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D REPRAE IR AR AR v TR R AL, TR R RIS B T R AL AT TR R,
HEE HA 1 LIRS - fORs B A B R e R AR A, XSRS B 1 AT REIE L R /)
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EFFECT OF LEAD IONS ON PROTEIN ACYLATION OF
GERM CELLS IN MALE MICE AT DIFFERENT
DEVELOPMENTAL STAGES

ABSTRACT

Heavy metal lead is a widely distributed pollutant in nature, and it is extremely toxic to the
body, especially the reproductive system, but its reproductive toxicity mechanism remains unclear.
Protein acylation plays an important role in the normal development of germ cells, especially
spermatogenesis, and the effect of lead ions on the protein acylation of germ cells has rarely been
reported. In this study, male mice were used as animal models, and intraperitoneal injection of
lead chloride solution (1.5mg/Kg body weight) was used to detect protein acylation of germ cells
in different developmental stages of mice by Western blotting and tissue immunofluorescence.
And the expression levels of transition protein and protamine in spermatogenesis were detected by
immunohistochemistry and tissue immunofluorescence. The results show that lead ions
significantly inhibit protein acetylation at 20, 40, and 60 days, suggesting that lead ions have
significant effects on acetylation at different developmental stages. The effect of lead ion on
protein succinylation is not obvious at 20 days, and it has obvious inhibition at 40 and 60 days.
Interestingly, this study finds that lead ions cause a significant decrease in ATP content in germ
cells of treated mice. The activities of the Mitochondrial Complex | and Il decrease significantly,
and the activity of the rate-limiting enzyme PK of glycolysis is also significantly decreased. It has
been reported that acetyl-CoA and succinyl-CoA in the TCA cycle are one of the important
sources of protein acetylation and succinylation, suggesting that lead ions can cause abnormalities
in protein acylation by affecting energy metabolism. In addition, this study also finds that lead
ions can cause abnormalities in the process of histone-protamine replacement during
spermatogenesis. The expression of transition protein in the treatment group is significantly higher
than that in the control group, while the expression level of protamine is lower than that in the
control group. Studies have shown that hyperacetylation of histone H4 is a prerequisite for
histone-protamine replacement, suggesting that lead ions may lead to abnormal protein acylation
by affecting the energy metabolism and thereby disturbing spermatogenesis in mice. The
abnormality of the process eventually leads to reproductive damage. This study provides a new
idea for revealing the reproductive toxicity mechanism of lead ions, and provides relevant basic
data for exploring the toxicological mechanism of lead ion and preventing male sterility caused by
lead ions.

Key words: Lead, mice, reproductive toxicology, acylation, metabolism, transition protein
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1.1 SBBEFEMHHEEMAR

1.1.1 $AEFHISREIR

BTG, B EBIEAE HAE, SR T WSS, S =
B —— K PEAURIEI A R T R 5 4 BRI — . S 42
AR, BT RASAEER S 5 A, WA T SOOI S R, B F T4 Tl
B, 4R 0PSB TE  M A ) 4 7T 36, ot NS T 24 K i
G, IR AEBRE P RS S K

ORI, AR b s A TR A BRI, R 258, 1
B R, JURBER, MBS, BIRCHE DL U S SR g, DLEIBRL RIS A
SO ERO BRI, AP L AR BRI, S B R RE A S B 2 BRI
_.[

LA IURENUR TR £, NS 2ol TRTBE SRS, 1
ARSI R A7 L 5 e e AR, 7 VLT (R

1.1.2 $AEFHEESMHER

BB T TR T AR B BN S Y 2 SRR N A, 53— D5 T il
SERLIERIE AR B 4. BT R0 2 Erh 3% R DU O IR . R PR SOR . BT S,
FEE N EL R S IR B I . et R S R ZE . IR
B . eIz kR,

A RIEHE T2 SEMEERS 75/ TR, RT3 SR, et iU sE iR, ™
BHE HIUZER . MAh, SR B IR TR, ISR TR T ARG, WA
TR TR,

Bt Lo VE R AR S T Rt KR . B ot M BLA 2K, AR R
B AFIR . EEMERESN CHEZYd, BRI FMI- R EER M. PR
R R TR R g B A R A FE AR

1.1.3 BB FRVETER G HIE

BYRS TR AR R G R EAE T E B R, (BRI N AR N 38 A TR R e RO LR
PRANTERE . H AT LU =R EROW SRR B 7 I S S s (D B T7eT
BB, HFS AR B, I LTS TX SOD GRAULIBILEE), GPx (7t
H ki SR A1 CAT GG EUE) S5t SALAE H i P U B A T, BT DA
P AMUAE T AEE L ROS GEMEZD, mHM/ T HEmiiEi 24, XRHTEMLA R
FETCFAA RO TSR TN T i . 24 ROS BRI 2% 8 5T, DNA FIBLE BT i 1K
ABi. EABE S AR, RESSBHERN, A, LPO (R
SIASEBUR L, S AL B RRS T 5e B2 5100, WU B 7T S04 (ROS)
(it B A R G AR L AL R G, T SECE AL R Y G HE TR RERY
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N Fe - - S AL A AR R, BT s AR ARG . AR T RERERS, EEHERE
1) ¢ S ORI A 3, 9% T3 5 FSH (BRI i), LH GEIRA B R, 2,

MEBZE (BIE E2) M H AR SEUEm i D P, MM R, E2)

TERE T R AR A A A, SRR P ) 5 B NS R ) S T S B EA
U3 140 s g PR 2SR A HH 5 G (P450 arom) A5, iGN ) 0 HICK R 2 i Ak A
B2 . P450 arom H Cyp19 4ifid. E2 it 45 & M 2 %2 4K-a (ERa) FIMER R Z14- (ERB)

I FHAEYEYRL, WEERMAYEASTRIE, E2 T ERAME OEEAIM, KRR
A Leydig ZHE ) FISEHE I, 340K T~ (32 B A1 SR 7 Bt o 3 3 A T 191, e
BEAE 1 AN FLEh M R o 2 (R sp e Y, A5 RTINS PAS0 S8 A8 BRI (/N BB BL UK T
ZH, BEERAEREAE P G HYE IR AR cAMP., 5B TR IR
PR TR AL HE T RIS T35 0 3R BE AR T (T4 s 220, Rl ol 1 (00 0 A vt P2 vk 4 »

i 2 TEER R L], CAMP FIES B 5505 520 TR T FL 0K 7 DhRe b k4 H BRI
(1, 3% 3 — 5 A KT (R 5038 7T LA Ak i — RV S S I R IR Ak, TR 1
DhReP . W% BRI AL SRR TS S AR IR A S (R e S 4,
T AR B EE A LR SME AR — DR 5583, B I A0 BOUR ANAE DG E I8 2318 87 56
3

= o

1.2 EMEFEBREIBIE S Y

1.2.1 £ EMAIEE D ILITFE

EMN (testis) ZHEVEFLANY = Az AL FH AN MY DA R 4 F5 4 S REVEICGR K P I B
S2 L PN ELHE (R R 40 B AN ih ATRS A (LB AERE/INED PR, Ta) o 4 O 250 3 A = A 1 e
PR AT A B N AE RV S8 VAR B R, ot A A U0 A A P S B o A T
FEIGFT . MEPE AR FEANBLE 52 U ARE /NE IR A — AR =N R R S A B R B
BRI B2 2L UL RS T R, 3 = KBB4 5 0 T R 277 A B A AT 43 IR 2R

R IR AN S A A R SR A L T i AR R R I B RA A TS B AR IR A
5. wW ARG E N B 2 LA AR A BURS 4R (Primitive type A spermatogonia) ~E, 54
JR s A B R 20> 24 R A BURS JR 4B (Type A spermatogonia), A Uk 40 i 74k oA
Tk YA 57 41 CIntermidiate spermatogonium) £ 24K % B 2K J5 41l ( Type B spermatogonia)
4 RS RN A IRE 2 TR KRRt B RS AN 25 2T, S BRI e
B2 & i ME: ] (Leptotene), fBZEH] (Zygotene), HZHA (Pachytene), XUZkHH
(Diplotene) F1£--HH (Diakinesis) 2R J5 £ i 55— K 43 3448 IR Gk BE 41l (Secondary
spermatocyte), RZAGRFAIMREA T S IR R ARTEAG 4L (Round spermatid), LLES )
R TR AR AT 7> RE e, A PR R s 5 R e P, RS IR FE/NR T, BT
TEBARIEAZ KR DA TEAS 2 k16 NP 7D L RDIR 8 208, KRS T4 fr
Frm VR IR e e, e 2 IR 9-11 GRERKE T4, HAh gk e, Rl
MG, wfad P IR 12-14 GR4E) K4, PR 15-16 K1) Mk FafR I
YR (IR S T A M SRR 4R A LA I PO, R RS T AR I, R R
Y B ER A AR B T S R SR AR R b R AE B R — 1 T R TR M
MG AR e T RS B L T RS, X B TRE TSk 45 IR 3P SR DNA %452
Wifs R Az,
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122 HEA BREABRIREN

W B TY AL FE R 5 4 2 2480 7 A B 52 KL B RS T o IR I AR BRI N B
M BT 20 R E 2, TR AR BT RS FANNE; 28 BB, MO TR A,
AL L [ T -0 M 2 A A ok 28, Ak R A A S LR AR N e, R MM HE N 1%
CERIRO IR, BE T BRI TR R s th o Yt i NS TR A B ik — 1),
T 4H 2 1 -3 9 B 1 - R R T ) S e et R B (1 B AR

RO EEEF, DNA FESi4, i DNA fiaHELB A HRAEA, FHim K
043 2 R 4 PR 2EL B 1 T A RS B U RS BR RS 2, Bl R 11 e B R i s e
BN RAEE 3, PUkE O AMAR B R RS A E A £ K. AEA HA ik
K5 (H4K5) H1 K8 (HAK8) I LAk s M e IR 45 i 48 B 1 BRDT 5%/ Mg &4 it
TEEA AR, %A BRDT-HA ZA BT, IEENA 2 (TP2) MkEEN (PRM)
AN BEAE ZE AR 4 K 1 200 M 1) 20 A% N DE A S o, 3 BRI k  E T S BUA B R AR
[33]

frfs S - A A -HE A B IR THE D He R KR TAR A & E OBk, 2
Je B M B e, 1Y AR e 7 21 DNA, 55 2 HE DNA 45 & s s A SR A .
RSB S A R O E R R 2 O E B IIER

123 &FEBIINEE

TEVFZ PR, RS TR AR T RS TP B I s B s B rdid A
EFTE DNA /N r 2858 R R il 1 St 53 ) 40K 2 1 PP s KO RS R A S5 Z0A) DNA
Gl TP e R R T J v P S e L SR T A 5 1) B T IR bk, 5 A AR
Pt B T S ERERE BT DNA-RS R AINAE 6. B (-l B A B2 T
ol B B I A i, A R B R I Qe i LU Rt R R B A EAE AT ? H Ok,
R YR R BRSSPI R B T AR R TR SI T 544K . H, et i i R S m] AGRS AL
FRIERA G BRI EB. 5=, RE AT RS S RIRAERES %, G, [
JERE TREAT MO UM R, Sk KA I3 D), 7E/NRR, Prm B Prm2
AL BRGSO E AR BB, DU S B A RS T I AN AR AR L, B T R
AR 1 HORS T AZ G S R FORRHT /BB b, RS R 1 b 22 51 AR L 6 R f 2,
TRARTEEAR LA R RS T3 424 By 2 28 (09 . Prm2 B Pt B S0 6 B9 3K P A7 3906 T3
Y (ICSD J&, RESBEGE R Z BRI 11 BIM/NR IS, (B RADBORE iR, R,
N, REFEEKTFEEAEMR.

1.3 SEMMERBIIZIFEXHR

1.3.1 £FEMENA TR CEHILISIHR

RS, HEEA Chistone) 5 DNA S5i&TE ML /IME, H/IMEZ EAZ LY G 05
MIBEARLER T, Geth i = B A5 A AR ATV 20 BB A dm il sl i R AL 2, 4 DNA &2
i\ RNA #e35% . DNA $fifE 2 . B4 . A BRI 1 R Gt o7 45 4 () B B2 A 3
e FE R AEAAEA R EE L, FEAFETPEA. LB, BERAAZ RIS
Wi LB R WS BB R B, — s DL HE A LBHEA R T DNA 545%
H\RARBIAF RS, A%/ MA SRR o, DROAALER B3 KB B 2 B IR LA 2 R M IR 55
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s SHANGHAL 1A TONG UNIVERSITY SRES T oot B SR 2% T A A S B R R B TR RO B2
BT ARIERENS 5 DNA Zik H B IRIE AT R %456, DNA Wi EE2HERYS
DNA K45 & R ERERTREE, M NS %RE B2 2 EARE B, H
HE A LBAE R T FPE I LB 5 N ER (A B 2 b 7 il 40 B (1 I i bR S, gt T
HIS5 74 DNA MEG1ER, RGOSR T i 5% 50 i [7) 4 s A
T-He 5 DNA G5 & fir st AT S 5 A, SR IR R s 310,

HEHE ORI O & K A OB 2 BB K AR, A8 2H B 1 0T 58 i I Pk,
774 DNA FR'S 35 G5 A (i S R PR R Bk Y, el izrh, 48R (22 2L HDAC
H5HHEN OB HAT LR ED OB sh &, HA DRI HATs G
p300/CBP % J%.PCAF/IGCN5 . SRC/ACTR FJfE.MYST . TAFII p250 kst
CUR I HDAC CUA R 19 Fh, ARHEHFIVEMES> =28, B} HDAL [, 5#RE SIR2a 7]
U5 Rt RPD3 [RIVEM, fEARHAN K & R P AR S KR LB AN 2 Z B L ie
i, IE A& T X PR AR 5 B A AR 1 550 A A 4T B A B8 5 oAk A5 LIE F 3E AT

HEE I SIRAL RS T ) 2 B2 A, EFTEAE F MK TEAS A i R ok - 1) 46544
ARz N B A R AR EORAR A, RN B B R E g s S A P B e, AR HA REFEL
= ) S PATAZ MG/ RA B, 8 TR A el E OB HRdED, AEAERAT
BRI TR T B A b BB A 2 5%,

132 SEMIEAER BT

BRI T R ABHMCE AR RIS S, R ER THREAE A ABMET
PR, EHEA BRI R ILE HAT 1 HDAC 43 58 42 Nl e 2 W 7 B (KAT)
R PR . BERE (KDAC). T B A SR s i 5 e ok T AR 2 TAEE B K
Wi, JEH, HORREZH TR, FHEALEMS S T IrE EEAYRE.

B AR A A TR SRR A SR AR AR, HLIX R B (44 BRI L P i i v 2,
L R A e S I SR 011 S 5 il e | 26 R e S A R A ) & s b AP S T S PR ER 20 IR P B
5, DNA#GIEE, AN, F55%S, EORIS, HERETRCIHSE

s B LA KT A B AT MR T ) A R L (R AR A B 4 DA
R b E R EAEAE, WO EE (Tubulin) AUERHME B E L E B, Tubulin 4%
G AR 2 2 B A BB IR . SRS, TER PG RE T Tubulin Z ik &
BN, U072 2 AR 1 IO SE (it A2 PR B4 Tubulin Z AL oW 22519, Bhagwat,
Dalvi 25 \iIESE Tubulin Z AL KT (153 % 2 P EURE T2 Bom/03% 77 F B2, Jf B Tubulin 2,
PO A 7K ST T 32 5 M0 A 5 4 T o R o 7 S8 USRI - 4 5 o AN A 3h oY,

1.3.3 HIEMAEBIRIAR LB IRIR

R R BRI AL K A BV T30 ZB AT () 2 0 T o IX AT T 51 T AR Z AT 1
PollR, FESIN T SMEEAL, CRESEHm . BRI ERAAE AT B A R E ik, L
TELE R AR, R AL SRR Rt b 7 S gl 26 e ok

LEAC RS S L1 PTM, B =3 (TCA) TR L B4
B A RIS ABERR B A L, 2 R n . [FRE, BRI BRI 4 A(TCA
TEA R T — A PIRGBHEE. TENE, JRNBLER el R, b,
ZWAAE LR R R AR R IR0, SRR, WERE, IR TR A Qi e R ) S 01,
AEBIE, BB B Bon KB AR RS S A mi: ARPEIE 27%, Kt i+
Fik 66%, XA EL B LK AL E AL Ui B BRI I A AT 24 R4 PR AR SR AU 7T e A7 AE A L
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TEM. HATHIIGIRAZ, T EMEE 2 1 T AR e 0 I IR B 2 S A RAR AR o ARORI
AR RO U B 2L A% A A 2 R P T 30 R BT A, LU Bt L A0 200 i 1 Y 355 1
A Y

1.4 KR NFEMRASKEHBIENX

CABIRIE, #7870 A A R & B T A R, (AR LER A
THIE . AFEAN L N R AL IR T A A G LB, SR SR I /I B AR S AR
BT A AR RS2 A 1R0E . PRI, AT T 3 SR A BRI S B 7R /N B EAT
PR TBEEE, R A B B /N B AR FE AR AR R B B B R, B R R A
L LA AS i A BE PR B 1 0 ST w5 AR LR

ARV A EAC B BRI T SR AL B /N B, AN R 2R 10 RIGITURTESS . & 2 RiE
W, SRR 1.5morkg AR E® S, FIF WB R IIH AR S HH & AN F K & R
AR AN R BRI AR A, AR AR T AN R B LI AR DL R BRI AL 0 R
PGP e T BARM G B AL EOR, N5 AR E IS B AR S AR A AL 21324
PR T AL A i 2 1 - S0RG BR ad R  d  ER R B R LRI R AR, SR
BYES o0 AR S AR B P A AL AR T O R A AL AR - EORS SR B B O R R, AT
UESE, =JRIRIGHA I LB A ABEIABLAEE A & BB ABEIHBLAL B 1 i) 5 2k
P U, BRSO A S R B R AU I B0 R IS R AN A, T LA A
X REEACHIIAR S ATP &8 HEIE AR AOBR N P S PE L R ZRAR R G4 | AT 1 st
ATIRE, PRV R0/ B AR T A I e AR R .

ASHIEFE AT AR S A A A R A, PR TTT 0N AR B 4 I R s
B Ja AL A 2N, RN B 2 1 S A T AR A 7 DA IR WA 1 A B 7 B LB,
B VR T TR RO B TR SR BURT B B, DN R AR T AT R SR LR TSRO
BB AR o
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2.1 W5 FnAA At

R FE SRR 2/ RMER . HMER % 10 X, Hi# 60d, 7KELN 25g, 19T F[EF}
b LI shh . WG PoClyy NaCly B3tk 8. HfE. HEE. WIEIL. FoK
LRSS B 2R R A | B AR HT M4 (—H0) Anti-succinyllysine antibody
HH SR T4 (470D Anti-acetyllysine antibody 1 T Ht/H S A= P04 R &) B-Tubulin
PRI T Abmart 24 7] 5 AL I IE (PD A1 Y6 40 Alexa 488-conjugated anti-mouse antibody
LT Invitrogen A& A2z R IGEIAF & (ECL) T GE healthcare /A &; PVDF JEI
T Millipore Ao ZRRIARE A 1 AT 1550 6 A0 DA R R S X7 S0 T Hifg b =2 A= R,
BIRAAE; ATP A& T LR REMHEARGRAF: Tnp HUAEF Prm Bkl T
Proteintech /A . b2 R AN #S  ChemiScopeMini 1k K kg R4t -

2.2 It

KR R0 RUBCE T 3h W Al 3R 15 RAA AR R,  4% 101 [ LI BEHL Bk
T SR AT BN BRZEAT E X, FEIC 10 8, A5 1A B HH A2 5 S B ME P /)N B R B RRE R A
H AR JE 5 10 KA g BEAL Pkt — P iR % HE 1.5mo/kg 7 IV PhClL I (45T il K
WD AE AR, FFETAEARC, RERE 2 RIES—IX, —EVENEIE 60 K, AR RIARAL
BN IR . i E AR JE 5 20 K, 40 K, 60 RN T HE ZH N b 3 2H /)~ B Db 25 Ak AE I
SRR o

2.3 AP RIFIEBRVIEER

SEAALEE: PERATE 5 ZF B OE I 2 Z T 4% AL K/ R EAb 3 5
HEAT A, SE B H XU 52 FULTBON T 4% FF TR VR AR, R R AR R 52 L) s B M ek S8 ALTE
AR, AR AR A S R A R AT TE KT EE, s AV E T 4°CUKA
G —{RAF, B AH AL g% R AR AT R o

EANEANIRE: B2 ZTHEREM (PBS) T 5 = B0 &Y, BRI ikt sE
J f] XU 2 S IR R R BY BURE (5 2 AL 3R AR5 22 45 e i FH i R 2% i it
ATPRYED, TNFRATTE 37 C/KB IR & B RR 2l , FrE RN A e il s Ja, 2Pk
K52 AL 8, 13x10% B0 7min, PR AR N 3% 25 38, VE R RN B R 2 4 RN
JEIIN 1 Z BB RR 2 il A RS AR IEATIRAT, IEVE =R, S =U0E TR AN PBS F
P OIS BRAR B 16 PBS, [ 40 By e 3z B P AR BRI B2 1 4@ (Sample Buffer)
BIRMITTEE, 100°CF¥ 6min, 13.5x10° r/min 550 10min, /NOIREL EIEWRTHH 1 2T
B0 R BRI V10 MR FR ) B-5ii 2 4.1, 100°C T3 3min, (i ic i & F-80°C
UKFEHLRAT o
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2.4 SDS-PAGE K& H % & ENik

E AR #A G, FH NanoDrop2000 (Thermo Scientific) Wl 5E#E IR EE, REANEES I =
DHCFME . 2 a1 60ug/ LI EAEEEATINRE, FITEBEIZ R ik (SDS-PAGE) 43 &
W|ER: FTHRER 2h, RN 90V, BE—/N T —RRK, RO E] PVDF
T A& 1% 3 5%4- M5 & H (BSA) ) TBST 5 IO I = iR B 1] 1h, TBST ¥k 3 X,
&R 8min, —HUIFH , 4°Cid . Anti-Ace HUAIRE 1:2500, Anti-Suc FTiAE 1:2000. TBST
e 3k, BHK 8min, “HE, FEIWE 1h. AL IEH ECL (4 2mL) XfJEE
2min J5, AWEFRICAGHT BRI K eiBE 1 PVDF BEE T 20mL & E A
W, BT RR B 1h, R EIRE . —Ht, PP IR, 52182 B-Tubulin (1) western-blot
SEE A AT Imaged v1.48 Xt Western-blot 25 B AT K FEAEL /34T

2.5 ATP/KEME

ATP ARG AR YGRIGAE 35 K ATP Rl & . B 100 pb RRlRE TFF S S MR
Ja T 37°CE I 20 435, B E 458 )5 550 g 250 5 min 22 i, 3 PBS B Yk 7 2 (550
g, 5min), =YK 8000 g &5.0 8 %F, & L. JFIRIVIE NN ATP R 2@ 200 pL,
VK _E22# 10 4381 J5 8000 g B5.0r 10 Z30%h, B IEE T8 EP &, H 96 FLAREAT L,
LA 50 pL SN 200 pl B, FHBEARACR I A 6 R . S48 B AR IR UL R 15

2.6 PKEMHEME

SePEEUEEALAN MY, MR R R B OE N, B0 RS G IR FREGH
&L (mL) 24 500~1000: 1 A ELEIIIASREGH, A< SE6R A B2 &F 500 /74 1mL 4
BB, LI (UK, Th3 200 w, i 3s, [EFE10s, X 30 %); 8000g 4°C
B0 10 min, BCEIE, EoK BRI e T 30 min B b, AT R 340 nm,
TAKRE . # TR, 50 =AY (Pe i Ui il BECED 37°CHiE 10 min, £ 1mL
AL AL AN 900 pL TAE# . 30 uL il = 15 pL 57 PUAI 30 uL #E4, SRR,
TIOREA I RIS TR T, 78 340 nm 3K R id3% 20 s I FIHIGWR G AL AT 2 43 20s B 1R
R A2, I AA=AL1-A2, Z a0 A ST PK V& 15

2.7 ZRARE S MRIFNE N E

HERRUSCEE 500 J3Z0A, N 1 mL AR5 — A1 10 pL 75 = (PSR BEE ), Huk
WA BREIH, 4°C B0 5 min, FUUIE, B _LIERE R 5 — 808, 110009, 4°C &L 10min.,
7 L, DU 200 pL 3R A 2 uL WA=, A RREIE (VKIS TR 200w,
75 3s, [HE 10s, EH 30 O, ATEAM A N EEEHENE . 466 A 30 min A
b, DE RS AR | A K E 340 nm, AKIRE. K T/EWT 37°CHEE 5 min,
6 1 mL A ZEEL B Imrb N 40 uL B4, 800 pL TAFWAN 60uL X771/, SERIVEA], 5% 340
nm A HIEEW G AL AT 2 min JERITOGME A2, THE AA=AT-A2, ZJEiEBHI B AR
HATIE IR W iR S A48 1 B3 E 605 nm, ZRTRKIAE . ¥ TAER (3%
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E’t’vwﬁﬂﬁ%@aﬁ) BT 37°CHiFA 5 min, 7E 1mL AFL A i 40 pL #£4<. 800 uL TAE
VA 100 L 575, SEEIVRZ), id3% 605 nm ARFTUEW G E AL AT 2 min G OB E A2, 1t
HAA=A1-A2, 2 a8 ui R A XT3 i 5.

2.8 QH.—/\E,] ﬁﬁrAﬁ'ﬁ

B NRENLET 4% KB ER 4C4MFTE 24 h LLEE&H. Bk, Kik.
PBS % 3 ¥k, %X 5 min, b0 80% FiE, i/uf%ﬁ 10 min, PBS&¥E 3 K, K 5 min;
PSR, PBS ¥E 3 X% 5 ming IIAI W, =iRE A 25 %80, EEREIRE W A
S WBERGERERN—P, 4CHER; 37°C’E/m45 min, PBS ¥ 3k, &K 5min; fIA
H—Puax B —pr, EEWEE 1.5h, PBSIEME 5K, &K 6 min; “ZIEBKE (DAB)
B & 10 min, £ 2 NSRRI gL (R PBS 15 VE 8 0, ARG HEAT IR AHE Y tt 2 min,
RG24k ERAKPRYE 10-15 min; Bk, B, BA. Bk, HEOC IR & BTk
B T L SR B A

2.9 BURGZIT 1R

AR B Mean + Standard Deviation (SD)# 7, 14 F SPSS17.0 1 Excel 2016 #1744k
P NFIAEBC RS XU t KB AT S8 b, 253 B EMK T A P< 0.05.



Tl

Y IEPT
G | - A LA
SHANGHAI JIAO TONG UNI‘VER?I:T B FENNRAE % B i B E A R A B LI IRA R0

Jan mﬁ-‘@

B=E ERRH

3.1 Pb*" St /MR AN FE SN

BV RS 0S/IN BR SR AU T B 25 R LR 1. S5 SR R AR BRA /N RO TR S D T
XHHEAL, 20, 40, 60 HBALEHZH /I G S8 LR EE O B AR T IR AL, DU AR B AL A A
PEGT, FATBUWER 7 EENHFEH (B 1-D). KU 7X 82 AL 1 2Rt
ST /N BRI BT RE T o

A B
* %k
08y _ % * * 204
A _&a n
- 0.6+ A % L ] 154 ——4 o L]
S o L 9 S
[] — e
% 0.4 % L. "IN ‘ E 104 [ ==
= 0.24 =
5_
L
0.0 T T T T T T
< A A 0 (o]
(o4 (1 & & y 4 T c
S M SR S SR 60d-C 60d-T

Weak Normal

B 1. PO S/ B B AL A= F R B
i AREAAERN=6): B A FH(N>10): C AEMCHEA SIS 7 D AEWESN & s & 450
#57 BE MK F*p <0.05, **p <0.01
Fig.1. Effects of Pb* on testis and litter size of mice
Note: A: Testis weight/Body weight (n=6). B: Litter size (n>10); C: Pb led to female mice producing weak
offspring. D: Intraperitoneal injection of Pb could injure mouse organs
All data were expressed as means + SD, *p<0.05, **p<0.01.
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3.2 IMNRERBAYIFE

PO* % /INER, 20, 40 H ik MAISUR o 45 LI 2. X EE 20 B /N B2 AL 44k 4
FGEHRZH, FRATT A S A 33 40 w2 B A M 5 e B SR, 243 et B s (LI 2-A2, A3,
XU BTSN B SR ALIE O E ARG . XL 40 HER /N B 2 AL SUCERZH AT REAH,  FRAT]
A] LIS B AL B2 A tH IS e AR AL A (LA 2-B2, C3). AR BRI B (L]
2-C3) VLK 4f i il Whygsl, HZRY) a5 R 5 1 A A PR 2H 52 A A4 EE L IR 2 T PR 45 SR A
B ENE,

Control Pb Treat Pb Treat

20d

40d

40d

Cl1 C2 C3
& 2. P St/NE 204 40 HiE 2 HLA LB
E: AL N 20 HXTHEZH; A2. A3y 20 HACFEZL; B1l. C1 440 HXTHEZ, B2. B3. C2. C3

940 H b2
Fig.2. Effects of Pb? on testicular tissue in postnatal day 20 and 40.
Note: Al: The control group of postnatal day 20; A2 and A3: The Pb®*-treatment group of postnatal day 20;
B1 and C1: The control group of postnatal day 40; B2,B3,
C2 and C3: The Ph?*-treatment group of postnatal day 40.
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e Ton /N UK B I R AR TR AN AR N 2R 1 S A B A R 2 WB 28 SR G B 3. 45 R UK,
/NERATEANM E 1 2B 1 3 Sk AR AE 55K Da Ao TE S, B 15KDa e A A
Mo HAJE 20 40, 60 Jo/) B 52 AL rh A BE A0 P9 e 2 VR B 8 R A A I8 A, 20
B LBAC B KT AN E 8 1 LA 7K T S5 Bl I 18] T 323 4 55 o ol LEBSOAS [T 4
B S HEAL, 20 R AR B E s, JUH AN IR E R LBk 22
rTARREEAL; 40 R, 60 KR 4R B LM ALK 2w T AL BRAL, L IR R
HAMAE A CBACBIRCE B T AL, Ui BB B AN R A A I 300N B S 0t 9 ZE B 4
NP R AL B OB B2 R

A B
20d 40d 60d
s € T € T C T 97— ¢l mm Po
250 m—
10— S 8
o *
T 5 e
. —-——ee 5
I (]
37 e -% 44
6 *
25 o 2-
: L
L

Tubulin e D D SN Quu G- 20d 40d 60d

B3 HE T RESER/DRBANEEMAREES CBLRET, ZREEMKFp
<0.05(n=3)

W A EBEZBHALBM WB: B: WB EELE; B-tubulin fEANSEA
Fig.3. Effects of Pb?* on protein acetylation in mice testes cells during different development
stages. All data were expressed as means + SD of three samples. *p<0.05. (n=3)

Note: A: WB of protein acetylation; B: The quantified results of WB; B-tubulin as inner control.

3.4 P3N A B IR E A EFEMAE BIRIAB LIS RIS

PSS TR A AR N BRZE S AR PN R A BRI AL 2 WB AR LK 4. AR ER,
ANTFLA I S0 BR AR B AR B S AL AR 1 2 1 20 T RS EAROK, M 25KDa | 250KDa 47
Wefziizknts, HrpLL 40, 50, 75KDa M ABMiH AR . £/NREA 20 KJE, SHAE
SRR BRI BEAL B ORI, B A S A B A B AN (EAR BRI R AR
40 RAN 60 KA FEAN ML A BEIHBLAL KT I 55 X IR, BRI R, e T
A FE A R A AG A H R o Rl AT DAL 22 2 BRFASEAL 2 1 AE 40 KA 60 K ORF5H
BT, SRR BRIAIL AL TR B R R AT BT fE
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B
20d 40d 60d
we © T C T C T 19 ctl mm Pb
250 m— —t
15() m— ‘ %
0= N ;. :
50 l | g ¥
=
37— = San © 14
e s BB = ‘s D
R ] ! (n'd

Tim-'-—' o -
20d 40d 60d

B4 HEFNREIEF/DRZANEEMEESFHBLRREE, 27 EEHKEp
<0.05(n=3)

A EABEIAEML B WB; B: WB EELEE; B-tubulin fEANSEA
Fig.4. Effects of Pb?* on protein succinylation in mice testes cells during different
development stages. All data were expressed
as means = SD of three samples. *p<0.05.(n=3)

Note: A: WB of protein succinylation; B: The quantified results of WB; B-tubulin as inner control.

3.5 P 3T NRAE A BREAZAE A B FIRIAB LI IR
Mg (RIERIED

20, 40. 60 H &/ 52 AL ML B AL & PO2 Xt 28 (1 2Bk Ak . BEIIIEAL IS 1 K 5
Wi 25 BRI 50 25 SRR, 20 H g /IN B 52 AL RS IR 40 2 1 SR AAB A AR BE B, T HET A
BN RS BEN I B L B i 58 (S5 SR ILIE 5-AL). A4, XL sE AL AE AN A A 2Bk
S E, o 20 HES/NRATEARE O Ok EZRAETERZ N, TR 32 2
KA. PO AbEER 20 H RS/ B2 hL 9 A TR ER 1 LA S 16 o R 4 LA e
B 25 5, ACERZE ) TR ANAS A B S 0 B ], ot 2R A MO0 FR RS T A R DA B P RS R RS
BRAN B AR AE M KT 208055 (45 58 LR 5-AL, B1). 20 H % Ph? b 3R 2H /I BRAE Bl 41 i 2K 1
BR B A AZ 1 -5 0T BRZE A LE AR B 28k, L S50 00 5% 38 Kb 3 28 R0kt R ZHL PR35 B I A 2 1
BT (530K 5-A2, B2).,

40 H s FRZH /N BR S8 AR TR 40 2 11 S BRAAB T RR P AR T 20 R0 HRAH B SR 055, i
HE I IR E & LB KPR RS 4000, (H2 A BRZH b S8 N TR RS FAIRE 1 &
P AL S B Bk S8 (45 B L& 5-C1, D1). 40 Higrh, XFHEL/N R 2 hu & A BRI Bk & 1
FEREMRT 20 Ak, SXTHRLLARLL, ACFRAL (G Z AL B S B B ARKF . P? b Bl
20 Hh 2 AL A [ TS T 4R S W SRR/, TR Po™ S0 52 AL AE T 4R A 7 R R A B AR i
HE (558 WKl 5-C3,D3).
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Anti-Ace Anti-Suc DAPI Merge

20d-C

20d-T

40d-C

40d-T

60d-C

60d-T

ESHFH&ﬁm\m\mE%%%iﬁ%%ﬁ%ﬁzmwﬁﬁmmw%%%%m
VE: AN 20 HXHHRZE: B A 20 HACHIZH, C 440 HXFHEZ4. D A 40 HALFEH., E A 60 HXJHRAH.
F v 60 HAabH.
Fig.5. Effects of Pb?* on protein acetylation and succinylation of germ cells in postnatal day
20, 40 and 60.
Note: A: The control group of postnatal day 20; B: The Pb?-treatment group of postnatal day 20;
C: The control group of postnatal day 40; D: The Pb?*-treatment group of postnatal day 40.
E: The control group of postnatal day 60; F: The Pb**-treatment group of postnatal day 60.
C means control; T means treatment.

60 [ % /I B S2 AL I RS Y I A B BTG R A TS TR S Wl B 3, &
F IS 7 SRR TE T AT 0 (45 R K] 5-E4) . IAETEANIEE 1 LB IE R IR AL A
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AR, I AR ST B 1 LAl SRS s O . RIS R L, PR
ARTRAL 60 H i /I B 52 AL 4 5 P9 IS 7 A S KT T 4R IR SR T kb (45 2R LI
5-FA). [ARF, P> ibFE 4 rh 52 A oy 5 Jo A 740 i B KT A 400 P 6 1 I A A 3 T e
WABTRE LR I B PR (Z5 R LI 5-E, F).

3.6 Pb*xt/\iR 40, 60 H d 22 31,4 58 4 Ba A4 151 B SE M FDATPIK SE Y

S

0.4+

0.3

nmol/min/10* cell
(=]
N
L

PK Mitochondrial complex |

] Control M Treatment [ Control HH Treatment
0.8+

0.6

nmol/min/102 cell
(=]
"

0.1 0.2
40d 60d 40d 60d
Postnatal day Postnatal day
¢ Mitochondrial complex Il b ATP
3 Control W Treatment 15, 3 Control HE Treatment
0.6-
ﬁ 2 104
e ™M T i
s w
= o
.E Kkk =
T 021 x 3 5
E Fk
o
0.0 0
40d 60d 40d 60d
Postnatal day Postnatal day

& 6. Pb® X /MR 40, 60 H iR BAETEAIML P PK i, RBAE &4k | iEk. RRGEE &

£ 11 ¥R ATP /KB HI R
E: AN PK (n=3); B NZ&RiAE 544 | (n=3);
C N KA 44K 11 (n=3); D ATP /KF(n=8) # 57 & /K F*p <0.05

Fig.6. Effects of Pb?* on PK activity, Mitochondrial Complex I activity, Mitochondrial

Complex Il activity and ATP levels in testicular germ cells of mice
at 40 and 60 postnatal days

Note: A: PK activity(n=3); B: Mitochondrial Complex | activity(n=3);C: Mitochondrial Complex Il activity(n=3);

D: ATP levels(n=8). All data were expressed as means + SD ,*p<0.05.
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E: (AN B A ], A THAN A G AR 7y 3 AH(IN 2. 2N ZHRT AN 4). N SRR —H g0
s (BYRI(C)HERtazesn AN 4ilf; (D)FI(E)H Bt m 2N Zifl. (F)FI(G)HIZLtakr 4N Zif.
Fig.7. Separation of different reproductive cells
Note: (A) Brief flow diagram of the separation of different germ cells. Reproductive cells were divided into three
groups (LN, 2N and 4N) based on their amount of chromosomes. N indicates one set of chromosomes. (B) and (C)
represent the 1N cells in green. (D) and (E) represent the 2N cells in blue. (F) and (G) represent the 4N cells in red.
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Fig.8. Kac levels in SPC, RS, and meiosis are decreased by Pb?*
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Note: Immunofluorescence of cells is presented on left, and the right panels represent the corresponding

quantitative analysis. SPC: meiotic spermatocyte, RS: round spermatid. Pan anti-Kac antibody was used in IF and
is shown in green. White arrows indicate meiosis of cell. All data are expressed as the means + SD of three

independent experiments, *p<0.05.

I E PN T SPC (U 24 BEAIIED AR B LBtk 1ei (5K 5-A1B1 g ) —
O MRS (AEHF) FEACEMLEH (5K 5-E1, F1LHRHER—F0D. PRI
AT AN B 2R R B T A m AL (UL 8-C), HYREEIH 1 IXFhER A

3.9 Pb¥¥t/ViR20. 40 EHEEMEAITEESAMEKEERS

1A= IS

Anti-Tnp Anti-Prm DAPI Merge

20d , : ¢
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40d et AN
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9. Pb? X /MR 20, 40 HEd AT AR EE AR EARZENYM
H: AN 20 HXTHEAL; B oy 20 HACEEAL; C 40 HXHHRLL, D 440 HANEEZL, E N 40 HALFE4
Fig.9. Effects of Pb?* on transition protein and protamine of germ cells
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in postnatal day 20 and 40.
Note: A: The control group of postnatal day 20; B: The Pb?*-treatment group of postnatal day 20;
C: The control group of postnatal day 40; D: The Pb?*-treatment group of postnatal day 40.
E: The Pb?*-treatment group of postnatal day 40.; C means control; Pb means treatment.
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EFFECT OF LEAD IONS ON PROTEIN ACYLATION OF
GERM CELLS IN MALE MICE AT DIFFERENT
DEVELOPMENTAL STAGES

With the widespread use of heavy metals in the mineral industry, pollution problems are also
increasing, especially lead pollution. Lead production can cause air and water pollution. On the
one hand, lead enters the human body directly through the body's direct intake of polluted air and
water, and on the other hand, enters the human body through the food chain. Studies have reported
that lead ions can cause decreased sperm motility, decreased sperm density, and abnormal nuclear
shape. In addition, the total number of sperm exposed to lead in men, the number of surviving
sperm, and sperm survival rate were reduced. However, the mechanism by which lead affects the
reproductive system is unclear, but there are several mainstream views as follows. First, lead ions
induce the production of oxidative free radicals, and lead ions have a significant inhibitory effect
on the activities of antioxidant enzymes such as SOD, GPx and CAT, so lead ions not only induce
more ROS, but also damage the antioxidant system of cells. This results in oxidative free radicals
being unable to be effectively removed, thereby exacerbating oxidative damage. Second, lead ions
may adversely affect the hypothalamic-pituitary-testicular axis, which in turn causes reproductive
damage. The dysfunction of the reproductive axis is most susceptible and irreversible during
puberty development. Lead ions cause reproductive damage by affecting FSH, LH, testosterone,
estrogen (including E2) and its receptor hormones. Third, lead inhibits sperm motility, capacitation,
and progesterone-induced acrosome reaction by reducing cAMP, calcium, and protein tyrosine
phosphorylation in sperm cells. Although these three points are reasonable to some extent, the lead
mechanism affecting the reproductive system is still uncertain, and the theory on this will be
perfected.

Protein post-translational modifications (PTMs) are one of the most efficient biological
mechanisms for expanding the genetic code and for regulating cellular physiology. There are
many kinds of PTMs such as acetylation, phosphorylation and methylation to take part in the
cellular process, and these PTMs especially acetylation are also important to the development of
reproductive cells.

Some researches confirmed that histone acetylation is a necessary condition for sperm
formation, and histone acetylation is a dynamic process during the different stages of sperm
formation. In the spermatogonia mitosis process: due to the replication proteins are mainly
completed in interphase transcription activity and histone acetylation level are high at the
interphase, but the histone acetylation expression quantity is extremely low or no expression at the
metaphase. In spermatocyte meiotic division process: first meiotic interphase histone acetylation
levels remain high, especially in diplotene histone acetylation levels throughout meiosis was
highest and histone acetylation levels dropped to the lowest in the splitting process. In spermatids
elongating process: the structure and nuclear protein composition of sperm cells change materially
in this process, and the nucleus histone is replaced by the protamine. Histone H4 always maintains
high levels of acetylation to keep the nucleosome structure loose, that makes transition nuclear
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protein and protamine replace the histones easier. Finally, histone has a proportion of less than 5%
in the elongated sperm nuclear protein. The level of histone acetylation is changing during the
development of reproductive cells, that suggests histone acetylation has a different function in
different stage.

Not only histone acetylation plays an important role in the formation and development of
reproductive cells, but also non-histones acetylation is important to reproductive cells. There are
many kinds of non-histones in cells and the quantity of non-histones is large, so non-histones
acetylation has a great influence on the formation of reproductive cells in different ways. For
example, a-tubulin acetylation is essential to sperm location and movement on the basement
membrane of the testis, moreover, the lack of a-tubulin acetylation may reduce sperm motility.
Dazapl/Prrp(deleted in azoospermia associated1/proline-rich RNA binding protein)participate in
the process that transport matters through the karyotheca and they can be acetylated on lysine
150(K150). Acetylated K150 makes Dazapl/Prrp stay in the cell nucleus and non-acetylated K150
makes Dazapl/Prrp get into the mitochondria so that acetylation can determine where
Dazapl/Prrp will stay to influence the sperm physiological process. We can conclude that
non-histones acetylation is also indispensable in the development of reproductive cells from the
above evidence.

Lead has a significant influence on the growth and formation of reproductive cells, but that
remains mystic and difficult to confirm how lead acts on the reproductive system. There is no
doubt that reproductive cellular protein acetylation can affect the formation of sperm and lead is
toxic to the reproductive system, but there is no research combining lead with protein acetylation.
So we decided to explore the relationship between lead and protein acetylation trying to explain
the mechanism of lead on the male reproductive system at the subcellular level.

In my study, male mice were used as animal models, and intraperitoneal injection of lead
chloride solution (1.5mg/Kg body weight) was used to detect protein acylation of germ cells in
different developmental stages of mice by Western blotting and tissue immunofluorescence. And
the expression levels of transition protein and protamine in spermatogenesis were detected by
immunohistochemistry and tissue immunofluorescence. The results show that lead ions
significantly inhibit protein acetylation at 20, 40, and 60 days, suggesting that lead ions have
significant effects on acetylation at different developmental stages. The effect of lead ion on
protein succinylation is not obvious at 20 days, and it has obvious inhibition at 40 and 60 days.
Interestingly, this study finds that lead ions cause a significant decrease in ATP content in germ
cells of treated mice. The activities of the Mitochondrial Complex I and Il decrease significantly,
and the activity of the rate-limiting enzyme PK of glycolysis is also significantly decreased. It has
been reported that acetyl-CoA and succinyl-CoA in the TCA cycle are one of the important
sources of protein acetylation and succinylation, suggesting that lead ions can cause abnormalities
in protein acylation by affecting energy metabolism. In addition, this study also finds that lead
ions can cause abnormalities in the process of histone-protamine replacement during
spermatogenesis. The expression of transition protein in the treatment group is significantly higher
than that in the control group, while the expression level of protamine is lower than that in the
control group. Studies have shown that hyperacetylation of histone H4 is a prerequisite for
histone-protamine replacement, suggesting that lead ions may lead to abnormal protein acylation
by affecting the energy metabolism and thereby disturbing spermatogenesis in mice. The
abnormality of the process eventually leads to reproductive damage. This study provides a new
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idea for revealing the reproductive toxicity mechanism of lead ions and provides relevant basic

data for exploring the toxicological mechanism of lead ion and preventing male sterility caused by
lead ions.
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