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a b s t r a c t

Arsenic (As) is a metalloid element that is ubiquitous in the marine environment and its contamination
has received worldwide attention due to its potential toxicity. Arsenic can induce multiple adverse ef-
fects, such as lipid metabolism disorder, immune system dysfunction, oxidative stress and carcinogen-
esis, in animals. Inorganic arsenic includes two chemical forms, arsenite (As (III)) and arsenate (As (V)), in
natural environment. As (V) is the dominant form in natural waters. In the present study, metabolomic
and proteomic alterations were investigated in juvenile rockfish Sebastes schlegelii exposed to environ-
mentally relevant concentrations of As (V) for 14 d. The analysis of iTRAQ-based proteomics combined
with untargeted NMR-based metabolomics indicated apparent toxicological effects induced by As (V) in
juvenile rockfish. In details, the metabolites, including lactate, alanine, ATP, inosine and phosphocholine
were significantly altered in As-treated groups. Proteomic responses suggested that As (V) could not only
affected energy and primary metabolisms and signal transduction, but also influenced cytoskeleton
structure in juvenile rockfish. This work suggested that the combined proteomic and metabolomic
approach could shed light on the toxicological effects of pollutants in rockfish S. schlegelii.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Marine metal contamination caused by anthropogenic activities
in the Bohai Sea has received great concerns from researchers (Li
et al., 2018). Arsenic (As) is a metalloid element with metallic and
non-metallic properties and usually classified as a metal element
(Ti�sler and Zagorc-Kon�can, 2002). Due to its non-necessity and
widespread existence, As has become a typical coastal and marine
contaminant in the Bohai Sea (Zhuang and Gao, 2015). Gao et al.
(2014) reported that the As concentrations in seawater changed
frequently and seasonally and the maximum concentration had
been up to 3.4 mg/L in coastal and estuary areas along the Bohai Sea.
e by Dr. Sarah Harmon.
stal Environmental Processes
Zone Research (YIC), Chinese
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The toxicity of As to organisms depends on its species. Generally,
the inorganic forms of As are the most toxic forms in marine eco-
systems (Erickson et al., 2019). Among the inorganic forms, arse-
nate (As (V)) is the dominant form in natural waters.

The potential toxicity of As has received worldwide attention
due to its frequent detection in the environment. As can stimulate
numerous molecular events in connection with lipid metabolism
disorder, immune system dysfunction, oxidative stress and carci-
nogenesis in organisms, which have been well documented in a
variety of organisms (Chen et al., 2018a,b; Chen et al., 2019; Ramsey
et al., 2013; Szymkowicz et al., 2019; Xu et al., 2013; Yu et al., 2016).
Since researchers often take advantage of traditional toxicological
approaches to focus on a known class of toxicity-responsive mol-
ecules to draw out the toxic mechanisms, it is reluctant to discover
new biological molecules associated with toxicological effects and
presents initial and less comprehensive evaluations on toxicolog-
ical reactions of pollutants in organisms (Ji et al., 2014).

Recently, omics approaches in system biology, such as tran-
scriptomics, proteomics and metabolomics, have been proposed to

mailto:hfwu@yic.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2019.113333&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2019.113333
https://doi.org/10.1016/j.envpol.2019.113333


L. Xu et al. / Environmental Pollution 255 (2019) 1133332
supervise the terrestrial or marine ecosystems and these methods
have been used to elucidate the potential toxicity caused by toxic
substances to organisms (Chen et al., 2018a,b; García-Sevillano
et al., 2013; Ji et al., 2019; Williams et al., 2011). Metabolomics fo-
cuses exactly on the alterations of low molecular metabolites
(<1000 Da) within cells, tissues or biofluids in organisms (Song
et al., 2018; Viant et al., 2003) and offers fresh insights into the
toxicological effects of environmental stressors (Jones et al., 2008).
Among modern analytical techniques, the proton nuclear magnetic
resonance (1H-NMR) spectroscopy is powerful for the detection of
endogenous low-molecular weight metabolites in biological sam-
ples, since all metabolites contain protons. Moreover, NMR is a
rapid and nondestructive analytical technique that can provides
rich structural and quantitative information of metabolites. Due to
these advantages, NMR-based metabolomics has been extensively
applied in ecotoxicology (Brand~ao et al., 2015; Cappello et al.,
2016a, b). Proteomics may provide the significant discrepancies
between contaminant-stressed and control conditions, which offer
us a direct interpretation of toxicity mechanism after pollution
exposure to organisms (Nicholson and Lindon, 2008; Salazar-Coria
et al., 2019). The combination of metabolomics and proteomics can
provide system-level snapshots of the metabolism of a cell or or-
ganism under the stress of toxicants (Chen et al., 2017).

Fishes are considered to be significant biomonitors in aquatic
systems for the metal pollution assessment (Rashed, 2001). Rock-
fish Sebastes schlegelii is one of the most important economic
species owing to its high demand, rapid growth and appreciated
flesh. It is not only distributed in the Korean peninsula and Japan,
but also distributed around the Bohai Sea, the Yellow Sea, and the
East China Sea (Chen et al., 1994; Nakagawa et al., 2007). Rockfish
has been widely used as experimental animal in marine ecotoxi-
cology (Lee et al., 2018; Kim and Kang, 2017; Kim and Kang, 2015).
Previous studies have illustrated that As could induce hyperglyce-
mic effect, block energy production and normal cell signaling as
well as increase the metallothionein-I and metallothionein-II
mRNA levels in fish (Garg et al., 2008; Kreppel et al., 1993). How-
ever, the underlying toxic mechanisms explaining its responses to
metal contaminants have been largely unexplored. The aim of this
workwas to unravel the toxicological responses in juvenile rockfish
to environmentally relevant concentrations of As and better un-
derstand the arsenate-induced effects in rockfish S. schlegelii using
a combined proteomic and metabolomic approach.

2. Materials and methods

2.1. Experimental animals and conditions

In this work, the juvenile rockfish was selected for As exposures.
Seventy-two individuals of juvenile rockfish S. schlegelii (body
length: 6.5e7.0 cm) were purchased from a local culturing farm in
Yantai, China. After transported to the laboratory, the fish were
allowed to acclimate in aerated seawater (20 �C, 33 psm) for 1 week.
After acclimatization, the fish were randomly divided into three
groups (control, 5 and 50 mg/L As (V) in Na2HAsO4) each containing
two replicate tanks with 12 individuals. The seawater As concen-
tration from some areas in the Bohai Sea reached 12.4 mg/L (Gao
et al., 2014; Zhang, 2001). In this work, the orders of magnitude
of As concentrations for exposure were environmentally relevant.
During the acclimatization and exposure periods, the fishwere kept
under a photoperiod of 12 h light and 12 h dark, and fed with the
commercial bait daily. After exposure for 14 days, fish from each
tank were immediately sampled for further analyses. The whole
fish samples were quickly snap-frozen in liquid nitrogen and
ground into powder. Then the powder of each sample was divided
into three tubes and then stored at �80 �C.
2.2. NMR spectroscopy-based metabolomic analysis

Metabolite extraction of juvenile rockfish was performed using
the modified extraction protocol as described previously (Ji et al.,
2015). All the tissues (ca. 100mg wet weight) were homogenized
and extracted in 4mL/g of methanol, 5.25mL/g of water and 2mL/g
of chloroform (Lin et al., 2007; Wu et al., 2008). Only metabolite
extracts in methanol/water were analyzed on a Bruker AV 500 NMR
spectrometer performed at 500.18MHz (at 25 �C) as described
previously (Ji et al., 2015).

The ProMetab software in Matlab (version 7.0; The MathWorks,
Natick, MA, USA) was used to process NMR spectra (Liu et al., 2011).
Each spectrum was segmented into 0.005 ppm bins from 0.2 to
10.0 ppm. Then, these NMR spectra were generalized log trans-
formed with a transformation parameter equivalent to 2.0� 10�9

to stabilize the variance across the spectral bins (Liu et al., 2011).
The obtained NMR spectral matrix data were mean-centered prior
to multivariate data analysis. More details about metabolomic
analysis were described in the Supporting Information.

2.3. iTRAQ-based quantitative proteomic analysis

Protein extractionwas performed according to themethodology
described in a previous study with some modifications (Isaacson
et al., 2006). Briefly, samples (~0.1 g) from 3 individuals of juve-
nile rockfish were pooled as one replicate, and proteins were
extracted using cold phenol extraction buffer. The concentrations of
protein extracts were determined by BCA method (Smith et al.,
1985). iTRAQ technique was employed to quantitative proteomic
analysis. The iTRAQ labeling of peptides from fish samples were
performed using iTRAQ 8-plex reagents (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer’s protocol. Eight
samples (two biological replicates for control group and three
replicates for each As-treated group) were labeled with the iTRAQ
tags. Data was processed with Protein Pilot Software (version 5.0,
AB SCIEX, USA) against Perciformes database using the Paragon al-
gorithm. The experimental data from tandem mass spectrometry
(MS) was used to match the theory data to identify the proteins.
The protein ratios in each replicate were then quantified based on
the summed intensities of thematched spectrum. These ratios from
the biological replicates were evaluated by Student’s t-test com-
bined with the BenjaminieHochberg correction (Han et al., 2013).
To calculate the relative protein levels, proteins with corrected p
values less than 0.05 and average iTRAQ ratios of �1.3 or �0.77
were considered to be significantly differential. The Gene ontology
(GO) databases (http://www.geneontology.org) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (http://
www.genome.jp/kegg/) were used to classify and group these
identified proteins. Further details regarding proteomic analysis
were described in the Supporting Information S1.

2.4. Determination of As in juvenile rockfish samples

Nine powered samples of juvenile rockfish in each group were
dried at 80 �C to constant weights and then digested in concen-
trated nitric acid (HNO3, 70%, Fisher Scientific) using a microwave
digestion system (CEM, MAR5). These fish samples in concentrated
HNO3 were heated in the microwave oven at 200 �C for 15min and
clear solutions were obtained. The digested samples were trans-
ferred to 10mL polypropylene tubes and filled up to 10mL with
ultrapure water (MilliQ plus) before arsenic concentration deter-
mination by ICP-MS technique (Agilent 7500i, Agilent Technologies
Co. Ltd, Santa Clara, CA, USA). The As concentrations in juvenile
rockfish were expressed as means± standard deviation. One way
analysis of variance (ANOVA) was conducted on the As
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Fig. 2. Typical 1H NMR spectra of tissue extracts of juvenile rockfish S. schlegeli from
the control (A), 5 mg/L As (B) and 50 mg/L (C) As-treated groups. Keys: (1) Cholate, (2)
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concentrations from control and As treatments, respectively, using
SPSS statistics. The p values less than 0.05 were considered statis-
tically significant.

3. Results

3.1. Arsenic accumulation

Fish can effectively bioaccumulate metal contaminants from the
aquatic environments (Kumari et al., 2017). The concentrations of
total arsenic in juvenile rockfish from control and both As treat-
ments were determined using ICP-MS technique. As shown in Fig.1,
the juvenile rockfish from both As treatments exhibited significant
(p< 0.05) As accumulations in the whole tissues. In details, the
concentrations of total As were 1.37± 0.17 and 1.41± 0.07 mg/g dry
weight in the juvenile rockfish exposed to 5 and 50 mg/L water-
borne As for 14 d, respectively. However, the As concentrations in
both low and high As-treated groups were only 17.1% and 20.5%
higher than the As concentration in the control group. In addition,
the accumulations in both As treatments were not significantly
(p> 0.05) different.

3.2. Metabolic responses in juvenile rockfish to As exposures

Thirty-four metabolites were identified in juvenile rockfish
samples (Fig. 2). Several classes of metabolites were identified
including amino acids (branched chain amino acids (BCAAs), argi-
nine, threonine, alanine, glutamate, tyrosine, histidine, phenylala-
nine, glycine, etc.), organic acids (lactate and acetate), energy
metabolites (phosphocholine, creatine phosphate, glucose and
ATP), intermediates in the Krebs cycle (fumarate and succinate),
and osmolytes (taurine, dimethylamine and trimethylamine N-
oxide). Principal component analysis (PCA) was performed on the
NMR spectral data from control and As-treated groups and signif-
icant separations were observed along PC1 and PC2 axes (Fig. 3),
respectively. In addition, the two As exposed-groups were sepa-
rated along PC2 axis, indicating the significant metabolic differ-
ences between these two As treatments. Then, O-PLS-DA was
performed on the NMR spectral data from control and each As-
treated group. As shown in Fig. 4A and B, the O-PLS models
generated from control and As treatments indicated their robust-
ness and reliability with Q2 values of 0.886 and 0.651, respectively.
Fig. 1. The average concentrations of As in juvenile rockfish S. schlegeli after 14 days
exposure of 5 and 50 mg/L As. As concentrations are presented as the mean ± standard
deviation. Statistical significances (p < 0.05, *) between control and As treatments were
determined by one way ANOVA.

Isoleucine, (3) Leucine, (4) Valine, (5) Ethanol, (6) 3-Aminoisobutyrate, (7) Lactate, (8)
Threonine, (9) Alanine, (10). Arginine, (11) Acetate, (12) Glutamate, (13) Glutamine,
(14) Succinate, (15) Unknown 1 (2.56 ppm), (16) Aspartate, (17) Dimethylamine, (18)
Asparagine, (19) Dimethylglycine, (20) Creatine phosphate, (21) Choline, (22) Phos-
phocholine, (23) Trimethylamine N-oxide, (24) Taurine, (25) Glycine, (26) IMP, (27) b-
Glucose, (28) a-Glucose, (29) Inosine, (30) ATP, (31) Fumarate, (32) Tyrosine, (33)
Histidine and (34) Phenylalanine.
From the loading plot (Fig. 4C), the low concentration (5 mg/L) of As
increased the levels of dimethylamine, phosphocholine, glucose,
and inosine, and decreased the levels of lactate, alanine, succinate
and ATP. As shown in Fig. 4D, the high concentration (50 mg/L) of As
induced some similar metabolic responses, including the increased
phosphocholine, inosine and decreased lactate, alanine, succinate
and ATP, compared with those metabolites from the low dosage
group. Specifically, depleted glycine and histidine as well as
increased leucine and arginine were uniquely observed in the high
concentration (50 mg/L) of As-treated samples.

3.3. Proteomic responses in juvenile rockfish to As exposures

A total of 2053 proteins (homologous proteins grouped
together) were identified in both As treatments (Supporting



Fig. 3. Mean principal component analysis (PCA) scores plot of PC1 versus PC2 for 1H
NMR spectra of tissue extracts in juvenile rockfish S. schlegeli from control ( ), 5 mg/L As
( ) and 50 mg/L As ( ) treatments. The classes were presented as mean± standard
deviation of PC scores for each group of samples.
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Information S2), among which 163 proteins were significantly
altered. In 5 mg/L As-treated group, 137 proteins including 83 up-
regulated and 54 down-regulated proteins were found. Only 39
proteins including 22 up-regulated and 17 down-regulated
Fig. 4. O-PLS-DA scores derived from 1H NMR spectra of the tissue extracts from juvenile roc
treatment and (C) control Vs. 50 mg/L As (V) treatment and corresponding coefficient plots (
two classes (control and As treatment). Peaks in the positive direction indicate metabolites
abundant in control group are presented as peaks in the negative direction. Keys: (1) Lacta
Inosine, (8) ATP, (9) Leucine, (10) Arginine, (11) Glycine (12) Histidine. (For interpretation of
this article.)
proteins were found in the high concentration (50 mg/L) of As-
treated group. The differential proteomic responses indicated that
the juvenile rockfish adopted different strategies in response to As
exposures at concentrations of 5 and 50 mg/L, respectively. Among
these differentially expressed proteins (DEPs), a total of 13 proteins
were commonly altered in both As treatments.

All of the DEPs were classified into diverse functional classes
(Fig. 5). The DEPs in the low concentration (5 mg/L) of As-treated
group covered a wide range of metabolism (46.97%), signal trans-
duction (13.64%) and cytoskeleton (12.12%) (Fig. 5A). Meanwhile,
DEPs located in the metabolism and signal transduction also
constituted the majority of the altered proteins in 50 mg/L As-
treated group, with proportions 32.26% and 29.03%, respectively
(Fig. 5B). The full details of the DEPs were listed in Table 1. Subse-
quent analyses such as GO and KEGG analyses were all based on the
DEPs. Under the category of biological processes, themajority of the
DEPs were related tometabolism.While under the second ontology
of GO enrichment analysis-cellular components, most of the DEPs
were located in the cell (35%) and the organelle (28%). In addition,
the vast majority of DEPs were detected for catalytic activity and
binding activity (Fig. 6). A total of 11 pathways were classified in the
As-treated groups that shared 4 KEGG pathways, including glycol-
ysis/gluconeogenesis, carbon metabolism, biosynthesis of amino
acids and degradation of ketone bodies. The particular pathways
enriched in the high concentration (50 mg/L) of As-treated group
kfish S. schlegeli from control ( ) and As (V) treatments ( ), (A) control Vs. 5 mg/L As (V)
B) and (D). The color map shows the significance of metabolite variations between the
that are more abundant in As (V) treatments. Consequently, metabolites that are more
te, (2) Alanine, (3) Succinate, (4) Dimethylamine, (5) Phosphocholine, (6) Glucose, (7)
the references to color in this figure legend, the reader is referred to the Web version of



Fig. 5. Categories of DEPs of juvenile rockfish S. schlegeli in both As-treated groups
(5 mg/L As, A and 50 mg/L As, B).
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were butanoate metabolism, BACCs degradation and metabolic
pathways.

4. Discussion

4.1. Accumulations of As in juvenile rockfish

In both As-treated rockfish samples, slight but significant
(p< 0.05) accumulations of As were observed in juvenile rockfish
S. schlegelii. Similarly, a slight accumulation of As was also found in
the marine fish Terapon jarbua exposed to waterborne As (Zhang
et al., 2012). Due to the low As bioavailability, most marine ani-
mals, such as shrimps, bivalves and fishes, have limited abilities to
accumulate arsenate from seawater (Zhang et al., 2012), which was
observed in juvenile rockfish S. schlegelii in this work. Although the
average total As in the high concentration of As (50 mg/L)-treated
group was slightly higher than that in the low concentration of As
(5 mg/L)-treated group, there was no significance between these
two groups. In a previous study, Kim and Kang (2015) reported that
juvenile rockfish S. schlegelii could significantly accumulate As in
some tissues, including liver, kidney, spleen, gill and intestine, in a
dose-dependent manner. For the muscle tissue, however, there
were only slight increases (p> 0.05) in As accumulations with
increasing exposure concentrations from 50 to 200 mg/L (Kim and
Kang, 2015). This was attributable to the reason that As moved
into the actively main organs, such as liver, kidney, and spleen,
resulting in the low As accumulation in muscle (Karaytug et al.,
2007). In this work, the whole tissue of each fish individual with
the muscle tissue occupying the largest proportion of tissue weight
was used for experiments. Therefore, the similar As accumulations
in muscle tissues might alleviate the difference of As concentra-
tions in the whole tissues from both As-treated juvenile rockfish
S. schlegelii. Overall, the significant accumulations of arsenic might
induce toxicological effects in juvenile rockfish S. schlegelii.

4.2. Alteration of glycolysis associated with As exposures

Glycolysis can metabolize glucose into pyruvate and lactate and
plays an important role in glucose metabolism (Lunt and Vander
Heiden, 2011). In this work, seven proteins (glyceraldehyde-3-
phosphate dehydrogenase, phosphoglycerate mutase, fructose-
bisphosphate aldolase, glucose-6-phosphate isomerase, enolase 2,
enolase 3 and L-lactate dehydrogenase A chain) related to glycolysis
were identified to be differentially altered in As-treated groups.
Among these proteins, only glycerol-3-phosphate dehydrogenase
(GAPDH) and phosphoglycerate mutase were commonly down-
regulated in both As-treated groups (Fig. 7). However, their dec-
rements in the lower dose (5 mg/L) groupwere even greater. GAPDH
is a pivotal glycolytic protein with central role in reductive force,
pyruvate and energy production (Dastoor and Dreyer, 2001).
Phosphoglycerate mutase is another key enzyme in glycolysis
metabolism, catalyzing the conversion between 3-
phosphoglycerate and 2-phosphoglycerate. These two commonly
altered proteins suggested that glycolysis was inhibited by both As
exposures. Furthermore, the down-regulated enolase 3, L-lactate
dehydrogenase A chain, fructose-bisphosphate aldolase, glucose-6-
phosphate isomerase and alpha-1,4 glucan phosphorylase in the
low concentration of As-treated group also confirmed the inhibited
glycolysis, as mentioned above. Interestingly, metabolomic analysis
indicated that lactate (one of the products of glycolysis) was the
most significantly decreased metabolite in both As-treated sam-
ples, followed by alanine (Fig. 4C and D). Amino acids are the major
source of energy in carnivorous fish, because their natural diet is
high in protein and low in carbohydrate (Waarde, 1983). Especially,
alanine was demonstrated to be the single important source for de
novo synthesis of glucose in the liver of migrating sockeye salmon
(Oncorhynchus nerka) (French et al., 1983). Thus, the As-induced
decreased lactate and alanine levels might indicate the inhibited
glycolysis and the maintenance of glucose stores during As expo-
sure. Coincidentally, the increased glucose was found exactly in the
5 mg/L As-treated group, which was consistent with the proteomic
responses. In As-treated clam Ruditapes philippinarum, the glucose
was also increased (Wu et al., 2013). Compared with As-treated
clam R. philippinarum, however, no similar DEPs related to glycol-
ysis were found in As-treated rockfish S. schlegelii, suggesting that
As influenced glycolysis via different metabolic pathways in rock-
fish S. schlegelii and clam R. philippinarum. Interestingly, enolase 2
and glucose-6-phosphate isomerase in the lower As-dosed group
were over expressed compared to the control. This might be a
compensatory reaction to the inhibited glycolysis metabolism so as
to prevent the juvenile rockfish from suffering more damage under
As exposure. An earlier research revealed the enhanced glycolysis
and lactate fermentation in zebrafish Danio rerio caused by arsenic
exposure (15 and 20 ppm) (Li et al., 2016), which was partially
resembled warburg effect (Reichl et al., 1988). The contrary alter-
ation in current study might be due to the lower exposure con-
centrations of As (5 and 50 mg/L). Dastoor and Dreyer (2001)
reported that GAPDH could act as a nuclear repairer or a nuclear
carrier of proapoptotic molecules that were associated with
apoptosis and oxidative stress. In a previous work, arsenite expo-
sure similarly down-regulated the expression levels of GAPDH in
cultured lung cells (Lau et al., 2004). Therefore, the down-regulated
GAPDH indicated the apoptosis or oxidative stress induced by As
exposures in juvenile rockfish.

4.3. Alteration of lipid and amino acid metabolism associated with
As exposures

Fish prefer lipids and fatty acids but carbohydrates as their
sources of energy (Kullgren et al., 2010). Three altered proteins
related to lipid metabolism including 3-hydroxymethyl-3-
methylglutaryl-CoAlyase (HMCLL1), 17-beta-hydroxysteroid dehy-
drogenase type 4 (HSD17B4) and fatty acid binding protein 11a
(FABP11A) were identified in As-treated juvenile rockfish. HMCLL1
has important functions in lipid biosynthesis and its expression
levels were the highest in both As-treated groups (Montgomery
et al., 2012). HSD17B4 is indispensable in the modulation of bile
acids, which is a promoter in the digestion and absorption of lipids
(Mindnich et al., 2004; Chiang, 2009). This protein was uniquely
up-regulated in juvenile rockfish exposed to the lower



Table 1
The details of differentially expressed proteins (DEPs) in juvenile rockfish in response to As treatments.

Protein accession Protein description Fold change

5 mg/L As 50 mg/L As

Carbohydrate Metabolism
Q6NV33 Isocitrate dehydrogenase [NAD] subunit 1.3172
F1QZL6 Glucose-6-phosphate isomerase 1.3161
Q9PVK5 L-lactate dehydrogenase A chain (LDH-A) 0.7464
Q803Q7 Fructose-bisphosphate aldolase 0.7431
F1QBW7 Enolase 1, (Alpha) (Enolase 3) 0.6962
Q503C7 Alpha-1,4 glucan phosphorylase 0.6868
Q6GQM9 Eno2 protein (Enolase 2) 1.5375
Q7SY54 Ethanolamine-phosphate phospho-lyase 1.4057
Q5XJ10 Glyceraldehyde-3-phosphate dehydrogenase 0.5768 0.7164
B8A4H6 Phosphoglycerate mutase 0.623 0.6681
Amino Acid Metabolism
Q6PHK4 Serine–pyruvate aminotransferase 1.7514
F1Q740 Valyl-tRNA synthetase 0.6904
Q6DC37 Histamine N-methyltransferase (HMT) 0.6863
Lipid Metabolism
Q66I80 Fatty acid binding protein 11a 0.7656
Q8AYH1 17-beta-hydroxysteroid dehydrogenase type 4 1.3922
A2BGU5 Low density lipoprotein receptor-related protein 1.3382
A8WG57 3-hydroxymethyl-3-methylglutaryl-CoA lyase 2.3496 1.7554
Protein Metabolism
Q8JGR4 60S ribosomal protein L24 1.3614
Q5BJJ2 Ribosomal protein L3 (Rpl3 protein) 0.7254
Q7ZV82 60S ribosomal protein L27 0.7551
F1Q845 Metalloendopeptidase 0.7335 0.7688
Mitochondrial Energy Metabolism
Q6PBX8 NADH dehydrogenase (ubiquinone) flavoprotein 2 1.3056
Q6ZM23 Cytochrome c oxidase subunit VIc 1.3646
Q3B750 Cytochrome b-c1 complex subunit 6 1.4299
A2ARG7 ATP synthase, Hþ-transporting 1.6696
Q6TNV0 Cytochrome c oxidase subunit 4 isoform 1 1.6218 1.3438
Other Metabolism
Q6P2U5 ADP-ribosylation factor 6a 1.3459
A9C3S0 Si:ch211-198n5.11 0.7469
Q5RGV1 Inosine-50-monophosphate dehydrogenase 1b 1.5453
Q6P3G5 AMP deaminase (EC 3.5.4.6) 0.7638
F1RCB2 DEAD (Asp-Glu-Ala-Asp) box helicase 3b 0.5542 0.6721
F8W4R3 Adenine phosphoribosyltransferase 2.0204 1.5965
F1R1J6 Paxillin a (Fragment) 1.8103 1.3608
Signal Transduction
Q7ZUR5 Signal sequence receptor, gamma 1.5329
Q5XJS6 PRA1 family protein 1.4168
E9QCG6 Collagen, type I, alpha 2 1.3861
Q08BI9 Calcium uniporter protein, mitochondrial 1.3454
Q7T2E3 Casein kinase I isoform delta-A 1.3176
C7DZK3 Collagen alpha-1 (XXVII) chain A 1.3127
Q6ZM60 Calcium-transporting ATPase (EC 3.6.3.8) 0.6739
F1QDL1 Collagen, type I, alpha 1b 1.3121
F1QI59 Serine/threonine-protein phosphatase (EC 3.1.3.16) 1.3163
Q5TZF1 Voltage-dependent L-type calcium channel subunit alpha 1.355
Q503E2 Prolyl endopeptidase (Zgc:110670) 1.4001
F1QJC9 Collagen, type I, alpha 1a 1.4004
Q7ZV37 Protein phosphatase methylesterase 1 1.5422
F1Q6E0 Protein tyrosine phosphatase, receptor type, U, a 1.5025 1.7454
Q6TNT8 Guanine nucleotide binding protein 1.7018 0.7405
Cytoskeleton Protein
F1QWU4 Myosin, light chain 6 1.6702
P13104 Tropomyosin alpha-1 chain (Alpha-tropomyosin) 1.3689
Q66I73 Myosin light chain, phosphorylatable, fast skeletal muscle b 1.3226
Q6ZM50 Capping protein (actin filament) muscle Z-line, alpha 1b 1.5122
E7EYD0 Myomesin 1a (skelemin) 0.741
B0UY61 Nebulin 0.7276
F1R6C7 Myosin, heavy chain a 0.6928
A0JMF4 Septin 15 (Septin 7b) 0.6733
F1QK60 Keratin 4 1.7569 1.3273
Other Function
Q9I8U7 Fast skeletal muscle myosin light polypeptide 3 1.5569
F1QI24 Zgc:55262 1.5051
Q7T339 Charged multivesicular body protein 5 1.3822
Q5RGU1 Atypical kinase COQ8A, mitochondrial 1.3682
Q7ZTY5 Eukaryotic translation initiation factor 2B, subunit 3 gamma 1.3511
Q5XJA3 Protein PRRC1 1.3286
F1R212 Fas (TNFRSF6)-associated factor 1 1.316
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Table 1 (continued )

Protein accession Protein description Fold change

5 mg/L As 50 mg/L As

Q7ZVY0 Cytotoxic granule-associated RNA binding protein 1 0.7579
Q0ZBR7 Macrophage migration inhibitory factor 0.7537
Q9DDU5 Glutathione S-transferase pi 0.7505
Q6IMW7 Parvalbumin 4 (Pvalb4 protein) 0.7457
F1QYE2 Tenascin C 0.6738
F1R968 Complement component 1, q subcomponent-binding protein 1.3176
B8JI86 Tripartite motif-containing 63b 0.7382
A6NA21 Polymerase I and transcript release factor 1.3567
F1R2T2 Fras1-related extracellular matrix 1b 1.3677
Q7SZY8 Glyoxylate reductase 0.7513
Q24JW2 Lysozyme (EC 3.2.1.17) 0.7342
B0R174 Retinol-binding protein 1b, cellular 0.7287
Q7ZUP0 Acidic leucine-rich nuclear phosphoprotein 32 family member A 0.7044
Q6NSP1 Adaptor-related protein complex 1 0.6885
Q08CK7 Insulin-like growth factor 2 mRNA-binding protein 1 1.3361
F1QRU6 Chloride intracellular channel protein (Fragment) 0.6653 0.6433
Q6NYD2 Sideroflexin (Fragment) 2.2156 1.391

Fig. 6. Gene ontology classification of proteins that were expressed in both treated samples. Green and red bars indicated 5 and 50 mg/L As-treated groups, respectively. The
significant first 20 entries of three ontologies were generally displayed and the rest items are not displayed in the graph. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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concentration of As. These DEPs indicated that juvenile rockfish
facilitated their lipid regulation in response to As exposure so as to
ensure the energy supply. Strangely, the FABP11A was down-
regulated slightly (0.76-fold) in the juvenile rockfish exposed to
the low concentration of As. As a member of FABP family, FABP11A
primarily functions in regulation of fatty acid uptake and intracel-
lular transport. Previous studies demonstrated that the members of
the FABP family functioned as modulation of cell growth and pro-
liferation (Chmurzy�nska, 2006). Therefore, the down-regulation of
FABP11A suggested that As might disturb cell growth and prolif-
eration in juvenile rockfish.

Perturbed amino acid metabolism has been reported in fishes
exposed to As (Kumari et al., 2017; Li et al., 2016; Palaniappan and
Vijayasundaram, 2009). In As-treated zebrafish, the levels of some
amino acids (threonine, glycine, etc.) were reduced, which was
related to dysfunctional energy metabolism (Li et al., 2016). How-
ever, Palaniappan and Vijayasundaram (2009) found that As
exposure might reduce protein synthesis and increase amino acids
in freshwater fingerlings Labeo rohita. In this work, the amino acids,
arginine and leucine, were significantly increased, while alanine,
glycine and histidine were decreased in either low or high con-
centration of As-treated juvenile rockfish, indicated by metab-
olomic analysis (Fig. 4C and D). The amino acids are essential for
energy production via TCA cycle (Sears et al., 2009), suggesting the
dysfunctional energy metabolism induced by As in juvenile rock-
fish, together with the altered metabolites (succinate and ATP)
involved in energymetabolism. The enzyme, asparagine synthetase
(ASNS), catalyzes the biosynthesis of asparagine through an ATP-
dependent reaction using glutamine as a source of nitrogen
(Zalkin, 1993). The ASNS in the low concentration (5 mg/L) of As-
treated group was down-regulated. In addition, amino acid meta-
bolism is involved protein synthesis, as mentioned above. Ribo-
somal proteins perform the crucial function of protein biosynthesis
(Ruszczyk et al., 2008). The altered levels of ribosomal proteins
(RPL24, RPL3 and RPL27) were accordingly observed in the As-
treated samples. Since aminoacyl-tRNA plays a critical role in ri-
bosomal protein synthesis by transporting amino acid, the down-
regulated valyl-tRNA synthetase (VARS), combined with the
down-regulated ASNS and altered composition of ribosomal pro-
teins, indicated the disturbances in protein synthesis/degradation



Fig. 7. Schematic presentations of molecular responsive-mechanisms from juvenile rockfish S. schlegeli exposed to As (5 mg/L As, A and 50 mg/L As, B) according to KEGG and Uniprot.
The altered proteins and metabolites were shown by marking the names in red (up-regulated) or blue (down-regulated) color. Abbreviations: ALDOAA, fructose-bisphosphate
aldolase; APRT, adenine phosphoribosyl transferase; ASNS, asparagine synthetase; ATP2A2B, calcium-transporting; ATP5IB, ATP synthase; CAV1.2, voltage-dependent L-type cal-
cium channel subunit alpha; CAPZA1B, capping protein (actin filament) muscle Z-line, alpha 1b (Si:dkey-16k6.1); COX4IL, cytochrome c oxidase subunit 4 isoform 1, mitochondrial;
CSNK1DA, casein kinase I isoform delta-A (CKI-delta-A); ENO2, enolase2; ENO3, enolase 3 (beta, muscle); FABP, fatty acid binding protein; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GPCR, G protein-coupled receptors; GPIA, glucose-6-phosphate isomerase; HMCLL1, 3-hydroxymethyl-3-methylglutaryl-CoA lyase; HSD17B4, 17-beta-hydrox-
ysteroid dehydrogenase type 4; IDH3A, isocitrate dehydrogenase [NAD] subunit; LDHA, L-lactate dehydrogenase A chain; MCU, calcium uniporter protein; MYHA, myosin, heavy
chain a; MYL6, myosin, light chain 6, alkali, smooth muscle and non-muscle; MYLPFB, myosin light chain, phosphorylatable, fast skeletal muscle b (Zgc:103639); MYOM1A,
myomesin 1a (skelemin); NOUFV2, NADH dehydrogenase (ubiquinone) flavoprotein 2; PGAM, phosphoglycero mutase; PPP1CB, serine/threonine-protein phosphatase; PTPRUA,
protein tyrosine phosphatase, receptor type, U, a; PYGMA, alpha-1,4-glucan phosphorylase; RPL24, 60S ribosomal protein L24; RPL27, 60S ribosomal protein L27; RPL3, ribosomal
protein L3; TPMA, tropomyosin alpha-1 chain (Alpha-tropomyosin) (Tropomyosin-1); UQCRH, cytochrome b-c1 complex subunit 6. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

L. Xu et al. / Environmental Pollution 255 (2019) 1133338
processes as well (He et al., 2013).

4.4. Alteration of mitochondrial energy metabolism associated with
As exposures

Mitochondria are involved in the regulation of energy meta-
bolism and 95% of the energy required for cell survival is provided
by the mitochondrial respiratory chain which is the main site of
oxidative phosphorylation and ATP synthesis. The respiratory chain
or electron transport chain (ETC) locates within the inner mem-
brane of mitochondria, and consists of NADH ubiquinone oxido-
reductase (Complex I), succinate ubiquinone oxidoreductase (SQR)
(Complex II), ubiquinone-cytochrome c reductase (QCR) (Complex
III), cytochrome oxidase (COX) (Complex IV) and the F1F0-ATP
synthase. In this study, one of the most remarkable changes asso-
ciated with As stress was the up-regulation of proteins related to
oxidative phosphorylation and ATP synthesis. Expressions of cy-
tochrome c oxidase subunit 4 (COX4) were up-regulated in juvenile
rockfish exposed to both As treatments (1.62- and 1.34-fold,
respectively). NADH dehydrogenase (ubiquinone) flavoprotein 2
(NDUFV2), cytochrome c oxidase subunit VIc (COX6C), cytochrome
b-c1 complex subunit 6 (UQCRH) and ATP synthase F0 complex
were also up-regulated compared with those in control group.
Rezin et al. (2008) reported the dysregulation of mitochondrial
respiratory chain complex proteins in rat models exposed to
chronic stress such as food deprivation, isolation and flashing light.
These up-regulated proteins suggested a disturbance of the mito-
chondrial respiratory chain in juvenile rockfish. One previous study
reported that increased oxidative phosphorylation might be an
adaptive and protective mechanism in coping with external pres-
sures (Bisgaard et al., 2007). For this reason, the disturbance of the
mitochondrial respiratory chain in juvenile rockfish revealed an
energetic readjustment process in fighting against As stress.
Moreover, adenine phosphoribosyltransferase (APRT) was found to
be over expressed dramatically in both As-treated groups. APRT has
the function of promoting the biosynthesis of ATP through a salvage
reaction leading to the formation of AMP (Shao et al., 2015). In
addition, isocitrate dehydrogenase is an indispensable enzyme of
the Krebs cycle. Thus the up-regulated isocitrate dehydrogenase in
5 mg/L As treaded-group combined with the altered APRT in both
As-treated groups indicated that juvenile rockfish underwent
disturbance in energy metabolism. Furthermore, the elevated ADP/
ATP concentration ratios could stimulate the activity of isocitrate
dehydrogenase (Denton and Mccormack, 1980). Therefore, the up-
regulation of isocitrate dehydrogenase meant the possible deple-
tion of ATP, which was clearly detected in the metabolic profiles
from As-exposed juvenile rockfish samples (Fig. 4C and D). The
coherence between metabolomic and proteomic biomarkers sug-
gested the complementarity between proteomics and metab-
olomics in toxicological biomarker discovery. In As-exposed clam
R. philippinarum, the contrary metabolic alterations compared with
these in As-exposed rockfish S. schlegelii, including depleted suc-
cinate and elevated ATP, were observed (Wu et al., 2013). These
differences revealed species-specific strategies in energy meta-
bolism in rockfish and clam to As exposure. In addition, NDUFV2 is
an important subunit of the NADH dehydrogenase, which is
involved in production of reactive oxygen species (ROS) in mito-
chondria (Turrens and Boveris, 1980). The increased expression of
NDUFV2 implied that juvenile rockfish suffered from clear oxida-
tive stress under As (5 mg/L) exposure. Apparently, isocitrate de-
hydrogenase can also take part in redox reaction by producing
NADH. The up-regulation of isocitrate dehydrogenase was in con-
formity with the over expressed NDUFV2, suggesting the oxidative
stress induced by As (5 mg/L) treatment in juvenile rockfish.

4.5. Alteration of signal transduction associated with As exposures

In juvenile rockfish samples from both As-treated groups, four
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collagens were up-regulated with statistical significances. Colla-
gens are not only responsible for the resilience of multicellular
organism and mechanical resistance, but also participate in
signaling pathways of defining cellular shape and behavior (Daley
et al., 2008). The altered collagens suggested the disruption in
signaling pathways via the extracellular matrix in juvenile rockfish
induced by As. Ca2þ is a highly versatile intracellular signal that can
regulate many different cellular functions (Carafoli et al., 2001). In
this work, calcium uniporter protein was significantly up-regulated
and calcium-transporting ATPase was significantly down-regulated
in 5 mg/L As-treated group (Table 1). In addition, as one subtype of
voltage-gated calcium channels in cytomembrane, voltage-
dependent L-type calcium channel subunit alpha was signifi-
cantly up-regulated in 50 mg/L As-treated group. These altered
proteins implied the disturbed calcium homeostasis in juvenile
rockfish exposed to As. G proteins are not only involved in signaling
pathways but also critical for stress responses (Clapham and Neer,
1993). The significant alteration of G protein implied the cellular
injury induced by As exposure. CK1 protein kinases belong to a
large family of Ser/Thr kinases in eukaryotes that can be used to
regulate diverse cellular processes and coordinate in an orderly
manner through different signal transduction pathways (Gross and
Anderson, 1998; Knippschild et al., 2005). Serine/threonine-protein
phosphatases and tyrosine protein phosphatase belong to protein
phosphatases family with the functions of regulating various
cellular processes through different signaling pathways (Tian and
Wang, 2002). Increased abundances of CK1 protein kinases and
serine/threonine-protein phosphatases were detected in low (5 mg/
L) and high (50 mg/L) concentrations of As-treated groups, respec-
tively. Moreover, tyrosine protein phosphatase significantly
increased its protein abundance in both As-treated groups. These
altered proteins suggested the disturbance of signaling pathways in
juvenile rockfish exposed to As.

4.6. Cytoskeleton changes induced by As

A total of eight proteins related to cytoskeleton were altered in
the As-treated samples. Keratin 4 was commonly expressed in both
As-exposed groups. The other seven proteins (myosin light chain 6,
tropomyosin alpha-1 chain, myosin light chain, myomesin 1a,
myosin heavy chain a, septin 15, mapping protein (actin filament)
muscle Z-line) were uniquely detected in the low dose of As-
exposed group. The cytoskeleton proteins have the central role in
cell structure and intracellular organization and perturbations in
the architecture of any of the three main cytoskeletal networks can
result inmarked pathologies (Fletcher andMullins, 2010). Metals or
metalloids can induce cytoskeletal injuries in marine bivalves,
which has been confirmed in both laboratory and field experiments
by proteomics (Wu et al., 2013; Xu et al., 2016). The DEPs related to
cytoskeletal injuries usually include actins, tubulins and myosin
light chains in marine bivalves (clam R. philippinarum and oyster
Crassostrea hongkongensis), which were also observed in As-treated
rockfish in this work. Therefore, the alterations of these eight
cytoskeleton-associated proteins suggested the cytoskeleton in-
juries induced by As exposures in juvenile rockfish.

5. Conclusions

In this study, the toxicological effects were characterized in ju-
venile rockfish S. schlegelii exposed to As with environmentally
relevant concentrations (5 and 50 mg/L) of As (V) for 14 days, at
metabolite and protein levels. A schematic illustration of pathways
in juvenile rockfish exposed to As (V) was presented in Fig. 7.
Combined proteomic and metabolomic analyses showed that As
significantly influenced diverse biological processes in juvenile
rockfish, such as glycolysis, mitochondrial energy metabolism, lipid
and amino acid metabolisms and the regulation of Ca2þ signaling
pathways in juvenile rockfish. Although these two dosages of As
induced some similar effects in juvenile rockfish S. schlegelii, the
distinction between these two As treatments were also clearly
observed from the metabolomic and proteomic profiles. Especially,
more DEPs were altered in the low concentration (5 mg/L) of As-
treated group, which suggested that the low dose of As could
activate physiological changes in juvenile rockfish to counteract the
adverse situation, while the high dose of As (50 mg/L) induced an
evasion from the stressful situation. This study demonstrated that
the combined proteomic and metabolomic analysis could provide a
perceptive view into the influences of environmental metal pollu-
tion in the marine fish at molecular levels.
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