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ABSTRACT: Objective To evaluate the protective effects of ergothioneine against D-galactose (D-gal)-induced

oxidative damage in rats and elucidate the underlying molecular mechanisms. Methods Oxidative damage in rats
was induced by intraperitoneal injection of D-gal (200 mg/kg) once daily for 6 consecutive weeks. Male SD rats were
randomly assigned to 5 groups: The control group, which received intraperitoneal saline injection, and the model
group as well as the low-dose (EGT-L, 1.4 mg/kg), mid-dose (EGT-M, 2.8 mg/kg) and high-dose (EGT-H, 5.6 mg/kg)
ergothioneine groups, which were administered intraperitoneal D-gal. Starting from week 3 and continuing through
week 6, each treatment group received daily intragastric administration of ergothioneine, while the control and model
groups were given an equal volume of saline, for a total duration of 4 weeks. The levels of oxidative stress markers,
including malondialdehyde (MDA) as a marker of lipid peroxidation and protein carbonyls as markers of protein
oxidation, antioxidants such as reduced glutathione (GSH), and antioxidant enzymes including catalase (CAT) and
superoxide dismutase (SOD) were measured in the serum and liver of rats using colorimetric assays. A preliminary
network pharmacology analysis was performed to investigate the potential mechanisms underlying the antioxidant
effects of ergothioneine, and further validation was carried out using western blotting to assess the impact of
ergothioneine on the hepatic protein expression levels of Acetyl-FOXO1, FOXO1 and SIRT1. Results Compared
with the model group, ergothioneine-treated groups decreased MDA and protein carbonyl levels in serum and liver,
and increased SOD and CAT activities and GSH content. Western blotting indicated that ergothioneine administration
reduced the ratio of Acetyl-FOXO1/FOXO1 and upregulated SIRT1 protein expression in liver tissue. Conclusion

Ergothioneine exhibits significant protective effects against D-gal-induced oxidative damage in rats. The underlying

mechanism may predominantly involve modulation of the FoxO signaling pathway.

KEY WORDS: ergothioneine; antioxidant; D-galactose; network pharmacology; mechanism

0 51 &

S Ak R R F AR Y G M 4 (reactive oxygen species,
ROS)id A -5 175 ok 26 i B S S50 — Al B S e
BB SHUATE S . PRRATHEBER . O IMAEER . R
o5 B FFREA5 00 2 Z2 b s 1 2% A kSR s DDA SR, Do
FLBH(D-galactose, D-gal) ] id N ROS A= % . HiAhHZeAL
I RE R A S g Bt AL SR AR, S sl AR oy S 4,
TSR R DR, ) 2 A T3 8 5 R %
HRR PR ) Sh R R 5 100,

2 1 R — Rl R R B B B R AR R AR
EWATEY, WIS A B AR, (R T YR
SR A S PR A R B B AR R B A L T 32 3
LR, CAMRFM, 22 M0 E B R P A ik & 40
MR RRE, FEERR AR, BE T heEE . W
Tl A N B Qe BRI R 45 2 i i R HEAE I, %
TFHREMNZ M REEREEN, EMREEDRERMN
L& i TR Wi RS TS K (W (EM W = e K
R A B SFAE ABLE A Rrifk— DR AR SR .

W25 2 B2 —Fh S A MIE R . REAY¥S
THREAUREE D # 24 5E T B, RRAAE 2o < 4 - 410 o - i
B Ay BT 7 =, AT B 7R T P 40 55 B =2 18] 1) 22 888 i
WL R, NRRIEE T BT REALE Y T S (L3
FAFL

BT, ARFITE S D-gal 175 1K AL 7,
BRAEF R ASPOIRE S ik R v S 07 S il (B F NP e L
ZYBRAA 7 1 BN A A A A B B0 AR A R R %, i B
WS 56 Y HAT A A A T B R E B 20 AL, B 7E R
ooty Y BE T 1R B 1) 0 J3E T 22 9 A DR 2 Ak e A bt £ 1) 231
BL, A HAESNRE R AT R AT e 8 8 37 T Ik g B T2
PSR -

1 MR5ERE

1.1 MR5RF

FABRH S CMI2503002, BEFRHI 25 (M52 )AH
PR F]; 3 R R4 e H K (glutathione, GSH)M %2 57 &
(L5 20250619) . & 5 Hk AL & e K ) & (S
20250625) . B E AL 5L AL (superoxide dismutase, SOD)
IR & S 20250619) . N [ (malondialdehyde,
MDA E R & @t 5 20250620), 53484k & M (catalase,
CAT)I R H) & (#HE 5 20250617) (B 52 8 AL MRk BIF 5
FN); D-gal(tt5: C14971408, i vi kA LRI B
FROSFD); A HER K (S L25021401, PUJIRHME 250 By
HRRAH; Acetyl-FOXO1 Bkt 5: 4e63097), FOXOI1
PUAELS: 0j2807). SIRTI(GHLS: 3M59896)(3 [H Affinity
Biosciences A Al); JICHT B 9% UL IE 4 A L AR R (L 5
C1053). JBIEW LS P1622). Fri:iR-20 (% Tris 22 njith



512 X itdh, S T RO 24 B RS A M R T D-2F FUREVE S AL P AL

169

KA S: B1009)( b 5t 8 FI I H AR A BRA ), + bt
SRR AN - IR NS BRI B UK (L5 B1009, JLRTERKESE
BHEAERR A D,

1.2 UFE5E%

TU-1810 %64MA] W46 BE (b o A3 FH A B 5%
2 7]); MultiSkan FC BFR{X[FEIR K HERBHEL (P D AR
/3 l]; Synergy HT ZIIRERAR (X (3 EAMS (A5 R A D),
1-15PK =¥ %R OHLAEE Sigma Z3#]); Mini Protean
Tetra I HLJKFE . Powerpac Basic HLIK{X(3£[E Bio-RAD
vl); WD-9423C 4 H 3k ROE UG R G AL 7S —4Y
I )e
1.3 EWzh)

SPF 2 {dFR SD Mtk KR, MFTHE2y 250 g, W {3 I
FREACEO) A E ARG RN E], 5256 S AV AT A AR RS
SCXF(3%)2019-0010, KA F FERTHEEEAMGT,
TR (26x2) °C, MXHZE 60%~70%, SCI6RTE M A5
7d, ARIEK, G @R R AR AR 5
Wy S O AR AL BT BE 2 R = S B e HE S 01 s AL HE,
LS BUCM-4-2025041507-2043

1.4 WA
141 MBHEEHR

(DTEME R 5 B 0 5 i i g

1E PubChem %4 % (https://pubchem.ncbi.nlm.nih.gov/)
KR E M w45 5 A SwissTargetPrediction
(http://www.swisstargetprediction.ch/) , PharmMapper (https://www.
lilab-ecust.cn/pharmmapper/index.html) 5 Similarity
ensemble approach (https:/sea.bkslab.org/)FREIE P Bl 434
Ao, MBR E & R A, IfF fF A Uniprot % 4%
(https://www.uniprot.org/)%f HEF AR UELL

it TTD. Drug Bank, OMIM Fl GeneCards 3 K 41
Bods 2, 43 5 LA “antioxidant”“oxidant”“oxidative stress” il
“anti-oxidative stress” ky JCHTA], # 2R UL N IOAH SCHE A,
AN [ e A5 2 B e S A T R SR

()35 1 HAE M 2% [k

FIF Venny 2.1.0 3RAVER, 422 M a8 5 4
Ak 7 35 S IS A, 45 332 AR i R T AU 0T 38 1 Vi A
Ao, OB B S % A Sting 12.0 B ¥E E
(https://cn.string-db.org/), RIS AHEAEFIN X RE

(3) KRB HE Rk

25 1 H.AE (protein-protein interaction, PPI)MI%% S A
Cytoscape 3.7.0 %k, {#i ] Network Analyzer %’ 45 k4730
o, o BG4 1Y B {E (Degree), #2301
A B U P TR LA R R BE AR U, A5 A v A B )
PR R A TSR B s T

(DHFEF ARG AR SRR TR &5 £ 00T

P HEEE 5 S A DAVID v2023q4 B, #ars5sy
% A “Homo sapiens”J5, /& Gene Ontology Ml T F 4
H8 41 B¥ (cellular component, CC) . 43 F Il fi£ (molecular
function, MF) . 4= #7142 (biological process, BP)#E47 5L K A<
K(gene ontology, GO)J#T, HHi P<0.05 BEAT HLAR RN 5
LR 4H A B4 35 (Kyoto encyclopedia of genes and genomes,
KEGG)/ 17, H AR 5 PO HE A7 el MR Ak A 3L

ST 2% 2 A A DG BRI B R T AR R/ R

FEME, AMRAAR SRS SRR SE T ALY
KR 1A o A DX TR 0 5 T RE AR TPk, TR ks 3R A5
RS T 2 R R LR .

142 % AHE D-gal Kk ARG AR 657 vk

(OHEE S % . S 5452

KRB EFEIRE, ¥ 50 RREEEI N 5 A
(n=10), 435075 14 (Control) , HEHIL] (Model) . # ffi T
PRI 41(EGT-L, 1.4 mg/kg) . % f i A b 3 it 41 (EGT-M
2.8 mg/kg). Z A A B4 (EGT-H, 5.6 mg/kg). AL
R BB AUERE S D-gal 200 mg/kg, 45 FA4LIE TR SHA
BUEHERK, EL:6 8, B3 RIERES 6 ML 4 ), X
JEIE IS, EGT-L/-M/-H 4} 5IHE B 45 T EZMBAE 1.4, 2.8,
5.6 mg/kg, =5 A SR NE B SR B K . M
A 25 S AR I 9 45 4 Pl s g g SR el 8, %
SER SR AR T B S ge i, LA 22 M X
TE LY D-gal Y52 S A5 1 B4R .

(2)Z% fa i R K B AR BB F B 52

Z: WO Grud B, 4 1 R B ot Y AR I
SOD. MDA . CAT. GSH LI 8 [ B FE A K-

(3) Western Blotting il K BUHIFZHZE Acetyl-FOXO1 .
FOXO1. SIRT1 tEHFX

AR BUIFIE 50 mg, A TRV B O S B e 43
B 24 i v AR B AR T 2 R, SR b s
TR A - SR T s IO e B s L VK A S 28 1, TR B, S0 B s ik
B 1 h, ARG —bi, 4 CIEF IR, 2 nkik-20 1
Tris & vpER/KVERE 3 K, IMAZHL, EEIEF 1 h, MAE
IR, T B G AT .

15 igaE

K JH GraphPad Prism 9.0 #F1T4 12440 B, SLERLE R
DI Y E+PR HENG 25 3T 3R0R o 2] L BCR L R R 7
225007, 64T Dunnett HH)5 2 H KR, UIKIELE
VR S B B XURS: ;. IZELIR) L AER £ K636 . 2 P<0.05
K2R AARITEE L

2 HER55H

EMR S ERFRHRATFEER
1 1d SwissTargetPrediction 5 PharmMapper 5035 % 1Y

2.1

]



170 B 24 iR AR I 2 4l

LAVE

AR, WP 2301 Z AmE MR A, 4 TTD,
Drug Bank . OMIM £l GeneCards & [F 41 B4l 1 1 i 1k, 531
BRICARMEG, AR AU O G 1 601 1
22 “SEMRT-HR-RRMES PP LS

I3HKE 230 MEMERM LA 601 DRI A A
String 12.0 %, YRk IE B E } “Homo sapiens”, SR
BE SRS )E, LA iSRS PP MR IRAG T
1334, 645 M HZ MIAEAEM; Sl PPI 43RS
T 423 A, 4454 ZREAZRMEAEN, HT T 2008
A R
23 XBEEATFELSR

# 2.2 PPI M 455 A Cytoscape 3.7.0, & Bh#k{4
Merge Hifg, *F PPI M&&#E4T4IF; 13 Network Analyzer
ifg, HEA I LAY Degree {. Betweenness Centrality
{E A Closeness Centrality {i, {# i Degree>24, i1 H .00
KT 0.00106, 4 BEHLAER T 0.333 Sy fifi e 26 PF AR IBUOC HE
HER, EZRBOCHE R 124 1

2.4 GO 5 KEGG eEESELHER

ME 1 PR, @RGSR, 2 MR A N
B BP 71 E B MR SRR AT IE A . RNA RATRIE;
SEIGE p s . XESNEY BRI 5 . #E MF 7, B
ERTEMLS S . P REAEENLS S . WREASA%. &
CC Hh, BN TLbLA . ANMBARS . SRR E AR,
et KEGG & SR BRI P<0.01 #EATHER, W& 2 fF

IR, 2% PR R AE ST R B 2 FRAIL ) 322 A TR R
FRIET M AGE-RAGE {5538 . ARG NG 7 % |
FoxO 5538 8% . IL-17 {5538 . TNF {5538 #% /2 HIF-1
{EEE e, H, AGE-RAGE. IL-17. TNF X HIF-1 {5
53 It BB 5 GORE IO RV ORI, FoxO -5 3 %
05 240 0 AR A b B 0y 2 L RE AR R AN A T 2 BT AR G
25 TILIWER
251 EZARBNXRAMREAA TR

W 3 FiR, SERSIM4E D-gal BSIE, 525 HAM
b, A A K B W A E MDA % &5 AR 8 3E T
(P<0.001), FHIA B L5185 1A N AL DLBOK -5 . 48
MmN )T, SHAAME, 1%, &4 R R
MDA /K384 53 AR (P<0.001), Hh5) 42 B Fr FRE,
ASERI 22 oG 2RE S SRR T R BT ITE
MDA 7K -2 i FAK (P<0.01 8 P<0.001), 2545815
B BMORE, FZMAmEXT B FNE MDA A0 &
—E SRR, (e b, rh )2 R A i T R
AIELIGE RG24 8 & K.
252 EZARAMNKXAZKEGRBAZ MG H A

W 4 FiR, LKL D-gal FRI5, 525 4
b, TR 2R K R YR T U A 1 R i B T
(P<0.01 = P<0.001), FRHIK R E AP A bR oK
WS, AEMMHL)T, SERAMLIL, b, EHE
20 R BRI ¥ 2 1 B /KO S 3 BRI (P<0.01 BE P<0.001),
IR gL i NS, (ARG 3G IR, mil

st Ea v | o
ey
xystomn o | 2
miRNAF 0 | ¢
st sy | 25
-k g |

L) RE /A 5 2 Bk

ot NG -
sy v |
sEawesx I
g | s
e | ¢

e | I 73
wz« | I ;¢
zxznsanss NI ;0

HEZEA4Z4 I ;5
RNARA IR UDNAZ A FE T (I »
zamaz4 [IHINIGNNEEE 2
wegn T4 | NG 10
0 10

. BP
I CC
I MF

20 30
~log, P

7E: 7/ RNA (microRNA, miRNA),
El1 GO BESIER

Fig.1 Results of GO enrichment analysis



5512 4]

X itdh, S T RO 24 B RS A M R T D-2F FUREVE S AL P AL

171

KEGGIii & 44 Pk

TR BB SL AL 2K 7= ) - R S AL 2K 7= ) 32 /K (advanced glycation end products-receptor for advanced glycation end products,

AGE-RAGE); FZifi4#-17 (interleukin-17, IL-17); Forkhead £ O (Forkhead box O FoXO); ¥R 5E K F-(tumor necrosis factor, TNF);

>

MDA/(nmol/L)

WA, MK B, IFIE, &l 4 [\); ns 2R T B EME2E R (P>0.05), **FR 22 5% B35 (P<0.01), ***3K/R 25 S m il .38 (P<0.001), T,

>

AR AL/ (nmol/mg)

15

—
(=]

W

FARDTYIN 1 5 sk R4k |
HIS B L

WH PRI I S RE H I AGE-RAGE L
LTI R T

UNER: ) ohrsEdn e
TR Y i i JF

IL-17f5 5
PR A M g I |

TR I

NI 2

BB -

A

FoxOfF 51l -

598 1y

RS PE %

TNFf5%5 lﬁﬁﬁ—

HIF-1{55

Rk e

4.903292¢-20
3.677469¢-20
2.451646e-20
1.225823e-20
3.923199e-28

1.

L5

%

0000 .
B WL
SWBnOoOWnoO

20 224
CES &

26

403555 F-1 (hypoxia-inducible factor-1, HIF-1),

Kl 2 KEGG &%/ Mg

Fig.2 Results of KEGG enrichment analysis

B

>k 3k %

* kK ns

5

MDA/(nmol/L)

ikl

K3 MBI 4256 KB MDA 1532

Fig.3 Effects of ergothioneine administration on MDA in rats

ok

ns

kk B
2001
kK
S
£ 150
°
g
£
& 100
ey
=S
T 50
B

e * R 22573 B35 (P<0.05), Tl

P 4 22 A IR 2 2500 K Bl B 1 AR A ) S )

Fig.4 Effects of ergothioneine administration on protein carbonyls in rats



172 B 24 iR AR I 2 4l

FH1TE

2H K BRUFF IR AR B B B /KO 1 3 BRI (P<0.05 5 P<0.01),
ZREGIFRES, mRFEARAE TR, ERERHS
R EARY . BCEE, ZAMEAREIR D-gal S0
R BRUIL IR B SRR P 500 K S, (ELAS ) ] 20 110 S 25k
ZESAGER B, R H R 5 A AL P Y A T
REAR G ™4 R AR O 2R
2.5.3  EABRBE AN K RREACEF R EALY 08
e 5 BR, SEEEE D-gal SE, 525 A4
ke, BRI ZH K BUIL A9 SOD il CAT LA R AFIERY GSH 7K
Y 1 2 AR (P<0.001), 2B K B8 1 B 1A 9 S AR K
V. AEMMNG )G, SEIAMLTL, £AHET
(9K B SOD Ml CAT /K34 & 2 7 (P<0.01 B
P<0.001); F. mAIEHAKENE GSH A TF¥ B EHA
(P<0.05 8% P<0.001), Z5A51T2=E X, MHEH A
fir s, (ERIRB G B E K, Bk E, ZAmE

A ®kk B
151 okl s 201 .
= 2157
ER E
2 210
a =
L <
2 S sl
0

Hkk

REMSHE R AL A AL I 16 1 K BT 8L K, (E4 50
20 2Z A RIH T A F R AR R .

LEA A5 AR N SR AR AR AR T UL, 2 AR B R T LR
T b BE B AR AR 5T AN A 1 BT AL KT, R4 S b SR AL S
(EVSEI =R 71V & O
254 R ARBE A KR EA LR Acetyl-FOXOI1 |
FOXO1. SIRTI & & & ik 44 % vh

WK 6 flr7s, Western Blotting SEK 25 R R, 5258
X PR AH HE, #ERIZH K BRATIE Acetyl-FOXO1/FOXO1 %R
[ 35K -1 35 T8 (P<0.05), SIRT1 & AR5 /K 14 &
EEAL(P<0.001); SHAIZHAH L, 4545 2 4035 m] i 2 R AR
Acetyl-FOXO1/FOXO1 Y [13RiE 5 (P<0.05 8¢ P<0.001),
JE i FE TS SIRTI R I RIBHL(P<0.001), 22 RA 5811
B, BARE, ZMEHE T 5057 SIRTI/FOXO01
AHREE 1 3RIA .

(@]
o
S

*kk ns

GSH/(umol/L)
) w
= S

—
(=]
T

AL I B, JIFDE; C. L& .
Bl 5 22 R 45 2 6 K BRI A Ab i AT S AL 4 5 5 i)

Fig.5 Effects of ergothioneine administration on antioxidant enzymes and antioxidants in rats

A Control Model EGT-L EGT-H
v = - - - 1
FOXO] e - e o 70 kDa

FOXO1-GAPDH s aamm Sams s 37 kDa
AC-FOXO] w— s s s 70 kDa

AC-FOXO1-GAPDH "D SIS eSS SN 37 kDa

SIRT] [ ——— |20 kD2
'
SIRTI-GAPDH | S e s 37 kDa

Acetyl-FOXO1/FOXO1

joe]

NN
o W

BARKAKP

AL KEUIFE FOXO1 . Acetyl-FOXOI1 & SIRT1 # [ Western blot 25717 &l; B. KU Acetyl-FOXO1/FOXO1 # 1525 7KF;
C. KEUJHAE SIRT1 & £ XK,
6 22 ff R 45 2% R B 11 b i 52

Fig.6 Effects of ergothioneine administration on protein expression levels in rats



5124 X itdh, S T RO 24 B RS A M R T D-2F FUREVE S AL P AL 173

3 Wit 5ER

ARIFFELE R, D-gal 153 )5 KA N MDA FiZE M
BBk HK - B 3E L e, T SOD. CAT. GSH /KX 2T
K, $ERDURR AT B A R R N, 5 AT AR E—
U2 RN TR, AT AR LR AT AT A9 MDA
FE A B, JFE5 SOD. CAT M GSH 24744k
FFRAKE, UMY D-gal #5509 E L3055 B
BRI E

M2 KEGG &ET4E R ER, ZREA
FHEEETZHREGRAERN . BN B A I A 2 1
{55, W AGE-RAGE {5 5 . IL-17 {5 5 % . TNF
{55 . HIF-1 {5 S5 M FoxO 15 Sl 55 . 454 i
WA M R O S S5 1 0L, FoxO {5 5@ B iy
ZREARERZ, FF7eF R Rk KA A5 A
Pyl B b R A AP 5 GO &AM
SR K i) B AR R EA R s, 1A, B
HWFF I FoxO {5518 26 SN S 15 b R HE oG B
RS HE, AT FoxO 15 5l Bk f Tt — 452
IE . FHEE 2, AGE-RAGE, TNF J% HIF-1 %5
Sl IR AT RES S A R Y R R, AR
AR — 058

Be AN, AW 5 25 S B R 22 A B DR AT RE G S R 4R
SIRT1/FoxO {5 54l 2 SHa bt vind 2 . B A W 55 2027,
SIRT1 YE N EZE ML LWL, PTiE 2% 2 WA FoxO
BESEDN P BOTETE, N2 5 40 M ST 0 38 10 25 % A 7
AR, PRCHED, 22 ARG TR LR ST SIRT1 HRB DL
WM, JETISZ M FoxO {5 il Bk & 9 LI E R . It
&b, KEGG &40+ AGE-RAGE 155 538 JR 78 AT 80 i
EE, S AN BB I O, JRE R RE S
SIRT1/FoxO {55 M AEEAER R P50 Z i &6
i 3 ¥E AGE-RAGE HH26(5 5t —25 52 SIRT1/FoxO il
B, A i fm SERF o sk — A A

25 Bk, EMRFERXT D-gal 17300k BUAAALIR G R
AWM RER, EAEMAURTT R 5 #E FoxO (558
. B0HIAR TR AR 1T A DL R S SR AR T R AL B 1 2R
GiAs Ko AW Ry 22 i BT S0 105 S AH SCBRe B iR
H T E N SR T — s SR . SRR, ABESE
et —ERMR M. 5k, AR RA D-gal HSHEE
RS AR AL S oA DA 15, 1A R R A8 7 — o
JE b B AR O DG R S AR, (HS A AR 2l R
TEHE—EER . HIR, AT R ML 2 B2 i 22 5LF
NURBCHE ZE A, A P SE R R RS RY, A A
538 B AR R R R B e i GRS, (BT AT R —
EYFESR . AN, FEPUEAATERRI R, LS
AT HEBRAEAS R 70 52 22 £ i DR Ak 8 4 o g R BEE 5 AR 58 4

—5, ARSI AES . AR A ALY
U LA KGR -0 BB S R R A G B, ABESEAE
FABLA 5 T £ 2 IS FoxO {5 Sl B AH G HE LTt T 70128
B, AU A 2 — A (A], AR AT S5
PO B AR, R AR AL AT B R SRR ALY
W

SE B

[1] SIES H, BERNDT C, JONES DP. Oxidative stress [J]. Annual Review of
Biochemistry, 2017, 86: 715-748.

[2] SIES H. Hydrogen peroxide as a central redox signaling molecule in
physiological oxidative stress: Oxidative eustress [J]. Redox Biology,
2017, 11: 613-619.

[3] LIGUORI I, RUSSO G, CURCIO F, et al. Oxidative stress, aging, and
diseases [J]. Clinical Interventions in Aging, 2018, 26(13): 757-772.

[4] LIN MT, BEAL MF. Mitochondrial dysfunction and oxidative stress in
neurodegenerative diseases [J]. Nature, 2006, 443(7113): 787-795.

[S] GIACCO F, BROWNLEE M. Oxidative stress and diabetic complications
[J]. Circulation Research, 2010, 107(9): 1058-1070.

[6] CICHOZ-LACH H, MICHALAK A. Oxidative stress as a crucial factor in
liver diseases [J]. World Journal of Gastroenterology, 2014, 20(25):
8082-8091.

[7] MUNZEL T, CAMICI GG, MAACK C, et al. Impact of oxidative stress on
the heart and vasculature: Part 2 of a 3-part series [J]. Journal of the
American College of Cardiology, 2017: 70(2): 212-229.

[8] HO SC, LIU JH, WU RY. Establishment of the mimetic aging effect in
mice caused by D-galactose [J]. Biogerontology, 2003, 4(1): 15-18.

[9] HANH, LIU Z, YIN J, et al. D-galactose induces chronic oxidative stress
and alters gut microbiota in weaned piglets [J]. Frontiers in Physiology,
2021, 12: 634283.

[10] SADIGH-ETEGHAD S, MAIDI A, MCCANN SK, et al
D-galactose-induced brain ageing model: A systematic review and
meta-analysis on cognitive outcomes and oxidative stress indices [J].
PLoS One, 2017, 12(8): e0184122.

[11] BORODINA I, KENNY LC, MCCARTHY CM, et al. The biology of
ergothioneine, an antioxidant nutraceutical [J]. Nutrition Research
Reviews, 2020, 33(2): 190-217.

[12] HALLIWELL B, TANG RMY, CHEAH IK. Diet-derived antioxidants:
The special case of ergothioneine [J]. Annual Review of Food Science and
Technology, 2023, 14: 323-345.

[13] SPRENGER HG, MITTENBUHLER MIJ, SUN Y, ef al. Ergothioncine
controls mitochondrial function and exercise performance via direct
activation of MPST [J]. Cell Metabolism, 2025, 37(4): 857-869.

[14] Fik, A0S, Rl S5, 22 MR A st B HAe £ i A0 h o
W] B A BRI =4, 2023, 14(24): 99-106.
WANG J, GU YT, SI B, et al. Research progress on the biological
activities of ergothione and its application in the food industry [J]. Journal
of Food Safety & Quality, 2023, 14(24): 99-106.

[15] HOPKINS AL. Network pharmacology: The next paradigm in drug



174

B AR

LRI

FH1TE

[16]

[17]

(18]

[19]

[20]

(21]

[22]

discovery [J]. Nature Chemical Biology, 2008, 4(11): 682-690.
NAKAMICHI N, NAKAO S, NISHIYAMA MT, et al. Oral administration
of the food-derived hydrophilic antioxidant ergothioneine enhances object
recognition memory in mice [J]. Current Molecular Pharmacology, 2021,
14(2): 220-233.

KATSUBE M, ISHIMOTO T, FUKUSHIMA Y, et al. Ergothioneine
promotes longevity and healthy aging in male mice [J]. GeroScience, 2024,
46(4): 3889-3909.

YANG NC, LIN HC, WU JH, et al. Ergothioneine protects against
neuronal injury induced by p-amyloid in mice [J]. Food and Chemical
Toxicology, 2012, 50(11): 3902-3911.

AR, R, FAA, . Wik EIE ST D-oRILREEE
ANRIIBTR ST A 2RI E ). S H2E (B2, 2015, 42(1):
7-12, 30.

MA YJ, SHANG YY, WANG DJ, et al. Neuroprotective effects of
flavonoids extracted from the leaves of Diospyros kaki in D-galactose
induced aging mice by attenuating oxidative stress and neuroinflammation
[J]. Fudan University Journal of Medical Sciences, 2015, 42(1): 7-12, 30.
SALEH DO, MANSOUR DF, HASHAD IM, et al. Effects of
sulforaphane on D-galactose-induced liver aging in rats: Role of
keap-1/Nrf-2 pathway [J]. European Journal of Pharmacology, 2019, 855:
40-49.

ZHANG ZF, FAN SH, ZHENG YL, et al. Purple sweet potato color
attenuates oxidative stress and inflammatory response induced by
D-galactose in mouse liver [J]. Food and Chemical Toxicology, 2009,
47(2): 496-501.

RODRIGUEZ-COLMAN MJ, DANSEN TB, BURGERING BMT. FOXO

transcription factors as mediators of stress adaptation [J]. Nature Reviews

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Molecular Cell Biology, 2024, 25(1): 46-64.

DU S, ZHENG H. Role of FoxO transcription factors in aging and
age-related metabolic and neurodegenerative diseases [J]. Cell &
Bioscience, 2021, 11(1): 188.

HEDRICK SM, HESS-MICHELINI R, DOEDENS AL, et al. FOXO
transcription factors throughout T cell biology [J]. Nature Reviews
Immunology, 2012, 12(9): 649-661.

ZUO MN, TONG RY, HE XY, et al. FOXO signaling pathway participates
in oxidative stress-induced histone deacetylation [J]. Free Radical
Research, 2023, 57(1): 47-60.

WEI XH, XIONG XP, WANG PP, et al. SIRT1-mediated deacetylation of
FOXO3 enhances mitophagy and drives hormone resistance in
endometrial cancer [J]. Molecular Medicine (Cambridge, Mass.), 2024,
30(1): 147.

KOBAYASHI Y, FURUKAWA-HIBI Y, CHEN C, et al. SIRT1 is critical
regulator of FOXO-mediated transcription in response to oxidative stress
[J]. International Journal of Molecular Medicine, 2005, 16(2): 237-243.
ZHOU MZ, ZHANG YY, SHI L, et al. Activation and modulation of the
AGEs-RAGE axis: Implications for inflammatory pathologies and
therapeutic interventions-a review [J]. Pharmacological Research, 2024,
206: 107282.

VITORAKIS N, PIPERI C. Pivotal role of AGE-RAGE axis in brain aging
with current interventions [J]. Aging Research Reviews, 2024, 100: 102429.
ZHAO PP, PAN BJ, GAO J, et al. Advanced glycated end-products
modified transferrin mediates oxidative stress and ferroptosis in podocytes
via advanced glycation end-product receptor in vitro [J]. Scientific Reports,

2025, 15(1): 39337.

Q!

(MAEHE: =4 % Kufd)



