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Redox Homeostasis and Spermatogonial Stem Cell Aging: Molecular
Networks and Targeted Strategies of Antioxidant Interventions

QIU Xingyun'?, FAN Yi*, LIU Bang', ZHOU Dai'*
("Hunan Provincial Key Laboratory of Regional Hereditary Birth Defect Prevention and Control, Changsha Hospital for Maternal
& Child Health Care Affiliated to Hunan Normal University, Changsha 410000, China; *the Third Clinical Medical College of Ningxia
Medical University, Ningxia 750004, China; *School of Medicine, Hunan Normal University, Changsha 410000, China)

Abstract Male reproductive aging is a critical issue affecting fertility and reproductive health, which has
increasingly attracted the attention of the academic community. The age-related decline in the function of SSCs
(spermatogonial stem cells) is the fundamental basis of this reproductive decline. Current studies suggest that the
abnormal accumulation of ROS (reactive oxygen species) not only directly damages SSCs but also impairs the
testicular microenvironment that supports their function, thereby disrupting the homeostasis between SSC self-re-
newal and differentiation. Focusing on the perspective of redox homeostasis, this review systematically outlines the

pathological roles of ROS in the aging process of SSCs and summarizes the underlying mechanisms of endogenous

ek H 393: 2026-03-20 52 H 1: 2026-04-27

B 5K E AR R A S 82201771) « WIFT 4 B AR S (HILHE S 2024)16083) il 7 B [ BHA 2 A RHE QLS G T RIGHEHE S NYCXCYX047)% B
IR

*HEEMEE . Tel: 14789751785, E-mail: zhoudai@hunnu.edu.cn

Received: March 20, 2026 Accepted: April 27, 2026

This work was supported by the National Natural Science Foundation of China (Grant No.82201771), the Natural Science Foundation of Hunan Province (Grant
No0.2024JJ6083), and the Ningxia Medical University Undergraduate Innovation and Entrepreneurship Program Funding (Grant No.NYCXCYX047)
*Corresponding author. Tel: +86-14789751785, E-mail: zhoudai@hunnu.edu.cn


https://cstr.cn/32200.14.cjcb.2026.06.0018

MBS FANIEFRS SRR T AMAEE: ST T T 71 4% 55 50 R SRS 1715

and exogenous antioxidant interventions. Particular emphasis is placed on how antioxidants regulate the balance
between cellular apoptosis and mitophagy through the crosstalk of signaling networks, including the Nrf2/Keapl,
SIRT1/FOXO, and PI3K/Akt/mTOR pathways. Furthermore, given the dual properties of ROS as physiological
signaling molecules, this article objectively discusses the potential risk of “reductive stress” in antioxidant therapies
and explores the paradigm shift in intervention strategies from “simple scavenging” to “homeostasis reconstruc-
tion.” Finally, considering the physical restrictions imposed by the blood-testis barrier on drug delivery, the applica-
tion potential of nano-targeted strategies in overcoming clinical translation challenges is briefly prospected. This

review aims to provide a theoretical reference for basic research and individualized clinical interventions in male

reproductive aging.
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Right panel (oxidative stress/aging state): with advancing age or pathological stimulation, the accumulation of excessive ROS disrupts redox homeosta-
sis. The diagram illustrates the dual sources of pathological ROS: endogenous ROS generated by SSCs due to mitochondrial dysfunction (SSC-derived
ROS), and exogenous ROS released from the degenerating microenvironment (niche-derived ROS). On one hand, ROS induces damage to endogenous
macromolecules (including DNA strand breaks, protein oxidation and aggregation, lipid peroxidation, and ferroptosis), triggering a vicious cycle of mi-
tochondrial ETC (electron transport chain) impairment and autophagy dysfunction. On the other hand, niche cells degenerate and the BTB is impaired,
along with decreased secretion of testosterone and GDNF. Combined endogenous damage and microenvironmental decline result in SSC exhaustion
and reproductive aging.

Bl JEMEROS)ERE R THAIEIESHIA S RE KRR EARIES E ST [4-201204)
Fig.1 Pathological network of ROS-driven disruption of spermatogonial stem cell homeostasis and aging
(adapted from references [4-20])
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N 2R A VI ENT A% 5 B 45 B PUE AL RS TG (ARE), L RHO-1. SODSE A Y M i AR AR Ik, 399 1 R ERG BRiE ). JBEEB(ETE D))
H 2 I B0 SIRT 1, 8 25 BB ITIFOXO03aMIPGC- 1o, MIHMEIH TAF 5 IHEE DT T S Ao A LW & i R CORIT B IR %): &
A2 3% B PP OOUDI e i AMIPK )i 2 410 ) o J5 375 A6 P PI3K/AkY/mTOR C Ll B, Pk & 52 40 1 ’ffa*‘ilzli I B (WIPINK 1/Parkinig: 422), K i i B Th fig Bt
TR R . = QIR B AR T 5 B (crosstalk), Y [T BR P JEPEROS, 18 mtDNA, 2450 SSCs iz, P E I | T H 5 ik g
In senescent SSCs, persistent oxidative stress and mitochondrial dysfunction induce pathological damage. Antioxidants reshape cellular homeostasis
through multi-target network interventions. Pathway A, antioxidant defense: compounds such as sulforaphane promote Nrf2 nuclear translocation and
binding to AREs (antioxidant response elements), thereby upregulating endogenous defense enzymes such as HO-1 and SOD and enhancing free radical
scavenging capacity. Pathway B, survival switching: resveratrol activates SIRT1, which deacetylates FOXO3a and PGC-10a, suppresses pro-apoptotic
signaling, and promotes antioxidant transcription and mitochondrial biogenesis. Pathway C, metabolic and autophagy regulation: rapamycin or metfor-
min, via AMPK activation, moderately suppresses hyperactivated PI3K/Akt/mTORCI signaling, restores impaired mitophagy such as the PINK1/Parkin
pathway, and removes dysfunctional mitochondria. Crosstalk among these three pathways synergistically eliminates endogenous ROS, repairs mtDNA,
rescues SSC fate, and restores self-renewal and differentiation potential.
E2 EMNFIEEXRESERMNEEEREE T ARENTERISRIESE S [22-43]2504)
Fig.2 Antioxidants reshape redox homeostasis in spermatogonial stem cells through key signaling networks
(adapted from references [22-43])
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Table 1 Representative antioxidant strategies for the protection of SSCs (spermatogonial stem cells)
and their network regulatory mechanisms
UM 32K REMED) 5 AL AE 5 i B TESSCs MM IE I FEARA S RIBRE S B IR 7 )
Antioxidant class ~ Representative Major targets/signaling Main protective effects in SSCs and Limitations and future
compounds pathways their microenvironment directions

Endogenous SOD (superoxide Basal antioxidant defense Establish the first-line antioxidant de- Direct supplementation with
enzymes dismutase), CAT system (regulated by up- fense by scavenging superoxide anions  purified enzymes is limited

Exogenous natu-
ral compounds

Vitamins & trace
elements

(catalase), GPx (glu-
tathione peroxidase)

Resveratrol

Melatonin

Astaxanthin

Curcumin, quercetin

Vitamin E
(a-tocopherol, e.g.),
vitamin C

Se (selenium), Zn
(zinc)

stream Nrf2/Keap1 axis)

SIRT1-FOXO3a axis;
PGC-1a deacetylation

Broad-spectrum free radical
scavenging; MT1/MT2
receptor-mediated signaling;
Nrf2 pathway;
SIRT1/MnSOD axis

Regulation of the Bcl-2/Bax
ratio

Nrf2/HO-1 pathway for
curcumin; COX-2 inhibition
and cAMP/PKA signaling
for quercetin

Interruption of lipid peroxi-
dation chain reactions by
vitamin E; electron dona-
tion and maintenance of the
reduced state by vitamin C

Essential cofactor for the
GPx family for selenium;
maintenance of SOD ac-
tivity and stable protein
conformation for zinc

and H20:, thereby reducing testicular
oxidative injury and germ cell apopto-
sis

Protects SSCs against oxidative dam-
age, improves epigenetic homeostasis,
and optimizes spermatogenesis. Down-
stream transgenerational benefits may
include enhanced serum antioxidant
capacity, increased mitochondrial DNA
copy number in offspring blastocysts,
delayed telomere shortening, and
potential blockade of paternal aging-
associated transgenerational effects

Reduces lipid peroxidation products
such as MDA, suppresses the Bax/Bcl-
2/Caspase-3 apoptotic cascade, and
markedly improves post-thaw viability
of SSCs

Shows superior efficacy to conven-
tional vitamin E in improving post-
thaw cell viability and total antioxidant
capacity while reducing ROS accumu-
lation

Attenuates local inflammatory respons-
es and oxidative damage, optimizes the
local microenvironment, and supports
testosterone synthesis

Preserves SSC and mitochondrial
membrane integrity, maintains a local
reducing environment during in vitro
culture, and supports vitamin E recy-
cling

Combined supplementation may
reduce oxidative DNA lesions, such as
8-OHdG, suppress microenvironmen-
tal inflammation, and synergistically
restore local testosterone levels

by poor stability and low
transmembrane delivery
efficiency; current strategies
therefore favor the develop-
ment of upstream targeted
activators

Hydrophobic nature and
low bioavailability limit its
application; nanoparticle
polymers such as PLGA and
liposome-based delivery
systems are commonly ex-
plored to improve delivery
efficiency

Exhibits a dose-dependent
“double-edged sword”
effect; high concentra-
tions may induce reduc-
tive stress. Future studies
should explore targeted and
controlled-release strate-
gies, such as CD9-mediated
delivery

Strong lipophilicity limits
broader application; it is
mainly used for optimizing
in vitro cryopreservation
and culture systems

Both compounds have poor
aqueous solubility and
undergo extensive first-pass
metabolism in vivo; carrier
systems capable of crossing
the BTB (blood-testis bar-
rier) are urgently needed

Their targets are relatively
limited, making it difficult
to achieve deep gene-level
homeostatic remodeling;
they are mainly used as
basal supplements in vitro
culture systems

Serve primarily as basal
metabolic support and
should not be oversupple-
mented; metabolomics-
guided individualized and
combined supplementation
strategies are needed
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Bl 8 s B (passive diffusion) it 77 70 57 575 41 o i
BENARENE RO ST U FEIRRRER E I A, XK
NG T IR o I 5 0 5 2H 03 A R MO T IO €
T B C 5 15 6 FH (liquid chromatography-tandem mass
spectrometry, LC-MS/MS). U4 [F] 37 25 7~ Er Bl A%
WA S 1R 5 e 55 294K 3h 1 S BORBEAT A i E &
BER. EIMREAL R, IR E 2 I 45 RIR ST
AAMEFAN A, CRIRE TR R VD 55K TE
(oligo-astheno-teratozoospermia, OAT) 4 B 1 451,
AW FCUESE TR, 1Z 2R AN 785103 F T8 2% e ik it
K. IR RER . = TS R R A RO
BT, TSERSICR IR TS T DNARE
Ji % (DNA fragmentation index, DFD)*, #5254 45
REoR: BRI DA BRI, DR TR
JE P AR DNASE DU 2 8 25 (B T b i
FUUE RGE K, X7 AR ] BE A B TR R
TRARE P A E AR, WTE—EFEE
ISR L RN I AL E S, AN, MR R
N R R SRR R 70 7, MBI RE
P B AN S 2R A RS B B, v el
VAN S A5G R 2 AR MTUMT252 4%, £
ZJ7 IR B2k SSCs SCREAH L K 7] /53 4H Ffa Fr 4
MG B FEARSMIT T, 40 SSCHIRAF 75
TRARW, IS INAR R 2R BN R (— M A SR BT E LT
JIREHACEIAEE b2 ) kI RERE B4R R R Rt S )
YIS 77, FEiE I 4 Bel-2/Bax B 55 5 A 4 A A
oM, [, AR R PR S B R I T
#BRER R PTRN S TR P FTE T

3.3 HAEREMERR: MEANENSEHE T

AP E S, R ESMETTR S
VE Dy 75 B 4 DR - BREE R DR AP 77, DR B BEAR 7 4 %
G =S R E B . BN, BEVE PR 4E A R E(Wa-
B FEEN TR RSE, A W E g
A S R R DR R 5 6 1) 0 4 At B 17 7K A
U LT AR R AR 2 C, W AR A B TR AR R rh
5HARGUAATIBR , W Bh4ERE R 30 Ik R R 5T
YrE ZWER PP,

FERCR TC R T I, AR GPx KRG ME O )
WG 7, Hdh = 5 FL i S Ui sz W, A
SSCslfl Il B vy PR RS P71 R NI FE ZEHF SODIE
TR sE B A U G0 T R AL B R R B ARG
Wt IRE M A ST R, ERRR IR
BRI S I AR RS A DN A7 [ G PG 8- 2 ik i AL
+F (8-0x0-2’-deoxyguanosine, 8-OHAG)7K 1] M AL i3t J&
0 S RV T, I — s B E] A T P

SRS, WIETERE R 7 AR B4,
RINAE W08 i 22 B0 5 N 28 E AT RS 2l i 42, T
e 5 iR TR AR AL 1 AR sk A S .
EHRIRAEAR R T TR T b, B2 (MRS N SR
A fi OB — W BT A b e B L AT .

4 HIEHIHERSRE

B FETE 5 W 2% 18 45 1 P A AL 5 IS 7E 48 2%
SSCsHE 2 77 [ R I tH 8 AE B A8, (HiZ B8
14 I PR R FH B i R R S TG A — R AR S5 HOR
JETH PR . TR I 22 s X He iy, 2 AR A
FHEE T .
4.1 “WIIGI" 3N 5% 5 B XU B9 7 ZE

ROSTEZH M A sife 2 AR 38 5505 BE A XU J& P, X
WA T PR T A% O JE . 3 B Bl = #E W)
PERIRRE B, MU ATREFFEI IE, I8 v] BB K I i
I (reductive stress), B4 P I4 JiR 24 & (WTNADH.
GSH%)id [ RAR T T 20 5 8 BEAR S P50, 7
SSCsHt, AbT-A: BEAK/K T (¥ ROSHAN F 4 H5 B35
5WEF L EES 1. MWAFREY, @it
A EPURAT T ETERR ROS, 25l KZFAR
Ja R AR B IREFA RS 55, Tk
H W I 0E (/K FROS 2 B Wk 1) 3 2L ), 182
BELAS P4 Jo 9 o i 1 B I DR I & 55 . (Rt 2
FLIZHTNTRR, R T TSR B BN M A T I B
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(AL B, B IR R AL R RS RS 4H B 2R ™,
J1RAFEROSYERFAE A BRI A= PR X TR N
4.2 SIAEBTBHYEL 161X Ml

SSCsyE T T A MG /INE W BE I X 38 A% S8
RAEAE SR IE BTBXY 254 70 A0 I R SR BHAS , (HS2bR -,
2 5 VRS 25 IR U SR A B R HiRIA SSCsT 5%,
TS T I 4D 2 PXER P B2 3R 4 (A O P R & T R )
KupfferZ g 5 505 40 ) %5 g8 K BURL 1) R R 7 1
Wi 5 RETERR . BETURH, RiA30%3299% 15 4
KR 5 2% 2 AR 5 F AT B AE JHF I 30 R PR
il 7 HAERR A LA A PR R O, A bt
PG, 2900 75 2% S I 52 AL A A B o
KEFRNMMRE. X2 EHN RSB
Ui B SR M 20 BB ) AR ARG . BRI, M
YR 7] 5 IR BRI N A2 — P H A& ) R
%

Ny bk 2 EAR B bR R, BFTEN AN A4
FEXT A oK ih ik RGBT R A it . B
2, TEGRRIURL 2 TH 51 N\ 210 Pl 28 3% K (cell-penetrating
peptides, CPPs)i 1T 1&1Mi. CPPs'® &M Z IR M
PR S5 IE FELAT () 2 B R , mlIE O F r A BRI 46
7 A7 FL R A RS (i 9 2 BB ), PR B AR E B
o #4E H (endocytosis), #KFEIE 2 AR # g 42 SEE
1 R 1 Y LR, BT T IR S S 2 AR T
JR AN KR I ) R, B0 B 9 e A 5 2 AL
(PEGylation)f& i £ # AR [ #4 # 7K A 23 [BALFH , DA
IR GO B AR AE AR P I LRG0 S 1, #E 3R
O REABAE R A b @ AR A A B R
P AR A BR BT, BERE 5] FAKEARE M E &2
HARdHZR . 8B M A 58 o 2%, BEIT N i
25 SR FH LA B 0L [ ARG ] 8 o 1 9 K RO 32 18T )
PEGHE AR i, LAIRE G 88 [m] IO AR i B B AT B A

Ak, A BRI T ) AR N
WA KEIE RS, NIRRT A Ja i 4 it
T IR BEYE . B, R 9K EAA TR
AT (ln B 22 7 I ) AN R Y2 3 B v 2 W K 1
e R PFAREE 25 H R EB G B 5 B B A KR,
TRy SEAL I A B 5 AR DR . [RIEF, B
17 HE AN K B (8 T S B B R 40 oK A L)
TG UE SERE A AU %7 1% BTB, 76/ R A Hr s =2
FAIEMEE(ROS) IR [ATE BR, IEAEAST 15 SIS AL
145 A I HH 5 3 1 A4 % A 2 B R A R S

FERE ) SR IR AR R IR R, A AR 9
KBE R & BRI H S TRk B A
BRI AR, &G R AR R AU S
+, DO RIS B AU R A e AT BB R . TRE
KK (40 PLGA)RE 8 T2 4t B 00 7 B B AR E M
AR, &6 H KR MR R AT
JRARS T I 5. BeAh, 40 43I0 [ s ik Ak
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(t RNAsH 5 A BB RRILH, IR A AR FE R 5
5k 7 R AR BB T £ 2 U . SR, ARk
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KB TR o R K 1) 3R I R B34
S TR R s ARG PR AT T R, (A
NAAR R S 2 A R8RS ) e A R AT 75 B 9 P )
s PR HI DA%

43 IEREUNISAST 2RI RNARIRER

ET R T BRI RS SSCs ML IE i 2 YR
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AR E, EEAMEZ N ARES AT §E I I AE PR
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AR HAL T TR 7 45 & AU 4L 22 45 58 3
B, RN AR BB, N (R ZbL A 3 25 A &
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5 5t
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R, #E AN 4E R R G AR E S bR .
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AR T BUE AT TR AELE SSCsIE &
J7 T )5 T W 48 5 88 ) SR IE o 256 4T Fi s,
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