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A B S T R A C T   

Microplastics (MPs) pose one of the major environmental threats to marine organisms and ecosystems on a global 
scale. Although many marine crustaceans are highly susceptible to MPs pollution, the toxicological effects and 
mechanisms of MPs on crustaceans are poorly understood. The current study focused on the impacts of MPs 
accumulation in shrimp Litopenaeus vannamei at the behavioral, histological and biochemical levels. The results 
demonstrated the accumulation of polystyrene MPs in various organs of L. vannamei, with highest MPs abun-
dance in the hepatopancreas. The MPs accumulated in shrimp caused growth inhibition, abnormal swimming 
behavior and reduced swimming performance of L. vannamei. Following MPs exposure, oxidative stress and lipid 
peroxidation were also observed, which were strongly linked to attenuated swimming activity of L. vannamei. 
The above MPs-induced disruption in balance of antioxidant system triggered the hepatopancreatic damage in 
L. vannamei, which was exacerbated with increasing MPs concentrations (from 0.02 to 1 mg L− 1). Furthermore, 
metabolomics revealed that MPs exposure resulted in alterations of metabolic profiles and disturbed glycolysis, 
lipolysis and amino acid metabolism pathways in hepatopancreas of L. vannamei. This work confirms and ex-
pands the knowledge on the sublethal impacts and toxic modes of action of MPs in L. vannamei.   

1. Introduction 

In recent decades, large quantities of plastic debris have been 
continuously dumped into the ocean due to a lack of waste disposal 
awareness. In 2016, the global amount of plastic debris entering aquatic 
environments was estimated to be 19–23 million metric tons (mt), with a 
potential increase to 53 million mt by 2030 (Borrelle et al., 2020). 
Microplastics (MPs), which occur from the direct discharge of plastic 
microparticles and the environmental fragmentation of larger plastic 
debris, are anticipated to make up 13.5% of the marine plastic budget 
(Kane et al., 2020). This has led to increasing detection of high levels of 
MPs in surface seawater (around several thousand particles m− 3), 
particularly in coastal areas, harbors, estuaries, mangroves, etc. (Cai 

et al., 2018; Fu et al., 2020; Kang et al., 2015; Li et al., 2020a). The wide 
occurrence of MPs was also confirmed in marine sediments from coastal 
harbors, which would equate to MPs concentrations in pore water of 
2.2–5.4 mg L− 1 (Claessens et al., 2011). The enormous amounts of MPs 
in the ocean have raised global concern regarding their potential im-
pacts on marine life and ecosystems. 

Growing evidence has demonstrated the ingestion of MPs by aquatic 
animals such as fish (Lu et al., 2016), bivalves (Wang et al., 2021a), 
crustaceans (Saborowski et al., 2022), zooplankton (Jeong et al., 2016). 
The ingested MPs could accumulate in tissues over a long period of time 
due to their tiny size and poor biodegradability. The main ingestion 
pathways of MPs in aquatic animals include oral ingestion, respiration, 
and skin adherence (Kim et al., 2021; Kolandhasamy et al., 2018). The 
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primary uptake pathway of MPs in aquatic animals has been identified 
as gastrointestinal ingestion in bivalves and crustaceans (D’Costa, 2022; 
Valencia-Castañeda et al., 2022b; Wang et al., 2021a). The ingested MPs 
can rapidly accumulate in gastrointestinal tracts, cross the biological 
barriers, and translocate to other internal organs via the circulatory or 
lymphatic system (Kim et al., 2021). Gills are the respiratory organs that 
many aquatic organisms use to oxygenate their blood by extracting 
dissolved oxygen from water. Therefore, the large surface area of gill 
provides an uptake pathway for waterborne exposed MPs through 
respiration, microvilli activity and endocytosis (Von Moos et al., 2012). 
Notably, the morphological and physiological variations across aquatic 
species typically lead to discrepancies in the biodistribution and bio-
accumulation features of MPs. Therefore, it is critical to investigate the 
characteristic MPs accumulation in specific aquatic species, identify 
organs with strong MP toxicity, and assess the relevant toxic modes of 
action. 

Studies have shown that MPs accumulation in tissues could cause a 
number of adverse effects on the aquatic animals (D’Costa, 2022; Kögel 
et al., 2020). For instance, abundant accumulation of MPs in the 
digestive tract can result in physical blockages and mechanical injury in 
aquatic animals (Alimba and Faggio, 2019), which further causes 
reduced feeding, impaired behavior and inhibited growth and devel-
opment (Wang et al., 2020). Long-term MP accumulation in fish gut can 
result in intestinal inflammation and oxidative stress, leading to the 
development of gut metabolic disorders due to intestinal microbiota 
dysbiosis (Kang et al., 2021; Qiao et al., 2019). Moreover, bio-
accumulation of MPs in fish liver has been linked to hepatic inflamma-
tion, elevated oxidative stress (Feng et al., 2021; Lu et al., 2016), as well 
as disrupted hepatic glycolipid metabolism at various levels (Zhao et al., 
2020). Accumulation of MPs in tissue also significantly impact other 
aquatic animals such as bivalves and crustaceans (D’Costa, 2022; Mkuye 
et al., 2022). Exposure studies have observed that ingestion of MPs can 
impair immune system functionality of bivalves by interfering with 
antioxidant systems, reducing phagocytosis, hemocyte count, and 
viability, as well as enhancing DNA damage (Mkuye et al., 2022). 
Additionally, MPs caused histological damage and alterations in the 
enzymatic biomarkers of lipid and energy metabolism in important or-
gans, including the gill and digestive gland of bivalves, as well as 
disturbance of amino acid and glycerophospholipid metabolism path-
ways in the digestive gland (Teng et al., 2021). 

Regarding marine crustaceans, recent research has begun to uncover 
potential effects of MPs accumulation on survival, growth, feeding, 
behavior, physiology, oxidative stress, microbial changes, etc. (Bergami 
et al., 2016; D’Costa, 2022; Wang et al., 2020, 2021b). For example, 
field studies have documented the ingestion of MPs in shrimp Litope-
naeus vannamei and demonstrated the accumulation of MPs in gastro-
intestinal tract and gill, where the most abundant detected polymers 
were polyethylene, polyamide, and polystyrene (PS) (Valencia-Casta-
ñeda et al., 2022a, 2022b). Various toxicological studies have reported 
that accumulated MPs in tissues can lead to increased mortality, reduced 
feeding rate and altered swimming behavior of crustaceans as reviewed 
by D’Costa (2022). Moreover, the retention of MPs in tissues can exert 
an influence on the antioxidant system, leading to oxidative damages 
and histopathology injuries in L. vannamei (Hsieh et al., 2021), as well as 
activation of the expression of antioxidant genes and regulation of the 
MAPK signaling pathway in crab Eriocheir sinensis (Yu et al., 2018). 
Recent studies also found that MPs exposure can induce immune defense 
response and dysbiosis of microflora in L. vannamei (Wang et al., 2021b), 
and alter protein and metabolic profiles in hemolymph of L. vannamei 
(Duan et al., 2021). However, there are a few systematic studies focusing 
on the toxic modes of action underpinning MPs-induced toxicological 
consequences on marine crustaceans, especially from the aspects of 
cellular and molecular levels. 

Litopenaeus vannamei (whiteleg shrimp), a penaeid shrimp genus, 
widely distributed along Pacific coast, is now the top cultivated and 
globally traded crustacean species with substantial economic value. In 

2020, the annual global production of L. vannamei reached 5.8 million 
tons with an estimated value of USD 24.7 billion, making up 51.7% of 
the total farmed crustacean species (FAO, 2022). The plastic wastes 
generating from aquaculture and fisheries activities along with other 
terrestrial anthropogenic sources, are increasingly entering the aqua-
culture ecosystems, posing a great threat to the well-being and sus-
tainability of L. vannamei. Therefore, L. vannamei was selected as the test 
organism in the current study. Polystyrene (PS) microspheres were 
selected as MPs for the exposure experiments, since PS is one of the most 
manufactured plastics and most prevailing polymer types of MPs 
detected in marine crustaceans (Alimba and Faggio, 2019; Hara et al., 
2020; Valencia-Castañeda et al., 2022b). This study hypothesized that 
L. vannamei can ingest and accumulate PS MPs in specific organs, 
leading to a variety of toxic effects at the behavioral, histological and 
biochemical levels. Herein, L. vannamei were exposed to waterborne 
MPs at environmentally relevant concentrations. The accumulation and 
distribution of MPs in the organs were determined by fluorescence 
tracing. Behavior monitoring, enzymatic biomarker assay, histopatho-
logical analysis and metabolomic profiling were jointly conducted to 
unravel the interlinked toxicological consequences and relevant mech-
anisms of MPs on L. vannamei. 

2. Experimental 

2.1. Animals and MPs 

Healthy whiteleg shrimp postlarvae (L. vannamei, 1–2 cm body 
length, 25-day-postlarvae (PL25)) were obtained from Hainan Zhongz-
heng Aquatic Products Technology Co., Ltd (Hainan, China) and were 
subsequently cultured in artificial seawater (ASW, composition of ASW 
shown in Table S1) with a salinity of 20 ± 1‰ by using aquatic sea salt 
(Blue treasure, China) and de-ionized water. The individuals were fed 
with a commercial diet formulated for whiteleg shrimp (5% of body 
weight, Guangdong Yuehai diet Co., Ltd, Guangdong, China) daily. 
During the acclimation period, the organisms were maintained in 
aquariums for three weeks under laboratory conditions (light/dark cycle 
(12 h/12 h), temperature: 28 ± 1 ◦C; pH: 7.6 ± 0.1; dissolved oxygen: 
7.4 ± 0.3 mg L− 1). 

Polystyrene (PS) microspheres with uniform diameter of 2 µm were 
purchased from BaseLine ChromTech Research Centre (Tianjin, China). 
Although field study showed that most abundant MPs spheres detected 
in shrimps ranged from 10 to 20 µm in diameter (Curren et al., 2020), 
many environmental MPs occur as small secondary MPs derived from 
plastics degradation, which are hardly detected in field study due to 
technique limitations (Barbosa et al., 2020). Therefore, small PS size 
(2-μm diameter) was selected in this study considering environmental 
plastics degradation, which normally exhibit higher bioavailability to 
organisms than larger MPs, but their toxicological effects remain largely 
unexplored (Dawson et al., 2018; Lee et al., 2013). The 
fluorescent-labeled PS microspheres (2-μm diameter) were used to track 
the bioaccumulation and biodistribution of PS in the organism (excita-
tion wavelength: 488 nm; emission wavelength: 518 nm). The virgin PS 
microspheres (2-μm diameter) without fluorescence were employed for 
the chronic toxicity test. The polymer composition of the MPs was 
examined by micro-Raman spectroscopy (DXR™, Thermo-Fisher Sci-
entific) (Fig. S1). The size and morphology of the PS microspheres were 
characterized by transmission electron microscopy (Tecnai G2 F20, FEI, 
Netherlands) (Fig. S1). The MPs stock solution of 1.0 mg mL-1 was 
prepared using ASW. The prepared stock solution was treated in an ul-
trasonic bath prior to use. 

2.2. MPs accumulation and distribution 

To assess the accumulation, distribution and elimination of MPs, 
healthy acclimated L. vannamei juveniles (4.4 ± 0.4 cm in body length, 
0.49 ± 0.06 g in body weight) were randomly cultured in 3 glass tanks in 
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triplicate (one control and two treatments). The control consisted of a 
total of 24 individuals distributed in 3 tanks (8 ×3) containing 2.5 L of 
pure ASW each without MPs and without a depuration cycle after 48 h 
exposure. The two treatments consisted of 48 individuals equally 
distributed in 6 tanks (8 ×6) containing 2.5 L of ASW each and spiked 
with fluorescent MPs at a concentration of 1.0 mg L− 1. This concentra-
tion is the same as the highest MPs concentration (1.0 mg L-1) used in the 
subsequent chronic toxicity test, which reflects the environmental MPs 
concentrations in surface seawater from coastal areas, harbors, estu-
aries, mangroves (e.g., 3.7 mg L-1) (Cai et al., 2018; Fu et al., 2020; Kang 
et al., 2015; Li et al., 2020a) and in pore water of marine sediments from 
coastal harbors (2.2–5.4 mg L− 1) (Claessens et al., 2011). The experi-
ments for the first treatment (8 ×3) were terminated after 48 h MPs 
exposure. In contrast, the experiments for the second treatment (8 ×3) 
were submitted to a 48-h depuration cycle after the initial 48 h MPs 
exposure. During the experiment, all shrimps were fasted and the solu-
tion in each tank was changed daily. All other conditions remained the 
same as the acclimation period. After the experiment, shrimps were 
euthanized on ice, and different organs (gill, gut, stomach and hepato-
pancreas) were collected for subsequent analyses. 

In order to ascertain the MPs ingestion by L. vannamei and to observe 
the biodistribution of MPs in various organs (gill, gut, stomach, hepa-
topancreas), the collected organs were fixed in 4% paraformaldehyde, 
embedded in paraffin wax and sectioned at 4 µm thickness for micro-
scopic observation. The analyses were performed with a laser scanning 
confocal microscope (Nikon, Eclipse Ti, Japan) using a 480 nm laser 
source. The obtained images were processed by Image J software 
(http://imagej.net/, version 1.53k) to calculate the particle size. 

For quantitative analyses of MPs, the tissues of shrimps were stored 
at − 20 ◦C. The tissues of two individuals were pooled as one sample and 
three replicates were performed for the analyses. Each sample was 
weighed and digested in 8 mL of 10% KOH solution at 60 ◦C for 48 h. 
The digestion protocol was slightly modified based on a previous study 
(Dehaut et al., 2016), which offered an efficient digestion of seafood 
tissues without evident degradation on MPs polymers. The resulting 
digestion solution was diluted with deionized water to 8 mL and its 
fluorescent intensities were determined in triplicate using a fluorescence 
spectrophotometer (Agilent Cary Eclipse G9800A) with excitation 
wavelength at 488 nm. The contents of MPs accumulated in various 
tissues were quantified based on the standard curve built by a series of 
fluorescent MPs solution (Fig. S2). The final results were presented as 
mass concentration μg (particle)/mg (wet weight) (precision (CV%), 
4.1%–12.4%). 

2.3. Toxicity experiment 

For the toxicity test, healthy acclimated L. vannamei juveniles (4.4 ±
0.4 cm in body length, 0.49 ± 0.06 g in body weight) were randomly 
assigned into one control group and three MPs exposure groups with five 
replicate glass tanks for each group (8 individuals in one tank). The 
shrimps were exposed in 3 L glass tanks with 2.5 L of test solution for 8 
days. This exposure duration was selected considering the molting in-
terval of L. vannamei (around 4–6 days at juvenile stage) which is crucial 
physiological process in their life cycle, so as to span at least one cycle of 
molting during the exposure period (Betancourt-Lozano et al., 2006; 
Corteel et al., 2012). Individuals in the control group were exposed in 
ASW prepared as described above, while individuals in the MPs expo-
sure groups were exposed to PS MPs in ASW at concentrations of 0.02 
mg L− 1 (PS-L), 0.2 mg L− 1 (PS-M) and 1.0 mg L− 1 (PS-H), respectively. 
These exposure concentrations represent MP concentrations found in 
surface seawaters from coastal areas, harbors, estuaries, mangroves as 
well as the lower range of MP concentrations commonly employed in 
exposure experiments (Cai et al., 2018; Fu et al., 2020; Lenz et al., 2016; 
Li et al., 2020a; Phuong et al., 2016). All the other conditions remained 
the same as the acclimation period. The individuals were fed with a 
commercial formulated diet (5% of body weight) once a day as 

described above. After 8 days of exposure, the shrimps were used for 
subsequent analyses including swimming behavior test (alive shrimps), 
histopathological analysis (samples were fixed in 4% para-
formaldehyde), biochemical and metabolomic analyses (samples were 
frozen in liquid nitrogen and transferred to − 80 ◦C), respectively. 

2.4. Swimming behavior test 

After the toxic exposure period, shrimps were randomly taken out 
from each group for the assessment of swimming behavior (12 in-
dividuals used for each group, 4 individuals per tank for each replicate). 
They were subsequently transferred into 30 × 18 × 20 cm (L× W × H) 
glass tanks containing 2 L of test solution. To record their swimming 
behavior, a video camera (Sony, FDR-AX60, Japan) was fixed by the 
camera frame installed on the top of glass tank to ensure the capture of 
the whole rectangular tank bottom at the same position. The behavior 
test was run in triplicate. For each test, the swimming behavior of four 
shrimps from each group was recorded simultaneously for 4 min after 5 
min of acclimation (Wang et al., 2020). The recorded videos were pro-
cessed by an automated image-based tracking software ToxTrac (Umeå 
university, Umeå, Sweden), which can track multiple organisms simul-
taneously with the preservation of their identity in the laboratory 
environment and yield basic behavioral parameters in a robust and 
time-efficient manner (Rodriguez et al., 2018). The average speed, total 
distance traveled and exploration rate of each individual in each tank 
were measured and exported in Excel format. Average speed was 
defined as average of instantaneous speed in mm s− 1. Total distance 
traveled represented the total swimming distance in mm. Exploration 
rate was presented as the percentage of number of explored areas 
divided by number of total areas. These parameters were further visu-
alized by bar graphs and heat maps. The heat maps are color coded 
according to the normalized representation of the frequency of use in the 
linear scale and shown superimposed to the arena picture (i.e., rectan-
gular tank bottom) in real scale (Rodriguez et al., 2018). 

2.5. Biochemical analysis 

The antioxidant defense system of L. vannamei were investigated by 
measuring the responses of oxidative stress relevant biomarkers 
including superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GPx) activity and malondialdehyde (MDA) to MPs exposure 
(n = 3–6). In addition, indicator of neurotoxic response, i.e., acetyl-
cholinesterase (AChE) was measured. These biomarkers and the total 
protein content were analysed with commercial detection kits, of which 
enhanced bicinchoninic acid assay (BCA) protein assay kit, total SOD 
assay kit with WST-8, CAT assay kit, cellular GPx assay kit with NADPH 
and lipid peroxidation MDA assay kit were from Beyotime biotech-
nology (Shanghai, China) and AChE assay kit was from Jiancheng 
Bioengineering Institute (Nanjing, China) (details of these kits shown in 
supplementary material). Three shrimps were pooled as one sample and 
each sample was homogenized in sufficient ice-cold homogenization 
buffer by a tissue homogenizer (Tissuelyser, Shanghai, China). The ho-
mogenates were centrifuged at 10,000 g for 15 min at 4 ◦C. The super-
natants were subsequently collected for the determination of 
biomarkers. The experimental operations were performed based on the 
manufactures’ protocols and the measurements were conducted by a 
spectrophotometer equipped with a microplate reader (Thermo Scien-
tific™ Varioskan™ Flash). 

2.6. Histopathological analysis 

The hepatopancreas of L. vannamei from various groups (n = 3 for 
each group, 3 tissue slices for each sample) were dissected and fixed in 
4% paraformaldehyde immediately. The fixed tissues were embedded in 
paraffin wax, sectioned at 4 µm thickness, and stained with hematoxylin 
and eosin (H&E). The tissue slices were observed under microscopy to 
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assess hepatopancreas damage by histopathological analysis, which 
were evaluated semi-quantitatively by ranking the severity of lesions as 
described previously (Lin et al., 2022). 

2.7. Metabolomics analysis 

The hepatopancreas of three L. vannamei were pooled as one sample 
and six replicates were conducted for each group. The metabolites 
extraction protocol was adapted from a previous study (Fu et al., 2018). 
Briefly, the hepatopancreas tissues (40 ± 1 mg) were homogenized with 
400 μL ice-cold Milli-Q water and spiked with 800 μL meth-
anol/acetonitrile (1:1, v/v), followed by ultrasound-treatment for me-
tabolites extraction. The prepared metabolite extracts were subjected to 
the liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
analysis using ultra-high performance liquid chromatography (UPLC) 
system coupled with an Orbitrap Q Exactive Focus mass spectrometer 
(Thermo Fisher Scientific, USA). The chromatographic separation was 
performed on a Hypersil Gold C18 column using a binary mobile phase 
system (A: water, B: acetonitrile). The mass spectrometry data were 
acquired using electrospray ionization in the negative and positive 
ionization modes. The LC-MS/MS raw data were processed by Com-
pound Discover 3.1 (Thermo Fisher Scientific, USA) for assignment, 
extraction, alignment, identification and area integration of the peaks. 
Detailed sample preparation and instrumental parameters were pro-
vided in supplementary material. 

2.8. Statistical analysis 

The univariate statistical analyses were conducted by SPSS 21.0 
software. The normality of data and the homogeneity of the variances 
were assessed by one-sample Kolmogorov-Smirnov test and Levene’s 
test. Afterwards, one-way ANOVA followed by Tukey’s post-hoc test was 
performed to assess the statistical differences of various parameters 
among various treatments. The multivariate statistical analyses of 

metabolomic data were conducted by SIMCA 14.1.0 (Umetrics, Swe-
den). The metabolomic data were first examined by principal compo-
nent analysis (PCA) to detect groupings and outliers. Next, partial least 
squares - discriminant analysis (PLS-DA) model was constructed for four 
groups to elucidate the trends of metabolic alterations induced by the 
different treatments. The obtained PLS-DA model was validated based 
on CV-ANOVA PLS scores to test for significance. Metabolites with 
variable importance in the projection (VIP) > 1 and univariate p < 0.05 
were considered as significantly altered metabolites in the MPs exposure 
groups compared to control group. A heat map was generated by 
MetaboAnalyst 5.0 (www.metaboanalyst.ca/) to present the pattern of 
metabolic changes of significantly differed metabolites between the 
control and treatment groups. 

3. Results 

3.1. Distribution and accumulation of MPs 

Fluorescence tracer technique was used to track the distribution and 
accumulation in various organs of L. vannamei. The results obtained 
from histological sections of exposed shrimps by laser scanning confocal 
microscopy showed that MPs particles were clearly observed in gill, 
stomach, gut and hepatopancreas and their distribution characteristics 
in various organs were captured (Fig. 1, Table S2). In gill small MPs with 
average size of 1.98 ± 0.31 µm were scattered in the gill filament 
(Fig. 1A), whereas several large fluorescent MPs spots (size 14.7–25.5 
µm) along with many tiny MPs spots were clearly visualized in stomach 
(Fig. 1B). Concerning the gut, the observed MPs spots (1.26 ± 0.38 µm in 
size) were basically smaller than the exposed MPs (2 µm in size), with 
the exception of the two largest MPs spots (3.5 µm and 2.2 µm in size), 
which were slightly larger than the exposed MPs (Fig. 1C). In hepato-
pancreas, many tiny MPs with size similar to the exposed MPs were 
detected inside the hepatopancreas tubules (Fig. 1D); moreover, two 
large fluorescent spots (size 21.0 µm and 19.6 µm) were aggregated 

Fig. 1. Distribution and accumulation of fluorescent MPs in various organs of L. vannamei exposed to 1.0 mg L− 1 MPs. Green fluorescent MPs were observed in gill 
(A), stomach (B), gut (C) and hepatopancreas (D) of L. vannamei by laser scanning confocal microscopy. The white arrows indicate typical MP spots in the organs. (E) 
Concentrations of MPs in various organs of L. vannamei after periods of exposure and elimination of 48 h (St: stomach; Hep: hepatopancreas). Values are means ± SD 
(n = 3). Different letters represent significant differences among concentrations of MPs in different organs, and asterisks indicate significant differences of the 
concentration of MPs in specific organ between two time points (p < 0.05, ANOVA followed by Tukey’s post-hoc test). 
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adjacent to hepatopancreas tubules. 
The contents of MPs in different organs were quantified by fluores-

cence spectrophotometer (Fig. 1E). It can be observed that the accu-
mulation of MPs in hepatopancreas was more abundant than that in gill, 
stomach and gut during both the exposure and elimination periods 
(p < 0.05) (Fig. 1E). The content of MPs accumulated in gut was 
significantly higher than that in gill (p < 0.05). After elimination period, 
the contents of MPs in gill, stomach and gut significantly decreased 
(p < 0.05), while the MPs accumulation in hepatopancreas was not 
significantly lowered after elimination (Fig. 1E). Notably, the distribu-
tion tendency of MPs in various organs remained similar before and after 
the depuration period although the ingested MPs were depurated to 
some extent. 

3.2. Survival, growth and swimming behavior 

For toxicity test, no significant difference was found for survival rate 
among various groups (Fig. S3). However, compared with controls, the 
growth of L. vannamei was inhibited by 52.1% when exposed to the 
highest MPs concentration (PS-H, 1.0 mg L− 1) (Fig. S3). The effects of 
MPs on the swimming behavior of L. vannamei were shown in Fig. 2. 
Compared with controls, MPs exposure at three concentrations signifi-
cantly decreased the average swimming speed of L. vannamei by 43.7% 
(PS-L), 57.9% (PS-M) and 80.2% (PS-H), respectively (Fig. 2A). 

Similarly, a distinct concentration-dependent effect was detected for the 
total swimming distance, where MPs exposure significantly reduced the 
total swimming distance by 39.6% (PS-L), 55.3% (PS-M) and 79.9% (PS- 
H), respectively, relative to that of control group (Fig. 2B). As for the 
exploration rate, only MPs exposure at the highest concentration 
significantly decreased the exploration rate of shrimps comparable to 
that of control group (Fig. 2C). The swimming range and frequency of 
L. vannamei in various groups were also monitored using animal 
behavioral tracking software ToxTrac and subsequently visualized by 
heatmaps (Fig. 2D-G). The shrimps in the control group generally dis-
played a wider swimming range and a higher swimming frequency 
compared to those MPs exposure groups. In particular, the shrimps in 
the PS-H group explored the least space among all the groups (Fig. 2G). 
Additionally, the shrimps in the MPs exposure groups showed a ten-
dency of swimming in a wall-sticking manner. 

3.3. Biomarker responses 

The levels of a series of biomarkers in L. vannamei were examined to 
study the oxidative stress, lipid peroxidation, and neurotoxicity induced 
by various concentrations of MPs (Fig. 3). Compared with controls, SOD 
activity displayed a rising trend after MPs exposure, and it was signifi-
cantly elevated in the PS-H group (p < 0.05) (Fig. 3A). In contrast, CAT 
activity exhibited a concentration-dependent downward trend after MPs 

Fig. 2. Swimming behavior and performance of L. vannamei after MPs exposure. Average speed (A), total distance (B) and exploration rate (C) of L. vannamei after 
exposed for 8 days to 0 (control), 0.02 mg L− 1 (PS-L), 0.2 mg L− 1 (PS-M) and 1.0 mg L− 1 (PS-H) MPs. Values are means ± SD (n = 3). Different letters indicate 
significant differences among concentrations of MPs different organs (p < 0.05, ANOVA followed by Tukey’s post-hoc test). The heat maps represent the swimming 
range and frequency of L. vannamei in control (D), PS-L (E), PS-M (F) and PS-H (G) groups measured during 4 min in aquarium. The x- and y-axes are shown 
superimposed to the arena picture (i.e., rectangular aquarium bottom) in real scale. Color intensity bar indicates the swimming frequency of L. vannamei. 
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exposure (p < 0.05) (Fig. 3B). Notably, strong positive correlations were 
observed between CAT activity and swimming performance parameters 
including average swimming speed (r = 0.804, p < 0.01) and total 
swimming distance (r = 0.727, p < 0.01) (Table S3). The exposure at 
low and high concentrations of MPs induced significant increases in GPx 
activities compared to control group (p < 0.05) (Fig. 3C). In addition, 
MDA levels developed concentration-dependent increasing responses 
following MPs exposure, where the exposure at highest concentration of 

MPs induced significant increases in MDA levels compared to controls 
(p < 0.05) (Fig. 3D). Moreover, MDA level was highly correlated to 
average swimming speed (r = – 0.748, p < 0.01) and total swimming 
distance (r = – 0.762, p < 0.01) (Table S3). As for the AChE levels, no 
significant difference between various groups was observed (Fig. 3E). 

Fig. 3. Effects of MPs exposure on biomarkers of oxidative stress and neurotoxicity in L. vannamei. (A) SOD activity; (B) CAT activity; (C) GPx activity; (D) MDA 
levels; (E) AChE activity. Values are means ± SD (n = 3–6). Different letters indicate significant differences among treatments (p < 0.05, ANOVA followed by 
Tukey’s post-hoc test). 

Fig. 4. Histological observations in hepatopancreas of L. vannamei after MPs exposure. Bar scale (20 µm). (A) control; (B) PS-L, 0.02 mg L− 1; (C) PS-M, 0.2 mg L− 1; 
(D) PS-H, 1.0 mg L− 1. Abbreviations: B (B-cells, secretory cells), L (star-shaped lumen), ALU (abnormal lumen), MP (microplastics), black arrow head (cytolysis). 
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3.4. Histological observations 

The microscopic examination revealed that the hepatopancreas of 
L. vannamei from the controls displayed well-defined structure of tu-
bules, lumen and cells (Fig. 4A). After exposure to low concentration of 
MPs, the general morphological structure of hepatopancreas was close 
to the control group and the star-shaped tubular lumen were still pre-
served in the hepatopancreas of PS-L group; however, the tubules 
showed a loose arrangement, some of the epithelial cells became 
ruptured (Fig. 4B). When exposed to the medium concentration of MPs, 
distorted and deformed lumen, increased size of B-cells and epithelial 
cell cytolysis were clearly observed in the hepatopancreas of PS-M group 
(Fig. 4C). Particularly, the exposure to high concentration of MPs caused 
evident accumulation of MPs in the tubular epithelial cells, which 
eventually resulted in severe histopathological changes in the hepato-
pancreas of PS-H group including tubular atrophy, loose arrangement of 
tubules, loss of the star-shaped lumen structure, epithelial cell cytolysis, 
and deterioration in the integrity of the tubular structure (Fig. 4D). The 
semi-quantitative degree of histological changes in the hepatopancreas 
of L. vannamei was summarized in Table 1. 

3.5. Metabolic changes 

The LC-MS/MS metabolomics approach characterized 119 metabo-
lites in the hepatopancreas of L. vannamei, which included amino acids, 
fatty acyls, lipids, peptides, acylcarnitines, nucleic acids, organic acids. 
The initial exploratory inspection by PCA presented a good overview of 
the structure in the data, which showed a proper class grouping of four 
groups on scores plot after excluding two outliers (Fig. S4). The PLS-DA 
model was constructed for all groups to elucidate the metabolic alter-
ations induced by the different exposure conditions (CV-ANOVA, 
p = 0.01). The scores plot showed that the metabolic profiles between 
control and MPs exposure groups were well separated (Fig. 5A). This 
indicated that MPs exposure caused evident metabolic alterations in the 
hepatopancreas of L. vannamei which varied with the concentrations of 
MPs. The loadings plot revealed the main metabolites responsible for the 
discrimination of metabolic profiles of various groups from the aspects 
of the two loadings (Fig. S5). The differential metabolites among four 
groups were identified by both univariate and multivariate approaches 
and their alteration patterns within various groups were visualized by 
heatmaps (Fig. 5B). For example, glyceraldehyde was significantly 
downregulated in the hepatopancreas of MPs exposure groups compared 
with controls. Fatty acids, including 3-methyladipic acid, azelaic acid, 
suberic acid, adipic acid, sebacic acid, leucinic acid, 2-hydroxymyristic 
acid, were significantly downregulated due to exposure to low concen-
tration of MPs. Meanwhile, MPs exposure caused pronounced changes in 
the levels of several acylcarnitines. Furthermore, the levels of amino 
acids and dipeptides, such as taurine, L-aspartic acid, N-acetyl-L- 
alanine, were significantly upregulated after MPs exposure at all con-
centrations. The main metabolic pathways disturbed by MPs exposure 
were summarized in Fig. 6. Metabolic pathway analysis further 
demonstrated that MPs exposure could influence glycolysis, lipolysis 
and amino acid metabolism pathways. 

4. Discussion 

4.1. Distribution and accumulation of MPs in L. vannamei 

To identify organs with significant MP toxicity and explore the un-
derlying mechanisms, it is crucial to investigate the distribution and 
accumulation features of MPs in organisms. Our results demonstrated 
the uptake and accumulation of MPs in gill, stomach, gut and hepato-
pancreas of L. vannamei, but with different distribution characteristics of 
MPs among various organs. In gill, the observed MPs size is similar to the 
exposed MPs size (2 µm), suggesting that L. vannamei could ingest MPs 
predominantly in their pristine forms. This is consistent with previous 
findings of MPs accumulation in the gills of fish (Lu et al., 2016), bi-
valves (Li et al., 2020b; Wang et al., 2021a) and crustaceans (D’Costa, 
2022). In stomach and hepatopancreas, the most evident phenomenon 
was the significantly greater size of several fluorescent MPs spots than 
the pristine MPs. Similar phenomena were observed in other studies 
employing bivalves as MPs exposure animal models (Li et al., 2020b; 
Wegner et al., 2012), which could be attributed to the homo-aggregation 
of MPs in organisms and hetero-aggregation of MPs interacted with 
biomacromolecules in L. vannamei (Alimi et al., 2018; Li et al., 2020b; 
Saborowski et al., 2022). Moreover, many tiny MPs (<1 µm) occurred in 
the digestive system of L. vannamei, which could be explained by me-
chanical disruption of MPs by gastric mills as well as the aid of digestive 
enzymes (Dawson et al., 2018). For example, Antarctic krill can frag-
ment most of the ingested MPs (31.5 µm) into smaller pieces (<1 µm) 
that are directed to gut for excretion (Dawson et al., 2018). This 
degradation process could facilitate the internalization of small MPs by 
endocytosis in epithelial cells and enhance the capacity of small MPs for 
crossing biological barriers, thus affecting the bioavailability and 
toxicity of MPs (Zitouni et al., 2021). 

Our quantitative results further revealed the accumulation charac-
teristics of MPs in L. vannamei, i.e., the 2 µm MPs tended to be accu-
mulated mostly in hepatopancreas, followed by gut, stomach and gill. 
The digestive tract of shrimp consists of esophagus, stomach, hepato-
pancreas and gut (Sousa and Petriella, 2006). Thus, the observed 
accumulation tendency suggested that the internal digestive system 
rather than gill is the main target organ of MPs accumulation, which 
corresponds well with laboratory studies of MPs accumulation on bi-
valves and fish through quantification by fluorescence spectroscopy 
(Kolandhasamy et al., 2018; Lu et al., 2016; Wang et al., 2021a). 
Moreover, recent field studies have found that both wild and farmed 
shrimp L. vannamei show a similar pattern of accumulation of MPs 
greater in the digestive tract than in other tissues (Valencia-Castañeda 
et al., 2022a, 2022b), where the estimated MPs concentrations in the 
hepatopancreas and gill were highly comparable to our study. This 
tendency has also been observed in some studies on the ingestion and 
translocation process of MPs in other shrimp species by fluorescence 
microscope. For instance, administration of differently sized fluorescent 
MPs showed that Atlantic ditch shrimp (Palaemon varians) could accu-
mulate 9.9 µm MPs in the stomach and gut, while smaller MPs (2.1 and 
0.1 µm) could travel through the pyloric filter and be further transported 
into the internal tissues, such as hepatopancreas (Saborowski et al., 
2022). Similar results were obtained in the present study, where small 
exposed MPs (2 µm) can be easily ingested and accumulated in the 
stomach, then egested through the gut after elimination process. In the 
digestive tract, MPs undergo biological degradation and mechanical 
disruption, which fragment them into smaller MPs and even nano-
plastics (Dawson et al., 2018). This process facilitates the translocation 
of MPs into the hepatopancreas, making the hepatopancreas the most 
abundant organ for MPs accumulation. Moreover, the accumulated MPs 
tend to be retained in the hepatopancreas even after the elimination 
process. Since the hepatopancreas functions as the main organ for 
nutrient resorption and digestive enzyme synthesis, the accumulated 
MPs in hepatopancreas tubules could induce severe cytotoxic responses 
(Saborowski et al., 2022). Accordingly, our data showed that the 

Table 1 
Semi-quantitative evaluation of histological changes in hepatopancreas of 
L. vannamei exposed to 0 (control), 0.02 mg L− 1 (PS-L), 0.2 mg L− 1 (PS-M) and 
1.0 mg L− 1 (PS-H) MPs.  

Histological observation Control PS-L PS-M PS-H 

Loose arrangement of tubules + ++ + +++

Degenerated tubular structure – + + +++

Hepatic epithelial cell cytolysis – + ++ +++

Increased size of B-cells + ++ +++ +++

Loss of the star-shaped lumen structure – – ++ +++

Note: (–) absent; (+) weak; (++) moderate; (+++) strong. 
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aggregation of MPs in the hepatopancreas led to the disintegration of 
adjacent hepatopancreas tubules, causing cell damage and further 
induced tubules necrosis in the hepatopancreas. 

4.2. Effects of MPs on the survival and growth of L. vannamei 

In this study, MPs accumulation did not significantly affect the sur-
vival of L. vannamei at three concentrations (from 0.02 to 1.0 mg L-1) 

after 8 d exposure, in agreement with previous researches on brine 
shrimps exposed to a series of 0.1 µm PS MP (from 0.001 to 10 mg L-1) 
for 48 h (Gambardella et al., 2017) and 40 nm carboxylated PS 
(PS-COOH) MPs up to 10 mg L-1 for 14 d (Bergami et al., 2017). Previous 
study showed that the survival rate of L. vannamei was not affected by 
exposure to lower concentrations of polyethylene MPs (0.05 and 
0.5 mg L-1) for 48 h, but was significantly reduced when exposed to high 
concentration of polyethylene MPs (5.0 mg L-1) (Wang et al., 2021b). 

Fig. 5. Metabolic alterations induced by different concentrations of MPs in hepatopancreas of L. vannamei. (A) The PLS-DA scores plot for metabolic profiles of 
hepatopancreas of L. vannamei exposed to 0 (control), 0.02 mg L− 1 (PS-L), 0.2 mg L− 1 (PS-M) and 1.0 mg L− 1 (PS-H) MPs. (B) Heat map for differential metabolites in 
the hepatopancreas of L. vannamei identified between the control and treatment groups. The color bar represents the relative content of metabolites based on z-scores. 
Asterisks indicate significant differences in the levels of metabolites between the control and treatment groups (* p < 0.05 and VIP ≥ 1; ** p < 0.01 and VIP ≥ 1). 
Abbreviations: TCDA, taurochenodesoxycholic acid. 

Fig. 6. Pathway analysis of common differential metabolites in the hepatopancreas of L. vannamei induced by MPs exposure. The compounds colored in red indicate 
the significantly altered metabolites detected in current study. The processes highlighted in light blue represent the main metabolism pathways linked to these altered 
metabolites. Abbreviations: TCA, tricarboxylic acid; TCDA, taurochenodesoxycholic acid. 
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These findings indicate that MPs exposure conditions (time and con-
centration), particle properties (size, polymer type and shape) and 
species differences are important factors that contribute to the incon-
sistent toxic responses of organisms (Kögel et al., 2020). 

Notably, MPs accumulation caused sub-lethal effects such as physi-
ological, pathological and biochemical effects which may affect the 
survival of L. vannamei after prolonged period. The results showed that 
growth inhibition of L. vannamei was only observed following high 
concentration of MPs exposure (1.0 mg L-1), which may occur in some 
heavily polluted coastal areas, harbors and estuaries with MPs concen-
trations in surface seawater up to 3.7 mg L-1 (Cai et al., 2018; Fu et al., 
2020; Kang et al., 2015). After MPs exposure, the abundant MPs accu-
mulation in the digestive system of L. vannamei may cause gastrointes-
tinal tract blockage, mechanical and functional injury thus reducing 
feeding and nutrient absorption, which ultimately lead to growth inhi-
bition of L. vannamei (Cole et al., 2015; Watts et al., 2015). Similarly, the 
ingestion of both PS and PS-COOH MPs caused growth inhibition of 
mysid shrimp larvae in a concentration-dependent mode, which could 
be attributed to reduced food intake and energy deficiency in response 
to accumulated MPs in the stomach (Wang et al., 2020). Weathered 
polyethylene MPs exposure also inhibited the growth of whiteleg 
shrimp, and this impact was intensified with increasing concentration 
and duration (Hariharan et al., 2022). 

4.3. Effects of MPs on the swimming behavior of L. vannamei 

Swimming behavioral responses to toxic exposure conditions were 
demonstrated to be a sensitive indicator in various invertebrates 
including crustaceans (Gambardella et al., 2017). Our results showed 
that 8 days of MPs exposure at all concentrations exert a significant 
impact on the whole swimming performance of L. vannamei (e.g., 
reduced average swimming speed and total swimming distance). The 
organisms displayed abnormal behavior changes characterized by 
wall-sticking swimming manner and decreased explorative activity 
particularly following high concentration of MPs exposure (1.0 mg L-1), 
probably indicating avoidance behavior against the hostile environ-
ment. Several reasons might account for the above phenomena. First, 
MPs adherence on the surface of gill owing to water-borne exposure 
could impede the swimming activity of shrimp (Bergami et al., 2016). 
Second, MPs accumulation in the digestive system could reduce feeding 
and nutrient absorption, causing energy deficiency and subsequently 
weakened swimming activity of shrimp (Wang et al., 2020). Third, MPs 
accumulation on the large surface of gills may affect the microvilli ac-
tivity, induce gill lesions and respiratory stress, which may further 
reduce energy consumption for swimming, in order to maintain physi-
ological functions (Kim et al., 2021). Likewise, negative behavioral ef-
fects following MPs exposure were observed in studies using various 
aquatic animals. For example, 96-h of PS MPs exposure attenuated 
swimming activities (movement distance and maximum speed) and 
explorative activities of mysid shrimps (Neomysis japonica) (Wang et al., 
2020). Similarly, decreased swimming speed and range were found in 
juvenile jacopever (Sebastes schlegelii) exposed to PS MPs, suggesting 
that PS MPs adversely affected the predatory performance and explo-
ration competence of the fish (Yin et al., 2018). Additionally, study on 
crucian carp (Carassius carassius) showed PS nanoparticle-fed groups 
exhibited more shoaling behavior, explored lesser space of the aquarium 
and showed pronounced decrease in activity during feeding compared 
with controls (Mattsson et al., 2015). The above studies support the 
finding of the present research that PS MPs exposure has an adverse 
impact on the swimming performance and behavior of L. vannamei. 

4.4. Oxidative stress and neurotoxicity induced by MPs 

Superoxide dismutase provides the first cellular defense line against 
oxidative stress by converting superoxide radicals to hydrogen peroxide 
(Kim et al., 2021). The produced hydrogen peroxide can be further 

decomposed by CAT and GPx into nontoxic compounds, which help to 
eliminate the accumulated ROS and protect the cell from oxidative 
damage (Prokić et al., 2019). Our study revealed that MPs exposure 
caused significant elevations in the SOD activities of L. vannamei, 
accompanied by the increase of GPx activities (Fig. 3A, C). The increase 
in the SOD activities suggested the overproduction of superoxide radi-
cals induced by MPs, which was compensated by increased GPx activ-
ities to neutralize the impact of peroxides to some extent (Kim et al., 
2021). These phenomena probably indicate that the organisms start to 
build up a defensive strategy against increased ROS by enhancing 
antioxidant capacity (Suman et al., 2021). In contrast, another antioxi-
dant enzyme, CAT, displayed a concentration-dependent decreasing 
trend in L. vannamei after MPs exposure (Fig. 3B). This was supported by 
the observed significant inverse correlation between SOD and CAT ac-
tivities (Table S3). The increase in the SOD activities led to the accu-
mulation of hydrogen peroxide, which was not efficiently scavenged by 
CAT, thereby leading to an imbalance of the antioxidant defense system 
(Kim et al., 2021). The observed inhibition of CAT activities could be 
attributed to ROS accumulation caused by MPs action, energy con-
sumption for oxidative stress response, or damages in the structure of the 
enzyme induced by ROS (Ghelichpour et al., 2019; Yu et al., 2018). 
Similar inverse relationship between the CAT and SOD activities was 
found in mitten crabs Eriocheir sinensis exposed to polystyrene MPs (Yu 
et al., 2018) and fish larvae Cyprinus carpio var. exposed to polyvinyl 
chloride MPs (Xia et al., 2020). Moreover, the toxic product of lipid 
peroxidation (i.e., MDA) showed a concentration-dependent increasing 
trend in L. vannamei following MPs exposure (Fig. 3D). Hence, we 
interpret that the organism was unable to handle the oxidative stress 
caused by MPs exposure, thereafter cellular oxidative damage occurred 
due to lipid peroxidation (Hariharan et al., 2022; Prokić et al., 2019). 
AChE activity is unusually used as biomarker for assessing neurotoxicity 
(Suman et al., 2021). Our study did not observe the inhibition of AchE 
activities in the L. vannamei following MPs exposure, thus the observed 
behavioral changes of MPs-exposed organisms might be linked to other 
direct or indirect factors responsible for potential neurotoxic effects, 
such as the percentage of brain in body, the water content and 
morphological changes in brain (Mattsson et al., 2015; Yin et al., 2019), 
as well as metabolic alterations (Deng et al., 2017). Furthermore, we 
found that several biomarkers including SOD, CAT and MDA were 
significantly linked with swimming performance parameters, indicating 
the swimming activity and behavior were negatively affected by 
MPs-induced cellular oxidative stress and lipid peroxidation. 

4.5. Histological alterations in the hepatopancreas induced by MPs 

As demonstrated above, the hepatopancreas of L. vannamei was 
shown to accumulate most MPs of all the organs studied; as a result, the 
histopathological changes were particularly evident in this organ, such 
as tubular atrophy, loose arrangement of tubules, loss of the star-shaped 
lumen structure, and epithelial cell cytolysis. The degree of pathological 
damage was exacerbated with increasing MPs concentration (Table 1). 
Previous studies have also documented significant histopathological 
damages in the hepatopancreas, livers or digestive glands of various 
aquatic animals induced by MPs exposure. For instance, intramuscular 
administration of polyethylene MPs caused deformation and rupture of 
the lumen and loss of intercellular basement membrane in hepatopan-
creas of L. vannamei (Hsieh et al., 2021). Hepatopancreatic inflammation 
in crayfish (Procambarus clarkii) was observed following dietary expo-
sure of polyethylene MPs (Zhang et al., 2022). Hepatic inflammatory 
responses were also revealed in the hepatocytes of PS MPs-exposed 
zebra fish (Danio rerio) (Lu et al., 2016). In addition, polyethylene and 
polyethylene terephthalate MPs exposure caused evident morphological 
abnormalities in the digestive glands of oysters (Crassostrea gigas), 
including cytoplasmic damage dispersion and necrosis (Teng et al., 
2021). These histological abnormalities could be linked to oxidative 
stress induced by MPs, which impairs lipids, proteins, and DNA, 
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promotes necrosis and apoptosis in hepatocytes, and intensifies the in-
flammatory response (Kang et al., 2021; Sánchez-Valle et al., 2012). 
Moreover, it is worth noting that the hepatopancreas of crustaceans 
plays key roles in nutrient resorption and digestive enzyme synthesis. 
Thus, the severe histopathological alterations may negatively impact the 
normal physiological function and metabolic process of the organism. 

4.6. Metabolic changes in the hepatopancreas induced by MPs 

Metabolomics provides a powerful means to screen sensitive mo-
lecular biomarkers of toxicity, to identify the disturbed metabolic 
pathways, as well as to reveal the underlying toxicity mechanism 
(Bhagat et al., 2022). To further reveal the toxicity mechanism of MPs 
from the molecular metabolic aspects, metabolomics was performed to 
characterize the metabolic responses in the hepatopancreas of 
L. vannamei to MPs exposure. The statistical analyses suggested the 
downregulation of glyceraldehyde in the hepatopancreas induced by 
MPs. Glyceraldehyde is generated by the breakdown of carbohydrate, 
which plays key roles in connecting several metabolic pathways, 
particularly carbohydrate metabolism. The downregulation of glycer-
aldehyde might be attributed to the increased consumption of carbo-
hydrates of L. vannamei to enhance the energy needs against MPs 
exposure conditions, consistent with the previous studies reporting the 
metabolism disorder of hepatic carbohydrate in zebrafish (Danio rerio) 
following MPs exposure (Sheng et al., 2021; Zhao et al., 2020). 

The present research also revealed that MPs induced changes in the 
levels of metabolites linked to lipid metabolism, such as fatty acids and 
acylcarnitines in the hepatopancreas of L. vannamei. Free fatty acids are 
produced from the lipolysis process, which are then transported into 
mitochondria for β-oxidation by acylcarnitines, thereby releasing energy 
for cell activities (McCoin et al., 2015). Alterations of these metabolites 
indicate that MPs may disturb lipid metabolism in the hepatopancreas of 
L. vannamei. Similarly, changes of metabolites related to lipid meta-
bolism have been demonstrated in MPs-exposed shrimp (L. vannamei), 
zebrafish (Danio rerio) and oyster (Crassostrea gigas) (Duan et al., 2021; 
Lu et al., 2016; Teng et al., 2021). Hepatic lipid metabolism is critical for 
nutrition absorption and energy production. Thus, the observed lipid 
metabolism abnormalities in the current study most likely indicate that 
MPs exposure caused a shift in the energy metabolism strategy of 
L. vannamei, which help to improve the organism’s ability to handle 
stress. It was demonstrated that in order to satisfy the rising energy 
needs in stressful conditions, such as MPs exposure, organisms could 
adapt by presenting energetic trade-offs between various behavioral and 
physiological activities (Sussarellu et al., 2016). This phenomenon was 
also shown in marine medaka (Oryzias melastigma) and oyster (Cras-
sostrea gigas) following MPs exposure (Feng et al., 2021; Teng et al., 
2021). 

Furthermore, the current study observed that MPs significantly 
upregulated the levels of several amino acids and dipeptides in the 
hepatopancreas of L. vannamei, indicating a disruption in amino acid 
metabolism. This phenomenon has also been shown in the shrimp 
(L. vannamei), zebrafish (Danio rerio) and oyster (Crassostrea gigas) 
exposed to MPs (Duan et al., 2021; Qiao et al., 2019; Teng et al., 2021). 
Amino acid metabolites can not only regulate energy metabolism, but 
also impact immune system function. Taurine, an abundant free intra-
cellular amino acid present in almost all animal tissues, is actively 
involved in many biological and physiological functions (Surai et al., 
2021). Many studies have frequently revealed that taurine can act as a 
protective agent against the harmful impacts of oxidative stress caused 
by toxic substances (Naddafi et al., 2022; Surai et al., 2021). The pro-
nounced upregulation of hepatic taurine in L. vannamei after MPs 
exposure may reflect an attempt of the organism to enhance the anti-
oxidant capacity of cells in order to cope with the stress conditions. 
L-aspartic acid, another important amino acid, functions as an inter-
mediate of the tricarboxylic acid (TCA) cycle and the urea cycle and 
plays multiple roles in leukocyte metabolism and function (Gong et al., 

2020). It has been reported that L-aspartic acid could relieve oxidative 
damage and inflammatory response in the hepatopancreas, thereby 
boosting fish immunity and improving survival against the bacterial 
infection via nitric oxide-induced phagocytosis (Gong et al., 2020; Zhao 
et al., 2022). Accordingly, our study found that MPs exposure caused the 
increased production of L-aspartic acid in L. vannamei, probably 
implying the promotion of organisms’ immune responses against exog-
enous stressors. In addition, taurine and L-aspartic acid also act as 
neurotransmitters, thus the upregulation of these two metabolites might 
imply the potential neurotoxic effects linked to the observed behavioral 
changes in L. vannamei following MPs exposure (Deng et al., 2017). In 
summary, the metabolomic study demonstrated that MPs exposure 
could disturb glycolysis, lipolysis and amino acid metabolism pathways 
in the hepatopancreas of L. vannamei. 

5. Conclusions 

We characterized the toxic effects of MPs accumulation in 
L. vannamei from the aspects of behavior, tissue histology, enzyme ac-
tivity and metabolome. The accumulation and distribution of MPs were 
demonstrated in multiple organs, with the hepatopancreas containing 
the most MPs. MPs accumulation caused a variety of sub-lethal effects in 
L. vannamei, including growth inhibition, swimming behavior changes, 
oxidative stress, and hepatopancreatic damage. Moreover, metabolomic 
analysis revealed that MPs interfered with hepatopancreatic metabolism 
of L. vannamei even at very low exposure level (0.02 mg L− 1), which 
offered a new perspective to delineate the toxic modes of action of MPs. 
Our study provides reference data for future evaluation of the harmful 
impact of MPs on crustaceans, which have remarkable implications for 
advancing our knowledge of toxic mechanisms of MPs on crustaceans. 
The results further highlight the potential ecological risk of MPs pollu-
tion on the populations and ecological function of marine crustaceans. 
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Belbekhouche, S., Alphonse, V., Tisserand, F., Balmassiere, L., 2021. Uptake, tissue 
distribution and toxicological effects of environmental microplastics in early juvenile 
fish Dicentrarchus labrax. J. Hazard. Mater. 403, 124055. 

Y. Zeng et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref50
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref50
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref50
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref51
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref51
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref51
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref52
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref52
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref52
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref53
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref53
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref54
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref54
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref54
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref55
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref55
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref55
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref56
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref56
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref56
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref56
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref57
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref57
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref57
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref57
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref58
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref58
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref58
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref58
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref59
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref59
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref59
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref59
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref60
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref60
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref60
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref61
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref61
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref61
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref62
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref62
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref62
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref63
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref63
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref63
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref64
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref64
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref64
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref65
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref65
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref65
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref66
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref66
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref66
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref67
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref67
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref67
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref68
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref68
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref68
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref69
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref69
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref69
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref70
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref70
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref70
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref71
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref71
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref71
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref72
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref72
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref72
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref73
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref73
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref73
http://refhub.elsevier.com/S0147-6513(23)00375-5/sbref73

	Tissue accumulation of polystyrene microplastics causes oxidative stress, hepatopancreatic injury and metabolome alteration ...
	1 Introduction
	2 Experimental
	2.1 Animals and MPs
	2.2 MPs accumulation and distribution
	2.3 Toxicity experiment
	2.4 Swimming behavior test
	2.5 Biochemical analysis
	2.6 Histopathological analysis
	2.7 Metabolomics analysis
	2.8 Statistical analysis

	3 Results
	3.1 Distribution and accumulation of MPs
	3.2 Survival, growth and swimming behavior
	3.3 Biomarker responses
	3.4 Histological observations
	3.5 Metabolic changes

	4 Discussion
	4.1 Distribution and accumulation of MPs in L. vannamei
	4.2 Effects of MPs on the survival and growth of L. vannamei
	4.3 Effects of MPs on the swimming behavior of L. vannamei
	4.4 Oxidative stress and neurotoxicity induced by MPs
	4.5 Histological alterations in the hepatopancreas induced by MPs
	4.6 Metabolic changes in the hepatopancreas induced by MPs

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary material
	References


