ik & &%
IRI 2138/ (#5°8 P<0.05, & 6B~D) .
2.6 &4 EES HOPEEfF AT 2 £ % & DCD
EHEETSH

5 HOPE 414 1t., HOPE+SDX ZH ' JIf: % 1: v
s, B BH R, D 2 h S5, SRR
SR (1.18+0.03 ) mL/min k. (0.49+0.05 ) mL/min.,
( 0.25+0.01 ) mmHg/ ( mL-min-100 g) k. ( 0.62+
0.07) mmHg/ (mL-min-100g) , ¥25 P<0.01, 7],
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Figure 4 The effect of shulotide on renal vascular permeability
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Figure 7 The effect of shulotide combined with HOPE treatment on renal perfusion parameters
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