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The effects of pond purification
system on intestinal function of
channel catfish (Ictalurus
punctatus): a focus on intestinal
development, digestion and
absorption, and junction integrity
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Hai-Long Nie1, Kang-Sheng Chen2, Feng Liu2,
Xiang-Ning He3 and Zhi-Yuan Lu1*

1State Key Laboratory of Marine Resource Utilization in South China Sea, School of Marine Science
and Engineering, School of Marine Biology and Fisheries, Hainan University, Haikou, China, 2Zhanjiang
Zhongyue Energy Co., Ltd., Zhanjiang, China, 3College of Animal Science and Technology, Northwest
Agriculture and Forestry University, Yangling, China
Pond purification system (PPS) is an outdoor aquaculture system designed based

on recirculating aquaculture system (RAS) principles, utilizing recirculating water

technology, which can achieve large-scale fish farming in the recirculating water

system. The purpose of this experiment is to investigate the alterations in growth

performance, intestinal histology, digestion-absorption function, and structural

integrity of channel catfish raised in PPS. The findings indicated a significant

optimization in water quality indicators pertinent to aquaculture, including total

nitrogen, total phosphorus, chemical oxygen demand (COD), ammonia nitrogen,

nitrite, and dissolved oxygen. Additionally, the growth performance of channel

catfish reared in the PPS group was markedly improved. The intestinal

morphology of these channel catfish exhibited increased villus height and a

reduced number of mucus cells. Furthermore, serum levels of diamine oxidase

and D-lactic acid were significantly decreased in channel catfish raised in the PPS

group, while the expression of genes related to the apical junction complex was

significantly upregulated, suggesting improved intestinal structural integrity.

Moreover, the activities of digestive and absorptive enzymes, such as trypsin,

amylase, lipase, and Na+-K+-ATPase, were elevated, indicating enhanced

digestive and absorptive functions. In conclusion, based on the conditions of

this experiment, the pond purification system module used in this study can

effectively improve the quality of the aquaculture water, enhance fish growth

performance and improve their intestinal health.
KEYWORDS

pond purification system, intestine, digestive absorption, structural integrity,
channel catfish
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1 Introduction

As is well known, aquatic products, due to their high

nutritional value, occupy an important position in the human

diet structure (Lu Z-Y. et al., 2023). To meet the growing demand

for aquatic products, intensive farming models have become

widespread (Karvonen et al., 2019). The rapid expansion of the

aquaculture industry is often linked to the degradation of aquatic

environments, which subsequently leads to the emergence of

various diseases. This progression poses a substantial threat to

the industry’s development (Karvonen et al., 2019). Especially in

high-density fish farming models in pond and cage aquaculture

systems, the deterioration of the water environment causes great

harm to fish health and even leads to significant economic losses

(Ibrahim et al., 2022). Consequently, the enhancement of efficient

and sustainable fish farming practices, alongside the improvement

of aquaculture water quality, has emerged as a pressing issue

requiring immediate attention.

Against this backdrop, the recirculating aquaculture system

(RAS) is an innovative ecological pond aquaculture approach

inspired by the principles of a circular economy (Xiao et al., 2020),

which are becoming more commonly used because they allow for

better control of freshwater quality (Huang et al., 2020). The

transition from conventional pond systems to RAS represents a

paradigm shift in aquatic product production, offering precise

control over water quality parameters that are critical for fish

health and performance. The previous study found that RAS can

promote the reproduction of beneficial bacteria and at the same time

affect the nutritional components in the water, especially nitrogen

and phosphorus (Emmanuel et al., 2025). Recent research found that

RAS improves the muscle quality of largemouth bass, showing

significant enhancements in muscle hardness, elasticity, and fiber

density, while reducing muscle-saturated fatty acids (Xu et al., 2025).

However, the available evidence only focuses on water quality

parameters and fish muscle quality indicators, and the research on

RAS on the integrity of fish intestinal structure and its molecular

regulatory mechanisms is not yet in-depth. Therefore, it is necessary

to conduct a systematic study on the impact of RAS on fish

intestinal health.

Previous studies in our laboratory have shown that the health of

fish often depends on the health status of their intestines (Lu et al.,

2020; Lu et al., 2022b; Lu et al., 2022a). Generally, the fish intestine

serves as a critical interface between the external environment and

internal physiology, playing essential roles in structural integrity

(Dawood, 2020). The structural integrity of the intestinal tract is

closely related to its histological morphology and the apical junction

complex (Konig et al., 2016; France and Turner, 2017; Otani and

Furuse, 2020). Ensuring structural integrity of apical junctions is

key to preventing the passage of pathogens or foreign materials

across the intestinal epithelium (Russo et al., 2022). The adherens

junction (AJ) proteins and the tight junction (TJ) proteins together

constitute the apical junction complex (Qian et al., 2016). TJ

proteins are made up of a complex of multiple proteins, including

Occludin, Claudins, the ZO family, and junction adhesion molecule

(JAM) (Tian et al., 2022). The AJ is composed of E-cadherin, b-
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catenin, and other associated proteins (Shukla et al., 2021).

However, there are currently no reports on the study of RAS

effect on the integrity of fish intestinal structure. Therefore,

conducting such research is highly necessary.

Furthermore, another important function of the fish intestine is

the process of digestion and absorption (Hoseinifar et al., 2017;

Magouz et al., 2021). It is well known that the digestive function of

fish intestine is related to a variety of digestive enzymes, including

protease, lipase and amylase (Hoseinifar et al., 2017). These

digestive enzymes can fully enzymolyze protein, fat and

carbohydrate in feed into small molecules such as small peptides,

free amino acids (FAAs) or fatty acids (FA), which is beneficial to

intestinal absorption and utilization (Noaillac-Depeyre and

Hollande, 1981; Wang et al., 2010). The absorption function of

the fish intestinal tract is closely related to the activity of the brush

border enzyme. Brush border enzymes can promote the function of

intestinal digestive function (Freeman and Kim, 1978). However, it

is unknown whether the RAS in the pond has any impact on the

intestinal digestion and absorption functions of fish. Therefore, it is

worthwhile to conduct relevant research.

Channel catfish (Ictalurus punctatus) is extensively cultured

globally due to its adaptability, being one of the foremost

aquaculture species in the world (Liu, 2011). Since channel catfish

were introduced to China in 1984, the scale of aquaculture has been

growing, and the market potential has been progressively explored

(Liu, 2011). There are no studies available on the effects of RAS on

the growth performance and intestinal health of channel catfish.

Therefore, it is necessary to research the effects of RAS on the

growth and intestinal health of the channel catfish. This experiment

aims to clarify the positive effect of which RAS affects intestinal

health, promote the sustainable development of aquaculture, and

provide a reference for future efficient and facility-based

aquaculture in ponds.
2 Materials and methods

2.1 Ethics statement

The animal experiments were conducted at Hainan University

in Haikou, China, in accordance with the guidelines sanctioned by

the Ethics Committee of Hainan University (No. HNUAUCC-

2024-00138).
2.2 Pond purification system design

Pond purification system (PPS) is an outdoor recirculating

water aquaculture pond designed based on the RAS principle. As

shown in Figure 1, to achieve water quality purification and control

in fish ponds, membrane aeration bio-reactor (MABR) membranes

are regularly placed at the bottom of the ponds and an aeration pipe

network system is established. The principle of operation is to

utilize the native microorganisms in the pond bottom sediment to

form a dominant biological purification membrane, and provide a
frontiersin.org
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certain amount of dissolved oxygen through aeration to create

suitable conditions for nitrifying and denitrifying bacteria, thereby

efficiently degrading leftover feed in situ. In addition, a water

circulation purification and advanced treatment system within the

pond is constructed through pump stations, microfiltration

machines, pipeline systems, aquaponics systems, and ultraviolet

disinfection. Both the control pond and the experimental pond were

traditional static ponds. The control pond did not contain any water

treatment modules. During the 60-day experiment, neither the

control pond nor the experimental pond had its water changed.
2.3 Animal feeds and experimental design

The study involved 360 channel catfish, each starting at a weight

of 243.33 ± 4.43g, which were randomly allocated into two groups,

each containing three replicates of 60 fish. The division was made

into two groups: the control group and the PPS group. They were

fed commercial diets provided by Guangdong Yuehai Company

and conducted a 60-day growth experiment. The formulation of the

diet and its calculated nutrient content are detailed in Table 1.

During the experiment, the feed was fed 4 times a day, exposed to

natural light throughout the process, and the water temperature was

maintained at 26-30°C.
2.4 Sample collection

After the experiment, all the fish were weighed to calculate the

fish production performance; for each treatment, 36 fish were

randomly selected for sample collection. Biological tissue sample:
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Following the experimental phase, the animals were not given food

for 8 hours before blood samples were collected. The fish was placed

on ice for dissection, and the intestines were removed as previously

described (Zou et al., 2025). The contents within the intestinal

cavity were flushed with ice-cold physiological saline. The intestinal

tissue with a length of 1cm was fixed in paraformaldehyde for

section preparation. A section of the intestinal tissue was stored at

-20°C to detect digestion and absorption enzymes, and another

section was stored at -80°C to detect molecular indicators.

Environmental water sample: The water sampling time is

divided into four time points: 15 days, 30 days, 45 days and 60

days, in order to observe the impact of PPS on water quality

parameters throughout the entire operation cycle. In short, use a

3-meter right-angle water sampling tube to collect water from the

middle of the fish cage, and transfer it into a 1 L volumetric flask.

The water samples from each pond were collected three times and

stored in a refrigerator at 4°C. The collected water samples were

used for water quality analysis.
2.5 Measurement of water quality
parameters

The dissolved oxygen (DO), temperature (°C) and pH were

measured using a Handheld Multi-Parameter Water Quality Sonde

(YSI Inc., Yellow Springs, OH, USA).

Chemical Oxygen Demand (COD), Total phosphorus (TP),

Total Nitrogen (TN), Total Ammonia nitrogen (TAN) and Nitrite

were measured by using Multi-parameter Water Quality

Monitoring Station (G70 Pro, GLKR Precision Instrument Co.,

Ltd., China) with complementary commercial reagent kit (TP, GLS-
FIGURE 1

Design of pond purification system.
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TP; TAN, GLS-NH3N; COD, GL-COD-LR-Y; TN, GLS-TNY;

Nitrite, GLS-NO3Y).
2.6 Hematoxylin & Eosin staining

Initially, the intestinal tissue (N = 6) was embedded in paraffin

and subsequently sliced into 4 mm-thick sections for mounting on

slides. Following dewaxing with xylene, the sections underwent

hydration through a series of ethanol concentrations. Hematoxylin

& Eosin (H&E) (G1076-500ML, Servicebio, Wuhan, China) was

used to stain the slides. After the dehydration process, slices were

sealed with neutral gum and then placed under a microscope for

observation and imaging.
2.7 Periodic acid-Schiff staining

The operation process of PAS was carried out according to a

previous study (Zhao et al., 2024a). The intestinal tissue sections

(N = 6), each 4 micrometers thick, underwent deparaffinization in
Frontiers in Marine Science 04
xylene and were rehydrated using a series of ethanol solutions

(100%, 95%, 80%), then treated with Schiff’s reagent (G1061-

500ML, Servicebio, Wuhan, China) for 15 min in the dark,

counterstained with hematoxylin (G1004-100ML, Servicebio,

Wuhan, China) for 1 min, and rinsed in running tap water for 5

min. After dehydration through graded alcohols and xylene

clearance, slides were mounted with resinous medium. PAS-

positive mucin granules were identified by magenta coloration

under light microscopy (Nikon Eclipse E100), with mucus cells

showing characteristic cytoplasmic staining.
2.8 Biochemical analysis

Prepare a 10% tissue homogenate and conduct the

measurement according to the previous research methods (Zeng

et al., 2020). For each treatment group, 18 serum and tissue samples

from the fish were randomly selected for analysis. The D-lactic acid

(D-LC, A019-3-1) and diamine oxidase (DAO, A088-3-1) were

detected in serum. The trypsin (A080-2-2), amylase (C016-1-2),

lipase (A054-2-1), alkaline phosphatase (ALP, A059-2-2), Na+-K+-

ATPase (A070-2-2), g-glutamyl transferase (g-GT, C017-2-1) and
creatine kinase (CK, A032-1-1) were detected in intestinal tissue;

the above kits were brought fromNanjing Jiancheng Bioengineering

Institute (Nanjing, China). The kit instructions provide the method

for specific determination.
2.9 Real-time PCR

The PCR extraction process was performed in accordance with

the previous description (Zhao et al., 2024b). For each treatment

group, 18 tissue samples from the fish were randomly selected for

analysis. Total RNA extraction was performed using Trizol (G3013,

Servicebio, Wuhan, China), and cDNA was synthesized using the

High-Capacity cDNA Reverse Transcription Kit (A511-02,

Exongen, Chengdu, China). The cDNA was measured using qRT-

PCR with the SYBR Green PCR Kit (A411-01, Exongen, Chengdu,

China). The gene used for reference was b-actin. The primer

sequences utilized are detailed in Supplementary Table S1.

Relative gene expression was calculated using the 2DD-Ct method.
2.10 Western blot assay

Western blotting was performed as described by previous

studies (Lu Z. et al., 2023; Zhao et al., 2023). For each treatment

group, 18 intestinal tissue samples from the fish were randomly

selected for analysis. The extraction of total protein was carried out

with a RIPA lysis solution (P0013B, Beyotime, Shanghai, China).

Total protein levels were determined using the BCA Protein Assay

Kit (A045-4-2). Following extraction, the proteins underwent

electrophoresis with an SDS-PAGE gel and were then transferred

to Poly Vinylidene Difluoride (PVDF) membranes. Afterward, the

membranes were blocked and incubated with primary antibodies at
TABLE 1 Composition and nutrients content of feed for channel catfish.

Basal diet analysis
Raw materials and nutrient
composition

Ingredients Fish meal

Soybean meal

Peanut meal

Rapeseed meal

Flour

Calcium dihydrogen phosphate

Zinc sulfate

Ferrous sulfate

Vitamin A

Vitamin C

Vitamin D3

Vitamin E

Folic acid

Proximate composition Crude ash ≤ 15.0%

Water ≤ 12.0%

Lysine ≥ 1.55%

Calcium ≤ 3.00%

Crude protein ≥ 33.0%

Crude fat ≥ 2.50%

Crude fiber ≤ 8.00%

Total phosphorus ≥ 0.6%

NaCl ≤ 2.00%
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4°C overnight, followed by incubation with a secondary antibody.

An enhanced chemiluminescence (ECL) system was used for

development. The proteins used for internal reference were

GAPDH and b-actin. Supplementary Table S2 contains the

antibody information.
2.11 Statistical analysis

The calculation method of growth performance was shown in

Supplementary Table S3. Image J software facilitated the

quantification of the images. Data analysis was performed using

the Student’s t-test. Results were shown as mean values with their

standard deviations (mean ± S.D). Statistical significance was

shown by a P < 0.05. The statistical data were graphed using

GraphPad Prism 8.0.
Frontiers in Marine Science 05
3 Results

3.1 Growth performance

The channel catfish in the PPS group elevated FBW, PWG and

SGR (P<0.05) (Table 2), but did not influence FI and FE (P>0.05).

The findings suggested that channel catfish in the PPS group obtain

better growth performance.
3.2 Water quality parameters

As shown in Figure 2, during the entire experiment period,

there was no significant difference in pH between the control group

and the PPS group; the DO45d and DO60d in the PPS group were

significantly higher than those in the control group; the TP60d,

TAN60d and Nitrite60d in the PPS group were significantly lower

than those in the control group (P < 0.05); the TN30d, TN45d, TN60d,

COD30d, COD45d and COD60d in the PPS group were significantly

lower than those in the control group (P < 0.05).
3.3 Serum biochemical indexes and
intestinal digestion and absorption
enzymes activities

As shown in Table 3, the DAO and D-LC levels in serum were

significantly decreased in the PPS group (P<0.05). The present

study also indicated that the activities of intestinal digestion and

absorption enzymes, such as trypsin, amylase, lipase, Na+-K+-

ATPase, g-GT, and CK, were higher in the PPS group (P < 0.05).

It’s worth noting that there has been no change in the AKP

activity (P>0.05).
TABLE 2 The growth performance of channel catfish1.

Index
Treatment group

P-values
Control PPS

IBW 244.44 ± 3.02 242.22 ± 6.01 0.598

FBW 378.57 ± 4.99b 398.52 ± 8.91a 0.028

PWG 54.87 ± 0.74b 64.55 ± 3.06a 0.006

SGR 0.35 ± 0.02b 0.44 ± 0.04a 0.027

FI 149.34 ± 6.36 164.42 ± 13.82 0.161

FE 0.90 ± 0.03 0.95 ± 0.05 0.176
1IBW (g): initial body weight; FBW (g): final body weight; PWG (%): percent weight gain, 100
× [FBW (g/fish) - IBW (g/fish)]/IBW (g/fish); SGR (%/day): specific growth rate, 100 × [ln
(final weight) - ln (initial weight)]/days; FI (g/fish): feed intake; FE (%): feed efficiency, 100 ×
[FBW (g/fish) - IBW (g/fish)]/FI (g/fish). The data represent means ± SEM. P < 0.05 indicated
significant difference.
FIGURE 2

The effects of PPS on water quality parameters. The black line represents the control group, while the red line represents the PPS group. (A) pH; (B)
Temperature; (C) Total phosphorus (TP); (D) Nitrite; (E) Total Ammonia nitrogen (TAN); (F) Total Nitrogen (TN); (G) Chemical Oxygen Demand
(COD); (H) Dissolved oxygen (DO). * indicates significant differences P > 0.05.
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3.4 Histomorphological analysis

The results of HE staining indicated that the intestinal villi

height (VH) of channel catfish reared in the PPS group was higher

(Figures 3A, C). However, the lamina propria thickening (LPT)
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remained unchanged (Figures 3A, D). Furthermore, the PAS

staining results indicated that, compared with the control group,

channel catfish reared in the PPS group had a significantly

decreased number of intestinal mucus cells (Figures 3B, E).
3.5 Intestinal TJ proteins and AJ proteins

Figure 4A illustrates that the expression of tight junction-related

genes ZO-1, ZO-2, and Occludin was significantly increased in the

PPS group (P<0.05), while the mRNA expression of claudin-12 and

claudin-15 was significantly decreased in the PPS group (P<0.05).

The adherent junction-related gene b-catenin, nectin-2 and afadin

were significantly downregulated in the PPS group (P<0.05)

(Figure 4B). Furthermore, the protein expression results showed

that ZO-1 and Occludin expression levels were significantly

increased in the PPS group (P<0.05) (Figures 4C-E), and b-
catenin protein expression levels were significantly decreased in

the PPS group (P<0.05) (Figures 4C, F). These results displayed that

channel catfish growing in the PPS group have better intestinal

structural integrity.
3.6 The regulation of signalling pathway

The protein expression results showed that GTPase Ras

homolog gene family member A (GPT-RhoA)/Total-RhoA,
TABLE 3 The serum biochemical indexes and intestinal digestion and
absorption enzymes activities of channel catfish1.

Index
Treatment group

P-values
Control PPS

Serum

DAO 429.24 ± 34.34a 383.27 ± 32.29b 0.038

D-LC 20.33 ± 1.78a 17.15 ± 2.22b 0.021

Intestinal

AKP 296.42 ± 12.71 308.38 ± 14.52 0.160

Na+-K+-ATPase 3.12 ± 0.22b 3.87 ± 0.23a <0.001

g-GT 31.56 ± 1.31b 37.46 ± 2.13a <0.001

CK 1.18 ± 0.07b 1.38 ± 0.09a 0.002

Trypsin 1834.30 ± 76.51b 2209.25 ± 108.85a <0.001

Amylase 0.18 ± 0.01b 0.25 ± 0.02a <0.001

Lipase 21.32 ± 1.13b 26.89 ± 2.23a <0.001
1 DAO (U/L): Diamine oxidase; D-LC (U/L): D-lactic acid; Trypsin (U/mg prot); Amylase (U/
mg prot); Lipase (U/g prot); AKP (U/g prot): alkaline phosphatase; Na+-K+-ATPase (U/mg
prot), g-GT (g-glutamyl transferase); CK (U/mgprot): creatine kinase.
FIGURE 3

The effects of PPS on intestinal tissue structure and the number of mucus cells in channel catfish. (A) HE staining; (B) PAS staining; (C) Villi height;
(D) Lamina propria thickening; (E) The number of mucus cells. VH = villi height; LPT = lamina propria thickening. Columns with different letters
indicate significant differences (P < 0.05).
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ROCK and MLCK were significantly decreased in the intestine of

channel catfish growing in the PPS group (P<0.05) (Figures 5A-D).

The above results suggested that channel catfish cultured in the PPS

group may promote intestinal TJ integrity through the RhoA/

ROCK/MLCK signaling pathway.
4 Discussion

Currently, there are an increasing number of studies on RAS,

mainly focusing on different function modules within RAS and

process optimization (Teitge et al., 2020; Lindholm-Lehto et al.,

2021; Villanova et al., 2023). However, based on RAS conditions,

only sporadic reports have been seen regarding the impact on fish

health, and only studies on aquatic animal growth performance

have been conducted, which are not systematic and in-depth

(Araujo et al., 2025; Roy et al., 2025). This study mainly focuses

on the impact of the PPS system on fish health, and based on the

water quality data collected at different times, further conducts a

systematic and in-depth study on the effects of PPS on the

production performance and intestinal health of channel catfish,

and reveals its possible implications.
Frontiers in Marine Science 07
4.1 PPS improved fish growth and intestinal
health

The health of the intestines significantly influences both the

growth and overall well-being of animals (He et al., 2022).

According to Amin et al (Amin et al., 2020), tilapia reared in the

RAS demonstrated a significantly greater growth rate and weight

gain. This is consistent with our research findings, which suggest

that channel catfish raised in RAS, influenced by environmental

conditions, exhibit an increased rate of nutrient digestion and

absorption in their intestines. The entry of D-LC and DAO into

the bloodstream indicates a compromised intestinal structural

integrity, as they are biomarkers of intestinal permeability (Gao

et al., 2023). Our results displayed that these intestinal biomarkers

of channel catfish growing in the PPS group were decreased, which

indicated that the intestinal structural integrity of channel catfish

had been improved. The intestine functions as the primary digestive

and absorption organ in fish, with intestinal epithelial cells and

histology being essential for nutrient digestion and absorption (Lin

et al., 2023). Villi height is typically employed as a significant

measure for evaluating the health of the intestines (Wang D.

et al., 2022). Interestingly, we found that the villi height of
FIGURE 4

The effects of PPS on the tight junction proteins and adherens junction proteins of channel catfish intestine. (A) Tight junction proteins-related gene
expression; (B) Adherens junction proteins-related gene expression; (C) ZO-1, Occludin and b-catenin proteins expression; (D) ZO-1 protein
expression levels; (E) Occludin protein expression levels; (F) b-catenin protein expression levels. Columns with different letters indicate significant
differences (P < 0.05).
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channel catfish grown in the PPS group is higher than control

group. Generally, the goblet cells in the intestine can secrete a large

amount of mucus to maintain the digestive process of the intestine

(Cao et al., 2019; Wang S. et al., 2022). However, excessive mucus

can lead to the occurrence of local inflammation in the intestine

(Naama and Bel, 2023). It is worth noting that this study found that

the number of intestinal goblet cells in the fish of the PPS group was

lower than that in the control group.

Based on the above evidence, it is not difficult to conclude that the

PPS has a positive effect on the growth performance of channel catfish

as well as the integrity of their intestinal morphology and structure.

Generally, the integrity of the intestinal structure determines whether

the digestive and absorptive functions of the intestine can proceed

normally. Therefore, we also explored the enzymatic activities

involved in digestion and absorption in the intestine.
4.2 PPS elevated fish intestinal digestion
and absorption functions

The intestine’s capacity to maintain health and digest efficiently

depends significantly on the structure and integrity of its epithelium

(Inatomi and Otomaru, 2018). The augmentation of brush border

enzyme expression and nutrient transport systems has been directly

linked to the integrity of intestinal tissue (Thuekeaw et al., 2022). The

absorption of nutrients is influenced by enzymes like AKP, g-GT, Na+-
K+-ATPase and CK in the intestinal brush border enzymes (Zhao et al.,
Frontiers in Marine Science 08
2021). Our results showed that the activities of Na+-K+-ATPase, g-GT
and CK of channel catfish growing in the PPS group were improved.

Furthermore, the capacity for feed digestion is reflected by the activity

level of intestinal digestive enzymes (Li et al., 2019). Our findings

indicated that the activities of digestive enzymes in channel catfish were

significantly enhanced in the PPS group, which is consistent with our

anticipated results. These findings are also consistent with a study

conducted on largemouth bass, which showed RAS improved the

amylase and lipase activities in the intestine of largemouth bass (Xu

et al., 2025). Another study has found that RAS can enhance the quality

of water, thereby facilitating the deposition of nutrients in the feed by

Pacific white shrimp (Litopenaeus vannamei) (Araujo et al., 2025). As is

well known, aquaculture water quality indicators, including nitrite,

TAN, and DO, frequently result in a substantial decline in the

production performance of aquatic animals and the outbreak of

intestinal diseases (Abd El-Hack et al., 2022; Araujo et al., 2025).

Consequently, we hypothesize that RAS mainly enhances the growth

and well-being of aquatic animals by purifying the water quality.

Coincidentally, our results for water quality parameters, including

COD, TP, nitrite, and TAN, support our previous hypothesis.

The evidence presented above indicates that enhancing water

quality can significantly enhance the digestion and absorption of

nutrients by fish. However, there is currently no report on the

mechanism by which PPS affects the integrity of the fish’s intestinal

structure. Based on our previous research (Lu et al., 2022b), we have

preliminarily conducted a study on the mechanism of PPS on the

integrity of the fish’s intestinal structure.
FIGURE 5

The effects of PPS on apical junction complex-related signaling molecules of channel catfish intestine. (A) GPT-RhoA, Total RhoA, ROCK and MLCK
proteins expression; (B) GPT-RhoA/Total-RhoA protein expression levels; (C) ROCK protein expression levels; (D) MLCK protein expression levels.
Columns with different letters indicate significant differences (P < 0.05).
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4.3 PPS protects the integrity of the
intestinal structure and related
mechanisms

It is well-established that TJ proteins and AJ proteins are

necessary for the structural integrity of the intestines (Kim et al.,

2022; Lu et al., 2022b). The composition of TJ proteins and AJ

proteins includes diverse families of transmembrane adhesion

proteins and cytosolic proteins that attach these proteins to the

actin cytoskeleton (Kausalya et al., 2004). The intestinal structural

integrity relies on key proteins like ZO-1, Occludin, and Claudins,

which are vital for TJ proteins (Xie et al., 2021). Our findings

demonstrated an elevated regulation of the expression of both TJ

proteins and AJ proteins at the mRNA and protein levels in the PPS

group, which suggested that channel catfish farmed with PPS can

improve the integrity of the intestine. However, it is still unclear

through which signaling pathway PPS regulates the structural

integrity of the fish intestinal tract. Therefore, we are conducting

further research on the mechanism.

Research indicated that the RhoA/ROCK pathway plays a

crucial role in regulating intestinal apical junctions (Huang et al.,

2022). ROCK is an effector that operates downstream of RhoA

(Wu et al., 2022). The ROCK kinase pathway is used by RhoA to

increase contractility by activating the myosin light-chain kinase

(MLCK) (Wenceslau et al., 2016). Additionally, an increase in the

synthesis and activity of MLCK protein can lead to higher intestinal

TJ permeability (Boivin et al., 2007). We discovered that GPT-

RhoA/Total-RhoA, ROCK and MLCK were decreased in the

intestine of channel catfish growing in the PPS group. It was

suggested that the intestinal structural integrity of channel catfish

growing under the influence of PPS might be regulated by the

ROCK/MLCK signaling pathway. From the above literature and our

results, this study, based on various methods such as histological

observation, biochemical analysis and molecular biology, not only

proved the effective protection of PPS on the intestinal structure of

fish, but also systematically revealed the effects of PPS on TJ

proteins and AJ proteins, and further revealed the possible

pathways involved, providing valuable references for subsequent

functional verification studies.
5 Conclusion

Overall, the application of PPS in aquaculture contributes to the

improvement of water quality and the promotion of fish intestinal

health, which holds significant implications for modern intensive

aquaculture practices. This study further enhances our understanding

of the potential of PPS as a strategy to increase productivity in

freshwater fish farming. Our findings demonstrate that PPS can

improve water quality, protect intestinal microvilli, reduce intestinal

permeability, and upregulate the expression of genes associated with

TJ and AJ. Moreover, molecular biology analyses suggest that the

enhancement of intestinal structural integrity in fish mediated by PPS

may involve the MLCK and RhoA/ROCK signaling pathways.

Therefore, this study is conducive to fundamentally revealing the
Frontiers in Marine Science 09
positive effect of PPS on fish health. The results of this experiment

could provide a theoretical reference for outdoor PPS farmed fish

based on RAS modification. Therefore, future studies should include

validation experiments at the cellular and model organism levels,

employing approaches such as metagenomics and environmental

DNA analysis, to further elucidate the underlying molecular

mechanisms and to investigate the interaction between water

quality parameters and relevant signaling molecules.
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