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WG FHTAF. BN REFESFEFCEEREAFELZ 20 EEZAR,
FPEBGEF AR I E2F L IAEEEF2HEEKER SRILAEAH
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FHRERNGITESF LR EFERIBRAE A E RE L E F30R7;
DA VI & & fo A2 319 5 (B TN 2 & R R SCIig X404, IR/ A E K
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BAFIES? BRATED AN B M TFMRN
(B R RS R T I S 5 A0 B 4 [ B S %, At 211166
R BERR A S DA 2B A R 0, B 211166)

HE FRREN, F 3R FHT R0 R T REAEAGES) . HEmELFHAR
RG¥ TR ML, ARIBE RN B E T RAL S, A 58 A 2 09 K B B4 P 4B R IR A4S
WALAS, TR IR F MY TR ETZOER e b, IREAFY AT FHILF AT W%
WA EF AR MBS B 7, BT Rl TP E2 RGN R, FEHKTRETH. ZR
BIRBALF ARG AT e B I o F AR 69 B WA, AR AR T A F AT B E 690T
A ARSI e AT F . IR B A SRR R
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Abstract Studies report that many environmental chemicals can affect male sperm quality and reproduc-
tive ability. Spermatocytes are the important components of the male reproductive system, responsible for important
tasks such as meiosis. Spermatocytes have a highly complex gene regulatory network and epigenetic modification
homeostasis, which may be the important targets for environmental chemicals affecting spermatocytes and sperm
quality. Environmental chemicals can not only interfere with the gene regulatory network, causing damage or ab-

normal meiosis in spermatocytes, but also may affect the formation of important proteins in sperm, leading to a de-
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crease in sperm quality. This review focuses on the domestic and international progress of the environmental chemi-

cals damaging spermatocytes and their molecular mechanisms, in order to provide clues for exploring the molecular

mechanisms of abnormal sperm quality and male infertility, reducing the reproductive hazards of environmental

chemicals, and promoting male reproductive health.
Keywords

mechanisms

Wil , AR 8%~12% M RIAEZ AT
WP, A 30%~50% 1) 5 K5 SR RA LM,
RYEMREHRIRIER . S HRINRERERG . N IR . 2
W &R LR T EH TR R EATRAEE
Ae 1 N FER, BEE T AR T A AR, BR85S )
N A FEE B 1 TR BB, V5 G T e id it
THEEAU . IR ABRRE ., B AR 4 i &5
BORS T R A BEAS BD RE e H, S2ne B3 PR AR R BE I

BT RER—NERNKE IR, M
S2 R F R AL PRI TR) S LSRR AT AR 22 0 24 ik
BRI KE, RN EREFIR R AR b
B HEith, AR RRRERI S N AN L I B A
JiR 40 M A 2253 240G 58, BB HH AR BRI L A
REZH MR o3 R DU A A ORI RS kAR
MG T Hodr, 3o R B HHE WA TG E
Ja A A B IR A TR MR EAT , I SCRFAN L (Ser-
toli cell). AEREANMICRS AN K5 BELIAD). ) 5E4n
Jiw N 1M1 52 57 % (blood-testis barrier, BTB)Z [f] {3 24
FHEAE L RI4ER O K EFMR & 88 AR T R
R 53 I8 TR) AR I oy 240 FE b 5 AT e B
JRE Y. A2 X (crossover, CO)E il 271 DNAXL
BE T2 (double strand break, DSB). JefEfRE 4. R
fil 52 ARSI G AR o3 B ([RIYR Je ik
B IHIR Gt BAR S B), Horhl e B HEE SR R
DAl i 4 X 8 S R B I . 9 1 DR IE K
B0 LI AT RO M 5 7= FE MR 4 R RS - Dl e ) TR
YERF, R BEAE R A3 E 5T S A R S 2 i ik R S
BA T2 Wi, P, 2ok 3 sk 2k R A
RERFM XA AREEEESZ, BAA
BE T REZFEME AL AT,

i BEYE L 2 52 ARG B T BE R W — M
R, HIBAS S5 L DR IR 4ERF 2 I H kS 1%
G B EELRAIE T el B oy 2 B R R AR R R T RE
SECEHEMNER, AR AR T EIE M. IR EL
M. RERHES, GO FIRIE, £910%AE88 PTG

environmental chemicals; spermatocytes; male reproduction; cellular damage; regulation

#& T-JiE (non-obstructive azoospermia, NOA)H 3 1
BR2 P B BRI 73 SR 18] (1) A5 i (maturation ar-
rest, MA), H A SV H 22 R E s AR NE B
U/ AR TE A A kb R BEAH R A AN 4
HRIEZE. AN, 2910%1INOA 3 Kl 7 2 &
HRMFRR S, T EE. HIMESIEE T
B NI, SRR T EESG N, SEUL— R
FAAB RS R R, KRR i A2 214545
Yo FECER IR ERAT, B iER 8
R T RENIRE T, 5nn 55 1 AR E R

1 S5HERE TERGEHEBRAHEX
TR

W SoR, VF 2B B A e SR
FETIREIE ). ENG A BEE SR . Lhl
&, Kb E G R A0 )2 I B A AT RE AR
e, RS mERS LY, TR OERA. &
WP T RN DA B R Jk 4 i e N A, %o 4 7 A
s e U101 T A AR T 2R 4 D 2 o0 B 4 e A R ) 4.
LR2gM, GIULEWEBR TP ETE, Fr
R RE AN WG 4% (persistent organic pollutants,
POPs) fI IR 55 N 43 i T4 (endocrine disrupting
chemicals, EDCs) ] #f AfF(E T EE A, andg ik
FE S R B BRI G EER), AOlAE P e Ad R AR
2, DS #m = A 1R 2 3105 B2 (polyceyclic aro-
matic hydrocarbons, PAHs)%, #BJ& AJ G52 55 14 A=
FERE AN Y. T HASEFEE, il
NIRRT R, W& J7 1 5] 5 AR T e
TR,

WA RIES R, A VA TCHLA R AT RE i
kG BRI . R TR I, VF 2 IR ) 2 B
25| SRR T, W PM,s5l /DN R TR
B> ARSI HESI Z AL R BRI A A Ak 1) B
TRRLBURL a0 3R 2R M B B AR /N B S LR AR
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Table 1 Population-based study on the decline of male reproductive function caused by environmental chemicals
e AR Uit EEEN WM WHRAE 2530
Classification ~ Chemicals Abnormal types Country Study type Number References
Organic Total pesticide Decreased sperm motility France Cross-sectional study 671 [18]
chemicals Organochlorine pesticides Decreased sperm motility China Cross-sectional study 387 [19]
Organic phosphate Decreased sperm quantity China Cross-sectional study 1015 [20]
and motility, sperm malfor-
mation
Phthalate Decreased sperm quantity China Cross-sectional study 382 [21]
and motility
Phosphorus containing Decreased sperm quantity USA Retrospective cohort 220 [22]
flame retardant study
Inorganic Arsenic, cadmium, lead Decreased sperm motility, China Cross-sectional study 1020 [23]
chemicals sperm malformation
Lead Decreased sperm quantity China Retrospective cohort 226 [24]
and motility study
Chemical PM,o, PM, 5, SO, NO, Decreased sperm qual- China Cross-sectional study 1607 [25]
mixtures ity and abnormal levels of
sperm DNA methylation
PM, s, PMas.10, PMyg Decreased sperm motility China Retrospective cohort 33876 [26]
study
CO, NO,, O3, PMy, PM, 5 Decreased sperm quantity China Cross-sectional study 1259 [27]
and motility
PM, 5 Sperm malformation USA Cross-sectional study 467 [28]

A < Je AR 2 K R 2 i T 3 SRR K B

B 52 A A R 4 BV

PHTILR T RS 57 T4

mﬁﬂ%ﬂ@ﬁﬁﬂ%ﬂ%ﬂéﬁiﬂ@
TR £h S K TR

ES Z%”%é\iﬂnﬁﬁ%ﬁ?ﬂ%%ﬁﬁmﬁm’aiﬁﬁﬁiﬁ nel,
NEERT A R, WA G RE S N
HERVERWBANE T IRE TREA K. R, &
FEPMys. R2G. K. &RFEEHS BN
BAERRRT R T RIS FIRE L RS T B
T B A T g . A LS B n
PAHSs I T B2 S 1 d F B DNAT 518 54X A ik
e B R HL,

2 MR FRGHE MR R
H REAH LI T 3 2 7 5 0 R 4 5 A LR B4
SR P T2 B A T 502 1) 52 ALFR O3 S
IEH B DD BESE R 4R R (. (KL, SRBEAL %
i R O AR OUA FLEAE ], 0
5o B 52 4L A A 2 L L A AL 2 (1)
Ty B T S ORS BEANRL 0 IE 3 R B L B RS WS
SR A T A SRR AR 00 R R
P2

2.1 IMEHEFYIR
v

SCRPAR ML BR AR D I 52 R R ) 3 2H oA
A, A E IR ARG A AN T A R 2 R S 4R
R, geilat 3 2 Fh 55 o e . dEREE . A
955 41 1) DAL K G Ay A= ) J 1 O TS RN 4 RE S2 AL A
PERRS R AR MR B AR KA. 2 E
JE IR (perfluorooctane sulfonates, PFOS)F1 4 45 2 IR
perfluorooctanoate acid, PFOA )% #& 2t LK iR SR
fo s Ry s B R R IL , Ferh PEOARE IR 1 44 1fi 52
FRRIE UG 57 S 5 R N RIE, AEEhE
S M B 4T 5 i T SR B R AR B A R R
HEVE R, T PFOSIINEENA | S Hr20 Mg —4H A4z |
AEFHAMAE RPN B AN R B M R B 5 P
ARIK IR — (2-£.3E ) CUBK [Di(2-ethylhexyl) phthalate,
DEHP Y5 RES T SCRFARIL A 73 W D e, S BU B
VRS 7 R B TR S R4 0. KIREs
Wl — A& R, Al PIBK/AKT/m-TORfE 5
e I A T SRR A Go/ MUY 2 L A558 « 20 M 1 e
SURAFEIIAE . Bk, FHAR SR 2 8] 5 5 0%
FEIL RO I 52 BRI, T2 RURF IR IR Il N PR B, SO

W55 S LRRR S | A B4R AR
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T RERS BRI R B e A 00) SCRF A L S5 44 1)
e IE 2 SECLE R AR A R 8 P & s N
AL I DI RE 2 BTN, WA I 52 B f e B 4, 5
K B v, 52 maks BESE BRI oy 2 A2, S EUE
K5 5% . WDEHP. XU AF(bisphenol AF, BPAF)fi
RN BTBIE BV, 5 S50 1Y) B 2 48 gk N
SE AL, FEMRG - R A TR, 15 R A R B A0,
2.2 INBEYEIS A IR I 22 5 b R 2 i e T 0
s X LV

110 29T (VA R S - RANS =1 % 191 T 3l o 7
LN 5 o K It 4 i A0 5 40 26 00K R4t puAsr T 3
JER X ZE A, T AR AR RS BRI HRS T
I i A K /A0 RS T A T = p B i S
S5t B 1 Th e A K s = AR A M S 9630 . RS &R
kR TT, JE 5 R e A, i R 5
R G B R RO S o If 52 B B A S RFA I 2
(B AEAE I BB e . RN A] BB 4ERF 1, Horhr,
S 1 AR T AT A A YR I 52 E B A B K]
R —, Hg5M 8 H Occludin.  Claudinfl Tricellulin
() IR R IE A YERF B BRI R B AL )
IR A(bisphenol A, BPA). BPAF. 4% M £ st
HW R (perfluorinated and polyfluoroalkyl substances,
PFAS)fe PR IE S HK Y, i 3 BB, 1f
L 52 J57 o T8 2 1k XA, T PSR S8 AL R, 4k
S B LR H ) G2 AL - 45 e % d ok 1f 52 o R 4
FEBEAN I, PRELME 7 R, M AERBAR R E AN R
/%2 []rn] [33,35-36] .
2.3 IMEWEYEE TIHARRSM S RS2
545

S8 R () J5 20 e s 7 A R G i S R SR 4 5
PEEE ZVEAE, VT AR TE AR MR B A R 4
FRULS2 BRRR . SCRPRG 7 B R0 R 5 RS 1 R
B, ARSI R R E AR . TR 4E R A 2
SRR R A AR N SR R BRI ek
BT BER W S YERF B AN T T i — Ak -5
FL3h (hypothalamic-pituitary-testicular axis, HPT)[{E
FH, H3E I 43 A 5 FiB R SR VR T R AR T A B BT
HA i BRI (follicle stimulating hormone, FSH)
FIE2 1 (testosterone, T)ZEFFFE T KA, AR E KRR
(luteinizing hormone, LH) |15 [&] J57 21 i ) i B =
PP WEFTR IR, EDCs ] I i ULl IR Rt R
Fetk s BT R4, SRR RS KA AT

Uik s . DEHP# L 48 HPTH PR MiE T LH
FIFSHIK-, i W) Z0kS BEAR MO B s /b, K+ kA
S B8 A5 LR AR 2451 Y B (pyriproxyfen, PPF)if it
B HPT 2 R KA, i1 — B% (estradiol, E2) /K F-1
I TP BAR, A& Rl RcARS BEAE MO BOR 8D . R AR
PSRRI M3 I B9, X SR LS R, MRS
XA BEAE BRI & B AN A B R, i el
IR 0] B S EOR BRI R & 579

3 IMEUEYIRAE AR 2 F AL
3.1 MRHEYSRMENHSBIEMEAT
FREEAL 5 ) m] T S0 R D) 4 1) AR RSP IR S
BRI BN, 51N R R P AL S P
AFIMTERAFLEFRBENEENEL —.
F2giit 15| A M S IR B AL 2 S N
K, Hob, b S iE % (reactive oxygen species,
ROS) R A4 5| ES 20 1 S0 B ) B B M PR 7
RIS TR U5 5 B 5 40 M O Ba i s =W
BABAS R S At B 5| EE 0 M A 47, RS
PN BT IR ST R A PR TR 3R 51 RS B 40 B4 5 ) =
BEHLH]
3.1.1 R F il ReAgFminf g ROS
Fe fan v AR R HG P R SRR L A AL B TR
1. 4t E P450(cytochrome P450 enzyme system,
CYP450) /1 F AR i A B4R 5 5RE 40 Bk
o IR KF IROS A& L7 4H I P AF BEE ) 1) 3 2L
K2, (Hid & ROSTE ok 75 5 41 i S A0 R85 3o
Mg -0, REUEHE R, ROSI 1A T4 % =2
30%~80% AN AT BE PR R K. ik T
S5 HY) POPs. S IEF)(n &1 28 — FHERIR) . 4 )& (1
BB FIBICRE (Chn PR I It e Tl R R )BT o B Ik
Hh (R AL RLIEOK P BT, 378 ROSAE i 15 8 178 53
YA RGP RAEHE AR o B B ik A 55 A
FOREU AR B ROS WU Rl — R VIR M7, 5l
AECAH LY T BN 2 o WAV T b (diepoxybutane,
DEB)A A FI44 &b 22 2 251 7] $10 il #s BEAN Mg G 5, Hood
W3 ROS A, FEUE BN DNAG A, FFBE0E
Y Go K 7 1 Chk 1/Cde25¢/Cde2iB i, 5l ks 4
T G I BE v, B4 E 52 B, SRS TR A T,
B R (high-fat diet, HFD) A EE 4> J& 4% (cadmium,
Cd)t A % 75 Ae 1B 1 I ROS LA m°A-Y THDF 244 it
PE 7 2R MRS BF 20 M0 R OCBE [X 7 STEAS, A
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Table 2 Types of stress in spermatocytes related to abnormal sperm caused by environmental chemicals
teEmords AR EialpIE il HEH T I it SLEENY SR
Classification ~ Chemicals Damage Important factors Types of stress Animals References
Organic Cyhalothrin Apoptosis of spermatocytes MDA 1, T-AOC | Oxidative stress Rat [40]
chemicals Triazophos Reduced germ cells ROS t Oxidative stress Rat [41]
Pyriproxyfen Destruction of spermatogen-  Imbalance of Ca* ER stress Zebrafish [42]
esis
Polystyrene micro- ~ Reduced number of sper- Catalase, superoxide Oxidative stress Rat [43]
plastics matogonia, spermatocytes, dismutase, and peroxi-
and sperm cells dase
Acrylamide Damage to spermatocytes Enzyme activity of G6P-  Oxidative stress Rat [44]
DH, SOD and GPX | ,
GST and GSH t
BDE-209 Meiotic arrest of spermato- SOD and MDA *t Oxidative stress Mouse [45]
cytes
Dinbutyl phthalate ~ Apoptosis of spermatocytes ~ ROS t Oxidative stress Mouse [46]
Bisphenol A Apoptosis of spermatocytes ~ ROS 1 ER stress Mouse [47]
Dibutyl phthalate autophagy and apoptosis of ~ GRP-78, ATF-6 and ER stress Rat [48]
spermatocytes p-EIF2a t
Fluoride Apoptosis of germ cells Activation of ER stress ER stress Rat [49]
signaling related genes
Perfluorooctane Decreased spermatocytes Imbalance of Ca* ER stress Mouse [50]
sulfonate
Inorganic Nickel Reduced number of sper- ROS t Oxidative stress Mouse [51]
chemicals matogonia, spermatocytes,
and sperm cells
Hexavalent chro- Reduced germ cells Disruption of redox bal-  Oxidative stress Rat [52]
mium ance
Cadmium Apoptosis of spermatocytes ~ ATF6 1 ER stress Mouse [53]
Rare earth yttrium Reduced germ cells Activation of Ca**-ROS ER stress Mouse [54]
Chemical Mixed exposure Apoptosis of spermatocytes ~ ROS t Oxidative stress Mouse [55]
mixtures to high-fat diet

and heavy metal
cadmium

Pl b
t :increase; | : decrease.

T EZMRE KA, T H B EEBRFIN-BUT 2 -0- 2K 1
HE (N-tert-Butyl-a-phenylnitrone, PBN) I A 46 KX F
5, LU ROSTE b R % 7 H 1) i 1
FIss),

3.1.2 IRACFW I RMEF WL T AL W
J5T 4 N ¥ T B R R B AS T 20 P 5T R (endo-
plasmic reticulum, ER) N & [ 51 I IR 47 & A0 B0
JE B, SN N R AR T S AR R
JoR XS R A IR 7= AR . PN DX 2 fik R P iR
W A H7 S 5 H B (unfolded protein reaction, UPR)
(R R AR, Ak A P T A OGRS, I i T B
I BCL-2%IA, SRR T 42N 5 10 4 M 7

T 08, 2 PN Jo I IR SRR SR AE =K, R S
HILBE RN, s RIS DR
B2 0 55 % T PRO AN IO 1k S04 W ity 4 164 B 0 ¥k
1% 527K 8(peroxisome proliferator activated receptor 8,
PPAR®) | #L AR N, T3 Beclin 125 T I JLEE
1,4,5- =Tl 52 1A (inositol 1,4,5-triphosphate receptor,
IP3R)EE T A 5T W S RSB, 51 & N o I 5 FE
iy 1R P J5iE PO 7 988 75 ORGSR A L 9 12000,
3.2 MENEYIESDNARS B MR T
B S FE I DNA S Yt /R A5 AL A2 5 3
AT IO R o I S = E 28 XA RE 27/ 3 i BORFASE
5 BRI DR 20 S 2R B AR DN AR AT« Gt AR 453457 10
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SEE BRI T . FROR C AR R R R i A A B
IO R RO R B 40 i Hh SRR IR S5 RN Dl e, 5l
AR DNATERENE TR, AT fih 32 45 502 A0 R 2k
LA W IR AR, 1 T 45040 K BRI 25 44 AN Dl g &
BORE BRARIAE L B HTF [a] BB -7,8- A 1% -9,10-3
A AWI(Benzo [a] pyrene-7,8-dihydrodiol 9,10-epoxide,
BPDE)AE#E A% RELH A DNABR 55 S5, 5 5 41 M v
WL DNAKCBEAEHL . Ty BERRAT M T A i A 1 1 4 40
MOZE AN T b, #E 1) 55 Je 32 AR I CY PEEAR
WHE A SR B DNA IS4 5] S IR DN A5 17 2
PAHs 5| A BRI 451 475 1 2 2L ALV
3.3 MEUFEYBEIEMRBORIBESHE
& B AR 2 53 BLPE

FERE TR, A R 0TS,
T T A ) [R5 B A R R A — oy e A A
LRl 0B R S B SIS IE 27 N % G SSUREHINEN
WRAMAEMFEERNZ —. RN, 3
Bi A 2 ] o e R B AR B R R O R
T2, T SEmRS 1 R A
331 RBAFUIIRBESABHRAK  JHREL
S T 06 At 4E R (retinoic acid, RA) M 4 H iR
8(stimulated by retinoic acid gene 8, STRA8)HIZEIA I 17
FR) o AR R 3R 5 M O B ik PR i s 3 B0 8 o R
VRIEW R BN, K 4 1 RS A I IR R 1, IR
ARBELA T+ — 2Kk (BDE-209) At 8 i 5 1 21 2%
1 H4K20 5 H 34k (histone H4K20 monomethyl,
H4K20mel) M H 454l SETDS N IR 370 24 54
AT STRASIHIZRE , i ik 7> 2 A 5. FH W4
T JE SRR s R R B IR A AU BB & i 3
4(food yellow 4, FY4) 1] i 2 FEARAS BEAH AL 1 STRAS
RIEKN, FEORE AR Y. HESERAL
PEXG I, I 52 i P01 1 B S0 2 (retinaldehyde
dehydrogenase 2, Raldh2)F1 RASZ 4K (retinoic acid
receptors, RARs) mRNAZF L, T RAE 5@, I
FEAIRS TRABZ A 7K ~F- ATt 41 il Yol 7324 1) ) 31
332 IBLeFMIIRBES T EARK (B
B, DSBAE R i % B4 A B H DMC
RAD51. RPAFIMSH4/MSHSIEIE, 1X /25 3
VR AR B 20 | YEHR IRy B B PR R T,
K4y %4 5 40 /2 5 1 Spo | LIl itk DN A YUE B 24 5K )
B, XA [ R Gl 0 A 2 TR R DI IR 2 R G B
CdSe/ZnS&E 1 riAbH# 5 , KB Rad5 14E A 17 STk

P DSBS E M HRRIBEEIE K T, S5(DSB
BE 324, DSBIEE M /& & 1 M5 5 1) 3 2k
REZH g 451 15 357167, BDE-209 A 38 i 75 5ok BF 4 iy
AN G| EEDNABE W, 75 K DSBIE 52451 3 3
A BF 200 10 9ok K 23 L BEI 72 T, AT 51 B2 AS 1 R AR
68

3.3.3 FAFMII RIS R R ERTHF
o ROAREE AL R YRR B B R o 2L
HE R FE MBI TF IS 5 T 4EREAN A AR
ipON s S =B - SR 2 P 1 e N il 12 4]
A KGN B B AR G 5 5O0, 7R RS BRI
HAEZH Qe 0 PR DA AERF B R . fER 20
U I R, e st n] Rt a s AE, B
R BEAFIR R PR ) 3% AR AT, B R 311X
Ab, LRI TA)FI N 55 - DX R AR T B G 1 BT ) MK T
G T AE Dkl 73 2 AT TS 1 4 i F
Gett 5T AT SRR KA, G0 5zl &, R A
40 i 4 2 TR AH e 0 5T AT R 4 LAR kS 1 1070
TEIEL 7> 24 F2 R B 22 & A 1 (synaptonemal com-
plex, SOIJE . [FRGL AR Z A HH . sy
Z4E GL 0 AR 75 (meiotic chromosome inactivation,
MSCI). 7] B e i 57 A S T B P A& B8 22 1) e 105
PR, I LB SCHEL S =l o F485 S 1 1y,
A A K H [ 1(synaptonemal complex protein 1,
SCP1). SCP2HISCP3, ‘EAI15r Al kL . Hfia) /0] ]
1) B AR 4), oA SCP3 2 MR L. IR EL
SV T BOR BRI AL N B B S R S R BRI, —
R BL=A RO TEAS B ROIRE) . RIBES Y. REE
Ko WFFCUESE, 7N H B B iR 25 7 BOK BURS BRI L
R E AW 9.3%ME R 4.2% AN H10.4%
REEAR, ks, SCRH R U, KA
ARG INE BPARL R 7R, A SCHIEN 1R M)
) e W K, A I 7 AR 23 1) SCATEy
PEEISC, XEIISCHIBL 1 SR AIHE IR, BLESCAs
DARNE TR 7S R % 7 3 O 1 15 P 1 0/ e =1
A REGR K IURE T B8 1L 520 PIWTRE &5 11 1(Piwi like
RNA-mediated gene silencing 1, PIWI1)I5RIE & T
e, s 25 MR ORI &R I HEER S
R B AR 52 A A ) 5 IR T G o
S g B RS T E IR R TR T WL, £ Rk
B RBA TR, G AR IR E TS 2 YRR R
BEAT B S8
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34 MEWFEYEE T RS EE GG
il

5 BN 0 7 245 B T3 %, RAEZ T
FEM I8 A% PR 25 W0 [F) S B el B o 4 B I/ T e )
HARAIES) . AR RES, RUWEAE B
B R AT [ R WA, PR AL S R sl
T 0k 2R LB A 4B 1 1) 52 e T 5 ARG B B 4
i BEAH M 1E 5 A2 BEE B ()3T B AT R LB AL A2 1
Z 5 AE, e piiEii. DNAFIEL, RNA
AR AR A0/ NRNASE R B AE A1 /2 T i fid e
K110 B R
341 FEALFH IR ERS T T RIS
SRR, ORELA QTR S, KE A B E
WCE W N R i OB R Qe e T ba st U4, H
B gt R B IS R 45 7. M) 5]
i R 200 Pt e €00 J5 444 B SRR PRI, AR RS R R AT A
W5l E AR o Bk M. — 5T, ALl it
Wi 2243 54 22 Y o 0k 8 ok AR () G B S B A AR
b, BIEEE 28 3 R, K5 EE4EH T2 . BDE-
2097 5| o 4H 2 R R AL R i S RS B 24 g 9k
53545 S AN R R B S BOR BRI T RS T
RAFERG . K FEE D S, H—T50, A5
Yt ] el o TP e 5 S 1 1) T8 BT BUR TR 1
A B B e 65T s G S S| EKS T D RE SR . BPA
AT 52 A SR A B IR A S AR G, {23 DNA
i AL R H3K27me3 25 AL, 5l RAE Lk
RSB RGN, 5304 % 1 (H3K9ac. H3K14ac.
HA4K 12ac)id FE kAL, 0% 3585 BF 20 i SRR
342 IREAFA T ADNAF EASAFF ER
T RAESFES, DNAFEALAEDTERZH 2R e R A
EiC RN 4R DL A B S o5 77 T B M, HH
A R ARy RS 1 T LAORAF 44 15 51 5 DNA
(1) SR F L RS BEA MR oy S 2H . B ORI
T2 FEH R AN T, BRI 0h
B, B A Xk DN A H B0 20 B, 1 S o A& M
R T RAE SRR ER, O R0Es) 5] G
JRFRIE R, I DNA F A0 AR 15 28 SC B B0, il
2 DNA I 3EAL G, 5524 DNA FH AL il 56 e 145 i
SRR, T SR e PO 7 AR I 22 DNABT Y
A E<x 5 DSBS I FHITE S AL, Mo 2 4
R TE AT 52 451 5 BB o R R TGRS BESH B IR T2
VFZ 022 n] 5] i 52 AL DNA F R L B DN A

PR R A R ST 38 A R e o R AR TR )
PM, s Al 33 5 2 3 K 41 DN A FF 364k S 50K BF 41
I B0 > AR A [ P R R R e T 0
W1 R AERRAS B, TES . 2 &K (polychorinated
biphenyls, PCBs). ZkJF [a]tt (BaP) %54k =4 2 i G
RESH I DNA FF A B S 55 AT 5] dES AR S 5 181920,
HrhBaP5| iC DNA F R4 T, T PCBs 5| &2 DNAH
FA TSR, 0B DNAF LA 1 ~F 16 7 4 R ks BF 40 A
IE heeh BA EEAEH , HF 7R R EE Y
() R BT L P, R S5E AL  ) F HAE H =F FE ad wer e
IR 51 AR

343 FREALF AT ARNA T HALEAR FF 153
DNA FIEAL 2 A1, RNA _F (1 F 640 A8 1 6 4 FAs B
M FEAE R EEAEN, b, mC AR k2L 5
RIFFN Sod ik A HEEER, v mSAB T2
WG 1 8 K0 2 2 0 B A A RS AT i Y mRINA RS 5% )5
VR ) BN . mOA FF AL A 1 78 98 5 2y L)
W R R, BIE TN T B BI40 B 9 A7 TR B = K P
() mOA F AL AS M . mCA B AR AR S 5 R 7 E K
REAMU AR B R B E A . WL RE Il
METTL3. METTI14, [ YTHDC1. YTHDF2
AR R J5 200 1) G T 40 L 2 A 5 S G Rk 4 i
NIRE 3L, T2 L EFFTOM ALKBHS, [ 35255
FEAEHE BRI L 3 RNA 3% 38 1 B U 5 B
(BLFE /N RNARI BTV 5T R, PAYERF 15 1) % 8
PR, QIR T F R IR 24 o1 v A e R BRI, 5
i FH i METTL 14 A2 B4 352 25 | YTHDC R ik 7K1 3
. 2 FHEEERFTOZ A /KT T B, A8 4 i Hm A F A
AT A, (K7L R = R 51 i
(1) mOATKF- T 5y R AR 8 A BELE M mRNAT {4 B
S S T T, T R R O R B mOA KA ]
THE BRI T, T EUERS A I TR B, SR ER
1Ak 2 B T8 R M RNA Ak 1 1 PR 711 5
K BFA I T2 BE 7T, K BRI mOA AR A P4
S YRR ARG I R ) E AR

3.4.4 IEBALF I A% RNAKE F
o TEAGEREANMR ], JESRAD/ NRNARIAE i SR
PER R 2 HE MR VB A IS, miRNA. PR
RNA(circRNA). PIWIAH B/ F RNA(pIRNA). tRNA
fiT4=/NRNA(tsSRNA) I rRNAFTAE /N RNA(rsSRNA) £E 54
S HESE G AR KT B e AR B AN O R
H S, gmit el gD RNATE 9 FE R 3R A Gt 45
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Ryt o, BT A NI AL 5 T B R
WAL O AR b, VR T ARSI f 5 54 .
ARG URLE FH T S AR BRI, 2 TR
miRNAZE/NRNA, (2EAG BRI T, 5340, KBk
A S /N RNARR R ARG 1 TP 4R DI RE IV 22 i
ARNAIEMEE RN . PAHSZEY) R 55 2 1R &
PRSI mIRNARIA AL, 5] &~ 0, 1
BT B85 PAHSHE N 52 AU J5 BLEAE FH T4 BRI O
S22 P N A miRNA RS SR A 9%

T I AEAS 1 [ 1E 8 8 3 T 5 AR i R
PIEF 4R A B B R R, KA BN T 5
P40, IG5 RS BEAE M4 4 Hh B 7555
TR B o 2 h 218 A% 1215 2 18] 47 72 52 2% 1R AH
HAEH, 55 30 R AE B IR AR
PR — M, T A2 W e [) BN 3 504 B N 1) 22 o 3 0 2
5O S H, 51K BR 40 M 457 40 5 SO 1 2505
BRI RE e H o AR R R AT = A i AR R
%I [arsenic (+3 oxidation state) methyltransferase,
As3MT]F 2 S- IR F i Z R (S-adenosy] methionine,
SAM) I 5- H 3 g M2 g (5-mC) /K PR, 4148 [ A
DNATK FFEEAL , KA 7ot 198 (LINETSLLT) -,
DSBAE 5 e FH R o 24453, 11T 5 BORS BE A
e,

3.5 IMEUEYIRAE R AHRERY E AL H

JEAER, BT AL FEAS BE 20 M - 4 B A W gl %
0, WS T R T — 8T ST
EAMIE TS B AR OIER, FAE4 M i
LR T AR BE, DR 40 P kA 52 B RS At 4
hile IR =D AL BT, RS AS FRAL I 215
A N SR S R BRI ) 23 e R A 4
ML T LA ) F R R O BRI, FERS B
11 v S5 AR L PR (A esl4 A Aloxe 3) 7T A AL JE ]
Gpx4 & PM, s BURE BEAH B R T2 1 OGS R B IR, T
BREA TR FP R R 2 Bk % (desferrioxamine B mesylate,
DFOM)FI g B S8 A 41 1) 771 k410 2% -1 (ferrostatin-1,
Fer-1)A] LLI % PM, s IR VE L, KW PMLs2x 51k
RS REAR MR E T Y XN ERBE T AR R — N R I
(IA MO FE T LA, AEPR RN 28 5] R AR 5l R G i
HA—E1EM

A, INIEAL I8 e i i 5 ma AR 5| RS B
AU AR, PR i T 1 i T A R S A e
ISR e S ALK TR AR . WEFURIN, REEad

e T S I TE RS R BT BRI AN
TR R SR TR A S 4R 3R AR S A e A 3
M A% 252 A, T 4EA R AR DR ) 3L ]
P Pkt AR, LR ALR 3 U U IR A
AU T R RS BRI R TETE IR B, BT
s RS BRI A D RELERF 5 IR 3 R E

4 IMRUCFYIE BRI AR
R

2R, B BRI AR . 2 R R E A A K
oAt 20 2 1) v R R, XU T A B AN R L BT %
Mz is 1, 9 N A st i J= T U A I A 2
W S FLARE ) LU RS HE AR AT S B 4 B (K 52 (0 ML 52
BT AUFT I SN, W] DLSE A e R A SR AL A Yk
SR T T RE IS o
4.1 BLARYARE IR L F A BIRE T R

JEUAE s T PR A S5 4 2 0 TR 3 RS S PP A7
HAGERAG I EEIA . KEIDOK, BREFESBH T
lllE S 7/E A RAAL RS Dacks 4= NI e S 2o A (N (2T
DR MG A . — BERE 7238 I T ERET BRUR
B R Y BE N A R, G AR e 3
BaP, INANZGEE [ Ja 1 5 e BRE R T A S 0
BaP £ 443 1) 70 A FE N I AR e B 1A%
GLuOEIREN A, B 2B A OGS RN AR B H R
BRI 5 [ S R AL AV, AR i A I AN 2 n] H
I A A I AR TR TG WS E S UAD
BN T ARC B T AR L IF T A AR TN
T, ST RIS TEV IR A R4S B A 4L 2 40
SEAL R AMBEAEM . HlofH —LyeKRi7. 2
P REAE FL 2 PR VR I S BT 200t 5 A e Btk 2
B, ¥ VR BT BORAEN R I AAS I L AR A /N 7 T4
SRS A 2 P i A AL AR P R BRI R
AR N, RO B SRR TR R AR g oK
BURL b A 7 R A SR, R 1 ELAR
FEASGRAD, Seit it WAL T BLREYS BN B
HofE S AP I 2 NS R AR, B
LN VRSP N e (PO - S A U
bb, NI TR ROSLVPAL (15 V5 thAE AW ST .
FEIT RS T EMAR G 0 RSN, 7T
TR0, FITELE 0 THRE0, STHEH T
A BBRAE F (R IR A 5 A e 2 i DAl
X T BA R R 221, O i — 83 15 i
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(gaschromatography-mass spectrometry, GC-MS). %
Y GC-MSTEGHE M i J7 ik, PAK BT 3688 v
HE (proton transfer reaction mass spectrometry, PTR-
MS). & HE i (selected ion flow tube mass
spectrometry, SIFT-MS). /X HL 1§ 25 HL 25 o 15 v
(secondary electrospray ionization mass spectrometry,
SEMI-MS). SER H# i (direct analysis in real
time direct analysis in real time, DART-MS)%5 J5i2: 11
W Zis O, Ak, s AR (high resolu-
tion mass spectroscopy, HRMS)R] X} A& Py 5546 244
T R 1 DU T BARRAE, WTH T E 2 70 i ABEBA S
REAIREAS b 5w BT b A ISR A A R AT
A= I ZE o b A A Y, IR B R B K
M HESH AT A A0t 55 (R A= FE DD RE PR ARG VP Al o
4.2 IRALFYRARHE SHRREHL I RO TN F SRR
LR A RIS SN P BOR BIZ D . R
WF SR 27 51 RS RE BEAH 451 £ AR SC AL Y 22 22
FB. FREaHYy. R, BRd s lF.
AL I PR B 22 R RIS A% DI PR )2
BT AR T R AR T . B TEE R K
AR AL 7 BRI AL RDNA H AL AL B3, 2
|10 A% (L, BTN 52 3 A1 R R A AT LA T £ET
7 R AEH B me AR BB E IR e, DF e A
FH e e v A50BRE €3 — S5 B A (UPLC-MS/MS)
AR IR 7 R AE P I m AR BT 456 mA
AL 7 B e e HIMFP RO, 220 1 RS T R Ao
) mC A HT AL AR 155 B e 7 AT AR AL I T X R
EAEODNESE SN 11 g i PN i S SR
A LA TE R T 40 M i @ SL R, A BT 0 4
WK B RN A BT TRk ia B B 40 i I P 15
ARWTTE T AE AT P A RS AR < 9 20 1AL
i, WE TR A AN A B AORE . 214
WAMA 3L E R AL, DL R 8 1 SORE A b &
Py uon SR SEHEORAT BT W AE RS 40 D 454 v F A
PRI S 72 A IAFE L, g4 T 2L B L BF A 6
(b
4.3 BEFESMHUFYRHERIRA R
QUi #m 2R P REMA RS R@E
(adverse outcome pathway, AOP)ME&He it | — M3
T FHESR AR DA b 2 W B P2 RAN A0
FRHT RN, H BT CAEPIALE Y N - TR
Atz as Y, T AL 22 (0 78 BoAG 305 2R (quan-

titative structure-activity relationship, QSAR)H 5%
BT N R REAN B (1 1 R 3 0 e i PRk
JEAE AT MR R IR A 22 ) v 5 26 AP Al B A AR TR
BRI SR AS T RED . A TTIE FH QSAR
EEAE 1 1170 BPAZEAUAT AN K BTG 507 B AL B4
i .28 PASO ST 193 58 %8 A% 7t 1(cytochrome P450
family 19 subfamily A member 1, CYP19A 1)1
R, 38 7RI B X BPAR BB N 73
W AR ST B J CYPRGAE H b g E R e 1
SRLRE F A AT 25 B 2 (0 R R A B TR S M AL
Y51 e B A28 R G i i O s, 0 ik =
i AL, g R A 5 R A R PR A AR
R, IR R AR . 0 i S aRIE AL
W AR TR R, 456 QSAR, MLATHE LR
FUANN R RE AT S B s PR THEI R B A 2 5
AEFEAI I 1, ISR S ) B AR B R PR A R
ML NE % NEE B

5 RESRE

3 B2 P A1y e 2 B 2R 5 o A i 40 L
B RSy, RIEE B B GT . R
HRE A E . W R B R 4
OB TR . R P 42 9 % 5 2 38R e A M 3 7S
AT R EEAL 2217 e 55 M AR T i e ) o
o B 1AL T IREL 2 R B0 7 A R0 ()
A S . BRI S R 05 5 R
B R R TR B 2 22 9 b S 4 SR o %2
B 11 L RS R TR LR 7 A B
P AR A RS BRI A 2 2 A A K R B FR B 5
SRS REAR I T2, o ch LA R AR, DNA
A« R BRI L F A B T . R B
O ) 2 TR B 2 L HC A Y 2 AR R A A
S, N2 BRI A 2 R, BRIEIR S AL S4B i
KRR AR 5 (LR A — b R . B T HE—
SRR B AR BAT LG, ARSI, B
ER-TIRTEIN 2550 I B IS /TS o N 2|
S 5B AR 45 U R T8 Rl S SR 7
PR IL S 00 0 A R TR R VP L A L R £ J5 o
KO K2 B ARG . X A 4T OB I % L 1
L ) 4 B AT 25 T At 2 A SR A 7 2 R 1
FTAT 7 16, T S TG B A7) 2 4% 5% ey () 7 4
2, 13 RGIRNTF T
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Fig.1 Possible pathways and mechanisms of environmental chemicals affecting spermatocytes
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