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CIEFNEE/DGE 0.1%F R); Wik A 0.40 mL/
min, HFERA 2 puL, FEEH 40 Co XHREHYIR
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13.1 min, HBhH A 95%, FshiH B 5%; 13.1~
16.0 min, JidhHH A 95%, Hishtl B 5%.
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Fig. 1

PCA score chart of As® and As”" in the exposure group and control group of Portunus trituberculatus

a and c are based on positive ion modes; b and d are based on negative ion modes.
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Fig.2 OPLS-DA score chart of As®*and As™" in the exposure group and control group of Portunus trituberculatus
a and c are based on positive ion modes, and b and d are based on negative ion modes.
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Fig. 4
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Fig. 3 Volcano map of differential metabolite of As®" (a) and As>* (b) in the exposure
group and the control group of Portunus trituberculatus

YR

vitamin

HHER

amino acid

BKIEER °
eicosanoid m 44 E I HF vitamins and cofactor
m FEH i peptide
m 5% lipid .
1 %% 533 hormone and transmitter

0 1 2 3 4 5 6
AL& Y% & number of compounds

amino acids, peptides, and analogues: 6 (15.00%)

EWaA
compounds classification

L ERS T

neurotransmitter

others: 1 (20.00%)

not available: 3 (7.50%)

fatty alcohols: 1 (2.50%)
carbohydrates and carbohydrate conjugates: 2 (5.00%)

" diterpenoids: 2 (5.00%)
estrane steroids: 1 (2.50%)

dialkylthioethers: 1 (2.50%)

delta valerolactones: 1 (2.50%)
ceramides: 1 (2.50%)

carbonyl compounds: 1 (2.50%)
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Compound classification chart of As®" differential metabolite in the exposure group and control group of Portunus trituberculatus
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anisoles: 1 (3.03%,
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not available: 4 (12.12%,

amino acids, peptides, and analogues: 8 (24.24%)

glycerophosphoethanolamines: 7 (21.21%)
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Fig. 5 Compound classification chart of As’* differential metabolite in Portunus trituberculatus exposure group and control group
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Fig. 6 KEGG functional pathway statistic chart of As*(a) and As® (b) differential metabolite
in Portunus trituberculatus from exposure groups and control group
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Q'Q Q'Q Q'Q Q'Q Q'Q Q'Q Q'B Q'Qb‘ Q'Q Q'Q
B4 H T rich factor
ubiquinone and other terpenoid-quinone biosynthesis |- b
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Fig. 7 Scatter plot of enrichment of differential metabolite pathways between As’(a) and As®*
(b) in Portunus trituberculatus from exposure groups and control group
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KRR, SEmR. HaEmREy L, ey i
5 GSH QT A ¢, HE = Jete 18 i i 47
PEFE, WR As A G R R AU . A E

HIE 52 G HL i BE 05 5 S BE D U | A JE I
(Macrobrachium nipponense)*” | 4 3k # (Sparus

aurata)*®! . £¢0 1 (Mytilus galloprovincialis)ffi 2
TR K i D0 OV e AR AR B AR 2R A
AALR N . IR AT AT =R
TR 1) B AE Y AR EY), KEGG il i 4
ZER R, AsST, AT TR R M A R 4 R
PR A S, Sharma 250 HIF5T & BRI 202 T LA o it
G0 T A K A 98 325 R Y 5y T A R 4 R
RS R = e T IR Py S ZE A D REPE b 75
g, Z5EARE A —FIANO)., M
WLER ) 7= A B, & AR N S g B, RS S R B K
T4 NO. fULHEDN, =ik 7 M
KR R & B X As a5 & By A AR
WY . Ak, KEGG R, As®, As™
3 TR =R T S B -(RNA B A BT 2,
HEFE-RNA JERIRIEY, i BN 2 R
B ORE B A IR . A S IE SEE T 4
BE-tRNA AE4) A lad 72 52 3T 92 Hh B B 0
M AR, 2 AT, SRR TR

P AUrp e AR ) 22 AR B E R 2 XHE T AR
T, PR TR . SR A R A
TEALR FE A A S oA B 55 Ahse
BRI AsT, AT ML,
(1 e R L (B2 v N - i e R R W P
PR A T T E(ROS) R 1T LUAE A — 5 5 T4
it AL JEUHUR 4 15 5 s Y

ZE LTR, ARSERH LC-MS 254 2748 4
WG Tt AT AT RB R = PR T
TR 2 2 AT 22 AT SOE o b, S5 R,
AsTH SR TREBASUR AR . AR, 3
AR . RS R L AT AR & b, 2k
AR . HIMBEIRSF IR S e kA Ak, =
U ABC Fhigfk . &SRR . 184 UG R A
WAL . ZBE-tRNA AEW & 4 m IR EL, M
7 72 A B SEN ; As™ 2l rp 2 3 2 B H AR
N2-y- B @AM AT . y- B E B A J R . KA
M-S AR . RS A R . AT RN Z R
R &A%, Hmekls . AR SEIR S &
AR K s RE A i O, 2T ABC Frizs
i, s IEER A, PALE T 1% Tl o & 5
P, HETX =R T A B AN, O IR
AW 5T BRI A — 2 1A

S Tk -

[1] Cullen W R, Liu Q Q, Lu X F, et al. Methylated and thiol-
ated arsenic species for environmental and health research—
A review on synthesis and characterization[J]. Journal of
Environmental Sciences, 2016, 49: 7-27.

[2] Xia NN, Wang J, Shi Y D, et al. Countermeasures for heavy
metals pollution in marine environment[J]. China Population,
Resources and Environment, 2012, 22(S1): 343-346. [E
B, £, Balh, RS R TBIA X RRTSY
[, FEAD-FE SRS, 2012, 22(S1): 343-346.]

[3] LiY, Tan L J, Wang J T. The temporal and spatial distribu-
tion of cadmium, plumbum, mercury, arsenic of Shandong
southern coastal surface sea water[J]. Periodical of Ocean
University of China, 2010, 40(S1): 179-184. [Z2H, i,
FILW. WIZRE B RS R KR . A, SR,
WA AR AR [0] o R A R (A AR R, 2010,
40(S1): 179-184.]

[4] ShiY H, Li MY, Li B, et al. Spatial and temporal distribu-

tion of heavy metals in the sediment of Shenzhen bay[J].



%54

XAGEE: Je T AU 2 BOR B TCHLER S =Pt 7 B 6 2 2UR T VA BIL AR F 52

611

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Marine Environmental Science, 2017, 36(2): 186-191, 208.
[RHzLr, e, 220, 55, WIS TR E &8 15 Jund
ZEAMATHEAE]. IR EERIEE, 2017, 36(2): 186-191, 208.]
Peng P F, Li X L, Yang Q, et al. Distribution and evaluation
of heavy metals in surface seawaters and sediments in
Huangmao sea of the Pearl River Estuary[J]. The Admini-
stration and Technique of Environmental Monitoring, 2017,
20(4): 28-32, 64. [ K, 24, 38, &5 BRIT O #3P
1R Z AU T 8 42 (0 201 BTN (D). PRI i
MAEF S, 2017, 29(4): 28-32, 64.]

Wong S C, Li X D, Zhang G, et al. Heavy metals in agricul-
tural soils of the Pearl River Delta, South China[J]. Envi-
ronmental Pollution, 2002, 119(1): 33-44.

Fattorini D, Alonso-Hernandez C M, Diaz-Asencio M, et al.
Chemical speciation of arsenic in different marine organisms:
Importance in monitoring studies[J]. Marine Environmental
Research, 2004, 58(2-5): 845-850.

Hung D Q, Nekrassova O, Compton R G. Analytical meth-
ods for inorganic arsenic in water: A review[J]. Talanta,
2004, 64(2): 269-277.

Wang W W, Pan J F. The transfer of metals in marine food
chains: A review[J]. Acta Ecologica Sinica, 2004, 24(3):
599-604. [E3C4E, WikIy. HEIRIERTEEYEET %
BB[T]. A Z2AAR, 2004, 24(3): 599-604.]

Huang C S, Ma W Y, LiJ X, et al. Arsenic induces apoptosis
through a c-Jun NH»-terminal kinase-dependent, p53-inde-
pendent pathway[J]. Cancer Research, 1999, 59(13): 3053-
3058.

Sadaf N, Kumar N, Ali M, et al. Arsenic trioxide induces
apoptosis and inhibits the growth of human liver cancer
cells[J]. Life Sciences, 2018, 205: 9-17.

Wu H F, Liu X L, Zhang X Y, et al. Proteomic and me-
tabolomic responses of clam Ruditapes philippinarum to ar-
senic exposure under different salinities[J]. Aquatic Toxi-
cology, 2013, 136-137: 91-100.

Datta S, Mazumder S, Ghosh D, et al. Low concentration of
arsenic could induce caspase-3 mediated head kidney
macrophage apoptosis with JNK-p38 activation in Clarias
batrachus[J]. Toxicology and Applied Pharmacology, 2009,
241(3): 329-338.

Lin S, Cullen W R, Thomas D J. Methylarsenicals and arsi-
nothiols are potent inhibitors of mouse liver thioredoxin re-
ductase[J]. Chemical Research in Toxicology, 1999, 12(10):
924-930.

Lushchak V 1. Contaminant-induced oxidative stress in fish:
A mechanistic approach[J]. Fish Physiology and Biochemis-
try, 2016, 42(2): 711-747.

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Flora S J S. Arsenic-induced oxidative stress and its reversi-
bility[J]. Free Radical Biology and Medicine, 2011, 51(2):
257-281.

Feng J, Tian X L, Dong S L, et al. Comparative analysis of
the energy fluxes and trophic structure of polyculture eco-
systems of Portunus trituberculatus based on Ecopath model
[J]. Aquaculture, 2018, 496: 185-196.

Yuan Y, Wang X X, Jin M, et al. Influence of different lipid
sources on growth performance, oxidation resistance and
fatty acid profiles of juvenile swimming crab, Portunus tri-
tuberculatus[J]. Aquaculture, 2019, 508: 147-158.

Liu M M, Feng Q M, Francis D S, et al. Tamoxifen affects
the histology and hepatopancreatic lipid metabolism of
swimming crab Portunus trituberculatus[J]. Aquatic Toxi-
cology, 2019, 213: 105220.

Ren X' Y, Wang Z Q, Gao B Q, et al. Toxic responses of
swimming crab (Portunus trituberculatus) larvae exposed to
environmentally realistic concentrations of oxytetracycline[J].
Chemosphere, 2017, 173: 563-571.

Dong F X, Zhu J Q, Jin S, et al. Expression and function
analysis of metallothionein in the testis of Portunus tritub-
erculatus exposed to cadmium[J]. Aquatic Toxicology, 2013,
140-141: 1-10.

Zhang W, Guo Z Q, Song D D, et al. Arsenic speciation in
wild marine organisms and a health risk assessment in a sub-
tropical bay of China[J]. Science of the Total Environment,
2018, 626: 621-629.

Liu Y, Liu G J, Yuan Z J, et al. Presence of arsenic, mercury
and vanadium in aquatic organisms of Laizhou Bay and their
potential health risk[J]. Marine Pollution Bulletin, 2017,
125(1-2): 334-340.

Riani E, Cordova M R, Arifin Z. Heavy metal pollution and
its relation to the malformation of green mussels cultured in
Muara Kamal waters, Jakarta Bay, Indonesia[J]. Marine
Pollution Bulletin, 2018, 133: 664-670.

Maher W, Waring J, Krikowa F, et al. Ecological factors aff-
ecting the accumulation and speciation of arsenic in twelve
Australian coastal bivalve molluscs[J]. Environmental Che-
mistry, 2018, 15(2): 46-57.

Zhang S Y, Sun G X, Yin X X, et al. Biomethylation and
volatilization of arsenic by the marine microalgae Ostreo-
coccus tauri[J]. Chemosphere, 2013, 93(1): 47-53.

Kalman J, Smith B D, Bury N R, et al. Biodynamic model-
ling of the bioaccumulation of trace metals (Ag, As and Zn)
by an infaunal estuarine invertebrate, the clam Scrobicularia
plana[J]. Aquatic Toxicology, 2014, 154: 121-130.

Broerse M, Oorsprong H, Gestel C A M V. Cadmium affects



612

Hh K R

428 &

(29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

toxicokinetics of pyrene in the collembolan Folsomia can-
dida[J]. Ecotoxicology, 2012, 21(3): 795-802.

Sele V, Sloth J J, Julshamn K, et al. A study of lipid- and
water-soluble arsenic species in liver of Northeast Arctic cod
(Gadus morhua) containing high levels of total arsenic[J].
Journal of Trace Elements in Medicine and Biology, 2015,
30: 171-179.

Ghatak S, Biswas A, Dhali G K, et al. Oxidative stress and
hepatic stellate cell activation are key events in arsenic in-
duced liver fibrosis in mice[J]. Toxicology and Applied Ph-
armacology, 2011, 251(1): 59-69.

Allen T, Rana S V S. Effect of arsenic (As™) on glutathi-
one-dependent enzymes in liver and kidney of the freshwater
fish Channa punctatus[J]. Biological Trace Element Research,
2004, 100: Article No. 39.

Wu G Y, Fang Y Z, Yang S, et al. Glutathione metabolism
and its implications for health[J]. The Journal of Nutrition,
2004, 134(3): 489-492.

Babayigit A, Thanh D D, Ethirajan A, et al. Assessing the
toxicity of Pb- and Sn-based perovskite solar cells in model
organism Danio rerio[J]. Scientific Reports, 2016, 6: 18721.
Jomova K, Jenisova Z, Feszterova M, et al. Arsenic: toxicity,
oxidative stress and human disease[J]. Journal of Applied
Toxicology, 2011, 31(2): 95-107.

Bardach A E, Ciapponi A, Soto N, et al. Epidemiology of
chronic disease related to arsenic in Argentina: A systematic
review[J]. Science of the Total Environment, 2015, 538:
802-816.

Li Y F, Ye F, Wang A W, et al. Chronic arsenic poisoning
probably caused by arsenic-based pesticides: Findings from
an investigation study of a household[J]. International Journal
of Environ Research and Public Health, 2016, 13(1): 1-14.
Fowler B A, Selene C H, Chou J R, et al. Arsenic[M]/
Handbook on the toxicology of metals. Amsterdam: Elsevier,
2015: 581-624.

Villa-Bellosta R, Sorribas V. Role of rat sodium/phosphate
cotransporters in the cell membrane transport of arsenate[J].
Toxicology and Applied Pharmacology, 2008, 232(1): 125-
134.

Uzcategui N L, Figarella K, Bassarak B, et al. Trypanosoma
brucei aquaglyceroporins facilitate the uptake of arsenite and
antimonite in a pH dependent way[J]. Cellular Physiology
and Biochemistry, 2013, 32(4): 880-888.

Gresser M J. ADP-arsenate. Formation by submitochondrial
particles under phosphorylating conditions[J]. The Journal of
Biological Chemistry, 1981, 256(12): 5981-5983.
Inupakutika M A, Sengupta S, Devireddy A R, et al. The

(42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

evolution of reactive oxygen species metabolism[J]. Journal
of Experimental Botany, 2016, 67(21): 5933-5943.

Banerjee M, Marensi V, Conseil G, et al. Polymorphic vari-
ants of MRP4/ABCC, differentially modulate the transport of
methylated arsenic metabolites and physiological organic
anions[J]. Biochemical Pharmacology, 2016, 120: 72-82.
Currier J] M, Douillet C, Drobna Z, et al. Oxidation state
specific analysis of arsenic species in tissues of wild-type
and arsenic (+3 oxidation state) methyltransferase-knockout
mice[J]. Journal of Environmental Science, 2016, 49: 104-
112.

Watanabe T, Hirano S. Metabolism of arsenic and its toxi-
cological relevance[J]. Archives of Toxicology, 2013, 87(6):
969-979.

Guilherme S, Valega M, Pereira M E, et al. Erythrocytic
nuclear abnormalities in wild and caged fish (Liza aurata)
along an environmental mercury contamination gradient[J].
Ecotoxicology and Environmental Safety, 2008, 70(3): 411-
421.

Sarkar S, Mukherjee S, Chattopadhyay A, et al. Low dose of
arsenic trioxide triggers oxidative stress in zebrafish brain:
Expression of antioxidant genes[J]. Ecotoxicology and
Environmental Safety, 2014, 107: 1-8.

Liu X, Wang M, Liu J J, et al. Effects of oxidative stress on
Macrobrachium nipponense induced by single and joint ex-
posure to mercury and arsenic[J]. Asian Journal of Ecotoxi-
cology, 2016, 11(6): 144-152. [XI#E, EH, XIRA, & K
TRV B — T B 2 8 6T H AR TR UE (4 SUAL BRSO [T]. A=
ATEHIAIR, 2016, 11(6): 144-152.]

Morcillo P, Esteban M A, Cuesta A. Heavy metals produce
toxicity, oxidative stress and apoptosis in the marine teleost
fish SAF-1 cell line[J]. Chemosphere, 2016, 144: 225-233.
LiQM, Wang Q, Yu Q, et al. Study on the effects of As (1l)
exposure on antioxidant enzymes and lipid peroxidation of
Mytilus galloprovincialis[J]. Marine Science Bulletin, 2013,
32(4): 429-433. [ I5Mly, LI, THE, 55 As(I)ZEEX 5
s DIATE S A T 3 R 0 G i S A R S i D). 96 PR 4R,
2013, 32(4): 429-433.]

Chakraborty S, Ray M, Ray S. Toxicity of sodium arsenite in
the gill of an economically important mollusc of India[J].
Fish & Shellfish Immunology, 2010, 29(1): 136-148.

Sharma S S, Dietz K J. The relationship between metal tox-
icity and cellular redox imbalance[J]. Trends in Plant Sci-
ence, 2009, 14(1): 43-50.

Yan L, Gong C X, Zhang X F, et al. Perturbation of me-
tabonome of embryo/larvae zebrafish after exposure to

fipronil[J]. Environmental Toxicology and Pharmacology,



%5 XAGEE: Je T AU 2 BOR B TCHLER S =Pt 7 B 6 2 2UR T VA BIL AR F 52 613

2016, 48: 39-45. fluoride generates ROS and alters transcription of genes for
[53] Freitas R, Coppola F, De Marchi L, et al. The influence of xenobiotic metabolizing enzymes in adult zebrafish (Danio

Arsenic on the toxicity of carbon nanoparticles in bivalves[J]. rerio) liver: Expression pattern of Nrf2/Keapl (INrf2)[J].

Journal of Hazardous Materials, 2018, 358: 484-493. Toxicology Mechanisms and Methods, 2015, 25(5): 364-
[54] Mukhopadhyay D, Srivastava R, Chattopadhyay A. Sodium 373.

Resear ch on toxicity mechanism of inorganic arsenic on Portunus tri-
tuberculatus gill tissue revealed by metabonomics
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TIAN Xiuhui®, XU Yingjiang®

1. College of Food Science and Technology, Shanghai Ocean University, Shanghai 201306, China;
2. Shandong Marine Resource and Environment Research Institute; Shandong Key Laboratory of Marine Ecological
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Abstract: To explore the molecular mechanisms of the toxicity of inorganic arsenic on Portunus trituberculatus,
we exposed adult female P. trituberculatus to 0.3 mg/L As*" and 0.3 mg/L As”" for 96 h. The non-targeted me-
tabolomics method was used to compare and analyze the changes in the composition and content of metabolites in
gill tissue. Compared with the control group, a total of 100 and 59 differential metabolites were obtained in the
As*" and As”" exposure groups, respectively. According to the physiological functions of the afore-mentioned me-
tabolites and the analysis of their corresponding metabolic pathways, it is speculated that As®" upregulates proline,
arginine, ornithine, lysine and other amino acids, and eicosanoids, glycerophospholipids, and other lipids, leading
to disruptions in ABC transporter, amino acid metabolism, arachidonic acid metabolism, digestion and absorption,
and aminoacyl tRNA biosynthesis. Toxic effects occur as a result, with As’" causing abnormal metabolism of vinyl
acetylglycine, N2-y-glutamyl glutamine, y-glutamyl glutamate, asparagine-isoleucine, glutamyl isoleucine, prolyl
phenylalanine, interference with ABC transporter, amino acid metabolism, and glutathione metabolism. The ob-
servations of these toxic effects on P. trituberculatus provide a theoretical basis for future in-depth investigations
of the mechanisms resulting from toxic exposure to inorganic arsenic.
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