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Abstract

Objective: Ferroptosis contributes to many kinds of acute and chronic renal injuries, including DN
(diabetic nephropathy). This study evaluated the role and mechanism of Ganoderma lucidum po-
lysaccharides (GLPs) in inhibiting ferroptosis and protecting renal tubular injury induced by di-
abetes. Methods: Datasets from GEO cohort were collected, and relationship between DN and fer-
roptosis was analyzed by GSEA analysis. Immune infiltration analysis was performed to investi-
gate the relationship between DN pathogenesis and cytokines. High glucose-stimulated proximal
tubular epithelial cell injury and diabetes mouse models were used in vitro and in vivo, respec-
tively. GLPS was used to treat cells or mouse models. The expression of Nrf2, cell viability, gluta-
thione concentration and lipid peroxidation, and the level of cellular inflammatory factors were
detected. Results: GLPS could alleviate the injury of proximal tubular epithelial cells stimulated by
high glucose, reduce the level of intracellular MDA and ROS, and increase the expression of Nrf2 in
cells. The protective effect of GLPs on renal tubules can be blocked by the inhibitor of Nrf2. In vivo
experiment results showed that GLPs could reduce the blood BNU and Cr, and increase the kidney
glutathione concentration in mice. Conclusion: GLPs can play an antioxidant role by increasing the
expression of Nrf2, inhibit ferroptosis, and protect renal tubular cell death caused by diabetes.

Keywords

Diabetes Nephropathy, Ferroptosis, Ganoderma lucidum Polysaccharide, Erythrocyte 2 Related
Factor 2, Reactive Oxygen Species

Copyright © 2023 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

B35 R 5 3 (Diabetes nephropathy, DN)s& 18 14 B i & AU T- AR B FEE R K 2 —, 181w B
] 20%~30%, FHERAMMEAMETE AV, B/ANVERI B4, B/ NEREEA[1]. H BT CX DN B AL
HIRIE TIRAR TR, ZF4istr-25 7 DN ke, AFEFET. ETRIRE 2],
BRACT R AR I — Fh R S A AR PR T (R R AR [ e 18 T L R 4Gt Xe-(XCT) A4 e H ikt
%L1UFME4(GPX4)7J<¥B¢1EEQHEIH@V\JH}‘@LH&/&E, /D23 EH KA AN 38 4 i o i T S A AR 2R
BETI 5 A AR ST [3] [4], GPX4 M5 VG 2K S EUN R SVE S Dy e 5235 A IS8 T2 [5]. WFFLRY,
1E 2P B Bid% (acute Kidney injury, AKDIATE], BRAET 55/ NEHMMIET A IK[6]. it ER-1 (Fer-1)&—
PRI ERIE T N T B, HTSE AKI BRI BB NERH[7]. REGFH R CE KNI TAE
DN &3 B /NER A R EAEF8] [9]. SR, BRIET-TE DN HFRIMLE AR B B, el A 2 PR R BE T,
WELZ DN B AR
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TERNR R B R 5t s, P EAGKIMIBk —EgAH T A 20097 DN 752 &L 52
EUA) CAIE A X DN A %%, AT B AR R B 1 A B AR I 3% LT [10] [11]. 3T RAH % B 22 Fl e 2 24 e % Sl ik
IR FE T L DN BERE, B8 7 s S I dI R T, A8 b 5T B B /N AR AT AR o R R AR A
EHI[12]. R Z £ ¥E(Ganoderma lucidum polysaccharides, GLPS)/2 R 2 3L A& WiE 2 —, BH
LA PUEALRIPTE TR R [13], GLPs 7] LA MAPK Fl NF-xB 145 &2 3 0k 55 LPS %5 5 1f] TNF-a.
IL-18 Fl 1L-6 45 S AE A AORER[14]. A SLIR AU IE GLPs fIHIBIE T IAER], #R1F GLPs f&#" DN
AL -

2. 5 HE
2.1. BENRIEBERESLHIE

AR GEO #17% (https://www.ncbi.nlm.nih.gov/) 7 8 bR 35 Bk BE AR, 55 DN ik
[H ik 4 GSE142153, Hh 45 23 {51l DN H 35 FEACAN 10 {51 1E H FE A 56 R A 2l . 5 ] Strawberry Perl
(v5.30.0)%F JE R A 4 . A%, I R 1B & B4 (Vesiond.2.2) % Limma % $dE % 1E J5 347 2 =7 4T
PAllog2FC| > 1 FIFZIE P < 0.05 A%ttt hnitE, 1 ggplot2 £ /T2 57 DEGs -kl &, Pheatmap
BRIk 72 S B DK (DEGS) M FA ], adad 5 1B B SR > Hicd e £ ) S [7) 22 S 55 [ . {88 clusterProfiler 2
Rt % 7 FIE 3 K47 GO (Gene Ontology). KEGG (Kyoto Encyclopedia of Genes and Genomes)All
GSEA (Gene Set Enrichment Analysis) & £ 73 47 . {12 FerrDb %4f J# (http://www.zhounan.org/ferrdb/) i % H}
22 B6AIF AR AE T A 9 FE K] (ferroptosis related gene, FRG)3F#E— /0 #. 1 WGCNA %] JE K 2 K ik
B 11T WGCNA (weighted gene co-expression network analysis) & £ 7 #7 . 5% F glmnet f23£ 47 LASSO (the
least absolute shrinkage and selection operator)[Hl )43 #T#2 IE. ¥ pROC #47 ROC (receiver operating
characteristic curve)%ilF . %] reshape2. ggpubr. GSEABase. GSVA T iz il 2 Hr .

2.2. YHpAKETE

NI ER 400 HK-2 T ATCC (Manassas, VA, E[H), UM IRESHE 10%/6 4 i 1
DMEM/F12 £577 3k, AMfIEFR7E 37°C. 5%M) CO, 264 T o X THE IR MR A, HK-2 Al SR 75
H 25 mM D-# 4 kE(Sigma, 32 E) IR A SR )5, 455 A 10 AT 40 uM ) GLPs (MedChemExpress,
i) A

2.3. MDA, GSH. BUN #1 Cr 7K B30 E

158 FH T 5 2 A A AR A R W) R ) £ A I MDA GSH. BUN F1 Cr, JR I A 2 iR 7 £ (Bethyl
Laboratories, E[E), #7752 KGR 10U 8E 15 .

2.4. FERBR SUESRUMIZE (LDH)

LDH Ml 727 £ (K313; Biovision, 3EE)F T EX55E5E 4 LDH fiE 1, FH T IR540 5. &)
J5 1S IR AL B R B P
2.5. 4R AR ROS BV

fii F C11-BODIPY 75 &Il & g i ROS 7K F-(Thermo Fisher Scientific, 5 [H). /] 10 mM C11-BODIPY
BEFRAb AN 1 /N S, SCIRAE M IR R S 1% I LR 1) PBS Pidk . BB ROS /KPR 8 A i X
4l (BD Biosciences, ).
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2.6. LHREFEMEAET

{1/ MTT K U4HA3E 71 (Beyotime, _Ei#F). 3£ 1 x 10° () HK-2 AP0 5] 96 FLAR AR FLr. b3
J&, 1AL 20 uL MTT FF0EE 4 /N, WeFafLN s FREE, #4000 150 pL DMSO, &% 10 738h. HfG
F#1% (Bio-Rad Laboratories, 3%[E )il & 490 nm K ARG
2.7. ERMRENEE

[ 2 R 7R N RIPA 22 2% v (Bio-Rad Laboratories, 35 E). 10%1 — ke Jfisk B 4h 5% TR 45 Tk e s Jie
(SDS-PAGE) ik b2 BRI (M B R, T 7%k PVDF B 34T EDIZE(Millipore Corp, ). H
5% BSA 3 [ Ji5, {8 il ECL % %: % 5% (BioRad Laboratories, 3 [H) . HFiAVE4IE ST : 51 GPX4 (Ab125066;
Abcam, 3[H); P NCOA4 (Ab86707; Abcam, 3E[E); #i b-actin (proteinab, HiX).

2.8. FHHISCIE

24 WEME C57BL/6I /NRR(6 JH ) H il SLAC SEIG A R AT, shisLie s 5 K Fahwie 3
RREAHE. N BAFRETE TS S(SPR) SN, SPF ah¥n s WIAERIRE (25 + 2)°C, FXHRE
50%~70%, KT LL12h el RHZ R/NFIEFIE (50 mg/kg STZ, ESEN 4d, BEE R RPEIRE)
755 C57BL/6J /N BRBH IR B iR A . BB INRRBENL 2 A o B L (S AR BT AR IR 22 1)« 10 mg/kg
A1 40 mg/kg 1¥7 GLPS 8974 .

2.9. BSIEmMEEM OGTT

NS 12 h 5, BB 2 mm A5 EE, AW iF 2, o e s Ras B, &
25 G M . OGTT: X &5-41/INR A T 20%% &5 M AW 2 g/kg 3EATHE S, [AIAE 724 0. 304 60+ 120 min
MpE, 2lmpE - iR HhZE, JRih S 2 T~ mA(AUC).

2.10. 'BIhEER R ACR JlE

B SRAE B MR A o 38 I ), SR 4 A sh A ARl i LT . R R 4845 KA ELISA
VRN JRACE A B SR B o SR PRIV & (R 2 )l SRV ZKSF, ik & JR ACR (JR
kB 1 2R VLT
2.11. BARERL(HE)FE

B LU E AN RN BRIFAE 4% 2 S BRI 24 /NI o SRJGohise, HIRREE CREK, FFU1)
Fo BIANEHR B b 5 4r%h, LG 1 o0eh.

2.12. Gt

BT S 5 Bos P EIME + FrfEZE(SD £ SEM), 3K one-way ANOVA J5 2 43 #T 8L students-t
56, {3 GraphPad Prism 5.0 #4744 43 #7(GraphPad Software, %),

3. /R
3.1. GEO HiBESh ER R AR ETREEE ST

XF DN &3 5 1E % A S0 502 4 R B 45 (GSE142153) BE4T 22 7 43 M7, #4722 33 43 M 48 R A ek 1l
B L(A)), IR AT 100 A>22 57 2 R AR i B (14 1(B)) o GO SRR, 22 52k DR e AR i A
MG RIERE . AR (K 1(C)). KEGG TE iR IR, 2 755K & e 4 i 8 1A 32 4k
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Figure 1. Functional enrichment analysis of differentially expressed genes in GEO database

1. GEO #iREFhERRILERA BB EN T

i

3.2.DN BES5FEAERFEZERAS FRG g%

GSE142153 7 5 43 AT AL AT R FE T L [ 4E 1) GSEA B HE0#T, 45 IR FRGs 7E DN KR &L
B3 FEE(NES = 1.735, P < 0.001) (& 2(A)). WGCNA &FENH 4 R SR, Hra 3RS N 4 M,
Hr Meturquoise 18t 5 DN X R % V), 2 IEAHSE(r = 0.58, P < 0.001; 4] 2(B)), 1% {#|GS| > 0.5 & [MM| >
0.8 ZfHik— ik Meturquoise fEi S DN X REHEVIN 47 NEKE 2(C). HERIER.
Meturquoise 15t 5 DN ¢ R VIR . BRIE T BRI HUC4E, it 5 NS 4EEEF (1] 2(D)). X th 5
AT BEAT LASSO [B1H 2047, F#i 1) 1IL-1B. SAMD 7 #il ALOX12 (& 2(E), [E 2(F)), ¥ IL-1B.
SAMD 7 fil ALOX12 FE [ fif ROC HiZk s #T, 45 7R IL-1B. SAMD 7 fil ALOX12 2 Tiill DN f) K 4F
HIFEAR(E 2(G)~(1))-

3.3. GLPS #PHIgk I =% #F F IR RF1ER
NERVT GLPs ZE =M T 8 /NEB G P IER, HK-2 i s=ESH 25 mM B &g EET., &
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BB FRFE D LDH /KPR R m TR 3(A), RUEHNAITIAES T HK-2 g, A 10
AT 40 uM GLPs 4 FE4AM, LDH /AKCFREAK(E 3(A)). 4G 152 56iE 1 Sem bl S 8UE INE S5, 11 GLPs
WG 1 45005 (] 3(B))o il v bl 50 AN 105 RSB T IAE A, FRATTINE T MDA, GSH AR B ROS
K, SR EIREPEA A MDA 23T (1 3(C)), GSH /K2 3 FHK (14 3(D))s  HVeHRENERIR,
EFEH A L-ROS AK-F- T (] 3(E)) o BRAET- 457 Fer-1 eIk & bl T B /NVE 4l /L MDA, GSH )
AL (K 3(C) 5 3(D)), RIHEKIETAE mbE 5 2 (10 /NE E R R EZAEH . GLPs fg W3k 5
WS EUE /NE A MDA, GSH 1L (14] 3(C). ¥ 3(D)), MK ks ZH 4t L-ROS 175615 5 (14 3(E))-
F U GLPs FJ REiE i BH (14 M 2R A8 T LRGP B /INER b Rz 200 i 52 v W P 452473
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Figure 2. Relationship between differentially expressed genes and FRG in DN patients
[ 2. DN BEE5REEES FRG X &
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Figure 3. GLPs inhibited ferroptosis and exerts a renal protective effect
3. GLPs $FISkIE =& 35 B B (R F1E R

3.4. GLPS 35E Nrf2 #l$1& T 1=

Nrf2 & AENUVARPUA RIS, dERF A AR R N Fa S RIFEEAEH . AL, AN 1
BTSSR R A T Nrf2 2R KO R R FR(E 4(A)), 4Rz R Nrf2 b (5] 4(B)), RHIZ mbEg
S0 b R 4 R B 3G N Nrf2 F K-S RS X i . SR GLPs Y7 A SrpE a5 0 R
Y, 25 R BRI Nrf2 T AACFRIE S3mE 4(A), g0 Nrf2 B2 T & (E 4(B)). T Nrf2
I FI(ML385; medchemexpress, IR 7 GLPs X 32 iy b 75 5 1S b R 4m () 4R 37 78 B (I 4(C)).

A B
N Q(,» Control
AS
(JOQ’& \Q\G \Q\GX ‘?\GX
Nrf2 - - —— ‘
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(A) Western blot #&l] HK-2 ?EHE@‘#j Nrf2 Bk, (B) #fEu¢ ot HK-2 ZiMakz i Nrf2 7kF, (C) MTT Kol 40 i 77 .

Figure 4. GLPs inhibited ferroptosis via activating Nrf2
[ 4. GLPs #UE Nrf2 $IHI$kFE =

Survival rate %
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3.5. GLPS #p#1'S /& KRB pa E F

BRAET 2 — M ROREYEAAE TR, MR S SR R A T BURRE A B I R 183 % GSE142153 %X
P AT AR AL AR B 4R/ HT(sSGSEA), 45 AP DN 52 R & VEAN MBS AR S, Bl F SR A 5400
PO I B A A SR L E LR (1K 5(A) K] 5(B)) o K i 1 () 42 0 FE A IL-1B.SAMD 7 F1 ALOX12DN
55 AR AT M b, 45 IR IL-18 A SMAD7 5% 5 s S IAH 55 (8 5(C)). Aszihdr, 3RAM
KA Ellisa 5l 7 4Rz 7200 IL-1 fKSF, S SR E B g IL-1 fKFB R TS, GLPs iR
J7JE, AUHEHR IL-1 KE TR 5(D)).

A
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Figure 5. GLPs inhibited the release of cytokines from renal tubular epithelial cells
[ 5. GLPs HlH'S /& _E 7 4B REFE 4R R

3.6. GLPs @B HERR s |\ iR 15 AE 5 45

PER /NI BUN Cr /KPR E = FIEH ALK 6(A). Kl 6(B)), NIAIE GLPs 7E44 N HIIRIT1E T,
F 10mg/kg F1 40 mg/kg 1) GLPs X} STZ 755 (8 JRI% /N BRAEAT TI6097 . GLPs Y& Y7 RO PR ' 95 /) R IfL
BUN #1 Cr 7K-F B (1 6(A) & 6(B)). St HEZL/NEAREL, BRI B /s BRI H 8= 1) LDH. MDA
K, BEGI) GSH 7KF, GLPs F#{K T MDA /KF, F:#8InT GSH /K-F( 6(C). Kl 6(D)). SLIE4E )5,
HE G il ' EAN J5R 5 T 28 A0 AN o 285 SR S AR W PROVE B0 /I8 B PP A IR B e, AR /N, 3G
Z RAEIHIZIE (X 6(E)). 'B/NE UMK, B/ NERARUR N, R, BRI 2 E Ao,
GLPS M3t 75 /INEH 5K (K] 6(F)). BhAl, GLPS JA77 B BRI 1 B PR3 /N BB AT rp i SR AR (P 6(F)).
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Figure 6. GLPs alleviated kidney damage in diabetes mice
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