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a b s t r a c t

Aflatoxin B1 (AFB1), an important fungal toxin, exists mainly in plant feed ingredients and animals
consuming feed contaminated with AFB1 will have reduced growth and impaired health condition
mainly due to oxidative stress and reduced immunity. Our previous study found that AFB1 caused
oxidative damage and inhibited muscle development of zebrafish. 4-Methylesculetin (4-ME), a coumarin
derivative, is now used in biochemistry and medicine widely because of its antioxidant function.
Whether 4-ME could alleviate the inhibition of muscle development in grass carp induced by AFB1 has
not been reported. In this experiment, 720 healthy grass carp (11.40 ± 0.01 g) were randomly divided into
4 groups with 3 replicates of 60 fish each, including control group, AFB1 group (60 mg/kg diet AFB1), 4-
ME group (10 mg/kg diet 4-ME), and AFB1þ4-ME group (60 mg/kg diet AFB1 þ10 mg/kg 4-ME diet), for a
60-d growth experiment. In vitro, we also set up 4 treatment groups for grass carp primary myoblast,
including control group, AFB1 group (15 mmol/L AFB1), 4-ME group (0.5 mmol/L 4-ME) and AFB1þ4-ME
group (15 mmol/L AFB1þ0.5 mmol/L 4-ME). The results showed that dietary AFB1 decreased growth
performance of grass carp, damaged the ultrastructure and induced oxidative damage in grass carp
muscle, and significantly decreased the mRNA and protein expression levels of myogenin (MyoG),
myogenic differentiation (MyoD), myosin heavy chain (MYHC), as well as the protein expression levels of
laminin b1, fibronectin and collagen I (P < 0.05), significantly activated the protein expression levels of
urokinase-type plasminogen activator (uPA), matrix metalloproteinase-2 (MMP-2), matrix
metalloproteinase-9 (MMP-9) and phosphorylate-38 mitogen-activated protein kinase (p38 MAPK) both
in grass carp muscle and grass carp primary myoblast (P < 0.05). Supplementation of AFB1 with 4-ME
significantly improved the growth performance inhibition and alleviated the muscle fiber develop-
ment inhibition and extracellular matrix (ECM) degradation in grass carp induced by AFB1 (P < 0.05). The
present results revealed that supplementation of AFB1 contaminated feed with 4-ME reduced the in-
hibition of growth and muscle development by alleviating AFB1-induced ECM degradation in grass carp,
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which might be related to the p38 MAPK/uPA/MMP/ECM pathway. The results implied that 4-ME could
be used as a valuable mycotoxin scavenger in animal feed.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Aflatoxin B1 (AFB1) is produced mostly by Aspergillus flavus and
Aspergillus parasiticus, which is commonly found in food and ani-
mal feed (Chrouda et al., 2020). A considerable portion of fish feed
ingredients are derived from commodities (e.g., cereals) that have
been found to contain mycotoxins, particularly aflatoxin, deoxy-
nivalenol and fumonisin (Chrouda et al., 2020). Previous findings
displayed that AFB1 decreased the growth performance of grass
carp (Zeng et al., 2018), induced hepatotoxicity, teratogenicity, and
immunosuppression in Nile tilapia (Oreochromis niloticus)
(Abdelhiee et al., 2021; Hassaan et al., 2020). Furthermore, previous
study found that AFB1 inhibited zebrafish muscle development (He
et al., 2023a). AFB1 has become one of the most important factors
restricting the development of the aquaculture industry. Therefore,
it is important to find ways to reduce AFB1 toxicity in feed.
Although it has been reported that physical methods (Eshelli et al.,
2015), microbial methods (El-Nezami et al., 1998; Lillehoj et al.,
1971) and chemical methods (Lillehoj et al., 1971; Yu et al., 2020)
could effectively reduce AFB1 toxicity in feed, their application in
actual production is limited due to lower efficacy and higher cost.

4-Methylesculetin (4-ME, 6,7-dihydroxy-4-methylcoumarin,
formula: C10H8O4), a coumarin derivative, displays great anti-
inflammatory and antioxidant activities (Witaicenis et al., 2018).
It was reported that 4-ME increased the activities of glutathione
reductase (GR), glutathione peroxidase (GPx), glutathione-S-
transferase (GST), and total glutathione (GSH) content in rat colon
(Tanimoto et al., 2020). Our previous study found that AFB1
decreased the activities of catalase (CAT) and GST resulting in
oxidative damage and inhibition of muscle development in zebra-
fish (He et al., 2023a). Coumarins, on the other hand, attenuated
dexamethasone-induced muscle atrophy (Hah et al., 2023).
Therefore, we speculated that 4-ME might alleviate the oxidative
damage and the inhibition of muscle development induced by AFB1
in fish. However, there are no relevant studies on whether 4-ME
could alleviate the toxicity of mycotoxins and thus necessitates
further investigation.

Fish flesh is an important edible protein for humans (Yang et al.,
2022). Muscle growth directly affects the flesh quality (Chen et al.,
2019). In fish, growth performance is mostly reflected in white
muscle growth (Kwasek et al., 2021). Muscle growth and devel-
opment are complex biological processes controlled by myogenic
regulatory factors (MRF) (Hu et al., 2019b). A family of MRF,
myogenic differentiation (MyoD), myogenic factor 5 (Myf5),
myogenic factor 4 (MRF4), and myogenin (MyoG), regulate the
differentiation and determination of myogenesis (Hu et al., 2023).
MyoD and Myf5 control stem cells (SC) proliferation (Dong et al.,
2022). Furthermore, the MyoG gene is a downstream target of the
MRF4 and MyoD gene regulatory network, which is necessary for
muscle differentiation (Mousavi et al., 2013). The synergistic effect
of MRF induces the differentiation of myoblasts intomultinucleated
muscle tubes (Tiago et al., 2021). Muscle development is also
regulated by the extracellular matrix (ECM) (Zhang et al., 2021a).
The main components of ECM (collagen, laminin, fibronectin, etc.)
are essential for cell attachment, survival, and growth (Bailey et al.,
2019). It was reported that collagen I could promote migration and
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myogenic differentiation of C2C12 (Liu et al., 2020), and laminin
could promote proliferation and differentiation of porcine primary
muscle cells (Wilschut et al., 2010). Matrix metalloproteinases
(MMP) play a crucial role in the cleavage of muscle-specific proteins
and the remodeling of the ECM during skeletal muscle growth
(Zamanian et al., 2017). A previous study found that AFB1 could
activate phosphorylate-38 mitogen-activated protein kinase
(p38MAPK) in grass carp spleen (Zeng et al., 2018) and p38MAPK
regulated urokinase-type plasminogen activator (uPA, a serine
protease) in human umbilical vein endothelial cell line (HUVEC) (Ye
et al., 2016). Furthermore, uPA could activate MMP in myeloma cell
(Fux et al., 2009). Therefore, we speculated that AFB1 might
degrade ECM by activating p38MAPK, and ultimately inhibit muscle
development of grass carp. A study on mouse bone marrow cell
found that coumarin derivative inhibited p38MAPK activation
(Abdallah et al., 2019). So we speculated that 4-ME might alleviate
muscle development of grass carp by inhibiting AFB1-induced
p38MAPK activation, but the specific mechanism needs to be
further explored.

Grass carp (Ctenopharyngodon idella) is the world's largest fresh
water economic fish and one of the four major Chinese carps (Tang
et al., 2019). In this study, grass carp was used to explore the in-
fluence of 4-ME alleviating AFB1 on muscle development in vivo.
The primary myoblast of grass carp was used to explore the
possible mechanism in vitro. The study could provide some theo-
retical support for the application of 4-ME in fish.

2. Materials and methods

2.1. Animal ethics statement

This study was approved by the Sichuan Agricultural University
Animal Care Advisory Committee, and the protocols were approved
by the license (HXN2020114011).

2.2. Materials

4-ME (529e84e0) was purchased from Med Chem Exepress
(Shanghai, China). AFB1 (purity >98%, 1162e65e8) was provided
by Sigma (Aldrich, USA). CCK8 kit (G021-1-1) was obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Beyotime Biotechnology (Shanghai, China) provided a lactate de-
hydrogenase (LDH; C0018S) kit. Solaibao (Beijing, China) provided
dichloro-dihydro-fluorescein diacetate (DCFH-DA,; CA1410) and
0.25% trypsineEDTA (2306001). Medium 199 basic (6124119),
antibiotic-antimycotic (15240e062), fetal bovine serum (FBS;
2497114P), DMEM/F12 medium (8122172) and goat serum
(16210e064) were purchased from Gibco (USA). The environmen-
tally friendly GD fixing solution (G1111) was obtained from Serv-
icebio (Wuhan, China). p38 MAPK inhibitor (SB203580) was
obtained from Selleck (Shanghai, China). Malondialdehyde (MDA,
A003-1-1), protein carbonyl (PC, A087-1-2), reactive oxygen spe-
cies (ROS, E�4-1-1) and GST (A004-1-1) kits were obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Reverse Transcription Kit (RR901A) and Qubit 2.0 Fluorometer
(RR047A) were purchased from TaKaRa (Tokyo, Japan). The RNA
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extraction kit (RE-03011) was bought from Foregene (Chengdu,
China). Trizol kit (R401e01), SYBR Green PCR Kit (Q111e02) was
obtained from Novizan Co., Ltd. (Nanjing, China). The enhanced
chemiluminescence (ECL) reagent (724D281) was purchased from
Oriscience (Chengdu, China).

2.3. Animals

In order to adapt to the situation, the grass carp (purchased from
a Sichuan fishery) were pre-fed for 28 d. A total of 720 healthy grass
carp with an initial body weight of 11.40 ± 0.01 g were randomly
divided into 4 treatments with 3 replicates of 60 fish each. The
experimental period was 60 d. There were no dead fish during the
whole experiment. The water quality met the basic requirements of
fish survival (water temperaturewas 28.5 ± 2.0 �C, pHwas 7.5 ± 0.3,
oxygen content > 6.0 mg/L).

2.4. Feeds and experimental design

Composition and nutrient levels of the diet are similar with our
previous study (He et al., 2024b), which presented in Table S1. In
brief, fish meal, gelatin, and casein were used as major protein
sources, and soybean oil and fish oil were used as primary lipid
sources. AFB1 was thoroughly mixed with corn starch and this
mixture was mixed with other raw materials with fish oil and
soybean oil as final additions in the mixture for granulation. The
current experiment consisted of four treatment groups: control
group, AFB1 group (60 mg/kg diet AFB1), 4-ME group (10 mg/kg diet
4-ME), and AFB1þ4-ME group (60 mg/kg diet AFB1þ10mg/kg diet
4-ME). The fish were fed 4 times a day. After each feeding, the tray
was lifted to collect the remaining feed, and weighed them after
drying. Feed intake (FI) was calculated as the amount of feed added
minus the amount of leftover feed. There were 3 replicates per
treatment, and the initial weight and final weight data were ob-
tained by weighing the fish in each replicate group. Six fish was
randomly selected from each group to measure their body length.

2.5. Statistics of growth performance

The specific growth rate (SGR), percent weight gain (PWG) and
feed efficiency (FE) were calculated according to the initial body
weight (IBW), final bodyweight (FBW) and FI of grass carp, with the
following formulae:

PWG (%) ¼ 100 � [FBW (g/fish) � IBW (g/fish)]/IBW (g/fish);

SGR (%/d) ¼ 100 � ln [FBW (g)/IBW (g)]/days;

FE (%) ¼ 100 � [FBW (g/fish) � IBW (g/fish)]/FI (g/fish);

FI (g) ¼ [total feed (g) � total residual feed quantity (g)]/number of
fish per cage.

2.6. Sample collection

After the experiment, the fish were fasted for 24 h, then
anaesthetized with benzocaine (50 mg/L). The white muscle was
collected from the back of grass carp on ice for further analysis. The
diagram of the muscle collection site is displayed in Fig. S1. The part
of the muscle was isolated and immediately fixed in GD fixing so-
lution for histological observation. Small pieces of muscle samples
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were fixed in buffered 2.5% glutaraldehyde for electron microscopic
examination. The other muscle samples were stored at �20
or �80 �C for subsequent analyses.

2.7. Cell culture

The grass carp was immersed in 75% alcohol for 3 min. The
scales and skin were removed from dorsal and ventral sides,
washed white muscle twice in PBS, and then transferred to DMEM/
F12 basal medium for cleaning. Then themuscle was cut into pieces
with surgical scissors and washed with DMEM/F12 base medium
until the medium was clarified. Subsequently, the tissue block was
placed in a T25 culture flask and finally in a CO2 incubator at 28 �C
for cell culture. When the tissue blocks were fully attached to the
wall, the DMEM/F12 base medium was replaced with M199 com-
plete medium (containing 1% antibiotic-antimycotic and 10% FBS).
After a large number of myoblasts were freed from the muscle
tissue mass, the cells were partially digested with 0.25% trypsin
before sub-culturing. In this experiment, fibroblasts were removed
using the differential velocity adherent method three times (20min
each time), and then the supernatant and seed were kept in a T25
culture flask for culture of grass carp primary myoblasts.

2.8. AFB1 treatment and SB203580 treatment

When the density of the grass carp primary myoblasts reached
about 80%, the cell suspension was collected after digestion with
0.25% trypsin and spread on the cell culture plate. When the cells
reached 80% of the well area, the cells were treated with M199
complete medium (control group), M199 complete medium con-
taining 15 mmol/L AFB1 (AFB1 group), M199 complete medium
containing 0.5 mmol/L 4-ME (4-ME group) and M199 complete
medium containing 15 mmol/L AFB1 þ 0.5 mmol/L 4-ME (AFB1 þ 4-
ME group) for 24 h. The dose of AFB1 was determined according to
our preliminary experimental results (He et al., 2024a), and the
dose of 4-MEwas determined through pre-experimental screening.
Afterward, cells were collected for experimental analysis.

For SB203580 treatment, the grass carp primary myoblasts were
preincubated with or without p38 inhibitor (SB203580) for 1 h,
then treatedwith or without AFB1 or 4-ME for 24 h. The groups and
treatments were: control group (without SB203580 pre-treatment
or AFB1 or 4-ME), AFB1 group (with 15 mmol/L AFB1 treatment for
24 h), SB203580 group (with 10 mmol/L SB203580 pre-treatment
for 1 h), AFB1 þ 4-ME group (with 15 mmol/L AFB1 and 0.5 mmol/
L 4-ME treatment for 24 h), AFB1þ SB203580 group (with 10 mmol/
L SB203580 pre-treatment for 1 h, followed by 15 mmol/L AFB1
treatment for 24 h), AFB1þ4-MEþ SB203580 group (with 10 mmol/
L SB203580 pre-treatment for 1 h, followed by 15 mmol/L AFB1 and
0.5 mmol/L 4-ME treatment for 24 h). The dose of SB203580 was
determined according to our pre-experimental and previous study
(He et al., 2024a). Furthermore, 10 mmol/L SB203580 had a signifi-
cant effect on C2C12 cells (Kumar and Dey, 2002). Therefore, in this
experiment, the effective dose of SB203580 was selected at
10 mmol/L. For further examination, cells were collected following
relevant treatments.

2.9. Cell viability assay

In this study, the cell viability was measured using a CCK8 kit. In
brief, in 96-well plates, the growth of cells to 80% confluence was
followed by two PBS washes and 24 h of incubation in M199
complete mediumwith or without AFB1 or 4-ME. Afterward, 10 mL
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CCK8 was added into 96-well plates, incubated with cells for 2 h.
Using a microplate spectrophotometer, absorbance at 450 nm was
measured for quantification.

2.10. LDH release assay

In this study, LDH release was detected using the LDH Cyto-
toxicity Detection Kit. In brief, cells were treatedwith 150 mL of LDH
release reagent, collected 120 mL of supernatants from each well,
and then analyzed them using amicroplate reader. After mixing the
working fluid with the supernatant at 490 nm, the absorbance was
measured after incubation at room temperature for 30 min.

2.11. Detection of ROS levels

After centrifugation (1000 � g, 5 min) and digestion with 0.25%
trypsin, cells were collected. The DCFH-DA fluorescence probe was
diluted 1:1000 in a serum-free medium. The myoblast was incu-
bated with a DCFH-DA fluorescence probe for 30 min in the dark.
Finally, the ROS levels were detected by a flow cytometer (CytoFlex,
Beckman Coulter, Inc., USA).

2.12. Histological observation

The collagen in the muscle was stained with sirius red, depar-
affinized 4 mm sections with xylene and hydrated them in graded
alcohols. The sections were then stained with sirius red for 5 min
and then rinsed in distilled water. Finally, the section was dehy-
drated and the tablet was sealed. An oven-dried sample was
examined under a microscope (TS100, Nikon, Tokyo, Japan). The
area of collagen fiber was counted by Image J.

2.13. Transmission electron microscopy (TEM) observation

The muscle samples were fixed in glutaraldehyde for 24 h fol-
lowed by osmium tetroxide for 2 h. In all samples, acetonewas used
for dehydration, epoxy resin (Epon 812) was used for embedding,
slices were cut and uranium acetate and lead citrate were used for
dyeing. In the end, the sections were observed and photographed
under a JEM-1400FLASH transmission electron microscope (JEOL,
Tokyo, Japan).

Cell samples were digested using 0.25% trypsin and centrifuged
(1000 � g, 5 min). The cells were then fixed with electron micro-
scope fixation liquid for 2 h. The procedure of embedding, slicing
and dyeing of the sample was the same as that of the muscle
sample.

2.14. Biochemical analysis

The biochemical analysis included MDA, PC, ROS and GST and
the specific methods of these indicators were carried out according
to the instructions. Briefly, a physiologic saline solution with 9
volumes was used to homogenize the muscle samples and the
samples were centrifuged for 15 min at 1200 � g. The supernatant
was collected to detect biochemical indicators. The parameters of
the kits are shown in Table S2.

2.15. Real-time PCR

For muscle sample preparation, total RNA was extracted using
the Trizol kit. The cells were treated with AFB1 or 4-ME for 24 h at
6-well plates. RNA from the cells was extracted from a total RNA
extraction kit (RT-01021, Foregene, Chengdu, China). The integrity
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of RNA was assessed by electrophoresis on agarose gels, and the
concentration of RNA was measured by Qubit 2.0 Fluorometer. The
RNAwas reversed transcribe to cDNA using a Reverse Transcription
Kit. A list of primer sequences is provided in Table 1 b-Actin was
selected as internal reference gene for these analyses. The extracted
DNA was quantified using the SYBR Green PCR Kit. PCR reaction
components included 5 mL SYBR Green Premix, l mL cDNA, 3.4 mL
DEPC water, 0.2 mL ROX, 0.2 mL forward primers and 0.2 mL reverse
primers. The PCR reaction procedure was as follows: 95 �C for 30 s,
followed by 95 �C for 15 s and 60 �C for 34 s, then 95 �C for 15 s, and
finally 60 �C for 1 min and 95 �C for 15 s for 40 cycles using
QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). Based on the 2�DDCt method, gene expression
was calculated.

2.16. Immunofluorescence assay

The paraffin-embedded muscle was sectioned and deparaffi-
nized them in xylene before rehydrating in ethanol in decreasing
concentrations. The cells were treated with AFB1 or 4-ME for 24 h
at 6-well plates. After treatment, the cells were fixed using 4%
paraformaldehyde for 20 min, and then permeabilized with 0.2%
Triton X-100 for 20 min at room temperature. The samples were
then washed in PBS for 5 min followed by 1 h of blocking with 5%
BSA and incubation with primary antibody at 4 �C overnight, and
secondary antibody for 1 h protected from light. After staining the
nucleus with DAPI for 10 min, the images were collected under a
fluorescence microscope (Leica, Wetzlar, Germany). Information on
the antibodies is displayed in Table S3.

2.17. Western blot assay

Protein was isolated from tissue lysates using RIPA lysis buffer
following the extraction of fish muscle. The supernatants of the
lysates were collected after centrifugation (12,000� g, 15 min). The
protein levels were detected in supernatants using a BCA Protein
Assay Kit (Nanjing Jiancheng, China). The isolation of proteins was
accomplished through all manipulations conducted on ice. The
protein lysates were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred them to
polyvinylidene difluoride (PVDF) membranes by electrophoresis.
Afterward, a primary antibody solutionwas incubated overnight on
PVDF membranes at 4 �C, followed by incubation with secondary
antibodies for 1 h. In the final step of the process, enhanced
chemiluminescence (ECL) reagent was used to visualize the blots.
The internal reference protein was b-Actin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Information on the anti-
bodies is displayed in Table S4. The blotted bands were quantified
using Image J.

2.18. Statistical analysis

Data are presented as mean ± standard deviation (mean ± SD).
Two-way analysis of variance (ANOVA) was used to compare
multiple groups. The significance level was considered to be
P < 0.05. The data were analyzed by Student's t-test using SPSS 27.0
in SB203580 treatment. * indicated P < 0.05, ** indicated P < 0.01,
and *** indicated P < 0.001, # indicated P < 0.05, ## indicated
P < 0.01, ns indicated P > 0.05, the difference is not significant. With
the help of Image J, images were analyzed for quantification. Soft-
wares used for data processing were GraphPad Prism 8 and Home
for researchers (www.home-for-researchers.com).

http://www.home-for-researchers.com


Table 1
Real-time polymerase chain reaction primer sequences.

Item Primer sequence of forward (5’ to 3’) Primer sequence of reverse (5’ to 3’) Temperature, �C

MyoD CCCTTGCTTCAACACCAACG TCTCCTCTCCCTCATGGTGG 54.0
MyoG AGAGGAGGTTGAAGAATTTC GTTCCTGCTGGTTGAGAGA 59.0
MYHC АСGСТСАТСАССАССАACCC CAGCCTCCTCTGTGCCATCA 60.0
MMP-2 GAGCTGTGGACATTAGGAGAAG GAACAAGAGCTCATGAGGACAG 60.0
MMP-9 ACTTGGAGTTGTGGCTTTTC AGGGCTCTGTCATCAGGTTA 60.0
p38 MAPK GGGAGCAGACCTCAACAA CCATCGGGTGGCAACATA 61.0
JNK ACAGCGTAGATGTGGGTGATT GCTCAAGGTTGTGGTCATACG 62.3
ERK GGACAGAAACGATGGCGGAA CCCGTGATGACTGTCCCTCT 56.0
b-Actin GGCTGTGCTGTCCCTGTA GGGCATAACCCTCGTAGAT 61.4

MyoD ¼ myogenic differentiation; MyoG ¼ myogenin; MYHC¼ myosin heavy chain; MMP¼ matrix metalloproteinases; p38 MAPK¼ p38 mitogen-activated protein kinase;
JNK ¼ c-Jun N-terminal kinase; ERK¼ extracellular signal-regulated kinase.
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3. Results

3.1. 4-ME alleviated the growth performance, muscle ultrastructure
and oxidative damage induced by AFB1 in grass carp

The growth of fish directly determined the growth and devel-
opment of muscle. As shown in Table 2, AFB1 significantly inhibited
the FBW, PWG, SGR, FI and FE (P < 0.05). However, AFB1 þ 4-ME
treatment improved the inhibition effects of AFB1 in grass carp
(P < 0.05). Furthermore, AFB1 damaged the ultrastructure of grass
carp muscle, and induced endoplasmic reticulum expands, while
AFB1þ 4-ME treatment alleviated the damage to grass carp muscle
(Fig. 1). In addition, the MDA, ROS and PC levels were increased
significantly (P < 0.05), and the GST activity was decreased in grass
carp muscle in AFB1 group (P < 0.001), but AFB1 þ 4-ME treatment
alleviated the levels of change in these indicators (P < 0.05)
(Table 3). These findings demonstrated that 4-ME alleviated the
Table 2
Growth performance of grass carp for 60 d.

Item Group1

Control AFB1 4-ME

IBW, g 11.40 ± 0.010 11.40 ± 0.011 11.40 ± 0.020
FBW, g 167.04 ± 2.160b 135.88 ± 2.632a 232.78 ± 5.141d

PWG, % 1365.24 ± 18.950b 1091.95 ± 23.114a 1941.96 ± 45.120d

SGR, %/d 4.47 ± 0.021b 4.13 ± 0.032a 5.03 ± 0.040d

FI, g 148.62 ± 0.510b 125.29 ± 0.279a 204.69 ± 0.851d

FE, % 1.05 ± 0.013b 0.99 ± 0.021a 1.08 ± 0.022bc

IBW ¼ initial body weight; FBW ¼ final body weight; PWG ¼ percent weight gain; SGR
a-d Different letters represent significant differences (P < 0.05).

1 Control¼ control group, AFB1¼ 60 mg/kg diet AFB1, 4-ME¼ 10 mg/kg diet 4-ME, AFB

Fig. 1. 4-Methylesculetin (4-ME) alleviated the effects of aflatoxin B1 (AFB1) on muscle
S ¼ sarcomere; D ¼ dark band; B ¼ bright band; H]H band; ERS ¼ endoplasmic reticulum e
ME; AFB1þ4-ME ¼ 60 mg/kg diet AFB1 þ 10 mg/kg diet 4-ME.
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growth performance, muscle ultrastructure and oxidative damage
induced by AFB1 in grass carp.

3.2. 4-ME alleviated AFB1-induced decrease in expression of MRF in
grass carp muscle

AFB1 significantly down-regulated the relative mRNA expres-
sion levels of MRF (including MyoD, MyoG and MYHC) (P < 0.05),
while AFB1 þ 4-ME treatment improved above relative mRNA
expression levels in grass carp muscle (P < 0.05) (Fig. 2AeC).
Furthermore, the effect of AFB1 on relative mRNA expression levels
of MyoD, MyoG and MYHC in grass carp muscle was determined by
assessing the abundance of MRF protein. AFB1 decreased the pro-
tein expression levels and fluorescence intensity of MyoD, MyoG
and MYHC (P < 0.05), but AFB1 þ 4-ME treatment improved the
protein expression levels and fluorescence intensity in grass carp
muscle (Fig. 2DeI) (P < 0.05). The data suggested that 4-ME
P-value

AFB1þ4-ME Treatment 4-ME AFB1 AFB1þ4-ME

11.41 ± 0.001 0.374 0.332 0.620 0.160
188.46 ± 3.073c <0.001 <0.001 <0.001 0.011
1553.12 ± 26.961c <0.001 <0.001 <0.001 0.011
4.68 ± 0.032c <0.001 <0.001 <0.001 0.702
162.65 ± 1.893c <0.001 <0.001 <0.001 <0.001
1.09 ± 0.020c 0.002 0.001 0.085 0.033

¼ specific growth rate; FI ¼ feed intake; FE ¼ feed efficiency.

1þ4-ME¼ 60 mg/kg diet AFB1þ 10 mg/kg diet 4-ME. The data represent means ± SD.

ultrastructure of grass carp (captured using a transmission electron microscope).
xpands. Control ¼ control group; AFB1 ¼ 60 mg/kg diet AFB1; 4-ME ¼ 10 mg/kg diet 4-



Table 3
4-ME alleviated the effects of AFB1 on antioxidant capacity and the contents of collagen of grass carp muscle.

Item Group1 P-value

Control AFB1 4-ME AFB1þ4-ME Treatment 4-ME AFB1 AFB1þ4-ME

ROS, % 100.00 ± 6.331b 120.16 ± 15.670c 79.44 ± 4.215a 92.17 ± 3.898b <0.001 <0.001 0.002 0.105
MDA, nmol/mg prot 4.91 ± 0.673ab 6.87 ± 0.813c 4.62 ± 0.566a 5.57 ± 0.536b <0.001 0.003 <0.001 0.093
PC, nmol/mg prot 5.11 ± 0.645ab 9.10 ± 0.651c 5.71 ± 0.651b 4.44 ± 0.600a <0.001 <0.001 <0.001 <0.001
GST, U/mg prot 84.33 ± 6.162b 71.60 ± 6.227a 91.58 ± 4.626c 78.91 ± 2.357b <0.001 0.002 <0.001 0.840
Collagen, mg/mg prot 4.23 ± 0.523b 3.31 ± 0.423a 5.69 ± 1.048c 4.78 ± 0.598b <0.001 0.001 0.001 0.861

4-ME ¼ 4-Methylesculetin; AFB1 ¼ aflatoxin B1; ROS ¼ reactive oxygen species; MDA ¼ malondialdehyde; PC ¼ protein carbonyl; GST ¼ glutathione-S-transferase.
a-c Different letters represent significant differences (P < 0.05).

1 Control¼ control group, AFB1¼ 60 mg/kg diet AFB1, 4-ME¼ 10 mg/kg diet 4-ME, AFB1þ4-ME¼ 60 mg/kg diet AFB1þ 10 mg/kg diet 4-ME. The data represent means ± SD.
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alleviated the inhibition of MRF expression induced by AFB1 in
grass carp muscle.

3.3. 4-ME alleviated AFB1-induced decrease of ECM main
components expression in grass carp muscle

The development of skeletal muscle is highly complex and so-
phisticated biological process and is regulated by MRF and ECM
main components (including laminin b, fibronectin and collagen I).
A sirius red stain showed that collagen I abundance decreased in
the AFB1 group (P < 0.001), while it was better in AFB1 þ 4-ME
group (P < 0.001) (Fig. 3A and D). The detection of collagen con-
tents showed similar results (Table 3), and the Western blot anal-
ysis results were identical to that of sirius red assay (Fig. 3G).
Results of immunofluorescence and Western blot revealed that
AFB1 decreased the protein expression levels and fluorescence in-
tensity of laminin b1 and fibronectin (P < 0.05), while AFB1 þ4-ME
treatment improved the expression of these proteins in grass carp
muscle (Fig. 3B and C, 3E and F, 3H and I) (P < 0.05). These data
indicated that 4-ME alleviated the decrease of ECM abundance
induced by AFB1 in grass carp muscle.

3.4. 4-ME alleviated the inhibitory effect of AFB1 on muscle
development of grass carp mediated by the p38MAPK signaling
pathway

To assess the effects of 4-ME alleviating AFB1 on muscle
development, further explored the signaling pathway regulating
ECM degradation. It was found that the MMP-2, MMP-9 and p38
MAPK relative mRNA expression levels were up-regulated in AFB1
group and these down-regulated following dietary AFB1 þ 4-ME
treatment (Fig. 4A) (P < 0.05). The transcriptional levels of JNK
and ERK1 did not change in AFB1 group compared to Control group
(P > 0.05) (Fig. 4A). Moreover, the Western blot results displayed
that AFB1 increased the protein expression levels of p-p38 MAPK/
p38MAPK, uPA, MMP-2 andMMP-9 in grass carpmuscle (P < 0.05),
while AFB1 þ 4-ME treatment decreased these proteins expression
levels (Fig. 4B) (P < 0.05). These results indicated that 4-ME alle-
viated the inhibitory effect of AFB1 on the muscle development of
grass carp, which might be mediated by the p38 MAPK signaling
pathway.

3.5. 4-ME alleviated the cell damage and the decrease of cell
viability induced by AFB1 in grass carp primary myoblasts

AFB1 treatment increased the death of primary myoblasts of
grass carp but AFB1 þ 4-ME treatment improved their survival
(Fig. 5A). Further observed the ultrastructure of the cells through
TEM and the results showed that AFB1 induced mitochondrial
swelling, while AFB1 þ 4-ME treatment alleviated the cells damage
(Fig. 5B). Using flow cytometer measured ROS levels, the findings
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displayed that ROS levels were significantly improved in AFB1
group (P < 0.001), however, AFB1 þ 4-ME treatment decreased the
ROS levels (Fig. 5C and Table 4) (P < 0.001). The results of cell
viability and cytotoxicity displayed that AFB1 significantly
decreased the viability and increased LDH release of primary
myoblasts (P < 0.05), while AFB1 þ 4-ME treatment effectively
alleviated these toxic effects (Table 4) (P< 0.05). These observations
suggested that 4-ME alleviated the cell damage and cytotoxicity
induced by AFB1.

3.6. 4-ME alleviated the decrease of MyoD expression in grass carp
primary myoblasts induced by AFB1

To explore the alleviating effect of 4-ME onMyoD relative mRNA
expression level in grass carp primary myoblasts induced by AFB1,
the mRNA expression was firstly detected. The results showed that
4-ME effectively alleviated the down-regulation of MyoD tran-
scriptional level induced by AFB1 (Fig. 6A) (P < 0.001), and the
protein detection also showed the same results (Fig. 6B) (P < 0.001).
Further detected the abundance of MyoD in grass carp primary
myoblasts by immunofluorescence and found that AFB1 þ 4-ME
treatment significantly improved MyoD expression level
compared to AFB1 group (Fig. 6C) (P < 0.001). These findings
demonstrated that 4-ME alleviated the decreased expression of
MyoD induced by AFB1, thereby alleviating the inhibitory effect of
AFB1 on myoblast development.

3.7. 4-ME alleviated the decreased expression of ECM main
components in grass carp primary myoblasts induced by AFB1

To explore the possible reasons why 4-ME alleviated the inhi-
bition of AFB1 on myoblast development, the expression of ECM
main components in myoblasts were examined. As shown in
Fig. 7AeD, AFB1 decreased the abundance of collagen I and fibro-
nectin in grass carp primary myoblasts, while AFB1 þ 4-ME treat-
ment improved their abundance (P < 0.05). Next, the protein
expression levels of ECM main components (including collagen I,
laminin b1 and fibronectin) were detected. The data displayed that
AFB1 significantly decreased the protein expression levels, while
AFB1 þ 4-ME treatment improved the protein expression levels
(Fig. 7E) (P < 0.05). These findings suggested that 4-ME alleviated
the decreased expression of ECM main components in grass carp
primary myoblasts induced by AFB1.

3.8. 4-ME and SB203580 inhibited the activation of p38 MAPK
signaling pathway induced by AFB1 in grass carp primary myoblasts

In order to investigate the mechanism bywhich 4-ME alleviated
the inhibition of AFB1-induced myoblast development, the enzyme
activity, genes and protein expression of ECM components degra-
dation in myoblasts were examined. The data showed that AFB1



Fig. 2. 4-Methylesculetin (4-ME) alleviated the effects of aflatoxin B1 (AFB1) on the expression of myogenic regulatory factors (MRF) in muscle of grass carp. (A) Relative mRNA
expression levels of MyoD. (B) Relative mRNA expression levels of MyoG. (C) Relative mRNA expression levels of MYHC. (D) The protein expression levels of MyoD. (E) The protein
expression levels of MyoG. (F) The protein expression levels of MYHC. (G) Representative images of MyoD distribution (200 � ) and fluorescence intensity of MyoD protein
expression levels. (H) Representative images of MyoG distribution (200 � ) and fluorescence intensity of MyoG protein expression levels. (I) Representative images of MYHC
distribution (200 � ) and fluorescence intensity of MYHC protein expression levels. Control ¼ control group, AFB1 ¼ 60 mg/kg diet AFB1, 4-ME ¼ 10 mg/kg diet 4-ME, AFB1þ4-
ME ¼ 60 mg/kg diet AFB1 þ 10 mg/kg diet4-ME. a-d Different letters represent significant differences (P < 0.05). The data represent means ± SD. MyoD ¼ myogenic differentia-
tion; MyoG ¼ myogenin; MYHC ¼ myosin heavy chain; DPAI ¼ 4',6-diamidino-2-phenylindole.
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Fig. 3. 4-Methylesculetin (4-ME) alleviated the effects of aflatoxin B1 (AFB1) on the expression of extracellular matrix (ECM) main components in muscle of grass carp. (A)
Representative images of collagen I distribution (200 � ). (B) Representative images of laminin b1 distribution (200 � ). (C) Representative images of fibronectin distribution
(200 � ). (D) The quantification of staining collagen I with sirius red. (E) The quantification of laminin b1 fluorescence intensity. (F) The quantification of fibronectin fluorescence
intensity. (G) The protein expression levels of collagen I. (H) The protein expression levels of laminin b1. (J) The protein expression levels of fibronectin. Control ¼ control group,
AFB1 ¼ 60 mg/kg diet AFB1, 4-ME ¼ 10 mg/kg diet 4-ME, AFB1þ4-ME ¼ 60 mg/kg diet AFB1 þ10 mg/kg diet 4-ME. a-d Different letters represent significant differences (P < 0.05). The
data represent means ± SD. SR ¼ sirius red; DAPI ¼ 4',6-diamidino-2-phenylindole; GAPDH ¼ glyceraldehyde-3- phosphate dehydrogenase.
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Fig. 4. 4-Methylesculetin (4-ME) alleviated the expression of aflatoxin B1 (AFB1)-induced extracellular matrix (ECM)-degrading enzymes and their regulatory signal molecules in
grass carp muscle. (A) The relative mRNA expression levels of MMP-2, MMP-9, p38 MAPK, JNK and ERK1. (B) The protein expression levels of p-p38/p38 MAPK, uPA, MMP-2 and
MMP-9. Control ¼ control group, AFB1 ¼ 60 mg/kg diet AFB1, 4-ME ¼ 10 mg/kg diet 4-ME, AFB1þ4-ME ¼ 60 mg/kg diet AFB1 þ 10 mg/kg diet 4-ME. a-d Different letters represent
significant differences (P < 0.05). The data represent means ± SD. MMP-2 ¼ matrix metalloproteinase-2; MMP-9 ¼ matrix metalloproteinase-9; p38 MAPK ¼ phosphorylate-38
mitogen-activated protein kinase; JNK ¼ c-Jun N-terminal kinase; ERK1 ¼ extracellular-signaling-related kinase 1; uPA ¼ urokinase-type plasminogen activator;
GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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significantly improved the contents of MMP-2 and MMP-9 in
myoblasts (P < 0.05), however, these MMP contents decreased
following AFB1 þ 4-ME treatment (Table 5) (P < 0.05). The relative
mRNA expression results showed that AFB1 increased the tran-
scriptional levels of MMP-2 and MMP-9 (P < 0.05), while AFB1 þ 4-
ME treatment down-regulated the transcriptional levels of these
mRNA in myoblasts (Fig. 8A and B) (P < 0.05). Furthermore, the
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expression of uPA, MMP-2, MMP-9 and p-p38 MAPK proteins
increased in AFB1 treatment (P < 0.05), while these proteins
decreased following AFB1 þ 4-ME treatment (Fig. 8C) (P < 0.05).
Furthermore, the data revealed that SB203580 treatment decreased
the protein expression levels of p-p38 MAPK, uPA, MMP-2, MMP-9
and improved the protein levels of collagen I, laminin b1 and
fibronectin induced by AFB1 (Fig. 9AeG) (P < 0.05). These data



Fig. 5. 4-Methylesculetin (4-ME) alleviated the cell morphology and reactive oxygen species (ROS) levels of aflatoxin B1 (AFB1) on primary myoblasts of grass carp. (A) The images
of representative cell morphology. (B) The cell ultrastructure representative images. (C) The ROS levels in the cells. Control ¼ control group, AFB1 ¼ 15 mmol/L AFB1, 4-
ME ¼ 0.5 mmol/L 4-ME, AFB1þ4-ME ¼ 15 mmol/L AFB1þ0.5 mmol/L 4-ME. MS ¼ mitochondrial swelling.

Table 4
4-ME alleviated the toxicity of AFB1 on primary myoblasts of grass carp (fold of control).

Item Group1 P-value

Control AFB1 4-ME AFB1þ4-ME Treatment 4-ME AFB1 AFB1þ4-ME

ROS levels, % 100.00 ± 1.308c 116.22 ± 1.065d 88.59 ± 3.928a 94.15 ± 4.748b <0.001 <0.001 <0.001 <0.001
Cell viability, % 100.00 ± 8.416c 52.92 ± 5.385a 96.28 ± 6.437c 81.20 ± 7.367b <0.001 <0.001 <0.001 <0.001
LDH release, % 100.00 ± 4.108a 189.31 ± 8.383c 101.67 ± 5.347a 160.143 ± 8.621b <0.001 <0.001 <0.001 <0.001

4-ME ¼ 4-Methylesculetin; AFB1 ¼ aflatoxin B1; ROS ¼ reactive oxygen species; LDH ¼ lactate dehydrogenase.
a-c Different letters represent significant differences (P < 0.05).

1 Control ¼ control group, AFB1 ¼ 15 mmol/L AFB1, 4-ME ¼ 0.5 mmol/L 4-ME ¼ AFB1þ4-ME ¼ 15 mmol/L AFB1þ0.5 mmol/L 4-ME. The data represent means ± SD.
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indicated that 4-ME restrained p38 MAPK activation in grass carp
primary myoblasts induced by AFB1.

4. Discussion

Fish skeletal muscles are the most abundant and edible parts
and typically account for about 50% to 60% of the weight of the fish
(Salem et al., 2018). It was reported that AFB1 caused oxidative
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damage and inhibited the muscle development of juvenile zebra-
fish (He et al., 2023a). Whether 4-ME could alleviate AFB1-induced
oxidative damage and the inhibition of muscle development re-
mains unclear. Grass carp is the most popular freshwater aqua-
culture species in China (Hu et al., 2019a). Our previous research
results showed that 60 mg/kg AFB1 significantly reduced the growth
performance and inhibited muscle development of grass carp (He
et al., 2024b; Zeng et al., 2018). Based on these results, 60 mg/kg



Fig. 6. 4-Methylesculetin (4-ME) alleviated the effects of aflatoxin B1 (AFB1) on the expression of myogenic differentiation (MyoD) in primary myoblasts of grass carp. (A) The
relative mRNA expression levels of MyoD. (B) The protein expression levels of MyoD. (C) Representative images of MyoD distribution in cell (200 � ) and fluorescence intensity of
MyoD protein expression levels. Control ¼ control group, AFB1 ¼ 15 mmol/L AFB1, 4-ME ¼ 0.5 mmol/L 4-ME, AFB1þ4-ME ¼ 15 mmol/L AFB1þ0.5 mmol/L 4-ME. a-c Different letters
represent significant differences (P < 0.05). The data represent means ± SD. DAPI ¼ 4',6-diamidino-2-phenylindole; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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AFB1 were selected. In the present research, grass carp and
myoblast were used models to explore whether 4-ME could alle-
viate the inhibitory effect of AFB1 on fish growth and muscle
development. It provided a theoretical basis for the safe develop-
ment of the aquaculture industry. The data indicated that 4-ME
effectively alleviated AFB1-induced inhibition of muscle develop-
ment in grass carp mediated by the p38MAPK/uPA/MMP/ECM
signaling pathway.
4.1. 4-ME alleviated AFB1-induced growth performance decline and
muscle oxidative stress in grass carp

Mycotoxin contamination of food and feed is a global problem
(Boonmee et al., 2020) and mycotoxin contamination of fish feed
has caused a certain degree of threat to the development of the
aquaculture industry. The data showed that AFB1 significantly
reduced the growth performance (including SGR, PWG, FE, FI) of
grass carp compared to the Control group, but 4-ME significantly
alleviated them. A similar study on Nile tilapia found that AFB1
reduced the growth performance (Deng et al., 2010). The present
study results showed that 4-ME alleviated the growth performance
decline induced by AFB1.

ROS could cause the production of MDA in cell membranes,
which may serve as a marker of tissue damage (Wardani et al.,
2022). PC groups are fairly stable end products of protein oxida-
tion by ROS (Dahiya et al., 2013). The level of PC is used to indicate
protein oxidative damage, whereas the level of MDA indicates lipid
oxidative damage (Lu et al., 2023). An important enzyme in redox
signaling is GST (Matsui et al., 2020), reducing GST levels induces
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oxidative damage. The present study results found that AFB1
increased the levels of ROS (in vivo and in vitro), contents of MDA,
PC and decreased the activity of GST in grass muscle suggesting that
AFB1 caused muscle oxidative damage in grass carp. Furthermore,
our previous study found that AFB1 caused oxidative damage by
increasing MDA content and decreasing GST activity in zebrafish
(He et al., 2023a). Studies on hybrid grouper (Epinephelus
fuscoguttatus\ � Epinephelus lanceolatus_) have shown that AFB1
induced oxidative stress by increasing ROS levels in the liver (Liu
et al., 2023). AFB1 also increased PC content in silver catfish
(Rhamdia quelen) liver, and induced oxidative damage (de Freitas
Souza et al., 2019). Natural products have good biological activ-
ities, including improving antioxidant capacity and immunity
(Pyser et al., 2021) and are the main source of new chemical
compounds that can be used in feed additives (Sukhikh et al., 2022).
It was reported that 4-ME improved the antioxidant capacity by
increasing the GST activity in rat colon (Tanimoto et al., 2020). In
our results, supplementation with 4-ME could effectively alleviate
the increase of ROS, PC and MDA levels, and the decrease of GST
activity in grass carp muscle induced by AFB1, indicating that
supplementation with 4-ME alleviated the oxidative damage
induced by AFB1 in grass carp muscle.
4.2. 4-ME alleviated AFB1-induced destruction of muscle structure
and inhibition of MRF expression in grass carp

Skeletal muscle constitutes 50% to 60% of fish body weight
(Salem et al., 2018). Any changes in body weight are mainly re-
flected in changes in muscle growth and development. During



Fig. 7. 4-Methylesculetin (4-ME) alleviated the effects of aflatoxin B1 (AFB1) on the expression of extracellular matrix (ECM) main components in primary myoblasts of grass carp.
(A) Representative images of collagen I distribution in cells (magnification 200� ). (B) Representative images of fibronectin distribution in cells (magnification 200� ). (C) The
fluorescence intensity quantization results of collagen I. (D) The fluorescence intensity quantization results of fibronectin. (E) The protein expression levels of collagen I, laminin b1
and fibronectin in cells. Control ¼ control group, AFB1 ¼ 15 mmol/L AFB1, 4-ME ¼ 0.5 mmol/L 4-ME, AFB1þ4-ME ¼ 15 mmol/L AFB1þ0.5 mmol/L 4-ME. a-c Different letters represent
significant differences (P < 0.05). The data represent means ± SD. DAPI ¼ 4',6-diamidino-2-phenylindole; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.

Table 5
4-ME alleviated the effects of AFB1 on the contents of MMP-2 and MMP-9 (ng/mL) in primary myoblasts of grass carp.

Item Group1 P-value

Control AFB1 4-ME AFB1þ4-ME Treatment 4-ME AFB1 AFB1þ4-ME

MMP-2 882.01 ± 25.404a 985.11 ± 23.666c 916.99 ± 13.347b 913.07 ± 10.856b <0.001 0.030 <0.001 <0.001
MMP-9 22.63 ± 4.221a 45.43 ± 5.390c 33.77 ± 5.199b 34.88 ± 4.380b <0.001 0.883 <0.001 <0.001

4-ME ¼ 4-Methylesculetin; AFB1 ¼ aflatoxin B1; MMP-2 ¼ matrix metalloproteinase-2; MMP-9 ¼ matrix metalloproteinase-9.
a-c Different letters represent significant differences (P < 0.05).

1 Control ¼ control group, AFB1 ¼ 15 mmol/L AFB1, 4-ME ¼ 0.5 mmol/L 4-ME ¼ AFB1 þ 4-ME ¼ 15 mmol/L AFB1 þ 0.5 mmol/L 4-ME. The data represent means ± SD.
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muscle development, myofibrils display periodic sarcomere pat-
terns (Weitkunat et al., 2017). The results showed that AFB1
damaged the muscle ultrastructure in grass carp myofibrils,
manifested as a disordered arrangement of myofibril and endo-
plasmic reticulum expansion. To our knowledge, there are no
other studies that have investigated the effect of AFB1 on the
ultrastructure of muscle. A study on another mycotoxin found
that ochratoxin A (OTA) damaged the muscle histological struc-
ture and induced endoplasmic reticulum expansion in grass carp
muscle (Zhao et al., 2023). The present study results suggested
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that AFB1 disrupted the histological structure of the muscle,
which might inhibit muscle development. MyoD activates MyoG
in developing muscle progenitors by acting as an early myogenic
transcription factor (Cleveland et al., 2023). MyoD and MyoG
have an important role in the differentiation of late myoblasts,
causing myocytes to express structural proteins such as MYHC
and differentiate into myotubes (Oliveira et al., 2022). As a major
contractile protein of skeletal muscle cells, MYHC is responsible
for muscle contractions (Wang et al., 2022), which is the most
abundant muscle structural protein (Han et al., 2022). Our results



Fig. 8. 4-Methylesculetin (4-ME) alleviated the expression of aflatoxin B1 (AFB1)-induced extracellular matrix (ECM)-degrading enzymes and their regulatory signal molecules in
primary myoblasts of grass carp. (A) The relative mRNA expression levels of MMP-2. (B) The relative expression mRNA levels of MMP-9. (C) The protein expression levels of uPA,
MMPs, p-p38 MAPK and p38 MAPK. Control ¼ control group, AFB1 ¼15 mmol/L AFB1, 4-ME ¼ 0.5 mmol/L 4-ME, AFB1þ4-ME ¼ 15 mmol/L AFB1þ0.5 mmol/L 4-ME. a-c Different letters
represent significant differences (P < 0.05). The data represent means ± SD. MMP-2 ¼ matrix metalloproteinase-2; MMP-9 ¼ matrix metalloproteinase-9; uPA ¼ urokinase-type
plasminogen activator; p38 MAPK ¼ phosphorylate-38 mitogen-activated protein kinase; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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showed that AFB1 also inhibited muscle development of grass
carp by down-regulating MyoD expression (in vivo and in vitro),
MyoG and MYHC expression in grass carp muscle. A similar study
found that AFB1 down-regulated the MRF (including MyoG and
MYHC) mRNA expression in yellow catfish (Zhang et al., 2021b). A
study of similar mycotoxins has found that OTA inhibited muscle
development in grass carp by downregulating MRF gene
expression (Zhao et al., 2023). Interestingly, in the present study,
supplementation with 4-ME in grass carp diet promoted muscle
development and alleviated the inhibition of muscle develop-
ment induced by AFB1.
4.3. 4-ME alleviated the degradation of ECM in muscle induced by
AFB1 in vivo and in vitro

ECM plays a crucial role in skeletal muscle development (Wang
et al., 2020). The cleavage of MMP by uPA is essential for MMP
activation, which could degrade ECM (Meng et al., 2018). MMP are
proteolytic enzymes that degrade and remodel ECM in order to
maintain the dynamic equilibrium of the ECM (Hu et al., 2020). In
MDA-MB-231 cells, the overproduction of ROS could activate uPA
(Flores-L�opez et al., 2016). Our results showed that AFB1 induced
ROS overproduction in grass carp muscle. Furthermore, AFB1 acti-
vated uPA, MMP-2, and MMP-9, in turn degrading laminin b1,
collagen I and fibronectin in vivo and in vitro, while supplemen-
tation with 4-ME mitigated the degradation of ECM components.
Similarly, 6,7-dihydroxycoumarin inhibited the production of pro-
matrix metalloproteinase in rabbit articular chondrocytes
(Watanabe et al., 1999). Therefore, we speculated that 4-ME might
351
alleviate muscle development by alleviating oxidative damage and
inhibiting the production of MMP induced by AFB1.
4.4. 4-ME alleviated AFB1-induced muscle development inhibition
in vitro and in vivo through the p38MAPK signaling pathway

It was reported that the MAPK signaling pathway is known to
regulate muscle atrophy, muscle satellite cell development (Segal�es
et al., 2016), and muscle structure in the Chronic Obstructive Pul-
monary Disease mousemodel (Mano et al., 2022). Furthermore, the
expression of uPA and MMP was regulated by the MAPK signaling
pathway in pancreatic cancer cells (Rachagani et al., 2012). MAPK
signaling is mediated by three major molecules: p38 MAPK, ERK
and JNK (Jung et al., 2020). The present findings suggested that
AFB1 improved the expression of p38MAPK in vivo and in vitro, but
ERK and JNK levels have not been changed, while 4-ME effectively
alleviated the activation of p38MAPK induced by AFB1. A similar
study found that AFB1 activated p38MAPK in grass carp gill (He
et al., 2023b). In human gastric cancer SGC7901 cells, p38MAPK
activation enhanced uPA, MMP-2, and MMP-9 expression (Lu et al.,
2017). It is believed that MMP are involved in the degradation of
proteins in the ECM (Ricci et al., 2014). ECM components (such as
collagen, laminin, and fibronectin) could promote proliferation,
differentiation, and migration in mice muscle cells (Goudenege
et al., 2010; Liu et al., 2020). In addition, collagen I promotes the
expression of MRF in mice (Goudenege et al., 2010; Liu et al., 2020).
It was reported that coumarin derivatives inhibited p38MAPK
activation in osteoclast (Abdallah et al., 2019). Therefore, we
speculated that 4-ME might inhibit the degradation of ECM by



Fig. 9. Effects of 4-Methylesculetin (4-ME) and SB203580 on the protein levels of p38 MAPK signal molecules, extracellular matrix (ECM)-degrading enzymes and ECM main
components in aflatoxin B1 (AFB1)-induced cells. (A) The protein expression levels of p-p38 MAPK and p38 MAPK. (B) The protein expression level of uPA. (C) The protein
expression level of MMP-2. (D) The protein expression level of MMP-9. (E) The protein expression level of collagen I. (F) The protein expression level of laminin b1. (G) The protein
expression level of fibronectin. Control ¼ control group, AFB1 ¼ 15 mmol/L AFB1, SB203580 ¼ 10 mmol/L SB203580, AFB1þ4-ME ¼ 15 mmol/L AFB1þ0.5 mmol/L 4-ME,
AFB1þSB203580 ¼ 15 mmol/L AFB1þ10 mmol/L SB203580, AFB1þ4-ME þ SB203580 ¼ 15 mmol/L AFB1þ0.5 mmol/L 4-MEþ10 mmol/L SB203580. þ indicated added, - indicated not
added. * Means compared to the control group, and # means compared to the AFB1 group or AFB1þ4-ME group. * Indicates P < 0.05, ** indicates P < 0.01, and *** indicates
P < 0.001, # indicates P < 0.05, ## indicates P < 0.01, ns indicated P > 0.05 (the difference is not significant). The data represent means ± SD. p38 MAPK ¼ phosphorylate-38
mitogen-activated protein kinase; uPA ¼ urokinase-type plasminogen activator; MMP-2 ¼ matrix metalloproteinase-2; MMP-9 ¼ matrix metalloproteinase-9;
GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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inhibiting the activation of p38MAPK induced by AFB1, thus alle-
viating muscle development.

5. Conclusion

To sum up, dietary AFB1 reduced the growth performance of
grass carp, caused muscle oxidative damage, degraded ECM com-
ponents by activating the p38MAPK pathway and inhibited muscle
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development. Dietary supplementation with 4-ME inhibited the
activation of the p38MAPK pathway by alleviating oxidative dam-
age induced by AFB1, thus alleviating muscle development. This
study suggested that dietary 4-ME supplementation alleviated
AFB1-induced muscle development inhibition in grass carp by the
p38MAPK/uPA/MMP/ECM pathway. These findings could provide a
theoretical basis for 4-ME as an animal feed additive to alleviate
mycotoxins.
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