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Transplantation of human umbilical cord mesenchymal stem cells repairs
radiation-induced reproductive injury in male mice via improving mitochondrial

function and attenuating oxidative stress
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Second Medical University, Weifang, Shandong; 2Department of Radiation Protection Medicine, Department of
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[Abstract] Objective To investigate the ameliorative effect of human umbilical cord mesenchymal
stem cells (hUC-MSCs) on radiation-induced reproductive damage in male mice and its potential mechanisms.
Methods  After obtaining informed consent and signed consent forms from healthy full-term pregnant women
in the Department of Obstetrics and Gynecology at Xijing Hospital of Air Force Medical University, umbilical
cord tissue approximately from 6 to 8 ¢cm in length from healthy full-term newborns was collected under sterile
conditions in the operating room for isolating and culturing hUC-MSCs; 45 healthy male C57BL/6 mice aged
from 6 to 8 weeks with a body weight of 22+2 ¢ were divided into Control+PBS (n=3), Control+MSCs (n=6),
Rad+MSCs (n=6), Control (n=10), Rad (n=10), and Rad+hUC-MSCs (n=10) groups using a random number
table method; the Rad, Rad+MSCs, and Rad+hUC-MSCs groups were subjected to whole-body single-dose
irradiation using “’Co <y -ray at a dose rate of 1.28 Gy/min and a total dose of 6 Gy; immediately after
irradiation, the Rad+MSCs and Rad+hUC-MSCs groups received a single tail vein injection of hUC-MSCs
suspension (2x10° cells/200 wL); the distribution of hUC-MSCs in testicular tissue was observed using a
multimodal in vivo imaging system and confocal fluorescence microscopy; at 12 weeks post-irradiation,
bilateral testes were harvested and weighed to calculate the testicular coefficient; sperm quality was assessed
under a microscope; testicular morphology and structure were evaluated using Hematoxylin and Eosin (HE)
staining; reactive oxygen species (ROS) and mitochondrial membrane potential (MMP) levels in testicular
tissue were measured by flow cytometry; malondialdehyde (MDA), total superoxide dismutase (T-SOD), and
catalase (CAT) contents were detected by colorimetry; testicular cell apoptosis was assessed using TUNEL
staining; and Western blot was used to detect the expression levels of Parkin RBR E3 ubiquitin-protein ligase
(Parkin), PTEN-induced putative kinase 1 (PINK1), Beclinl, OPA1 mitochondrial dynamin-like GTPase
(OPA1), dynamin-related protein 1 (Drpl), Bel2-associated X protein (Bax), and B cell lymphoma-2 (Bcl-2).
Results At 24 h and 48 h post-irradiation, multimodal in vivo imaging showed no fluorescent signals in the
testicular tissue of the Control+PBS group, while fluorescent signals were observed in the Control+MSCs and
Rad+MSCs groups; further confocal fluorescence microscopy revealed red fluorescence in the interstitial
regions of testicular tissue in the Control+MSCs and Rad+MSCs groups, detecting fluorescence dye labeled
MSCs signals; at 12 weeks post-irradiation, comparedto the Control group, the Rad group showed significantly
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decreased sperm count (P<0. 05) and motility (P<0. 01), significantly increased malformation rate (P<0. 001),
vacuolization and disordered arrangement of spermatogenic cells, reduced seminiferous tubule diameter
and (P<0.001), elevated testicular tissue ROS levels (P<0.05),
significantly decreased MMP levels (P<0. 001), increased MDA content (P<0. 001), elevated T-SOD activity
(P<0.05), decreased CAT activity (P<0.05), increased protein expression of Parkin (P<0.01), PINK1
(P<0.05), Beclinl (P<0.05), OPA1 (P<0.01), and Drpl (P<0.05), increased TUNEL-positive cells
(P<0.001), and decreased Bcl-2/Bax ratio (P<0. 01); compared to the Rad group, the Rad+hUC-MSCs group

exhibited significantly increased sperm count and motility (P<0. 05), significantly decreased malformation rate

spermatogenic  epithelium thickness

(P<0.001), improved vacuolization and arrangement of spermatogenic cells, increased spermatogenic
epithelium thickness (P<0. 01), reduced testicular tissue ROS levels (P<0. 05), significantly increased MMP
levels (P<0.01), decreased MDA content (P<0.001), reduced T-SOD activity (P<0.05), increased CAT
activity (P<0. 05), decreased protein expression of Parkin (P<0.05), PINK1 (P<0. 05), Beclinl (P<0. 05),
OPA1 (P<0. 05), and Drpl (P<0. 05), reduced TUNEL-positive cells (P<0.001), and increased Bcl-2/Bax
ratio (P<0.05). Conclusion hUC-MSCs may alleviate radiation-induced male reproductive damage by

mitigating mitochondrial damage, reducing testicular tissue oxidative stress injury and cell apoptosis.
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A :hUC-MSCs primary cells; B: Identification results of CD45,CD34,CD90,CD105,CD44,CD29 by flow cytometry
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Figure 1 Morphological and immunophenotypic identification of hUC-MSCs
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A': Fluorescence imaging and 3D gray value of testicular tissue; B: Distribution of hUC-MSCs in mouse testicular tissue
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Figure 2 Distribution of hUC-MSCs in mouse testicular tissue
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A : HE staining of testicular tissue, arrow indicating the pathological damage site of testis; B: Diameter of seminiferous

tubule ; C: Height of seminiferous epithelium
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Figure 3 HE staining results show the morphological structure of testicular tissue in each group
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WA T PG /N B T, 25 R, RS
12)#, 5 Control HAH L, Rad 2H/ N AU EEFLEREU(P<0. 01) .
K 2 (P<0. 05) X4 71 (P<0.01) ¥ W B REAK; 5
Rad 2 A It , Rad+hUC-MSCs 2H /> BUKS 7 %0 & 0% )
Y0 B ThE (P<0. 05, [ 4A~C) . WEEIFSE it 4% 41/
SRR 52 R b H DL RS TR S i R, S R R, 5
Control ZH A Lt , Rad 4 /N BUAO RS T B JE R I 2% T
(P<0.001) , BN+ LUAT & FIA & B R £ 5 5 Rad
ZHHI HE , Rad+hUC-MSCs 417N FURS T I T2 R 5 2 1 %
(P<0.001, E 4D~F) . $#£/~8 hUC-MSCs 1 7 AJ 3 1 #
THRE T80 56 ) RO WP 28 A A% il e S
FUNRAEFE D RES A, B 6 Gy AU IR B /N R
KT G

2.5 hUC-MSCs 7T #2245 4 T8 R EHh wm &4
PRI
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L S AL 200 it 28 7 AR 5 e, 7 I 25 [ A1 (P<0. 001) , Rad+
hUC-MSCs 21 /7)™ B 52 40 i 28 b7 14 B8 L 57 55 Rad 4 B
BT (P<0.01, B 5A \B) ; Western blot 455 /8, 5
Control ZH 4 Lt , Rad ZH /)N B 52 U 52 U2 2 2Rk 1A 1 I
#H & & [ PINK1 (P<0. 05) | Parkin (P<0. 01) . Beclinl
(P<0.05) #ik & Fh i , Zbi PRl & G H OPAL
(P<0. 01) F1 53 2441 5 76 1 Drpl (P<0. 05) 7 4 21k it
T 5 Rad ZHAH H , Rad+hUC-MSCs £H /N Bl 52 L 2H 41
2R R4 [ WA G 11 PINK 1, Parkin . Beclinl 2K [
(P<0.05) , ZRL Al A A0 JC H 11 OPA1(P<0. 01) Fl 43
ZLAASCEE M Drp1 (P<0. 05) F R IA PR (B 5C~H) .
$275 hUC-MSCs T Al 235 6 Gy HRLUK FREF B0/ B
B LRI
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A: Testis index at 12 weeks after irradiation in Control group, Rad group and Rad+MSCs group; B:Sperm count at 12 weeks after
irradiation in Control group, Rad group and Rad+MSCs group; C:Sperm motility at 12 weeks after irradiation in Control group, Rad
group and Rad+MSCs group; D : Abnormality rate at 12 weeks after irradiation in Control group, Rad group and Rad+MSCs group ;

E: Common morphology of sperm in mouse epididymal tail, and arrow indicating sperm abnormality; F: Proportion of sperm

morphology in mouse epididymal tail
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Figure 4 hUC-MSCs can improve the sperm quality of radiation injured mice
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2.6 hUC-MSCs T FAK48 43 P 20/ RE L 2R A fL
ok &
MRS R B, 5 Control HAH L, Rad 4 /)N
FLSE JLAL 8L ROS 7K F- T 55 (P<0. 05) , MDA & i i 3%
F+i5 (P<0. 001) , CAT i& HERFAIL (P<0. 05) , T-SOD i #
FH 5 (P<0. 05) ; Rad+hUC-MSCs 2H /)N Bl 22 HL.2H 41 ROS
I Rad 4L A (P<0. 05, K1 6A) , MDA 5 2 I %
fik (P<0. 001, & 6B) , CAT i 1 T+ 5 (P<0. 05, K 6C) ,
T-SOD % ¥ [ A (P<0. 05, [ 6D) . #£/8 hUC-MSCs T*

AT 203 6 Gy B BR324 /N B 52 LAl 2 S b R
WA -
2.7 hUC-MSCs 7T #5245 41 P 800 RE w8 =
Western blot 45 5 i 75, Rad £0 /)™ B 52 L4024 Bel-
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ZH /N B 52 L 4 2 Bel-2/Bax 3¢ Rad 2 T & (P<0. 05,
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Figure 5 hUC-MSCs can alleviate radiation-induced mitochondrial damage in mouse testicular cells
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testicular tissue

B 6 hUC-MSCs "TRERiEST BT BU/INR 2 A BREM BT

Figure 6 hUC-MSCs can reduce the level of oxidative stress in testicular tissue of mice induced by radiation
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S, FENH: 32 ARG [ A A FIDRS B3 48 ; Rad+h UC-MSCs
ZH /N BLE2 AL 207 TUNEL FHAE 20 I 45 Rad 41 5 25 08
/B (P<0. 001, 7C.D) . $#&£78 hUC-MSCs T i i] J 4%
6 Gy FRLUR HRST B0 /N R SR T

3 itig

FCHHIETT G PRI iRy i W F B —. B
FUAE A o rEL 2 8 S5 v P BB (0 9 1, R 422 5% WL R e
4> B B8 4} (total body irradiation, TBI) B 4% &) 32 F] i
P, TBI7E B= 27 iy T 6 A% A i i) Ak B, 40 452
P, 48 K 2 B0E BER AT T M RS IEHE 52 12 Gy TBI fiiikh
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RSO T 20 MR 004 52 A o A Xk TR A AR
KA 6 ) BB SISV, 5 A R B kg
bro REAERFSY A IR 8 0l S 80 7 i MR, iF
T E LT RE . AWESE 1 SE RS 75 i A O
fli hUC-MSCs B 3R , & B hUC-MSCs 1 15 1] 2 55
KT8 515 I REREIE R . SR17, hUC-MSCs X /)y
FRCSE AL R HICR DL B S g ), DR AT Tt — 203 i 21 41
g BR2F o T VEAR EXRE 7 & AR R VEH . 451 S
B FE 43 — 35 hUC-MSCs F s T A4 ks /NG 45
¥, SRR ARG b Rz JEE B N ARG A0 L HE S B O A
JP B 2 HARE NS BRI B AL, 1R
hUC-MSCs X 4@ 5 5| 2 R - & A i AT — o el 3
YERT o 3 T RTRAT SR 38 R T A A 45 4 1)
AE S 07 TR T hUC-MSCs P35 05 e £E 5 45 15
ML

3 2
Q )

1.5+ P<0.01  P<0.05 2 2.04
0% s o

0"@ K © P<0.001 P<0.001
S N ks £ 15+
& o o S 1.0 g T

g T,

Bcl-2(26x103 5 1.0
(@6x109— | i - . : =
£ 0.5- T =

3 foi S 0.5
Bax(21x10%)— | | i - 5 g
o ©
g 5

% 0_ 8 0_

B-actin(42x10%)— — e — A E Control  Rad Rad+hUC-MSCs g K Control  Rad Rad+hUC-MSCs D
Control Rad Rad+hUC-MSCs
1
| b ¢
: 1
100 pm 100 um 100 ym

A and B: Western blotting representative bands and semiquantitative analysis of apoptosis related proteins in testis; C: Typical
pictures of testicular tissue by TUNEL staining, and arrow indicating TUNEL positive cells; D:The quantitative analysis of TUNEL

positive cells
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Figure 7 hUC-MSCs can reduce the apoptosis of mouse testicular cells induced by radiation
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3.2 hUC-MSCs % #£ 5 &1F ) 6 L)

W5 R, MSCs 118 5 fig ) 7T fig 5 Hoi A AL h;
ORI TR B IR OE L S L A B 0 X A
SR AURR ARG S ) L R A B 0T 5 N D A i O
T MR TERE 1P IR T L Sk 4 Tt
oyff, AR [ AL, FE I DNA B 5 RIIR
KT B R R T . B, kR
FIVEH B T 7E IR 55 ARG & A B A ool DG HEAR
FIPO S MDA B i AL B 74, HoK ST
HAUVE ARG ;SOD AT CAT U2 LA B A L 48
PR . A5 e 52 AL 41 41 ROS 7K B2 MDA
i T-SOD I CAT {if £ , ¥R 1 hUC-MSCs 9 2l 35:4F H
ML . FeATT & B hUC-MSCs 7] [ ROS A1 MDA 7KF- |
9 CAT G . F 8 T-SOD 1% ¥, 6 B Hiok 3845 H 5
B MRS E A BE T (A A AR A

K 32 o T 5 A RE i 35 2 i 2ok Ml o L i
R fL 7 A= 1 ATP (™7 BEAERFF 9T 8 Z83iE 52, i ik
IR 5 R P 5 I e 7 R E T SR I S IR O
PRI, AT T4 DU A B 5 ok 3% J I B AIK ] R 5 L2k
BRI A G SRR FFLL RS 5 0 R 72 5 T
FEAEH O BB RS e mE D AL
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PRAlLA T OPAL 543 2485 11 Drpl Rk L 14,
PEIR HL B 4 0T B0 BRI i 2R AR By 0 25T A
SV, J5 B RN R 2 A0 1 8 R A T e A Y A TR
Z—" PINK1/Parkin 3 B2 207 K 06 A% 008 5
WA . YLRARSZ BN, PINK] (R R A AP |54
RAE IEMHE ST BOE M 1Y Parkin, JH shZRLK H
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AT R A R TR AL 2 — Y FEE T
SR AR TR [ Bax #6 58 B4R AN 1K iE
T8, H8 0 B M BT OE T8 1 Bel-2 il H Pt
T, Bel-2/Bax 19 LA A8 Ak FLH2 52 M AR MR 127K o A
5845 B B 7s , hUC-MSCs T 751 A 45 5 52 5tu 40 g 26 kv
KBS 37, F 94 PINK 1, Parkin 1 Beclinl 25 [ %63k , 32
T+ Bel-2/Bax FAE , 3706/ TUNEL BH P40 i B, 3528
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P,

KT hUC-MSCs 7 IR It ZME P Az 5 16 15 vh 6 4%
AR T BRI O AT A Fr R A B . EET XS
At S TR T P £ AR 5 AR B IR v A RIS A AE
BE T K hUC-MSCs T 5 21 28 11 22 A B BRAS 19
ANERAERS/INVE R I A 7S BR 45 2R 7R, hUC-MSCs
REZ I A7 16 JF I A% 28 AR M /NS I I S IX S, [ i) 3%
KA B A MIbR ), S on AR AR RS /NE WA rhon] E
— 3 Ak R R B AN, AR SRR N S i T
T3 A WFFEHRIE , MSCs BB 73 s 22 Fh X A 1 R A2 2 0
L R S5 2 i R A 20 SR TR T (glial cell
line-derived neurotrophic factor, GDNF) el 4 20 e A=
£ [A ¥ 2 (fibroblast growth factor 2, FGF2) | M4 W 5
H: K A T (vascular endothelial growth factor, VEGF) Lk
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MSCs 7] 1 8% 22 8 40 40 /)y BRUAY 2 Ll 40 B %
Sy A TR . T, FRATTHEN AR A SL S S5
T, hUC-MSCs Xof 8 5 T S50k 2 B 41 405 () A VR T
I 8 T 22 R T 55 43 WA AR A58 T R T AR ) T P A
1, e R T R A e

L TR AR5 hUC-MSCs T 1 il 4 544
S L0 R S T SO MR A B A A o AR TR AT R
J2 :hUC-MSCs 3l it 5% 43 WA AUV 142 PINK 1/Parkin £
ILRLIA 19 W , IO i 75 1) 2 LA M b A D)
NGS5 15 , Dl % 52 AU 2R LU AR B OK T R T, o
LSRN PR AR S T RE A 7 Y B o AT SR Ry R
PERFEVEA S 05 B8 S R AL 1B R B AT ik
FERIHR A SCIAEE WAL 25 vl 5

SE -

[1] STEWARTF A, AKLEYEV A V, HAUER-JENSEN M, et al.
ICRP publication 118: ICRP statement on tissue reactions
and early and late effects of radiation in normal tissues and
organs: threshold doses for tissue reactions in a radiation
protection context [J]. Ann ICRP, 2012, 41(1-2): 1-322.
DOI:10.1016/j.icrp.2012.02.001.

[2] BIEDKA M, KUZBA-KRYSZAK T, NOWIKIEWICZ T, et al.
Fertility impairment in radiotherapy [J]. Contemp Oncol,
2016, 3: 199-204. DOI:10.5114/w0.2016.57814.

[3] AMER M E, OTHMAN A I, ABOZAID H M, et al. Utility of

melatonin in mitigating ionizing radiation-induced testis



http://aammt. tmmu. edu. cn ik ZE 72 1 K 2f 241, 2026, 48(4)

443

(4]

[5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

injury through synergistic interdependence of its biological
properties [ J]. Biol Res, 2022, 55(1): 33. DOI: 10.1186/
$40659-022-00401-6.

YANG W Q, NONG W H, LIU K, et al. Nicotinamide
radiation-induced
the
glycolytic pathway[J]. Acta Biochim Biophys Sin, 2024, 57
(2): 274-285. DOI: 10.3724/abhs.2024167.

ZHANG Y F, DENG H X, YANG Z Q, et al. Treatment of

mononucleotide — ameliorates  ionizing

spermatogenic dysfunction in mice by modulating

radiation bone injury with transplanted hUCB-MSCs via Wnt/
B—catenin[ﬂ. Stem Cells Int, 2021, 2021: 5660927. DOI:
10.1155/2021/5660927.

SRERME, AL, WEBYAR, 2% . BMSC fi ik g 20 ff M2 7
WA Ak O PR 5 LT ). v A T 2024, 33
(1):21-27. DOI: 10.13491/j.issn.1004-714X.2024.01.004.
ZHANG X H, NIUSY, YAOST, et al. BMSCs promote M2
macrophage polarization to attenuate acute radiation-induced
lung injury[,]:l. Chin J Radiol Health, 2024, 33(1): 21-27.
DOI:10.13491/j.issn.1004-714X.2024.01.004.
ABDELAZIZMH, SALAH EL-DINE Y, EL-DAKDOKY M H,
et al. The impact of mesenchymal stem cells on doxorubicin-
induced testicular toxicity and progeny outcome of male
prepubertal rats[ J]. Birth Defects Res, 2019, 111(13): 906-
919. DOI:10.1002/bdr2.1535.

ZHANG Y S, LIU Y N, TENG Z, et al. Human umbilical
(hUC-MSCs)
paclitaxel-induced spermatogenesis defects and maintain
male fertility[ J ]. Biol Res, 2023, 56(1): 47. DOI: 10.1186/
s40659-023-00459-w.

ZHAO S S, LI Z Z, LI K, et al. Repairing effect of

cord mesenchymal stem cells alleviate

mesenchymal stem cells on lead acetate-induced testicular
[J]. Cell 2024, 33:
09636897231219395. DOI:10.1177/09636897231219395.
MEHRA B L, SKANDHAN K P, PRASAD B S, et al. Male
infertility rate: a retrospective study[ﬂ. Urologia, 2018, 85
(1): 22-24. DOI:10.5301/uj.5000254.
SANDERS J E, HAWLEY J, LEVY W, et al. Pregnancies

injury in  mice Transplant,

following high-dose cyclophosphamide with or without high-
dose busulfan or total-body irradiation and bone marrow
transplantation[]]. Blood, 1996, 87(7): 3045-3052.

VERGOUWEN R P, HUISKAMP R, BAS R J, e al.
Radiosensitivity of testicular cells in the prepubertal mouse
[J]. Radiat Res, 1994, 139(3): 316-326.
KHAN S, ADHIKARI J S, RIZVI M A, et al
Radioprotective potential of melatonin against “Co =y -ray-
induced testicular injury in male C57BL/6 mice [71.1
Biomed Sci, 2015, 22(1): 61. DOI: 10.1186/512929-015-

0156-9.

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

QU N, ITOH M, SAKABE K. Effects of chemotherapy and
the role of testicular
immunology [ J]. Int J Mol Sci, 2019, 20(4) : 957. DOI:
10.3390/ijms20040957.

Sy, MM, B, 2.5 TRBR KR BT SR EE N R
FULH B RO B AL B ST ()], Bh 4222 B2 R 2= 40
2024, 46 (19) : 2197-2207. DOI: 10.16016/j. 2097-0927.
202311151.

MA Q L, LIN M, GAO P, et al. Effects and mechanisms of

radiotherapy on spermatogenesis:

2.5T terahertz radiation exposure on testis injury in mice[J].
J Army Med Univ, 2024, 46 (19) : 2197-2207. DOI: 10.
16016/}.2097-0927.202311151.

EHGHAGHI A, ZOKAEI E, MODARRESSI M H, et al.
Antioxidant and anti-apoptotic  effects of selenium
nanoparticles and Lactobacillus casei on mice testis after X-
ray[J]. Andrologia, 2022, 54(11): e14591. DOI: 10.1111/
and.14591.

SAID RS, MOHAMED H A, KAMAL M M. Coenzyme Q10
mitigates ionizing radiation-induced testicular damage in
rats through inhibition of oxidative stress and mitochondria-
mediated apoptotic cell death [J]. Toxicol Appl Pharmacol,
2019, 383: 114780. DOI: 10.1016/j.taap.2019.114780.
GUILLAMAT-PRATS R. The role of MSC in wound healing,
scarring and regeneration [J]. Cells, 2021, 10(7): 1729.
DOI:10.3390/cells10071729.

WDOWIAK A, SKRZYPEK M, STEC M, e: al. Effect of
ionizing radiation on the male reproductive system [J]. Ann
Agric Environ Med, 2019, 26 (2) : 210-216. DOI:
10.26444/aaem/106085.

KESARI K K, AGARWAL A, HENKEL R. Radiations and
male fertility [J]. Reprod Biol Endocrinol, 2018, 16: 118.
DOI:10.1186/s12958-018-0431-1.

AL TURKI H A, AL-SUHAIBANI S S, ALSHAMLAND Y,
et al. Autologous bone marrow-derived mesenchymal stem
cells in the reversal of unobstructed azoospermia in rats (7.
Stem Cells Cloning, 2024, 17: 33-39. DOI: 10.2147/
SCCAA.S481267.

CETINKAYA-UN B, UN B, AKPOLAT M, et al. Human
amnion membrane-derived mesenchymal stem cells and
conditioned medium can ameliorate X-irradiation-induced
testicular injury by reducing endoplasmic reticulum stress
and apoptosis [J]. Reprod Seci, 2022, 29 (3) : 944-954.
DOT:10.1007/543032-021-00753-6.

WANG Y J, YAN J, ZOU X L, et al. Bone marrow
mesenchymal stem cells repair cadmium-induced rat testis
injury by inhibiting mitochondrial apoptosis [J]. Chem Biol
Interact, 2017, 271: 39-47. DOI: 10.1016/j. cbi. 2017.
04.024.



444 P 222 5 K224, 2026,48(4) http: //aammt. tmmu. edu. cn
[24] ELMHIRI G, GLOAGUEN C, GRISON S, ef al. DNA Bax-deficient mice with lymphoid hyperplasia and male
methylation and potential multigenerational epigenetic germ cell death [J]. Science, 1995, 270 (5233) : 96-99.
effects linked to uranium chronic low-dose exposure in DOI:10.1126/science.270.5233.96.
gonads of males and females rats [J]. Toxicol Lett, 2018, [33] CAO X B, WEN P B, FU Y F, et al. Radiation induces
282: 64-70. DOI:10.1016/j.toxlet.2017.10.004. apoptosis primarily through the intrinsic pathway in
[25] LIUG W, GONG P S, ZHAO H G, et al. Effect of low-level mammalian cells[J]. Cell Signal, 2019, 62: 109337. DOI:
radiation on the death of male germ cells [J]. Radiat Res, 10.1016/j.cellsig.2019.06.002.
2006, 165(4): 379-389. DOI:10.1667/r13528.1. [34] ZHANG J, NEY P A. Role of BNIP3 and NIX in cell death,
[26] ASADI A, GHAHREMANI R, ABDOLMALEKI A, et al. autophagy, and mitophagy[J]. Cell Death Differ, 2009, 16
Role of sperm apoptosis and oxidative stress in male (7): 939-946. DOI: 10.1038/cdd.2009.16.
infertility: a narrative review [J]. Int J Reprod Biomed, [35] ZHOU J L, YAO W, LI C Y, et al. Administration of
2021, 19(6): 493-504. DOI:10.18502/ijrm.v19i6.9371. follicle-stimulating  hormone induces autophagy via
[27] PARK Y J, PANG M G. Mitochondrial functionality in male upregulation of HIF-la in mouse granulosa cells [J]. Cell
fertility: from spermatogenesis to fertilization [J]. Death Dis, 2017, 8 (8) : €3001. DOI: 10.1038/cddis.
Antioxidants, 2021, 10 (1) : 98. DOI: 10.3390/antiox 2017.371.
10010098. [36] CHEN H, TANG Q L, WU X Y, er al. Differentiation of
[28] DURAIRAJANAYAGAM D, SINGH D, AGARWAL A, et al. human umbilical cord mesenchymal stem cells into germ-
Causes and consequences of sperm mitochondrial like cells in mouse seminiferous tubules[J]. Mol Med Rep,
dysfunction [J]. Andrologia, 2021, 53 (1) : e13666. DOI: 2015, 12(1): 819-828. DOI:10.3892/mmr.2015.3528.
10.1111/and.13666. [37] YANG R F, LIU T H, ZHAO K, et al. Enhancement of
[29] MEYER J N, LEUTHNER T C, LUZ A L. Mitochondrial mouse germ cell-associated genes expression by injection of
fusion, fission, and mitochondrial toxicity [1]. Toxicology, human umbilical cord mesenchymal stem cells into the testis
2017, 391: 42-53. DOI:10.1016/j.tox.2017.07.019. of chemical-induced azoospermic mice [J]. Asian J Androl,
[30] ANDERSON G R, WARDELL S E, CAKIR M, et al. 2014, 16(5): 698-704. DOI: 10.4103/1008-682X.129209.
Dysregulation of mitochondrial dynamics proteins are a [38] SAGARADZE G D, BASALOVA N A, KIRPATOVSKY V I,
targetable feature of human tumors[J]. Nat Commun, 2018, et al. Application of rat cryptorchidism model for the
9(1): 1677. DOI:10.1038/341467-018-04033-x. evaluation of mesenchymal stromal cell secretome
[31] CAO Y H, CHEN X, PAN F Q, et al. Xinmaikang- regenerative potential [J]. Biomed Pharmacother, 2019,

[32]

mediated mitophagy attenuates atherosclerosis wvia the
PINK1/Parkin signaling pathway[J]. Phytomedicine, 2023,
119: 154955. DOI:10.1016/j.phymed.2023.154955.

KNUDSON C M, TUNG K S, TOURTELLOTTE W G, et al.

109: 1428-1436. DOI:10.1016/j.biopha.2018.10.174.
(I #5:2025-10-19; f&[E : 2026-01-08)
(3 KEHR)



