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Abstract: Ultrasound-assisted hot water extraction was utilized to obtain Phellinus linteus polysaccharides (PLPs),
and its protective effect on liver injury in exercise-induced fatigue mice was investigated through modulation of the Nrf2
signaling pathway. Results showed a PLP extraction yield of 7.64%, with a purification efficiency of 23%. PLP administration
led to a significant reduction in the liver coefficient of mice compared to the exercise-induced fatigue model group. Moreover,

it increased swimming endurance times of the low-, medium-and high-dose groups by 15.58%, 34.69% and 53.06%,
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respectively. Compared to the sedentary control group, the model group exhibited significantly diminished activities of
antioxidative enzymes in the liver, including superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-
Px), alongside increased malondialdehyde (MDA) content; serum inflammatory factors such as tumor necrosis factor-alpha
(TNF-a), interleukin-1 beta (IL-1) and interleukin-6 (IL-6); and alanine transaminase (ALT) and aspartate transaminase (AST)
activities. Conversely, the low-, medium-and high-dose groups demonstrated elevated antioxidant enzymes activity in the liver
and reduced MDA content in comparison to the model group. Notably, the high-dose group exhibited significant reductions
in serum TNF-a, IL-1f, and IL-6 levels by 50.54%, 50.51%, and 46.21%, respectively, alongside ALT and AST activities by
33.30% and 34.57%, respectively. Moreover, mRNA expression levels of Nrf 2, HO-1, and NQO1 were significantly lower
in the model group compared to the sedentary group , while Keapl mRNA expression was significantly higher. Post-PLP
supplementation, mRNA expression levels of Nrf'2, HO-1 and NQOL1 significantly increased in the low-, medium-and high-
dose groups, while Keapl mRNA expression significantly decreased. These findings collectively suggest that PLPs enhance
hepatic antioxidant capacity and reduce inflammatory factors in exercise-induced fatigue mice by activating the hepatic Nrf2
signaling pathway, thereby mitigating liver injury.
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Table 1 Primer sequences

HECEZ S Em54 (57 —37) Re il (57 —37)
Nrf2 CCAGTACCAGCAACGGCAT TGTTGTGCTTTCAGGGTGGT
Keapl TTGTTCTGCTGCCTCTTCTGC GTGGGTGTTGCTGTCACCATG
HO-1 ATGGACTTCCGGTAGGTTCA GCCCTTGCCCAGTAGCTTCA
NQO1 GCCATCATTTGGGCAAGTCC TCCTTGTGGAACAAAGGCGA
B-actin CATTGCTGACAGGATGCAGAAG GAGCCACCAATCCACACAGAGT

134 FZE ST R FALT. ASTHI A

PR 4% HR R G Ul B R, e /N BRI
ALT F1 AST &1k
135 ZF S R A iEa g f XER
TP % m

FREX 0.1 g FFHEZHEZ, I\ 0.9 mL R £h 22 iR
(pH 18 6.8), FHLFNHFEEALHIEL 10% ) 2%, 3 000 r/min
B0 5 min, B EEIEWARN, 80 CLRAF. R4
ELISA 37 &0 ua B 5, 23 5ol 0 5 /)~ B AL 3 AR A 4
4k TNF-a. IL-18. IL-6 7KF,

13.6 FFAEAL A £ &

EVE TR IR A 4 wt.% £ 5 s
S, IR 50%. 70%- 85%- 100% ZEEREK,
HAMAME, Pks pm R, THE, 60 CHl
30 min, FEAKIRE TR Qi T Qe g o,
BAEE QK K Ja R a4 R .

13.7 FFIELERIABMNBEE Al B MR

W75 1.3.6 TRAF I IE L 23, 42 B ) &
Ui B A5 5E LA AL EE (SOD. CAT. GSH) iEPEAI
MDA % & .

1.3.8  FFAELALANI21Z 5 i@ 3548 % A B mRNA# &
KK

P2 08 8 I B AT I 4H 2 RNA, S A 4T
U 7, RS cDNA, WA f = kAT
REE PCR Y1, 43 Akl Nif2. Keapl. HO-1.
NQO1 mRNA FIE/K K, LA B-actin NN Z, K 224
20 H SR T E . VEAHSIME B 1.
1.4 HABAE

HoHE K FH B SPSS 22.0 434, # 3 48 FH 215
+ bRiEE (x+s) Ron, ZAHMEEE LLECR FH R
R ENT, HBIERA /5%, P<0.05 FoRZE

FEE, P<0.01 XnZEFWEE, GraphPad Prism
9.5.1 £Kl.

2 ZER5SMH

2.1 %44 (PLP) WWiosE it

50 g ST SLARIRIIS R 2 hE 382, SgH
2 W 0 2T U4 2R R SRR A R AT i 15 3 Ak %2
Wi 115 g, REZHENIRIUSRN 7.64%, LR N
23%. REZWMELTHERZENER] 3 M, W 1.
PLP-1 22 728K e MifS 2], o5t 42.36%, PLP-2
28 0.1 mol/L NaCl ¥efiifg2, 2457kt 48.75, PLP-3 4
0.3 mol/L NaCl #eflifs2, 275 L 8.89%.
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Fig.1 Separation and purification of Phellinus linteuse
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%

MFE 2 ATHT, N ERAR B AE IR WG N, 2R 7.
14, 28. 35 KHf, NEcon 41/ R4k i & ¥ & T
FoAhdH, (H& A2 /N BRI AR B3 2
5 (P>0.05), UtBHIE 3N 55 % /N AR B = A
—E M, H 2 RN LS, PLP X/ B
JREA AT, XN R A KR B A R
HIERH . WNRAFIEfR 8T LA, &4 R3f7E7E
BEER (P<0.05), Econ HHFMFfa%im K, il
BB E 57 B 2 /N RV PT R H I T A, 3 AR AR
K fEANARAE. o =IRERE G, MR
SRFEFCGES, WRHERENEE /N RIS
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Mo M 1tliEek I R] &, 5 NEcon #HLt, Econ 4/
B JUE DK N (R BRARG, SRR IZ 3198 57 BRI T /)
BIIZENM 77 ; 5 Econ ZHAHLL, FEZHEHE. . &
WL /INBR T B DK I (R 35 R 3G 0, 43 ) B 35 3
T 15.58%. 34.69%. 53.06% (P<<0.05), ¥iHI#h7E5
W2 B R E/ N RIS ER . s bR
B, R ZPEAN G T8 3095 57 /) BT 2145
M, g T /NRIZB 1, BB 2 R 5
i, ORI

23 ZHELZBEXDRIFEA LA E M
AN A E N

M 3 A 51, 5 NEcon #HEL, Econ 41 /) & AT
L3P LB (SOD. CAT. GSH-Px) %1%
FEAK (P<<0.05), MDA & &N EETHE (P<0.05),
Wi BR I8 B 57 J ) T AT N PR S 1, A
1340 b T AP s 5 Econ #H L, E-PLP-L.

E-PLP-M. E-PLP-H Z/MRAFAEZHZIH SOD. CAT.
GSH-Px i MEX¥ I T &3 F+ & (P<0.05), MDA
SEN I T B FE (P<0.05); 5 E-PLP-L M
kb, E-PLP-M. E-PLP-H 4 SOD. CAT. GSH-Px
WEPESEI T BER S (P<0.05), MDA & &
F K (P<0.05); 5 E-PLP-M #tt, E-PLP-H 41
SOD. CAT. GSH-Px &1t — > B E &=, MDA
SEESEERIC (P<0.05); B4, EBWTLLE
i, E-PLP-H ' SOD &4, MDA % &5 NEcon 4~
A% 2% (P>0.05), ifi CAT. GSH-Px jif P
N % 5T NEcon (P<<0.05). LiRsghBFHH, /)
RAEE SR 5IRE T, AL A RS 2
B TR A0, FEREAN A2 B T AL SR AT
TEANARE R, RS 7oA EErE, %
il T PRI SE LR E R, H 2 PR e, 4ufi
FALNBUKFER, #MFE SO mg/mL fIZIELHE, 1850
95 55 71N BRH AR R T DAY SR 38 TE 5 2 K-

®2 REAZMENNRMAERE. FFAEFEEAN J155iHFK i 8 B 2200

Table 2 Effects of Phellinus linteuse polysaccharide on body weight, liver index and exhaustive swimming time in mice

o R E e FRREIER kR
% 0K FAES % 14 & %28 & %35 % 1% /min
NEcon  23.65+1.65° 30.92+1.87° 36.41+1.93" 42.57+220° 4585+2.53" 4.22+0.09° 17.86°
Econ  23.76+1.75" 28.76+1.67° 3422+184" 38.78+1.82" 43.72+2.04" 5.76+0.15° 12.57°
E-PLP-L  24.04+1.82° 29.54+2.01° 34.54+1.98" 39.24+2.13" 4425+187° 5.53+021" 14.78°
E-PLP-M  23.66+ 1.78" 28.87+1.64" 35.18+2.31"° 39.22+232" 4537+244" 4.87+0.24° 16.93¢
E-PLP-H 2358+ 124" 2034+183" 3472+2.11° 38.64+245 43.62+258 448+0.17° 19.24°

E: R FEARRYINEFEERFTEFEE (P<0.05),

TRRA.

% 3 RESETPMRIFEELMDAZEFSOD, CAT. GSH-PxiE RIS
Table 3 Effect of Phellinus linteuse polysaccharide on MDA content and activities of SOD, CAT and GSH-Px in liver of mice

il SOD/(U/mg) CAT/(U/g) GSH-Px/(umol/g) MDA/(nmol/mg)
NEcon 376.28 + 14.35"  32.69 £2.36° 36.35+3.05° 4.23 £0.84°
Econ 183.25+12.58°  16.85+3.24° 19.86 +4.12° 1035+ 1.36°
E-PLP-L 223.47+13.45° 2124 +435 24.63 +3.48° 8.47 +0.85"
E-PLP-M  263.48+1528°  28.63+5.78 34.82 +5.62° 6.82 +0.76°
E-PLP-H 38262+ 17.62°  35.72+4.23° 4276 +5.84° 433 +£0.73°

* 4 RESENNRMBETNF-a. IL-18. IL-67KFHIM
Table 4 Effect of Phellinus linteuse polysaccharide on serum levels of TNF-a, IL-14 and IL-6 in mice

540 TNF-o/(pg/mL) IL-1p/(pg/mL) IL-6/(pg/mL)
NEcon 753.14 +22.53¢ 56.27 +8.35° 86.75 +12.35°
Econ 1462.85 +25.47" 124.73 +12.24° 186.82 + 14.26"
E-PLP-L 1232.45+23.18° 103.51 £9.76" 152.43 +13.87°
E-PLP-M 965.78 + 18.73° 89.65 + 8.46° 126.84 + 11.62°
E-PLP-H 723.49 *23.65° 61.73 £9.38° 92.85 *12.16"
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2.4 FHEEAER/NRAME R E HFAFHEE

MFE 4 FTHI, 5 NEcon #HL, Econ ZH /)N 5 LI
o R Rl T TNF-on IL-18. IL-6 7KF 43 5 & & 7
T 9423%. 121.66%- 115.35% (P<<0.05), i Wiz
P FIRE T, NG S R R 77K P2 R
A, ANEAARRHI TP ER RAE RN . 5 Econ
A kb, E-PLP-L. E-PLP-M. E-PLP-H 41 /) f I
& H TNF-a. IL-18. IL-6 /K ¥ H Bl T & 2% %
ik (P<<0.05), H &k fE 2 P54 E-PLP-H /)
BRI B TNF-a. IL-18. IL-6 /K- FFEARHRE, 4>
S B BEK T 50.54% 50.51%. 46.21% (P<<0.05),
J4h, 5 NEcon # Ht, E-PLP-H 2 % % i K 1 /K °F
AR ZFEZER (P>0.05), P47 50 mg/mL
MR HE, W LMEIE 3% 55 /) BUILIE Hh 280E R 7
KPIERNEF RS 8REW, RHRZHBEAREA N
BIBBNPEST T AN RN RAEVER, S
2.5 FELHEM/DRMFEALT. ASTH &0

M 5 H[H1, 5 NEcon #HEL, Econ 41 /) §& IfiL
J& ALT F1 AST 3G PR 8L 1 &2 25 38 i (P<<0.05),
Ut W32 B 9% 57 A 43 /8 BRI ALT T AST & &K
ME Tt s, ARSI T % Hif. 5 Beon AHLL,
E-PLP-L. E-PLP-M. E-PLP-H /) i Ifl & 1 ALT
WM A R E R T 15.44%. 22.42%. 33.30%
(P<<0.05), AST & 1% 73 7l & & [ 1K 1 16.90%-
26.73%-34.57% (P<<0.05), {k X I R
74k, B LU %2 B E-PLP-H 5 NEcon #H L, ALT
AAST WEHIAFAERE ZR (P>0.05), Bk
REW, 02 EASGEIE 3N 5 /D BRI D) Redi
PifE R, 2 BEUR R 8 S O G, iR
/N EUF D e AT LA 21 1 2K

x5 RESHEXALT, ASTHINE
Table 5 Effect of Phellinus linteuse polysaccharide on

ALT and AST
il ALT/(U/L) AST/(U/L)
NEcon 47.58 + 6.25 125.82 +17.32¢
Econ 68.14 £9.74° 194.63 +21.35°
E-PLP-L 57.62+8.14° 161.74 + 16.84°
E-PLP-M 52.86 * 8.35° 142.61 + 14.38°
E-PLP-H 45.45+5.71° 127.35 + 15.72°

2.6 FHHE/N BT IE L R AR o

ME 2 8] LLE H, NEcon 4H /) B T AF 40 i 2% HE
BIEETE, ZSUFE, RIAE NS E], BHHB

R MIRE s 5 NEcon #HEL, Econ 4H &R HES)
HEL, UK —, Ui 2L ELI BT, LT
KRR 40 B = v R0 28 RN IR 9 s 5 Beon H L,
E-PLP-L. E-PLP-M. E-PLP-H f Jif 21 2395 ¥ 175
FERTE AR A AN U o (AR I R S e SR G St
RANEIZIB I, AHHEF AR A O, I
o E-PLP-H [ 48 B K /N3 A1 R BE 8 T 1R & /K1,
Jif T ) 5 R 4 2 0 A5 15 B IR USR5 WA, 4 M ¢ 1k
RIEME T RENGE. SRR, BT 5D
BOFFRESE # B0 T BH s MR AR Ak, b 72 S 08 220
S v DA O A M HE B, A A TR 2 8 Tk R B
TR R, AR A R e b, H 2 Bk B
TR, FFR A A B A ) S AR R R 3

2 RE ZHEXEIES /R SR ER SR
(HE, EEBIR 20 um)
Fig.2 Effect of Phellinus linteuse polysaccharide on pathological

morphology of liver structure in exercise fatigue mice

2.7 FHE HNES T UEA AN21E B B A %
£ FmRNAZK 3k K-F 1y % v

i & 3 A #1, 5 NEcon #H Eb, Econ 4H /D &
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Fig.4 Protective mechanism of Phellinus linteuse

polysaccharides on liver injury in exercise fatigue mice

Nrf2 5 5l B2 S 5 AN Sy i1y .
ML RE T R EENE SR SER P,
Nrf2 75 I WE 40 23 5 48 A0 B 3800 B AR 98 0 S o 5
HECR, TR 552 208 SR I 5 B AR
o BFR B Nef2 B350, 7T DLBOE Nref2 15
SiEEg, s FEPTEMEE (HO-1. NQOD) &
ik, JEBRIEZ 1 ROS,  FEAR A M 1 S Ak BB OK F
3 T A 400 A 4 52 AR 4505 B I FEAIE S,
Z PE AT LS Nref2 (55 38 8%, e mpra i m
ik, AR T /N RIIE B 738 R4 I b 52 4
WG . AT, 5t AL, B

R /N BRI Nrf2 B mRNA kgl i,
H N HO-1. NQO1 ] mRNA F£ik 7K1 52 FFK,
W7 F W E M S, Nrf2. HO-1. NQOI ] mRNA
RILEKFHRER S, HEEEZRERNES, H
mRNA KEKFEZ e m. Ikl L, SEZ ]
JE AR Nrf2 45 58 ok Uk 42 U 1 481k B R
R, FATREAE AL LI 4.

4 ZEip

SI8sh o AL AR L, S 2 BEAN R 3 %
K T/NRIATIE RS, B E I E T /NI 3805
PRIFR), AR Hr IR A B Ui Dk A T 43 1) S
PE T 15.58%. 34.69%. 53.06% ; M4b, FHEZ
BEIE FEA T 128 398 57 /N BRAR N ORE R 77K 7, 4
T YRR E I, b R AL/ BRI TNF-as
IL-18+ IL-6 7K~F-43 7 . 3 FEAIK 1 50.54% 50.51%-
46.21%, ALT. AST 3 73 7 i 35 B4 1 33.30%.
34.57% 5 [FIR, FEZHENE 7B 575 31
N7 S8 2 /N R4 (0 2R 97 VB F WL
AT BE A I B R Y Nef2 (5 5l %, e R
PUAACEERL DR 2Rk, U 40 T 1 S A R OR 98 R
PRI, W LR 2R R NI B D fe
WORHRIER B4 B 2590 19 77

I SR

(1] #E R P Bk, £ 3K, 55 & 7 3 Rl i AMPKY/
SIRT1/PGC-1 a7 ‘5 I % 22 fif 4 12 400 1) X BRI 9 55 1R
FH 7] & 0 RH,2023,44(9):82-87.

[2] AEARMR, 2205, EMNAE, 55 )1 22 & 20 08 10 &5 K 4L boxt
1 FEIE B /N B 1) e AR T (0] i 5 R Tl
2024,50(2):213-223.

[3] ZHANG L F, YANG J L, LIU W C, et al. A Phellinus
igniarius polysaccharide/chitosan-arginine hydrogel
for promoting diabetic wound healing [J]. International
Journal of Biological Macromolecules, 2023, 249: 126014.

[4] JIN X, CHEN N G, ZHANG T S, et al. Phellinus igniarius
polysaccharides induced mitochondrial apoptosis of
hepatic carcinoma by enhancing reactive oxygen species-
mediated AKT/p53 signalling pathways [J]. Natural
Product Research, 2023, 7(16): 1-5.

[5] QU Y D, YANG H X, LI S Y, et al. The involvement of
Thl cell differentiation in the anti-tumor effect of purified
polysaccharide from Sanghuangporus vaninii in colorectal
cancer via multi-omics analysis [J]. International Journal
of Biological Macromolecules, 2023, 237: 123927.

[6] ZHU XY, GUO R R, SU XY, et al. Immune-enhancing

27



MK EmBHL

Modern Food Science and Technology

2024, Vol.40, No.6

[7]

[12]

28

activity of polysaccharides and flavonoids derived from
Phellinus igniarius YASH1 [J]. Frontiers in Pharmacology,
2023, 14: 1124607.

ZHANG J N, QU HY, ZHANG J M, et al. Polysaccharide
from Phellinus igniarius alleviates oxidative stress
and hepatic fibrosis in Schistosoma japonicum infected
mice [J]. Zhongguo Xue Xi Chong Bing Fang Zhi Za Zhi,
2019, 1(6): 615-621.

SR RS R B B0 K R PTE AL BE T B G
ThRE B FZ I LB 75 [D]. R & VLU HYE K ,2015.
ZHAO L L, ZHENG L W, LI Z, et al. Phellinus
linteus polysaccharides mediates acetaminophen-induced
hepatotoxicity via activating AMPK/Nrf2 signaling
pathways [J]. Aging (Albany NY), 2022, 14(17): 6993-
7002.

ZHANG Z F, LV G Y, CHENG ] W, et al. Characterization
and biological activities of polysaccharides from artificially
cultivated Phellinus baumii [J]. International Journal of
Biological Macromolecules, 2019, 129: 861-868.

RIM T B e TR A A SR 2 R 2 A I AR o Y Uk
GeerIN B SR SE A 2T A A 1 ST 7 [T+ 36 i W e
I iIA 24 4,2019,31(6):615-621.

NING B K, HANG S Q, ZHANG W H, et al. An
update on the bridging factors connecting autophagy
and Nrf2 antioxidant pathway [J]. Frontiers in Cell and
Developmental Biology, 2023, 11: 1232241.

OSMAN N K, TATIANA V G. Activation of Nrf2 pathway
as a protective mechanism against oxidative stress-
induced diseases: Potential of astaxanthin [J]. Archives of
Biochemistry and Biophysics, 2023, 741: 109601.
ZHANG Z, GAO B H. Mechanism of hyperbaric oxygen
combined with astaxanthin mediating Keap1/Nrf2/
HO-1 pathway to improve exercise fatigue in mice [J].
Computational Intelligence and Neuroscience, 2022, 2022:
6444747.

LA R AR R SR RO T SR B R SR T2 K
HHT AT PEI]. & 5 Tk,2021,42(11):103-108.

ZRUCHE BRIKAE, R 7R 2 2 B XTS5 IRAS T/
CoWLALZA T OR3P 48 T [9]. £ i Tk RH42,2023,44(6):366-
375.

R 22, R0 R A 1) 26 25 S VA TR 27 4 S et
BRI FE 0] 8 dh Tk RH,2022,43(13):367-

[18]

[21]

[22]

[23]

[29]

372.

TR 2L, A5 A R B B A I8 B9 55 K BB iR L RE &
AR RT3 0[] ot 22 4 o s bl 241k, 2023,14(11):302-
312.

A T R AN, TR 0, A S AR 7 X e e e [0].2E
PRl RE,2022,53(6):447-451.

A [P BRI, SR AL 9, 55 i T S A R BAR DR T B i —
T ORA LR L FUEA AR I E (0] 25 25 B2 5 il
R,2016,32(6):121-126.

EISHRCDIE RV R E 0N d Y S WAk et NS
ARG F (] R 53 5,2022,35(4):150-153.
BUR 3k, 7K BIE, 44 B 5, 55 . W 18 T S A 22 8 10 45 440 ke
k53 A KB /0 B 32 Bl 77 (0] B R, 2023,
39(10):25-34.

YU X J, WANG Y T, SONG Y F, et al. AP-1 is a regulatory
transcription factor of inflammaging in the murine kidney
and liver [J]. Aging Cell, 2023, 22(7): 13858.

i 2 AR AT F BE 7O SDIK B — I 3518 31 Jm A
I 2 AN A LS e [D. b B4 27 5¢,2019.
g e, i A SR AR, S MR 2 i A
T R0t R PR /0 B U A GR4 4 T (0] DA R AL,
2022,38(10):40-46.

VR R 220 mt 2B AR AT . RSN A B AT LR
A M 9 [D]. PR 76 7 K %,2023.

XA A 2 B AR DN B A AR R A R G i
3 1/ BRSSO 1 P 52 (0] AR 2 BOR-rp R 24
IARAK,2023,25(5):1851-1858.

ZHANG Y, PAN S G, YI S M, et al. Gentiopicroside
ameliorates CCl4-induced liver injury in mice by regulating
the PPAR-y/Nrf2 and NF-xB/IxB signaling pathways [J].
Journal of International Medical Research, 2023, 51(10):
3000605231204501.

ZHAIM M, ZHANG C X, CUIJ X, et al. Electromagnetic
fields ameliorate hepatic lipid accumulation and oxidative
stress: potential role of CaMKK/S/AMPK/SREBP-1¢ and
Nrf2 pathways [J]. BioMedical Engineering OnLine, 2023,
22(1): 51.

PENG Y F, ZHAO L L, HU K, et al. Anti-fatigue effects of
Lycium barbarum polysaccharide and effervescent tablets
by regulating oxidative stress and energy metabolism in
rats [J]. International Journal of Molecular Sciences, 2022,
23(18): 10920.



