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[E5 ] REakE (AINPs) BT EIREFRIRMWTE, EXBEFF. Bkl EAeFMHRELE
MHBEET ZHINA. EEFIEP AINPs AIgEET £ HE. MIAMEHAIREREERE
ENEMFENIME F, AMIEHSEFE BT LU AINPs IfKEEY). BRIVREAEE
R R ARBYBTE XL,

[ BB ] AR EERIT AINPs W D & 4 & I SERA RS FEEIK mTorR AN RS
B EnSER.

[ A% D afiRESEE6eh D58 E T 6.25. 12.5. 25.0. 50.0. 100 mg/L Y AINPs £3H
B, BHYH 60 FZHEIN, N4 EENIEEHTHRIE, 81 | EERRE B
BB, MR, FERIFR R N BERER L ; NS MEBIENR, 81 | BEeE
WESE M. ALEARE SRS EM N4 & mTORM Beclinl EERR AT K. BiGBTHAXR
28, PEMEXTERLE. AINPs £H. mTORBHIRLE K mTORBHIK +AINPs 4B, EMI D B ZIEINZIES
B9 20~60 min A, ZEETF 100 mg/L AINPs BHiK, HEERE TR XEZERIFR MR
EmTORER, ERHEES 6 RN BMIEHITHERE.

[4553 ] BEE AINPs REFIEZHINA, MEETEEBRES THE LSRR ZIZHRIE
BI#EZS, 7£ 100 mg/L BYIEENRE(EFIFERZH (P=0.003), 25. 50. 100 mg/L AINPs BT S & 4)
& N BEEFEE (P<0.05), 7E 50, 100 mg/L Y B S  4h i 3¢ BRIR A Iz [ AE SRR (P<
0.05)o T 25. 50, 100 mg/L BYBI D & 4 BBk i W RE I PR (P<0.001) . REEABE
L EE R MEIIREME (P<0.001) ;12.5mg/L KLU HARRYFLER R SES SR MELIRRMR (P<0.05),
25, 50. 100mg/L AINPs 8 mTOR B E|ZRiAIIFEIE (P<0.05) , 100mg/L AINPs 28 Beclin1 EE
EFE (P=0.003) . 5 AINPs BAELL, mTORBYAK +AINPs LB S & 5t BR IS [ 7 A SR R Rk iz
RZBESIPEAEE (39 P<0.05),

(450 ] ISR R4 B REE AINPs AIRESBNBITTHITHFNRE, SBYE~EANKNT
#, EAHRTRES mToR BEE B REFRRE Ko 5 FMERIR mTOR BRAREETRS AINPs XIHE
SanasEER.
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Al,O; nanoparticles induced neurotoxicity and role of mTOR gene in zebrafish larvae CHEN
Jin, FAN Rong, ZHANG Ping, SHANG Nan, HE Kai-hong, GE Cui-cui, ZHANG Ling, NIU Qiao, ZHANG
Qin-li (Department of Occupational Medicine, School of Public Health, Shanxi Medical University,
Taiyuan, Shanxi 030001, China)

Abstract:

[Background] Al,O; nanoparticles (AINPs) are widely used in optoelectronics, pigments, catalysts,
and ceramic industry because of its unique physical and chemical properties. AINPs can be released
into the environment directly or indirectly during processes such as product manufacturing,
processing, and waste discharge. However, available toxicological information is insufficient to
assess the potential risks of AINPs to aquatic organisms, occupationally exposed populations, and
the public.

[Objective] We aims to explore the neurotoxicity of AINPs on zebrafish larvae and the role of
specifically knocked down mTOR gene in the relevant toxic effects.

[Methods] Zebrafish embryos were exposed to 6.25, 12.5, 25.0, 50.0, and 100 mg/L AINPs at 6
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hours post-fertilization, with 60 fertilized eggs in each dose group. The testing indicators of larvae included motor behavioral indicators
(locomotor activity in darkness, thigmotaxis, light-evoked startle response, and darkness-evoked escape response), oxidative stress
indicators (superoxide dismutase activity and lactate dehydrogenase activity), and mTOR and Beclin1 mRNA expression changes. Another
batch of embryos were divided into blank control group, negative control group, AINPs group, mTOR knockdown group, and mTOR
knockdown+AINPs group. In 20-60 min after fertilization, the zebrafish eggs were exposed to 100 mg/L AINPs and were injected with
antisense oligonucleotides to specifically knock down mTOR gene under the microscope. The behavioral changes of larvae were detected
on the 6th day after fertilization.

[Results] With increasing exposure dose of AINPs, the spontaneous movement velocity of zebrafish in darkness gradually decreased. The
velocity in the 100 mg/L group was lower than that in the control group (P=0.003). Thigmotaxis was significantly lower in the 25, 50, and
100mg/L AINPs groups (P<0.05). Light-evoked startle response was attenuated in the 50 and 100 mg/L groups (P<0.05). Darkness-evoked
escape response was attenuated in the 25, 50, and 100 mg/L groups (P<0.001). The activity of superoxide dismutase was decreased in
each exposed group (P<0.001); the activity of lactate dehydrogenase was decreased in the groups exposed to AINPs greater than or equal
to 12.5mg/L (P<0.05). The expression of mTOR gene was down-regulated in the 25, 50, and 100 mg/L groups of AINPs (P<0.05), and the
expression of Beclinl gene was up-regulated in the 100 mg/L concentration group (P=0.003). The mTOR knockdown+AINPs group’s
zebrafish light-evoked startle response and darkness-evoked escape response were attenuated compared with the AINPs group (Ps<0.05).

[Conclusion] Exposure to AINPs during embryo and larvae development may cause changes in motor behavior and oxidative stress in
zebrafish larvae, which may be related to decreased expression of mTOR gene. Specific knockdown of mTOR gene could enhance the toxic

effect of AINPs on zebrafish larvae.

Keywords: aluminum nanoparticles; mTOR; embryo developmental toxicity; oxidative stress; genetic alteration; zebrafish

FBEENKNFERNEAR, AXFEREHE
AKAMBEE=NANABRERE, AREANLE (AL,
nanoparticles, AINPs) FH T E 4SRRI 4514, 7E5¢
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Fo TEAE RIS FZ H AINPs BT BEIEIT A = Hilis. N TN
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AINPs ST 4 FRIHE A B U MIBIZEEN B —ES1E
B, BKRNRENSERBAD, SIAR 5|2
ZukEBRMU LR ARG Y, S NEA 5 R
RIAThEER 5. EUNE. HERBRTHEZ M, mToR
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EXEY, vE), RERHANE (BAtte, vE),
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igFHse (E88H, FE).
1.2 AINPs £HiRAIHI&

AINPs BB T A B BMFRENER, NATFK, RE
09 85~115m?/g, K& s /9 2040°C, #)7% 5292980°C,
XD FBE N 101.96, pH 9 4.5~5.5, 4R H 99.8%,
¥ AINPs A T BT 5 & BF BS % # & (Smmol/L NaCl.
0.17 mmol/L KCl. 0.33 mmol/L CaCl, #1 0.33 mmol/L
MgS0,-7H,0, pH 4 7.2) , BHRED 30 min BERES
&, WEX 10 uL @ BB &R £, FFERMNTIEE,
£ 15 5 BB 55 (transmission electron microscope, TEM)
TURKL T2 EIE R, THRBE 80kV. FEIR T
ST AINPs B HBI TEME RO FIRR ; 77
25°CEEG, APARENNEBE RSB AINPs 23
&HY Zeta BB 1L,
1.3 #HESFMXR
13.1 PENZE ANPsEMNESIES MNHIE48
(6.25. 12.5. 25.0. 50.0. 100mg/L) 11 3FEELH, 52
WHTERRBE 5 6 h f5 (6 hour post-fertilization, 6 hpf)
BETAREKREN AINPs 207K, B4H 60 FIZIE00,
HEXEHRAINPs 20K ; WRARMAHS &K
FRIEFA R, SRIRTE 28.5° CIBAFE P HIT, HA T
14/10h 3¢ / BETEIR,
1.3.2 1TA9 ENS&ENE 144hpf GHITITAZE
DRI, FRThY)EehiR BRI 0 M7 40 &R sh AL 4o
B IR LS 25 AV R ERERFE MM E (L B KiE
B, BFEFIYEREK, 2B EMLKIEERN
24 WFLARINELE T RFREY 8] B 72 b, LK 24 3
FLIREEIGENME 1R, BE3asnanglE®s
L E B, HEshTw B EARNEREVIZER
FHENITEN, B DanioVision WHEEIZ R H Do H
BEMIEE . B 3min 28 (0lux), A/ 1 min ¢
#2 (1001ux) , /55 3min ZEEHA (0lux),

HoayaEmMmtRNEETRMETE 24 HFLIR
hE—NMNLPNRXIMNER RS EE DL
XL EEERBRESNFEIERRSHE 1min B
TERE 2 E, NAERRERNEESK ; 58
FEABRENFIYRRSHENREBERES 1 min U3
R ZENMERE, 7HERERERNERERE T,
133 Hboih WE 144hpf BT S B 4B H HIF 4D
BYKK, ™i&ZEsoD. IDHFBCAE A EZ 1A
SRR IRIE, MEHLAL sop # LDH BYEM, H
BEME 3R,
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1 BSamaiThEEnNERER
Figure 1 Schematic diagram of the behavioral experimental
design of zebrafish larvae

1.3.4 RNAZDBEMELBTRHEEZPCRIQN RIS
BB RN MRNA, ARERIATERE R DNA,
{85 F SYBR Green PCRIAFI & H T EE PCR, FHEA
QuantStudio 3 35 BY %% ¥ & = PCRX i# 17 3 #fro 1@
i 2788 75 75 U7 o3 7 M B E A9 #R ko mTOR.
Beclin1 M actin B9 51 ¥ = 51 40 F : actin IE [@ 51 ¥
5'-CGGGTGGATTTGACACTTT-3’, % A 5| ¥ 5'-CTCCCTG
AGTCTGGGTCGTC-3’ ; Beclin1 IE[A) 5|4 5’-GCTCTGCTCC
GTTAGTGA-3', R[A5|%) 5-GAGCCACGCCATCTTGTTTG-3’ ;
mTOR IE [6) 5| ¥ 5'-GAAGGTGGAAGTGTTTGAGC-3', &
5|4 5'-TAGCGAGCGTGTGTAGTTG-3's

1.4 mTOR EFRI{EIL

141 DHEEZREES BRKREE20mn RS &
SRR E, EEFALIEH R IN T B=m
f, HEZFEE20760min A, S M EKmToR &
Ho SRIHDASAH, BH100FHZEZHIR, =
BXEEA, RMARSERBRERRK; BBYESTR
H, SHZTHENEEMBE T s/ R X E
1% & B morpholino B 1% X7 BR 1% & (5’-CCTCTTACCTCA
GACAATTTATA-3’) 500pL ; mTORBS R 4B, B I = 5
SR 7E 2405 T 7E 5 8 ug/uL B9 mToR & A 8% 1K 1+ &
(5’-CAGCGGAGATGCAGATCTCAGTA-3’) 500 pL ; AINPs
48, IN\FAB S & I fa 18 7 R EC 1 47 Y 100 mg/L BY
AINPs 238K ; mTOR B +AINPs 4H, B EFIZ FEIR7E
B8R T 5T 8 pg/uL BY morpholino mTOR EEBR1EE
&7 500 pL, FFANN 100 mg/LBY AINPs BoHiR. B RFR
il FIIE TR

1.4.2 1TRAPEERGN 144 hpf B, BT S &%)
BHTRMITANERRZ DM, FERL 1327 %
“1.3.47,
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1.5 FitFHm

RAZRIT M SPSS 17.0 W EIBHIT M, 1t
2 IR AR K A xts RRo [ESIE IR A Shapiro-
Wilk 1248, 75 Z7FE 30K Levene 1250, 4HiB1E R
EEERRABRARAEDINE S LSD-t 5, NREES
HHERTTHRAKLL, 137KE a=0.05

2 &R
2.1 AINPs HYRIE

AINPs B3R R 253 30 min B E RS FHITEM 45
RUE 2 Frx, 2HRFEIAINPs Bk E2 I H 2187
ESHBEZERHERSE. AEBRDTEHXT AINPS
BRBRNTEMERH#ITOMN, ERETHFIIHREF
79 (20.9+9.5) nm, FAGKKLE (X AQ M H zZeta BB
(49.442.2) mvo

) 35 : ’ s

[ 4 Berdr
SLEE OO R
JEM-1011/ 80 kV 120000 x11-07-14, 16:14| 200 nmr

2 TEMMZ AINPs 2R EHBELIEENSEIER
(x120 000)
Figure 2 TEM observation of dispersion of AINPs suspension
after sonication

2.2 AINPs XBIS BRI HE S 4

221 —HREER BiE90% BIBI S B RRAATE 72 hpf
ERtEgaE, STEANERWUERSITRAMELL
ERTRITFEN. BETAREFIZE AINPs E 144 hpf
NS &asamNEERSBARLLES TSRS
222 THAFLH BREBEBFAREFEZANPsHBIESE
EEBRESTHNEDRENNE AT, REAERE
251t 2 B X (F=4.985, P=0.003), [ AINPs [ &K
g K, REHEWMEBEHRIZTNEENEE, £
100 mg/L B iR KRR F 3T PR 4H (P=0.003), BEERST
il NAE 3B, SHEBEFRERITFERNX
(F=2.900, P=0.016), SXTHRLAELL, AINPs KFEHETF
25mg/LBY, ZRESA AR N EE IR (P<0.05),

5 [B] 100
(9]
—~ C
254 2 &0
£ -3
jggé R 360
R £
@?&"z ng
52 &
2 )
g1 B o 20
¥ B e
=i

0
IHEB 6.25 12.5 25 50 100

Control RERE (mg/L)
Concentration

0 L L L L L
BB 6.25 12.5 25 50 100
Control  FRERE (mg/L)

Concentration
(] S34BBALLER, * 1 P<0.05 ; *#* : P<0.0010
[Note] Compared with the control group, *: P<0.05; ***: P<0.001.
3 BEETFREIKRE AINPs MBI S & 1E BEKE THIEE
HE (A) Rt R (B) (n=24)
Figure 3 The velocity of movement in darkness (A) and thigmotaxis (B)
of zebrafish exposed to designed concentrations of AINPs

MOEaKBEZEE14anE, IEARIRE RN
WE AR, FABRERERITER X (F=2.383,
P=0.041), 5 Xt B8 £H Lt 3%, AINPs 7£ 50. 100 mg/L A,
MEXF RN EESIPEK (P<0.05), EAEEER /Y
B4 i, SABRIESBEARITFEENX (F=16.780, P<
0.001), 53R LL 3R, AINPs K F % F 25 mg/L BT,
HExt R EBESIFER (P<0.001),

—~ 4 3
%% [A] o
E =3 E%Z
£t k=
= >
58’ £5
E‘;((gl g
o > >
!‘ﬁ%" ) o o
W0 ©
e @g
H—< L L L L L \H-< L L L L L I
S$E8 6.25 12.5 25 50 100 S$E8 6.25 12.5 25 50 100

Control Control

FRERE (mg/L)

Concentration

BRERE (mg/L)

Concentration
(] S34BBALLER, * 1 P<0.05 ; *** 1 P<0.0010
[Note] Compared with the control group, *: P<0.05; ***: P<0.001.
4 ZETFRRRE AINPs IEIS & RILRIFRKREL (A)
T BB R (B) (n=24)
Figure 4 The light-evoked startle response (A) and
darkness-evoked escape response (B) of zebrafish
exposed to designed concentrations of AINPs

223 SAWNHNERFRNT HBE8%&EHISoDEE
WESAFRR, ZABMEBSODEFEHERERIUTER
X (F=93.910, P<0.001), SXIERAMELL, RREH
Bt 5 & 4 8 (KA SoDJE 4 39 P& (P<0.001) o LDHE
M ILE B, FABNEDHEEERERITFENX
(F=53.208, P<0.001) , AINPs>12.5mg/L B LDH 3& 14 13
P (P<0.05)0 KMAEEPRMELRE TR, FH
BB mTORERREERBERITFE RN (F=3.518,
P=0.034) . 53FERZHAELL, AINPs > 25 mg/LBY mTOR &
AR IAIFEE (P<0.05), BTE 100 mg/LBY, mTORE
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FRIX T 42.97%. Z4ABI4hE Beclinl BEEARIEER
B4t ¥ E X (F=4.504, P=0.015), AINPs 7£ 100 mg/L
NEREFAS (P<0.05). ILE 6,
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100
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soD 5&47 (SOD activity, U/mg)
LDH 3E/ (LDH activity, U/mg)

0 0
I$P8 6.25 12.5 25 50 100 I$H8 6.25 12.5 25 50 100

Control RERE (mg/L) Control BERE (mg/L)
Concentration Concentration
(] S3BRALLER, * 1 P<0.05 ; *** : P<0.001,

[Note] Compared with the control group, *: P<0.05; ***: P<0.001.
5 EETARREIRE AINPs IS &4 &KPKEY SOD
&M (A) 0 LDH &M (B) (n=6)
Figure 5 SOD activity (A) and LDH activity (B) in zebrafish larvae
exposed to designed concentrations of AINPs

O mTOR
W Beclin1

i d

TR 6.25 12.5 25 50 100
Control RERE (Concentration, mg/L)
[E] » © SXHIRALLER, P<0.05,
[Note] *: Compared with the control group, P<0.05.
6 BETAREIKRE AINPs WEID &5 BERAMTOR
Beclinl BRFRXER (n=6)
Figure 6 The expression of mTOR and Beclin1 genes in zebrafish
larvae exposed to designed concentrations of AINPs

HRARIX (Gene expression)
[uN

2.3 mTOREHEFUE

2.3.1 mToR ZEHEENE mToRERERE : 5MH
MEXTERLAMLL, mTOREEBRA LS BEA mTORE
KFRIA T 31.97% (P<0.001) ; SIEEXTEEAMELL,
HEIRA mTOR BEEFRIE T 39.07% (P<0.001) o

232 mIOREIRE1TT A F AT mTorE A B
B, SHAENIERRBFUEESRERITFEENX

(F=2.776, P=0.036) - mTOR BYE +AINPs 17 E XK T
TEXTEBLA. FAMEXTEBLE K AINPs 2B (P<0.001),

Mo RERES THIEMEENNE 7AFTR, Z4
BIESBSHITEENX (F=7.139, P<0.001), 5BAMIT
FRLH. = EAXTEBLALLEL, AINPs ZHF0 mTOR BRAE +AINPs
(A RBERAS TIEohEE/13IFE{E (P<0.001) ; mTOR B
fE+AINPS 2B S5 AINPs A EL RS, ZEZR X HRITFE R X

BMRNATNE 7B, SABERERAITER
X (F=3.721, P=0.007), SBAMXIRA. TEXTIRA
EE3R, mTOR BRAKLH. AINPs £BF0 mTOR B1E +AINPs £H
#a fih ) 219 PR 1 (P<0.05) ; mTOR B +AINPs 2H 5

AINPs BLEER, ZRTHITFERE Xo
4 2100
S
» X R
E g 3 —— RRXUHE E 80
E O R5
N RO 60
" ; 2 Mo £
B I § 40
:'5'? g 1 ga 20
B B g
0 . . . . S 0
1 2 3¢ 4 sS4 1 24H 3¢ 44 sS4
1group 2group 3 group 4group 5 group 1 group 2 group 3 group 4 group 5 group
UE] SHEMESTRALLLL, * 1 P<0.05 ; *++ | P<0.001, 5% HTHA

EbER, # 1 P<0.05 ; ### : P<0.001, 14 : TEAXER ; 240 : B
Y88 5 340 : mTORBXIE ; 448 : AINPs ; 528 : mTOR BRI +AINPs,
[Note] Compared with the negative control group, *: P<0.05; ***: P<0.001.
Compared with the blank control group, #: P<0.05; ###: P<0.001.
1 group: Blank control; 2 group: Negative control; 3 group: mTOR
knockdown; 4 group: AINPs; 5 group: mTOR knockdown+AINPs.
E7 mTOR EERREHS &G EERBKS TG
(A) Ritafit /R z8e /] (B) (n=24)
Figure 7 The velocity of movement in darkness (A) and
thigmotaxis (B) of zebrafish larvae after mTOR knock down

FRIRE RN EES] (B 8A) 1R AE MKE iz i AE
(EleB) b REAERETR, EXRRARERIERITFE
B X (F=7.422706.745, 13 P<0.001) , FLEBIRIR N AE
71 SIRMSTER. TEXRALIR, mTor BEAH
mTOR B {E +AINPs B35 BE 1 (P<0.05) ; 5 AINPs£AEL

~ 3 ~o4
© ©
ES2 ES P
~ Py =~ = ) *
28 t 2
B! B
g ot
® o ®
El xgo
B < B <
-1 L L L L 1 - L ! ! ! I
1#H 248 3¢ 4H S ¥ 24H 3% 4H sS4
1group 2 group 3 group 4 group 5 group 1 group 2 group 3 group 4 group 5 group
[E] SBAMESTBRLALLLR, * : P<0.05 ; *** : P<0.001, 5= EXERALL

13, # 1P<0.05 ;#4# 1P<0.001o O : 5 AINPs BELER, P<0.05, 14R :
SEXTER ;248  BAMERTER ;34 - mTORBYIR ; 448  AINPs ;540 :
mTOR BRAEE +AINPs,
[Note] Compared with the negative control group, *: P<0.05; ***: P<
0.001. Compared with the blank control group, #: P<0.05; ###: P<
0.001. [0 : Compared with the AINPs group, P<0.05. 1 group: Blank
control; 2 group: Negative control; 3 group: mTOR knockdown; 4
group: AINPs; 5 group: mTOR knockdown+AINPs.
8 mTORBEFmIREHMI&asENRITERE (A) 1R
BERLE R K2 (B) (n=24)
Figure 8 Thie light-evoked startle response (A) and
darkness-evoked escape response (B) of zebrafish larvae
after mTOR gene knockdown
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3%, mTOR B +AINPs £H B (P<0.05), EBE W EE
NEEST . SPAMXTEE. TBAXTBALLIR, mToR BT
28, AINPs 2BF0 mTOR BXAEK +AINPs ZB39BEAE (P<0.05) ;
5 AINPs 4B EEES, mTOR BRE +AINPs 4T E KRR (P<
0.001) o

3 g

Mo AERARAR. BEBRE. FIZEE
B ERREMN R, M aRBEMRAKREYN L
BEM. SHNEESEA R AER ", KRN
OERBEET AEFIEMAINPS, LUERE AINPs HiE
HIFIE R Nk 2 K FfE BT RER S AL, RREIFHERY
PATEINIH I ENRERBRERREZEENS S,
Flangk — S0 A0 S EBT S & BB IF (L BT 8] B 2R
R ZRBRARE o), AR AI, BETAINPS[S, K
2B & R BATE 48~60 hpf Z (8] 14, EF/LET (8]
MFEEAEYREBEXM, IRl D aIRERETHEA
RETANPsFI=ENSIEREE —EMNREY, X
BRI RIEIR T B S A Mo

SHARED, M EHEERBRESTHIEE
R [FE AINPs FIE AIIE K 2 PF AT RAYRE S, 3HER
AINPsITBIS BB EBFIEXRTILSY, HIEE
REEREFENERR, RAEBEHMETEMASTER
RGN, IEXEIRE, IS EMBRZIEE96hE
MERE TR KETN 4h EEMRREZEM
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i & N BB E PR (R, IREEAINPs RESH B ZKE
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AR LI, 50, 100mg/L AINPs BB S H 4 &
HEBRSRABRAALBRSERAL FihREDT
18, I’-TnsB BRI RNENZ . S1BEHNLER
RERART B BIEIRZSHET, 25, 50, 100 mg/L AINPs &
BB HFNRETE, 1R e Rk & M
Ko X RAFBENRNENFEZHIRHBER
ST, RN AINPs AT BEXY IR = S1EA, M
S BT R RS & N ETEE S T B
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KA AINPs R EHIDI S & 40 & (KA SOD # LDH & 1%
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BRI AT ), AINPs SEHEARIR(
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AT HAEER, RS EARRBEARATELE
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