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New perspectives on insecticide toxicology and resistance based on
neural multireceptor complexes
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Abstract Neurotoxic insecticides play vital roles in safeguarding global food security and public health, however, their
widespread application has triggered the development of pest resistance. Multiple resistance mechanisms have been clarified
using the theories of conventional target-site mutation and metabolic detoxification. Nevertheless, the classical "single-target"
research paradigm lacks explanatory power for complex phenomena, such as unintended cross-resistance and functional
compensation among insecticides with disparate modes of action. This indicates that the insect nervous system possesses more
sophisticated target organization patterns and regulatory networks than are currently understood. Neuroscientific research on

vertebrates has demonstrated that neural receptors can assemble into functional "multineuroreceptor complexes", which
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collaboratively regulate neuronal functions through allosteric modulation and signal crosstalk. Given the high evolutionary
conservation of nervous systems across species, the present study introduces this theory into insect toxicology and insecticide
resistance research. We hypothesize that neurotransmitter receptors assemble into supramolecular complexes via protein-
protein interactions to cooperatively govern neuronal activity. By analyzing representative cases of insecticide resistance, this
work establishes a novel hypothesis for insect resistance, assembling indirect evidence supporting the existence of functional
multineuroreceptor complexes mediating resistance in insects, namely cross-target cross-resistance and functional
compensation of neural receptors. A theoretical framework of resistance rooted in the multineuroreceptor complex is
postulated: Key insecticide targets within the insect nervous system, including nAChRs, VGSCs, GABARs and GluRs, form
an integrative functional receptor network. Continuous selection pressure acting on any single node of this network induces
adaptive alterations at that node, the impacts of which propagate to other nodes via intramolecular interactions within the
complexes, ultimately generating complex broad-spectrum resistance phenotypes. The multineuroreceptor complex theory
offers an innovative perspective for deciphering insecticide modes of action and the evolution of resistance, elevating the
research paradigm from the "single-molecule" level to the “systematic network™ level. It furnishes a molecular framework to
interpret unexpected cross-resistance and functional compensation that cannot be explained by traditional models, pioneers

new avenues for future insecticide development, and has important theoretical significance and prospects for the formulation
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and application of scientific strategies to manage resistance.

Key words neural multireceptor complexes; neurotoxic insecticides; signal cross-talk; cross-resistance

H 20 gDk, fhasss fURITE 23R
BRI A Wy il vh R A AR, R R
B A Al 7 B R0 N 2R g B B SEBR BTk ( Liang
etal., 2025 ), Forr, ML B R HAE TR
ML RHGET SR, SR T E S A, R
T, 7% H ) A I R RS FH X6 3 A e it
TREMERRE T, RERIHE2EKEFN) Tz
K, TR BRACA Y A S T3 A= Sl i ™ R Pk
%= — ( Liu, 2015; Liang et al., 2025 ), HAij,
PN i i I S e s = B s Er e S
SPEAC Y (Li et al., 2007; Bass et al.,
2015 ). HESHUTE 3 L i g AR AR R A SR
H: 785 ( Ffrench-Constant et al., 2000 ),
B, TR 78 1E ( Voltage-gated
sodium channels, VGSC ) HIRAZ S E N DDT
AR A2 R 2 A BRI B 5P (Dong et al.,
2014; Silva et al., 2014 ), fRBHUME N 45 B ik
WIS RS (4R P4SO UMARE . &
R RR S-Fe R Mg AR PR IR G ) 15 VRSG5 , Ak
SR AR oA, LR 2k B S T B AT R

(Li et al., 2007 ), fEARZHMEMGEH, LHHT
P ( Cross-resistance ) JU T, L HPiMESEE
WX —Fh AR R AR , R oAb i 2= 25
Fa AR FHATLBEAS [R]H 22 i oA 422 fk ok 7 % SRR

FHHPiME  (Beckie and Tardif, 2012 ), X FhBL
A 30 o A A8 £ P AS ] A PR X% H ) ok ik
P K ) R g A2 AT 5B 2 L R AL ( Sparks
and Nauen, 2015 ),
FOBHTE BNy 238 BT 3 28K 5l )
(Liu, 2015), #%.Cr2 B HOUA P fifp 2 il 22 e g8
AW BE Sy B ok o B an4E KAl Nilaparvata
lugens P> PA50 KR CYP6CSI 1 ik Al /5 4f
NEE MoF i) % JHC Al TL A A 245 1) v AR K P 52 B B ¢
(Lin et al, 2025 ); ¥ %A 5% 7 5 44 I
Anopheles funestus 1, GSTe F&[FFE )1 F ik
SR SR AR SR G DDT FHULBR HU3 T = A bt
PER SRR (Kouamo et al., 2025 ), S5
PEATA], SEPRHTPEIR T A% JORVE FHAE s e
FARG| R WSS, G RN Ry
5, AT A T[] —HE s SO UL s A HUR 1]
(IS HPUHE . Bl DDT FHBIERE HU A PRS2 R
AR A S T T4 B 2 Tl I ( VGSC ), HIEA AN
Z87F (1 L1014F, R kdr 2875 ) J2X R A
I FEMBENLRIZ — o BR FIRMRALHISL, b
A ES TR AT 51 R S BT B A RE
WU 7 1) B M T I 5% 22 B IR R 1 AR L)
#E A (Balabanidou et al., 2018 ); TAF M5 UE
L, K45 A HEH (Odorant binding protein,
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OBPs ). b7~z 1 ( Chemosensory protein,
CSPs ) Z53F fif 73 85 1 1T 45 & B8 2 R R e 7
BOPR BS/BAAPLE, X ] R 2 g K R
N, i FRB AT BES | &) IS AC B AU Tsouri
and Douris, 2025; Wang et al., 2025 ),

R DAy = 2 e HEAL O i R
KL YIS, (BRI AR & R S5HirE%R
BIFRER, HJRRMH 5N, a2 a8 it
i To ik s — I B R, EZRIE Iy
. SF—, PSS HE BT . AR 1S
e, PSR P RIA R P450 B GST £,
o7 A 2% it 22 % 2 il T A8 9 T A R ORI ER 7 A
bk, EBRIFAR . X228 &R 2 )
1 100 A/ Prtk 2618 BssHT s, Z2REER
PPk S R 5 A = 2R AR FEFE S B P
PEAH N ( Sparks et al., 2025 ); FNE HRENE 558
HRHE A8 IRAC 26 4 41, (XS HTNHA8E w7k T
BUPER MR K B\ Bemisia tabaci i, X Fa e H L

EILFIsc H it (Watson et al., 2021 ), X4
ZEIGEY, RMELETEDIME 5, Syt A
AR SR, 50— ik g e
A, 55, BAMCHPUERI, $asChH
Prik ik ZMELAFRE . mib AU IR B AR
GRS R, BT A BT B2 T 28 B 4T
PEAN, IBXTZREER . PR R oK se |
Ptk (Wang ez al., 2009 ), BT HIHH P450 /- AL
W ENLR Z —, (BARMEFEZE—1 P450 ] [A]
A R S AR 25 4 L VE DL 22 S R 2 F b &
Yy, WAb, WRER W Helicoverpa armigera WA
1 Bt R P kAL G AT CrylA (¢)
e PSR, AU CrylA KR AP,
Xt CryllA T A sg ittt Hizbitk 52
HABPRES B LR BUETE X (Gould ez al., 1992),
AU RSB RAB TTRRN R 2 —, 7R
HA Hr RIBLE

XL YRR AR IR AT 20 o
MAC H UM 13500, IR AP
AL . SEARPUIE, X — BB R R AL
i, 2 AR LA —FPIRATH A NRBN 2, A
FEAE B S BT W2 R TR

SRt A S ) A= B R bR Z — ( El-Helw et al.,
2025; Haikal et al., 2025 ), /&A% BAHTHEALH]
WFFE W) E 255 W) ( El-Helw ef al., 2025; Ramadan
et al., 2025 ), FIGEANR) il 2885 55 A 4 R0 AR S H:
TERIALHI A — R IR IE ( Goulson, 2013;
Gao et al., 2025; Yan et al., 2025 ), §1Xf—Aii2:
SRR AR R A HE R A e S w Y G Rk B bt
MM G B B F 5 ( Ffrench-Constant
etal., 1993 ), K1, E4GEHY “H—4L 0" BIFEIE
SAEAR R H 25 52 2% 1) H [a] e 25 P I 4 ik A7 e B
FIRR , JCT A R B0 A8 TP TV R R A2
IR I R DI RBACAR o FR A VE FHBL I B IE S A7 7E
2 25 S R R ORI Z 8] A USRS U Y
2 HPiME ( Sparks et al., 2025 ), %G JCEVHE
i E R HEARZEAE (Lin et al., 2025; Choi et al.,
2026 ) B IR R R AT S5 40 BB ( Khan
etal., 2025; Huang et al., 2025b; 2 15 55
2024 ), BARFIRIER, RIRphE R b B
FAR A 20 UK 5 A FE LT AT fig L B A
FE 7% ( Soderlund and Knipple, 2003; Thany,
2025), SULFERS, FHES YR 2R 2 SR L
el MR ZZIRE A5 ( Neural multireceptor
complexes ) MIMEE . AW W, #fZeid i
SARIFAE I ST o3 A T AR L, i ] S A Az
R (55 8 A ALY R E S B M T2
4% (Rodbell, 1980; Rasmussen et al., 2011;
Martinez-Sanchez et al., 2021 ), XKE-G5Y
AR PHYT ( Zhang et al., 2025 ) {55 H4E

( Signal cross-talk ) ( Hunter, 2007 ) 45 /7 =\ [A]
TN (S S8 1% ( Verona et al., 2025 ), #iJEf#
Z oo {5 B AL PRI 68 ( Yuasa-Kawada et al.,
2026 ). i, G & #3214 ( G protein-coupled
receptors, GPCRs ) Ay R fboiF Rk ( Maurel
et al., 2008 ), #1118 B 52 1A S QB Z K 2 1)
T REM IS T AR B LR gk, IR 25t
ROHE 52— ( George et al., 2002 ),

B, BRMa 22K E 5 Yn B
BONA R TR RS AE YRk fbid & rp
(9 7o BE DRSTE , AT HEDN B P 28 R GE rh AT R A AE
KUME AL B R b b 450 = 42
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IRIZE 2R G0, HAT R [RREAR 2 bt 26328 it
FIEEAE ( Schoofs er al., 2017 ), ik, LI
222 2R A WA A R AL T A AR U1
YERBLEI S Hoik s, BAaEe A L, A3
P12 55 ) R i 22 22 22 AR O 5 AR % R LR
P2E K B BT ZG PRI G ROV AE I R - 1 SR
222K A W FEA S5 M 5 I REFRAE , R
90 T A 2R ORI VR AL S5 28 BB,
b 2 ST PR Vi SN E 7ol Y B T =N SR E NP P e
FEDIREMEN 2 22 IR G AR UL, FFXHZ T
F I A2 5 0 AT S A TS .

1 HMESZEESY

1.1 EXS5EENH

P22 T IA] A7 BAL I MR T 2 Ao 252 1K
SR B Y IR, MRS
52 o0 aE N S ¥R 75 ( Semyanov and
Verkhratsky, 2021 ), #1422 K2 Y &35 H N
A S UL B pf i Bz Ak R R ) i B
EAR-EABAEER, k@m0 EN. [
SN MRS, Y AR B3 A o
THRELEH (Husi et al,, 2000 ), %4128k
A TAG G R ZAR LA ST BT T D RE BN
M TR HAE S TEAE SRS R T AR

(Dale et al., 2022 ), SZARIE]AIARE AR AT I 24
WML . H— N EHEY LS, AR Z ik
R0 M I AT 57 2R 4K (De Bosscher
etal., 2020 ), HAGLA Z BEARGEZ & ( Nicotinic
acetylcholine receptors, nAChRs ) 52 [ iz 1k

( Dopamine receptors, DRs ) FFH EAFE FHZ1Z ML
il A HL AL (Jiang et al., 2025; Touponse et al.,
2026 ); HONDIfEtEEL, RIZAREIATE R H
FEY I, A ] o I B R UG i
i SN == N AT el 7 o o el oy 0 R (W

( Hunter, 2007 ), nAChRs 5 & & % % 1K

( Glutamate receptor, GluRs ) 22 [A] T HEM: ER 4k
HIJE k2 ( Mondragon-Garcia et al., 2024 ).

1.2 BHIVHESZURSSUARHER
LB B 5 M s W 22 22 A2 A 02 5 W) TR Y

77 B B . # UEJE ( Bibel and Barde, 2000;
Gimpl and Fahrenholz, 2001; Dechant and Barde,
2002 ), G & FHBCZ KRR IR RIS FH—
RAE B RS E N 2 2R G YA
( Devi et al., 2001; Angers et al., 2002; Milligan,
2004 ). EAWIFEUESS, Z U D1 2{k5 D2 %
Tk JRAT A2A 24K 5 Z Lk D2 5ZK( Canals et al.,
2003 ) ¥AIE BRI AR, I AZ ORI A B
fE R AT 52 ma Be iR 2R L L (R T S AOR
( Campafia et al., 2025; Jayachandran et al.,
2025) AL Sihzid e (Wiley , 2003;
Lidke er al., 2004 ), IT4FEK, HABH > TH0I
% Bt &= ¥ % ( Single molecule fluorescence
resonance energy transfer, smFRET ) Z54:- ¥4 il
HOR, WF5EHE O AT e A N2 K S el 28
MR AT IR fENT (Ha et al., 2022), Wl
HImeEr) orF5Lfil. B GPCRs H S A E.
EMAN, B FEiERZAKYS GPCRs X [H
( Beaulieu and Gainetdinov, 2011; Luo et al.,
2025 ), AN[RISHY g -8 2 [i] [R) R T ZH T A
e AW (Traynelis et al., 2010 ), i, J&T
BT R Z R N-H B -D- R A& AR
( N-Methyl aspartic acid & N-methyl-D-aspartic
acid, NMDA ) Zk 521 DI ZIKAMHHEAE
H, TE27 2010125 5 il v] SRR 5 ok B v A 4 G
H#VEH ( Cepeda and Levine, 1998 ), iZ2KE &W)
F18) 2H 2B (i 7 — o 52 A VG 5 AT 30 ok 72 ) 200 R
HH S 7 —Z R T11E ( Changeux and Edelstein,
1998 ), HEIMSEHANMLNAE SRS
2 A (] £ 2 3 A AR T AR A B R
WrB, HARE A e N 21 ( Chen et al., 1999;
Luo and Lee, 2013 ), GPCR Z£ {4 3= ZL38 i 5 i
PR B 5 B E ( TM4, TMS, TM6 ) ( Simpson
et al., 2010; Orzet et al., 2025 ). REAKum N 3
AN (ICL3) S For T A EAEH] (Kico
etal., 2003 ), BLAb, HiAH S AT B N S5 A B2
[ s AR AR, 7EfudE GPCR S5E GPCR
S RACTE N I R 2802 A BAE T # b A 45
JEEVER (Navarro et al., 2010 ), WEZEE S
YA b il oA S Bt - BR S 2 A R
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SRR (A0 C i A B AR ) 1) P e
fit (de Vos et al., 1992; Schlessinger et al., 2000;
Stamos et al., 2002 ), HAFTE R fil )5 2% X
( Postsynaptic density, PSD ) ZZ2fE 1 (W
PSD-95. Homer ) {24 “73F K" fiiEAIFZ
55 7T Ui A8 N 2 1 1 ) 42 2 e AR, 18
7R HLF W1 2 H 4 ( Cryo-electron  tomography,
cryo-ET ) BORE Al fEin A A RS T, DU
YK 3 R AT 5 f ) B2 e i 4 2 k40 9
5598 fil J5 52 1A 1 15 58 b 2 1 2 5 4 ( Orozeo-
Borunda et al., 2024; Do et al., 2026 ), K& Z
TR S AF R T B R R S5 A A Uk
( Martinez-Sanchez ef al., 2021 ), TENRZ S5
L2 AR SRR A 0 Z 531, JBS AL C e
B2 A B4/ F JE A G4 ( Changeux and Edelstein,
1998; Kalamida et al., 2007 ), A WFITiEHE
B, SR S ERH G AZ AR ] 5 R AR 2k . 21
Jfiz5Z A ( Wittenberg et al., 2020 ) %5 % A= Wy HEAH
HAEMIFHEIE 2R S5 .

1.3 BARAZFHEAERESERZKNER
€M

JHB L £ Tt JE B 32 1R 5 A R R 52 1A vy 3R
BT R—ME (Halevi ef al., 2002 ), — & HHH
HAERZH ML RS ( Central nervous system,
CNS ) W EZ W g AL H Z — ( Stone,
2021 ) ZAHEAFE FH S REAFIE RO T Ir 2 5 1
Z R AY ( Livingstone et al., 2009 ), H. nAChRs
AOBES 8 & 4E T GluRs DIHEH#E Z Al ( Meyer
et al., 2002 ), 73T TR ARATHZARMEH) nAChRs
FIE I T A 2 R Y 5 M B 2B Mt i
AR BRFE( Dickinson et al., 2008; Dorostkar and
Boehm, 2008 ); T F1 1 2870 AR Rl 1 4 2 R ]
[F] Fsf 38T A 78 5 B8 - B 5 S R A2 AR ( Nusser
et al., 1994; Scanziani et al., 1997; Crupi et al.,
2019; Bono et al., 2023; Hunjan and Aran, 2025 ),

B ERAEI AN AT 35 CNS H i H B A
nAChR WHY, FEAIHE a4p2 ALY o7 WA
( Stone, 2021 ), H:H a7 W nAChRs A | #%
fil BT N-H 2 -D- R & % 1R 52 /& ( N-methyl-D-

aspartate receptors, NMDARs ) 1558 [ 5215 /K
-, BEMIESE il & & A Bl 45 S R BRI o
TE AR A Z IR BE S A br, Je oty T FiAb 3] 155
$ NMDARs & AEIHREME B0, 2% 800
a7-nAChRs /15 ( Bono et al., 2023 ),

2 ERREM 25T, DRs 5 nAChRs 47
TR —M &0, —FAETIAE )2 A7 78 QI Pk
(Parish ez al., 2005 ), FI3E I 57 S 1A & 451
FIVE] (Bono et al., 2022 ), JL[FJEH DA Bl
MU EFAB S AR i (Guan, 2024 ),
EAWFSTIESS, nAChR i B2 WAEAT 5 D2 FE %2
ELsZ A (D2SR ) K D3 Z 324k (D3R ) k&
AEYEAEAER], L HBIE L D2R-nAChR
5 D3R-nAChR PIFI Al HY 5 R A (Bono et al.,
2022; Sbrini et al., 2024 ), HEICH & EZM5TE
/MRS AZE DA et Ic IR T iz RIK W
= BRI RE ( Bono et al., 2022 ), H:rft, D3R-nAChR
SR E/N T nAChR 5 D2R/D3R #3815
DA REfh 2] B3V R 2 R4 R0 19 4% 0 D) BE
I (Mutti et al., 2022; Sbrini et al., 2024 ), DA
RS2 3] nAChRs RS HEIEE ( Zhou et al.,
2001 ), 7E 5 i B2 9% 55 X ( Ventral tegmental area,
VTA ) 5H )5 ( Substantia nigra, SN ) [ DA fig
MZIcH, nAChRs B HFEIBIRE (Azam et al.,
2002; Wooltorton et al., 2003 ), H:rf a4B2 5 a6p3
P Y AT 3o 9 S Al R A R L i DA BRI
(Bono et al., 2023 ). #Al, nAChRs if ] 5757
B3z & ( Muscarinic receptors ) ( Kawashima and
Fujii, 2000 ) DL K y-Z AT MR Z 1K ( Gamma-
aminobutyric acid receptor, GABAR ) & 45 H. X}

1% ( Schmiedhofer ef al., 2022 ),

2 ERTHEZERFRRF

P2 B A R A TR R R
IEHIIRE &AM, AR i AL e 2215
AL OCHERATY , AR 28 5T 52 AR B i
18 o AR R PT 1T 3h 2 51 2 (Insecticide
Resistance Action Committee ) 23 7 A A% A H
PLERGM2E, B2 S2 AR R 2550 A0SR . VERIBL
PRRMEA S D L) SRR IR 1 R,
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Table 1 Neurotoxic insecticides

[LESES TEFPLE REEEY FRERAE A L)
Nervous system Mechanism Representative compounds Representative insecticides
JEBRBE #2870 nAChR 5z 4P 3 15 51 ERITES AL R NN 2
Cholinergic neurons nAChR competitive modulators ~ Neonicotinoids Imidacloprid, thiamethoxam et al.
AT e 2 SHUNE e
Sulfonylimides Sulfoxaflor
TIRRIRN R SCEL PR i )
Butenolides Flupyradifurone
NETE AR IE
Mesoionics Triflumezopyrim
nAChR 7224 3 35 7] ZARWHRE ZRER. CHEZRHR
nAChR allosteric modulators Spinosyns Spinosad, spinetoram
nAChR 3 1 BH 7 71 REHFREMUY R RIS
nAChR channel blockers Nereistoxin analogues Cartap hydrochloride, thiosultap
et al.
T TR P 4T o) 551 I IR PRKL v H A
Acetylcholinesterase inhibitors Carbamates Dichlorvos, carbaryl et al.
A LR R AL KR
Organophosphates Deltamethrin, parathion et al.
Y 2T AR R G2 2 P A o S s ek e o IS ik P L I
Vesicular acetylcholine Oxadiazinylurea Oxadiazinylurea

GABA Zf{k
GABA receptors

WRARZA
Glutamate receptor

A1 {2 A
Octopamine receptor

e TZ A

Ryanodine receptor

A T iE

Sodium channel

transporter inhibitors

GABA ZARH5HLH]
GABA receptor antagonists

GABA ZARASKE I8 1557
GABA receptor allosteric
modulators

A B AR A T 3 5]
Glutamate receptor allosteric
modulators

10 1 32 A Bl

Octopamine receptor agonists

)8 T 32 A 55 5

Ryanodine receptor modulators

R 3 T Y )
Sodium channel modulators

B 3 1 LI 7R

Sodium channel blockers

IR ALK
Cvclodiene organochlorines
PR lAES
Phenylpyrazoles

1) Pt e 248 R S W e A
Meta-diamides and
isoxazolines

RTHE TR 225 M FE R K
Avermectins and
milbemycins

XU Jpk

Amitraz

XUBE A

Diamides

B RO BRI 22
Pyrethroids and pyrethrins

DDT
WE Rk

Oxadiazines
A HNRE

Semicarbazones

PR N b

Chlordane, endosulfan ef al.
FAUE . G

Fipronil, ethipronil

TR HCRUR BRIV | SR ot fre

Broflanilide, fluxametamide

[T i N R = e S e U
M

Abamectin and emamectin
benzoate

XU b

Anmitraz

SRR TR | D Hh i 25
Chlorantraniliprole, etraniliprole
etal.

PRI BTG | el A IR S TR 5
Bifenthrin, lambda-cyhalothrin
etal.

DDT
Efi AU

Indoxacarb
FHFRCR
Metaflumizone
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A 1] JIE B 1 A% HLUR) 3 A HEAE T A ek
T 2 TE R AR AZ A4 B4 5 e 3 4 5510 L AR A 90 75 A
MEEFHWr 7 ( Buisson and Bertrand, 1998;
Young et al., 2008; Williams et al., 2011;
Cartereau et al., 2024 ), YEHF 2 BB RS SR )
R (Wu et al., 2026 ), VI RAER T30 L
JNE B 4% iz B AR ), i 1 s . B e
GABA B B FEAUFEEH T GABA [14%
S T E WP AAZ R ( Cole et al., 1993;
Bloomquist et al., 1996; Olsen, 2015; Akinnawo
et al., 2025 ), $E [0 4+ 2 FR B A9 A& HUR) =2 2 AE
FTAAMRINEAE TiliE ( Glutamate-gated
chloride channel, GluCl) FJZEFJIE IR, (CFElE
2557 A BT 4k 7 2 ( Walton et al., 2000; Huang et al.,
20252 ),/ HF & fa e 5Z {( Octopamine receptor,
OARs) 2l OARs ZK3MzhH, EMALEY
NHKZE (Baxter and Barker, 1999 ), . H
JoR R )z I T RN E B YA Y R 2 —

A Glutamic acid

ZBEAEGS
Acetylcholine
%

receptors (nAChR)

( Casida and Durkin, 2013 ), fEfIFfaJe T 32k

( Ryanodine receptor, RyR ) A9 77538 1o 8 22
RyR FE/S AN ES 5, BRI RELI S . R
HIBET: ( Casida, 2015), fRFRVEAL G 0 AU
KA HHF] (Boaventura et al., 2020; Huang et al.,
2020; Hit i AE, 2024; 2R IMAE, 2024 ), HLET ]
FEENES T8 iE ( Voltage-gated sodium ion channel,
VGSC) P75 55 i B VGSC 3l 2=k,
B3 T A TR ], B0 28 TS AL
HEE ., R FIESE DDT AU FR 245 1E
KA M5 ( Davies et al., 2007 ), WA fif ik i g S
— BT BB IR R B, SR A 3 5 B
VGSC Y18 2 i AR S A % AE A ( Suzuki and
Yamato, 2021), ITHINFSY R, H S5 ]
AE & % M & Wk MH Bk % 12 & ( Vesicular
acetylcholine transporter, VAChT ), 3B HAE FI#L
MR, Afrdt—L W] (Goodehild er al.,
2024 ),

#01 RB A HE 3% B ¥

Targeted cholinergic insecticides

e TN B EIE B AR

Vesicular acetylcholine transporter inhibitor

; nAChR i i BE W75
~C ggé@ﬁﬂﬁ L * nAChR channel blockers
o BEH o
®Ye | Vesicular * nAChRAEH 57
l ® '/ acetylcholine nAChR allosteric modulators
\transporter nAChRZESH:E 7
nAChR competitive modulators
Z AR R R A 77
Acetylcholinesterase inhibitors
MEA SRR AR

Targeted glutamatergic insecticides
4 BEPRZ A PATH

Glutamate receptor allosteric modulators

$BEGABARER B
Targeted GABAergic insecticide

» GABARZEHIJE I3

AR Jﬁﬁﬂl MHEW%W GABA receptor allosteric modulators
GABA receptor Glutamate receptor Nicotinic acetylcholine

GABARFEHIHI

" GABA receptor antagonists

1 {ERATHERAE. SRR GABA MR AFHERM A RER
Fig. 1 Schematic diagram of insecticide action sites targeting cholinergic,
glutamatergic and GABAergic synapses
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3 WHEFURBAPHEZESL
HERAEENA

3.1 MEZEEENSHARERVIERBRA
ZEHMERG

BHERZE 5 DDTALI Bt 4 15 28 W b 1 HTHE
B AN ] 1Y 22 3R] 22 0] (6] BE A7 AR 52 BT B4
( Daborn et al., 2001 ), PSR B AI/E FHHE A5
433124 nAChR 5 VGSC, A& /52 fil 5 M8 1)
fk2# 1 145 33 F2 ( Cecchini and Changeux, 2015; Wu
etal,2015), Jo&E N FHREBRESES, —
T FE PO E T REM ST I R GE . BT KR
Musca domestica WIBFSEIESS, 2540 (HUFR
HAETEZE ) i EARAT 0 B M 0 i 2R [R)ARE XoT i
A T AR AT, FLZ S F O AR A
TEHE P450 MHIFHIBIMUEE THE (PBO ) EUMEME
W15 DEF i, EReFsegi R, %K H
PUHEIFE A R LR A 5, ) BEVR T A [
U2 T T E DI AE CIK ( Liu and Yue, 2000 ),
BEAh, 457 GABA 45545 11l A301S R7Z
( Rdl A301S ) Mg SR W8 Drosophila
melanogaster fih 75, TEXTIRE IS . R ILNEmE
D) B S WEE BRI 2 B0 7 AR BRI R ) ( Xe
et al., 2024 ), FLARGRAE R 58 1 £ T AH R M ) ik
PRIk s RGP B3 B, R 5] A2
PO, e BOZ FZ XA AChE () &
PRIRZE 5 A MLBE SR HOR) P A 58 BBt - 4k
WIESE, MHIMEERIZ S GABA REMILZ[AIfF1E
SEH RN

3.2 WMEFhz EEThREFME R B

BRAS RIS AR A H7 ) A 28 BT 22 B A1,
ZETE PR A R BTEL T B AH S Rl h ph 2 2
ZWE GBI TS24 . nAChR a6 AR
A B R RN S ] BRI AR AT AL, P2 TR
9 nAChRs a6 & H , 1 P4 £ & &
Frankliniella occidentalis . T5/NEWE Bactrocera
dorsalis VI S /N Plutella xylostella 55 227 H
] 55 28 AR 3 RO 22 R TR R 2R U AR

£ (Wan et al., 2018; Grant et al., 2019; Zhang
et al., 2023 )o IZHUHENLH] 5 52 A0 KL 7 0 2 2k
PRIEAEAR], PUAES] T PG nAChRs 06 E
FHB T RV 2 Tt B 43 4 A B5 B Zh i i, &
BOA & a6 WIHERSZ AR T MR F IR
Hie, HRTZ W 2R R G Y Dite e
HL#I ¥ ASBHAS ( Wan et al., 2018; Zhang et al.,
2023 ), ARSI EFTAMI AN, PH L] btk
TR v 22 25 AU AR 20 R A2 IR - g N 3R R A2 1A
( Kainate receptors, KARs ) (55 m i 3% [,
HHELMGEHBIEAMST E-RPEEEN
( Neuropilin and tolloid-like, NETO ) ZEPT P
HIE WS BRI S [R) A RT AR B A, TR
NETO K& P Y 2 3k T 25§ 15 2 AR T8 3R X v 4K
L EE ), PEHEN, 4 nAChRs a6 SZ1ATC
RIEH Rk, REAMRAERNZ T2 AT i i
FIB UL BIE UAS ) i g A 25 7 2CAMEE IE T BE #i
LRGN IRE R, I AR 2 E A 55
HFPUEZ M DI Re A ( J7 49855, 2026 ).

33 ETHEZASSWHRGEERER

i BTk, R Aim 4ot nAChR . VGSC |
GABAR DL} GIluR FEER ST £ D)RE, i n]
HEIE I ReEZ AR G . SR AWl 2
TR YA B, SR&E R EA . RS
A, T SRR B S A T
5K FERESRRERR T, KA X o — P 22 1k
(R BE R ) T 5| KAz 32 1k & AR 2 sk T g )2 1
OBR VR e 3 G A R L ) A N6 A I B LN E B2
A, WA AR AP RS2 . —J7
AT, 3R —AN e AR 5 | & AR A5 D) BB AR b 1)
DINIRCIES L= IHRERY - R UNIES RN
[ FEAR R AR E SR BT E B S s S5 — T, %
HUI AT f B b 22 AR I B I, ARTRI R %
R FHTIRE RS .

P22 22 52 IR A W ER S K BB 98 1 AL £
A FEETEE] T 2 B35 T BEAREH
JZ . X 5P LR R G A Y E R R R
PO —F, BRI L5 R AR T8 (Simon
et al., 2006 ), FEMFFLENPIH, B2 FORG SR 1)
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LK ST B C R T R — 2 KBS, S 2
Pl 223 0T 2R G0 1) 2K A RN i 2 [l % 04 T R B A
(Liu et al., 2014; Li, 2020 ), 25fblih, B Hipfiz
R EAA Y 0 et AT S i,
SZARTT LA [R] B A S bR Sl 1 2 7 A R N RN A 1
RS S % ( Sinclair and Kabbani, 2023 ),
AN R SZAR R G Z (B AETE) 2 R A o X el A
L TUATE M L% ( Ozaki and Leonard, 2002 )
IER M2 ZRE 5" REALRTR I P ™
A A A E SR RS D — LB S LR X
DR IR R AR il RS . B0, BT LA R
oK. ZRAESTHERIE R, EXFEL T, Al
REBCA AT — A JE K R A W = PR AR, T2
W28 v Z2 A0 A i NVEE A R R , SR 33
TRA P, HaR, B BT RS RV H]
A58 22 TR =2 ) A9 T8 A8 AT PR Bl 67 58 XAt
PE o AR PR S HGRVE T IRl — 5 & W AN [
24y, ‘EATT AT e 2 i Ak 4% AR EAE P A P R] sk
FEHURON o PR, ZAESE T DL R o (51 /5 A PRk
PRIZ NG o RVl F- L SR ), P 2 X 45t AT
e L PTG AR B, R S I ] N K A B8 43 2
e, M EE HUAES o X Fh RS0 )2 1 A A fa 1 2
AN Gy A BT TG A Y o

34 BETHEZEESYTEITER BN
AR

(e 24 NCRE s/ IR (o iV N B
BT BT TE bR . 0 ) A2 AR -2 AR B AR TR AT i
TR S T Z RS S 8/ N T &
Yy, Srdritie B Bz A S R R 1 TR T
M EHAEH ( Protein-protein interaction, PPI ) #tf
YE R A BRI BT R s a1k, I & —1R
g AR ORI RE T AR A

T TAR G E T3 — 0 s i R U, 3 )
7 A S SRR AR FH ST A /N a3 40 4 7 A S
Gz T rEAL | ST AR Y R e R 2 A
FREMESH . H—, EAR-EA B
AV FH 53 T30 5 L 1 O B3 - LA X
BER M, HAEEE )21 ] g A

AR P (Agogo-Mawuli ef al., 2025 ), X

IR 5 TG 2 B AU R 28 A8 A Be A RO IR
PEIR S455 A A EER, dEmm bt
PR, IZ AR A BRI IR T 5 R B A e
PR o AN, RS G SR i S AR E R P
R 5 AR RE A CHAEMN (Hebert er al.,
1996 ), AT AaT ek 28 BT # 5 S0 o 1) 9 A8 AR 25 il
AT A IS A A (Kliot and Ghanim,
2012 ), #EMITE ARESE B PR IR . X RN
TP RS ) PP AU et ok mg =
BIEGEHUE R W T 2, KRR )
T 14) 52 4. 56 20 1 55 LT 45 48 T BEAFAE B 2 O
o BN, v TR (GABA) ZIKH a. B,
y SE 2R B R Tl ,  H 2 P A R M B I 2
AR & A 754k (Philip et al., 2025 ), XFPL
SR G W 2R B Rl R S R B R
PRI B AL T G544 FLm o 3 3§ e o R
#E Cnfgs H el B ) B 3z iR 545 &
I, IR MR R 3 ORI E AR AR
SRR AT %) e e R A ORI BT R S R
YR e 7N K B i (D B R = R e 7
852 A& (nAChRs) FIHLHIFHIL (Jeschke er al.,
2011 ), HA RSB =k B A ) et . 3%
SR A AT S F PR A RE R, WAF G B
RA MR B A A A LR i 38 VI 75K
JUAE R ) B H A7 AR LT A 2 ) T R TR s L
A )RS R AEH ) S PR A= 7 0 A AT)
T im 22 SRR, PRAR 32 AR rh T 454 LR W~ il iy
HERULE YRR A0 H—, RHRZ
K (EHEBREAZIKZEY) ) B =425 ER
HEM N B = o 8 -8 B B ] S
B S SRR, XX X
SR AR 22 AL B R ) O VR AT L
PRSI TS T OR PR o AR, YR T i
5% ( Cryo-electron microscopy, Cryo-EM ) $i K
(1) %2 J& R iZ B R i DA it 1R R B AR, 3%
FORA b R MR AR A Wi i+ 5 9
ReER) (Wang et al., 2025 ). {HEE A5 &
M, K152 R M2 KT &Y aifb e i
502 AR R BRI, K — 44515 B
Ay T B T A B Y E LU R, B
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A B 5T R 22 MO SR A 5[] IR A AR
( Nagasubramanian et al., 2025 ), XBEHTT
S BRI RS ErE. =, PPI &
T B2 “MERLZY” #E45 (Raavi Koehler
and Vegas, 2025), HEAEHER@EL, =
T MR BE 456 AR 25 R fiE ( Thitayanuwat
et al., 2025), FEALG /N> TACEPIAELLSLBL R
FHM) SRR RS G, SN AL S R
fitie ( High-throughput screening, HTS ) Hfiiik
BCRAE T RARIK- o FH XX — R, H5EE S
eI ( Virtual screening, VS ) J7iEIVER H
#5%Z $)TE (Khalid et al., 2025 ), %7575 i
33T %% ( Alhudaithi et al., 2026 ). 2+ T3/
2# ( Molecular dynamics, MD ) #48l ( Wang et al.,
2025 ) 58885 (Alencar Filho et al., 2025)
SRR, INKHBEAL G W) e v 58 U AE 16 P A 28
Gy FHRIT , A]E BE T O VERCR 5 T e ) R
( Akter ez al., 2025 ), H T 7 1 1 T
B e SR A A 45 4 B 5 4T 00 R EIORS 2
L 18 248 FRATY e 8 ) I 2 A 2 S 0 e T
Bk
RHEBZ B R (1 PR, TS
HWHERE | AYYis | ey e 5 R M AE5E
ZHRHEAR MGG RIAR o ]S 1 5%
SE O WAL O AR S WSS f# T, Sk
IR W) T R AL M el R, &N
KT DLACHE m) 2 1 -2 1 BAH B TG R AU
TEEGLRE , Flan, AR A5 S 34 X (Induced-
fit docking ) B 3ETF RZEM X4 ( Ensemble-based
docking ) 77k AN A SZ ARSI 9 ZE A ( Sun
etal., 2021; Zifruddin et al., 2023 ), IH45E50T
) 12 EPEAL & A W A€ M Qin and Yuchi,
2024 ). ZEREAUTHE PERAT A A S W T il 2
R AR AP S 58 OIS PR IR . R AE R IR R
( Surface plasmon resonance, SPR ) ( Wang et al.,
2025 ) AW ( Bio-layer interferometry,
BLI) SRR ARG HEN & b &9 SHE A MEs &
Bl 12240 AR ] FE AR KSR UE AL S ) A2
RINRERYINHIZLN. ( Liu et al., 2025 ); 2l
RNA T4t (RNA interference, RNAi ) 5% 4
HAFDIRERE R A T H (o ARV 55, 2025), 78

T AR B s g6 TR B A D R IR PP AR AL S W i A R
1% PE (Paschapur ef al., 2026 ), X A AE L
FTEREHIE R 2 20O A TR SRR R |, 2N
REFVESEY RS HAIIZ O HEAZ
WAL, AR R ) PPT AL A EL TS
AR WS, RIS R L 255 T 2 AR S LAAk
(ARKEIE S, 5 RS2 AR G847 () 422 R R
2 A B (] 1) AH AR FH SRR 8 52 A4 1 R 1 P
% (Chen et al., 2016; Zhang et al., 2018 ), 5 PPI
ST E e A vk AR i = ¥ S WA N ) AN S L
BRI REE , 5 SNV F456, A selii PPI
S CHMELLRREST ARSHR AL TR RIBER 5 1)

4 HBERE

Wt Z 2658 GRS 5 AR U5
AU, ATk MR BT AL B A B AR i R
1o MNBLHNLRIFRAEE R, WaZ2ZhE 5
PIFEESRN , FrE iR T RER T2 R E &Y
PREAR D BERTE , MR SR — 32 IR 0 LR 2 AR %
I8 SR T, AR 5T 75 SR B — 32 AR B 43 BT HE
B, W T R AR R . TEN
1], P22 ARG G Y ATE R R R 4011k
THRETE AR o B0 ) A2 AR -2 (K B AR S AT ik
TR ET 2 2R &8/ N1 &Y,
§278 VAN s o o= 1 7 N = R ) [ R 7 Ry (T
SIRUNL =R /N L UN AR S E AR LAY ERE R
A RIFEARRSH . X8 “Frminglf” Hgw
mE R, ARG S5 8 B A 28 |
itk

P2 2 32 IR A YA S 4R L AT S R R
PrbEIR R AR L E R 5 o AR SR BB
PG TSR W SRS T A8 i FH A TR/ AR =X
2% U, LS 2% B — e PR BIL TR Y ) 3

( Sparks and Nauen, 2015 ), REIZRMEIELEL
Y FEBOIESA AL (Gao et al., 2012), {HELA
ST R R 2B, AL 3 A F A A 22 5 ol e v 7
7 RAEAE R BRI , A 2 A 25 I 2 J22 THT TR A fi
FrARFI & BRI A EAEHC R BT Ha L2
RGP TR RESL , AR BB MG R ws
A AR R 1. Rk Mg Br
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) B S AR SR ORISR, T K AR
[LEEY 28N R 7/ EAy ) Uk d N RN X AW 351
VeI KB &1 R E A S R
TG VERT BRI, (A AT AR G RO 52 LA A% 7
XTHCHEFTREREE IR . 2. TR PR 0N Y
ARMFNE G FTRZARE A YA EAE L
T AT, WA BRAE AR S, (453 W]
P BUE T5 5 M2 b B SCRT A, 77 A 3
AP R BRSO, DA R AR B — 24 351 ) 3 4 s
Jo 3. ARARR R RE S R Mg . B T F b 22
5 2 e AR AT, AT BT R B A
FEeH )T 58 o N, 5 sk S 2t AR T [W)—
e sl BA AL T WERON 245711, BV 2t
255005 &8 TS R AR AL AR 26 LAk kst
BHH 2% % B B TR A OC H
( Ranson and Lissenden, 2016; Moyes et al.,
2017 ),

MAMR RN, “MEZZKEZE5Y” HET
5 EEAL TS HEA A B B, B 72 1
S FABLTIAT A 1 R 52 g k4l i — 20 WA 5
SE3 , WIZHESR B B S AT A B HOR R
o HETHFLEIY), BIRMERGHA G
AN TR A8 S 2 R, R AE IR T RERF 55 ( 4N
HIAEBRIC SR . B5UE ) MBORMERE S s . s,
P2 22 R G A S A S B, AT RE
Wi, AR R B BORA A, R B
TR T I AEAETE Z PR, (B2 HR 1Y
PRIHR e R R USSR HE TR R A BB ST
LB, ARG AT ARETLUT i

(1) RGP 2200 BAHRA% . |
F BT 2 SR HOR , RGE HBOR B b 3
HIJS POk s R SHUSS R IR 2R, R
B b 22 Ty R DG i) R 4 R TR I 4% 5 1 5

(Ingham, 2018; Rosli et al., 2024 ), %57 KM
AMUATHZ B PTG L, I A B T I W 4
5 PRI 1] 1 D) RE OCHK .

(2) IResiE 5 M A s R_AE . A
CRISPR/Cas9 N4 . RNA THLAFHA, 1E
TR AS HE TR e BE IR ) Rk K, 25 AR 3
LUIREST T T B, H R IR B A Btk i 45

M2 F I EE ( Lamberti et al., 2025 ), f5lan, nf
FERE s PR AR AL S N, B U AR A
2 AR A TR S R A T ) AR

(3) MRS N TR M 24
BRI Z R, AU R A Y2 5 N TR Be
AR OUHZEIW ML) M HIF 08 ZA 057
T ML C BAHORAIFTE (Liu et al., 2024 ), 11
AR AT S22 PR (R R, I 3 4 o 245 v
() BT s 5 4 FAHEAE T, SR e T
M LE sS4, M Lkt 5 F bitkin
L CIRM ) SRRl E $e AL P8 48 5 (Duan et al.,
2025; Zeng and Jia, 2025 ),

(4) FBS I LRIEIE . BrE Mz ik 5 5+
WAL, AT S T AR IR ST P 4%
S e, B2 M. S-R AR
2P 5t ( Hoyt et al., 2019 ), G & FHELZ 1K ( Ma,
2025 ) AR A i A 1 A R 2 BT AR DG AR 1

( Tsouri and Douris, 2025 ),

W 22 2 32 R 2 A Wy R UL N BE )2 w4
2 SRR S SN BT B, AT T I 2Pk .
— 7T, MR TR, B A RGNS
L S REIRART B =, 43 B 4 B SRR
HHRE GYAATEREORMERE . 53— 7, HIEE
B S . RS B EWhiE”
TEAESEAE , anfar Ak G W HibE X B AR A 5T
BRAE S IR T A DM i A T, R s
A B TR E B R e S S B R R e
Rl BUHZE A, B R B VE LS 54T
PEE AP UL e T H . M 22 K5 & Wik
SRR NS EARR RIS
()2 AR IR 28 J23 T, Ry )RR A G R X DA R B &2
FAE BB AR T AT BRI 4> THESE , [RIAT
Shy L 1) 37 AR EAE ST 4 R R ORI e B T
54728
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