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To explore the toxic effects of polystyrene microplastics (PS-MPs) on common carp
(Cyprinus carpio), 0 pg/L, 50 pg/L, 100 pg/L, and 200 pg/L PS-MPs were designated as the
control group (CK) and low, medium, and high concentration groups, respectively. Each
group had 3 replicates and was exposed to PS-MPs for 15 days. The results showed that,
compared with the control group, the weight gain rate and hepatopancreas somatic
indices were significantly decreased in 100 and 200 ug/L PS-MPs groups, the visceral
index was significantly decreased in 50 and 100 pg/L PS-MPs groups. In comparison to
CK, experimental groups (50-200 pg/L PS-MPs) significantly decreased activity levels of
acid phosphatase, alkaline phosphatase, and peroxidase while significantly increased
activity levels of lysozyme, catalase, and superoxide dismutase. In addition, the
malondialdehyde contents of the experimental carp increased significantly in 50 and 100
ug/L PS-MPs groups compared to CK. For hepatic amino acid contents, methionine,
threonine, leucine, and isoleucine contents of the hepatopancreas of carp in PS-MPs
groups were significantly lower than the control group. Correlation analysis showed that
amino acids in the liver closely associated with fish growth, immune, and
antioxidant-related indicators. In conclusion, PS-MPs above 50 pg/L in the water body
could significantly affect normal growth, weaken the activity of hepatopancreatic
immunity-related enzymes and antioxidant capacity, and disturb the balance of amino
acid metabolism in common carp. The findings provide valuable insights into optimizing
feeding strategies, contribute to more sustainable aquaculture practices, and support the
development of policies in aquatic ecosystems.

INTRODUCTION

In the context of modern industrialization, plastics are
widely used in all aspects of daily life because they are in-
expensive, lightweight, malleable, and chemically stable.
Today, the world produces more than 300 million tons of
plastics annually, of which more than 20% enter the envi-
ronment as pollutants and are subsequently degraded into
microplastic particles by light, heat, wind, acid, and salt,
gradually accumulating in the environment. Due to their
microscopic size and high mobility, microplastics (MPs, <
5mm) threaten ecosystems and biological health.13
Researchers have found MPs within specimens of more
than 1,300 species of fish, birds, and mammals, including
in human tissues and organs.? Studies have confirmed that
MPs can directly affect animal growth, reproduction, and
metabolism through various toxicity mechanisms, includ-
ing histopathological damage, intestinal flora disruption,
oxidative stress, DNA damage, genotoxicity, reproductive

toxicity, and neurotoxicity.S Moreover, MPs can indirectly
affect metabolic and synthetic processes such as glucose
metabolism, lipid metabolism, and energy metabolism,
which further affect the growth and development of organ-
isms.® In addition, toxic substances such as persistent or-
ganic pollutants (POPs) and heavy metals adsorbed in MPs
or contained in the MPs themselves can be released into
the aquatic environment continuously, with toxic effects on
aquatic organisms.”

In recent years, MPs have been widely reported to be
found in marine, estuarine, river, lake, reservoir, and other
aquatic environments. MPs from land-based sources and
the impact of aquaculture production activitiesdwill in-
evitably threaten the fisheries environment. Studying the
pollution characteristics of MPs and their effects on aquatic
animals and aquaculture systems is of great significance to
the scientific response to MPs and to guarantee the green
development of aquaculture. In current studies, research on
MPs has mostly focused on the toxic effects on model or-
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ganisms, while aquaculture fish are less frequently stud-
ied. Common carp (Cyprinus carpio) is one of the world’s
most widely bred freshwater fish, with nearly 1.9 million
tons produced in 2020 and accounting for more than 50%
of inland aquaculture production as of 2022.° Amino acids
play a crucial role in the growth and development of fish,
and there are no reports on the effect of MPs on amino acid
metabolism in carp culture. This experiment was conducted
to investigate the effects of polystyrene microplastics (PS-
MPs) on the growth performance, immunity and antioxi-
dant ability, and amino acid metabolism of carp, to provide
some references for the healthy aquaculture of carp and en-
vironmental protection.

MATERIALS AND METHODS

EXPERIMENTAL MATERIALS

Common carp used in the experiment were purchased from
a fishery firm in Zhengzhou City, Henan Province. They
were around 8 months old and uniform in size [body mass
(24.8 £ 1.9) g, body length (10.1 + 0.5) cm]. They were kept
in acrylic pools (60 cm x 40 cm x 50 cm). 5 pm mono-dis-
persed PS-MPs were purchased from Jiangsu Zhichuan Sci-
ence and Technology Co, Ltd.

EXPERIMENTAL DESIGN

During this experiment, the carp were kept in the aquacul-
ture laboratory of Henan University of Science and Tech-
nology. The rearing conditions were kept stable, with 60
L of culture water, oxygen solubility > 5 mg/L, water pH
7.5~8.0, water temperature 26+1°C, and daily light time of
14 h. After 2 weeks of acclimatization, 180 healthy and ac-
tive carp were selected as the experimental fish, which were
randomly divided into four concentrations (0, 50, 100, and
200 pg/L) of PS-MPs groups, three replicates were set up
for each group, and 15 experimental fish were used in each
parallel unit, accumulating 12 pools. The PS-MPs exposure
experiment lasted for 15 days.

EXPERIMENTATION PROCEDURE

The experimental fish were fed twice a day (9:00 and 16:00)
amounting to 3% of the carp’s body weight. The activity of
carp was observed daily, and food residues and feces were
removed in time. The water was changed once every 24 h,
and the amount of water changed was one-fourth (15 L) of
the culture water, directly add the corresponding amount
of MPs suspension, and then disperse it by supplement wa-
ter, aiming to make it evenly distributed as far as possi-
ble During the experimental process, the fish in the pool
were weighed every 7 days to adjust the subsequent feeding
amount. No mortality was observed throughout the experi-
ment. The experimental process complied with the require-
ments of the Experimental Animal Management and Ethi-
cal Welfare Committee of Henan University of Science and
Technology.
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SAMPLING

After 15 days of PS-MPs exposure, the carp were fasted
for 24 h and then sampled for analysis. For sampling, carp
were put into the water containing 100 mg/L MS-222 anes-
thetic in advance, followed by rapid dissection, removal of
hepatopancreas tissues into prepared tissue tubes, placed
in liquid nitrogen for quick-freezing, and then frozen in
-80°C refrigerator for the detection of alkaline phosphatase
(AKP), acid phosphatase (ACP), lysozyme (LZM), superox-
ide dismutase (SOD), malondialdehyde (MDA), peroxidase
(POD), catalase (CAT), total protein (TP) and amino acid
content.

MEASUREMENT OF PARAMETERS RELATED TO CARP
GROWTH PERFORMANCE

Survival rate (SR), Weight gain rate (WGR), feed conversion
ratio (FCR), hepatopancreas somatic indices (HSI), and vis-
ceral index (VSI) of carp were calculated according to the
following formulae.

SR (%) = Final fish count / Initial fish count x 100%

WGR (%) = (W, - W) / W x 100%

FCR = Feed consumption / (W, - W)

HSI (%) = (W}, / Wp) x 100%

VSI (%) = (W, / W,) x 100%.

W, and W, are the initial and final body weight of fish (g)
at the beginning and end of the experiment; feed consump-
tion refers to the total amount of feed (dry weight); W, is
the weight of fish’s hepatopancreas (g); W, is the weight of
fish’s viscera (g).

DETECTION OF ANTIOXIDANT AND IMMUNE-RELATED
PARAMETERS

MDA contents and AKP, ACP, LZM, SOD, POD and CAT ac-
tivity levels were determined by using relevant test kits
produced by Nanjing Jiancheng Institute of Biological En-
gineering, and the specific operation was referred to the in-
struction manual of the relevant kits.10

DETERMINATION OF AMINO ACID CONTENT IN
HEPATOPANCREAS

The amino acid content in carp hepatopancreas was de-
termined using a gas chromatography-tandem mass spec-
trometry (GC-MS/MS) metabolomics technical method, and
the steps included sample collection, sample pretreatment,
metabolite derivatization, and detection. An appropriate
amount of sample was taken into an EP tube, and a pre-
cooled methanol-acetonitrile mixture was added, shaken
for 1 min, and sonicated for 10 min, after which the sample
was allowed to stand at -20°C. After standing, the samples
were centrifuged for 10 min, and 100 pL of the supernatant
from the centrifugation was removed and transferred to a
wide lined tube to be swished dry and subjected to a two-
step derivatization process. Thereafter, 80 pL methicillin
hydrochloride pyridine solution (concentration 15 mg/mL)
was added to a glass vial. After that, vortex shaking was
performed for 2-min and the oxidation reaction was carried
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out in a shaking incubator at 37°C for 60-min. After the
oxidation reaction, the samples were removed, and 80 uL
of BSTFA derivatization reagent and 20 pL of hexane were
added. Vortex shaking was continued for 2-min and the re-
action was carried out at 70°C for 60-min. Finally, the sam-
ples were removed and left at room temperature for 30-min,
followed by GC-MS metabolomics analysis, and the concen-
trations of the target substances in the test samples were
calculated based on the standard curves, which were con-
verted to obtain the actual content of the target substances
in the samples.

STATISTICS ANALYSIS

The data obtained from the experiments were expressed
as mean * standard error of the mean (SEM), and all data
were subjected to One-way ANOVA using SPSS 27.0 soft-
ware. GraphPad Prism 9 software (GraphPad Software Inc.,
La Jolla, CA, USA) and OriginPro 2024 (OriginLab Inc., USA)
were used for graphing, and comparisons between groups
were made using the Least Significant Difference (LSD)
method, and t-test was employed for comparisons with P <
0.05 indicating a significant difference between groups.

RESULTS

EFFECTS OF PS-MPS ON GROWTH INDEXES OF
COMMON CARP

After 15 days of PS-MPs exposure, the carp did not die dur-
ing the whole process. Compared with the control group,
carp in 100 and 200 pg/L. PS-MPs groups demonstrated
lower WGR and HSI and higher FCR (P < 0.05). Carp exposed
to 50 pug/L PS-MPs did not affect WGR, FCR, and HSI, but
significantly reduced VSI. A significantly lower VSI was also
found in carp exposed to 100 pg/L PS-MPs compared to CK
(P < 0.05). There was no significant change in VSI between
200 pg/L group and CK (Fig. 1).

EFFECTS OF PS-MPS ON THE ACTIVITY OF IMMUNE-
RELATED ENZYMES OF COMMON CARP

Compared with the control group, the activities of ACP and
AKP in the experimental groups were significantly lower (P
< 0.05), and there was no significant difference between the
experimental groups, while the content of LZM was signifi-
cantly higher (P < 0.05) and was highest in 100 ug/L groups,
with a significant difference within the groups (P < 0.05)

(Fig. 2).

EFFECTS OF PS-MPS ON ANTIOXIDANT INDICES IN THE
HEPATOPANCREAS OF COMMON CARP

Compared with the control group, the MDA content of the
carp in 50 and 100 pg/L PS-MPs groups was significantly
higher (P < 0.05), while significantly lower (P < 0.05) in the
200 pg/L PS-MPs group; the POD activity of carp in the ex-
perimental groups was significantly lower (P < 0.05); the
CAT activity of carp in the experimental group increased
significantly (P < 0.05) with increasing PS-MPs concentra-
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tion, and there was no significant difference between the
100 and 200 pg/L PS-MPs groups; the SOD activity of carp
in the experimental group were all significantly higher (P <
0.05), and the SOD, POD, and CAT activity were all basically
concentration dependent (Fig. 3).

EFFECTS OF PS-MPS ON AMINO ACID METABOLISM IN
THE HEPATOPANCREAS OF COMMON CARP

The absolute quantification of the metabolites of the sam-
ples was counted, and the results after analyzing the amino
acid species with significant differences are shown in Fig.
4. From the results of the experiment, it can be seen that
after exposure to PS-MPs, the content of methionine, thre-
onine, leucine and isoleucine in the experimental groups
appeared to be significantly reduced compared with that
of the control group (P < 0.05); the phenylalanine content
were significantly decreased (P < 0.05) in the 100 ug/L PS-
MPs group, and no significant changes occurred in 50 and
200 pg/L PS-MPs groups; the lysine content did not change
significantly in 50 and 100 pg/L PS-MPs groups, and a sig-
nificant increase (P < 0.05) was observed in the 200 pg/L PS-
MPs group.

CORRELATION ANALYSIS OF AMINO ACID CONTENT
WITH GROWTH, IMMUNITY AND ANTIOXIDANT
INDEXES

Pearson correlation analysis was used to analyze the re-
lationship between carp amino acid content with growth,
immunity, and antioxidant indexes (Fig. 5). The results
showed that WGR was negatively related to Lys (P < 0.05).
FCR positively linked with Lys (P < 0.05). HSI and VSI had a
significant and positive correlation with Met, Thr, Leu, Ile,
and Phe (P < 0.05). ACP, AKP and POD positively correlated
with the contents of Met, Thr, Leu and Ile (P < 0.01); MDA
negatively and significantly correlated with the contents of
Lys and Phe (P < 0.05).

DISCUSSION

EFFECTS OF PS-MPS ON THE GROWTH AND AMINO
ACID METABOLISM OF COMMON CARP

WGR is an important indicator of fish growth, and its de-
crease may mean a disturbance in the feeding, digestive, or
absorptive processes in fish.!! In 100 and 200 pg/L PS-MPs
groups, the WGR was significantly reduced, indicating that
PS-MPs (> 100 pg/L) reduced fish growth. The phenomenon
can be explained from two aspects. Firstly, the accumula-
tion of PS-MPs particles in the digestive tract of carp, oc-
cupied the space of the food, resulting in the inability of
carp to obtain sufficient nutrients.12 Secondly, PS-MPs may
also affect the activity of digestive enzymes and the struc-
ture of intestinal microbial communities in carp,!3 which
in turn may affect their nutrient absorption and utilization.
Moreover, the increase of FCR is also a phenomenon of con-
cern. The FCR reflects the efficiency of feed utilization in
the growth process of fish. In this study, the FCR was sig-
nificantly higher in 100 and 200 pg/L PS-MPs groups, indi-
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Fig. 1. Effects of PS-MPs on growth indexes of common carp
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Fig. 2. Effects of PS-MPs on immune-related enzymes activity of common carp

cating that carp need to consume more feed to obtain the
same weight gain. This may be due to the presence of PS-
MPs reducing the appetite of carp or affecting their ability
to digest and absorb the feed, which in turn interferes with
energy metabolism.® In addition, changes in HSI and VSI

provided clues about the effects of PS-MPs on the inter-
nal organs of carp. The decrease in HSI may mean that the
functions of hepatopancreas are affected, such as detoxifi-
cation and metabolism may be decreased.l4 A decrease in
VSI indicates that the weight or function of internal organs
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Fig. 3. Effects of PS-MPs on antioxidant indices in common carp

is affected. These changes may further affect the health sta-
tus and viability of the carp. It is noteworthy that there was
no significant change in the WGR and FCR of carp in the 50
ug/L PS-MPs group, which may be related to the concen-
tration effect of PS-MPs. However, this does not mean that
there is no potential risk to carp from low concentrations
of PS-MPs, as long-term exposure to low concentrations of
PS-MPs may still have chronic effects on common carp.
Previous studies in aquatic animals have suggested that
fish growth performance is closely associated with amino
acids.!S The liver is an important organ in carrying out
amino acid metabolism. Thus, we measured the amino acid
content of the liver and analyzed the relationship between
the amino acid content and the growth indexes of carp. The
effects of the feed intake of aquatic animals and its defi-
ciency will lead to a decline in growth performance, which
has been reported in various fish species, such as carp, cat-
fish (Silurus asotus), and flounder (Pleuronectiformes), and
with the increase of Thr level, the feed intake of these fishes
are reduced (Liu. et al., 2024; Yu-Wen et al.16). Leu is es-
sential for maintaining various physiological functions in
the body, and appropriate levels of Leu were found to pro-
mote growth and protein synthesis in largemouth bass (Mi-
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cropterus salmoides).1” Met, Thr, Leu, Ile, and Phe are es-
sential amino acids, and the sole source of these essential
amino acids was from the diets. A decrease in the liver’s
amino acid content may indicate a potential deficiency in
the intake of these amino acids. The study on rainbow trout
(Oncorhynchus mykiss) has also indicated that dietary Leu,
Ile, and Thr levels positively correlated with Leu, Ile, and
Thr contents in the liver.1® In this study, the contents of
Met, Thr, Leu, and Ile in carp showed a significant de-
crease after PS-MPs exposure, which reflected a deficiency
in intake of these amino acids and would affect the normal
amino acid metabolism and protein synthesis process of
the carp. It can adversely affect the normal growth and de-
velopment of carp, which was reflected in the significant
changes in the WGR, FCR, HSI, and VSI, thus hindering the
growth of the carp. Correlation analysis also showed a pos-
itive correlation between HSI and VSI with the content of
Met, Thr, Leu, Ile, and Phe. Similarly, the study on golden
pompano (Trachinotus ovatus)!® reported that VSI and HSI
elevated with increasing Ile (13.2-18.2 g/kg dry feed). In ad-
dition, PS-MPs also affected Phe metabolism. Phe plays an
important role in growth and development, as well as in the
production of neurotransmitters, hormones and proteins,
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Fig. 4. Effects of PS-MPs on amino acid content of common carp hepatopancreas

which in turn are involved in metabolic processes such as
glucose metabolism and fat metabolism in the body. Lack
of Phe can lead to mental confusion, depression, memory
loss, and low energy levels.20

EFFECTS OF PS-MPS ON IMMUNITY, ANTIOXIDANT, AND
AMINO ACID METABOLISM IN COMMON CARP

ACP and AKP, as key enzymes closely related to organismal
immunity, are involved in various metabolic processes in
the body and are important biological indicators for assess-
ing the damage caused by exogenous substances to fish.2!
ACP enables cells to recognize foreign substances and ac-
celerates phagocytosis and degradation of foreign sub-
stances by phagocytes. AKP is related to nutrient absorp-
tion and transport and can act as an important
detoxification system in the body. In this study, the exper-
imental groups’ ACP and AKP activities showed a signifi-
cant decreasing trend with the increase of PS-MPs concen-
tration after 15 days of exposure. This suggests that PS-MPs
inhibited the activities of ACP and AKP in the carp, and the
decrease in their activities may induce an inflammatory re-
sponse, which in turn may affect the immune function of
the carp organism. Similar results to the present experi-
ment were obtained in an exposure experiment to PVC-MPs
in carp, where corresponding changes in the activity of ACP,
AKP, LZM, and the expression levels of a range of immune-
related genes were observed.22 LZM is a key defense mole-
cule of the innate immune system, produced in vivo mainly
by neutrophils and macrophages, which can mediate the
defense mechanism against exogenous pathogen infection
through the complement system and macrophages, and its
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activity can be affected by a variety of factors such as tem-
perature, acidity and alkalinity, and heavy metal ions.23
LZM content in the carp of experimental groups was sig-
nificantly higher, indicating that the immune response of
the organism plays a role under the stress of PS-MPs. These
results indicate that PS-MPs can significantly disrupt the
homeostasis of relevant immune-enzymes in the carp, pro-
duce immunotoxicity, and lead to the development of im-
mune stress.24

MDA is a product of lipid peroxidation and can be used
as an indicator of the degree of oxidative damage in the
body. SOD, CAT and POD are common antioxidant enzymes
in the body and have the ability to scavenge free radicals
and protect the cells from oxidative damage.25 The MDA
content of experimental groups was significantly different
compared with the control group, indicating that PS-MPs
stress disturbed the reactive oxygen species balance in the
body of carp and caused oxidative stress in the carp. MDA
content in 50 and 100 pg/L PS-MPs groups was significantly
higher, but the MDA content of the 200 pg/L PS-MPs group
was significantly lower, suggesting that the carp’s immune
system played a role in inhibiting PS-MPs-induced oxida-
tive stress, perhaps by inducing an increase in the activity
of antioxidant enzymes, which is in line with the results
of the relevant studies on the effect of PS-MPs on crucian
carp (Carassius auratus).2® The results of this experiment
showed that both SOD and CAT activity increased signifi-
cantly with the increase of PS-MPs concentration, and the
enzyme activity was also at its highest value at the highest
concentration of PS-MPs, but the MDA content was signif-
icantly reduced, which may suggest that the activities of
these two antioxidant enzymes in the carp were activated
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after being stressed by PS-MPs, which reduced the content
of MDA, and thus came to cope with the challenge of oxida-
tive stress. Similar results were obtained in a study where
PVC-MPs were applied to common carp.2” POD is an impor-
tant enzymatic antioxidant that scavenges hydrogen perox-
ide radicals and other toxic molecules from cells and pro-
tects them from oxidative damage. In the results of this
experiment, the POD activity in the carp of experimental
groups was significantly reduced compared with the control
group, and the lowest POD activity was found in the high-
concentration group, indicating that the increase in the
concentration of PS-MPs exacerbated the oxidative stress
response in the carp, and the POD activity was not enough
to scavenge the increase in the amount of reactive oxygen
species in the carp, which led to the decrease in its activity.

In terms of amino acid metabolism, Met, Leu, Ile, and
Thr as essential amino acids in fish, play an important role
in enhancing antioxidant and immune function. Thr is an
important nutritional fortifier in the animal body and has
the effect of improving immune functions.28 Ile can signifi-
cantly enhance the physical barrier function of fish gills and
intestines and improve the phagocytosis and bactericidal
efficacy of phagocytes, thus enhancing the non-specific im-
munity of fish.2? In this study, correlation analysis showed
a positive correlation between ACP, AKP, and POD with the
content of Met, Thr, Leu, indicating that PS-MPs induced
oxidative stress and immune response in the body of carp
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and affected the related amino acid metabolism process,
and interfered with the synthesis or catabolism of some
amino acids, affecting the balance of amino acid metabo-
lism in carp, which was associated with a variety of patho-
logical and physiological development processes. Similarly,
the experiment found that high levels of Leu could enhance
the activities of intestinal amylase, promote hepatic and
pancreatic glycolysis and gluconeogenesis, as well as he-
patic lipid catabolism, and reduce inflammation when Ile is
deficient or in excess, cells may be at risk of oxidative dam-
age.30

Our results align with previous research on marine
species, which also reports adverse effects such as reduced
growth, oxidative stress, and immune suppression due to
MPs exposure. However, our study highlights that fresh-
water species may exhibit distinct physiological responses,
potentially due to differences in habitat conditions and
species-specific sensitivities. These findings underscore the
broader relevance of MPs impacts across aquatic ecosys-
tems and emphasize the need for tailored mitigation strate-
gies in both marine and freshwater aquaculture systems. To
address MPs exposure in aquaculture, our findings suggest
that integrating advanced filtration technologies, such as
membrane filtration or biofilters, could effectively reduce
microplastic contamination in water sources. Additionally,
modifying feed practices, such as using microplastic-free
feed or incorporating natural binders to reduce PS-MP up-
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take, could further mitigate risks. These strategies, in-
formed by our results, could enhance the sustainability and
resilience of aquaculture systems globally.

CONCLUSIONS

In summary, PS-MPs significantly affect the common carp’s
growth indicators, immune and antioxidant enzyme activi-
ties, and amino acid metabolism. These changes may neg-
atively impact their health condition and nutritional value,
consequently reducing the economic value generated by
common carp farming. Therefore, this study emphasizes
that the potential threat of PS-MPs pollution to fish health
and consumer safety needs to be urgently addressed. The
control of PS-MPs levels in the aquatic environment during
common carp culture is a key direction for future research.
To mitigate these risks, it is recommended that aquaculture
industries adopt stricter monitoring and filtration systems
to reduce microplastic contamination in water sources. Ad-
ditionally, policymakers should consider implementing reg-
ulations to limit plastic waste and promote sustainable
practices to safeguard aquatic ecosystems and the eco-
nomic viability of fish farming.
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