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Dietary retinoic acid improved
the growth, lipid metabolism
and immune status in
Macrobrachium rosenbergii

Qin-Cheng Huang ®*?, Li Wang*, Zhi-Min Gu™, Cui Liu®,
Tian-Tian Ye', Jun-Jun Yan?, Ji-Lun Meng®, Yu-Tong Zheng®,
Xian-Ping Ge*, Zhi-Deng Lin* and Guo-Yuan Zou*

1Xianghu Laboratory, Hangzhou, China, 2Wuxi Fisheries College, Nanjing Agricultural University,

Wuxi, China, *College of Marine Science, Ningde Normal University, Ningde, China, “Zhejiang Lanke
Breeding Biotechnology Co., LTD., Huzhou, China

The effect of dietary retinoic acid (RA) on the growth, lipid deposition, oxidation
resistance, immunity, hepatopancreatic and intestinal health of Macrobrachium
rosenbergii was evaluated. A total of 1200 prawns (0.22 + 0.00 g) were divided
into six groups and fed their corresponding feed containing 4, 132, 296, 562,
1206 or 2562 mg/kg dietary RA. The weight gain rate, specific growth rate and
final body weight of the prawns changed linearly and quadratically, with the
maximum observed in those fed 296 mg/kg dietary RA. Increasing dietary RA
linearly and quadratically raised the RA content in the whole body. Compared to
the prawns fed 4 mg/kg dietary RA, there was significantly lower lipid deposition
in the muscle, hepatopancreas and whole body of prawns fed 296 mg/kg dietary
RA. Prawns fed 296 mg/kg dietary RA had lower triglyceride (TG) content in the
hepatopancreas with upregulated gene expression of retinoid X receptor (RXR),
diacylglycerol acyltransferase 1 (dgatl) and carnitine palmitoyltransferase 1 (cptl).
Additionally, 296 mg/kg dietary RA increased the protein expression of RXR,
CAMKKB and phospho-AMPK. A dietary RA level of 296 mg/kg could decrease
oxidative stress by upregulating the expression of peroxiredoxin 5 (prx5) and
improve immunity by upregulating expression of toll-like receptor 2 (toll2),
myeloid differentiation factor 88 (myd88) and dosal in the hepatopancreas.
The intestinal health related genes (crustin 2/3/4, anti-lipopolysaccharide
factor 1/7, prx5, peritrophin-1, myosin light chain kinase, claudin, myd88 and
dosal) and morphological structure were also positively affected by dietary RA.
Furthermore, dietary RA could relieve the immune responses induced by
lipopolysaccharide, thus leading to lower transcription of antimicrobial
peptides. In summary, dietary RA could improve the growth, lipid utilisation,
antioxidant capacity and immunity of M. rosenbergii. To avoid the negative
effects of excessive addition and obtain optimal growth, a diet containing 296
mg/kg dietary RA was suggested by the present study.
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1 Introduction

Aquaculture has developed rapidly and played an increasingly
important role in the global food supply (Islam et al,, 2024).
However, human production activities and variations in bacteria
and viruses increase the risk of decline in immunity which translates
into high mortality in aquatic animals (Tao et al., 2024; Zhu, 2020).
Antibiotics and other chemical medications have long been applied
to control the occurrence of disease (Assefa and Abunna, 2018).
While the usage of antibiotics and other chemical interventions are
usually partially effective, they pose a threat to the environment and
public health (Diwan et al., 2023). Thus, it is important to develop a
safe and effective strategy to strengthen the immune status of
aquatic animals for sustainable development.

Currently, complete formula feeds are widely used in
aquaculture, and feed additives are a popular method to enhance
the immunity of aquatic animals (Salam et al., 2024). The dietary
nutritional supplement strategy has gained considerable attention
(Zhan et al., 2024). Interestingly, retinoic acid (RA), a derivative of
retinol (vitamin A) (Nhieu et al., 2020), has been demonstrated to
be a good immunological enhancement factor (Farazuddin et al.,
2024). RA has been shown to provoke toll-like receptor (TLR)-
mediated polyclonal activation and differentiation of B-cells
(Eriksen et al., 2012). In airway epithelial cells, RA drove the
immune response by inducing the expression of antimicrobial
peptides and cytokines (Jacobo-Delgado et al.,, 2021). In aquatic
animals, RA affected germ cell development and meiotic initiation
related genes expression in orange-spotted grouper Epinephelus
coioides (Peng et al., 2020). RA injection impacted blood glucose
homeostasis in fiddler crab Uca pugilator (Zou and Bonvillain,
2003). In vitro experiments showed that RA participated in the
regulation of gonad development in edible crab Oziotelphusa senex
senex (Girish et al, 2018). Although RA has been researched in
some aquatic animals, there is a paucity of data on their influence
on growth and immunity. However, as excessive RA intake may
cause teratogenic and toxic effects in aquatic animals, the
appropriate dietary supplement amount must be determined
(Wang et al,, 2023; Yeung et al., 2020).

The health of aquatic animals is usually related to lipid
metabolism (Li et al., 2019). Abnormal lipid deposition can cause
oxidative stress and induce tissue damage (Zhong et al., 2020). Our
previous study in crustaceans demonstrated that proper dietary
vitamin A could improve lipid utilisation and reduce tissue lipid
content and oxidative stress (Huang et al., 2022b). However, the
role of retinoids—especially RA—in lipid metabolism is
complicated and still not fully understood (Bonet et al., 2012). It
has been showed that dietary RA reduced lipid deposition in the
muscle of red sea bream Pagrus major (Alsop et al., 2001). There
was limited study on the effect of dietary RA on lipid metabolism in
aquatic animals and it needs more exploration.

The giant freshwater prawn Macrobachium rosenbergii is
economically important and an excellent protein source for many
nations. The freshwater farmed yield of M. rosenbergii exceeded
190,000 tons in 2023 (China Fishery Statistical Yearbook, 2024).
Worryingly, this species is facing the problem of disease due to viral
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(Decapod iridescent virus 1) and bacterial pathogenic infection such
as Vibrio and environmental degradation (Dong et al., 2020; Qian
et al,, 2025; Rattanavichai and Cheng, 2014). Therefore, developing
a method for enhancing the immunity and health of M. rosenbergii
would lessen the economic losses caused by disease outbreaks. The
aim of this study was to explore the effect of diverse dietary RA
levels on the growth, lipid metabolism, oxidation resistance and
immunity of M. rosenbergii. This enabled a better understanding of
the regulatory effect of RA in crustaceans and provided insights into
the exploitation of new efficient feed additives and artificial
compound feed.

2 Materials and methods
2.1 Feed manufacturing

Fish meal, casein, gelatin and soybean protein concentrate were
used as the main protein sources (Table 1). Soybean lecithin,
cholesterol and oil mixture (fish oil: soybean oil = 1:1) were the
main lipid sources. Six isonitrogenous and isolipidic diets were
designed, which included different RA levels: 0 (control), 125, 250,
500, 1000 and 2000 mg/kg). The actual RA content in the feed was
determined to be 4, 132, 296, 562, 1206 and 2562 mg/kg. The
experimental RA supplement level was designed based on a
previous experiment (Ogata and Oku, 2001). The RA (LH-081)
was from Shanxi Lanhe Biotechnology Co., Lld. All the raw
materials were passed through a 60-mesh strainer before being
weighed. The feed ingredients, oil and distilled water were mixed to
homogeneity and then processed into pellets (2 mm diameter)
through an SYSLG30-IV double-screw extruder. Finally, the
different diets were air-dried, packaged in marked ziplock bag
and stored at -20°C before use.

2.2 Feeding experiment

The present study was authorised by the Committee on
Experimental Animal Welfare of Zhejiang Academy of
Agricultural Sciences (2024ZAASLA046).

In April 2024, 4000 juvenile prawns were purchased from a
local farm in WuXing district (Huzhou, Zhejiang). The prawns were
reared in square pools (8 m (L) x 1.1 m (W) x 1.5 m (H)) for about
3 weeks until they conformed to the specifications of the feeding
trial. Then, 1200 uniformly-sized prawns (0.22 + 0.00 g, mean + SD)
were randomly transported into 24 independent 300 L tanks (0.97
m (L) x 0.57 m (W) x 0.61m (H)) with four tanks per treatment (50
prawns per tank). Each diet was fed to four randomly selected tanks
at 8:00 and 18:00 for 8 weeks. The daily feed amount was 8% of the
body weight and was adjusted according to the measured weight per
week. During the culture period, the environmental parameters
were monitored. The temperature of the water was 23-27°C and the
pH was 7.4-8.3. The dissolved oxygen was no less than 7 mg/L, and
the ammonia nitrogen was lower than 0.05 mg/L.
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TABLE 1 Formulation components and nutritional composition of the
foundational diet (dry matter basis).

Ingredients g kg™ diet
Fish meal 240 240 240 240 240 240
Casein 80 80 80 80 80 80
Gelatin 80 80 80 80 80 80
Soyb§an 240 240 240 240 240 240
protein concentrate

Corn starch 200 200 200 200 200 200
Soybean lecithin 10 10 10 10 10 10
Cholesterol 5 5 5 5 5 5
Fish oil: soybean oil (1:1) 40 40 40 40 40 40
Choline chloride 2 2 2 2 2 2
Vitamix mix* 20 20 20 20 20 20
Mineral mix” 20 20 20 20 20 20
Calcium

phosphate primory 10 10 10 10 10 10
Attractant 0.4 0.4 0.4 0.4 0.4 0.4
Antioxidant 1 1 1 1 1 1
Carboxy methyl cellulose 10 10 10 10 10 10
RA 0 0.125 0.25 0.5 1 2
Microcrystalline Cellulose 41.6 41475 | 41.35 411 40.6 39.6
Total 1000 1000 1000 1000 1000 1000
Proximate composition

Moisture 109 101 94 105 94 98
Crude protein 4427 | 445.6 453.4 | 4468 | 449.2 | 4494
Crude lipid 73 74 75 74 76 74
Crude ash 79 79 80 79 80 79
RAC real content (mg kg') | 4 132 296 562 1206 | 2562

“Vitamin premix (vitamin A-free, g kg'l premix): 0.004 cholecalciferol, 7 tocopherol acetate,
1.5 vitamin K, 37.5 ascorbic acid, 4.25 vitamin By, 3 vitamin B,, 1.25 vitamin B, 0.00125 mg
vitamin By, 5.25 calcium pantothenate, 12.5 niacin, 0.09 biotin, 1 folic acid, 74.05 choline
chloride, 25 inositol.

"Mineral premix (g kg premix) from Minsheng Biotechnology Co. Ltd., Zhejiang, China.
The content and the source of microelement are as follows: Fe (FeSO,) 10, Zn (ZnSO,) 6, Mn
(MnSQy) 5, Cu (CuSO,) 0.5, Co (CoCl,) 0.08, Mg (MgSO,) 15, K (KCI) 12, Ca (CaCOs) 80,
etc. Zeolite powder as fillers.

2.3 Lipopolysaccharide challenge test

Based on the effect of dietary RA on growth performance,
prawns fed the control diet, 296 and 2562 mg/kg dietary RA were
used for the LPS (sigma, L2630) challenge test. The concentration of
the LPS injection (5 pLg LPS/g prawn) was based on a previous study
and suitably adjusted (Lu et al., 2009). The injection site was the
caudal segment of the abdomen. Before the formal experiment, a
preliminary experiment was conducted to guarantee the
effectiveness and obtain the final injection concentration. The LPS
solvent was phosphate-buffered saline (PBS). At the end of the 8-
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week feeding trial, at least four prawns per tank were randomly
selected and injected with LPS. And at least 4 prawns fed the control
diet, 296 and 2562 mg/kg dietary RA were randomly selected and
gathered for PBS injection (control group, CN). After 12 h of the
LPS challenge test (Lu et al., 2009), the hepatopancreas of each
surviving prawn was collected and stored at -80°C for
RNA isolation.

2.4 Sampling details

After being fasted for 24 h, the prawns per tank were counted
and weighed at the end of the 8-week feeding trial. The
hepatopancreas and intestines of two prawns from each tank were
collected and preserved in 4% paraformaldehyde for morphological
observation. Haemolymph (0.25 mL) was extracted from the first
abdominal segment of at least three prawns with a 0.5 mL injector
containing 0.25 mL of sodium citrate. After centrifugation at 10000
x g for 10 min at 4°C, the resultant plasma (haemocyte-free) was
used for enzymatic determination. The hepatopancreas from 5
prawns, 3 prawns and 3 prawns per tank were collected for
enzymatic determination, RNA isolation and protein extraction
respectively. The intestines of at least three prawns per tank were
collected for RNA isolation. Samples for enzyme activities assay and
molecular experiments were first frozen with liquid nitrogen and
then kept in a —-80°C refrigerator before use.

2.5 Experimental methods

2.5.1 Nutritional component analysis

The nutritional components of the experimental diets and
prawns were determined. Moisture detection was according to the
AOAC (1995) standard method and was 930.15 for feed and 950.46
for tissue. The powdery feed was dried in an oven at 105°C until a
constant weight (+ 0.1%) was obtained. The Kjeldahl method
(K1100 automatic Kjeldahl nitrogen analyser, Hanon, Shandong,
China) was used to detect the crude protein content (990.03).
Chloroform-methanol was used to determine the total lipid
content according to a previously reported method (Huang et al.,
2022a). The crude ash content was measured by combustion in a
muffle furnace (KSW-12-12, Beijing, China) at 550°C for 5
h (942.05).

2.5.2 RA concentration detection

The RA content in the diets and prawn body was detected by
Wuhan Pronets Testing Technology Co., Ltd (Wuhan, China)
through the combination of high-performance liquid
chromatography (HPLC, LC-20AD, Shimadzu, Japan) and mass
spectroscopy (QTRAP 5500, AB). The chromatographic conditions
were as follows: column, Agilent Poroshell 120 SB-C18 (2.1 x 150
mm, 2.7 um); temperature, 35°C; sample volume, 5 pL; flow rate,
0.35 mL/min; mobile phase A, 0.1% formic acid aqueous solution;
mobile phase B, acetonitrile.
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2.5.3 Enzyme activity detection

Hepatopancreas samples from each tank were homogenised
(tissue weight: PBS = 1:9) at 4°C, and the supernatant was collected
after centrifugation (3000 x g, 10 min, 4°C). Commercial kits from
Nanjing Jiancheng Biological Engineering Institute (Jiangsu, China)
were used for the detection of total antioxidant capacity (T-AOGC;
serial number A015-2-1), glutathione (GSH; A006-2-1), glutathione
peroxidase (GPx; A005-1-2), superoxide dismutase (SOD; A001-3),
malondialdehyde (MDA; A003-1-1) and acid/alkaline phosphatase
(ACP; A060-2-1/AKP; A059-2-1) in the hepatopancreas, and
aspartate/alanine aminotransferase (AST; C010-2-1/ALT;
C009-2-1) in plasma, according to the manufacturer’s protocols.
Specifically, the homogenate for T-AOC detection was centrifuged
at 10000 x g. The hepatopancreas homogenate was further diluted
because an ‘inhibition ratio’ needed to be guaranteed for GPx (about
50%) and SOD (about 40-60%) for accurate determination.

2.5.4 Histological sections

First, hepatopancreas and intestine samples were fixed using a
4% paraformaldehyde solution. Subsequently, a gradient
concentration of ethanol was applied to dehydrate the samples,
which were then embedded in paraffin to make solid wax blocks.
Then, the trimmed wax blocks were sliced into 4 um sections
using a paraffin slicer. After staining with haematoxylin and eosin
(H & E), images were obtained under microscopic examination
(Nikon Eclipse E100, Nikon, Japan). Additionally, BODIPY
staining and image acquisition of hepatopancreas frozen sections
was performed by Wuhan Servicebio Technology Co., Ltd (Wuhan,
China). The green areas of the BODIPY staining represent lipid
droplets, and the blue areas represent cell nuclei.

2.5.5 Quantitative real-time polymerase
chain reaction

Given the impact of dietary RA on the growth performance of
prawns, the hepatopancreas or intestines from prawns fed the
control diet, 296 and 2562 mg/kg dietary RA were selected for
gene expression determination. The total RNA in the prawn
hepatopancreas and intestine was extracted using Trizol reagent
(R401, Vazyme Biotech Co., Ltd). Agarose gel electrophoresis (4%)
and spectrophotometry (NanoDrop 2000, Thermo, USA) were used
to check the RNA quality and concentration. Reverse transcription
into cDNA was achieved using HiScript III All-in-one RT SuperMix
Perfect for qPCR (R333-01, Vazyme Biotech Co., Ltd). The
procedure for reverse transcription was 50°C for 15 min and then
85°C for 5 s.

Quantitative real-time PCR was performed using the
Quantstudio Real-Time PCR system (Thermo Fisher Scientific
Inc.). The 20 pL reaction system comprised 10 uL SYBR qPCR
reaction reagent (Q711-02, Vazyme Biotech Co., Ltd), 0.4 uL each
of forward and reverse primers, 1 pL of cDNA template and 8.2 uL
of DEPC-water. The procedure was: 95°C for 30 sec (pre-
degeneration), 40 cycles of 95°C for 10 sec and 60°C for 30 sec
(circular reaction), and 95°C for 15 sec, 60°C for 60 sec and 95°C for
15 sec (melting curve). The primer sequences are provided in
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Supplementary Table S1. The amplification efficiency was verified
using the formula E = 107519 _ 1 and was about 90-101%. 18s

Z—AACt

and B-actin were used as reference genes. The method was

used for gene expression calculation.

2.5.6 Western blotting

Prawns fed 4 and 296 mg/kg dietary RA were selected for
western blotting according to the phenotype for lipid deposition.
Immunoblot analyses were implemented according to a previously
reported method (Bu et al., 2022). Protein homogenates were
prepared from about 100 mg of hepatopancreas tissue in cell lysis
buffer (Beyotime Biotechnology, P0013) containing 1 mM
phenylmethanesulfonyl fluoride (Beyotime Biotechnology, ST505).
After centrifugation (10400 x g) for 10 min, the supernatant was
blended with 5 x SDS loading buffer and boiled via an
electromagnetic oven at 95°C for 5 min. A bicinchoninic acid
protein determination commercial kit (Beyotime Biotechnology,
P0012S) was used to determine the protein concentration. First,
separation gel and spacer gel were prepared, and then the protein
was separated using SDS—-PAGE. The protein was transferred to
nitrocellulose membranes at a constant current (200 mA). After
being blocked with 5% non-fat milk in Tris-buffered saline (TBS)
containing 0.05% Tween 20 for 2 h, the membranes were incubated
overnight at 4°C with primary antibodies against RXR (Abways,
CY8640), CAMKKp (Proteintech, 11549-1-AP), phospho-
AMPKo.'172 (Affinity, AF3423) and B-actin (Proteintech, 66009-
1-Ig). After washing through TBST three times, the membranes
were incubated with goat anti-rabbit or mouse IgG (SA00001-2 or
SA00001-1, Proteintech) for 1 h. The western blot images were
captured using Odyssey CLx Imager (Li-Cor) and quantitatively
analysed using Image] software.

2.6 Calculations and statistical analysis

Data homogeneity of variance was tested before performing
one-way ANOVA and Duncan’s multiple comparison (SPSS 27).
Significant differences among means were when P< 0.05. The linear
or quadratic effect of dietary RA against different indices was
evaluated through polynomial regression analysis. The
independent sample t-test (* means significant difference) was
applied to compare the difference in protein expression between
prawns fed 4 and 296 mg/kg dietary RA and the effect of dietary RA
on immune gene expression after the LPS challenge. The growth
performance parameters were calculated as follows:

WG(%) = 100 x [FBW(g) - IBW(g)]/IBW(g)
SGR(% /day) = 100 x [In FBW(g) - In IBW(g)]/day

SR(% ) = 100 x final prawn numbers/initial prawn numbers

Here, WG represents to weight gain rate, SGR to specific growth
rate, FBW to final body weight, IBW to initial body weight and SR
to survival rate.
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3 Results
3.1 Growth performance

Different dietary RA levels significantly affected the FBW, WG
and SGR of prawns with a linear and quadratic effect (P< 0.05,
Table 2). The values of FBW, WG and SGR were significantly lower
in prawns fed 562, 1206 and 2562 mg/kg dietary RA compared to
those fed 296 mg/kg dietary RA (P< 0.05). There were no obvious
differences between the FBW, WG and SGR of prawns fed dietary
RA levels of 4, 132 and 296 mg/kg (P > 0.05).

3.2 Body composition and retinoic
acid accumulation

The crude protein, ash and moisture content in the whole body
were not influenced by dietary RA levels (P > 0.05, Table 3). The crude
lipid content in the whole body decreased linearly and quadratically as
the dietary RA level increased (P< 0.05). Prawns fed any dietary RA
supplement had significantly reduced crude lipid content in the whole
body relative to those fed the control diet (4 mg/kg, P< 0.05).

The content of RA in the whole body changed linearly and
quadratically and was highest in prawns fed 2562 mg/kg dietary RA
(P< 0.05). Prawns fed 4, 132, 296 and 562 mg/kg dietary RA had
significantly lower body RA concentrations compared to those fed
1206 and 2562 mg/kg dietary RA (P< 0.05).

3.3 Phenotype for lipid deposition

The hepatopancreas index (HSI) decreased linearly and
quadratically as the level of dietary RA increased (P< 0.05,

10.3389/fmars.2025.1567872

Figure 1A). Prawns fed 4 and 132 mg/kg dietary RA had higher
HSI values than those fed 562-2562 mg/kg dietary RA (P< 0.05).
The HSI of prawns fed 296 mg/kg dietary RA was higher than that
of prawns fed 2562 mg/kg dietary RA (P< 0.05).

The lipid content in the hepatopancreas changed quadratically
at different dietary RA levels (P< 0.05, Figure 1B). Prawns fed 4 mg/
kg dietary RA had higher lipid content in the hepatopancreas than
those fed 132-562 mg/kg dietary RA (P< 0.05). The muscle lipid
content decreased linearly and quadratically as the dietary RA level
changed (P< 0.05, Figure 1C). Prawns fed 296 mg/kg dietary RA
had lower muscle lipid content than those fed 4 and 2562 mg/kg
dietary RA (P< 0.05) and was not significantly different to those fed
other diets (P > 0.05).

The hepatopancreas and plasma TG content changed linearly
and quadratically as the dietary RA level changed (P< 0.05,
Figures 1D, E). The plasma TG content in prawns fed 4 mg/kg
dietary RA was dramatically higher than in prawns fed 296-1206
mg/kg dietary RA (P< 0.05) and was not significantly different to
those fed other diets (P > 0.05). There was higher hepatopancreas
TG content in prawns fed 4 mg/kg dietary RA compared to other
treatments (P< 0.05).

The green areas of the hepatopancreas following BODIPY staining
in prawns fed different dietary RA levels changed quadratically (P<
0.05, Figure 2). Prawns fed 4 and 2562 mg/kg dietary RA had
significantly larger green areas of hepatopancreas BODIPY staining
than prawns fed 132 and 296 mg/kg dietary RA (P< 0.05).

3.4 Enzyme activity related to antioxidant,

immunity and hepatopancreas health

Hepatopancreas T-AOC was not significantly affected by
dietary RA supplementation (P > 0.05, Figure 3A).

TABLE 2 Growth performance of juvenile M. rosenbergii fed dietary RA for 8 weeks.

Dietary RA FBW (g) WG (%) SGR (%/d) SR (%)
supplement

4 2.73 + 0.09* 1130.6 + 34.5" 4.73 + 005" 745+ 3.2
132 2.65 + 0.09°> 1125.8 + 49.6™ 4.73 +0.08* 745 + 2.2
296 2.89 +0.14° 12115 + 63.7° 4.85 + 0.09° 76.0 + 22
562 2.37 +0.11° 993.1 + 52.9% 451 + 009" 81.5 + 6.7
1206 2.42 + 0.08%° 1007.8 + 41.7° 4.53 + 0.07*° 82.0 * 1.6
2562 2.38 £ 0.09° 9724 + 36.8° 4.47 £ 0.06* 785 + 3.8
SEM 0.05 0.04 15
P-Value 0.02 0.02 0.54
Linear effect

P-Value 0.00 0.00 0.11
Quadratic effect

P-Value ‘ 0.02 0.01 0.24

FBW, final body weight; WG, weight gain; SGR, specific growth rate; SR, survival rate.

Values in the same column with different lowercase letters are significantly different (P< 0.05). SEM, pooled standard error of means (n = 4).
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TABLE 3 Body composition and RA concentration of juvenile M. rosenbergii fed dietary RA for 8 weeks.

Dietary RA Crude protein (%)  Crude lipid (%) Crude ash (%) Moisture (%) RA content (ng/qg)
supplement

4 16.09 + 0.15 1.67 +0.10° 453 +0.06 76.43 + 0.26 212 +031°
132 16.01 + 0.34 1.04 + 0.16° 5.08 + 0.07 75.95 + 0.52 3.82 + 1.10°
296 16.19 + 0.32 0.94 +0.1* 479 £0.15 76.18 + 0.52 424 + 0,96
562 15.94 + 0.15 0.95 + 0.04* 4.60 +0.18 76.88 + 0.38 4.19 + 0.60°
1206 15.79 + 0.14 0.96 + 0.10° 4.85 +0.09 76.78 + 0.19 8.93 + 1.57°
2562 16.52 + 0.29 1.06 + 0.06" 495 +0.22 75.90 + 0.48 10.68 + 0.79"
SEM 0.10 0.06 0.06 0.17 0.73
P-Value 043 0.00 0.08 0.44 0.00
Linear effect

P-Value ‘ 057 0.00 0.44 ‘ 0.88 0.00
Quadratic effect

P-Value 0.42 0.00 0.74 0.69 0.00

RA content was detected based on dry matter. Values in the same column with different lowercase letters are significantly different (P< 0.05). SEM, pooled standard error of means (n = 4).

Hepatopancreas SOD and GPx, GSH activity and MDA content in
the prawns changed linearly and quadratically at different dietary
RA levels (P< 0.05, Figures 3B-E). There was lower hepatopancreas
SOD activity in prawns fed 2562 mg/kg dietary RA compared to
prawns fed 4-296 mg/kg dietary RA (P< 0.05). Lower SOD activity

was also observed in prawns fed 562 and 1206 mg/kg dietary RA
than in prawns fed 132 mg/kg dietary RA (P< 0.05). Significantly
lower hepatopancreas GPx activity was found in prawns fed 4 and
562-2562 mg/kg dietary RA compared to prawns fed 296 mg/kg
dietary RA (P< 0.05). There was lower hepatopancreas GPx activity
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FIGURE 1
Effect of various dietary RA levels on the hepatopancreas index (HSI, A), hepatopancreas (B) and muscle (C) lipid content, plasma (D) and
hepatopancreas (E) triglyceride (TG) content in prawns. Different lowercase letters on different columns indicate a significant difference (P < 0.05).
Data are mean + SEM (n = 4). The pooled SEM, P values from one-way ANOVA and trend analysis are provided above each figure.
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BODIPY staining of the hepatopancreas in prawns fed different dietary RA levels and quantification of the green area ratio in the picture. The scale
represents 1000 um. Different lowercase letters on different columns indicate a significant difference (P< 0.05). Data are mean + SEM (n = 4). The
pooled SEM, P values of one-way ANOVA and trend analysis are provided above the histogram.

in prawns fed 2562 mg/kg dietary RA compared to in prawns fed 4
and 132 mg/kg dietary RA (P< 0.05). Hepatopancreas GSH content
in prawns fed 296 mg/kg dietary RA was significantly higher than in
prawns fed other dietary RA levels (P< 0.05). There was lower
hepatopancreas GSH content in prawns fed 562 and 2562 mg/kg
dietary RA compared to in prawns fed 4 and 132 mg/kg dietary RA
(P< 0.05). A dietary RA level of 4 mg/kg significantly increased the
hepatopancreas MDA content compared to levels of 296 and 562
mg/kg (P< 0.05). Additionally, the hepatopancreas MDA content
was significantly lower in prawns fed 296-2562 mg/kg dietary RA
compared to in prawns fed 132 mg/kg dietary RA (P< 0.05).

Hepatopancreas AKP activity was not affected by dietary RA (P
> 0.05, Figure 3F). Hepatopancreas ACP activity changed
quadratically at different dietary RA levels (P< 0.05, Figure 3G).
There was significantly higher hepatopancreas ACP activity in
prawns fed 296 and 562 mg/kg dietary RA compared to prawns
fed 4, 1206 and 2562 mg/kg dietary RA (P< 0.05, Figure 3G). Plasma
AST activity also changed quadratically at different dietary RA
levels (P< 0.05, Figure 3H). Prawns fed 296, 562 and 1206 mg/kg
dietary RA had significantly reduced plasma AST activity relative to
prawns fed 4 mg/kg dietary RA (P< 0.05, Figure 3H). There was
higher plasma AST activity in prawns fed 1206 mg/kg dietary RA
than in prawns fed 296 and 562 mg/kg dietary RA (P< 0.05).

3.5 Gene and protein expression related to
lipid metabolism

Hepatopancreas gene expression of RXR, cptl and dgatl
changed quadratically at different dietary RA levels (P< 0.05,
Figures 4A-C, Supplementary Table S2). Prawns fed 296 mg/kg
dietary RA had significantly higher RXR and cptl expression than
prawns fed 4 mg/kg dietary RA (P< 0.05). A dietary RA level of 2562
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mg/kg decreased the expression of cptl compared to a dietary RA
level of 296 mg/kg (P< 0.05). Compared to the control group, there
was higher dgat]l expression in prawns fed any dietary RA level
(P< 0.05).

Compared to prawns fed 4 mg/kg dietary RA, prawns fed 296
mg/kg dietary RA had significantly increased hepatopancreas
protein levels of RXR (Figures 4D, E, P< 0.05), CAMKKp
(Figures 4F, G, P< 0.05) and p-AMPK (Figures 4H, I, P< 0.01).

3.6 Hepatopancreas and intestinal
immunity gene expression

No significant difference in the hepatopancreatic mRNA levels
of crul and cru2 were observed among prawns fed 4, 296 and 2562
mg/kg dietary RA (P > 0.05, Figure 5A). Hepatopancreas expression
of genes alfl and imd changed quadratically at different dietary RA
levels (P< 0.05), and expression of prx5 and ikbor changed linearly
(P< 0.05). mRNA levels of myd88 and dosal changed linearly and
quadratically at different dietary RA levels, respectively (P< 0.05).
Compared with the control group, there were higher
hepatopancreas mRNA levels of cru3, prx5, alfl, toll2, myd88 and
dosal in prawns fed 296 mg/kg dietary RA (P< 0.05). Prawns fed
2562 mg/kg dietary RA showed higher expression of prx5, myd88
and dosal compared to the control group but lower expression of
alfl, imd and dosal relative to those fed 296 mg/kg dietary RA (P<
0.05). There was a higher level of ikbor expression in prawns fed 4
mg/kg dietary RA compared to prawns fed 296 and 2562 mg/kg
dietary RA (P< 0.05).

Intestinal expression of genes cru2, cru3, alf7 and prx5 increased
linearly at different dietary RA levels (P< 0.05, Figure 5B,
Supplementary Table S2), while expressions of cru4 and alfl
changed linearly and quadratically, respectively (P<0.05).
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Effect of dietary RA on the hepatopancreas oxidation resistance (A—E), immunity (F, G) and plasma enzyme activity (H, 1) in M. rosenbergii. Different
lowercase letters on different columns indicate a significant difference (P< 0.05). Data are mean + SEM (n = 4). The pooled SEM, P values of one-way

ANOVA and trend analysis are provided above each figure.

Compared to prawns fed 4 and 296 mg/kg dietary RA, the prawns
fed 2562 mg/kg dietary RA had significantly elevated intestinal
mRNA levels of cru2, alfl and alf7 (P< 0.05). There was significantly
lower expression of cru4 in the intestine of prawns fed 4 mg/kg
dietary RA relative to prawns fed 296 and 2562 mg/kg dietary RA
(P< 0.05). Expression of alf5 and alf6 was not affected by dietary RA
(P > 0.05), while expression of IMD and dosal changed linearly, and
myd88 changed quadratically (P< 0.05, Figure 5C). Compared to
prawns fed 4 mg/kg dietary RA, prawns fed 296 mg/kg dietary RA
had increased expression of myd88 and dosal, and prawns fed 2562
mg/kg dietary RA had increased expression of imd and dosal (P<
0.05). The mRNA levels of peritrophin-1 and mlck increased
linearly, and claudin changed linearly and quadratically (P< 0.05,
Figure 5C). There were significantly higher mRNA levels of
peritrophin-1 and claudin in the intestine of prawns fed 296 and
2562 mg/kg dietary RA relative to prawns fed 4 mg/kg dietary RA
(P< 0.05). Prawns fed 2562 mg/kg dietary RA had higher mlck
expression compared to prawns fed 4 mg/kg dietary RA (P< 0.05).
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3.7 Morphological structure

The hepatic tubule structures in the hepatopancreas of prawns
fed 4 and 132 mg/kg dietary RA were unclear and their arrangement
was irregular (Figure 6). Wide spaces between hepatic tubules were
observed in the hepatopancreas of prawns fed 4, 132, 562 and 1206
mg/kg dietary RA, and there was more vacuolation of hepatocytes
in the hepatopancreas of prawns fed 4 and 2562 mg/kg dietary RA.
Expanded and deformed hepatic tubules were found in the
hepatopancreas of prawns fed 4, 1206 and 2562 mg/kg dietary RA.

The mucosal thickness in the intestine changed quadratically at
different dietary RA levels (P< 0.05, Figure 7). Compared to prawns
fed 4 and 2562 mg/kg dietary RA, prawns fed 296 mg/kg dietary RA
had a significantly increased intestinal mucosal thickness (P< 0.05,
Figure 7). Additionally, there were pronounced deciduous mucosal
epithelial cells in prawns fed 4, 132, 1206 and 2562 mg/kg dietary
RA (P< 0.05). Prawns fed 296 mg/kg dietary RA had neatly
arranged epithelial cells compared to those fed other diets.
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Data are mean + SEM (n = 4). '"*" indicates P<0.05; **" indicates P<0.01.

3.8 LPS challenge test

Following injection with LPS, compared to the prawns
injected with PBS, prawns fed 4 mg/kg dietary RA had
significantly enhanced transcription levels of crul, alfl, alf6 (P<
0.05) and alf7 (P< 0.01), and prawns fed 296 mg/kg dietary RA had
significantly increased transcription levels of crul (P< 0.05,
Figure 8). After injection with LPS, prawns fed 4 mg/kg dietary
RA showed significantly higher expression of crul, alf6 (P< 0.05)
and alf7 (P< 0.01) compared to prawns fed 2562 mg/kg dietary
RA, and higher expression of alf6 and alf/ compared to prawns
fed 296 mg/kg dietary RA (P< 0.05). After LPS treatment, prawns
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fed 2562 mg/kg dietary RA had significantly decreased expression of
crul, cru3 and alf7 compared to prawns fed 296 mg/kg dietary RA
(P< 0.05) and reduced expression of alf6 (P< 0.05) and alf7 (P<
0.01) compared to prawns fed 4 mg/kg dietary RA.

4 Discussion

RA, a major active cellular retinoid, is synthesised intracellularly
mainly from retinaldehyde produced by retinol (vitamin A) or
provitamin A carotenoids (Bonet et al., 2012). In the present study,
the significant linear effect of dietary RA on RA content in the whole
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dietary levels of RA. (B, C) Immunity (cru2/3/4, alf1/5/6/7, prx5, toll2, imd,
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2-like and claudin)-related functional gene expression in the intestine of M. rosenbergii fed different dietary levels of RA. Data are mean + SEM (n =
4). Different lowercase letters on different columns indicate a significant difference (P< 0.05).

body suggested that RA was incorporated into the body of prawns
during the 8-week feeding experiment. Red sea bream fed 10 or 100
mg/kg also showed higher plasma RA content than those fed the
control diet (Ogata and Oku, 2001). Vitamin A exerts its pleiotropic
effects and regulates the transcription of numerous genes mainly as
RA (Ziad et al, 2013). The growth-promoting effect of vitamin A
has been reported in many aquatic animals, such as grass shrimp
Penaeus monodon (Shiau and Chen, 2000), Chinese mitten crab
Eriocheir sinensis (Jiang et al., 2024) and orange-spotted grouper
Epinephelus coioides (Yang et al., 2017). Dietary RA had a quadratic
effect on the WG that peaked at 296 mg/kg dietary RA, suggesting
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that appropriate dietary RA addition was helpful in improving the
growth of M. rosenbergii.

Lipid metabolism plays an important role in the growth of
crustaceans (Li et al, 2023). The effect of dietary RA on lipid
deposition in vivo has rarely been reported in aquatic animals. The
current results showed that dietary RA decreased the lipid content
in the whole body, hepatopancreas and muscle. This decrease in
hepatopancreas lipid content was validated by the reduced green
area ratio observed following hepatopancreas BODIPY staining.
Red sea bream fed 100 mg/kg of dietary RA had reduced lipid
content in the dorsal white muscle and plasma non-esterified fatty
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FIGURE 6

Transverse sections of the hepatopancreas in M. rosenbergii fed different dietary RA levels. The magnification is 400X, the scale is 80 um, the
lowercase (‘a’) indicates that the structure of the hepatic tubules is unclear and the arrangement is irregular, ('b’) represents wide spaces between
hepatic tubules, ('c’) represents vacuolar degeneration of hepatocytes, (‘d’) represents abnormal expansion of hepatic tubules.

acids compared to those fed 10 mg/kg of dietary RA, which
contrasted with the results in visceral adipose tissue (Ogata and
Oku, 2001). A 16-week feeding experiment in male C57BL/6] mice
showed that plasma lipids were unaffected by dietary fish oil plus
RA but were significantly decreased by dietary soybean oil plus RA
(Tung et al., 2019). Therefore, the results of dietary RA on lipid
deposition might vary depending on the experimental animal, lipid
source and detected tissues. In addition, there was no significant

10.3389/fmars.2025.1567872

difference about hepatopancreas lipid content in among prawns fed
dietary RA levels of 4, 1206 and 2562 mg/kg. The quadratic effect of
dietary RA on the hepatopancreas lipid content indicated that
excess dietary RA would show negative effect and elevate lipid
deposition. It has been reported that excess dietary vitamin A (200
000 IU/kg) decreased the WG and elevated the lipid content of the
whole body and hepatopancreas in the grass shrimp (Shiau and
Chen, 2000). Regardless, the present results indicated that
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appropriate dietary RA could improve lipid utilisation and enhance
prawn growth.

In the present study, 296 mg/kg dietary RA decreased
hepatopancreatic and plasma TG levels. Carnitine palmitoyltransferase
1 is a mitochondrial rate-limiting enzyme in the B-oxidation of
fatty acids, which promotes the transport of long-chain fatty acids
into the mitochondrial matrix (Ngo et al, 2023). Four days of RA
injection reduced the muscle lipid content by enhancing fatty acid
oxidation (Amengual et al,, 2012). In the present study, 296 mg/kg of
dietary RA induced the expression of hepatopancreas ¢ptl in prawns. It
has been reported that RA has nongenomic effects that could regulate
the activity of important protein kinases through retinoid receptor—
dependent or —independent mechanisms (Bonet et al., 2012; Tanoury
et al, 2013). AMPK, an energy sensor, plays an important role in lipid
metabolism (Bu et al., 2022). Activated AMPK can reduce cellular levels
of malonyl-CoA, which is a potent allosteric suppressor of carnitine
palmitoyltransferase 1 (Bonet et al., 2012). CAMKKJ is the main kinase
upstream of AMPK, which can phosphorylate Thr'” in the catalytic
o-subunit of AMPK (Shi et al., 2020). Therefore, the upregulated cptI
expression was partly due to activation of the CAMKK(B/AMPK signal
pathway. Additionally, diacylglycerol acyltransferase 1, a key enzyme in
TG synthesis, esterifies TG in the endoplasmic reticulum by utilising
substrates diacylglycerol and acyl-coenzyme A (Wang et al., 2024). RA
can bind to heterodimeric RXR-liver X receptor (LXR) and directly
regulate the expression of genes involved in lipid synthesis (Alsop et al,,
2001; Bonet et al, 2012; Karagianni and Talianidis, 2015). It was
reported that treatment with RA could activate lipogenesis in HepG2
cells (Roder et al., 2007). The present study showed that prawns fed 296
mg/kg of dietary RA induced the expression of hepatopancreatic gene
dgatl, as well as gene and protein expression of RXR. Therefore, a
dietary RA level of 296 mg/kg may increase fat synthesis through
activating RXR. These results demonstrated that a dietary RA level of
296 mg/kg improved lipid utilisation, possibly through activation of the
RXR and CAMKKB/AMPK signalling pathways.

The antioxidant system plays an important role in protecting
organisms from damage by free radicals and oxidant species
(Espinosa-Diez et al., 2015). T-AOC, SOD, GPx, GSH and MDA
are widely used to reflect the capacity of oxidation resistance of an
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organism (Liu et al., 2022b; Xu et al,, 2024). It has been reported
that excessive lipid accumulation could induce oxidative stress (Liu
etal., 2022b; Zhong et al., 2020). In the present study, the quadratic
change in hepatopancreas SOD, GPx and GSH activity and MDA
content was consistent with the varying trends in hepatopancreatic
lipid content. The promotion of lipid utilisation, discussed above,
may be one reason underpinning the positive role of dietary RA on
the antioxidant system observed in the present study. Additionally,
it has been reported that RA can enhance the antioxidant system by
inhibiting tissue production of reactive oxygen species (ROS) and
MDA and activating transcription of antioxidant-related genes and
pathways (Lai et al, 2023). Prx family members are small
antioxidant proteins that can use thioredoxin as electron donors
and scavenge peroxide (Liu et al., 2022a; Wu et al,, 2017). Dietary
RA showed a positive and linear effect on prx5 expression in
different tissues, suggesting that dietary RA could mitigate
oxidative stress partly through upregulating prx5 expression.
Crustaceans lack adaptive immunity and combat invading
pathogens via non-specific immunity (Hao et al., 2024; Liu et al,
2022a; Si et al,, 2024). Both the hepatopancreas and intestine are
important immune organs in crustaceans (Zheng et al., 2024). ACPs
are important hydrolases within lysosomes, catalysing the
hydrolysis of phosphate esters and phosphoproteins (Yohana
et al,, 2024). It was showed that suitable dietary RA boosts the
hepatopancreas immune status by increasing ACP activity in the
present study. Antimicrobial peptides (AMPs), including crustins
and alfs, are cationic small molecular polypeptides possessing
antimicrobial and antiviral ability (Si et al., 2024). Toll-like
receptors, the most representative and functional pattern
recognition receptors, can activate downstream signal
transduction and induce immune responses (Li et al., 2021). Toll-
myd88-dosal (NF-xB family member) and imd pathways can
regulate the transcription of multiple AMPs and play key roles in
the defence against invading pathogens (Li et al.,, 2021; Niu et al,
2023; Ren et al,, 2012; Wen et al., 2022). In the present study, 296
mg/kg dietary RA significantly increased mRNA levels of cru3, alfl,
toll2, myd88, dosal and imd in the hepatopancreas and the
expression of myd88 and dosal in the intestine. Additionally,
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dietary RA had positive and linear effects on the expression of cru2/
3/4, alf1/7 and imd in the intestine of prawns. Ixba., specialising in
NF-kB inhibition (Liu et al., 2022b), was transcriptionally
suppressed by 296 mg/kg dietary RA. These results indicated that
dietary RA could improve the immunity of prawns, probably
through activating the toll-myd88-dosal and imd pathways.
Consistently, suitable dietary retinol levels improved the
transcription of toll2, myd88, crustin and alf in Chinese mitten
crab, Eriocheir sinensis (Jiang et al., 2024). Additionally, in vitro
experiments on mammalian cells demonstrated that RA treatment
could promote the nuclear translocation of p-NF-xB and protein
expression of p-NF-«kB and NF-xB (Guo et al., 2022). Tight junction
proteins such as claudin are important components of the intestinal
mechanical barrier, which could be regulated by the signal molecule
mick (Zheng et al., 2024). Peritrophin protein, tightly linked to the
peritrophic membrane, promoted the anti-bacterial non-specific
immunity of crustaceans (Huang et al., 2015). In the present study,
a positive and linear effect of dietary RA on the expression of
intestinal mlck, claudin and peritrophin-1 was found. More neatly
arranged epithelial cells and a greater mucosal thickness in prawns
fed 296 mg/kg dietary RA were observed compared to prawns fed
the control diet. This suggested that dietary RA could improve the
function of the intestinal barrier. Although it has been reported that
the upregulation of mlick suppressed the expression of claudin
(Zheng et al,, 2024), the important role of myosin light chain
(mlc) phosphorylation should not be neglected (Qin et al., 2021).
Further research is needed to investigate the effect of dietary RA on
the posttranslational modification of MLCK.

To further assess the impact of dietary RA on the antibacterial
ability of prawns, LPS was applied for the challenge test. The
expression of crustins and alfs was detected due to their
evolutionarily conserved antimicrobial activity in many organisms
(Si et al,, 2024). In agreement with previous results in M. rosenbergii
(Lu et al, 2009), injection with LPS could markedly enhance the
transcription of AMPs such as crul and alf1/6/7 in prawns compared
to those injected with PBS alone, indicating the successful
establishment of the LPS stimulating model. Interestingly, there
was higher expression of hepatopancreas AMPs in prawns fed 4
mg/kg dietary RA compared to those fed 296 or 2562 mg/kg dietary
RA. This result was supported by previous findings showing that RA
could suppress inflammation induced by LPS and lead to lower
expression of pro-inflammatory factors such as tumour necrosis-ot
(TNF-0), interleukin (IL)-18 and IL-1§ (Han et al, 2018). Thus,
dietary RA could mitigate the drastic immune responses induced by
LPS, protecting the health of the organism.

Notably, it has been reported that exogenous RA may cause
toxic effects and impair organism health. This was because RA
exposure led to neurodevelopmental toxicity in zebrafish Danio
rerio embryos (Wang et al., 2023). Plasma AST and ALT are
markers of hepatopancreas injury (Lai et al., 2023). The quadratic
effect of dietary RA on plasma AST activity suggested that excessive
dietary RA levels would endanger hepatopancreatic health. This was
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supported by the unusual hepatic tubule structures with abnormal
expansion observed in prawns fed 1206 and 2562 mg/kg dietary RA.
Furthermore, 2562 mg/kg dietary RA may have caused intestinal
injury because of the significantly lower mucosal thickness relative
to that of prawns fed 296 mg/kg dietary RA. Considering the growth
performance impairment of prawns fed 562 mg/kg dietary RA, the
optimal dietary RA level suggested by this study was 296 mg/kg.

In conclusion, suitable dietary RA positively affected prawn
growth, lipid utilisation, antioxidant capacity, immunity and
hepatopancreatic and intestinal health. A dietary RA level of 296
mg/kg had a lipid-lowering effect and enhanced expression of key
genes involved in fatty acid catabolism and TG synthesis in the
hepatopancreas, possibly through activating the RXR and
CAMKK/AMPK pathways. Furthermore, dietary RA decreased
oxidative stress and improved the immune status in the
hepatopancreas, as well as mitigated the immune impairment
induced by LPS. Dietary RA showed a positive influence on
intestinal immunity, barrier function and health. Based on
optimal prawn growth, 296 mg/kg of dietary RA appeared to be
the most suitable level. This study suggests that RA has potential as
a functional additive in aquatic feed.
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