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The effects of acute and chronic exposure to semicarbazide were carried out on the sea
cucumber Apostichopus japonicus. A half-maximal lethal concentration of 3.72 g/L of
semicarbazide hydrochloride (95% confidence interval 3.43-4.02 g/L) was deduced. At
20, 4, and 2% of the half-maximal lethal concentrations, a 28-days exposure induced
morphological alterations, oxidative stress, and acetylcholinesterase (AChE) activity in the
respiratory tree, intestinal tract, and longitudinal muscle of A. japonicus. Exposure to 20%
of the half-maximal lethal concentration resulted in lesions in the respiratory tree and
disintegration in the intestinal tract. Exposure to lower concentration induced a gradual
accumulation of lesions in the respiratory tree, intestinal tract, and longitudinal muscle.
Levels of markers of oxidative stress and neurotransmission, including superoxide
dismutase (SOD), catalase, and AChE, were increased during the initial days of
exposure and then decreased. The activity of SOD, catalase, and AChE were highest
in A. japonicus exposed to 4%, followed by 20 and 2% of the half-maximal lethal
concentration at the same time. At the later stages of the 28-days exposure, marker
levels were decreased and close to levels in the control groups. Non-targeted
metabolomics indicated that significantly different metabolites were screened out, 28 in
the positive ion mode and 38 in the negative ion mode, impairments in neurological
function, osmotic pressure regulation, energy metabolism, and protein digestion and
absorption following exposure of A. japonicus to semicarbazide. KEGG pathway
enrichment showed that the exposure affected pathways related to ABC transporters,
central carbon metabolism in cancer, protein digestion and absorption, aminoacyl-tRNA
biosynthesis, and biosynthesis of unsaturated fatty acids.

Keywords: semicarbazide, oxidative stress, AChE activity, metabolomics, significantly different metabolites

INTRODUCTION

Semicarbazide, also termed carbamoylhydrazine, was a photochromic dye used in thermal recording
paper and an intermediate in the synthesis of prednisone and adrenobazone (Nardelli et al., 1965;
Raja etal., 2017; Tarek et al., 1986). Semicarbazide was also a minor product of the decomposition of
azodicarbonamide at high temperatures (Becalski et al., 2004; Becalski et al., 2006). More
importantly, semicarbazide was a marker residue of nitrofurazone as a veterinary drug
(Communities, 1993; Communities, 1995; Register, 2002). A recommended maximum of
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semicarbazide residue level of 1pg/kg in aquatic products
including sea cucumbers had been established in China, the
European Union, and the US (Register, 2002; Communities,
2003). Semicarbazide was toxic weakly and carcinogenic
potentially and could be harmful at high concentrations in
food (EFSA, 2003a; EFSA, 2003b; EFSA, 2003c; Hirakawa
et al, 2003; Authority 2005; Takahashi et al., 2014; Wang
et al., 2016; Yu et al,, 2016).

Semicarbazide could enter the oceans through various routes
and be considered an emerging marine pollutant (Gao et al., 2014;
Tian et al., 2017; Tian et al., 2016). Semicarbazide can lower the
concentration of endogenous 17(-estradiol, inhibiting the
maturation of the ovary in female zebrafish eventually (Yu
et al.,, 2016). In addition, semicarbazide can alter the testicular
morphology in male zebrafish and lower the testicular somatic
index, reducing ability of reproductive regulatory ultimately (Yu
et al., 2017). Semicarbazide interfered with the transmission of
nerve signals and led to relevant behaviors abnormal by
antagonizing NMDAR and inhibiting glutamic acid
decarboxylase (GAD) (Santos et al., 2008). Semicarbazide has
been evidenced to be an inhibitor of mediated effect between
GAD and GABA, which has been verified in the reproductive
system of the male zebrafish, causing disorder through GABA in
males (Yu et al., 2017). The Shandong Peninsula Blue Economic
Zone, subjected to a national development strategy in China, was
an area where the pollutants could affect the marine organisms
and the humans negatively who consumed them (Fleming et al.,
2006; Partelow et al., 2015).

Apostichopus japonicus, cultured in the Yellow Sea and the
Bohai Sea mainly, was considered to yield the highest nutritional
value, being high in protein and low in fat (Xia et al., 2012). The
culture of A. japonicus was a large industry and had been
expanded from Shandong and Liaoning to several southern
provinces (Dong 2007; Liu et al, 2012). Developments of
science and technology had promoted aquaculture techniques,
but food and water quality and disease control posed challenges
that restricted the economic benefits of A. japonicus. Recently, the
use of prohibited drugs had been controlled to a great extent, but
emerging contaminants in the ocean remained a concern in the
culture of A. japonicus.

Semicarbazide has been detected in A. japonicus and the
residues, which had caused great economic losses. A. japonicus,
the most famous in the Yellow Sea and Bohai Sea, was taken as
the object in this research (Zhao et al.,, 2016). The acute and
chronic toxicity of A. japonicus under semicarbazide stress was
studied systematically utilizing biochemistry, histochemistry
and modern metabolomics technology. The half-maximal
lethal concentration (LCsy) of semicarbazide to A. japonicus
was derived. Respiratory tree has the functions of excretion and
respiration, completing the gas exchange between body cavity
fluid and seawater. The intestinal tract was the main feeding
tissue of A. japonicus. Muscle tissue was the main edible tissue.
Therefore, respiratory tree, intestinal tract, and muscle tissue
were selected as the main objectives. The chronic effects on the
respiratory tree, intestinal tract, and muscle tissue were
conducted. The tissue-specific oxidative effects were
discussed using the antioxidant enzymes superoxide
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dismutase (SOD) and catalase. Also, the activity of AChE
was determined to assess the biological neurotoxicity. The
non-targeted metabolomics were supplemented to deduce the
significantly different metabolites and pathways involved in
toxicity. The research could provide a reference for the
residual mechanism and pollution control, and data support
for the health and ecological risk assessment of semicarbazide in
A. japonicus.

MATERIALS AND METHODS

Chemicals and Materials

A. japonicus was bred for the LCs, test artificially by Penglai
Anyuan Aquatic Products Co., Ltd. (Shandong Province, China).
Average body length was 12.6 + 0.70 cm and body weight 25.0 £
3.10g, fasted during the whole experiment. The following
chemicals were used in morphological alterations:
Semicarbazide existed in the form of hydrochloride, and was
obtained from Dr. Ehrenstorfer, with purity more than 98%.
Bouin’s solution was mixed using 75.0 ml of the saturated picric
acid solution, 25.0ml of formaldehyde solution (40%), and
5.00 ml of glacial acetic acid. Picric acid was purchased from
Shantou Xilong Chemical Factory (Guangdong, China). Paraffin
sections were purchased from Shanghai Hualing Rehabilitation
Appliance Factory (Shanghai, China). Anhydrous ethanol,
xylene, formaldehyde, and glacial acetic acid were of analytical
grade and purchased from Guoyao Group Chemical Reagent Co.,
Ltd. (Shanghai, China).

Instruments
The instruments used in morphological alterations were an
automatic tissue dehydrator (TP1020, Leica, Wetzlar,

Germany), a light microscope (DM500, Leica, Germany), a
paraffin embedding machine (Histocentre 2, Shandon,
United Kingdom), a rotary slicer (type 202, Shanghai No. 4
Medical Appliance Factory, Shanghai, China), an autostainer
(ST5010, Leica, Germany), and a film spreader (ZP]-1, Tianjin
Tianli Aviation Mechanical & Electrical Co., Ltd., Tianjin,
China).

The following instruments were used in oxidative stress and
AChE measurements: clean bench (SW-CJ-2FD, Shanghai Sujing
Industry Co., Ltd., Shanghai, China); desktop centrifuge (Sorvall
BioFuge Stratos, Thermo Fisher Scientific, United States);
electronic balance (PL4002, Mettler Toledo, Switzerland);
constant temperature water bath (CHB-100, Hangzhou Borges
Technology Co., Ltd., Hangzhou, China); liquid nitrogen
biological vessel (YDS-10, Leshan East Asia Mechanical &
Electrical Industry Co., Ltd., Leshan, China); pipetter (AD]J,
Eppendorf, Hamburg, Germany); microplate reader (Bio-Rad
Laboratories, Hercules, CA, United States); ultraviolet
spectrophotometer ~ (TU-1810, Beijing Puxin = General
Instruments Co., Ltd., Beijing, China); icemaker (FM40,
Shanghai Yanzheng Experimental Instrument Co., Ltd,
Shanghai, China); portable high-speed dispersion leveler
(PB100, Suzhou Huamei Chen Instruments Co., Ltd., Suzhou,
China).
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METHODS
Acute Toxicity

A. japonicus exhibiting good activity were selected for temporary
culture in a laboratory tank for three days and then allocated to
water basins containing 25.0 L seawater at a water temperature of
16.0 + 1.0°C and 30 + 1.0%o salinity. The seawater was oxygenated
continuously, and the dissolved oxygen was 6.5-7.0 mg L ™" in the
experiment. The pH was 7.0-7.5, and the seawater met the
standard of the fishery water quality (GB11607-89 Water
quality standard for fisheries). During the experiment,
seawater was changed by 50% every day, and semicarbazide
was supplemented to the original concentration, which was
determined as the reference (Tian et al., 2016).

In the preliminary experiment, the exposure concentrations
selected were 0.05, 0.50, 1.00, 2.00, and 5.00 g/L (10-15 in each
basin, two replications) of semicarbazide hydrochloride, and the
animals were observed for 96h. No death occurred in A.
japonicus exposed to 0.05 or 0.50g/L, and A. japonicus
exposed to 5.00g/L semicarbazide died. Therefore, five
concentrations were selected between the highest and the
lowest lethal concentration observed in the range-finding
experiment (2.50, 3.00, 3.50, 4.00, and 4.50 g/L). A. japonicus
40-50 in each basin (25.0 L seawater) were exposed to these
concentrations, three replicates for each concentration and one
for control.

Morphological Alterations

A. japonicus used were also bred artificially by Penglai Anyuan
Fishery Co., Ltd. and of the same measurements. The animals
were acclimated in a laboratory culture tank (40 L) for three days,
and the experiments were then conducted at a water temperature
0f 16.0 + 1.0°C and 30 + 1.0%o salinity. One-half of the water was
changed daily, and the tank was oxygenated continuously. The
animals were fasted 24 h before the experiment, then treated with
semicarbazide at a high (20% of the LCs,), medium (4% of the
LCso), or low (2% of the LCsy) concentration. The 3-5 A.
japonicus were sampled on the days of 1, 2, 3, 4, 5, 6, 7, 10,
14, 21, and 28 of the exposure.

The tissues including respiratory tree, intestinal tract, and
muscle of 3-5 A. japonicus were fixed in 10 times or more volume
of Bouin’s solution 24h directly and integrally and then
transferred to 70% alcohol for storage. The fixed tissues were
dehydrated, made transparent, and immersed in wax, embedded
in paraffin, cut into segments manually after trimming, baked at
60°C, stained with hematoxylin-eosin, sealed with neutral gum,
then observed under a light microscope and photographed
(Rajeshkumar et al., 2017).

Oxidative Stress Measurements

A. japonicus were exposed as the morphological alterations test
meanwhile. 3-5 A. japonicus samples for enzyme activity
measurements were placed in 2.0ml cryovials, including
respiratory tree, intestinal tract, and muscle, stored in the
liquid nitrogen immediately, and then frozen at —80°C. Tissue
aliquots (0.20 g) were added to 0.75% normal saline at a ratio of 1:
4 (longitudinal muscle) and 1:9 (respiratory tree and intestinal
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tract). The tissue was homogenized in an ice bath with a portable
high-speed disperser. The homogenate tissue fluid was then
centrifuged for 10 min (4°C, 12,000 rpm). The supernatant was
used to measure SOD and catalase with a kit from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

AChE Activity

Reagents, equipment, and experimental were identical to those
used for the oxidative stress. A. japonicus were exposed as the
morphological alterations test meanwhile, including respiratory
tree, intestinal tract, and muscle. The supernatant was collected to
determine AChE activity with a kit from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China) (Zhao et al., 2014).

Metabolomics

Breeding conditions of A. japonicus were identical to those used
in the oxidative stress test. The vitality was observed daily and the
died were discarded immediately. A. japonicus were divided into
twelve tanks randomly (six control groups and six semicarbazide-
exposure groups), each containing 10-16 A. japonicus and 25 L of
seawater. A. japonicus were treated with 3.72 g/L semicarbazides
for 72 h. After 72 h exposure, the intestinal tract was taken and
placed in the 1.5 ml cryotubes. Each cryotube sample contained
the intestinal tract of eight individuals. After collecting 8 A.
japonicus for each treatment, the samples were snap-frozen
and stored at -80°C for metabolomics analysis. The
hydrophilic interaction liquid chromatography-ultra high-
performance liquid chromatography-quadrupole time-of-flight
mass spectrometry (AB SCIEX Triple TOF 5600+) was used to
analyze the changes in the metabolic profiles of A. japonicus

exposed to semicarbazide in Shanghai Applied Protein
Technology, Ltd. (Shanghai, China).
Chromatographic separation of the metabolites was

performed on an ACQUITY BEH Cl18 column (100 mm
21mm i d, 1.7um; Waters, Milford, United States). The
mobile phases consisted of 0.1% formic acid in water (solvent
A) and 0.1% formic acid in acetonitrile: isopropanol (1:1, v/v)
(solvent B). The solvent gradient changed according to the
following conditions: from 0 to 3 min, 95% (A) to 80% (A);
from 3 to 9 min, 80% (A) to 5% (A); from 9 to 13 min, 5% (A) to
5% (A); from 13 to 13.1 min, 5% (A) to 95% (A), from 13.1 to
16 min, 95% (A) to 95% (A) for equilibrating the systems. The
injection volume was 2 pl and the flow rate was set to 0.4 ml/min.
The column temperature was maintained at 40°C. During the
period of analysis, all these samples were stored at 4°C.

The data of mass spectrometric was collected using a
Thermo UHPLC-Q Exactive Mass Spectrometer equipped
with an electrospray ionization (ESI) source operating in
positive and negative ion mode. The optimal conditions
were set as followed: Aus gas heater temperature, 400°C;
Sheath gas flow rate 40 psi; Aus gas flow rate 30 psi; ion-
spray voltage floating (ISVF),-2800 V in negative mode and
3500V in positive mode, respectively; Normalized collision
energy, 20-40-60 V rolling for MS/MS. Data acquisition was
performed on the Data Dependent Acquisition (DDA) mode.
The detection was carried out over a mass range of
70-1,050 m/z.
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TABLE 1 | Mortality of each experimental group of semicarbazide in A. japonicas.

Semicarbazide, Apostichopus japonicus, Exposure

Concentration 0 2.50 g/L 3.00 g/L 3.50 g/L 4.00 g/L 4.50 g/L
Mortality of 24 h (%) 0 0 0 0 0 0
Mortality of 48 h (%) 0 0 0 0 0 5
Mortality of 72 h (%) 0 0 0 5 10 20
Mortality of 96 h (%) 0 5 20 30 50 85
TABLE 2 | Probability and confidence limit of semicarbazide in A. japonicas.
Probability 95% confidence limit of VAR0O0001 95% confidence limit of LogVAR00001a
Possibility Lower limit Upper limit Possibility Lower limit Upper limit
0.100 2.866 2.369 3.158 0.457 0.374 0.499
0.200 3.135 2.718 3.399 0.496 0.434 0.531
0.300 3.344 2.988 3.601 0.524 0.475 0.556
0.400 3.5634 3.223 3.802 0.548 0.508 0.580
0.500 3.721 3.437 4.025 0.570 0.536 0.604
0.600 3.918 3.641 4.291 0.593 0.561 0.632
0.700 4141 3.847 4.626 0.617 0.585 0.665
0.800 4.417 4.076 5.084 0.645 0.610 0.706
0.900 4.832 4.388 5.832 0.684 0.642 0.765
“Meant base 10.
TABLE 3 | 28 significantly different metabolites in positive ion mode.
Name Adduct Description VIP Fold change p-value m/z
M232T396 (M-H+2Na)+ N1-Acetylspermidine 1.01928 12.7710183 3.3017E-09 232.140301
M251T217 (M+H-H20)+ Inosine 1.39082 3.97806297 1.4554E-08 251.077278
M162T740 (M+H)+ DL-2-Aminoadipic acid 2.96321 2.49337877 1.717E-08 162.076112
M300T216 (M+H-H20)+ Phytosphingosine 2.69746 4.6019815 1.4888E-07 300.289958
M298T151 (M+H)+ S-Methyl-5'-thioadenosine 5.93823 3.65223278 3.5675E-07 298.09718
M250T164 (M+H-H20)+ Adenosine 2.562326 3.13603953 8.1926E-06 250.093383
M182T530 (M+H)+ L-Tyrosine 2.10544 2.20392993 2.3909E-05 182.080596
M136T531 (M+H-H20)+ Dopamine 1.00825 1.87267787 3.1123E-05 136.075719
M230T578 (M+H)+ Ergothioneine 3.96736 1.37556952 3.2853E-05 230.095659
M428T262 (M+H)+ Stearoylcarnitine 1.27828 2.56418612 4.1936E-05 428.373333
M152T387 (M+H)+ 2-Hydroxyadenine 1.66547 1.77128232 0.0002056 152.056457
M130T717 (M+H)+ L-Pyroglutamic acid 3.11644 0.72000643 0.00034202 130.049898
M148T717 (M+H)+ L-Glutamate 4.85673 0.72669476 0.0007822 148.06071
M379T40 (M+H-H20)+ Vitamin D2 (Ergocalciferol) 1.27022 1.60515431 0.00133458 379.335837
M362T68 (M+CH3CN+H)+ 20-Hydroxyarachidonic acid 1.02978 1.40183466 0.0017793 362.269118
M137T306 (M+H)+ Hypoxanthine 3.6328 1.48724236 0.00193461 137.045662
M296T172 (M+NH4)+ alpha-Linolenic acid 1.78975 2.20457139 0.00207822 296.25851
M360T300 (M+CH3COO+2H)+ Sphingosine 1.18364 1.79891478 0.00236277 360.310948
M102T717 (M+H)+ 1-Aminocyclopropanecarboxylic acid 1.00022 0.74619188 0.00243702 102.05549
M317T77 (M+H)+ 15-Deoxy-delta-12,14-PGJ2 2.14926 0.49927162 0.00285459 317.211158
M869T82 (M+CHSCN+H)+ PC(20:5 (62,82,112,142,172)/20:5 (62,82,112,142,172)) 1.72318 0.71867544 0.00287811 868.584335
M400T272 (M+H)+ L-Palmitoylcarnitine 1.2338 2.04901335 0.00399173 400.341982
M104T416 M+ Choline 2.87144 1.32470479 0.006406 104.10775
M146T305_2 (M+H)+ Acetylcholine 2.02104 1.43262909 0.02043245 146.117305
M345T77_1 (M+CH3COO+2H)+ Retinene 1.10611 0.58791733 0.022496 345.242703
M138T497 (M+H)+ Anthranilic acid (vitamin L1) 1.49736 1.48196975 0.031229 138.054753
M126T517_2 (M+H)+ Taurine 1.01064 1.10141916 0.03214484 126.022213
M118T467_2 (M+H)+ Betaine 4.48189 1.08781972 0.04487168 118.086611

RESULTS AND DISCUSSION

Acute Toxicity

During the preliminary experiment, the activity did not differ
between the control group and those exposed to 0.050 or 0.50 g/L

semicarbazide. A. japonicus were attached to the basin walls,
elongated, with sharp thorns, and were brown or green-brown. A.
japonicus exposed to 1.00 or 2.00 g/L semicarbazide detached and

fell to the bottom of the basin, twisted and rolled, and their bodies
and mouth tentacles were stretched fully, displaying restlessness.
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TABLE 4 | 38 significantly different metabolites in negative ion mode.

Name Adduct Description
M249T1217 (M-H20-H)- Inosine

M117T703_2 (M-H)- Succinate

M281T245 (M-H)- 2'-0O-methylinosine
M142T242 (M+NH4-2H)- 5-Amino-4-carbamoylimidazole (AICA)
M160T741_2 (M-H)- DL-2-Aminoadipic acid
M227T191_1 (M-H)- 2'-Deoxyuridine

M356T172 (M+CH3COO0)- S-Methyl-5'-thioadenosine
M181T525 (M-H)- D-Sorbitol

M118T649 (M-H)- L-Threonine

M255T187 (M-H)- Palmitic acid

M125T112 (M-H)- Thymine

M130T525 (M-H)- L-Leucine

M116T529 (M-H)- L-Valine

M180T532 (M-H)- L-Tyrosine

M283T186 (M-H)- Stearic acid

M383T717 (M-H)- S-Adenosyl-L-homocysteine
M253T71 (M-H)- cis-9-Palmitoleic acid
M225T73 (M-H)- Myristoleic acid

M111T143 (M-H)- Uracil

M251T305 (M-H)- Deoxyinosine

M303T67_4 (M-H)- Arachidonic Acid (peroxide free)
M135T286 (M-H)- Hypoxanthine

M146T717 (M-H)- L-Glutamate

M132T738 (M-H)- L-Aspartate

M351T60 (M-H)- PGF3a

M102T718 (M-H)- (S)-2-aminobutyric acid
M257T240 (M-H)- Ribothymidine

M130T455 (M-H)- L-Isoleucine

M281T69_2 (M-H)- Oleic acid

M119T190 (M-H)- Purine

M138T464_3 (M-H)- 3-Aminopropanesulphonic Acid
M241T72_2 (M-H)- Pentadecanoic Acid
M411T73 (M-H)- Grayanotoxin |
M243T271_1 (M-H)- Uridine

M199T74 (M-H)- Dodecanoic acid

M157T77 (M-H)- Pelargonic acid
M124T517_2 (M-H)- Taurine

M367T105 (M-H)- Perindopril

A. japonicus exposed to 5.00 g/L semicarbazide curled up into a
ball, the flesh became blunt, the internal organs expelled, and the
skin festered until death. The mortality between the highest and
the lowest lethal concentration observed in the range-finding
experiment was 5, 20, 30, 50, and 85% in 2.50, 3.00, 3.50, 4.00, and
4.50 g/L of semicarbazide hydrochloride in 96 h, as shown in
Table 1.

Table 2 listed the probability and confidence limit of
semicarbazide in A. japonicas. The LCsy were based on the
probability unit method and the characteristics of the
qualitative reaction (Finney 1972; Abou-Setta et al., 1986). A
linear correlation was not established between semicarbazide
concentration and mortality. However, a specific linear
relationship between the logarithmic value of semicarbazide
concentration and mortality was observed. The calculated 96-h
LCsy of semicarbazide hydrochloride was 3.72g/L (95%
confidence interval 3.44-4.02g/L). The linear regression
equation of the logarithm of concentration to probability unit
was y = 0.264x + 0.438 (correlation coefficient r 0.9965).

Semicarbazide, Apostichopus japonicus, Exposure

VIP Fold change p-value m/z
2.51705 5.45226372 7.7597E-10 249.062838
1.71706 0.58899633 2.687E-09 117.021375
1.47976 5.95246379 5.3357E-09 281.088415
1.27833 14.7896583 9.1231E-08 142.074195
3.48768 2.80165371 1.416E-07 160.063
6.29324 3.18314261 1.1934E-06 227.067319
113177 3.78944029 2.4995E-06 356.101978
1.32142 2.48665633 6.3481E-06 181.071963
1.26408 1.71972714 6.8628E-06 118.052574
3.25695 1.86628554 1.7208E-05 255.232501
2.66659 3.21895132 4.1677E-05 125.036789
1.12331 1.59188919 5.6428E-05 130.088575
2.06723 1.80198056 5.6964E-05 116.073533

2.516 1.98519179 6.8531E-05 180.067428
2.6075 1.76259253 6.8581E-05 283.263506
1.7784 3.89404321 7.6736E-05 383.112385

5.72216 2.30584534 8.607E-05 253.217245
1.87112 4.3993026 8.9227E-05 225.185417
4.24478 3.08444533 9.2286E-05 111.021879
6.34626 1.67085611 9.485E-05 251.078711
6.33937 1.26356942 0.00016879 303.23272
2.49548 1.3681982 0.00023883 135.032583
6.43157 0.78158733 0.00051179 146.047893
1.56801 1.72739918 0.0005719 132.031946
1.70823 3.31604327 0.00076911 351.219725
1.59012 0.74131217 0.00081883 102.058476
1.82982 5.01906923 0.00094634 257.0777
2.99423 1.93451653 0.00129241 130.08907
2.00905 1.2846784 0.00192897 281.247954
1.43357 2.59462046 0.00345782 119.037567
1.82068 1.45110728 0.00357767 138.024839
2.562429 1.51698755 0.00373982 241.217157
5.43935 1.92720144 0.00519505 411.240193
2.37294 1.3285263 0.00759854 243.062295
1.3691 0.76504364 0.01634559 199.170477
1.273 0.82934955 0.01725693 157.124169
2.28211 1.08598318 0.02269878 124.009864
3.82131 1.5961151 0.0389509 367.214706

According to the guidelines (HJ/T154-2004 The guidelines for
the hazard evaluation of new chemical substances), the
ecotoxicological hazards of the chemicals were classified into
four levels according to LCsg, extremely high toxicity if LCs,
<1 mg/L, high toxicity if LCso within the range of 1-10 mg/L,
toxic if LCs, within the range of 10-100 mg/L and low toxicity if
LCso >100 mg/L. The LCs; of semicarbazide was 26.29 mg/L in
96 h, which was a toxic substance to zebrafish according to HJ/
T154-2004 (Yu et al., 2017).

According to the specification for chemical safety technical of
Sigma company, semicarbazide was classified as the acute toxicity
in the global unified classification and labeling system. The LCs,
of once oral administration to rats was 123 mg/kg, which was
moderately toxic (LCso of once oral administration was
101-1000 mg/L for moderately toxic substances). However,
according to the LCsy value of semicarbazide in A. japonicus
in this research, semicarbazide belonged to low toxicity, which
might be related to being a lower animal of A. japonicus, needing
further research.
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FIGURE 1 | Morphological alterations of the respiratory tree, intestinal tract, and longitudinal muscle of A. japonicus induced by semicarbazide. Note: 1. control
group, x400; 2. 20% LCsq group 4 days, x400; 3. 4% LCso group 10 days, x400; 4. 4% LCso group 28 days, x400; 5. 2% LCso group 14 days, x400; 6. 20% LCso
group 14 days, x400; (A: upper cavity; B: endothelial cells; C: blood cavity; D: muscular layer; E: cell secretions; F: central cavity for respiratory tree); 7. control group,
x400; 8. 20% LCso group 2 days, x400; 9. 20% LCso group 14 days, x400; 10. 4% LCsq group 6 days, x400; 11. 4% LCso group 14 days, x400; 12. 2% LCsq
group 6 days, x400; 13. 2% LCso group 7 days, x400; 14. 2% LCso group 14 days, x400; (s: serosa layer; ml: muscular layer; sm: the inner connective tissue layer or the
submucosa; m: intestinal lumen epithelium or mucosal layer for intestinal tract); 15. control group, x200; 16. 20% LCso group 5 days, x200; 17. 20% LCsq group 7 days,
x200; 18.20% LCso group 14 days, x200; 19. 20% LCso group 28 days, x200; 20. 4% LCso group 5 days, x200; 21. 2% LCso group 7 days, x400; 22. 2% LCso group
14 days, x400; (ce: coelomic epithelium; mb: muscle bundle for longitudinal muscle).

Morphological Alterations
Figure 1, 1-6 showed the damage sustained by the A. japonicus

respiratory tree following exposure to semicarbazide. The
respiratory tree was dendritic and floated in the body cavity.
The left branch was thicker relatively, extending to the vicinity of
the pharynx and interweaving with the reticular structure of the
dorsal blood sinus of the ascending small intestinal tract. The root
was located at the upper end of the drain cavity. The terminal end
of the fine branches was a small sac composed of several layers of
the flat epithelium. The tube wall was divided into four layers:
mucosal, submucosal, muscular, and epithelial (serosal).
Exception for the epidermal cells in the mucosal layer, the
structures of the layers were similar to those of the intestinal
tract. In the control group, the epithelial cells were arranged
closely, and the muscle fibers in the muscle layer were observable
clearly and arranged closely. The collagen fibers in the connective
tissues of the submucosa and serosa were loose and well-
organized, and the central cavity was evident (Figure 1,1).
After four days of 20% LCso semicarbazide treatment, the
upper layer of the respiratory tree cavity became thinner and
ruptured partially, the blood cavity thickened, and connective
tissue thickened slightly. However, muscle fibers did not undergo
significant changes (Figure 1,2). After 10 days of 4% LCsp
semicarbazide exposure, the blood cavity thickened, the
endothelial cells became thinner, and the central cavity shrank
(Figure 1,3). On day 28, there was still no apparent change in the
muscle layer. However, the number of vacuoles between
endothelial cells was increased, the epithelial layer was

thickened, and cellular secretions were increased (Figure 1,4).
No abnormal muscle fiber was observed on day 14 of 2% LCs,
semicarbazide treatment (Figure 1,5). Connective tissue was
thickened slightly. The epithelial cell arrangement was
disordered in the body cavity. The number of endothelial cells
was increased, and vacuolation was apparent, albeit with no
noticeable change in the central cavity (Figure 1,6).

Figure 1, 7-14 showed the damage sustained by the A.
japonicus intestinal tract following exposure to semicarbazide.
The intestinal wall was transparent relatively in the control group,
and the four layers were distinct. The mucosal layer was a single
layer of pseudostratified mucosal epithelium composed of
columnar cells or cubic cells and mucus cells. The submucosa
was composed of loose connective tissue. The muscular layer was
divided into an inner longitudinal ring and an outer ring. The
outer membrane was composed of flattened cells and their
underlying thin layers of connective tissue. Exposure to 20%
LCs, semicarbazide thinned the connective tissues in the
intestinal serosal layer, leading to partial disintegration on day
2 (Figure 1,7). No significant effect on the muscular layer fibers
was observed. The connective tissue in the submucosa was
thinner and vacuolated partially, with swollen mesothelial cells
and folds slightly, which were still evident (Figure 1,8). On day
14, the serosal layer was thinner and disintegrated partially.
Irregular striated margins and partial rupture were observed in
muscle fibers, the connective tissue in the mucosal layer was thin,
folds disappeared, and most cells were disintegrated (Figure 1,9).
On day 28, the intestinal structure was disintegrated utterly. In
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4% LCs5, semicarbazide, the connective tissue in the serosal layer
became thinner on day 6, and the epithelial cells were swelled, but
no disintegration was observed. The connective tissue in the
mucosal layer became thinner, no folds were apparent, but no
cellular disintegration was observed (Figure 1,10). On day 14, the
connective tissue in the serosal layer thinned or disintegrated, and
the muscular layer was disorganized. The connective tissue in the
mucosal layer was thinner, and folds disappeared (Figure 1,11).
When exposed to 2% LCs, semicarbazide, the connective tissue in
the submucosa became thinner on day 6 with some vacuolation
(Figure 1,12). On day 7, the striated edge of the mucosal layer
swelled, and the connective tissue in the submucosa was thinned,
with twisted muscle fibers and partial rupture (Figure 1,13). On
day 14, some epithelial cells were disintegrated, and the
tissue in the submucosa appeared thinner,
vacuolated, and transparent (Figure 1,14).

Figure 1, 15-22 showed the effects of semicarbazide on
longitudinal muscle. In controls, the outermost epithelial cells
were arranged evenly, with a relatively complete edge, and the
smooth-muscle cells were arranged closely (Figure 1,15).
Exposure to 20% LCs, semicarbazide, coelomic epithelial cells
were disrupted on day 5, which resulted in ruptured plaques and
distorted smooth muscle (Figure 1,16). On day 7, the epithelial
layer of the body cavity was thickened, and the disruption to
smooth muscle was exacerbated and evident (Figure 1,17).
Longitudinal muscle tissues did not differ histologically
between days 7 and 14 of exposure (Figure 1,18). The
epithelial layer of the coelom remained thin until the end of
the experiment (Figure 1,19). On day 5, the smooth muscle began
to exhibit disruption exposed to 4% LCs, semicarbazide
(Figure 1,20). On day 7, the smooth muscle was disrupted
slightly in 2% LCsy semicarbazide but did not differ between
the other exposure groups and the controls (Figure 1,21). On day
14, no other changes were observed, except for more severe
disruption of smooth muscle (Figure 1,22).

Semicarbazide affected the tissue structure of the respiratory
tree, intestinal tract, and longitudinal muscle. In the respiratory
tree tissue, the high-exposure group lesions (20% LCso
semicarbazide) were severe. Lesions developed more slowly
exposed to 4% LCs, semicarbazide, and the accumulation
was gradual. In the intestinal tract, the connective tissue in
the submucosa was thinned exposed to 20% LCs, semicarbazide,
and the cells in the longitudinal muscle layer were disordered.
The intestinal tissue was disintegrated within 28 days. In the
medium- and low-exposure groups, the connective tissue in the
submucosa of the intestinal tract thinned slowly with the
gradual accumulation of lesions. In longitudinal muscle
tissue, exposure to 20% LCs, semicarbazide caused lesions in
smooth muscle, and the coelomic epithelial layer exhibited
thickening and thinning in sequence. Coelomic cells in
animals exposed to 4% or 2% LCs, semicarbazide did not
alter significantly, and the smooth-muscle lesions progressed
slowly and gradually.

A. japonicus exposure to semicarbazide was manifested as
loose or appearing pores of connective tissues in body wall,
structural damage of water pipes in connective tissues, rupture
or dissolution of epithelial layer in body cavity, and dissolution of

connective
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viscera, etc. A. japonicus obtained strong autolytic ability
extremely. The essence of autolysis was that A. japonicus was
digested by the hydrolases, accompanied by the release of
intracellular ~ substances. ~ After being stimulated by
semicarbazide, the routine activities were disordered. The
intestinal vomiting and body wall softening would occur. It
was indicated that alkaline phosphatase was contained in the
connective tissue layer of the body wall and the junction of the
connective tissue layer and the muscle layer. And acid
phosphatase was contained in the connective tissue fiber
structure. The two enzymes were present in the tubular
structure of the connective tissue layer mainly, which was in
communication with the water pipe system of A. japonicus. The
water pipe system was communicated with the outside
environment through a stone pipe, and the tubular structure
was in direct communication with the ocean. Autolysis of the
body wall might be related to these two enzymes. Semicarbazide
in the seawater stimulated the water tube tissue in the body wall
through the water tube system, inducing the release of the two
enzymes and acting on the connective tissue, which was closed to
the water tube to generate the autolysis phenomenon of the body
wall furtherly.

Oxidative Stress

Semicarbazide affected SOD activity in the respiratory tree,
intestinal tract, and longitudinal muscle of A. japonicus at all
exposure concentrations in Figure 2. Over time, SOD activity in
each tissue increased firstly and then decreased, peaking within
the first ten days of exposure. The highest activity was recorded in
the medium-exposure group (4% LCs, semicarbazide), followed
by the high-exposure group and the low-exposure group. SOD
activity differed from control levels in all three exposure groups,
although the difference was smaller in the low-exposure group
with a slight increase. SOD activity exposed to 4% LCsg
semicarbazide peaked at 1.785, 1.674, and 2.503 times the
levels of the control group in the respiratory tree, intestinal
tract, and longitudinal muscle, respectively. In general, SOD
activity was higher in the respiratory tree and intestinal tract
than longitudinal muscle and returned to control levels
eventually.

In the group exposed to 2% LCs, semicarbazide, SOD activity
did not differ from control levels in the three tissues (p > 0.05),
which suggested that the concentration was too low to affect
enzymatic activity. However, the 28days of exposure of
semicarbazide at a low concentration could still induce A.
japonicus to produce SOD, an antioxidant enzyme. In the
group exposed to 4% LCs, semicarbazide, the SOD activity
was the highest in the respiratory tree, intestinal tract, and
longitudinal muscle of A. japonicus. In the group exposed to
20% LCso semicarbazide, SOD activity was increased firstly,
peaked on day 10, and then decreased but did not return to
control levels, and higher than the control group and 2% LCsy,
lower than 4% LCs, group. After the 21st day, A. japonicus
showed a poisoning phenomenon in 20% LCs5, group, and some
individuals died. It was inferred that semicarbazide was absorbed
and produced toxic effects on A. japonicus after a certain
accumulation period.
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played an essential role in the removal of reactive oxygen.

However, the prolongation and intensity, even exceeding the
capacity affected the synthesis of protein and other substances in

cells, so the activity was decreased.
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FIGURE 2 | SOD activity of the respiratory tree (A), intestinal tract (B), and longitudinal muscle (C) in A. japonicas.

When in normal circumstances, the active oxygen substances
were removed by antioxidants and antioxidant enzymes mainly.
Under the stress of semicarbazide, the content of reactive oxygen

species was increased. Meanwhile, SOD was increased, which
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FIGURE 3 | catalase activity of the respiratory tree (A), intestinal tract (B), and longitudinal muscle (C) in A. japonicas.

Similar to SOD, catalase activity was highest in the 4% LCs,
group, followed by the high- and low-exposure groups.

Figure 3 showed the effects of semicarbazide on catalase
activity in the respiratory tree, intestinal tract, and longitudinal

muscle of A. japonicus. Over time, catalase activity in each tissue

Maximum catalase activity in the respiratory tree, intestinal
tract, and longitudinal muscle in the medium-exposure group

was increased firstly and then decreased, peaking on day 7.
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In the group exposed to 2% LCs, semicarbazide, catalase
activity did not differ from control levels in the three tissues
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FIGURE 4 | AChE activity of the respiratory tree (A), intestinal tract (B), and longitudinal muscle (C) in A. japonicas.

was 1.873,1.962, and 2.036 times the activity in the control group,
respectively. In general, catalase activity was highest in the

followed by

tract,

intestinal

longitudinal muscle, and returned to control levels eventually.
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semicarbazide at low concentrations can still produce certain
oxidative stress and induce A. japonicus to produce catalase, an
antioxidant enzyme. In the group exposed to 4% LCsp
semicarbazide, the catalase activity was the highest in the
respiratory tree, intestinal tract, and longitudinal muscle of A.
japonicus. In the group exposed to 20% LCso semicarbazide,
catalase activity was increased firstly, peaked on day 7, and then
decreased but did not return to the control levels, higher than the
control group and 2% LCs, lower than 4% LCs, group. It was
speculated that semicarbazide at 20% LCs, may cause oxidative
stress damage to A. japonicus. After the 21st day, A. japonicus in
the 20% LCs, group showed a poisoning phenomenon, and some
individuals died, similar to SOD.

Also, under normal conditions, the active oxygen substances
were removed by antioxidants and antioxidant enzymes mainly.
Under the stress of semicarbazide, the content of reactive oxygen
species was increased; meanwhile, catalase was increased, which
played a critical response to the removal of reactive oxygen
species. However, the prolongation and intensity,
exceeding the capacity affected the synthesis of protein and
other substances in cells, so catalase activity was decreased.

AChE Activity

Figure 4 showed the effects of semicarbazide on AChE activity in
the respiratory tree, intestinal tract, and longitudinal muscle of A.
japonicus. Over time, AChE activity in each tissue was increased
firstly and then decreased, peaking on day 5. Similar to SOD and
catalase, AChE activity was highest in the medium-exposure
group, followed by the high- and low-exposure groups. The
increases were more significant in the high- and medium-
exposure groups. Maximum AChE activity in the respiratory
tree, intestinal tract, and longitudinal muscle in the medium-
exposure group was 7.857, 6.245, and 2.862 times that of the
control group, respectively. At each sampling point, AChE levels
were higher generally in the respiratory tree, followed by the
intestinal tract and longitudinal muscle, mirroring the findings
for SOD but not catalase. Over time, AChE activity returned to
control levels.

In the group exposed to 2% LCs, semicarbazide, AChE activity
did not differ from control levels in the three tissues, suggesting
that the concentration was too low to affect the AChE activity. In
the group exposed to 20% LCs, semicarbazide, AChE activity was
increased first, peaked on day 5, and then decreased but did not
return to control or low-exposure group levels (2% LCs
semicarbazide). These findings suggested some damage to
nerve conduction exerted by semicarbazide. Specifically, after
21 days, A. japonicus exposed to 4% LCs, died, similar to SOD
and catalase.

AChE, a crucial enzyme to ensure the normal transmission of
biological nerve signals, was distributed in invertebrates and
vertebrates widely. In this research, different concentrations of
semicarbazide could stress on the acetylcholinesterase activity,
exhibiting different performances at each treatment time.
However, the overall trend was induction first and then
inhibition. With the prolongation of exposure time, the
induction was replaced by inhibition gradually, which would
interfere with the degradation rate of acetylcholine inevitably, so

even
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that the interaction between acetylcholine and its receptor could
not be terminated normally. Eventually some died in the high
concentration group.

Metabolomics Results

Significantly different metabolites were selected by the
importance of variables with projection scores (VIP) value
greater than one and p values less than 0.05. The repeatability
of quality control (QC) samples showed that the instrument was
stable and the data were reliable. Differential metabolites were
summarized between two groups and mapped onto biochemical
pathways through metabolic enrichment and pathway analysis
based on a database search (KEGG, http://www.genome.jp/kegg/).
These metabolites were classified according to the pathways in
which they were in or the functions performed. In this method,
differences of metabolic spectra have reflected the biological
differences between samples under exposure conditions or
duration. 28 such metabolites were screened out in the positive
ion mode, and, 38 were screened out in the negative ion mode, as
shown in Table 3 and Table 4. KEGG pathway enrichment showed
that the exposure affected pathways related to ABC transporters,
central carbon metabolism in cancer, protein digestion and
absorption, aminoacyl-tRNA biosynthesis, and biosynthesis of
unsaturated fatty acids.

Nl-acetylspermidine (M232T396), a significantly different
metabolite in the dataset, was the spermidine acetylation
product. In this research, the content of Nl-acetylspermidine
was up-regulated significantly, with the fold change 12.8. As a
polyamine, spermidine was distributed in organisms widely and
could inhibit neuronal nitric oxide synthase (Elik et al., 2020).
Semicarbazide has been shown to antagonize N-methyl-D-aspartic
acid (NMDAR) and affect its signal transduction pathway, which
might lead to epilepsy and senile dementia eventually, as shown in
Figure 5. Some impairment in the neural pathways was correlated
with changes in AChE activity and the acetylcholine and dopamine
levels of A. japonicus. In the nerve cells, acetylcholine
(M146T305_2), a neurotransmitter, was synthesized by choline
and acetyl coenzyme A under the catalysis of choline
acetyltransferase. It was a significantly different metabolites in
this research, up-regulated significantly with the fold change
143, which had been proved to improve the symptoms of
Alzheimer’s disease. Restoring dopamine levels in the brain has
been thought to control Parkinson’s disease and improve memory
(Thompson and Tobin 2020). AChE can degrade the
neurotransmitter acetylcholine rapidly, and terminate its exciting
effect on acetylcholine receptor, thus maintaining the normal nerve
conduction. AChE was a crucial enzyme in biological nerve
conduction. Semicarbazide, heavy metals, pesticides, polycyclic
aromatic hydrocarbons (PAHs), and other pollutants can cause
abnormal changes in AChE activity in aquatic organisms (Kopecka-
Pilarczyk., 2010; Kopecka-Pilarczyk and Correia., 2011; Shukor and
Sulaman., 2013). Changes in AChE activity and the acetylcholine
and dopamine levels in A. japonmicus in metabolomics analysis
indicated that the neural pathway was disturbed, needing further
research for the mechanism. The results indicated that the neural
pathway might be disturbed, corresponding to the change of AChE
activity in A. japonicus (Qin 1996).
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FIGURE 5 | Neuroendocrine regulation model of semicarbazide.
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Functional pathway annotation of differential metabolites
identified the predominant organic osmotic adjustment and
energy metabolism related metabolites in exposed animals.
Free amino acids were involved in osmotic pressure regulation
in biological tissues. Exposure to semicarbazide modulated the
levels of free taurine (M126T517_2, M124T517_2), succinic acid
(M117T703_2), threonine (M118T649), leucine (M130T525),
valine (M116T529), tyrosine (M182T530, M180T532), and
aspartic  acid (M132T738).  Taurine (M126T517_2,
M124T517_2) was distributed in the tissues and cells of
marine animals widely. Succinic acid (M117T703_2) was an
essential intermediate product in the energy metabolism
pathway of invertebrates, and the final product of the
anaerobic decomposition of glucose. It was found that an
increase in succinic acid levels, which indicated the
enhancement of anaerobic metabolism activity, which was
related to impairments in energy metabolism probably. Similar
findings have been reported in the tissues of the saltwater clam
Ruditapes philippinarum exposed to heavy metals before (Liu
et al.,, 2011a; Liu et al,, 2011b).

It was also supported by two other significantly different
metabolites, acetylcholine (M146T305_2) and dopamine
(M136T531), with the fold change 143 and 1.87.
Acetylcholine was a neurotransmitter in the nerve cells, which
was synthesized by choline and acetyl-CoA under the catalysis of
choline acetyltransferase (choline acetyltransferase). Studies have
shown that the increase of acetylcholine in the human body was
significantly correlated with the improvement of Alzheimer’s
disease (senile dementia). Dopamine was a kind of
neurotransmitter, also a chemical substance for cells to

transmit pulses (Chambers et al., 2019). Arvid Carlsson, a
scientist, believed that dopamine was the information
transmitter in the brain, which won him the Nobel Prize in
Medicine in 2000. In 2012, scientists discovered that dopamine
could further help treat Parkinson’s disease by restoring
dopamine in the brain, and dopamine could improve memory,
thus treating Alzheimer’s disease (Kujacic and Carlsson 1995;
Bloch 2000).

Two other significantly different metabolites were
hypoxanthine nucleoside (M251T217) and hypoxanthine
(M135T286). Hypoxanthine nucleoside was one of nucleoside
compounds based on hypoxanthine, which was obtained from the
reaction of adenosine with nitrous acid or enzymatic
ammonolysis (Zhang et al, 2018). Hypoxanthine was
produced under the action of nucleoside phosphate
carboxylase. Hypoxanthine nucleoside could directly enter
somatic cells directly through the cell membrane, and
participate in nucleic acid metabolism, energy metabolism, and
protein synthesis in vivo (Chiara and Claus-Peter., 2019). In
addition, significant changes were observed in the digestion
and absorption of protein, which indicated that energy
metabolism and digestion and absorption of protein were
affected in A. japonicus.

CONCLUSION

The acute and chronic effects of semicarbazide were assessed
on respiratory tree, intestinal tract, and longitudinal muscle of
the sea cucumber A. japonicus. The 96-h LC5, of semicarbazide
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hydrochloride was calculated. It was found that exposure to
semicarbazide caused the changes in tissue morphology,
oxidative stress, and AChE activity. Semicarbazide could
cause the changes of the activity of SOD, catalase, and

AChE, illustrating that semicarbazide could induce
dysfunction of antioxidant defense system and nervous
system. The differential metabolites and function

mechanism were deduced by metabolomics to characterize
toxicity and response mechanism in vivo exposed to
semicarbazide.

Low levels and long-term exposures could also present adverse
effects. However, there was a still lack of research on the potential
impact of low concentration of semicarbazide on the ecological
environment, which should be enough attention. Unlike fish and
shellfish, sea cucumbers have not been the focus of research into
the pollution of seawater aquaculture. This manuscript had
offered a reference for further research into regulating
environmental pollution that affected essential species
economically to promote the healthy and sustainable
development of A. japonicus crops. In the future, research on
the toxicity of semicarbazone should be strengthened to clarify
the accumulation effect of semicarbazone in aquatic animals and
the toxicity and harm to high trophic level organisms in the
ecological system.
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