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Ducitol ameliorates membranous nephropathy by activating the PPARA/ABCA1 signaling
pathway to inhibit oxidative stress
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Abstract Objective To investigate the mechanism by which dulcitol ameliorates membranous nephropathy by regulating the pe-
roxisome proliferator-activated receptor « (PPARA) /ATP-binding cassette transporter A1 (ABCA1) signaling pathway. Methods Key
largels were screened using bioinformatic analyses. A podocyte model was induced using zymosan-activated serum (ZAS) and the cells
were treated with dulcitol, PPARA overexpression, or ABCA1 knockdown, to observe cell injury and oxidative stress. A rat model of mem-
branous nephropathy was established using cationic bovine serum albumin, and the rats were treated with dulcitol to evaluate the in vivo
therapeutic effect. Results PPARA is a key target for dulcitol in treating membranous nephropathy. Dulcitol or PPARA overexpression
alleviated ZAS-induced oxidative stress in podocytes,and there was greater improvement when they were combined,whereas ABCA1
knockdown reversed the effects (all P < 0.05). Dulcitol ameliorated renal dysfunction and upregulated PPARA and ABCA1 expression in
rats (all P < 0.05). Conclusion Dulcitol ameliorated membranous nephropathy by activating the PPARA/ABCALI signaling pathway to
inhibit oxidative stress.
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1.1 #Rk

111 S2EGEhY) 5 40 0 40 HUS AR HEPESD R B, 14
(225 £20) g, 1 [ S REYRHE A BRA F L VF AT
5 SCXK () 2024-0002, STRYEE A/ LU /NER
SR ZMPC-5, 1 [ 255t (i) AR A BR A
) o AT ARG I B8 24 K2 SR s W (e B2 B
234t (TCM-LAEC2023075) .

1.1.2 R S5 Dully B 75 5 2 Re R A R
OS] BEREZ RN U I AR B Ay (1) RO
FR A T s lipofectamin 300044 Yz Iy [ FE 2R K /R
BHE (FhE) A BRA ] ; peDNA3.1 . peDNA3.1-PPARA
JesiNC siABCA VAR 7 1635 3] 255 R A R
Nl FLIR W EUE (lactic dehydrogenase, LDH) Jif P4
KA £ HE A Massone (63875 & [ b 51 2R 3€
FRHE A BR 2 Fl 5 CCK-8iat 5 & . — 25 IR TUNELZH
JL 9 T ARSI R G (SR8 5) 1 1 95 ElMed Chem
Express /s w5 /NSRRI A (superoxi-
de dismutase,SOD), N [ (malondialdehyde, MDA )
ELISAI R &0 [ i 1S A W Bk 4 A BR 2 A5
DCFH-DAZSGHRE W FHOLRIRE (i) A= fn kb
BN W] 5 S i e S PCRS 9 i A TAE ) TR ()
JBetiy A BRA W) 1 s S kiR & .SYBR Premix Ex
Taqid I & B % HEAEYHE AR ba) HRAH;
BCAZE 1 & 157 &  PVDFIEI [ 28 = R AEY)
FAR AT BN 7] s PPARAYUAR G [ I AL 252
T AT BRA Bl s ABCALHLIA .GAPDHPLA . HRP{HEX
e [ 2T (1) 52547 BRAA A Immobilon
H A ZOCHRPIR P A R R A R
O] BB 4 175 2 1 (cationic bovine serum albu-
min, C-BSA) I F At 5t WS A M RH A TR A F . A
kA RGO C IR S B R Ge e A vh E iR R
BHEA RA A 4 A S4B Pr{U%W H H Z<Hitachi

.

1.2 ik

1.2.1 MR 5 A W) (5 275047 F 1 PubChem
B g (https: //pubchem.nebi.nlm.nih.gov) 2 Dul
(C6H1406) 3KSMILES, fflSwissTargetPrediction {3}
(http : //www.swisstargetprediction.ch) Sprediction¥
vl (https: //pre-diction.charite.de) 751 # 15 . MANCBI
FEH R IR ZEE (gene expression omnibus, GEO) 4
J# (https : //www.ncbi.nlm.nih.gov) 2k BLGSE175759 1
GSE73953% ¥ 45 , FHGEO2R T H.fifi %k 2% 5 3k
(llogFCI>1,P < 0.05) . AGeneCards B2 % (https : /www.
genecards.org) i & SE AN B S (P> =6) R Eu)
Venn K B 22 4E , FISTRINGE & % (https : //en.string-db.
org) PR [ -2 (1 B A BAEH (protein-protein
interaction, PP) [ 2%, ¥ 0 {8 5 BE(E HE44 , A
PDBEUEE (https : //www.resb.org) EHPPARA .NFKB1
fim 1A, APubChem%% 3% % (https : //pubchem.ncbi.nlm.
nih.gov) FEHXDul SDF, Fj AutodockVina 1.2.2%}4%,
PLIP/ M1 541, PyMOL 2.57] #iAk

1.2.2 AR e 55020 A MPC-S 4 T DMEM+
10%FBSE 7 )57 ,37 °C 5% CO,5: 35434k, 2 I8 SCRik
[10] 7kl & W BRE Z B 15 AL 1L (zymosan activated
serum,ZAS), 8% ZAS (100 pL, V. L JEC5b-9) #
7. A2 IV S AR AR FE AR R A T S LADul (30,
60.90.,120,150,180,200 wmol/L.) Tl 4t BEMPC-541
11 h, 382 CCK-8AG I , B 5 Dul 1Y) 5 AR IV B2
180 wmol/L. 4 Jfl % Y4pcDNA3.1 . pcDNA3.1-PPA-
RA \siNC siABCA 13011 . K 40 i 3k X6 HE L ZAS
ZAS+Dul \ZAS+pcDNA3.1.ZAS+pcDNA3.1-PPARA
ZAS+pcDNA3.1-PPARA+Dul \ZAS+pcDNA3.1-PPA-
RA+siNC . ZAS+pcDNA3.1-PPARA+siABCA 14H 5 44
48 W5 A A TAH R -1, Dul AL BRSE TZAS,

1.2.3 MBS K BRI 37 5 432 : BE AL X
SDK B JySham#H , Hi4v32 H ok BL28 B # kB 8 1
SPC-BSA, 551835 H g5l (1 mg.1 mg.1 mg.1.5
mg . 1.5 mg.2 mgFl2 mg), 538 2.5 mg, i H 11K,
oy A B g R T Bradford I A2 1) £ AG:
24 hJRZE H (24-hour urinary protein,24 h-UTP), #ff
INERLL I , FHREHLS> A Dul-L4L  Dul-M4H . Dul-H
2H JeModel2H , ¥R AL 5 551 KA , 43901 15 H 3 50
mg/kg Dul 100 mg/kg Dul . 150 mg/kg Dul & SR FHZE
WK, LA e — IR 25 5 K24 h-UTP, 4= H
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A AT G L 7E WUET (serum creatinine , Ser). Il
R Z A (blood urea nitrogen, BUN)

1.2.4  LDHBE I S 40 HLTE 77 L P TG0 0 - 8 75 e
A (5 x 10°/mL, PK¥#5200 W,3 /10 s,300%) J, 5
AL (4 °C,8 000 g, 10 min) B _F ¥4, 3 B ) & 150 HH
5 K LD H. . K 241 M 42 Fh Z296FL 4, 35 7724 b5
CCK-8WFF 4 h, B 450 nill WG RE 3 A Fham
Jit2 (1 x 10*/%L),4% PFAE 510 min, Triton X-100iH
% 5 , TUNEL37 CHF 51 h, DAPIYLAZ, 96 W i B
ToREEUR  HEFT- %,

1.2.5 AL B CHR AR KN : 4 °CTF 1 000 g#5.0»
ZH 520 min, HUF35  FHPBS e I 3 s B 4 40, 1 4%
A B FIPBSTKIE 219K, 5 000 g5:025~10 min,
BV o i B S 0 A543 rhSODTE 4 A
MDA 75 32 o WUHE 45 20 240 Jf 5K 42 b 2296 FL A, fin
DCFH-DAZEEHRAL (12 500) 37 “CHEF20 min,
PBSPE3IR  ZO G AR N RAEEIUA, & JlG PEAA (reac-
tive oxygen species, ROS) Z¢)Gi#

1.2.6 2454 2 F R N7 1) 8 55 A8 P (drug affinity
responsive target stability, DARTS) SL0G . K FHHDARTS
B iEDul SPPARAIN 254 o 2Lt 2 ik A FEMPC-5
YAAE30 min, FEHEE H 543 0% BR (551 mL/L DMSO)
20 | i A 2R G A BE 75 AR H B +Dul (180 pumol/L)
2, BEFE AR IS 8 A IR A HL B 2 20 000, %
TR FHE 10 min, IS min, #H1T Western blottingFa il
1.2.7 SZ0F 2 B PCR : FTRIzoli2: 45 B4 20 2 41 it B
RNA, S % 575 cDNAJS , LASYBR Premix Ex TaqiF4T
S SE HEPCR o 2 AR 2225 pll: 2 x Premix 12.5 pl,
10 wmol/L I F 5 #1450.5 pL, #8411 pL, #itRk2 ul,
TR K5 Lo N 554F:95 °C 305,95 °C 5 5.60
°C 30 s, 40MEFR, 27 S“9ETTE HARSE AN ik
Ht. GAPDHYERWNZ B SIYFHI W : PPARA, IE
5’ -GTTTGAGGGGGTAACAGCAA-3", L[5’ -GC
TAACTGCAGAGGGTGAGG-3" ;ABCAL, iE 5 -AA
CAGTTTGTGGCCCTTTTG-3", ]2 15’ - AGTTCCAGG
CTGGGGTACTT-3" ;GAPDH, iF [f5’ -CGACCACTT
TGTCAAGCTCA-3", JZ [1]5° -AGGGGTCTACATGGC
AACTG -3

1.2.8  Western blotting: LA 7% 85 [ i/ 1 it 417 ] 741)
[ RIPAZL fifEMPC-521 i & ' 2H 21, BCAXE i Ji7 B30
petE 78, #E1710% SDS-PAGEHL JK I/ i, J5 4]

JF4 CH¥E —¥1 (PPARA (ABCA1 .GAPDH) 17, —
Pr (1 : 5000) FiRFE2 h, ECLE, LIGAPDH
WZ
129 BHHLURM S R H Az 0 i H4%%
R HH i 1 2L, A B SIS 2T, IS
7K G T THEFMassone (2, Y645 T WAL 1 414
YIR B8 3% H,0BH BT AT B R § 16 52 . BSATH 4],
PPARA ABCA1—¥i (1 : 100) 4 Cid % ,HRP 4
(1 : 1000) % iRFFF1 h, DABR (4, FiA K Y,
HImage-Pro Plus 6.0%% {4 115 F- 3 4. % BE (average
optical density, AOD) .
1.3 GeiteEoth

K FHISPSS 26.01GraphPad Prism 9.5%% {4 £ 17 45
T2 A T o 3 OB DAx + s 7R, 240 b SR FHok:
5, 22 40 HORCR TR DK 3R T 26 43 Mt S LSD-146 56
P <0.05 hE=FA G E L.
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2.1 DulTiB;ZASE S HIMPC-54H i AL B 1

550 RELH AR L , ZASZH 41 B 38 58 1% 1 F#AIK, LDH
T TR K Y- R 240 L 41 T 3 T &7, SODI 14 T B, MDA
HIROSIKF-TH 5 (HIP < 0.05) . S5ZASH LL#E, Dulss
AR A1 O 4T 84 9, 180 pumol/LASC SR Fe 2 ,
Bz T IR 2525 . Dul s , LDHBSHCA AN
ML T 9820, SODIE PEHE 5 , MDA FIROSFE IR (FP <
0.05) JILEl1,
22 EWEBFA AR

Venn[& HtDul | 440 W 05 A B s 2 S
ARG [FIHE 5 (K2A) o PPIMIZE 42 o PR
HEF 07 6 1404 SONFKB1 PPARA (K2B) 531
X4z i 7R Dul 5PPARA XS 2 73 $1-5.5 keal/mol , {5 T
NFKB1, JE i &V, E Sk 25 A (K12C) o DARTSSE
55 R, 5K EEZLPPARAZK i, Dulll 2 7K fift , J1F 5%
B 454 (KI2D) o Western blotting%h 5 i 71, ZAS
FEAR TPPARAZR IA /KT, iDuldt 5 T PPARAZR IA
JKF- (P <0.001)(KI2E)
2.3 _EiAPPARABKEZASYE S HIMPC-S4H 5 15 5
E=R AR

S22 B PCRES R W 7R, pcDNA3.1-PPARAK%
YLl 3 FHPPARA mRNAZE ALK (P < 0.05), iF5E
YL ). ZASH AT B PPARAZE [ R IR 55,
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A, cell viability (CCK-8 results) ; B, LDH release; C, TUNEL results ( x 200) ;D,SOD activity; E, MDA level ; F, ROS fluorescence intensity detected by
DCFH-DA probe ( x 200) . *#%P < 0.001 vs. control group; #P < 0.05,##P < 0.01,###P < 0.001 vs. ZAS group. n = 3.
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Fig.1 Dul alleviates oxidative stress in MPC-5 cells under ZAS induction
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A, Venn diagram; B,STRING analysis; G, Dul-PPARA docking; D, DARTS assay results; E, Western blotting results. ***P < 0.001 vs. control group;
###P < 0.001 vs. ZAS group. n = 3.
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Fig.2 Bioinformatics analysis results
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A, real-time PCR results; B, Western blotting results; C, CCK-8 results; D, LDH release (podocytes) ; E, TUNEL results ( x 200) ;F,SOD activity;G,

MDA level; H, ROS fluorescence intensity detected by DCFH-DA probe ( x 200) . ##P < 0.01 vs. pcDNA3.1 group; ###P < 0.001 vs. control group;$P <
0.05,$$P < 0.01,$$$P < 0.001 vs. ZAS+pcDNA3.1 group; AP < 0.05, A AP < 0.01 vs. ZAS+pcDNA3.1-PPARA group. a, control group; b, ZAS group;
¢,ZAS+pcDNA3.1 group;d,ZAS+pcDNA3.1-PPARA group;e,ZAS+pcDNA3.1-PPARA+Dul group. n = 3.
E3 _LiFPPARAMIZEZASESHIMPC-620 AR 5 | AL Rl
Fig.3 Up-regulation of PPARA ameliorates ZAS-induced MPC-5 cell injury and oxidative stress

2.4  FSABCALYHE |iHPPARARIZASIE FIMPC-5
R PR Y E
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F IR KV T a4 S 7 82 5, LDHFEAIR, 48 f 04
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ZH S AH 00 (9P < 0.05) o ILIE4,
2.5 Duldbs R B R BRUSERY B 40 1 A T

25 i IR, Model4H K fl24 h-UTP J Ifil 7§ BUN 5
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Model41 5 41 ZLSODTE 14 F% ik, MDA 5 ROS/K - Tt
1 ,PPARA S ABCAT AOD{HE T [% ; Dul T 1 J5 SODI%
PETH 5 , MDA 5ROS/K B, PPARA (ABCAT AOD{H
BN (F4IP < 0.05) . WLIES,

3 itHig

ZASIF 7 JE 20 M5 45 455 0 g % o o BRI
%lew'%ﬂéfﬁ% C5b-9 YLAR, AT 7E24 hiN a5 & il p
i 55 o o e 2 AR il A 40 AR 5 M B 1 (podocin |
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A, real-time PCR results; B, Western blotting results; C, CCK-8 results; D, LDH release (podocytes) ; E, TUNEL results ( x 200) ;F,SOD activity;

G,MDA level; H,ROS fluorescence intensity detected by DCFH-DA probe ( x 200) . a,ZAS+pcDNA3.1 group;b,ZAS+pcDNA3.1-PPARA group;c,

ZAS+pcDNA3.1-PPARA+siNC group;d,ZAS+pcDNA3.1-PPARA+siABCA1 group. **P < 0.01 vs. siNC group; #P < 0.05,##P < 0.01, ###P < 0.001 vs.
ZAS+pcDNA3.1 group; $P < 0.05,$$P < 0.01,$$$P < 0.001 vs. ZAS+peDNA3.1-PPARA+siNC group. n = 3.
El4 BURABCATE S FIHPPARAXZASIE SHIMPC-540 ka5 {4 I R 1E F
Fig.4 ABCAT1 knockdown reversed the protective effect of PPARA upregulation on ZAS-induced MPC-5 cell injury
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A,24 h-UTP,BUN, and Scr levels; B, renal pathology (HE & Masson staining, X 200) ;C to E,renal SOD,MDA,ROS levels;F,PPARA & ABCA1

(IHC, x 200) . *#%P < 0.001 vs. Sham group; ##P < 0.01 ,###P < 0.001 vs. Model group. n = 8.
E5 DulEHE KR BHG

Fig.5 Dul ameliorates renal injury in model rats
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