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Alleviating Effect of Chlamydomonas reinhardtii-derived Extracellular Vesicles on

Exercise Fatigue in Mice
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Abstract: [Objective] This study explored the antioxidant activity and exercise fatigue-alleviating effect of
Chlamydomonas reinhardtii-derived extracellular vesicles (CLEVs), aiming to provide a reference for the
application of microalgae-derived extracellular vesicles in the field of sports nutrition. [Method] CLEVs were
isolated by ultracentrifugation, and their antioxidant and anti-fatigue effects were evaluated through in vitro and
in vivo experiments. [Result] CLEVs exhibited typical cup- or bowl-shaped morphology with an average particle
size of (88.35£0.36) nm. CLEVs demonstrated concentration-dependent antioxidant activity in vitro and
effectively scavenged DPPH and ABTS" free radicals. In the H,0,-induced oxidative damage model, CLEVs
increased the levels of superoxide dismutase (SOD) and reduced glutathione (GSH), decreased the levels of
malondialdehyde (MDA), lactate dehydrogenase (LDH), creatine kinase (CK), and lactic acid (LA), and
promoted glycogen storage. Animal experiments showed that CLEVs significantly prolonged the load swimming
time to exhaustion and enhanced the antioxidant defense by upregulating the expression of Nrf2 and
downregulating the expression of Keapl. [Conclusion] CLEVs could alleviate exercise fatigue by ameliorating
oxidative stress, promoting energy metabolism, and activating the Nrf2/Keapl signaling pathway, demonstrating
potential application in sports nutrition and the development of anti-fatigue products.
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BE AW AL, RIS B R T 1 B B A
I, 2% Ak A A I A A 2R AR 38 B M Y 1) B
R,

AR SR RAR SR IR I 40 i Ah B [ B R 4
1 25 0 A 25 1 AR G 3 T 0 R 4R B 1) A T 2
[T R R A R A g A TR A R
A% 7 TR T N A o B R U
) 200 P o 3 30 TR 5L A B s ) AR s L R I R
o ke S B AR E

ST AK R — b O R HE R B R R
B o2 MBIy B B T R R AN
HAT, R TREAKBEMH A FEE S T 2 ML
AN Ih BEVRANT Y. SR, A O 3 TR A 98 SR VR 11 4
i 47 B 30 7E 2% At SR Ak LB K B aE 3 M 9% 57 5 TH Y
B H M Bt = RS 5%

PRt , 1 38 B 7E AN SR B A TR o 40 5 Ak 40 i
CLE (¥ R I LR A T NI R AT
FHFH H,0,1 5 1/ R BUULEH R &R C2C 12 41 fi 4
b B R R, 45 98 CLEV s % 41 i 5t 48046 97 180 %
Gt Re B AR U 2 2 M e BE P e . [ E 0
A ST /)N B 7R Vi UK O R AR U A L e A2 Bl T
MR, I 45 A S i e Bl o R A R 2CUR
(RT-qPCR) & Il Nrf2/Keap1 {5 5 i B AH 5 3 [X )
Fak, LI B L PUis s MR 5T I AENLE], N F R
BLT CLEVs [ BLIZ 3l 5 97 4b 78 71 A1 Ty e £ ot 32
BEHE LK
1 ME 5%
1.1 MR 5IRKF

KRR : B SR AV AHR A A ;PBS 2%
M VBCA B R A 77 & L B R CGly) AR ik
P& R AR AW - REEREARL
Al R 1, 1- = 2K B -2 = B 5 K B (DPPHD &
2,27 B R R (3- 2 FE IR I ik Ik -6- i R D
(ABTS).3,3"- = SRR AL T =y FUIR 21 (DIO)
g AR AR A A PR A F R R 0 G
B N 4> T R B 10 000 B9 W) D« 25 B Merck

BE3ISHI 20265 6 A | ER5EMEARFR

Millipore 2 & ; C2C12 J% UL 4 }fd % (ATCC: CRL-
1772) \C2C12 5E A Kf 7 45« B ilg v Fe i - AL W B2
AR BRA 5  B30% 1) H,0,: K KAk
2385 ;LA.LDH.SOD.MDA .CK.GSH. & 1t
AL B H K (GSSG) S WA 7 &5« B 5 R AE P
TR AT BT 5 40 P S A0 B P (CCR-8) A
7 & RIPA R : Ll 38 = RAEWHE R KW
AR i JDMEM 1 9% 3 - 55 [ 28 2R K
IRBFEL A E] s AR - BBl T AR R A
PR /A 7] ; TransZol-Up. 4 Bk ¢ )6 52 & PCR TR
W cDNA W A F & b & XEEME ARG
PR 2N &) 57 e 1 e CSTBL/6T /N KR (19~23 @) -
R DN S iYL SRl
12 NE5EF

A IHE B O HL: CPIOONX #, H A Hitachi 23 7 ;
3% S LT BB (TEMD : JEM-2100 B4, H A 1, 7 #k
&tk BOHL - TD3 AL, W B A S 36 = AR R
HIRA A ERER R4 HWS-250B &L, KR
Wi R A8 A BR A & s WO R AT 4 HT X : DT-1202
AL, 5% [ 7 BB A A\ B AR A : A51119500C
A FEBR A R (i [ED B A R A | 9O S8
PCR % %4t : QuantStudio 6 %Y , 3§ R K it /R (D B}
A R 2 w8 AR 23 OOt B 11 - NanoDrop 2000¢
A B R R R ED R A R A A .
1.3 7%
1.3.1 CLEVs# %] %

CLEVs (41 4 2 2 Li &0 7 33 936 8 &
Mo 40 g P ACTE N 200 mL PBS 2% Ml A1 S g
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[ 52 Y B CFE 2 T AR 5 2 19 5%) 19 /N BUBON 7K
R 30 cm 7K JEL1E € N 25 °C 13 vk b . I
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1E [f) TGTTGGGGAAGAAGAAG
NQOI Ji Ifi GAAGAGCACTGATCGTGGC

1E GGATACTGAAAGTTCGCAGGG
Beactin B i) AGGTTCATGAGGTAGTCTGTC

1E [ GTGAAAAGATGACCCAGATCATGT
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B A RS 3 3 K, B DL S E b E =
FoR . K H Origin 2022 &b ¥ 3 95 9F 4
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fIREPUANAER, F R A RIFMER LR, hH
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% % £ (6.63+0.35) mmol/mL, SOD % /1 1k 5 &
(192.14+11.58) U/mL, & B CLEVs g A R 40 1 s
Jo Ik S A 5 1 B 40 A P R R AL B T .

MDA & /(mmol/mL)

éﬂ FE R
251
ARG - BE R 7R & 21 22 (B AR AE B35 72 5 (P<0.05) o
B 7 TRBAZAmie P MDA R JE 49 % h
Fig. 7 Effects of different treatments on MDA concentration
in C2C12 cells

(St e e T

250
200
150

100

SODJ /1/(U/mL)

50

0
B4 pemd
ZH 5

ANTE NG o BERR R % U 2 T8 A A S 3 72 5 (P<0.05) .
EH8 TRAMEEM MR+t SOD &/ ag=5e
Fig. 8 Effects of different treatments on SOD activity in
C2C12 cells

B FE ST T

W9 iR, IE 5 2H CRE AL LA R ZH R R
T P 2H 1 GSH Jiit & JBE 7R iR FE 43 ) 24 (15.16+3.15)
(15.174£5.01) + (6.15£0.59)  (12.59+0.20) nmol/mg. 5
1EH A L, HO, Ak P 2 25 PR AKX 1 GSH Jit & B8 JRK K
FE 2 B 40 e P9 GSH % K 5 V8 #E , A6 B IUKCF 7
. CLEVsT -5, GSH B & 5] F}, 3% B HL v] 4 20 2%
fiff GSHHi¥E. S AH L, CLEVs &b 2 )5 ¥ GSSG
JR B R VR RE BH B PR . A% R 41 ) GSH/GSSG {H
(1.01£0.42) & K T 1E 7 41(9.71£2.17) , 1fj & CLEV's
T )5 » 1% Ee 8 T 7 &2 3.56+0.51, % W CLEVs 5 B T
A0 I GSH il 7% , 4 47 S A0 38 J5 P16



Vol. 45 No. 6

21

b a

§ 18

=}

E 15+ b
|
o) 12
% 9 c
iy
i 6
=

Z o

© 0

IEWH FEmdH B R
215
(a) GSH

_Tr a

on

E6f

Q

Est

e

© 4+ b
Z .l i
#h

@ 2F ¢ c

Q

@ 1k

78]

© 0

B PR BN FE&TTIA
2H
(b) GSSG

GSH/GSSG

C
hd

0
IEWA A

ZH 5

(c) GSH/GSSG

FERZL # T Tl

ANEVING S BER R & 2 2 18] A7 AF 2 3 72 573 (P<0.05) .
B9 FRAZEAP GSH.GSSG R = & Rk & F= GSH/GSSG
%ttt
Fig. 9 Comparison of GSH and GSSG molal concentrations and
GSH/GSSG ratios among different treatment groups

LA 55 Gly 72 J R 40 i e & AR UDIR A 5 9% 55 1%
FE ) BARARCY . W 10 s, 5IER A ML,
R LA YR 35 T i 42 (20.02+0.55) mmol/L,
M Gly Jii 59 B B4 %5 (7.23+0.52) ng/mL, #2754
Ji W T R B R AR A N R, R B AL
BV S REAC WS AE . 2 CLEVs T 15 , LA Kk
% & (12.95+0.27) mmol/L, Gly i & K & 7 &
(9.44+£0.24) ng/mL. XU CLEVs A /£ —EfE L
o5 AR 2R AL IR > BE R RE , AT IRR 5 R
A S IRE S 9 9% 55 R AU R AIE

B OEF RECEAMSNEAN NRE R ENERER

21 a
18
2 st
° b
g 2k c | e |
= d
2 ool
< of
3+
0
B FER BURA FER TR
ZH 5
(a) LA
20 &
a
_ 10+ %
)
=
B 8k
)
B ol
b, 6
il
2
&} 2k

IEWA PR B G TRA

250
(b) Gly
AN RN B & 21 22 (B AR AE B 35 72 5 (P<0.05) 6
EH10 TR4AREM LAKEF Gly il 2KRENF R
Fig. 10 Effects of different treatments on LA concentration

and Gly mass concentration

LDH 1 CK & 2 il 41 A Ji 5¢ B v K L A 43 1%
SR = TS O = @ N T El R o /1 = R A Y 7
100 20 R O M R R P R A R A s R R
WE R, 5IE % 408 b, 188 44 LDH Al CK
W 1R T 4 ik B (738.95+14.15) U/L Al
(1029.12433.89) U/L, & ¥ H,0, 1% 5 I A A0 B ¥
5 B4 B P45 4 S LA R A DG g R . CLEVSs T
il )5 , LDH &5 CK ¥ /7 43 51l % %2 (585.20+11.93) U/L
F1(605.45£11.67) U/L, & W H 0l F 2008k 7 H,0, 15
100 20 i R O M 3 i K R % DR A T 2% A
55 54 LR O 9 9% 55 FE LA

Z5 b, CLEVs 7] 3@ i 38 58 Pi S840 B 400 L 48 35 2
FOEH R AR S L o AR A A OR B A S 5 R
LX A FEAER 2% H,0,% 310 C2C12 41 i
A R K i B P 9 5T B 3% B O TE B i UL 4E
H3Z B P9 57 T T B A T AE B AN E
25 EBEHMEFERENBRNARERERERESHT

LNy = SN i == N i) s
PERE ER bR, W 12~13 s, 5 Con H A EE
Mod 2 . LD 41 .MD #1 .HD 2 % PD 41 /) i 14 Jii &

107



108

Journal of Food Science and Biotechnology

800 -
700 -
600 -

Fliw

#{c‘

(=3
(=}
T
[=9
o

(=3
(=}
T

LDHJ 7J/(U/L)
(%] ey W
(=1
(=]
T

200 e
100 |-

O TEau FEadl
415
(2) LDH

B T

1200

1 000

800

600 -

e

CKi /1/(U/L)

400F 1

200

0
IEFHE Rl
415

(b) CK

BRI R B

ARG 7 B R % 2 (A7 AE 835 22 57 (P<0.05)

B 11 R A3 m e LDH & 7 A= CK & /) 49 % v
Fig. 11 Effects of different treatments on LDH and CK

activities in C2C12 cells

30

LD MD HD PD
5

HE NG 5B} R & 4L 2 ) B 35 2 7 (P>0.05) .
B12 TR &AEE b )RR E 3k

Fig. 12 Comparison of body mass of mice among different

0
Con Mod

treatment groups

LR EER. SHNAREEPER T ELS Con

AR LR EER. EREEEY,CLEVs T

WX ANRAEKKERZ AP EEREH.

2.6 EEhMEE SRR B S E Rk J1 98 B i8] 43 4
ARCER 7 QAR | R I | R NS e N T A

J P 57 me 71 E B AR AT . W 14 Bros

5 Mod 40 A Lt , % CLEVs T il 41 % PD 41/ & 1

BRE3I5H 2026 F 6 B | RMEEVHEARER

A i VK 0 v I IR S A B K. o, LD A .
MD 4 . HD 4 1 PD 2 [y 67 5 i vk /1 38 B [A] 43
5l N (11.28+2.04) . (13.05+1.34) . (15.36£1.90)
(13.69+2.37) min, % Mod 41 % 2 & T 21.03%-
40.02%+64.81% F146.89%. % CLEVs 7 & [ 1
I, A7 EE i Uk 7 v I R] 50 1 A, o HD 4 8%
R N, KW CLEVs fg 15 H 2R =/ R ig 3
it 73, B A BT I LiE B 1 95 55 9 0 .
27 CLEVsM/JREKNHEEREHMREFHEXE

¥R B9 52

it — IR CLEVSs X /N BIS B 9% 55 )2 4R
A REECIR 25 1 2w , A 1 /N BRUIfLE o SOD G 7
MDA W LAWE K CKiE /1. 45 R uE 155w,
5 Con HAH L , Mod 4 /) f L35 SOD W& I &% T
B, 8(95.3449.19) U/mL. 1ff MDA ¥ (LA K JE
J CK & /1 47 % 7+ & & (12.29+£1.03) nmol/mL.
(10.83+1.25) mmol/L A1(1 305.24+78.33) U/L, & I
Freizsh S % 5 7 B B R A LB R 5 AR R K
WL . CLEVs T 4L/ SOD i 1 1 2 K [ 12
R TH v S T MDA K VLA K K CK 3% 135 &8
SR Hoh HD A NGE MR BN B, H SOD S )
WA %(169.55+10.01) U/mL, %% Mod 242 51 77.8%;
MDA ¥ & [# %5 (5.2240.73) nmol/mL, % Mod 2H [4 1%
57.5%; LA W JE B 5 (4.33£0.53) mmol/L, % Mod 41 [%
1% 60.0% ; CK ¥ /7 B4 %5 (521.64+21.23) U/L, % Mod
HIFEAC60.0%. ks KLV, CLEVs R 2k
e WL A B A B7 18 B8 77, Tk 4202 3 15 5 1 A A R
FIL PR A A 5 () B 2 fift 7L AR B 4 0% 5 AH DG AR =
N 2 LA I B 1 95 55 RS
2.8 CLEVs %t/ i Nrf2/Keapl 15 S 1@ B A S M

FIZli2 5h 2% S ROS it & 774, S SUA LG
JE 1887 FE I 57 B R AE . Nrf2/Keap | 15 5 il B 2
AR AU e A A 907 1 110 O B I K, A Nef2 ] i
2 HO-1.NQO1 %5 T i P A By AH G B R R R Ik
M B 5 ML AR E B E OB 3 1R Y. AR
CLEVs Witz ) 11 9% 55 1 FALEL L A0 1/ BRHE
L Nrf2/Keap 1 15 58 2 B AH ¢ 3L R A8 KF .
16 T 7~ , 5 Con 40 A4H Eb , Mod 4. /> 5Bl i WL o
Nrf2 HO-1.NQO1 £ A [f) mRNA £ ik /K -F 8] & T
W, 2 BN 0.54+0.04. 0.54+0.05. 0.52+0.06, 1]
Keapl 5 H ) mRNA FIEKF i % 1.47+£0.02, %
A2 7)) B A 22 5 5 S A0 LB 400 1) P 1k P S AR B



Vol. 45 No. 6 B OEE RERRABINERTNRENERFOERIER
061 4 1.0p
Con Mod LD MD HD PD Con Mod LD MD HD PD
ik )
(a) M & (d) B
020 028
0.24
0.15 0 0.20
20 =
= Zo16
0 0.10 £
o =012
=
0.05 0.08
0.04
0" Con Mod LD MD HD PD 0 Con Mod LD MD HD PD
25 M
(b) Lo (e) fiti i
Con Mod LD MD HD PD Con Mod LD MD HD PD
415 AL
(c) FHHE R & (O BHEN =
AR ) /N 7 B R OR & 4 2 8] 6 S8 35 22 5 (P>0.05)
B13 AR AP FAES R E
Fig. 13 Comparison of organ mass of mice among different treatment groups
18 WMAGREEM . 4 CLEVs T W5 , % 4 B 4
16 .
514 Nrf2.HO-1 F1 NQO1 %: A f] mRNA £ 15 /K ¥ 2
Ep IR RE F 8 L 1M Keapl 3 8 {1 mRNA % ik K F F
= 10 .
2 M. Ho, HD AR A &, N2 HO-1 RINQOI
= >
= 6 B A ) mRNA 3£ 3% 7K F 73 53] K 2 2 0.96+0.06.
;4 .
& 0.90+£0.06.0.93+0.08 , Keap 1 £ K ) mRNA FRIAKF T
0 g b Mb i D U 2 1.04£0.05, 23 Con K F. LR &5 REW,
il CLEVs A] R il i 1 #% Nrf2/Keap1 15 5 1 B 8005 W I8

AN /NG 7 B R % 2 [ A7 A 8 3% 22 57 (P<0.05)

PEBU A AL 57180 R Gt , AT 28 A2 32 8l 7 e 1 5 1 AR AL

B 14 R4 PR QT KA Btk

Fig. 14 Comparison of different treatments on the load

SR 2 S ia sh VR 57 R AR E AL R ARy
EREEINIE LSRN

swimming time to exhaustion in mice

109



Journal of Food Science and Biotechnology BE3ISHI 2026 F 6 A | RREEYRARFR

210 16

180 A14
3150 12
E 2 10
2120 g

=3
E 90 =
a i% 6
2 60 S 4
=
30 2
0 0
Con Mod LD MD HD PD Con Mod LD MD HD PD
2H5) 2H 5
(a) SODi& /1 (c) MDA

14 1500 -

12 1250
a —_
= 10 21000
E ¢ 2
£ =
= =750
=6 i
% % 500
S 4

2 250

0 0

Con Mod LD MD HD PD Con Mod LD MD HD PD
215 ZH 5
(b) LAWE (d) CKii /1

AFNG FRER IR & 4 2 (B A7 7E 2 3% % 7 (P<0.05) .
B 15 FRE4&Zast )R o+ SODEH MDA K E LA K B A= CK & /1 09 %+

Fig. 15 Effects of different treatments on serum SOD activity, MDA concentration, LA concentration, and CK activity in mice

12F 1.6
fé ﬁ 12
=08 210
= z
< <
z 0.6 z 0.8
Eo4 E 06
=0 S 02

0 0

Con Mod LD MD HD PD Con Mod LD MD HD PD
ZH 5 215
(a) Nif2iImRN AR 2 1% (c) Keap I FImMRNAAH R ik i
121
]
1.0 ab - ap @ :
® K
208 Zo
=< =
< <
%0.6 % .
£04 Z 0.
3 3
)
S

T02 So.

0 Con Mod LD MD HD PD Con Mod LD MD HD PD
2053 215
(b) HO-1{JmRNAA{ X #eik i (d) NOOI FJmRNAAI X} ik &

AN NG B SRR L AR AE B35 72 5 (P<0.05) 6
B 16 R 43240 K HE ML Nrf2/Keapl 12 5 38 3% 69 48 % & B & & K-
Fig. 16 Expression levels of Nrf2/Keapl signaling pathway-related genes in the gastrocnemius muscle of mice from different

treatment groups

110



Vol. 45 No. 6
3w

£ L CLEVS ARF 50 %, RSN 7 HFE AL
FEVE BUA AR E RIS MR 57 R o i TR
B ORIy SRR TR A e KRR S A 3 — 1)
CLEVs. CLEVs BA BRIt ALEE /7, 9 H
Ji R N 80 pg/mL I, Xt DPPH il ABTS' H i %
TE W BT IA 5] (97.85+1.60)%.(96.35+1.10)%.
TEY0 L K7 &, CLEVs B AT R 45 1) A= W0 A 25 M IF
A B C2C12 40 A 2% B L, B 6 2 2 4% fif HLO, i
S AL B AR 5, K BN AR R SOD VS 7 L 4k R
GSH/GSSG - #5 - [% {k MDA .LDH 7K - #1 CK %
77, I B0 LA B R I Gly 45 FE 55 9% 97 A0 SR8 5+
Mo MAN, CLEVSs F 2 2 42 5 /N iR 12 i /), Hoh
HD #H 47 3 V7 vk /7 3% i [8] 15 #1] (15.36+1.90) min,
BT B 64.81%, HAURM T PDA . [FAS,
% CLEV's Ab B8 20 3 A 56 /s B 5 & % 8 221 48 i
HIEREERW, RPELEA RIGFMEY e,
I 3% 2B AL 5 B5 2 M R BH , CLE Vs fig % 32 % SOD 3
77, P& MDA K & VLA WK JE F CK & 17, T 2% fif
12 3 75 5 10 A A BB 05 L T A AR S
WL 545 de4bh, B 5Lk R B, CLEVs T il J5 1T &
# R Nrf2 . HO-1 MINQOI1 3% , 3 i Keapl
i, AT 38 5 AL A BT Ak B AR g D ORI 12 B 1
FHEAR G . 45 b, CLEVSs 1E 2% filt S Ak B
BT AN s aE B MR 55 T T AR B R AR
W, BA RN R AR ThRE R 7 10 R 1, N kiR
SR VR 2 Hf 4 T W TR I8 B 7E 7R R ) e A U I 8
F$R A 7 AR K 4 .

£ 30

[1] Garthe 1, Maughan R J. Athletes and supplements:

prevalence and perspectives[J] . International Journal of

Sport Nutrition and Exercise Metabolism, 2018, 28 (2) :
126-138.

[2]Qu Z H, Zhou S Y, Li P H, et al. Natural products and

skeletal muscle health [J] .

Biochemistry,2021,93:108619.

The Journal of Nutritional

[3] Reid M B. Reactive oxygen species as agents of fatigue
[J].
48(11):2239-2246.

(4] BXWEs , & PF, WA, & . kT X 4% 24 38 2 T 4k b 5K
56 96 F 755 RO AR Y TR 12 275 5 (¥ LA AR 03 1 4 R WL
HI0T]. & DA RH,2025,46(10):371-382.

Medicine and Science in Sports and Exercise, 2016,

B OEE: RERRARSM N DRENESNERER

Zhao X P, Dong D, Tan B X, et al. Mechanism of litchi

semen extract in preventing exercise-induced muscle
damage based on network pharmacology and in vivo and in
vitro experiments [J] .
Industry,2025,46(10):371-382. (in Chinese)

[5]Jia J J, Zeng X S, Li Y, et al.

Science and Technology of Food

Ephedrine induced
thioredoxin-1 expression through p-adrenergic receptor/
cyclic AMP/protein kinase A/dopamine- and cyclic AMP-
regulated phosphoprotein signaling pathway[J]. Cellular
Signalling,2013,25(5):1194-1201.

[6] Kim M, Jang H,Kim W ,et al. Therapeutic applications of
plant-derived extracellular vesicles as antioxidants for
oxidative stress-related diseases[J]. Antioxidants, 2023,
12(6):1286.

[7] Zhang W W, Wang TY,Xue Y Y,et al. Research progress
of extracellular vesicles and exosomes derived from
mesenchymal stem cells in the treatment of oxidative stress-
related diseases[J].
1238789.

[ 8] Picciotto S, Santonicola P, Paterna A, et al.

Frontiers in Immunology, 2023, 14:

Extracellular

vesicles from microalgae: uptake studies in human cells and

Caenorhabditis elegans [J] . Frontiers in Bioengineering
and Biotechnology,2022,10:830189.

[9] Masi A, Leonelli F, Scognamiglio V, et al. Chlamydomonas
reinhardtii: a factory of nutraceutical and food supplements
for human health[J]. Molecules,2023,28(3):1185.

[10] Cui X W, Guan C B, Wang H Q,et al. Chlamydomonas

retard rice starch

reinhardtii polysaccharides

retrogradation by weakening hydrogen bond strength

within starch double helices[J]. International Journal of
Biological Macromolecules,2025,296:139570.

[11]LiJ X,LiY,Song X Y,etal. Ulva lactuca extracellular
vesicles protect against high-fat diet-induced intestinal
damage via Nrf2/Keapl/HO-1 activation [J] . Food &
Function,2026,17(1):176-189.

[12] Zhong X, Wang Y X, Song C, et al. Engineered liver-
targeted probiotic nanovesicles overcome oral absorption
barriers to cure alcoholic liver disease [J] . Chemical
Engineering Journal,2025,522:167270.

[13]Yu X T, Wang R Y, Lai B, et al. Effect of Auricularia
auricula fermentation broth on the liver and stomach of
mice with acute alcoholism[J]. Food & Function,2021,
12C(1):191-202.

[14] Cai J M, Xing L J, Zhang W G, et al. Effect of yeast-
derived peptides on skeletal muscle function and exercise-
induced fatigue in C2C12 myotube cells and ICR mice
[J1. Journal of Agricultural and Food Chemistry, 2023,

71(42):15522-15537.

111



112

Journal of Food Science and Biotechnology

[15]Ma X Y, Wang Y M, Hu Y D, et al. Chemical

composition, antioxidant activity, anti-fatigue function

and mechanism of pomegranate peel polyphenols on

exercise-induced fatigue in mice [J]. Foods, 2026, 15
(9):1576.

[16] Zhou Y P, Wu Q, Yu W, et al.
exercise-induced fatigue via modulating Nrf2 pathway

Food

Gastrodin ameliorates

and inhibiting inflammation in mice [J]
Bioscience,2023,51:102262.

[17] Chang Z H, Hong D,Ma X Y, et al. Lactoferrin-derived
hydrophobic peptide YIYT alleviates osteoporosis via
synergistic activation of Wnt/#-catenin and BMP/Smad
pathways[ J]. Food Bioscience,2026,79:108684.

[18] Liang F,Zheng Y X, Zhao C C,et al. Microalgae-derived
extracellular vesicles synergize with herbal hydrogel for
energy homeostasis in osteoarthritis treatment[J]. ACS
Nano,2025,19(8):8040-8057.

[19] Hu H Q, Lu F, Zhang W T, et al. Chlorella-derived

extracellular vesicle-based nanogels suppress cGAS-
STING for treatment of radiation-induced lung injury[J].
Nature Communications,2026,17:1403.

[20] Musa K H, Abdullah A, Al H A. Determination of DPPH
free radical scavenging activity: application of artificial
neural networks[J]. Food Chemistry,2016,194:705-711.

[21] Kumagai R, Lu X, Kassab G S. Role of glycocalyx in
flow-induced production of nitric oxide and reactive
oxygen species[J]. Free Radical Biology & Medicine,
2009,47(5):600-607.

[22] Wang S, Barthes N P F, Urban S, et al. Structure-guided
design of a KMT9 inhibitor prodrug with cellular activity
[J1. Journal of Medicinal Chemistry, 2025, 68 (13) :
13295-13320.

[23] Tie S S, Su W T, Zhang X D, et al. pH-responsive core-
shell microparticles prepared by a microfluidic chip for
the encapsulation and controlled release of procyanidins
[J]. Journal of Agricultural and Food Chemistry, 2021,
69(5):1466-1477.

[24] Zhang W L, Shen Y L, Liu M, et al. Sub-10 nm water-

B-NaGdF,: X% Eu”

enhanced biocompatibility for in vivo X-ray luminescence

computed tomography [J]. ACS Applied Materials &
Interfaces,2017,9(46):39985-39993.

dispersible nanoparticles with

BE3ISHI 20265 6 A | ER5EMEARFR

[25] Murdica V, Giacomini E, Makieva S, et al. In vitro
cultured human endometrial cells release extracellular
vesicles that can be uptaken by spermatozoa [J] .
Scientific Reports,2020,10:8856.

[26] Abdel B H M, Basset S R A. Endocytic pathways of
optimized resveratrol cubosomes capturing into human
hepatoma cells[J]. Biomedecine & Pharmacotherapie,
2017,93:561-569.

[27] 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] .
2022,23(18):10920.

[28] Herzog K, Ijlst L, van Cruchten A G, et al. An UPLC-

International Journal of Molecular Sciences,

MS/MS assay to measure glutathione as marker for
oxidative stress in cultured cells[J]. Metabolites, 2019,
9(3):45.

[29] Patel R S, Ghasemzadeh N, Eapen D J, et al. Novel
biomarker of oxidative stress is associated with risk of
death in patients with coronary artery disease [J] .
Circulation,2016,133(4):361-369.

[30] Li C G,Zhu X J, Zhang J X, et al. Polysaccharides from
apple
increasing glycogen content[J]. Journal of Food Science
and Technology,2023,60(1):283-291.

[31] Zhang H J,Fu Y, Zhang H, et al. Sophocarpine alleviates

pomace exhibit anti-fatigue activity through

doxorubicin-induced heart injury by suppressing oxidative
stress and apoptosis[ J]. Scientific Reports,2024,14:428.

[32] Zeng H J, Cheng C H, Liu S M, et al. Liquid culture of
Pleurotus nebrodensis mycelium with high yield and
extraction and anti-fatigue activity of its polysaccharides
[J]. International Journal of Biological Macromolecules,
2024,281:136434.

[33] Chen Y, Wang J J,Jing Z H,et al. Anti-fatigue and anti-
oxidant effects of curcumin supplementation in exhaustive
swimming mice via Nrf2/Keapl signal pathway [J] .
Current Research in Food Science,2022,5:1148-1157.

[34] Xiao R, Wei Y, Zhang Y P, et al. Trilobatin, a naturally
occurring food additive, ameliorates exhaustive exercise-
induced fatigue in mice: involvement of Nrf2/ARE/

ferroptosis  signaling  pathway[J]. Frontiers  in

Pharmacology,2022,13:913367.



