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Simple Summary

Aflatoxin B1 (AFB1) is the primary form of aflatoxin and is characterized by its high toxicity
and carcinogenicity, posing a significant threat to the liver health of aquatic animals. The
hybrid grouper (Epinephelus fuscoguttatus @ x E. lanceolatus &) is a commercially valuable
fish species that is widely cultivated throughout the coastal regions of Southeast Asia. In
this study, we investigated the capacity of lycopene—a natural, non-toxic antioxidant to
mitigate the growth retardation and hepatotoxicity induced by AFB1 in hybrid grouper.
In the experiment, it was found that the addition of 200 mg/kg of lycopene to the AFB1
feed effectively enhanced the growth performance, antioxidant capacity, and liver health
of hybrid grouper. However, further increasing the lycopene concentration exacerbated
liver damage. Experiments have demonstrated that lycopene serves as a natural feed
additive capable of counteracting the negative impacts of aflatoxin B1, thereby improving
the growth performance of fish and enhancing their hepatic health.

Abstract

The continued rise in fishmeal prices and the scarcity of fishery resources have led to
an increase in the use of plant-based protein sources in compound feed, making mold
contamination in compound feed a frequent occurrence. Aflatoxin Bl (AFB1) contamina-
tion in aquaculture feed can seriously harm fish growth and liver health; it is extremely
toxic, posing an even greater risk to carnivorous fish such as grouper. Lycopene, a natural
carotenoid, has antioxidant and anti-inflammatory physiological functions and may act as
a functional feed additive to mitigate damage induced by mycotoxins. This study utilized
hybrid grouper (Epinephelus fuscoguttatus @x E. lanceolatus J') as the experimental model.
An 8-week feeding trial was performed to systematically assess the impact of lycopene
supplementation at levels of 0, 200, 400, 600, and 800 mg/kg to a basal diet containing
800 ug/kg AFB1 on the fish’s growth performance, antioxidant capacity, liver health,
inflammation-related gene expression, and hepatic transcriptome. The results showed
that adding 200 mg/kg lycopene to the feed significantly increased the FWB and SGR
(p < 0.05) of hybrid grouper. An appropriate amount of lycopene could enhance the antiox-
idant capacity of serum and liver, significantly increase the activities of catalase (CAT) and
superoxide dismutase (SOD), and significantly decrease serum alanine aminotransferase
(ALT) activity while increasing albumin (ALB) levels (p < 0.05). An amount of 200 mg/kg
lycopene significantly alleviated AFBl-induced hepatocyte vacuolation, steatosis, and
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inflammatory cell infiltration, while the protective effect of higher doses was weakened.
The gene expression results showed that 200 mg/kg lycopene significantly upregulated
the expression of antioxidant-related genes such as cat, sod, and nrf-2, and increased the
expression level of the anti-inflammatory factor il10 (p < 0.05). The transcriptome analysis
identified a total of 621 differentially expressed genes, which were mainly enriched in
metabolic pathways, fatty acid metabolism, PPAR signaling pathway, redox process, ferrop-
tosis, NF-kB signaling pathway, and Toll-like receptor signaling pathway. In summary, the
addition of 200 mg/kg lycopene to the feed can effectively alleviate the growth inhibition
and liver damage caused by AFB1 in hybrid grouper. Its mechanism of action may be
related to enhancing antioxidant defenses, improving liver tissue structure, regulating
lipid metabolism, and maintaining immune homeostasis. The research results indicate that
lycopene can be used as a natural functional feed additive to alleviate AFB1 toxicity in
hybrid grouper aquaculture.

Keywords: lycopene; aflatoxin B1; growth performance; antioxidant capacity; liver health

1. Introduction

Born from the union of female brown-marbled grouper (REpinephelus fuscoguttatus)
and male giant grouper (J'E. lanceolatus), the hybrid grouper stands as a remarkable hybrid
in aquaculture, it is characterized by its strong disease resistance, rapid growth rate, high-
quality meat, significant economic benefits, and substantial growth potential [1]. It is now
one of the primary high-value species for intensive aquaculture, including both factory
farming and cage farming, in Southern China [2]. However, in an intensive aquaculture
environment, grouper are more sensitive to toxins from feed sources, leading to frequent
liver health problems [3].

As the global aquaculture industry intensifies, the increasing scarcity and high cost of
fishmeal have emerged as critical bottlenecks to its sustainable development. Consequently,
the partial replacement of fishmeal with plant-based protein sources has become a primary
approach in the feed industry [4]. Mycotoxins are widespread in over 90% of the 426 known
global plant feed ingredients, particularly in plant protein sources like soybeans [5]. Espe-
cially in southern regions of China, the prolonged high temperature and high humidity
create conditions where plant feed raw materials are more susceptible to mold spoilage,
thereby significantly elevating the risk of fungal proliferation and mycotoxin generation [6].

Aflatoxin is a secondary metabolite produced by filamentous fungi, notably Aspergillus
flavus and Aspergillus parasiticus, and is considered the most toxic class of mycotoxins [7].
AFB1 has garnered considerable attention due to its extreme toxicity and potent carcino-
genicity. Its crystalline form exhibits high thermal stability, rendering it resistant to removal
by standard feed processing methods [8]. AFB1 is a potent carcinogen, as well as a terato-
gen and mutagen. It enters the food chain directly by contaminating crops, or indirectly
through animal products derived from livestock that have ingested contaminated feed,
thereby presenting a dual hazard to the health of both humans and animals [9]. AFB1 enters
liver cells, it is metabolized and activated by cytochrome P450 enzymes into the highly
reactive AFB1-8,9-epoxide, which can bind to DNA, RNA, and proteins and interfere with
normal cellular functions. The metabolism of AFB1 also promotes the excessive production
of reactive oxygen species and depletes glutathione, thereby damaging the enzymatic
antioxidant defense system, including superoxide dismutase, catalase, and glutathione
peroxidase. Oxidative damage and mitochondrial damage may further activate redox-
sensitive inflammatory pathways, including Toll-like receptor and NF-kB-related signaling,
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leading to the production of pro-inflammatory cytokines [10-12]. Compared to their om-
nivorous counterparts, carnivorous fish like Lateolabrax maculatus exhibit greater sensitivity
to AFB1 and diminished tolerance [13]. The biological impacts of AFB1 on aquatic animals
are primarily determined by the AFB1 concentration in their diet, in addition to factors
such as the animal’s species, developmental stage, nutritional condition, and surround-
ing environment [14]. In previous studies on hybrid grouper, hybrid groupers fed diets
containing 0, 7, 30, 111, 445, or 2230 pg/kg AFBI1 for eight weeks showed progressively
reduced growth performance and feed utilization and increased serum indicators of liver
injury as the dietary AFB1 concentration increased. High dietary AFB1 concentrations
also induced hepatic reactive oxygen species accumulation and inflammatory responses,
weakened antioxidant defenses, and disrupted hepatic protein and lipid metabolism [3].
Further investigation showed that AFB1 toxicity was not restricted to the liver but was also
associated with impaired intestinal health and muscle quality in hybrid grouper. Histologi-
cal and multi-omics analyses subsequently demonstrated that dietary AFB1 concentrations
of 445 ng/kg or higher caused growth inhibition, liver injury, hepatic AFB1 accumulation,
and reductions in muscle polyunsaturated fatty acids. The associated metabolic alterations
mainly involved retinol metabolism, cytochrome P450-mediated xenobiotic metabolism,
and the biosynthesis of unsaturated fatty acids [15]. Collectively, these studies indicate
that dietary AFB1 compromises grouper health through interconnected oxidative, inflam-
matory, intestinal, and metabolic disturbances. Nevertheless, nutritional strategies for
mitigating AFB1 toxicity in grouper, particularly those involving natural antioxidant feed
additives, remain insufficiently investigated. The primary toxicological target organ of
AFBI is the liver, and its molecular mechanisms underlying hepatocyte injury and hepato-
carcinogenesis have been extensively investigated. Furthermore, recent studies have shown
that AFB1-induced hepatotoxicity also involves multiple pathophysiological pathways
such as mitochondrial dysfunction, oxidative stress, and inflammatory responses; these
mechanisms are intertwined and jointly aggravate liver injury [16].

Lycopene is a naturally occurring carotenoid that is abundant in tomatoes, water-
melons, guavas, and other red-colored fruits and vegetables [17]. Owing to its highly
conjugated structure, lycopene possesses strong free-radical-scavenging capacity and has
been widely investigated for its antioxidant, anti-inflammatory, immunomodulatory, and
metabolism-regulating properties [18]. Mechanistically, lycopene may protect tissues by en-
hancing endogenous antioxidant defenses, regulating redox-sensitive signaling pathways,
and suppressing excessive inflammatory responses. The protective effects of lycopene
against toxicant-induced injury have been demonstrated in several animal models. In mam-
mals, lycopene supplementation has been reported to alleviate AFB1-induced hepatic, renal,
and reproductive toxicity by reducing oxidative stress, inflammation, and mitochondrial
dysfunction [19]. Evidence from aquatic animals also suggests that lycopene can improve
antioxidant status and protect against environmentally or nutritionally induced dam-
age. For example, dietary lycopene alleviated sulfamethoxazole-induced hepatotoxicity in
Ctenopharyngodon idella by suppressing oxidative stress, inflammation, and apoptosis [20].
Lycopene-containing diets have also been associated with improved antioxidant capacity
and physiological condition in Litopenaeus vannamei [21], and tomato-derived carotenoids
have been shown to reduce cadmium-induced biochemical and hematological disturbances
in Nile tilapia [22]. These findings indicate that lycopene has potential as a functional feed
additive for protecting aquatic animals against oxidative and hepatic injury.

Nevertheless, information regarding the use of lycopene to alleviate mycotoxin-
induced toxicity in marine fish remains limited, and its protective effects against AFB1-
induced liver injury in hybrid grouper have not been clearly established. Prior studies
have confirmed that AFB1 induces significant physiological damage in hybrid groupers [3].
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Building upon this foundation, the present study investigates the effects of different levels
of lycopene under controlled conditions of equivalent nitrogen, lipid, and AFB1 concen-
trations. By employing a range of methodologies—including the assessment of growth
performance, analysis of serum biochemical and immune parameters, histopathological
examination of liver tissue, evaluation of antioxidant capacity, quantification of key in-
flammatory gene expression, and liver transcriptome sequencing—this research aims to
elucidate the efficacy of lycopene in mitigating AFB1-induced damage and to determine its
optimal dosage. The findings are intended to provide a robust theoretical framework for the
development of functional feed additives designed to counteract mycotoxin contamination.

2. Materials and Methods
2.1. Ethics Statement

All fish used in this experiment were handled in accordance with the ethical guidelines
established by the Animal Ethics Committee of Guangdong Ocean University, following
procedures that were both scientific and standardized (Approval number: GDOU-IACUC-
2025-A0728).

2.2. Preparation of Experimental Diets

Table 1 presents the experimental diet formulation and its nutrient composition. In this
experiment, five experimental diets with equal nitrogen, equal fat, and equal AFB1 were
prepared. The protein content of all diets was 51%, the fat content was 9%, and the AFB1
content was 800 pug/kg. The dietary AFB1 concentration was selected based on previous
dose-response studies in juvenile hybrid grouper. These studies showed that dietary
AFBI concentrations of 445 ug/kg or higher caused significant growth inhibition, hepatic
oxidative stress, inflammatory responses, disturbances in protein and lipid metabolism,
and histopathological liver injury [3,23]. Therefore, this study used an AFB1 concentration
of 800 ng/kg to establish a model capable of producing measurable physiological and
hepatic damage, thereby evaluating the protective effects of different doses of lycopene
supplementation. Based on this, lycopene was added at concentrations of 0, 200, 400, 600,
and 800 mg/kg, and they were named DO (control group), D200, D400, D600, and D800,
respectively. The AFB1 was procured from Puirui Bang Biology Co., Ltd. (Qingdao, China),
and its purified crystals exhibited a purity of >99%. Lycopene, a fat-soluble compound with
10% purity, was acquired from Shengjiade Biology Technology Co., Ltd. (Qufu, China).

The diets were prepared using the following steps: (1) Pre-treatment of lycopene and
AFBL1. Lycopene was weighed according to the required dosage for each experimental group
and fully dissolved in the fish oil of the corresponding experimental diets. Separately, 40 mg
of AFB1 was fully dissolved in methanol. This methanolic solution was then transferred
into 1 kg of microcrystalline cellulose using a pipette. The original container was rinsed
twice with methanol, and the rinse solutions were also added to the cellulose mixture.
The mixture was then agitated thoroughly to ensure the AFB1 was uniformly distributed.
The mixture was then put into a sealed bag, which was left open in a ventilated, light-
protected environment at room temperature to dry completely, yielding a mixture with
a concentration of 40 mg AFB1/kg microcrystalline cellulose. Finally, the appropriate
quantity of this AFBl-prepared cellulose was weighed out for use in the experimental
feed formulations. (2) All feed raw materials were thoroughly ground and then sifted
through a 60-mesh screen. The ingredients were precisely weighed according to the feed
formulation and mixed thoroughly with the addition of fish oil and water. The mixture was
then processed using a twin-screw extruder to form 2.5 mm diameter pellets. To prevent the
extruder from overheating during continuous operation, which could affect the stability of
lycopene, cool the extruder with ice water after producing each batch of feed and wait until
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the temperature drops to a safe level before resuming production. Additionally, during the
feed mixing stage, use ice water to mix the ingredients to effectively protect the stability of
lycopene; this also helps cool the extruder to some extent. These pellets were air-dried in a
well-ventilated space until a moisture content of 8-10% was achieved. The finished pellets
were sealed and stored at —20 °C.

Table 1. Feed formula and nutrient composition (dry matter %).

. Groups
Ingredients

Do D200 D400 D600 D800
Fish meal 43 43 43 43 43
Chicken meal 10 10 10 10 10
Wheat gluten 6 6 6 6 6
Soy protein concentrate 13 13 13 13 13
Wheat flour 16 16 16 16 16
Phospholipid 1.5 15 15 1.5 1.5
Fish oil 3 3 3 3 3
Compound premix ? 1 1 1 1 1
Choline chloride 0.5 0.5 0.5 0.5 0.5
Ca(HyPOy), 1 1 1 1 1
Microcrystalline Cellulose 5 498 4.96 4,94 4.92
Lycopene 0 0.02 0.04 0.06 0.08
AFB1 (ugkg™1) © 800 800 800 800 800
Total 100 100 100 100 100
Proximate composition P
Crude protein 51.27 51.36 51.73 51.04 51.42
Crude lipid 9.52 9.65 9.16 9.51 9.25
Ash 11.93 11.93 11.86 11.92 11.97
T-AOC (mmol/g) 0.27 0.32 0.35 0.39 0.45

2 Compound premix was obtained from Qingdao Master Biotechnology Co., Ltd. (Qingdao, China) Vitamin and
Mineral Premix (kg’1 of diet): thiamine, 5 mg; riboflavin, 10 mg; vitamin A, 5000 IU; vitamin E, 40 mg; vitamin D3,
1000 IU; menadione, 10 mg; pyridoxine, 10 mg; biotin, 0.1 mg; cyanocobalamin, 0.02 mg; calcium pantothenate,
20 mg; folic acid, 1 mg; niacin, 40 mg; vitamin C, 150 mg; iron, 100 mg; iodine, 0.8 mg; cupper, 3 mg; zinc, 50 mg;
manganese, 12 mg; selenium, 0.3 mg; cobalt, 0.2 mg. b These values represent the approximate chemical analysis
of the diet. ¢ Aflatoxin B1.

2.3. Management of Fish Farming Trials

The experimental fish were acquired from an aquaculture farm located on Donghai
Island (Zhanjiang, China). The rearing experiment was conducted in the indoor aquaculture
system at the Marine Biological Research Base of Guangdong Ocean University (Zhanjiang,
China). Upon arrival of the juvenile fish, the juvenile fish were acclimated for one week
in an outdoor concrete tank measuring 5m x 4 m x 1.8 m. The experiment commenced
only after the fish had completely acclimated to the culture conditions. Select robust and
uniformly sized fry with an initial weight of 18.26 & 0.01 g, randomly divide them into
groups. For each treatment (D0, D200, D400, D600, D800), 3 replicates were set up, with each
replicate being a 1 m? fiberglass tank, and each tank stocked with 30 fish. Feed the fish twice
daily, at 08:00 a.m. and 04:00 p.m. Slowly dispense the feed during each feeding to prevent
uneaten feed from spoiling the water quality. Fish should be fed until satiated at each
feeding. Record the daily feed intake and mortality per tank; adjust the feed amount based
on the groupers actual feeding behavior and current weather conditions. Immediately after
the afternoon feeding, use a vacuum cleaner to remove feces from the tanks. Maintain
continuous aeration throughout the experiment. Replace 70% of the aquaculture seawater
every morning before feeding to ensure good water quality in the tanks. The 8-week
experiment was conducted under the following conditions: water temperature 28-30 °C,
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salinity 26-29, ammonia nitrogen and nitrite concentrations < 0.5 mg/L, and dissolved
oxygen concentration above 6 mg/L.

2.4. Sampling

After the experiment, fast for 24 h before collecting samples. Before sampling, the fish
were anesthetized with eugenol (40 mg/L) for subsequent sampling procedures. First, all
fish in each tank were weighed and counted to determine growth performance indicators.
Next, three fish were randomly selected from each tank, and their body length, body
weight, visceral weight, and liver weight were measured for morphological analysis.
Six fish were randomly selected from each tank for blood collection. Blood was drawn
from the caudal vein using sterile 1 mL syringes and transferred into 1.5 mL centrifuge
tubes. After being maintained at 4 °C overnight, the blood samples were centrifuged at
3000 rpm for 15 min at 4 °C. The resulting serum was aliquoted and stored at —80 °C for
the determination of serum biochemical parameters and antioxidant enzyme activities. For
liver histological examination, liver samples were collected from three fish per tank and
fixed in 4% paraformaldehyde at room temperature. These samples were subsequently used
for paraffin embedding, hematoxylin and eosin staining, and histopathological observation.
For hepatic gene-expression analysis, liver samples were collected from three additional
fish per tank, placed in RNase-free tubes containing RNAlater, and stored at —80 °C until
RNA extraction and RT-qPCR analysis of antioxidant- and inflammation-related genes. For
the determination of hepatic antioxidant capacity, liver samples were collected from three
additional fish per tank, placed in 2 mL cryogenic tubes, immediately frozen, and stored
at —80 °C until the activities of antioxidant enzymes and related biochemical parameters
were measured. For hepatic transcriptome analysis, liver samples were collected from
three additional fish per tank, placed in RNase-free cryogenic tubes, immediately frozen,
and stored at —80 °C until RNA extraction and transcriptome sequencing. Transcriptome
sequencing was subsequently performed using liver samples from the DO and D200 groups.

2.5. Analysis of Basic Dietary Components

The proximate analysis of feed was conducted according to AOAC methods [24].
Moisture content was determined by a constant-weight drying method at 105 °C. The
crude protein content was measured using the Kjeldahl method. The crude fat content
was determined by Soxhlet extraction, and the crude ash content was quantified through
ignition in a muffle furnace at 550 °C.

2.6. Biochemical Indicators and Antioxidant Enzymes Activities

Biochemical indicators in serum and liver, along with the activities of antioxidant
enzymes, were measured using kits supplied by the Nanjing Jiancheng Bioengineering
Research Institute (Nanjing, China) including catalase (CAT), superoxide dismutase (SOD),
malondialdehyde (MDA), total antioxidant capacity (T-AOC), alkaline phosphatase (AKP),
albumin (ALB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
total protein (TP). The experimental analysis was performed in strict accordance with the
operational procedures specified in the instructions.

2.7. Liver Histopathology

The tissue was first fixed in a 4% formalin solution, then dehydrated using a series
of ethanol gradients, and finally embedded in paraffin. The embedded liver tissue was
then sectioned into 5-micrometer-thick sections, which were deparaffinized with xylene
and subsequently immersed sequentially in 100%, 95%, 85% and 75% ethanol solutions for
1 to 5 min each. Next, the sections were rinsed with distilled water for 2 min, followed by
staining with hematoxylin for 8 min at room temperature, and then with eosin for 1 min.
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Observations were conducted using a Leica DM 6000 fluorescence inverted optical micro-
scope (Leica Microsystems, Tokyo, Japan), with images captured using LAS 3.8 software.

2.8. Total RNA Extraction, cDNA Synthesis, and Reverse Transcription—Quantitative PCR

Total RNA was extracted from liver samples using the TransZol Up Plus RNA Kit
(TransGen Biotech Co., Ltd., Beijing, China) according to the manufacturer’s instruc-
tions. First-strand cDNA was synthesized using the PrimeScript™ RT Reagent Kit with
gDNA Eraser (Aikerui Bioengineering Co., Ltd., Changsha, China) and stored at —80 °C
until analysis.

Reverse transcription—quantitative PCR (RT-qPCR) was performed using a LightCycler®
480 II Real-Time PCR System. Each biological sample was analyzed in three technical replicates.
The amplification program consisted of an initial denaturation step at 95 °C for 30 s, followed
by 40 cycles of denaturation at 95 °C for 5 s and annealing/extension at 60 °C for 34 s. The
primer sequences used for RT-qPCR are listed in Table 2. The B-actin gene was used as the
reference gene, and the relative mRNA expression levels of the target genes were calculated
using the 2744 method [25].

Table 2. Primer sequences of target genes used for RT-qPCR analysis.

Primers Names Primer Sequence (5’ to 3) NCBI Accession No.
B-actin-F/R G%g%é%gccirggégiigg?gﬁ / XM-033645256.1
BRSNS
pore COMTGCICICATICOTO, o,
o NGRS
PR T

Notes: B-actin (beta actin), cat (catalase), sod (superoxide dismutase), nrf-2 (nuclear factor E2related factor 2),
il6 (interleukin 6), il10 (interleukin 10), tnf-& (tumor necrosis factor-«), tgf-p (transforming growth factor beta),
myd88 (myeloid differentiation primary response 88).

2.9. Transcriptome Sequencing and Analysis

Liver transcriptomic sequencing was performed on the control group (D0) and the
group with the best growth performance (D200), with three replicates per group. Tran-
scriptome sequencing analysis begins with RNA sample preparation, mRNA enrichment,
library construction, and high-throughput sequencing. After obtaining the sequencing
data, the first step is to perform data-quality control. Fastp is used to filter the raw reads,
removing those containing adapter sequences, those with an excessively high proportion of
N bases, all-A sequences, and low-quality reads, resulting in high-quality clean reads. Base
quality and composition analyses are performed simultaneously to assess the reliability
of the sequencing data. Next, sequence alignment analysis was performed. First, Bowtie2
was used to align the clean reads against an rRNA database to remove any remaining
ribosomal RNA reads. Then, HISAT2 was used to align the clean reads against the reference
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genome. Based on the alignment results, the distribution of reads across exons, introns,
and intergenic regions is analyzed to assess the quality of the sequencing data. Using
the HISAT? alignment results, transcripts are reconstructed with StringTie, and Salmon is
used to calculate gene or transcript expression levels. Principal component analysis (PCA)
was used to examine the overall expression patterns and clustering among samples, and
Pearson correlation analysis was used to assess the consistency among biological replicates.
The core analysis is the analysis of differentially expressed genes. Using gene read counts as
input, perform between-group differential analysis with DESeq2 when biological replicates
are present; for two-sample comparisons without biological replicates, use edgeR. After
screening for differentially expressed genes, functional enrichment analysis is performed.
Based on the results of the differential analysis, we screened for significantly differentially
expressed genes using the following criteria: FDR < 0.05 and |log,FC| > 1. The sequenc-
ing platform used for transcriptomic analysis was the Illumina NovaSeq 6000; the read
length was 150 bp paired-end (PE150); and the reference genome assembly version was
GCF_005281545.1_ASM528154v1.

2.10. Statistical Analysis

The calculation formulas for growth performance and morphological indicators are

as follows:
SGR (%/d) =100% x [(In (FBW) — In (IBW)]/days of experiment (1)
SR (%) =100% x (final number of surviving fish/initial number of fish) (2)
CF (g/cm?®) = 100% x weight of fish/length of fish® 3)
VSI (%) =100% X (viscera weight/body weight) 4)
HSI (%) = 100% x (liver weight/body weight) (5)

In the above formulas, FBW, IBW, SGR, SR, CF, VSI, and HIS represent the final body
weight (FBW), initial body weight (IBW), Specific growth rate (SGR), Survival rate (SR),
Condition factor (CF), Visceralsomatic index (VSI), and Hepatosomatic index (HSI).

The tank was considered the experimental unit because each dietary treatment was ad-
ministered at the tank level. Therefore, three independent replicate tanks were used for each
dietary treatment (1 = 3 tanks per treatment). Growth performance and survival variables
were calculated separately for each tank. For morphological indices, serum biochemical
parameters, hepatic antioxidant variables, and RT-qPCR measurements, individual fish
sampled from the same tank were considered subsamples rather than independent experi-
mental replicates. The measurements obtained from fish within each tank were averaged
to generate one tank-level value before statistical analysis. Thus, all statistical comparisons
among dietary treatments were performed using the three tank means for each treatment.

Prior to analysis, the data were tested for normality and homogeneity of variances.
Outliers were identified via box plot and IQR method. If outliers occur, we will investigate
whether they are caused by non-standard experimental procedures and repeat the analysis.
When the data met the criteria for normal distribution and homogeneity of variances,
one-way analysis of variance (ANOVA) was performed using SPSS 26.0 software (SPSS Inc.,
Chicago, IL, USA). When a significant treatment effect was detected, Duncan’s multiple
range test was subsequently conducted. Results are presented as mean + standard error of
the mean, calculated from the means of three replicate tanks. Differences were considered
statistically significant at p < 0.05.
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3. Results
3.1. Growth Performance and Morphological Indicators

As shown in Table 3, compared to the DO group, the D200 group exhibited a significant
increase in FBW and SGR (p < 0.05). However, as the lycopene content continued to increase,
the FBW and SGR of the D400-D800 groups showed a decreasing trend, and there was no
significant difference compared to the DO group (p > 0.05). No significant differences in
SR were observed among the groups (p > 0.05). Morphological indicator analysis found
that the addition of lycopene did not have a significant effect on CF, VSI, and HSI (p > 0.05).
Figure 1 shows a fitted line graph of lycopene levels versus FBW. It can be seen that at a
lycopene addition rate of 0.032%, FBW reaches its optimal value.

Table 3. The effects of lycopene on the growth performance and morphology indicators of hybrid
grouper under the influence of AFB1.

Groups
Parameters
DO D200 D400 D600 D800
IBW (g) 18.21 + 0.01 18.21 + 0.03 18.27 + 0.02 18.28 + 0.03 18.26 + 0.01
FBW (g) 79.13 +1.44° 83.56 +0.29 2 81.08 + 0.81P 79.47 + 136 78.06 & 0.56 ©
SGR (%/d) 3.12 +0.04° 324 +0.012 3.13+0.01P 3.134+0.03b 3.09 +0.02b
SR (%) 97.78 + 0.02 94.44 + 0.02 98.89 + 0.01 97.78 + 0.01 96.67 + 0.01
CF (g/cm®) 255 +0.12 2.85+ 0.13 2.65 + 0.08 2.75 + 0.05 2.77 +0.12
VSI (%) 8.17 + 0.51 7.56 4+ 0.43 7.46 + 0.54 8.06 + 0.16 7.54 4+ 0.24
HSI (%) 1.59 + 0.15 1.30 + 0.12 1.31 +0.19 1.53 4+ 0.13 1.38 +0.14

Notes: Values in the table are means + SEM (n = 3); values in the same row with the same superscript letter or
absence of superscripts are not significantly different (p > 0.05); different lowercase letters indicate a significant
difference (p < 0.05). Initial body weight (IBW), final body weight (FBW), specific growth rate (SGR), survival rate
(SR), condition factor (CF), visceralsomatic index (VSI), hepatosomatic index (HSI).

85
84

83 R
y=—1930.4x2 + 123.28x + 79.962
R*=0.6681
82

.............
......
....

81

FBW(g)

l"
so |
79

78

77

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Ivcopene level(%)

Figure 1. Fitting graph of hybrid grouper FBW versus lycopene supplementation levels.

3.2. Serum Antioxidant Capacity and Biochemical Parameters

As shown in Figure 2, the CAT activity of the D200, D400, D600, and D800 groups were
all significantly higher than that of the DO group (p < 0.05), but there were no significant
differences among lycopene treated groups (p > 0.05). Compared with the D0 group, the
SOD activity in the D200 and D600 groups showed a significant increase (p < 0.05), while
it experienced a sharp decline in the D800 group (p < 0.05). No significant differences in
MDA content were observed across the groups (p > 0.05). The T-AOC of the D200 group
was significantly higher than that of the D0, D600, D800 groups, and the D800 group has
the minimum value (p < 0.05).
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Figure 2. The effect of lycopene supplementation in diet on the serum antioxidant capacity of hybrid
grouper induced by AFB1. Values in the figure are means = SEM (n = 3); there are no significant
differences between the values bearing the same superscript letter across groups (p > 0.05). Catalase
(CAT), superoxide dismutase (SOD), malondialdehyde (MDA), total antioxidant capacity (T-AOC).
Lycopene was added at concentrations of 0, 200, 400, 600, and 800 mg/kg, and they were named DO,
D200, D400, D600, and D800.

Figure 3 illustrates that the D200 group exhibited a significantly lower ALT activity
compared to the DO group and all other groups (p < 0.05). The AST activity reached
its minimum in the D600 group, whereas both ALT and AST exhibited a biphasic trend,
injtially decreasing and subsequently increasing. Compared with the control group on DO,
the addition of lycopene did not cause a significant change in AKP activity in all treatment
groups (p > 0.05). In comparison to the DO group, the D200-D800 groups exhibited a
significant elevation in ALB (p < 0.05).
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Figure 3. The effects of lycopene supplementation in feed on serum biochemical parameters in hybrid
grouper induced by AFB1. Values in the figure are means &+ SEM (n = 3); there are no significant
differences between the values bearing the same superscript letter across groups (p > 0.05). Alkaline
phosphatase (AKP), albumin (ALB), alanine aminotransferase (ALT), aspartate aminotransferase
(AST). Lycopene was added at concentrations of 0, 200, 400, 600, and 800 mg/kg, and they were
named DO, D200, D400, D600, and D800.

3.3. Histomorphology of Liver

Figure 4 shows the effects of adding different concentrations of lycopene to the diet
on the histology of hybrid grouper livers under AFB1-induced conditions. The D0 group,
which received no lycopene, exhibited hepatocyte vacuolization, steatosis, and inflam-
matory cell infiltration. Compared with the DO group, the D200 group showed reduced
pathological damage to the liver. Hepatocytes had well-defined contours and were tightly
packed, with no obvious inflammation or lipid deposition observed. However, as the
amount of lycopene supplementation increased further, its efficacy in maintaining the mor-
phological integrity of liver tissue diminished, leading to the reappearance of hepatocyte
vacuolization and steatosis in the D600 and D800 groups.
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Figure 4. The effects of lycopene on the histological structure of AFB1-induced hybrid grouper liver
tissue (H&E, 400x). Notes: A, inflammatory cell infiltration; B, hepatocyte vacuolization; C, Steatosis;
D, nucleus; E, cell contour lycopene was added at concentrations of 0, 200, 400, 600, and 800 mg/kg,
and they were named DO, D200, D400, D600, and D800.

3.4. Liver Antioxidant Enzymes Activities

As shown in Figure 5, the CAT activity in the liver was significantly higher in the
D200 group than in the DO, D400, D600, and D800 groups (p < 0.05). Compared to the DO
group, the SOD activity in the liver of the D200 and D400 groups was significantly elevated
(p < 0.05), whereas in the D600 and D800 groups it did not differ significantly from the DO
group (p > 0.05). The MDA content in livers of each group showed no significant difference
(p > 0.05), and the T-AOC level in each treatment group showed no significant difference
compared with the control group DO (p > 0.05). However, the overall trend showed an
initial increase followed by a decrease.
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Figure 5. The effects of lycopene on hepatic antioxidant enzymes activities of the liver in hybrid
grouper induced by AFB1. Values in the figure are means &+ SEM (n = 3); there are no significant
differences between the values bearing the same superscript letter across groups (p > 0.05). catalase
(CAT), superoxide dismutase (SOD), malondialdehyde (MDA), total antioxidant capacity (T-AOC).
Lycopene was added at concentrations of 0, 200, 400, 600, and 800 mg/kg, and they were named DO,

D200, D400, D600, and D800.
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3.5. Gene-Expression Levels in the Liver

As shown in Figure 6, compared with D0 group, the addition of 200 mg/kg lycopene
significantly increased the gene-expression levels of caf, sod, and nrf-2 in antioxidant
genes (p < 0.05). In the gene-expression levels of inflammatory factors, the addition of
lycopene significantly upregulated the expression of the anti-inflammatory factor i/10 and
the maximum value was found in group D2 (p < 0.05). Although the addition of lycopene
did not show a significant change in the expression level of tgf-5, it showed an overall
trend of first rising and then falling. Compared to the DO group, the expression levels
of the pro-inflammatory factors il6 and ¢nf-a in lycopene treated groups did not show
significant changes, but the gene-expression level of il6 showed a trend of first decreasing
and then increasing, while the gene-expression level of tnf-a showed a decreasing trend
with increasing lycopene dosage. Supplementation with lycopene resulted in a significant
upregulation of myd88 gene expression (p < 0.05).

BE DO mm D200 W= D400 D600 W D00

be 2 ab

Relative expression in liver

cat sod nrf-2 il6 iio mf-a gl myd88

Figure 6. Effects of lycopene on antioxidant activity and inflammatory cytokine gene expression
in the liver of hybrid grouper induced by AFB1. Values in the figure are means = SEM (n = 3);
there are no significant differences between the values bearing the same superscript letter across
groups (p > 0.05). cat (catalase), sod (superoxide dismutase), nrf-2 (nuclear factor E2related factor 2),
il6 (interleukin 6), il10 (interleukin 10), tnf-o (tumor necrosis factor-«), tgf-B (transforming growth
factor beta), myd88 (myeloid differentiation primary response 88).

3.6. Hepatic Transcriptome Analysis
3.6.1. Sequencing Quality Assessment

Table 4 presents data on the quality of transcriptomic sequencing. A total of six liver
RNA-seq libraries were constructed, with three biological replicates each for the DO and
D200 groups. The sequencing depth ranged from 39.60 to 50.24 million clean reads per
library, with an average of approximately 45.93 million clean reads. The Q20 and Q30
values ranged from 98.64% to 98.87% and from 95.37% to 96.12%, respectively, while
the GC contents were consistently distributed between 49.48% and 49.83%. The overall
mapping rates to the reference genome ranged from 74.84% to 77.12%. The relatively
small variation in sequencing quality, base composition, and mapping efficiency among
the libraries indicated that the transcriptomic data were stable and suitable for subsequent
differential gene-expression and functional enrichment analyses.

Table 4. Summary statistics of liver transcriptome sequencing data.

Sample Sequencing Depth  Mapping Rate (%) GC (%) Q20 (%) Q30 (%)

Do0-1 49,311,654 77.12 49.65 98.75 95.67
DO0-2 50,238,446 77.07 49.48 98.87 96.12
DO0-3 46,555,458 76.40 49.62 98.64 95.37
D200-1 48,253,228 76.09 49.55 98.86 96.07
D200-2 39,596,478 75.09 49.83 98.83 95.99
D200-3 41,626,490 74.84 49.83 98.79 95.86

https://doi.org/10.3390/ani16152330


https://doi.org/10.3390/ani16152330

Animals 2026, 16, 2330

13 of 21

3.6.2. Identification of DEGs

Figure 7 presents the liver transcriptome analysis of the hybrid grouper. Principal
component analysis showed a clear separation between the D0 and D200 groups, with
PC1 and PC2 explaining 90.0% and 5.3% of the total variance, respectively, indicating
distinct hepatic transcriptional profiles between the two treatments (Figure 7A). A total
of 621 differentially expressed genes were identified between the DO and D200 groups
(Figure 7B,C).
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Figure 7. The effects of lycopene on hepatic transcriptome of the liver in hybrid grouper induced by
AFBL1. Notes: (A): Principal Component Analysis (PCA). (B): Volcano Plot of Differentially Expressed
Genes. (C): Statistics on the Number of Differentially Expressed Genes. (D): GO Feature Categories.
(E): GO Enrichment Analysis Bubble Chart. (F): KEGG Pathway Categories. (G): KEGG Pathway
Enrichment Analysis Bubble Chart. (H): Expression Direction and Significance of the Top 20 KEGG
Pathways. (I): Expression Directions and Significance of the Top 20 GO Terms.
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3.6.3. Enrichment Analysis of Differentially Expressed Genes (DEGs)

Functional enrichment analysis showed that the transcriptional differences were
mainly associated with hepatic metabolism and redox regulation. The major enriched
GO terms included small-molecule metabolism, organic acid metabolism, organonitro-
gen compound metabolism, oxidoreductase activity, and oxidation-reduction processes
(Figure 7D,E). KEGG enrichment analysis further highlighted pathways relevant to AFB1-
associated metabolic disturbance and the potential protective response to lycopene, par-
ticularly fatty acid metabolism, fatty acid biosynthesis, biosynthesis of unsaturated fatty
acids, steroid biosynthesis, and the PPAR signaling pathway (Figure 7F-H).

Ferroptosis and inflammation- and innate-immunity-related pathways, including NF-
kB and Toll-like receptor signaling, were also enriched. Collectively, these results indicate
that the hepatic response to 200 mg/kg lycopene under AFB1 exposure was primarily
associated with the regulation of lipid metabolism and redox homeostasis, with additional
involvement of lipid-peroxidation-related cell injury and immune signaling.

4. Discussion

Aflatoxin B1 (AFB1) is a mycotoxin of significant concern in aquafeeds. This is particu-
larly pertinent given the increasing proportion of plant-based ingredients in grouper feeds,
which elevates the risk of contamination and warrants greater attention. Studies on hybrid
grouper have indicated that exposure to AFB1 can lead to stunted growth, liver tissue
damage, and can disrupt metabolic pathways—including cytochrome P450 metabolism
and the biosynthesis of unsaturated fatty acids. AFB1 can also induce elevated levels of
ROS and MDA while reducing the activity of antioxidant enzymes, including SOD, CAT,
and GST [3,23]. As a lipid-soluble carotenoid, lycopene functions to scavenge free radi-
cals, enhance the activity of endogenous antioxidant enzymes, modulate the Nrf2-Keap1
pathway, suppress inflammation, and ameliorate mitochondrial function [19,20,26,27]. Its
protective effect has been demonstrated in various animal models [28].

The results of this experiment indicate that supplementing the diet with 200 mg/kg
of lycopene mitigates the growth impairment induced by AFB1, leading to significant
improvements in FBW and SGR; this is consistent with the findings from prior research on
aquatic species including Ctenopharyngodon idellus, Oncorhynchus mykiss, and Oreochromis
niloticus [29-31]. Although the experimental conditions, fish species, and toxic stressors
varied, lycopene at an appropriate concentration consistently demonstrated a growth-
promoting effect across all scenarios. Notably, no significant differences were observed
among the groups for the following indicators: SR, CF, VSI, and HSI. This suggests that
the primary beneficial effect of lycopene on hybrid grouper exposed to AFB1 stress is
not manifested in terms of survival rates or morphological metrics; rather, it is more
prominently manifested in SGR, antioxidant capacity, and the status of liver function.

Oxidative stress is a major cause of AFBl-induced hepatotoxicity. Previous research
in juvenile hybrid grouper showed that dietary AFB1 exposure increased hepatic reactive
oxygen species production, weakened antioxidant defense, and induced inflammatory
and metabolic disturbances [3]. As key enzymatic antioxidants, SOD and CAT coopera-
tively maintain cellular redox homeostasis: SOD eliminates superoxide anions to generate
H,0O,, while CAT further decomposes HyO, to reduce ROS-induced oxidative damage
to cellular biomacromolecules [32-35]. Owing to its conjugated double-bond structure,
lycopene effectively scavenges free radicals and relieves oxidative stress. Consistent with
previous studies in broilers, lambs, Oreochromis niloticus and Oncorhynchus mykiss, moder-
ate lycopene supplementation can markedly improve hepatic antioxidant capacity under
multiple stress conditions [36-39]. In this study, serum and hepatic antioxidant indices
presented consistent improvements with lycopene supplementation. The D200 group
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exhibited optimal serum CAT, SOD and T-AOC levels, as well as the highest hepatic CAT
activity. Additionally, both the D200 and D400 groups showed significantly higher hep-
atic SOD activity than the DO group. Collectively, these results indicate that appropriate
lycopene supplementation efficiently enhances systemic and hepatic antioxidant defense in
AFB1-exposed hybrid grouper.

ALT is predominantly localized in the hepatocyte cytoplasm and is released into the
blood upon hepatocyte damage induced by inflammation, toxins, or metabolic dysfunc-
tion. Accordingly, elevated serum ALT activity serves as a reliable biomarker of liver
injury [40,41]. Hepatocyte injury or increased membrane permeability can result in the re-
lease of AST into the blood, causing elevated serum AST activity. Consequently, AST is also
considered an indicator for assessing liver damage [42]. The ALT levels in the D200 group
were significantly lower than in the D0 group, suggesting that a moderate dose of lycopene
can mitigate hepatocyte damage induced by AFB1. These findings are consistent with the
results of prior research conducted on carp [30]. The D800 group exhibited the highest ALT,
indicating that a high dose of lycopene did not continue to provide a protective effect and
may have even exacerbated oxidative damage to hepatocytes. AST was lowest in the D600
group, but due to its broader tissue sources in fish, AST is less specific than ALT. AKP is a
key enzymatic marker for assessing liver and biliary function as well as bone metabolism.
This enzyme is highly concentrated in the liver and skeletal tissues. Consequently, serum
AKEP levels can markedly increase in cases of liver disease, bile duct damage, or disorders
of hepato-biliary excretion. In this study, no significant differences in AKP activity were
observed between the treatment groups and the D0 control group. Almroth et al.’s study
found that excessively fast growth rates lead to elevated enzyme levels within the body
of Oncorhynchus kisutch [43]. Consequently, the AKP level in the D200 and D400 groups
exhibited an increasing trend in this experiment, a phenomenon potentially attributable
to elevated AKP levels resulting from the accelerated growth rate of the fish. ALB is the
principal plasma protein synthesized by the liver, responsible for maintaining plasma
colloid osmotic pressure and transporting a wide variety of endogenous and exogenous
substances. Serum ALB level can reflect liver protein synthesis function and the body’s
nutritional status, and its decrease usually indicates impaired liver synthesis function
and/or malnutrition [44,45]. In the group supplemented with lycopene, ALB levels were
higher than those in the D0 group, indicating that lycopene supplementation, under AFB1
induction, promoted protein synthesis and nutrient metabolism.

The liver serves as the principal organ for metabolism, with histological changes
providing a direct reflection of its health condition. The DO group exhibited inflammatory
cell infiltration, hepatocyte vacuolation, fatty degeneration, and nuclear abnormalities, all
signs of significant liver damage induced by AFB1. Upon the addition of lycopene, there
was observed improvement in hepatocyte morphology, tissue architecture, and the severity
of pathological damage, demonstrating its potential to mitigate the structural deterioration
of liver tissue caused by AFB1. Previous research on hybrid grouper has shown that AFB1
exposure results in several pathological alterations in liver tissue, including inflammation,
karyorrhexis, pyknosis, karyolysis, focal necrosis, and ballooning degeneration [3], this is
consistent with the liver cell vacuolization, steatosis, and inflammatory response observed
in the DO group of this study. This also indicates that in the assessment of fish health,
histopathological and micro-biochemical markers are more sensitive to change than macro-
morphological markers [46].

Both the cat and sod genes are closely associated with antioxidant defense; together,
they help eliminate excess reactive oxygen species in the body, reduce oxidative stress levels,
protect liver cells from free radical damage, and maintain intracellular redox balance [47].
nrf-2 is an important transcriptional regulator of genes involved in antioxidant responses
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and can regulate the expression of various genes associated with oxidative damage, in-
flammation, and the free radical response [48]. The concurrent upregulation of nrf-2, cat,
and sod observed in this study suggests that the improvement in liver antioxidant capacity
induced by lycopene may be related to the activation of the Nrf2 signaling pathway. This
finding is generally consistent with studies in other species. In broiler chickens research,
the addition of lycopene to the diet increases antioxidant markers such as SOD and GSH-Px
in serum and liver, and upregulates genes related to the Keap1-Nrf2 pathway—including
nrf-2 and sod in the liver [36]. In a study by Wang et al. [36], lycopene was found to
alleviate pollutant-induced oxidative stress, inflammation, and apoptosis by regulating
NF-«B balance. Therefore, the upregulation of cat, sod, and nrf-2 in the livers of hybrid
grouper in this study is consistent with findings showing that lycopene enhances antiox-
idant defenses in poultry and other fish species. Important pro-inflammatory cytokines
in the inflammatory response are typically i/6 and tnf-a, and tnf-a also plays a significant
role in the early immune response to infection in fish [49-51]. Therefore, the fact that
pro-inflammatory genes were not significantly activated after lycopene treatment and that
tnf-a levels, in particular, showed a downward trend suggests that lycopene may maintain
hepatic immune homeostasis by reducing oxidative stress levels, thereby indirectly inhibit-
ing the excessive activation of inflammatory pathways such as NF-«kB. il10 is generally
considered an important anti-inflammatory cytokine that can limit excessive inflammatory
responses [52]. Moreover, tgf-B is involved in maintaining immune homeostasis, sup-
pressing inflammation, and facilitating tissue repair [53]. In the experimental results, the
increase in /10 in the 200 mg/kg lycopene group may indicate that an appropriate dose
of lycopene not only enhances antioxidant defense but also promotes the regulation of
the liver inflammatory response towards an anti-inflammatory and reparative direction.
Similarly, in an AFBl-exposed chick intestinal model, lycopene can inhibit the increase
in inflammatory factors induced by AFB1, and increase i[10 levels, improving intestinal
barrier and immune function [27].

It is worth noting that when dietary lycopene supplementation exceeded 200 mg/kg,
both growth performance and antioxidant capacity declined. This phenomenon may be
attributed to lycopene’s dual antioxidant and pro-oxidant properties: its conjugated double
bonds, which are responsible for scavenging free radicals, are depleted upon excessive
intake, thereby generating lycopene radical intermediates and leading to increased accu-
mulation of ROS [54]. As a fat-soluble carotenoid primarily deposited in the liver and
adipose tissue [55], excessive lycopene accumulates in fish hepatocytes, leading to hepatic
lipid deposition and liver dysfunction. Furthermore, while an appropriate amount of
lycopene activates the TOR pathway to promote protein synthesis, excessive lycopene
induces oxidative stress, inhibits the PI3K-AKT-TOR pathway, impedes protein deposition,
and reduces fish growth performance [56]. This mechanism provides a sound explanation
for the reduced growth performance, weakened antioxidant capacity, and exacerbated
hepatic morphological damage observed in hybrid grouper fed high doses of lycopene in
this study.

Principal component analysis showed a clear separation between the D0 and D200
groups, indicating that dietary lycopene supplementation substantially altered the hepatic
transcriptional response of hybrid grouper under AFB1 exposure. A total of 621 differen-
tially expressed genes were identified between the two groups, and these genes were mainly
associated with oxidation-reduction processes, fatty acid metabolism, the biosynthesis
of unsaturated fatty acids, the PPAR signaling pathway, ferroptosis, and inflammation-
and innate-immunity-related pathways. In a study of Acanthopagrus schlegelii [57], the
results of GO enrichment analysis of the liver transcriptome following the addition of
lycopene under a high-carbohydrate diet were generally consistent with the results of this
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experiment. These biological processes are closely related to the major features of AFB1
hepatotoxicity, including oxidative stress, lipid metabolic disturbance, lipid peroxidation,
inflammation, and hepatocellular injury. Therefore, the transcriptomic responses were gen-
erally consistent with the biochemical, gene-expression, and histological changes observed
in the D200 group.

The enrichment of oxidation-reduction-related DEGs may partly explain the improve-
ment in antioxidant capacity following lycopene supplementation. Compared with the
DO group, the D200 group showed increased serum and hepatic CAT and SOD activities,
together with improved serum T-AOC. In parallel, the hepatic expression levels of nrf-2,
cat, and sod were significantly upregulated. Nrf-2 is an important regulator of cellular
redox homeostasis and promotes the expression of antioxidant enzymes responsible for
the elimination of reactive oxygen species. The synchronous changes in the redox-related
transcriptome, antioxidant gene expression, and enzyme activity indicate that lycopene
enhanced the in vivo antioxidant capacity of hybrid grouper exposed to AFB1 and allevi-
ated oxidative damage to hepatocytes. This is consistent with the observations of reduced
serum ALT activity and decreased hepatic vacuolization in the D200 group.

The DEGs were enriched in fatty acid metabolism, the biosynthesis of unsaturated fatty
acids, and the PPAR signaling pathway. PPAR-related signaling plays an important role
in fatty acid transport, lipid utilization, and mitochondrial 3-oxidation [58]. Disturbance
of these processes during AFB1 exposure may promote abnormal lipid deposition and
hepatic steatosis. Previous studies of hybrid grouper [23] have shown that AFB1 exposure
impairs lipid metabolism and induces hepatic pathological changes, including steatosis.
PPAR signaling is a central regulatory pathway for fatty acid uptake, 3-oxidation, lipid
storage, and energy homeostasis [59]. In a study by Wang et al. [60], lycopene activated the
PPAR« signaling pathway in the liver, upregulated the expression of key genes involved in
fatty acid transport and oxidation, inhibited excessive lipid synthesis and accumulation
in hepatocytes, and improved mitochondrial dysfunction and lipid metabolism disorders
induced by exogenous stimuli such as palmitic acid and mycotoxins. In the study, the
reduction in hepatic steatosis in the D200 group was consistent with the transcriptional
changes in lipid metabolism-related pathways, suggesting that lycopene may help maintain
hepatic lipid homeostasis by regulating fatty acid utilization and metabolism.

The enrichment of NF-«B and Toll-like receptor signaling pathways further indicates
that oxidative stress can stimulate Toll-like receptor-associated signaling and promote NF-
kB-mediated inflammatory responses, thereby aggravating hepatic injury. In the present
study, the increased expression of the anti-inflammatory cytokine i/10 and the reduced
inflammatory cell infiltration in the D200 group were consistent with improved hepatic
immune homeostasis. Changes in myd88 expression also support the involvement of Toll-
like receptor-associated signaling. However, pathway enrichment alone cannot establish
whether the entire Toll-like receptor or NF-«B pathway was activated or suppressed. Thus,
lycopene should be considered to have modulated inflammation-related signaling rather
than to have completely inhibited the inflammatory response.

Taken together, the physiological, biochemical, histological, gene-expression, and
transcriptomic results consistently indicate that 200 mg/kg lycopene is the most effective
supplementation level for mitigating AFB1-induced impairment in hybrid grouper un-
der the present experimental conditions. The protective effects appear to be associated
with enhancement of antioxidant defenses, improvement of hepatic structural integrity,
modulation of lipid metabolism, and regulation of redox and immune related pathways.

This study also has several limitations. First, due to the absence of an AFB1-free
control group, it was not possible to determine whether the extent of tissue damage
repair mediated by lycopene restored physiological levels comparable to those observed
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in fish unexposed to AFB1. Transcriptomic sequencing was only performed on the DO
and D200 groups; consequently, the dose-dependent molecular responses induced by
high-dose lycopene supplementation could not be evaluated. Second, although pathway
enrichment analysis revealed associations with relevant biological processes, it could
not independently verify the activation or inhibition of specific signaling pathways. In
subsequent related experiments, we will include control groups devoid of AFB1 and
lycopene, and further validate representative genes and proteins involved in fatty acid
metabolism, PPAR signaling, ferroptosis, and inflammatory responses.

5. Conclusions

In conclusion, dietary supplementation with 200 mg/kg lycopene effectively alleviated
AFBl-induced growth retardation and liver injury in hybrid grouper. This protective
effect was reflected by improved FBW and SGR, enhanced serum and hepatic antioxidant
capacity, decreased serum ALT activity, increased ALB level, improved liver histology,
and upregulated antioxidant-related gene expression. Transcriptomic analysis further
indicated that the protective action of lycopene was closely associated with the regulation of
metabolic pathways, fatty acid metabolism, PPAR signaling, oxidation-reduction processes,
ferroptosis, and immune-related pathways. Based on the fitted quadratic regression graph,
the recommended lycopene addition level is 0.032%. Under the present experimental
conditions, 200 mg/kg lycopene was the optimal supplemental level, whereas higher levels
did not produce additional benefits.
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