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Microplastics (nanoplastics) pollution has been a major ecological issue threatening global
aquatic ecosystems. However, knowledge of the adverse effects of nanoplastics and the
effects on freshwater ecosystems is still limited. To understand the impacts of nanoplastics
on freshwater ecosystems, it is essential to reveal the physiological changes caused by
nanoplastics in freshwater organisms, especially at their early life-history stages. In the
present study, the larval channel catfish Ietalurus punetaus were exposed to gradient
concentrations (0, 5, 10, 25, and 50mg/L) of 75-nm polystyrene nanoplastics (PS-NPs) for
24 h or 48 h, and changes in contents of energy metabolites, metabolic enzyme activities
and transcriptome were assessed. The results showed that glucose and triglyceride
contents increased after 24 h of exposure to 10 or 25mg/L of PS-NPs but decreased with
increased concentrations or prolonged exposure duration. Activities of most metabolic
enzymes analyzed decreased in the larvae after 48 h of exposure, especially in 25 or
50 mg/L of PS-NPs. These suggested that PS-NPs caused huge energy consumption and
disturbed the energy metabolism in larval fish. Transcriptomic analysis showed that 48 h of
exposure to 50 mg/L PS-NPs affected the expression of genes involved in protein
digestion and induced response of proteasomes or heat shock proteins in the larval I.
punetaus. The genes involved in peroxisome proliferator-activated receptors (PPAR)
pathway and biosynthesis of amino acids were activated after the exposure. PS-NPs
also depressed the expression of the genes involved in gonad development or muscle
contraction in the larval I. punetaus. Overall, acute exposure to 75-nm PS-NPs disrupted
the energy metabolism by consuming the energy reserves, and affected a series of
molecular pathways which may further affect the development and survival of fish. This
study provided the information about adverse effects of nanoplastics on the fish larvae and
revealed the molecular pathways for the potential adverse outcomes.
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INTRODUCTION

Plastic pollution has been a serious problem threatening global
environmental security with increased usage and production of
plastic products (PlasticsEurope, 2018). Due to the high
persistence, plastic waste can accumulate in different
environments, from aquatic to soil environments (Zhu et al.,
2018; Barría et al., 2020). Plenty of plastics debris ends up in
waterways and is transported into the ocean (Lonnstedt and
Eklov, 2016). Plastics can be broken into smaller fragments,
including microplastics (MPs, diameter 0.1 µm–5 mm) or
nanoplastics (NPs, diameter <0.1 µm), and these two forms
can be ingested by organisms and be transferred along food
chains (Cole et al., 2013; Cole and Galloway, 2015).

Ingestion of microplastics can cause blockage of the digestive
tract and lead to reduced energy reserves, metabolic depression,
or behavioral alteration of organisms (Wright et al., 2013; Yin
et al., 2018; Yin et al., 2019). Compared with MPs, NPs can cause
more damage to organisms (González-Fernández et al., 2018).
NPs can be more easily ingested by organisms because of their
physical properties including smaller size and larger surface-to-
volume ratio and can remain in the bodies of organisms for a
longer time (Ward and Kach, 2009; Kühn et al., 2015). Once
entering organisms, NPs penetrate cells and encounter more
complex biological fluids (Mattsson et al., 2015; Canesi et al.,
2017). Afterward, NPs further interact with proteins and impair
multiple biological functions of organisms, such as lipid
metabolism, immune system, reproduction, or blood
coagulation (Martin et al., 2008; Zhang et al., 2011; Zhang
et al., 2019). However, knowledge of the adverse effects of NPs
is still not completely clear and studies on physiological processes,
stress responses and molecular mechanisms in organisms during
exposure to NPs are needed to further understand the toxicity
of NPs.

In past decades, studies about the impacts of MPs or NPs on
marine organisms have received much attention while
knowledge of the adverse effects of these plastics on
freshwater organisms and freshwater ecosystems is still in
infancy (Li C. et al., 2020). Plastic pollution is released in the
urban area and reaches rivers and, therefore, the freshwater
environments provide the sources of marine plastics pollution
(Rech et al., 2014). One field study has reported that several
freshwater fish ingested small plastics from the river (Sanchez
et al., 2014). In aquatic ecosystems, fish are at the higher trophic
levels of food chains and more small plastic particles can be
accumulated in fish. Fish can ingest MPs or NPs directly or via
preying on other organisms which accumulate MPs or NPs
(Mattsson et al., 2015; Horton et al., 2018). In addition, one
study on zebrafish Danio rerio showed that small plastics can
enter the offspring through the parental gametes (Pitt et al.,
2018). Fish larvae are more vulnerable to environmental
pollutants due to their small size and immaturity compared
with adults or juveniles, and their development and survival
determine the physiological traits of the adult stage and the
population health. Therefore, knowledge of the effects of NPs on
the physiological processes of fish larvae is essential for further
understanding the consequences of plastic pollution.

The present study aimed to reveal the effects of acute PS-NPs
exposure on larval fish. The larvae of the channel catfish Ietalurus
punetaus, which is a large omnivorous fish and an important
aquaculture species, were exposed to gradient concentrations of
polystyrene nanoplastics (PS-NPs) for 24 or 48 h. Polystyrene
plastic, which is a ubiquitously distributed plastic in aquatic
environments and makes up about 6.7% of total plastic
products, was selected to perform NPs exposure (Hidalgoruz
et al., 2012). After the exposure, the effects of NPs exposure on
energy metabolites, metabolic enzyme activities and antioxidant
defense of I. punetaus larvae were assessed. Changes in the
transcriptome of the larval fish were analyzed after 48 h of
exposure to PS-NPs to reveal the potential molecular pathways
of the effects of PS-NPs.

MATERIALS AND METHODS

Organisms and Polystyrene Nanoplastics
Exposure
The unlabeled 75-nm PS-NPs particles used in the present study
were purchased from Baseline Chromtech Research Centre,
Tianjin, China. The primary diameter, size distribution and
ze-ta-potential of polystyrene nanoplastics were determined as
our previous studies (Liu et al., 2018a; Liu et al., 2018b). The PS-
NPs were stable in water and no aggregation was observed
(Supplementary Material S1).

The channel catfish Ietalurus punetaus larvae (mass = 0.222 ±
0.015 g) were obtained from the National Genetics and Breeding
Center of Channel Catfish (Nanjing, P.R. China) and were reared
in tanks with aerated tap water at 26°C, a dissolved oxygen
concentration of about 5.0 mg/L and a 12 h light/dark
photoperiod. After acclimation for 2 weeks and pre-fasting for
24 h, the larvae were exposed to PS-NPs. The concentrations of
PS-NPs were set as 5, 10, 25, and 50 mg/L among which the
concentration of 50 mg/L was used in many related studies to
reveal physiological mechanisms of toxicity of MPs or NPs
(Brandts et al., 2018; Sendra et al., 2019; Yang et al., 2021).
After 24 and 48 h of exposure, three to five fish larvae per
concentration were randomly selected and whole-body
sampled in liquid nitrogen for assays of metabolites and
enzyme activities. According to the results of assays for energy
metabolites and enzyme activities, three larvae in 50 mg/L were
randomly selected and sampled after 48 h of exposure to PS-NPs
to perform the transcriptome sequencing plus a control group.
This process was repeated to prepare the samples for the
validation of transcriptome sequencing.

Assays for Energy Metabolites and Enzyme
Activities
Samples were homogenized in phosphate-buffered solution and
the supernatants were used for biochemical assays. The contents
of glucose (Glu) and triglyceride (TG), and the activities of lactate
dehydrogenase (LDH), pyruvate kinase (PK), aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
superoxide dismutase (SOD), glutathione peroxidase (GPx)
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were determined using the diagnostic reagent kits (Nanjing
Jiancheng, P.R. China) according to the product manuals.
Briefly, the glucose content was measured using the glucose
oxidase method and absorbance was measured at 505 nm
(Kumar and Gill, 2018). The triglyceride content was
measured by mixing tissue homogenates and enzyme reagents
of 10× the volume and then measuring the absorbance at 510 nm.
The activity of LDH was measured in the reaction wherein lactate
is converted to pyruvate with NAD+ being the hydrogen donor.
The activity of PK was determined by measuring the absorption
value at 340 nm after using PK to catalyze the conversion of
phosphoenolpyruvate to pyruvate and then to lactic acid. The
activities of AST or ALT were determined according to the
method described by Rietman and Frankel (1957). The SOD
activity was measured using a cytochrome c reduction inhibition
reaction in the xanthine-xanthine oxidase system and was
determined by the absorption value at 550 nm (Bai et al.,
2022). The GPx activity was measured by determining the
change in the content of reduced glutathione in a redox
reaction (Wang et al., 2019). The Coomassie blue method was
used to determine the total protein level (Bradford, 1976).

RNA Isolation and Sequencing
Total RNA was isolated from the whole-body samples using a
miRNA isolation kit (Invitrogen, United States ). The
concentration and integrity of total RNA were determined
with a bioanalyzer (Nanodrop 2000; Thermo Scientific,
United States) and agarose gel electrophoresis, respectively.
The mRNA was isolated from total RNA using oligo(dT)
magnetic beads and then broken into fragments. Double-
stranded cDNAs were generated with reverse transcribed
fragments followed by end repair and adapter attachment.
After PCR amplification, the quality of the cDNA library was
evaluated using an Agilent bioanalyzer (Agilent, United States)
and then paired-end sequenced on the Illumina Hiseq X Ten
platform.

Clean reads were obtained by removing reads containing poly-
N and with low quality using Trimmomatic (v. 0.36) (Bolger et al.,
2014). Clean reads were mapped to a reference genome using
hisat2 (v. 2.2.1.0) (Kim et al., 2015). The websites to download the
reference genome, mRNAs and information of genome
annotation were shown in Supplementary Material S2.

Expression levels of genes were assessed as fragments per
kilobase of exon million (FPKM) using Cufflinks (v. 2.2.1)
(Trapnell et al., 2010; Roberts et al., 2011). For genes from the
PS-NPs group and control group, FPKMs of each gene were used
to conduct DEGs analysis with DESeq R package (v. 1.18.0). The
thresholds for scanning DEGs were set as P-adjust < 0.05 and fold
change >2. Gene Ontology (GO) enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis were conducted based on DEGs using the
R package. The thresholds for significant enrichment of GO or
KEGG with DEGs were set as P-adjust < 0.05.

Validation of Transcriptome Sequencing
To validate the DEGs from RNA-seq, changes in expression of
several key DEGs, including proteasome 26S subunit, ATPase 3

(PSMC3), HSP70, ubiquitin specific peptidase 13 (USP13), DNA
damage inducible transcript 4 (DDIT4), alcohol dehydrogenase 1
(ADH1), cytochrome P450 2D15 (P4502D15), fatty acid
desaturase 2 (FADS2) and protein phosphatase 1 regulatory
subunit 3B (PPP1R3B), were measured using real-time PCR.
These genes are related to the response to protein or DNA
damage, lipid metabolism, xenobiotics metabolism and energy
metabolism, respectively. The primers for real-time PCR are
shown in Supplementary Material S3. Real-time PCR was
conducted on the Eppendorf Mastercycler Ep Realplex RT-
PCR platform (Eppendorf, Germany) using TransStart Top
Green qPCR SuperMix (Takara, Japan) according to the
product manual. The 18s ribosomal RNA gene was used as
the internal control gene and the relative gene expression level
was calculated according to the 2-ΔΔCt method (Schmittgen and
Livak, 2008).

Statistics
Concentrations of metabolites and enzyme activities were tested
for normal distribution and homogeneity of variance first. If
both were appropriate, the general linear model was employed
to test the effects of exposure duration, PS-NPs concentration,
and interaction on these parameters. Otherwise, the generalized
linear model was used. Afterward, the one-way ANOVA or non-
parametric test was used to test the effect of PS-NPs
concentration on biochemistry indexes after different
exposure periods. All the data of biochemistry assays were
standardized based on the value of the control group and
then were clustered. Gene expressions validated by real-time
PCR were compared using a t-test. Data were represented as
mean ± standard error. Statistical significance was set as p <
0.05. The statistical analysis was conducted with SPSS software
(v. 17.0 IBM, United States) and the cluster was conducted with
R software (v. 4.0.3).

RESULTS

Changes in EnergyMetabolites and Enzyme
Activities
Results showed that exposure durations and PS-NPs
concentrations interacted on energy metabolites and
enzyme activities except GPx, PK and AST activities
(PInteaction-GPx = 0.32, PInteaction-PK = 0.503 and PInteaction-AST
= 0.093, Figure 1). In general, after 48 h of exposure to 75-nm
PS-NPs, all indexes except SOD activity showed lower levels
than those after 24 h of exposure (Ptims-SOD = 0.122, Figure 1).
After 24 h of exposure, 25 mg/L of PS-NPs increased the Glu
content in the larval I. punetaus and, 10 mg/L and 25 mg/L PS-
NPs increased the TG content (PGlu < 0.001 and PTG < 0.001,
Figures 1A,B). The highest concentration of PS-MPs (50 mg/
L) inhibited ALT activity but increased SOD activity after 24 h
of exposure (PALT = 0.013 and PSOD < 0.001, Figures 1F,G).
After 48 h of exposure to 75-nm PS-NPs, the glucose content
decreased in the groups exposed to 5, 10, and 25 mg/L of 75-
nm PS-NPs and rebounded slightly in the highest-
concentration group (p < 0.001, Figure 1A). Meanwhile, the
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TG content, LDH, PK and AST activities showed dose-
dependent decreases with increased PS-NPs concentrations
(PTG = 0.003, PLDH = 0.004, PPK = 0.025 and PAST = 0.004,
Figures 1B–E). After 48 h of exposure, the SOD activity
showed a peak in 10 mg/L PS-NPs and decreased to the
control level with increased concentrations of PS-NPs (p <

0.001, Figure 1G). Activities of ALT and GPx was not affected
by 48 h of exposure to PS-NPs (PALT = 0.223 and PGPx = 0.125,
Figures 1F,H). The clustering analysis showed that 48 h of
exposure to higher concentrations (25 and 50 mg/L) of PS-NPs
results in the lowest overall level for all indexes measured (p <
0.001, Figure 1I).

FIGURE 1 |Changes in energymetabolism and antioxidant defense in the larval Ietalurus punetaus after exposure to polystyrene nanoplastics. (A) glucose content.
(B) triglyceride content. (C) lactate dehydrogenase (LDH) activity. (D) pyruvate kinase (PK) activity. (E) aspartate aminotransferase (AST) activity. (F) alanine
aminotransferase (ALT) activity. (G) superoxide dismutase (SOD) activity. (H) glutathione peroxidase (GPx) activity. (I) clustering analysis for indexes measured. Red box
indicated the lowest levels of these metrics after exposure. Data are represented as mean ± standard error. Significant difference was set as p < 0.05.

TABLE 1 | Results of sequencing read, quality control and mapping of each sample.

Sample
Name

Raw
reads
(M)

Raw
bases
(G)

Clean
reads
(M)

Clean
bases
(G)

Q30
(%)

GC
content

(%)

Mapped
reads
(M)

Mapped
ratio
(%)

Uniquely
mapped
reads
(M)

Uniquely
mapped

Ratio
(%)

Control 1 49.42 7.41 48.09 7.08 95.23 48.88 46.20 96.08 43.67 90.82
Control 2 49.42 7.41 48.03 7.07 95.08 48.87 46.07 95.93 43.62 90.82
Control 3 49.42 7.41 48.10 7.09 95.17 48.94 46.30 96.27 43.61 90.69
NPs
exposure 1

49.42 7.41 48.18 7.09 95.35 48.62 46.25 96.01 44.33 92.02

NPs
exposure 2

49.42 7.41 48.16 7.08 95.31 48.34 46.08 95.69 33.18 91.75

NPs
exposure 3

49.42 7.41 48.07 7.08 95.13 48.57 46.08 95.88 43.87 91.28
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Differentially Expressed Gene and
Functional Analysis
Paired-end 150 bp sequencing resulted in 49.42 million reads
per sample, and more than 48 million clean reads with a Q30
higher than 95% after quality control (Table 1). More than
95% of the clean reads were mapped to reference
transcriptome and therein more than 90% were uniquely
mapped. The transcriptomic analysis found 1,306
differentially expressed genes (DEGs), including 375
upregulated genes and 931 downregulated genes (Figure 2A
and Supplementary Material S4).

GO enrichment showed that the biological processes,
including unsaturated fatty acid biosynthetic process (GO:
0006636), lipid storage (GO:0019915), regulation of cellular
amino acid metabolic process (GO:0006521), proteasome
assembly (GO:0043248), response to unfolded protein (GO:
0006986) or protein ubiquitination (GO:0016567), were
significantly enriched with upregulated genes in larval I.
punetaus after 48 h of exposure to 50 mg/L of PS-NPs
(Figure 3A).

Several biological processes were significantly enriched with
down-regulated genes in larval I. punetaus after 48 h of exposure
to 50 mg/L of PS-NPs including those involved in gonad
development [e.g. egg coat formation (GO:0035803), positive
regulation of acrosome reaction (GO:2000344) or response to
testosterone (GO:0033574)] and muscle contractility [muscle
contraction (GO:0006936), striated muscle contraction (GO:
0006941) and skeletal muscle contraction (GO:0003009)]
(Figure 3B).

KEGG enrichment showed the pathways which were
significantly enriched with DEGs were related to the biological
functions revealed by GO enrichment. These pathways included
proteasome (ko03050), peroxisome proliferator-activated
receptors (PPAR) signaling pathway (ko03320), biosynthesis of
unsaturated fatty acids (ko01040), protein digestion and
absorption (ko04974), drug metabolism-cytochrome P450
(ko00982) and metabolism of xenobiotics by cytochrome P450

(ko00980) and serval pathways involved in amino acid
metabolism (Figure 4).

Key DEGs in the Important Pathways
In the protein digestion and absorption pathway, two genes involved
in protein digestion were downregulated while three amino acid
transport channel genes were upregulated after 48 h of exposure to
50mg/L of PS-NPs (Figure 5A). In the PPAR signaling pathway,
expressions of multiple downstream genes were affected by 48 h of
exposure to 75-nm PS-NPs. Stearoyl-CoA desaturase 1 (SCD1) and
fatty acid desaturase 2 (FADS2), which participate in lipid
metabolism, were upregulated and the downstream gene,
elongation of very long chain fatty acids protein 2 (ELOVL2),
were activated to enhance the biosynthesis of unsaturated fatty
acid (Figure 5B). Glycerol kinase (GK) which participates in
gluconeogenesis was activated after 48 h of exposure to 50mg/L
of PS-NPs but the expression of glucokinase (GCK) which regulates
glycolysis was depressed (Figure 5B). In the arachidonic acid
metabolism pathway, prostaglandin-endoperoxide synthase 1
(PTGS1) which regulates the biosynthesis of prostaglandin H2 and
G2 was activated in larval I. punetaus by 48 h of exposure to 50mg/L
of PS-NPs (Figure 5C). In the proteasome pathway,multiple genes of
subunits forming regulatory particles or core particles of proteasome
were up-regulated in larval I. punetaus after 48 h of exposure to
50mg/L of PS-NPs (Figure 5D). At the same time, expressions of two
heat shock proteins (HSPs) increased (Figure 5D). The pathway to
synthesize acetoacetate from tyrosine had three down-regulated genes
including interleukin 4 induced 1 (IL4I1), 4-hydroxyphenylpyruvate
dioxygenase (HPD) and homogentisate 1,2-dioxygenase (HGD)
(Figure 5E). Glutamate-ammonia ligase (GLUL) and alanine
transaminase (ALT) which take part in the biosynthesis of
glutamine or glutamate were activated in the larval I. punetaus
after 48 h of exposure to 50mg/L of PS-NPs (Figure 5E). The
genes involved in xenobiotics metabolism, including glutathione
S-transferase theta 2B (GSTT2B), glucuronosyltransferase (UGT),
and alcohol dehydrogenase 1 (ADH1), were depressed by 48 h of
exposure to PS-NPs (Figure 5F).

FIGURE 2 | Results of the RNA-seq in the larval Ietalurus punetaus after 48 h of exposure to 50 mg/L polystyrene nanoplastics. (A) number of differentially
expressed genes. (B) validation of key differentially expressed genes via real-time PCR. Data are represented as mean ± standard error. Star symbol indicates a
significant change in gene expression between the exposure and control groups and significant threshold is set as p < 0.05.
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Validation by Real-Time PCR
The mRNA levels of PSMC3, HSP70, USP13, DDIT4 and FADS2
were significantly increased in I. punetaus larvae after 48 h
exposure to 50 mg/L of PS-NPs (PPSMC3 = 0.003, PHSP70 <
0.001, PUSP13 = 0.023, PDDIT4 = 0.034 and PFADS2 = 0.02,
Figure 2B). The other three genes were down-regulated in I.
punetaus larvae after 48 h exposure to PS-NPs (PADH1 = 0.005,
PP4502D15 = 0.018 and PPPP1R3B = 0.021, Figure 2B).

DISCUSSION

Fish play an important role in aquatic ecosystems and are
valuable fishery resources. Revealing the toxicological
consequences of plastic pollution on fish especially their early

life-history stage is of great significance. Previous studies showed
that microplastics and nanoplastics can impair the locomotion,
energy reserves or other physiological functions of fish adults
(Mattsson et al., 2015; Mattsson et al., 2017; Yin et al., 2018; Yin
et al., 2019). In the present study, our results indicated that the 75-
nm PS-NPs impacted energy metabolism and several important
molecular pathways, including protein digestion, response to
damaged protein, gonad development and muscle contraction,
in the larval channel catfish Ietalurus punetaus.

Exposure to PS-NPs affected energy metabolism in the larval I.
punetaus and the influences were dose- and exposure duration-
dependent. After 24 h of exposure, increased contents of glucose
and triglyceride, which are both important sources of energy,
indicated that exposure to 75-nm PS-NPs may disturb the
utilization of these metabolites and lead to accumulation.
These were similar to the findings that contents of glucose or
triglyceride increased in juveniles or adults of several fish species
after exposure to microplastics (Lu et al., 2016; Hamed et al.,
2019). After 48 h of exposure, decreased contents of these two
metabolites and the activated PPAR pathway suggested an urgent
energy demand and rapid consumption of energy in larval I.
punetaus encountering 75-nm PS-NPs. Decreased glucose was
also reported in the larval zebrafish after 48 h of exposure to 25-
nm PS-NPs, indicating the sensibility of fish larvae to NPs (Brun
et al., 2019). Meanwhile, 48 h of exposure to high concentrations
of PS-NPs inhibited the anaerobic metabolism in the larval I.
punetaus, suggested by decreased LDH and PK activities.
Anaerobic metabolism is important for aquatic organisms to
offer sufficient energy during exposure to plastic pollution
(Barboza et al., 2018; Li Y. et al., 2020). The inhibition of PS-
NPs on anaerobic metabolism of the larval I. punetaus may
amplify the adverse effects of the energy shortage and in turn
affect other physiological functions. The relatively lower activities
of ALT and AST, which play the important role in amino acid,
glucose, or long-chain free fatty acid metabolisms, also indicated
the inhibition of PS-NPs on the metabolism of the larval I.
punetaus (Sookoian and Pirola, 2015). The activities of ALT
and AST are expected to increase in the aquatic organisms
exposed to small plastic particles as the indicators of plastic
toxicity (Banaee et al., 2019; Hamed et al., 2019). However,
our results suggested that inhibition on ALT and AST
activities may also be a part of NPs toxicity to the larval fish
and differ from the effects on adults.

Increased reactive oxygen species (ROS) were recognized as
one of the toxic effects of MPs or NPs on organisms (Jeong et al.,
2016; Liu et al., 2020). Excess ROS can damage
biomacromolecules especially when the antioxidant defense is
overwhelmed (Costantini et al., 2010). In the present study, our
results showed that PS-NPs caused few effects on SOD and GPx
activities in the larval I. punetaus. After 24 h of exposure, the SOD
activity in the larval I. punetaus increased in the highest
concentration of PS-NPs but increased in the 10 mg/L after
48 h of exposure, indicating the changes in sensitivity of SOD
activity with different exposure duration and a potential
accumulative effect of PS-NPs. Dramatic changes in
antioxidant enzyme activities, including SOD and GPx, were
observed in fish species after long-term exposure to MPs or

FIGURE 3 | Results of GO enrichment with differentially expressed
genes in the larval Ietalurus punetaus after 48 h of exposure to 50 mg/L
polystyrene nanoplastics. (A) the biological process categories enriched with
upregulated genes. (B) the biological process categories enriched with
downregulated genes.
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FIGURE 4 | Results of KEGG enrichment with differentially expressed genes in the larval Ietalurus punetaus after 48 h of exposure to 50 mg/L polystyrene
nanoplastics.

FIGURE 5 | Effects of polystyrene nanoplastics exposure on the key differentially expressed genes in the pathways of the Ietalurus punetaus larvae. (A) protein
digestion and absorption. (B) PPAR pathway and downstream genes. (C) biosynthesis of prostaglandins. (D) changes in genes related to proteasomes and heat shock
proteins. (E) biosynthesis of specific amino acids. (F) changes in expression of several genes involved in xenobiotics metabolism. Up-regulated genes are marked in red
and down-regulated genes are marked in blue.
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NPs, such as 7 or 21 days of exposure (Qiao et al., 2019; Li et al.,
2021). This may mean that the effects of NPs on antioxidant
defense depend on relatively long exposure duration.

The transcriptomic analysis showed that 48 h of exposure to
50 mg/L of 75-nm PS-NPs disturbed the digestive process and
induced the responses to protein damage. Ingested MPs or NPs
can lead to blockage of the digestive tract and impaired
intestinal health in organisms (Cole et al., 2013; Gu et al.,
2020). In the larval I. punetaus, inhibited expression of
carboxypeptidase B (CPB) and membrane
metalloendopeptidase (MME), which convert dietary
protein to peptides and amino acids, suggested impaired
protein digestion after 48 h of exposure (Vetel et al., 2000;
Bayés et al., 2006). Expressions of three amino acid
transporters increased to enhance or maintain the transport
of neutral amino acids as the potential response to digestive
disorders (Böhmer et al., 2010; Ikeda et al., 2017; Wu et al.,
2017). The effects on the digestive process may decrease energy
intake and lead to the low level of energy reserves. The
upregulation of proteasome-related genes and heat shock
proteins (HSPs) may be due to the damage caused by PS-
NPs to proteins and their upregulation can help maintain
protein structure or clear damaged proteins (Morimoto and
Santoro, 1998; Shang and Taylor, 2011). Nanoplastics can
interact with proteins to form corona and damage the
protein structures when they enter the biological fluids of
organisms (Mattsson et al., 2015; Canesi et al., 2017). The
repair or removal of damaged proteins via proteasomes or
HSPs is a process that consumes huge energy (Zhou et al.,
2004; Viana et al., 2008). This process in the larval I. punetaus
exposed to PS-NPs may result in a further reduction in the
contents of energy metabolites.

As one of the responses to the effects of PS-NPs, the larval I.
punetaus activated genes that regulate the synthesis of
prostaglandins or specific amino acids. The PTGS1, also
known as COX1, participates in the biosynthesis of
prostaglandins or cellular housekeeping response and can
provide prostaglandins in the digestive tract to maintain the
integrity of the mucosal epithelium or maintain cell survival
and proliferation (Otto and Smith, 1995; Cohn et al., 1997).
This may be a protective mechanism for the digestive tract of
the larval I. punetaus against the PS-NPs. Similarly, activated
GLUL suggested a need for glutamine in the larval I. punetaus
after exposure to PS-NPs. Glutamine is an important energy
substrate and can regulate the expression of genes involved in
nutrient metabolism, protein hemostasis and cell survival (Xi
et al., 2011). Studies have reported that chronic exposure to 44-
nm PS-NPs consumed glutamine in shrimp Litopenaeus
vannamei, proving the need for glutamine in aquatic
organisms exposed to NPs (Chae et al., 2019).

Exposure to PS-NPs also affected the expression of genes
involved in gonad development and muscle contraction in the
larval I. punetaus. This may be due to the direct toxicity of PS-
NPs or partly due to impaired energy metabolism. Gonad
development depends on sufficient energy intake and supply,
and exposure to high concentrations of PS-NPs may thus affect
the gonad development of the larval I. punetaus (Pérez Camacho

et al., 2003). Exposure to PS-NPs can affect multiple locomotion
behaviors in many fish species. For example, NPs-exposed
crucian carp Carassius showed reduced explorative behaviors
(Mattsson et al., 2015). Usually, the adverse effects on behaviors
are related to alteration in energy metabolism capacity and a
direct effect of NPs on the fish brain (Mattsson et al., 2015). In the
larval I. punetaus exposed to 75-nm PS-NPs for 48 h, our results
suggested that PS-NPs exposure can alter the expression of genes
involved in muscle contraction, which may potentially link with
impaired energy metabolism.

Overall, the present study revealed that acute exposure to 75-
nm PS-NPs disrupted the energy metabolism and impacted a
series of molecular pathways in the larval I. punetaus. Exposure to
75-nm PS-NPs for 48 h decreased the contents of energy
metabolites and inhibited the activities of various metabolic
enzymes. Meanwhile, 75-nm PS-NPs can alter the protein
digestive process and induce responses to protein damage in
the larval I. punetaus. Genes involved in gonad development and
muscle contraction were depressed in the larval I. punetaus after
48 h of exposure to 75-nm PS-NPs. As these effects occur during
the critical phase of the development of fish, exposing the fish
larvae to NPs may therefore cause non-negligible effects on the
reproduction, behaviors and survival of fish adults and potential
influences on individual fitness or population structure. Our
study provided a perspective on the toxicological consequences
of PS-NPs to the larval fish especially energy metabolism and
molecular pathways.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repository. The name of the repository and accession number(s)
can be found as bellow: Dryad Digital Repository https://doi.org/
10.5061/dryad.np5hqbzwb.

ETHICS STATEMENT

Ethical review and approval was not required for the animal study
because We used an aquaculture species and the larvae is very
small (<0.5 g).

AUTHOR CONTRIBUTIONS

QJ conceived the study; QJ, XC, HJ, and MW provided the
resources and collected the data; WZ and QJ analyzed the
data; QJ and WZ wrote the initial draft of the manuscript; QJ
and WZ revised the manuscript; QJ, XC, HJ, MW, and TZ
received fund.

FUNDING

This work was funded by the Earmarked fund for Jiangsu
Agricultural Industry Technology System [JATS (2021)411],

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9232788

Jiang et al. Nanoplastics Affected Freshwater Fish Larvae

https://doi.org/10.5061/dryad.np5hqbzwb
https://doi.org/10.5061/dryad.np5hqbzwb
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


the China Agriculture Research System of MOF and MARA
(CARS-46), Unit Project implementation Plan—Fisheries
Ecology and Resources monitoring of Jiangsu province in
China and the National Key Research and Development
Program of China (2020YFD0900305).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphys.2022.923278/
full#supplementary-material

REFERENCES

Bai, K., Jiang, L., Wei, C., Li, Q., Zhang, L., Zhang, J., et al. (2022). Dimethylglycine
Sodium Salt Activates Nrf2/SIRT1/PGC1α Leading to the Recovery of Muscle
Stem Cell Dysfunction in Newborns with Intrauterine Growth Restriction. Free
Radic. Biol. Med. 184, 89–98. doi:10.1016/j.freeradbiomed.2022.04.004

Banaee, M., Soltanian, S., Sureda, A., Gholamhosseini, A., Haghi, B. N., Akhlaghi,
M., et al. (2019). Evaluation of Single and Combined Effects of Cadmium and
Micro-plastic Particles on Biochemical and Immunological Parameters of
Common Carp (Cyprinus carpio). Chemosphere 236, 124335. doi:10.1016/j.
chemosphere.2019.07.066

Barboza, L. G. A., Vieira, L. R., Branco, V., Figueiredo, N., Carvalho, F., Carvalho,
C., et al. (2018). Microplastics Cause Neurotoxicity, Oxidative Damage and
Energy-Related Changes and Interact with the Bioaccumulation of Mercury in
the European Seabass, Dicentrarchus labrax (Linnaeus, 1758). Aquat. Toxicol.
195, 49–57. doi:10.1016/j.aquatox.2017.12.008

Barría, C., Brandts, I., Tort, L., Oliveira, M., and Teles, M. (2020). Effect of
Nanoplastics on Fish Health and Performance: A Review.Mar. Pollut. Bull. 151,
110791. doi:10.1016/j.marpolbul.2019.110791

Bayés, A., de la Vega, M. R., Vendrell, J., Aviles, F. X., Jongsma, M. A., and
Beekwilder, J. (2006). Response of the Digestive System of Helicoverpa Zea to
Ingestion of Potato Carboxypeptidase Inhibitor and Characterization of an
Uninhibited Carboxypeptidase B. Insect Biochem. Mol. Biol. 36, 654–664.
doi:10.1016/j.ibmb.2006.05.010

Böhmer, C., Sopjani, M., Klaus, F., Lindner, R., Laufer, J., Jeyaraj, S., et al. (2010).
The Serum and Glucocorticoid Inducible Kinases SGK1-3 Stimulate the Neutral
Amino Acid Transporter SLC6A19. Cell. Physiol. biochem. 25, 723–732. doi:10.
1159/000315092

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a Flexible Trimmer
for Illumina Sequence Data. Bioinformatics 30, 2114–2120. doi:10.1093/
bioinformatics/btu170

Bradford, M. M. (1976). A Rapid and Sensitive Method for the Quantitation of
Microgram Quantities of Protein Utilizing the Principle of Protein-Dye
Binding. Anal. Biochem. 72, 248–254. doi:10.1016/0003-2697(76)90527-3

Brandts, I., Teles, M., Gonçalves, A. P., Barreto, A., Franco-Martinez, L.,
Tvarijonaviciute, A., et al. (2018). Effects of Nanoplastics on Mytilus
galloprovincialis after Individual and Combined Exposure with
Carbamazepine. Sci. Total Environ. 643, 775–784. doi:10.1016/j.scitotenv.
2018.06.257

Brun, N. R., van Hage, P., Hunting, E. R., Haramis, A.-P. G., Vink, S. C., Vijver, M.
G., et al. (2019). Polystyrene Nanoplastics Disrupt Glucose Metabolism and
Cortisol Levels with a Possible Link to Behavioural Changes in Larval Zebrafish.
Commun. Biol. 2, 382. doi:10.1038/s42003-019-0629-6

Canesi, L., Balbi, T., Fabbri, R., Salis, A., Damonte, G., Volland, M., et al. (2017).
Biomolecular Coronas in Invertebrate Species: Implications in the
Environmental Impact of Nanoparticles. Nanoimpact 8, 89–98. doi:10.1016/
j.impact.2017.08.001

Chae, Y., Kim, D., Choi, M.-J., Cho, Y., and An, Y.-J. (2019). Impact of Nano-Sized
Plastic on the Nutritional Value and Gut Microbiota of Whiteleg Shrimp
Litopenaeus Vannamei via Dietary Exposure. Environ. Int. 130, 104848. doi:10.
1016/j.envint.2019.05.042

Cohn, S. M., Schloemann, S., Tessner, T., Seibert, K., and Stenson, W. F. (1997).
Crypt Stem Cell Survival in the Mouse Intestinal Epithelium Is Regulated by
Prostaglandins Synthesized through Cyclooxygenase-1. J. Clin. Invest. 99,
1367–1379. doi:10.1172/jci119296

Cole, M., and Galloway, T. S. (2015). Ingestion of Nanoplastics and Microplastics
by Pacific Oyster Larvae. Environ. Sci. Technol. 49, 14625–14632. doi:10.1021/
acs.est.5b04099

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J., et al.
(2013). Microplastic Ingestion by Zooplankton. Environ. Sci. Technol. 47,
6646–6655. doi:10.1021/es400663f

Costantini, D., Rowe, M., Butler, M. W., and Mcgraw, K. J. (2010). FromMolecules
to Living Systems: Historical and Contemporary Issues in Oxidative Stress and
Antioxidant Ecology. Funct. Ecol. 24, 950–959. doi:10.1111/j.1365-2435.2010.
01746.x

González-Fernández, C., Tallec, K., Le Goïc, N., Lambert, C., Soudant, P., Huvet,
A., et al. (2018). Cellular Responses of Pacific Oyster (Crassostrea gigas)
Gametes Exposed In Vitro to Polystyrene Nanoparticles. Chemosphere 208,
764–772. doi:10.1016/j.chemosphere.2018.06.039

Gu, H., Wang, S., Wang, X., Yu, X., Hu, M., Huang, W., et al. (2020). Nanoplastics
Impair the Intestinal Health of the Juvenile Large Yellow Croaker Larimichthys
Crocea. J. Hazard. Mater. 397, 122773. doi:10.1016/j.jhazmat.2020.122773

Hamed, M., Soliman, H. A. M., Osman, A. G. M., and Sayed, A. E.-D. H. (2019).
Assessment the Effect of Exposure to Microplastics in Nile Tilapia
(Oreochromis niloticus) Early Juvenile: I. Blood Biomarkers. Chemosphere
228, 345–350. doi:10.1016/j.chemosphere.2019.04.153

Hidalgo-Ruz, V., Gutow, L., Thompson, R. C., and Thiel, M. (2012). Microplastics
in the Marine Environment: A Review of the Methods Used for Identification
and Quantification. Environ. Sci. Technol. 46, 3060–3075. doi:10.1021/
es2031505

Horton, A. A., Jürgens, M. D., Lahive, E., van Bodegom, P. M., and Vijver, M. G.
(2018). The Influence of Exposure and Physiology on Microplastic Ingestion by
the Freshwater Fish Rutilus rutilus (Roach) in the River Thames, UK. Environ.
Pollut. 236, 188–194. doi:10.1016/j.envpol.2018.01.044

Ikeda, K., Kinoshita, M., Kayama, H., Nagamori, S., Kongpracha, P., Umemoto, E.,
et al. (2017). Slc3a2 Mediates Branched-Chain Amino-acid-dependent
Maintenance of Regulatory T Cells. Cell Rep. 21, 1824–1838. doi:10.1016/j.
celrep.2017.10.082

Jeong, C.-B., Won, E.-J., Kang, H.-M., Lee, M.-C., Hwang, D.-S., Hwang, U.-K.,
et al. (2016). Microplastic Size-dependent Toxicity, Oxidative Stress Induction,
and P-JNK and P-P38 Activation in the Monogonont Rotifer (Brachionus
Koreanus). Environ. Sci. Technol. 50, 8849–8857. doi:10.1021/acs.est.6b01441

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a Fast Spliced Aligner
with Low Memory Requirements. Nat. Methods 12, 357–360. doi:10.1038/
nmeth.3317

Kühn, S., Bravo Rebolledo, E. L., and van Franeker, J. A. (2015). “Deleterious
Effects of Litter on Marine Life,” inMarine Anthropogenic Litter. Editors
M. Bergmann, L. Gutow, and M. Klages (Cham, Switzerland: Springer
press), 75–116. doi:10.1007/978-3-319-16510-3_4

Kumar, V., and Gill, K. D. (2018). “Estimation of Blood Glucose Levels by Glucose
Oxidase Method,” inBasic Concepts in Clinical Biochemistry: A Practical Guide.
Singapore: Springer Press, 57–60. doi:10.1007/978-981-10-8186-6_13

Li, C., Busquets, R., and Campos, L. C. (2020). Assessment of Microplastics in
Freshwater Systems: A Review. Sci. Total Environ. 707, 135578. doi:10.1016/j.
scitotenv.2019.135578

Li, L. a., Gu, H., Chang, X., Huang, W., Sokolova, I. M., Wei, S., et al. (2021).
Oxidative Stress Induced by Nanoplastics in the Liver of Juvenile Large Yellow
Croaker Larimichthys Crocea. Mar. Pollut. Bull. 170, 112661. doi:10.1016/j.
marpolbul.2021.112661

Li, Y., Liu, Z., Yang, Y., Jiang, Q., Wu, D., Huang, Y., et al. (2020). Effects of
Nanoplastics on Energy Metabolism in the Oriental River Prawn
(Macrobrachium Nipponense). Environ. Pollut. 268, 115890. doi:10.1016/j.
envpol.2020.115890

Liu, Z., Li, Y., Sepúlveda, M. S., Jiang, Q., Jiao, Y., Chen, Q., et al. (2021).
Development of an Adverse Outcome Pathway for Nanoplastic Toxicity in
Daphnia pulexUsing Proteomics. Sci. Total Environ. 766, 144249. doi:10.1016/j.
scitotenv.2020.144249

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9232789

Jiang et al. Nanoplastics Affected Freshwater Fish Larvae

https://www.frontiersin.org/articles/10.3389/fphys.2022.923278/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.923278/full#supplementary-material
https://doi.org/10.1016/j.freeradbiomed.2022.04.004
https://doi.org/10.1016/j.chemosphere.2019.07.066
https://doi.org/10.1016/j.chemosphere.2019.07.066
https://doi.org/10.1016/j.aquatox.2017.12.008
https://doi.org/10.1016/j.marpolbul.2019.110791
https://doi.org/10.1016/j.ibmb.2006.05.010
https://doi.org/10.1159/000315092
https://doi.org/10.1159/000315092
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/j.scitotenv.2018.06.257
https://doi.org/10.1016/j.scitotenv.2018.06.257
https://doi.org/10.1038/s42003-019-0629-6
https://doi.org/10.1016/j.impact.2017.08.001
https://doi.org/10.1016/j.impact.2017.08.001
https://doi.org/10.1016/j.envint.2019.05.042
https://doi.org/10.1016/j.envint.2019.05.042
https://doi.org/10.1172/jci119296
https://doi.org/10.1021/acs.est.5b04099
https://doi.org/10.1021/acs.est.5b04099
https://doi.org/10.1021/es400663f
https://doi.org/10.1111/j.1365-2435.2010.01746.x
https://doi.org/10.1111/j.1365-2435.2010.01746.x
https://doi.org/10.1016/j.chemosphere.2018.06.039
https://doi.org/10.1016/j.jhazmat.2020.122773
https://doi.org/10.1016/j.chemosphere.2019.04.153
https://doi.org/10.1021/es2031505
https://doi.org/10.1021/es2031505
https://doi.org/10.1016/j.envpol.2018.01.044
https://doi.org/10.1016/j.celrep.2017.10.082
https://doi.org/10.1016/j.celrep.2017.10.082
https://doi.org/10.1021/acs.est.6b01441
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1007/978-3-319-16510-3_4
https://doi.org/10.1007/978-981-10-8186-6_13
https://doi.org/10.1016/j.scitotenv.2019.135578
https://doi.org/10.1016/j.scitotenv.2019.135578
https://doi.org/10.1016/j.marpolbul.2021.112661
https://doi.org/10.1016/j.marpolbul.2021.112661
https://doi.org/10.1016/j.envpol.2020.115890
https://doi.org/10.1016/j.envpol.2020.115890
https://doi.org/10.1016/j.scitotenv.2020.144249
https://doi.org/10.1016/j.scitotenv.2020.144249
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Liu, Z., Yu, P., Cai, M., Wu, D., Zhang, M., Huang, Y., et al. (2018b). Polystyrene
Nanoplastic Exposure Induces Immobilization, Reproduction, and Stress
Defense in the Freshwater Cladoceran Daphnia pulex. Daphnia
pulexChemosphere 215, 74–81. doi:10.1016/j.chemosphere.2018.09.176

Liu, Z., Cai, M., Yu, P., Chen, M., Wu, D., Zhang, M., et al. (2018a). Age-dependent
Survival, Stress Defense, and AMPK in Daphnia pulex after Short-Term
Exposure to a Polystyrene Nanoplastic. Aquat. Toxicol. 204, 1–8. doi:10.
1016/j.aquatox.2018.08.017

Lönnstedt, O. M., and Eklöv, P. (2016). Environmentally Relevant Concentrations
of Microplastic Particles Influence Larval Fish Ecology. Science 352, 1213–1216.
doi:10.1126/science.aad8828

Lu, Y., Zhang, Y., Deng, Y., Jiang, W., Zhao, Y., Geng, J., et al. (2016). Uptake and
Accumulation of Polystyrene Microplastics in Zebrafish (Danio rerio) and
Toxic Effects in Liver. Environ. Sci. Technol. 50, 4054–4060. doi:10.1021/acs.est.
6b00183

Martin, L., Johannes, S., Giuliano, E., Iseult, L., Tommy, C., and Kenneth A, D.
(2008). Nanoparticle Size and Surface Properties Determine the Protein Corona
with Possible Implications for Biological Impacts. Proc. Natl. Acad. Sci. U. S. A.
105, 14265–14270. doi:10.1073/pnas.0709366105

Mattsson, K., Ekvall, M. T., Hansson, L.-A., Linse, S., Malmendal, A., and
Cedervall, T. (2015). Altered Behavior, Physiology, and Metabolism in Fish
Exposed to Polystyrene Nanoparticles. Environ. Sci. Technol. 49, 553–561.
doi:10.1021/es5053655

Mattsson, K., Johnson, E. V., Malmendal, A., Linse, S., Hansson, L.-A., and
Cedervall, T. (2017). Brain Damage and Behavioural Disorders in Fish
Induced by Plastic Nanoparticles Delivered through the Food Chain. Sci.
Rep. 7, 11452. doi:10.1038/s41598-017-10813-0

Morimoto, R. I., and Santoro, M. G. (1998). Stress-inducible Responses and Heat
Shock Proteins: New Pharmacologic Targets for Cytoprotection. Nat.
Biotechnol. 16 (9), 833–838. doi:10.1038/nbt0998-833

Otto, J. C., and Smith, W. L. (1995). Prostaglandin Endoperoxide Synthases-1 and
-2. J. Lipid Mediat. Cell Signal. 12, 139–156. doi:10.1016/0929-7855(95)00015-i

Pérez Camacho, A., Delgado, M., Fernández-Reiriz, M., and Labarta, U. (2003).
Energy Balance, Gonad Development and Biochemical Composition in the
Clam Ruditapes Decussatus. Mar. Ecol. Prog. Ser. 258, 133–145. doi:10.3354/
meps258133

Pitt, J. A., Trevisan, R., Massarsky, A., Kozal, J. S., Levin, E. D., and Di Giulio, R. T.
(2018). Maternal Transfer of Nanoplastics to Offspring in Zebrafish (Danio
rerio): A Case Study with Nanopolystyrene. Sci. Total Environ. 643, 324–334.
doi:10.1016/j.scitotenv.2018.06.186

PlasticsEurope (2018). “Plastics-The Facts 2018, An Analysis of European Plastics
Production, Demand andWaste Data,” in Association of Plastics Manufacturers
and EPRO (Brussels: European Association of Plastics Recycling & Recovery
Organisations, Association of Plastic Manufacturers and European Association
of Plastics Recycling and Recovery Organizations), 18.

Qiao, R., Sheng, C., Lu, Y., Zhang, Y., Ren, H., and Lemos, B. (2019). Microplastics
Induce Intestinal Inflammation, Oxidative Stress, and Disorders of Metabolome
and Microbiome in Zebrafish. Sci. Total Environ. 662, 246–253. doi:10.1016/j.
scitotenv.2019.01.245

Rech, S., Macaya-Caquilpán, V., Pantoja, J. F., Rivadeneira, M. M., Jofre
Madariaga, D., and Thiel, M. (2014). Rivers as a Source of Marine Litter -
A Study from the SE Pacific. Mar. Pollut. Bull. 82, 66–75. doi:10.1016/j.
marpolbul.2014.03.019

Rietman, S., and Frankel, S. (1957). A Colorimetric Method for the Determination
of Serum Glutamic Oxaloacetic Transaminase and Serum Glutamic Pyruvic
Transaminase. Am. J. Clin. Pathol. 20, 56–59.

Roberts, A., Trapnell, C., Donaghey, J., Rinn, J. L., and Pachter, L. (2011).
Improving RNA-Seq Expression Estimates by Correcting for Fragment Bias.
Genome Biol. 12, R22–R14. doi:10.1186/gb-2011-12-3-r22

Sanchez, W., Bender, C., and Porcher, J.-M. (2014). Wild Gudgeons (Gobio
gobio) from French Rivers Are Contaminated by Microplastics:
Preliminary Study and First Evidence. Environ. Res. 128, 98–100.
doi:10.1016/j.envres.2013.11.004

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing Real-Time PCR Data by the
Comparative CT Method. Nat. Protoc. 3, 1101–1108. doi:10.1038/nprot.
2008.73

Sendra, M., Staffieri, E., Yeste, M. P., Moreno-Garrido, I., Gatica, J. M., Corsi, I.,
et al. (2019). Are the Primary Characteristics of Polystyrene Nanoplastics
Responsible for Toxicity and Ad/absorption in the Marine Diatom
Phaeodactylum Tricornutum? Environ. Pollut. 249, 610–619. doi:10.1016/j.
envpol.2019.03.047

Shang, F., and Taylor, A. (2011). Ubiquitin-proteasome Pathway and Cellular
Responses to Oxidative Stress. Free Radic. Biol. Med. 51, 5–16. doi:10.1016/j.
freeradbiomed.2011.03.031

Sookoian, S., and Pirola, C. J. (2015). “Glutamine-Cycling Pathway in Metabolic
Syndrome: Systems Biology-Based Characterization of the Glutamate-Related
Metabolotype and Advances for Diagnosis and Treatment in Translational
Medicine,” inGlutamine in Clinical Nutrition. Editors R. Rajendram, V. Preedy,
and V. Patel (New York: Humana Press), 255–275. doi:10.1007/978-1-4939-
1932-1_20

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J.,
et al. (2010). Transcript Assembly and Quantification by RNA-Seq Reveals
Unannotated Transcripts and Isoform Switching during Cell Differentiation.
Nat. Biotechnol. 28, 511–515. doi:10.1038/nbt.1621

Vetel, J. M., Berard, H., Fretault, N., and Lecomte, J. M. (2000). Comparison of
Racecadotril and Loperamide in Adults with Acute Diarrhoea. Aliment.
Pharmacol. Ther. 13 (Suppl. 6), 21–26. doi:10.1046/j.1365-2036.1999.00003.
x-i1

Viana, R., Aguado, C., Esteban, I., Moreno, D., Viollet, B., Knecht, E., et al. (2008).
Role of AMP-Activated Protein Kinase in Autophagy and Proteasome
Function. Biochem. Biophysical Res. Commun. 369, 964–968. doi:10.1016/j.
bbrc.2008.02.126

Wang, Z., Liang, M., Li, H., Cai, L., He, H., Wu, Q., et al. (2019). l -Methionine
Activates Nrf2-ARE Pathway to Induce Endogenous Antioxidant Activity for
Depressing ROS-derived Oxidative Stress in Growing Rats. J. Sci. Food Agric.
99, 4849–4862. doi:10.1002/jsfa.9757

Ward, J. E., and Kach, D. J. (2009). Marine Aggregates Facilitate Ingestion of
Nanoparticles by Suspension-Feeding Bivalves.Mar. Environ. Res. 68, 137–142.
doi:10.1016/j.marenvres.2009.05.002

Wright, S. L., Thompson, R. C., and Galloway, T. S. (2013). The Physical Impacts of
Microplastics on Marine Organisms: a Review. Environ. Pollut. 178, 483–492.
doi:10.1016/j.envpol.2013.02.031

Wu, Y., Yin, Q., Lin, S., Huang, X., Xia, Q., Chen, Z., et al. (2017). Increased
SLC7A8 Expression Mediates L-DOPA Uptake by Renal Tubular Epithelial
Cells. Mol. Med. Rep. 16, 887–893. doi:10.3892/mmr.2017.6620

Xi, P., Jiang, Z., Zheng, C., Lin, Y., and Wu, G. (2011). Regulation of Protein
Metabolism by Glutamine: Implications for Nutrition and Health. Front. Biosci.
16, 578–597. doi:10.2741/3707

Yang,W., Gao, P., Li, H., Huang, J., Zhang, Y., Ding, H., et al. (2021). Mechanism of
the Inhibition and Detoxification Effects of the Interaction between
Nanoplastics and Microalgae Chlorella Pyrenoidosa. Sci. Total Environ. 783,
146919. doi:10.1016/j.scitotenv.2021.146919

Yin, L., Chen, B., Xia, B., Shi, X., and Qu, K. (2018). Polystyrene Microplastics Alter
the Behavior, Energy Reserve and Nutritional Composition of Marine
Jacopever (Sebastes Schlegelii). J. Hazard. Mater. 360, 97–105. doi:10.1016/j.
jhazmat.2018.07.110

Yin, L., Liu, H., Cui, H., Chen, B., Li, L., and Wu, F. (2019). Impacts of Polystyrene
Microplastics on the Behavior and Metabolism in a Marine Demersal Teleost,
Black Rockfish (Sebastes Schlegelii). J. Hazard. Mater. 380, 120861. doi:10.1016/
j.jhazmat.2019.120861

Zhang, H., Burnum, K. E., Luna, M. L., Petritis, B. O., Kim, J.-S., Qian, W.-J., et al.
(2011). Quantitative Proteomics Analysis of Adsorbed Plasma Proteins
Classifies Nanoparticles with Different Surface Properties and Size.
Proteomics 11, 4569–4577. doi:10.1002/pmic.201100037

Zhang, W., Liu, Z., Tang, S., Li, D., Jiang, Q., and Zhang, T. (2019). Transcriptional
Response Provides Insights into the Effect of Chronic Polystyrene Nanoplastic

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 92327810

Jiang et al. Nanoplastics Affected Freshwater Fish Larvae

https://doi.org/10.1016/j.chemosphere.2018.09.176
https://doi.org/10.1016/j.aquatox.2018.08.017
https://doi.org/10.1016/j.aquatox.2018.08.017
https://doi.org/10.1126/science.aad8828
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1073/pnas.0709366105
https://doi.org/10.1021/es5053655
https://doi.org/10.1038/s41598-017-10813-0
https://doi.org/10.1038/nbt0998-833
https://doi.org/10.1016/0929-7855(95)00015-i
https://doi.org/10.3354/meps258133
https://doi.org/10.3354/meps258133
https://doi.org/10.1016/j.scitotenv.2018.06.186
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.scitotenv.2019.01.245
https://doi.org/10.1016/j.marpolbul.2014.03.019
https://doi.org/10.1016/j.marpolbul.2014.03.019
https://doi.org/10.1186/gb-2011-12-3-r22
https://doi.org/10.1016/j.envres.2013.11.004
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/j.envpol.2019.03.047
https://doi.org/10.1016/j.envpol.2019.03.047
https://doi.org/10.1016/j.freeradbiomed.2011.03.031
https://doi.org/10.1016/j.freeradbiomed.2011.03.031
https://doi.org/10.1007/978-1-4939-1932-1_20
https://doi.org/10.1007/978-1-4939-1932-1_20
https://doi.org/10.1038/nbt.1621
https://doi.org/10.1046/j.1365-2036.1999.00003.x-i1
https://doi.org/10.1046/j.1365-2036.1999.00003.x-i1
https://doi.org/10.1016/j.bbrc.2008.02.126
https://doi.org/10.1016/j.bbrc.2008.02.126
https://doi.org/10.1002/jsfa.9757
https://doi.org/10.1016/j.marenvres.2009.05.002
https://doi.org/10.1016/j.envpol.2013.02.031
https://doi.org/10.3892/mmr.2017.6620
https://doi.org/10.2741/3707
https://doi.org/10.1016/j.scitotenv.2021.146919
https://doi.org/10.1016/j.jhazmat.2018.07.110
https://doi.org/10.1016/j.jhazmat.2018.07.110
https://doi.org/10.1016/j.jhazmat.2019.120861
https://doi.org/10.1016/j.jhazmat.2019.120861
https://doi.org/10.1002/pmic.201100037
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Exposure on Daphnia pulex. Chemosphere 238, 124563. doi:10.1016/j.
chemosphere.2019.124563

Zhou, V., Han, S., Brinker, A., Klock, H., Caldwell, J., and Gu, X.-j. (2004). A Time-
Resolved Fluorescence Resonance Energy Transfer-Based HTS Assay and a
Surface Plasmon Resonance-Based Binding Assay for Heat Shock Protein 90
Inhibitors. Anal. Biochem. 331, 349–357. doi:10.1016/j.ab.2004.04.011

Zhu, B.-K., Fang, Y.-M., Zhu, D., Christie, P., Ke, X., and Zhu, Y.-G. (2018). Exposure to
Nanoplastics Disturbs the Gut Microbiome in the Soil Oligochaete Enchytraeus
Crypticus. Environ. Pollut. 239, 408–415. doi:10.1016/j.envpol.2018.04.017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jiang, Chen, Jiang, Wang, Zhang and Zhang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 92327811

Jiang et al. Nanoplastics Affected Freshwater Fish Larvae

https://doi.org/10.1016/j.chemosphere.2019.124563
https://doi.org/10.1016/j.chemosphere.2019.124563
https://doi.org/10.1016/j.ab.2004.04.011
https://doi.org/10.1016/j.envpol.2018.04.017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Effects of Acute Exposure to Polystyrene Nanoplastics on the Channel Catfish Larvae: Insights From Energy Metabolism and Tr ...
	Introduction
	Materials and Methods
	Organisms and Polystyrene Nanoplastics Exposure
	Assays for Energy Metabolites and Enzyme Activities
	RNA Isolation and Sequencing
	Validation of Transcriptome Sequencing
	Statistics

	Results
	Changes in Energy Metabolites and Enzyme Activities
	Differentially Expressed Gene and Functional Analysis
	Key DEGs in the Important Pathways
	Validation by Real-Time PCR

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


