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Abstract; Autophagy plays an important role in maintaining cell growth and metabolism as well as the intracellu-
lar environment homeostasis. In recent years, the association between silver nanoparticles (AgNPs) and autoph-
agy has gradually been revealed. An in-depth understanding of the autophagy effect induced by AgNPs is helpful
for its further application in the field of medicine, and it can also provide a scientific basis for comprehensive as-
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sessment of the nanotoxicity of AgNPs. This article focuses on the mechanism of AgNPs-induced autophagy and

the main related signal pathways. By discussing the different results and mechanisms of autophagy induced by

AgNPs with different physical and chemical properties, the biological effects of AgNPs inducing autophagy are

summarized, hoping to provide a scientific basis for a comprehensive understanding of the biological safety of

AgNPs.

Keywords : silver nanoparticles; autophagy; cytotoxicity; signaling pathway

Rifi 5 A0 K AR ) B e | BT v AT T P g
A9 K 4R (silver nanoparticles, AgNPs)7E £ il £ %% |
LA K A P B A S A BB TTIZ
MY SRR T ST 3R B, AgNPs REIS 40 i ™
A 15 P & (reactive oxygen species, ROS), 2 4il i 5|
REKRI T . DNA #1475 75 A ML -0 bl
X AgNPs A= )8 TR A 5T, R B 22 i i 3R
WA Y 1 o F5 TT RE 7R AgNPs 175 5 4 i 25 4 v
A EEMETY

YA [ W dE T A & AR AR T & R AR B
P (R 240 B 285 LA B s T AR 25 40y e %) — ol 248 A 2 P R
5, REfs S AR B 08T BRA QI AR A R R R
FRIEL™ G A WEFE AgNPs 15 3R PEE R
I IEE < TS0 VAT, 4R 13 w5 AT 3 s 4 ] 40 A 0
TORAEHE AgNPs L2 241 il A2 06", o v] LR #F Ag-
NPs iS4 =" WA T f# AgNPs i S 11
A WSO B T AR B 2 S0 Y — 20
W hE R 4 HITAL AgNPs (99K FE M S HERL AR T
ASCHE LR IR AgNPs 755 20 MU I g i v 2E LI B
HW B ) EHAF 5, 43T AgNPs 53 41 T F W5
A 2RO, DI R TN IR AgNPs 1Y A4E P2 4>
PESR LR 2P

1 #fif8 8 ( Autophagy )

HWEILGR T V2 AT T A M J& —Fhod i
VA AR 4 0 PN 3508 5% Mk 1) 8 2 81 1) 448 B 28 43 1 ok
. BWEAT AR A A2 40 AR A A R
JR SRR A YR 1, 0 40 B 1A RV & 4 A
JrORE S 20 AR PN 0 5 ARG PR P L Do 200 i ok
F B A A ORI G 8 T B BEAR Sy 4t f 4
4 H W (protective autophagy ) ; Ifi X i jfd A= B 7= 4= AN
FFZR () o A2 FR A 20 B i SR 1 A I (destructive
autophagy)!"' ™", # UL [ MEZR AV H H W (macro-
autophagy) . fi#l H W (microautophagy) A & 73 F R/
FH#) H I (chaperone-mediated autophagy)3 Fi, K43
T F R B A R I R R EE L A
A /NG00 IO R A WA A N 22 1

WA S5 o F AR A S 09 WG ) 75 SO 53 1
IREE I, A B AR L ORI 1 1 2 2 (ly-
sosomal membrane protein 1 and 2, LAMP1/2)i 51,
I JE TR IR DX 2 B R
KA 58 £ B, AgNPs 1] LS S I E A
WO A B A W R R P 2 A W/ MA (au-
tophagosome) i) i/ (nucleation) . ZEf#i (elongation) . i,
M (maturation ) A1 [% f# (degradation) . 7£ F. [ W% 5 4]
BBt unc-51 #£ B4 (unc-51 like kinase 1, ULK1)%&
A AL 7Y w5 g e AL BE-3-3% B (class 1 phos-
phoinositide 3-kinase, PI3KC3)%& & ¥ 11 57 H W Aij {4
MRHITE IR, ULK1 2595 PBKC3 EEW 455
A Jmy F0 W S Tk LB 3 -3% R (phosphoinositide 3-
phosphate, PI3P), /55 H WA [ A WEAH S 9
(autophagy protein 9, ATG9)FF4E 2 /> Fil [ Wit {4 [ 4iE
i 5 B WEATE BN Gz R RS, H ATGI2 RS0
PIMEMEER | %45 3 (microtuble-associated
protein I light chain 3, LC3) &%, ATG12 &%t
ATGS5/ATG12/ATG16L1 41 i, B A 2% B3 12 % i &
P, 8815 5 %% 5% [N -+ EB (transcription factor EB,
TFEB) 5 A WiARE G, ik LC3 SR8l F iR iy A= 1,
JERYE A MR S A SS & AT M OCE A
I 4% 3 1 (microtuble-associated protein [ light
chain 3 1, LC3- 1 )b Wi MSCE R 1 52483 10
(microtuble-associated protein I light chain 3 I, LC3-
D™ 1),

2 MARIBFZSHME 8 EE EVLFH ( Potential
mechanism of AgNPs-induced macroautophagy)
2.1 FALRIE L

KT R, AgNPs ] 3 ik 75 5 240 Jfd 4 Ak 17
VRSN AR B L 1 e AR AR BT R, A
KA, LC3 G UG 3 RIE R HE i . ATG4
Byl A U BT LC3- 1, R, 78 A wad #E
LC3- [ 28 f4E ATGT FI ATG3 7EN (012 R I il
KRB, 77 4 5y F 58 14 kD ) LC3- 11, I
(EF) [ g/ MR, LC3- 18 B AR AR W R
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ATG7
PI3P Q101D
R T
ATGI10
3 ATG9 ATG4 ATG7
ULKIZEY  PIBKC3EAY) LL>Q q D
ULKI complex  PI3KC3 complex @ D
ATG3
F i R A F A A SLRESEEN
) Vesicles LC Phagophore Autophagosome Lysosome Autolysosome
I W A U PR K et v
N
Phagophore z Acid hydrolase
membrane
) \ -
%’%*“ {3
P\ —— Mitochondria
JE BRI S P15 TR S EHARL & Regfige
Initiation and nucleation ~ Elongation Closure and maturation Fusion with lysosome Degradation

E1 HmBamdiE
TE: ULK1 3R unc-51 FEIEE , FIP200 2708 5645 BEREGE S AR T AE 2 11 200, ATG3/4/5/7/9/10/12/13/14/16/101 43513671
W3 11 3/4/5/7/9/10/12/13/14/16/101 ,BECN1 2R Beclinl 2 [, VPS15/34 43 I Z /R B HE 1 431% 15 F1 34, PI3P Zn S MENLEE 3-8 AR,
LC3 FnAEMSE M [ 52553, LC3- | IR MR 1 12463 1, LC3- I Fn Mgt eEH [ 1953 11,
Fig. 1 The process of autophagy
Note: ULK]1 stands for unc51-like kinase 1; FIP200 stands for focal adhesion kinase family interacting protein of 200; ATG3/4/5/7/9/10/12/13/14/16/101
stands for autophagy protein 3/4/5/7/9/10/12/13/14/16/101; BECNI stands for Beclinl protein; VPS15/34 stands for vacuolar protein
sorting 15 and 34; PI3P stands for phosphoinositide 3-phosphate; LC3 stands for microtuble-associated protein I light chain 3;

LC3-1 stands for microtuble-associated protein I light chain 3 I ; LC3-1I stands for microtuble-associated protein I light chain 3 II.

BOE G, LC3- 11/ T HefE R /INAT Al ot WK 1 5
ik, Lee SEUMGAF T2 2R B, 76 /1N BV iR B2 4 241 Ffd
NIH3T3 1, AgNPs I8 %% F ROS 1977 4=, AT F
SO L il AR B G S kB LC3- I Mk
P E WL B T P62 A /K B — R AR,
1E/NEUR B K EU 40 Ba/F3 R g2 3 T R RE A 3R
E L L < 'S 1=K =Raa =K A IR S A = GUES
iR ZARdE AgNPs 5 40 [ 10T BE 19 22 A
Z# [18]
2.2 Vq JOf

V\]ﬁﬁﬂﬂi@ifiﬂj REWOE MR OR P A, I
PR 2 240 e R 1B B T DA A A S F(Ca )
M 2 A, 2 P 5 S R 4R Ca® AR D M
AR S E U, RV ATRES ] & 4l i & 4
Jo 7 38R I, AT e B AgNPs b A Bl 25 R 4
MR 40 e SH-SYSY J, M ME P Ca® IR S 9L IR
o7 | R P JBT DO) ISEJ8R E  T E WE RRR
2.3 WA DIRE

VIR T RE 07 T R A2 4H A 1 WY o) — A
VIR LE AN B Wil FE b 60 5 5 3w MARLS I
VS TAR X 25 4 VB 1 i P T G2 ) s AR
fift . AgNPs YeBi ANRAG B 4 HEK293 T ' ¥ 4

JiL A498 FIAHTFI MR 40 PC3 J= , 4R N ROS 7K
PR B R (AARSR R I B LC3- 11/ T Byt fi
ThE LA ATG3 | ATG5 \ATG6 %5 H B 1 i K3k F
A UL IAAE A 5| S S0 1 R VL B, AgNPs A 94 AT
IS A g /%, 32 2 R AgNPs 2 58
SHE T A EEIRE, S BOA IR X = A4 4L
FI D 3Pk DS 24 Vs AR D g 1) A DG B 18] (esta
cstd , clen7 F mcoln) 3% B ©21

3 RIRFS MBS R EEE S B ( The
main signaling pathways involved in AgNPs-in-
duced macroautophagy )

STANI R A WEAR DGR — %0 R L S )
THIA%E 2 # 5 [ (mammalian rapamycin target pro-
tein, mTOR), mTOR #% 1A Ay J& 40 M (1) 5 I Ik 2 4%
ST TR/ K 289 KD HY 22 % R /5 R R H 11 3K
fiti** . mTOR E@W%%Xﬁ A W R B R
PEER . 8% mTOR A TARHANE I 2404t
TIEH ORI, 40 5T b 59 4% 5 s ¥ TFEB #
mTOR #f2fk , i 5 mTOR #IH™, 2, 440
AbF S RAS I, TFEB TMH@E%&?U?H}B@&,%I
AL T W IR A4 3 1 2R 11 P48 (adenosine 5 -mono-
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phosphate (AMP)-activated protein kinase, AMPK) i
Jei ) 2 1 (tumor suppressor P53, P53) 22 24 JiG 1k
5 M ¥4 B (mitogen-activated protein kinase, MAPK)
SEAH S H ME AR A AP T mTOR W) M il 1
JIES 1k B R, mTOR 37 14 9% 310 1l )5 BE A2 2 41
JH 19 W

3.1 AMPK/mTOR {53l i

AMPK XFAERFAH L Y e AR S A AR, W
BFR N 2 M Al h B2 A8 T Y Y A M i AR B
=, BB B R (adenosine monophosphate, AMP) 1,
Wi IE 1 (adenosine diphosphate, ADP)AH X Ft /=5
i, AMPK KRB S P, AgNPs R IR HL I I %
FELROS WEHE M, SR ZRARS 0 , i = B AR
1 (adenosine triphosphate, ATP)& i W, K HA]
ZRFR1E AgNPs 1) 2 il i n] AE 1 BB 1 DL, Chen
SRR R, B i AgNPs L3 PC3 4l
24 h 5 FEA AL T B A LA AR B B = R A (LC3-
1L/ 1 LE AR M . mTOR K KR i ¥ s 2 U A S6
P (ribosomal protein S6 kinase, S6K)¥i P4 45 411 il ,
AMPK T8 A5 R A R ILTEE 1 (acetyl CoA
carboxylase 1, ACC1) ) 2 £ 22 791 A9 i 14 P2 A1
i AgNPs il i AMPK/mTOR A2 #0E T 400 A
W [ERE, ZEARF) i AgNPs 5 3 B A &R B kR
Frp, AMPK/mTOR #5UE B J& A W5 sh e 72 Y 56
fFoE ™, izt b, 40 M i AR 254 5 D) fig
SR, LAMPL ik /b HEVE IS D I TET
W&, 5350, AMPK 8 8 52 31 40 i A Ca® 1477
MR Ca® B ey S, Ca®" /45 I8 25 1 Rl T 3 2 0
G AET-AH 2 F I (death-associated protein kinase,
DAPK){fift. AMPK, Ml 5 A A W™ fil, Li
PSR, AgNPs 550 SH-SYSY 41 fifd P i
W) Ca* AL, 51 K N B I 9, AT SR T
AMPK/mTOR [ Wt {5538 % .

3.2 PI3K/AKT/mTOR & 51 %

W PR It UL B 3-3% [ (phosphoinositide 3-kinase,
PI3K)/#E 1118 B(protein kinase B, AKT){% 53 %
REAS I 19 20 B A 200 ) 300 S5 A0 DG 2 1 2R R i R
ORI T RER . PI3K W] ARG % AR K 7
(epidermal growth factor, EGF) Jif & F AL K H -+
(insulin-like growth factors-1, IGF-1)5% 2 i 4 o X+
Wik, WFE R, AgNPs i 1T LU 33 300 PI3K/
AKT/mTOR {5 538 % 5 Ba/F3 401 g | 1T 20 /g
HepG2 A/ BUZL IR 1 Bz 40 i HC1T 45 19 [ It id

FRUTOSN CE R PI3K 3 5 P 10 i 7] 3 3 fi 1
% (3-methyladenine, 3-MA) i &b 3 5 T B8 ATG5
J& , AgNPs Ye7E (1Y Ba/F3 43S W & BT g
HCI1 40 L 3% 73 91 & F BEPY, W 7R PI3K/AKT/
mTOR {5 53 [ A4 TG X5 40 B A7 30 1) 52 i) LA B
A T
3.3 P53 &t

P53 FEPE MR L, 7F DNA #i46F fig i
WA p21 BH A0 A B, B 18 52 32 5t DNA 505
UM TR IIRE, — B LR, PS3 HAMIAA S
MBI T AR R B Y], AR B B BF AT AR
B, P53 b 55 200 Jf [ v g JEE A OGP Al A O IR
AT, P53 JE i iz ZR R i A A A A0 5 b ORI K
S DATHT A0 i A M R 4 A7 45 DNA B Ot
DNA &5 R JI AT, P53 REME I o 11 45 9 710 3 was i 4%
B dram! SFROEA0ML A WS, — IR BFEALIE
52, K E 90 d AgNPs Ji , KR4 LC3- 11/
I EeE A s T e, 28 e P53 a2,
3.4 HABAG®RE

B bR (5 5 B AN, MAPK % H () c-Jun &
R Ui I (c-Jun N-terminal kinase, INK) Al 7MJE 5
FH M4 (extracellular regulated protein kinase, ERK)
Fwhie i Lok 71 8 1 R P (PTEN) 5 5 1) B 1
(PTEN-induced kinase 1, PINK1)/Parkin & #J3 %% 2 &
WAL E R AR SE S A ) ) AgNPs
AIRBZR R INK i 728 0 10 N B PR JRE 200 R 35 07 240 B
Pk R 55 Ak AgNPs A4b BB U HeLa 41 Y
JE RS RS B WA 5 38 B 0] g LA 57 T mTOR 19
T BE e A gt B 84k WA Ca™
5L A 2 M [ AL KA TE 22 5 SR e
ST RES S AgNPs i T 10 4B [ W E #4558
FETEFL X SR A it — IR ABEST

4 94K IREF A B I 89 & ¥ RN ( Biological
effects of AgNPs induced-autophagy )

LR | PA T X R A R 40 A R AR
ARG i , B AT D 400 i v A LR AR
Xof YERF 0 I H Y AR BROR S B B S, R,
AgNPs 1] DL F $2 55 a) H2 i 45 0 2R A | 1N 5T 0 i
B, I 18 3k — R B S s

I W RS 200 LA 194 T A, — T T 4 A T LA
P AgNPs 75T 800 LS IO Ok 1) 170 T 52 10
ZRLR F WEREVRE AgNPs SH2 Y ROS B AL kL
& DNA 1 B, W0 /0 40 0 08 T R R E R
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R AMPK/mTOR {5538 8% X0 Ul 40 i AR A S
N HS T 4 M v R B0 RN RE A B = OC AR
FHPME 540 A B vt o] LSBT P 5 R
SR HE 0 M A7 15 . AgNPs RE 1SS Ca™ 7E 40 it Jit
rh R A, 30O A Y A A A B AR SZ e 40
SR T BIASE , AH A W SL AR T 1R
RIS A1 A I O 1 3 3 1 1) PR JB X 3 T 2 4
JRLHEHT P S5t D) 1z 35 2 A 0 A 3% 1) O o m20seel
TEBRAE ST, B W AT DLREAIG 40 i P B FE AR,
AMPK 3 I 38 28 B4 2 AR B 107 7 fife 1% B 2k i 2 i
Jig 0 3 fift 5 20 i Wl R AL 2R A A 247 K] 1 (mitochondri-
al fission factor, MFF)fi¢ #E£R b {4 5 Wk Pk 2 40 i Iy
ERE AR ) S —Jr m4ni H W T BN E Ag-
NPs XTI 05 PO REE . 3o B8 F Wk mT e AR a2 400 i I
WO E T AgNPs, fe 28 5 S M 8 T sl IR 8 ) Y
S i A K B ) R R A AR T g & AR AR PR T
FeTs, AT AE #E T AgNPs X 40 g 9 #E P AE H . TR
B, A A 7R 2 A T A RS R A I LT, Y
JoT IO 1 A5 R 1) W T T A B R T Y i A
FE IS R AE N 5T 3B (protein kinase R-like en-
doplasmic reticulum kinase, PERK) . # 5 #% 5% A +
(activating transcription factor 6, ATF6)F1JJL A4 4t it
(inositol-requiring enzyme-1, IRE1)J2& 3 F . 51 1 1
T PN 5T P 7 Y R . 2 A I BT R 3R
B, %) %5 Bl 1% 719 25 11 (glucose regulated protein 78,
GRP78)# M\ PERK I fif 25 {fi H:i% 1k, PERK i 1k
Ja ¥ T2 C/EBP [A]¥i & 1 (C/EBP-homologous pro-
tein, CHOP)# #47i , CHOP 7E P Jot o 1o 18 i 25 4
U IHT-PER . AgNPs 1] L% S5 HepG2 41 fifd
N CHOP 1 ik | fr 24l i Caspase3 i3 42175 5 41 My
T

AgNPs UYL EEIR BE Ride JBAR o BohE F SR m
URIZEFEI 75 S 4 A WK P2 A 52, 1 mg -
mL ") AgNPs 4t7 HepG2 4 il J5 , WE2% 5] 40 Jifd |
e R PG AR T MR A AERE T, AL BRIk B TR 3
50 mg-mL™"i, HIES THMRMATY, AgNPs YL
HeLa 411 i) , AT DLW EZ 2 TFEB 4% % i\ LC3-11 |
p62 Hl LAMP1 45 5 25 Th ™, (HAT IR #h U )= 1Y
AgNPs JLiig I NRATE LR B2 A0 AS49 J5F
FRUELH] TFEB #% 5 i, HURAE R ;K Ll 1
HZRR . AgNPs i A G 1o B 3K 1 Bl (R 25 40 5
e iR e Ve I 1 s WA i B A | BEL Y I i

wSE M W B RS AgNPs 7] 5] NIH-3T3

A0 F WERT R T, H 20 nm Fb 80 nm WY RE B Ag-
NPs fig5 | EE 5 2 1% B 1A 0PIk S, it sh , AgNPs 7]
PIBEIR A498 HEK293 HI A549 Z fits N 7 T A4 45 14
SIiRemReE e A B A B R R AR BEL A
TS Fageria P WF5E R ,9 nm M
19 nm [ AgNPs A] B A [] i N 7 AL s 72 N FL R
FEARMY MCF-7 }2 MDA-MB-468 5% 8, 7 %5 i} 7] 4
WELE) LC3- 11 Beclin-1 Fll ATG3 5 7K -3, {2
TE 24 h 5 AR P B A B R vk R A, 20
Wi B g B CY A J5, BRIT AgNPs 11 W00
i, AR A3 HOIR S B A A5 A4 2 5 2
B0 AN E

5 R#5RZE(Summary and outlook)

FEREE AgNPs (1) 72 0, HoAHT >k i e XURS:
AN, R AgNPs 175 541 i [ W AE X Ag-
NPs ARHE AR 4 B 27 4500 ) 1o FH B P Aik v 7 XU
AEEENE XL, &4 R IR ERT AgNPs £
LI I AN TSN | PN JBE D SR I A R I AR
RES D BOs 40 M 8 W FE L 53— 5 T, 40 W
WRENS AN R B L 9di e AgNPs X 2 i %) 2 1 1 H
(11 2), T AgNPs [JHF2/E /Al g 5 20 1 Bk Jf
SLHEAEMMAT R INE, AL, AgNPs 1L A] GE5| i
VoS A ) RE R0 EL ¥ 210 1 Wil 2 %) e Pk S )
2P0 A P 8 B 1R B AR 1 O Y R S R . Ag-
NPs 175 54 i [ W5 538 i 1 A R T 5 40 i A A7
s, AFEAME T AgNPs DL 4 s 245 7Y
X AgNPs BT A0 MRS A W15 508 B B A s EE
PR, E— 20 B A W] AgNPs 55 H Bk 72 1 53
FHLE, P 5 AE ST AgNPs 513 8 A WG 1L, If B
TE5T T /K- B $E A W A& A 78 AR AgNPs
SRR, /& AgNPs 76 A 9y & 2 G R /R Y
Kok,

AR, Bl A KB 2 H R A Wy R, AgNPs
e AT B 07 L 0K BT 1 22, B AgNPs
()2 L, AR A R RE P O A AN X T g R B AR
Vs P T REXT AE s A s W, 8R4
HX AgNPs J2 75 H A 54015 38 R M AT F 9T, T
AgNPs 1753 (14 241 . 1 5 {5 3 (% 38 30 A 400 P i
it A PTG 55 2 0 o0 HG o 7 255 | RS 3R WL 35 44 R0 Al
TAERZIE IR R AR TR, AR T BT ST Ag-
NPs i75 40 B W 015 538 2 ) 5L il b i —20 T
i L5 R 20 M B {5 B RS AR I OC R
FPFAl AgNPs (A= P REPE SR AL DL A%
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ll RS AMPK PI3K/AKT ‘
Low ener;
' B T~ v !
! Hiypoxid INKERK  —> mTOR |~ Ps3 (&) |
1 P53 (Nucleus) 1
I A ;L I
I Calcium homeostasis c 1
1 . PINK1/Parkin  —> P53 (U5t
" imbalance Aut0phagy\\ P53 (Cytoplasm) :
! 1
|
|

1 2
| - o Mg - Wk o N
1 . L Autophagic cell death Reduce urvive -,
\ Apoptosis Necrosis i i

N inflammation /

~ e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e e et e e - 4

2 KRB SR B IR R 2 F AL HI R A M 3R
TE :ROS FR/niE M4 ; ATP F7R = BERRARTT ; AMPK 3R IR 11 BRBR OBV 2 1 3086 ; PIBK 3R BRAS IELAS 3-8 ;
AKT F/R I M B; P53 R/s M@ MK 2 11 ; mTOR FRmiFLah Y H G R BE N
PINK 1 /Parkin 277 iR i X 7k 1 28 (1 R E P (PTEN) 5 T O34 1/Parkin; INK /R c-Jun 203 AR ; ERK /R LA 15 34
Fig. 2 Molecular mechanism and biological effects of autophagy induced by AgNPs

Note: ROS stands for reactive oxygen species; ATP stands for adenosine triphosphate; AMPK stands for adenosine 5’ -monophosphate (AMP)-activated

protein kinase; PI3K stands for phosphoinositide 3-kinase; AKT stands for protein kinase B; P53 stands for tumor suppressor protein;

mTOR stands for mammalian rapamycin target protein; PINK1/Parkin stands for PTEN-induced kinase 1/Parkin;

JNK stands for c-Jun N-terminal kinase; ERK stands for extracellular regulated protein kinase.
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