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Effects of sub-chronic exposure to paralytic shellfish toxins on
liver lipidomics in mice
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ABSTRACT: Objective To evaluate the effects of sub-chronic doses of paralytic shellfish toxins (PSTs) on the livers
of mice. Methods In the present study, the effects of different dose concentrations PSTs on hepatic lipid metabolomics

were assessed by oral gavage using the lipidomics technique. Results Exposure to the high-and medium-dose group
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(greater than 100 pg STXeq/kg BW) resulted in abnormal lipid metabolism, with glycerophospholipids (GP) as the major
differential lipid metabolites, phosphatidylethanolamine (18:3/22:6) [PE (18:3/22:6)], PE (16:0/18:0), and
16(17)-epoxydocosapentaenoic acid were lower, whereas the relative content of lysophosphatidylethanolamine
(P-16:0/0:0) was elevated in relative levels of these lipids, which might serve as biomarkers of liver injury due to
PSTs exposure. In contrast, the low dose group (45 pg STXeq/kg BW) did not significantly affect mouse liver lipids.
Metabolic pathway enrichment analysis of differential lipids showed that a-linolenic acid metabolism, glyceride
metabolism, arachidonic acid metabolism, and steroid hormone biosynthesis were collectively involved in lipid
metabolism in the 3 kinds of PSTs experimental groups. Conclusion The effects of PSTs on hepatic lipid metabolism

in mice are characterized by a dose-dependent pattern, and lipid dysfunction may affect the neurotoxic effects of PSTs.

This study provides a theoretical reference for exploring the mechanism of hepatic injury by PSTs in mice.
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JWRIEANE D1 7 (paralytic shellfish toxins, PSTs)/&aBRA
INRAM A TE R, & — 2R 57 PP KRR &
BEVEA DO L 3 S AR FH AL 58 5 2 20 B e
[ e R S A= a0 NI 1 i EZ s A i =
K, RN . WS EFRMAMRERNT, 5%
1) R ARG, T PSTs 1 — 2@ ™Ay I
KA HE, KAWL R AL T R, PSTs 1]
DLl ot B e NI sh A5 i 2 DS | fa 25 M2k
Yy, A HARNBUR R, P ARE 21t M 1985 4F
F 2018 4[], eERILK A 3800 434 PSTs HhagzRF0), 56
T PSTs WBRPEAEMAMLEI K227 . #EtkRE 12tk K A2
A ER AR FAL S0 28 AR SR R AR SRR i 5 1 e 108,
SJERTET PSTs KR fUMFY E 24 h T RGeS s A
e, WEERW], PSTs AR R XTE 2K sh W riAT A #
TR, PR FALNI, I3 BOR ISR FE BR 4 55
R0 AR FSZ PSTs VSR DI2K)5, %4 0.5 h
F 3 h N B ERAEAR . REARWI R BN R R AR 4R
R, BJG XS R S e DU T B4 G, PEEL T
FREEE AT AR R IR e AT, BRI TR AR EE RN
U RE R IR, B R KB PSTs 547k ks
Mz etz g A e, PSTs i Al B 5 25 Btk i) A o s
TR FR 2 MR 5, JFBUE SR R 5 il B H
R, I, et/ BRUREEAE 98 ug STXeq/kg/d 11
FIEE T 2 BUF T4 500 200 3% TH s 1), X 3R W) PSTs
HAVWTE 0 21

JHEWE R AR AN Sh A o9 LA R 2 28 T, TR 2
SR T TV B O R T A R R Y
WEME . [FS RSN AIRE ) H R EE £ R EENE
RS20 S R4 AR R 1412 AR R, sk
YA G B F A2 25 A= Wy e M LAeA R i
BhAEAk, Ha 7RI T AE A IR AR Fp AR R L 22,

e 4 N TR VR RIRL D7 147 6 3 2 A 0, S T
JoE . BBk REREAL . IR A AERURAE SRS 22, BFSY
R, REENE BN AR S5 SME AL 2= STk i
IERISE, JF5P00 KU RIS Biisr R, P
BETE 2R 2 B T B0/ BRI B2 AR B i DX Uk S PR T
LR RO, EL AR R 2 R S A A B R S kA A S
MRS REHY, 7R 1 NR I RE R A LE (e 0 7 R A 2 g AL
il vh AR T H AT A e B e e . SR, HATOC
T PSTs I T2 2048 s 7EBOR T A P 0T
R, T T H AR I T BT

AT R 2 T o OB 8 - A R 9 AR )
BB HOR, PEAG TR PSTs 8 2555 /Nl
JHFHERE B~ 9 A2 1k, 45a Z2ougeitoia, SR T PSTs Xf
INEURFAB 3 P 22 S A QO 0 1) A8 P RL R R (A3 et R 2
] PSTs X/ B E B A Lt B 2%

1 MR5ERZE

1.1 #RL RFISEE
24 Hfd SPF 4¢ ICR MtE/NR, 6~8 JElS, {hE

18~22 g, WL TYE@E MDA MHARFRAH, 777]
WS SCXK(3)2021-0006, fRIF%F 15 & KF ALY R F s
LI EHYIT- &, RN 21~23 °C, W 40%~60%, Jt/
W 9: 12/12 h, /NBUE RO JC R K FAR M 145 51 49) 1)
o ABETE T 5 Catad P R B sh A 18 AT o
L VEEHE S SPXY2023081510),

PSTs FRUEAT: 1 FiA S K (saxitoxin, STX). Hifi1 s
A % (neosaxitoxin, NEO), MIH#E#:% 1~4 (gonyautxins 1~4,
GTX1~4), W FHE 2~3 (gonyautxins 2~3, GTX2~3).
N-f L2 FHBE L2 7E K 5 (gonyautoxin 5, GTXS). N-fifk:
F R R 6 (gonyautoxin 6, GTX6), N-fi# k& H it
FHKEER 12 (N-sulfocarbamoylgonyautoxin 1~2, C1~2),
T &0 B kL A7 551G B 2% (decarbamoylsaxitoxin, deSTX)., M
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= H R A1 5 A 85 2 (decarbaoylneosaxitoxin, dcNEO). Jlii
4 W Bk 3L I 7 BE B 2~3  (decarbamoylgonyautoxins 2~3,
deGTX2~3), W AMNEE KGN T G, i B 235
A STX 53.91 pg/mL \NEO 20.51 pg/mL,GTX1 23.53 pg/mL .,
GTX4 7.41 pg/mL, GTX240.57 pg/mL, GTX3 17.20 pg/mL
GTX5 21.13 pg/mL, GTX6 5.22 pg/mL, CI 53.91 pg/mL,
C216.12 pg/mL .deSTX 21.40 pg/mL .dcNEO 10.49 pg/mL .
deGTX2 35.27 pg/mL ., deGTX3 10.36 pg/mL,

IE . IECRE(iESR, TEE Merck AR]); HER. FH
MRS, REFER CHRBHLA ), 2R, &7, &
FBE(BIEg, 35 Sigma 2~ H]); BERRERZ% il [(phosphate
buffer solution, PBS), b ¥#E 5 AEWRHE A R A .

BSA124S-CW 4R F(J%& 0.1 mg, f%[E Sartorius
A F]); IXFSTPRP-24 2 UM RS (b ifg {5 52l & A Bk
A w]); PS-60AL i A5 M B AX (BRYITT A FEI o AT PR 2 )
BUCHI R-215 fig#47& %X (Fi -1 BUCHI /A #]); Himac CR
22GIIE B0 HL(H 4 Hitachi A #]); Vanquish Flex UPLC
= A R A B Q-Exactive ZH & PUAR AT 155 2 9 ik
1% (32 E Thermo Fisher Scientific /A #]); & H: XD20 A4
WALEL A SCIEX-5500 QTRAP T U % T Jit 1% X (3%
SCIEX %A A]); ACQUITY UPLC CSH Cg fi%4:(100 mmx
2.1 mm, 1.7 um, 3&[E Waters 23 7))o

1.2 LWIE
1.2.1 PSTs &BURH &

LI FEAL A 2020 4R AEE 2000 g FHEENG DL, 2 H85F
e RS PR O L, HARITR: FREL 1S g ikFE T
50 mL B0, A 15 mL 1%ZBKER, IRIEREA 90 s,
Ko O E BB E TP ENR S min, BUEETHRKTE
HIFE 2, 4500 r/min B0 10 min, B FHBE A 6 mL
1% BRKE R E R IIM—IR, WEHFREIA LIER.
60 °CKIRIER; 7% & 2BV 150 mL, LA 8000 r/min AY%%
B0 10 min B PSTs b IR R SCBe ke

E: B 1 mL BV, A0FERE 50 f5F1 100 fi5)5 4
[ AH AR, B 3 AT, BERRE 3REUK 1 mL F
1.5 mL 8.0, A S uL 20K, HERSS, 13000 t/min &5
> 10 min, KA 3 mL ZJiF . 3 mL 20% BRI (T 1%
ZIR). 3 mL 0.1%Z/KIF TS L ENVI-Carb™ [ M1 A BUA:
(250 mg/3 mL), JIA 500 pL $2B0&, FH 700 pL 4k
Wk, IEEET, &5 1 mL 75%2 KB (5 0.25%H
BR) PRI IR A], 13000 r/min &5.0> 10 min, [ RS ASERE
W, ISE PSTs &,
122 ghind

IS dJa, BRI 4 4, 4 B R X B2
(KM 41, *EBRERK), B4 (AM 4, 150 pg STXeq/kg
BW/d). H#IE4H(BM 4, 100 pg STXeq/kg BW/d), K5

H2H(CM 4, 45 pg STXeq/kg BW/d), S0 H 28 d, MR
NREE R B A, BIAWT: 1~7 d #% 0.20 mL,
8~15d I E 0.25 mL, 16~28 d I H 0.30 mL.
1.2.3  FEARE

WEE 28d A, WE 1 dME R, 5 30 d SHEBLF 4
FE/INBR, i) o R A TR, A B ER K b sk 25 69 25 1A I3,
FEAELUET R, BV — /R IEH R FhRic i 8
qer, B TFWRASRTR, WS T-80 CUKFE IR
1.2.4  FEAGBTAL 2

(DB FHEIL

FESL PR R (REUS % GU 2153 R EX 10.00 mg=
1.00 mg LKL, VEM%T 0.35 mL PBS H. BEJE, 4R
ETHB T AR VKAV R AL A3, R ) RIRE N 50%,
KA MR, APk RSE 12 s, [IRE 12 s, HEHEIR
12 K KR A L R 2 B8R E b, JE1T AR BRI .
HAEMA 1.50 mL P EEES2:1, VIRGHER, BEw
15 min, A 0.60 mL {1 0.60 mL 7K, FEKHER 15 min,
12000 t/min #5.0> 10 min, WEERKEZEHHH. H 1 mL &5 E
SRBGT MR, BRERERIEA#RY 15 min /5,
12000 r/min 0> 10 min, YWERZH VA KIER R
REAIAEF, RRETH., W5, MA 1.80 mL #1E
Cbt: I EE K (1:1:0.1, V:V:V)IREIE R BT 0k — 2 g
G BiFE 5 min J5, 12000 r/min 5.0 10 min, IWEKZE
AU B, BHIRZAVIMHEARETHE, A 150 pL
B W e NER B0, VIR T S B,
JTA AR R S B TR TR A B R R i (quality control, QC)
FEaf _EAUAGI

()M E RO AR 3 - B B B I 4 M

R &k R ACQUITY UPLC CSH Cis (i
(100 mm=2.1 mm, 1.7 um), A tH: ZJE/K(6:4, V:V)+10 mmol/L
HIREL+0.1%H R, B #: SINEY/ZH5(9:1, V:¥)+10 mmol/L
IR +01% R . W shAH B 0~0.50 min, 30% B;
0.50~2.00 min, 30%~75% B; 2.00~5.20 min, 75%~100% B;
5.20~6.80 min, 100% B; 6.80~6.81 min, 100%~30% B;
6.81~10.00 min, 30% B, H:i 40 °C, ## A 0.35 mL/min,

B A SR A B ER K BT, 7E 70000 433

KR AHEMEE R m/z 70~1050, 1F&FH7AEFHELT
W25 HL R 20918 3.50 kV . 3.00 kV., BAIERIE 300 °C, #H
BIIN#AE IR EE 350 °Co 78 A4 5 1 B A 78 — 20 okt
TERAE T TS B R, DL QC FEARIE T gUREH
i FH TR e ok

1.3 HIFEAIE

KH XCMS 3.2.0 B4 RAE B B 5 3% S04 051 704
AW, WEAreH . BRI IE | ORI L S TRAL B
R PR AE W 14 22 % 5, o R A1 W6g 19 % 83 I e) 2R A7 A IE
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DLSE i M DC P A ME M, R — R g fE B SR
B EEAT UL, R R 224 AR 10 ppm LAPY, JiE
it TG BT R D WC AR A SR i AR . R4E LIPID MAPS
B X B AT A 45 S oy 28, AR 80% 11 A U] 531 ok dik
JAE, X A R BHE, R R TR IR B Y B /M
HEATIELRR o Ol T W80/ Sl i 4 AR AN R e PR 52, SR
FA e T BUE — A iR A T AR 8 A M, R AR AL Ak
B Al IR T A AR A Hh A X AR I s 25 R L 30% 11

< =L
AR g

H—fb)5, #7208, JHTAREAE T R
9 ] 1] 43 ¥ (partial least squares discrimination analysis,
PLS-DA), [Flfs} FHIE RS e/ N — T 543 M (orthogonal  partial
least squares discrimination analysis, OPLS-DA)JGIIE, FF-%FHE
ARSI 7 | AR B E. SETFAEUE E(fold change, FC),
H— TR AR A B (variable important in projection,
VIP)Fll Student’s t 1655 P {E 2 22 5MR B Y, FC=1.2 8
FC<1/1.2, VIP>1, P<0.05 bR e 22 IR B Y. it
FPH 2 A Bl 4 (kyoto encyclopedia of genes and genomes,
KEGG)ifi 47 22 AT AT, IF3died Fisher RS AAS
BT 5 LB IEAR I A WA R AR . BRI AR
RN AL -6 70T I SR8 AT 6 YK {1 SPSS
26.0 BPFHAT RN R TT 22000 R, BL P<0.05 hZEs
K, SEEGEE RS bR ERM 222N

2 HERE5HR

2.1 PSTs IRBURMELE R

PSTs $2HGRH BRI DL s & 4 A0 Sl 1 s, &
AL GTX1~4, GTX2~3, Cl~2, NEO, STX., GTX5 i
GTX6 3 10 el f3 B T, Si—3edely STXeq F/R o
AR R STXeq Ji, EaEPEHR(58.40£7.47) ng
STXeq/mL. FHAFER/KFFRE S 506 I T v BE 1A T AR R L 0
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Fig.1 Composition and content of toxins in PSTs extracts

2.2 PSTs BE/NRATHEBERT K

JNEUIFIE AR 2L W3] T 20360 FACEH, AR IRGE
A B 2 DA S5 AR FC=1.2 8 FC<1/1.2.
P<0.05, VIP=1, AM, BM F1 CM 243 B L3 1442 Fi
891 FhAN 464 FifLifH . N 2a~2¢ IR, 7€ AM. BM Al
CM 41, 43 B3] 124 Fh(80 Fh 134, 44 F R #) .73 Fh (36
Bl E3R, 37 BRI 19 Fh(13 Fh 3R, 6 FF )2 S8R
(P<0.05), @1t i AM, BM I CM 205 KM 40 177 e 45
R, /£ AM., BM 1 CM 44 4 FiIt[E2: 5068 s, W
& 2d, XEACEPIRY LipidMaps TEFRS> 2545 5 @R, 2L
R 308 FIAR BT A-TFIE, 43R 7 KIS 29 M K78
SR T S HAL A B He B 53 B A AR R 25 (fatty acids,
FA, i 25.32%). g5 (glycerolipids, GL, 15 13.31%).
H il #525 (glycerophospholipids, GP, 7 46.75%). ZE
§#5 2 (polyketides, PK, /i 1.62%). Z24 B2 i 25 (prenol
lipids, PR, 5 2.62%); #4 ig 2% (sphingolipids, SP, 5
3.90%). [HEEAEZ (sterol lipids, ST, (5 6.49%). L&l 2e fif
~EH HERET REEE KT S MBI, GP 2/
SUFFIERS BT () £ 240 45, Wl FA # GL.

T R AT b R T2 R 22 R, #E4T T PLS-DA Al
OPLS-DA Zr#fr, 3@ B I xS RIZEAT T I0E, A58
WECH 200 K, 7E PLS-DA il OPLS-DA 1543 &H, R*Hl
O WA HESIME /NI IG(E, O° TEHARARITREE /N T 0,
ULIARAIRS E AT 48, WA B IIG B4 . 75 PLS-DA K
h ([ 3a), PC1 5 PC2 W TTHRAH 2510 17.45%F1 11.59%,
KM 411 CM 4178 X W EEZEKR, 1M AM 41, BM 41f1
KM 078 X %l | 53405 (P<0.05), PLS-DA 43 b /R FEA
W RS 1 2B B 7E OPLS-DA B+ (& 3b), 3
A~ PSTs 41445 KM 4188 % 43 %5(P<0.05), 5 PLS-DA %53
FEAR—F, XL AL SR PSTs SR8 30 2 1 55
R ZEAL -

23 PSTs RE/NBRAFEALERER

J T PSTs AL ANt BE 40 2 [RI g I i 25 5%,
G ST 0k 22 SRR B, AM IR LR 15 Fh2s I8 R, BM
GBS 14 Fh, 1M CM ZLHES] 4 FhoAHLL T KM 41, AM
20 10 FPRIRJE TR A, 4G 7 AP GP: BEAEMEARSH(15:0/16:0)
[phosphatidylcholine (15:0/16:0), PC (15:0/16:0)] . PC (15:0/16:0).
PC (18:2/22:6). PC (22:5/22:6). WMt Z FE e (16:0/18:0)
[phosphatidylethanolamine (16:0/18:0), PE (16:0/18:0)]. PE
(18:0/18:0). PE (18:0/22:6). PE (18:3/22:6); 2 Fft FA il 1
filt GL. 5 IR R iR, 245 2 & GP: PC 37:2 FyE MU
Tt 2. FEE(P-16:0/0:0) [lysophosphatidylethanolamine (P-16:0/0:0),
LysoPE (P-16:0/0:0)]; 2 Fft FA: N-£Z#H Bt £ B 16:0
(N-palmitoylethanolamine 16:0, NAE 16:0)#1 NAE 18:0 #1 1
PR, 41 4a s
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Fig.3 Effects of different doses of PSTs exposure on lipid metabolites in mice liver
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BM #] 9 Mgl ik, 4% 8 Ff' GP: PC 36:4. PC
(20:4/20:4) . PE (18:3/22:6) . ¥ Ifil W% A Mt A0 8 20:5
(lysophosphatidylcholine 20:5, LPC 20:5), ¥ IfLBASHEZ BERE
18:2 (lysophosphatidylethanolamine 18:2, LPE 18:2), ¥ IfiL#Ag
LS (16:1/0:0) [lysophosphatidylcholine (16:1/0:0), LysoPC
(16:1/0:0)] . LysoPC (15:0/0:0) . ¥ IiL B A8 Mk H h (16:0/0:0)
[lysophosphatidylglycerol (16:0/0:0), LysoPG (16:0/0:0)]1 1 i
FA. 5 FiIRST B8, (245 2 Fh GP: BENRE22%12(16:0/18:0)
[phosphatidylserine (16:0/18:0), PS (16:0/18:0)] #1 LysoPE
(P-16:0/0:0); 1 Fl' FA, 1 Fl' GL A1 1 Ff ST, W 4b s,

CM H{A 4 Fh225080, X T AM 201 BM 4,
AR/ BUTFIE i Jot 32 i P52 . 72 AML ZH A BML 4
GP K4 F 2 AR H 2 T ditnl I, PSTs
Xof 7N BRI AR J5 ) 2 e EL AT 835 0 70 2000

24 ERERKEVEESHT

X %78 B 04 A Re S E T KEGG Bl 1 & 48,
Wil f %ok 28 0ot 22 (B 22 R 2 05 TR R LA 1 E1 T KEGG
PGt Hh = IR R ) o-WRRER A . HIMERAG
WL A8 AR DU A R AU R IS A B R Y AR A BE B
(P<0.05)(&l 52). X AM & HERIARFARIIER A6 hL
WAR(P<0.05), AM 415 CM ZH 3[R B 4 3 il e 1L
%o G55 FRER, /NEUFIESZ PSTs S 1Y% 42 5 18 54>
AR AN G BB VIAH G, JFXF 3L A 5

T A % A 3 B P OGS R T Al A T U — kA B
PE (18:3/22:6), PE (16:0/18:0)#1 16(17)-¥8& —+ "Wk %
fR[16(17)-epoxydocosapentaenoic acid, 16(17)-EpDPE]H 4
X} B AE PSTs MRZI T F{I%, T LysoPE (P-16:0/0:0)/
TR, BTSRRI, WE Sb~e IR,

PE (18:0/18:0) I b
:0/18: ° LysoPG (16:0/0:0 %)
PE (16:0/16:0) o | °! e (17()-E il o | ESHEH
2 p
16 (17)-EpDPE )4 o} o 36.4 e lol
PC (22:5/22:6) o 03 I
PC (15:0/16:0) ) LPC 20:5 ° 0>
R 3 O 4 LPE 18:2 o
PC (18:2/22:6) o | O5 LysoPC (16:1/0:0) o,
DG (16:0/18:1/0:0) ° PC (20:4/20:4) o
PE (18:3/22:6) ° P LysoPC (15:0/0:0) _ o 0.04
PE (18:0/22:6) ° PE (18:3/22:6) e 0.03
NAE 16:0 ° 0.04 TR KA IR o) ‘
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