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A B S T R A C T

Compound probiotics are capable of effectively breaking down mycotoxins, and glycyrrhizic acid (GA) exhibits
hepatoprotective properties. However, the protective efficacy and the underlying mechanism of combined
intervention of GA and probiotics (GAP) on ameliorating Deoxynivalenol (DON)-induced liver toxicity remains
unclear. This experiment involved 120 weaned piglets, encompassing the control group, the DON group, and the
GPD group (E. faecalis and S. cerevisiae + GA + DON). Results showed that GAP significantly mitigated DON-
related liver damage and oxidative stress. Furthermore, GAP inhibited the Nrf2/MAPK/NF-κB pathway, ulti-
mately decreasing liver inflammation and apoptosis. Additionally, GAP significantly enhanced the expressions of
ZO-1, GLUT2, PePT1, ASCT2, Occludin and Claudin-1. Moreover, metabolomics analysis revealed that GAP
modulated lipid metabolism and mitigated liver damage by elevating serum levels of metabolites, such as
phosphatidylcholine, phosphatidylethanolamine, and 3-amino-4-hydroxybenzoic acid. The research provides a
theoretically based framework for using GAP to combat DON-induced hepatotoxicity in piglets.

1. Introduction

The fungal secondary metabolite, mycotoxin, often contaminates
cereal grains and has become a significant threat to the health of humans
and animals (Zhao et al., 2021). Deoxynivalenol (DON), also commonly
called vomitoxin, is a prevalent mycotoxin in agricultural products,
primarily generated by the Fusarium cerealis, Fusarium culmorum, and
Fusarium graminearum (Ma et al., 2018; Maresca, 2013). Since its high
contamination rate and toxicity, DON has become a pressing global
issue. DON is remarkably stable throughout feed processing and persists
during digestion (Tibola et al., 2016; Zhang et al., 2021). Pig is partic-
ularly susceptible to DON, as it can distribute widely throughout their
body fluids and various organs, compromising intestinal barrier integ-
rity, escalating intestinal inflammation, and disrupting the balance of
gut microbiota (Chen et al., 2019; Tang et al., 2021; Xu et al., 2023). The
liver, as the metabolic hub in the body, executes diverse physiological
functions, including bile synthesis, lipid metabolism, phagocytosis,
detoxification, and defense (Liu et al., 2020). Due to the hepatic

functions are complex and diverse, making the hepatic highly vulner-
able to toxic insults. Recent researches have shown that liver is a prin-
cipal target organ to the DON exposure (Hu et al., 2023; Ji et al., 2023;
Woelflingseder et al., 2018). Therefore, the hepatotoxicity induced by
DON is receiving increasing attention.

The liver toxicity caused by DON is primarily attributed to the
inflammation, apoptosis, and oxidative stress (Hasuda et al., 2022; Ji
et al., 2023; Mao et al., 2022). The crucial of involvement of nuclear
factor κB (NF-κB) and mitogen-activated protein kinase (MAPK)
signaling pathways in liver inflammation has been demonstrated in
various studies (Feng et al., 2023; Jia et al., 2021; Li et al., 2022). DON
could elevate the reactive oxygen species (ROS) level and reduces
antioxidant enzyme activity, inhibiting the Nrf2 pathway to produce
oxidative stress, and activating the MAPK pathway to induce liver
inflammation (Hu et al., 2023). ROS can also activate NF-κB signaling
pathway, resulting in the generation of pro-inflammatory cytokines
(Wang et al., 2021). Consequently, there is an urgent need for anti-
inflammatory and antioxidant agents to effectively reduce DON-
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induced hepatotoxicity.
Glycyrrhizic acid (GA), a natural extract of the Chinese herb liquo-

rice, was shown to alleviate inflammation, oxidative stress and
apoptosis (Wang et al., 2022). Meanwhile, GA is also recognized as an
effective treatment for liver diseases (Yuan et al., 2019). Additionally,
Lactobacillus spp. (de Souza et al., 2020) and compound probiotics
(Wang et al., 2022) can effectively degrade mycotoxins and alleviate
liver damage and oxidative stress induced by DON. Our previous in vivo
experiments have demonstrated that the combination of compound
probiotics (S. cerevisiae and E. faecalis) and GA (GAP) can effectively
promote the degradation of DON, counteract its inhibitory effects on
growth, alleviate intestinal apoptosis and inflammation, regulate
nutrient absorption and transport, improve intestinal barrier function,
and mitigate DON-induced injury (Xu et al., 2023; Xu et al., 2023).
Nevertheless, the protective effect of GAP for DON-related liver damage
in weaned piglets remains unclear. In recent years, metabolomics has
been widely applied in toxicological analysis, drug development and
disease diagnosis (Panisson et al., 2023; Saia et al., 2019; Yang et al.,
2020). Nevertheless, the metabolic alterations in liver induced by DON
remain poorly understood.

Hence, this study evaluates the protective effect of GAP against DON
exposure on liver damage in weaned piglets. We studied the effects of
GAP on liver damage, inflammation, apoptosis, oxidative stress, barrier
function, and nutrient transport function. Subsequently, we further
explored serum metabolites based on metabolomics. Our results will
offer foundational evidence regarding the protective efficacy and un-
derlying mechanisms of GAP against DON-mediated liver injury,
thereby aiding in the advancement of novel feed additives.

2. Materials and methods

2.1. Animals and experimental design

The animal experimental protocols in this research adhered to the
Chinese Guidelines for Institutional Animal Welfare and were autho-
rized by the Animal Care and Use Committee of Henan Agricultural
University (SKLAB-B-2010–003–01).

For this experiment, 120 weaned piglets (42-day-old, Landrace ×

Large White crossbred) were utilized. All weaned piglets were kept in
environment-controlled pens and had unimpeded diet and water avail-
ability during the entire 28-day experimental period. After acclimati-
zation for one week, all piglets were assigned at random to three groups
(with 4 piglets/pen and 10 pens/treatment, half male and half female):
the CON group, which fed a basal diet, the DON group, which fed a DON-
contaminated moldy diet (1040 µg/kg DON), the GPD group, which fed
a DON-contaminated moldy diet with supplementation of GAP (1 × 106

CFU/g E. faecalis and S. cerevisiae + 400 mg/kg GA). E. faecalis
(CGMCC1.2135), S. cerevisiae (CGMCC 2.1542), GA (95 % purity) and
moldy wheat were supplied by Henan Delin Biological Products Co. Ltd.,
China. The moldy diet was determined to contain 1040 µg/kg DON, and
other mycotoxins were detected below the quantification limit. The
dosages of DON or GAP were according to previous research (Xu et al.,
2023).

At the conclusion of the experiment, three castrated piglets per group
were sacrificed. The external jugular vein was used to draw blood
samples in clotting accelerator tubes. After centrifugation at 3,000 × g
for 10 min at 4 ◦C, the supernatant was collected and then stored at
− 20 ◦C for future use. After a normal saline wash, 1.0 cm3 of liver was
chosen and preserved in 4 % paraformaldehyde for subsequent histo-
logical examination. The remaining liver tissue was removed asepti-
cally, frozen in liquid nitrogen right away and kept at − 80 ◦C for further
examination.

2.2. Histopathology analysis

Liver tissues were fixed with 4 % paraformaldehyde, dehydrated,

paraffin-embedded, and then sectioned for hematoxylin-eosin (H&E)
staining. Finally, the sections were then scanned by using a high-
resolution automatic digital slice scanning system.

2.3. Detection of serum antioxidant levels and inflammatory cytokines

Blood samples of piglets were conducted by 3,000 × g for 15 min at
4 ◦C, and the supernatant was stored in − 20 ◦C refrigerator for later
biochemical analysis. The antioxidant indicators were measured in the
serum and liver of piglets by spectrophotometrically using ELISA kits
(Beijing Solarbio Science & Technology Co., Ltd, Beijing, China)
following the manufacturer’s protocols. The serum levels of IL-8, NF-κB
and Caspase 3 in piglets were evaluated through ELISA kits in accor-
dance with the manufacturer’s recommended protocols (Jiangsu Mei-
mian Industrial Co., Ltd., Jiangsu, China).

2.4. Quantitative RT-PCR analysis

Total RNA for each liver tissue was extracted by Trizol reagent
(Takara, Dalian, China) following the manufacturer’s recommendations.
First-strand cDNA synthesis was performed using StarScript II First-
strand cDNA Synthesis Mix (TaKaRa, Dalin, China). qRT–PCR amplifi-
cation was carried out on a CFX Connect™ Real-Time PCR Detection
System (BioRad, Hercules, CA, USA) with SYBR Green PCR Master Mix
(Takara, Dalian, China). The relative mRNA expression levels of genes
were standardized with GAPDH according to the 2–ΔΔCt method. All the
primers used in the present study were listed as described in our pre-
vious study (Xu et al., 2020).

2.5. Western blot analysis

The liver sample was treated with RIPA buffer to lyse it, followed by
measuring the protein concentrations. Next, the western blotting was
conducted as already reported (Xu et al., 2020). Membranes were
allowed to incubate overnight at 4 ◦C with the appropriate primary
antibodies, and then exposed to secondary antibodies (Goat anti-rabbit
IgG, CST, USA) for 2 h at room temperature. The primary antibodies
used in the protein blots included anti-COX-2 (abs120547), anti-TNF-α
(abs123966), anti-Bcl-2 (CST, USA), anti-Bax (CST, USA), anti-ZO-1
(21773–1-AP, Protein-tech), anti-Claudin-1 (13050–1-AP, Protein-
tech), anti-Occludin (27260–1-AP, Protein-tech), anti-SOD2 (CST,
USA), anti-Nrf2 (CST, USA), anti-NQO1 (CST, USA), anti-HO-1 (CST,
USA), anti-phospho-ERK (CST, USA), anti-phospho-JNK (CST, USA),
anti-phospho-p38 (CST, USA), anti-p38 (CST, USA), anti-ERK (CST,
USA), anti-JNK (CST, USA), anti-phospho-NF-κB (CST, USA) and anti-
GAPDH (CST, USA) were acquired on ChemiDOCTM Imaging System
(BIO-RAD, USA).

2.6. Serum metabolomic analysis

Based on published literature, metabolites were extracted from
serum samples in accordance with established methods (Liu et al.,
2024). The serum sample was mixed with extraction solution contained
an internal standard (1000:2 vol ratio) consisting of methanol and
acetonitrile (1:1). Afterward, the blend underwent centrifugation, and
the liquid above the sediment was evaporated, followed by reconstitu-
tion in a solution containing 50 % acetonitrile.After another round of
centrifuged, the supernatant was transferred to an UPLC-MS sample vial
with microtube for subsequent UPLC-MS analysis.

A positive and a negative ion mode of analysis was performed on all
samples. Solvents A (0.1 % formic acid) and B (0.1 % formic acid in
acetonitrile) were employed in the elution mode. Gradient elution was
carried out according to the following conditions: 98 % A and 2 % B for
0.25 min, then 2 % A and 98 % B for 12.75 min, and lastly 98 % A and 2
% for 1.9 min. The acquisition software (MassLynx V4.2, Waters)
managed the mass spectrometric parameter settings, enabling the
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simultaneous acquisition of dual-channel low and high collision energy
data. The collision energy ranged from 2 to 40 V, with a scanning fre-
quency of 0.2 s for each mass spectrum. The IDA approach was utilized
for the detection of potential biomarkers in positive and negative ioni-
zation modes.

The obtained mass spectral information, including the nuclear-to-
mass ratio M/s, dwell time and ionic strength of the substances, were
collected and analyzed by Masslynx software onboard the instrument to
obtain the quantitative data for all markers in each sample. Subse-
quently, the data were imported into Simca 13.0 software for multi-
variate statistical analysis. Various groups were distinguished based on
metabolic differences through the reduction and categorization of
multidimensional data using techniques such as principal component
analysis (PCA) and partial least squares discriminant analysis (PLS-DA).
According to the variable projection importance (VIP) of compounds
and combined with biological significance, compounds with the largest
difference between groups were identified as a potential biomarker.
When VIP > 1 and P < 0.05, metabolites were considered statistically
significant. The validity of these potential biomarkers was confirmed
through comparison of their MS/MS spectra and searching databases

like HMDB (http//https://www.hmdb.ca/) and KEGG (http//https://
www.genome.jp/keg/) for metabolite details. The metabolic pathway
analysis was then conducted to investigate the biological processes
associated with the differentially expressed metabolites.

2.7. Statistical analysis

All quantified data was represented using the mean ± standard de-
viation (SD). Statistical analysis was conducted with the SPSS 22.0
software. Normality was checked using the Shapiro-Wilk test and the
significance of difference between two groups was calculated by Stu-
dent’s two-sided t-tests. The graphs were created by GraphPad Prism 8.
Multiple test correction was carried out using the post-hoc false dis-
covery rate method. The P < 0.05 was considered as statistically
significant.

Fig. 1. The impact of GAP on liver histopathological morphology and antioxidant index, IL-8, Caspase 3, NF-κB contents of weaned piglets. (A) Histological
characterization in the liver. The red arrows were indicated as infiltrations of lymphocytes and eosinophils, the greens arrows were indicated as individual hepatocyte
hemorrhage and necrosis, and the black arrows were indicated as even nuclear lysis and rupture, scale bar = 100 µm. (B) Antioxidant indexes and serum levels of IL-
8, Caspase 3 and NF-κB. (C) Antioxidant indexes in the liver. CON: Dietary wheat for the piglets; DON: Dietary wheat for the piglets including 1040 µg/kg DON; GPD:
Dietary wheat for the piglets including 400 mg/kg GA, 1 × 106 CFU/g E. faecalis and S. cerevisiae, 1040 µg/kg DON. * indicates P < 0.05, ** indicates P < 0.01
relative to the CON group; # indicates P < 0.05, ## indicates P < 0.01 relative to the DON group.
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3. Results

3.1. GAP supplementation ameliorated DON-induced liver damage and
oxidative stress

The liver of weaned piglets in the DON group showed serious
inflammation, with infiltrations of lymphocytes and eosinophils (red
arrow), individual hepatocyte hemorrhage and necrosis (green arrow),
and even nuclear lysis and rupture (black arrow) compared to the CON
group. In contrast, the GPD group mitigated liver inflammation and
prevented the occurrence of hepatocyte bleeding and necrosis (Fig. 1A).
Fig. 1B indicated that the activity of serum SOD (P< 0.01) and CAT (P<
0.05) were markedly decreased and the contents of MDA, LDH (P <

0.01), IL-8, Caspase 3 and NF-κB were markedly upregulated (P < 0.05)
in the DON group compared with the CON group. However, the activ-
ities of SOD and CAT in the GPD group were significantly increased
compared to the DON group (P < 0.05), and the contents of MDA, LDH,
IL-8, Caspase 3 and NF-κB in GAP and GPD groups were markedly
reduced compared to the DON group (P < 0.05). In addition, the DON
group markedly suppressed the SOD, CAT (P < 0.05) and GSH-Px (P <

0.01) activities and markedly increased the MDA content (P < 0.01)
compared to the CON group. Conversely, compared with the DON
group, the GPD group significantly enhanced the activities of SOD, CAT
and GSH-Px (P < 0.05), and reduced MDA content (P < 0.05). No
notable variation in T-AOC was observed among the groups (P > 0.05)
(Fig. 1C).

3.2. GAP supplementation alleviated liver inflammation and apoptosis in
DON-contaminated weaned piglets

The study found that the COX-2 and IL-8 mRNA levels in the DON
group were notably upregulated (P < 0.01), whereas Bcl-2 mRNA
relative expression was substantially downregulated (P < 0.01)
compared with the CON group. Conversely, the GPD group exhibited a
marked decrease in the mRNA relative expression of IL-8, COX-2, and
Caspase 3 (P < 0.05), and a notable upregulation of the Bcl-2 mRNA
relative expression (P < 0.01) compared to the DON group. No signifi-
cant variation was found in the expression of IL-10, TNF-α and Bax
among all groups (P > 0.05) (Fig. 2A-B). Fig. 2C-D demonstrated that
the DON group had a markedly upregulation protein levels of COX-2,
TNF-α, Bax (P < 0.05), while the Bcl-2 protein was reduced (P < 0.01)

comparing to CON group. However, the GPD group noticeably enhanced
the level of Bcl-2 protein (P < 0.05) and decreased levels of Bax, COX-2
and TNF-α proteins (P < 0.05) in comparison to DON group.

3.3. GAP supplementation alleviated liver barrier function and transport
of nutrients in DON-contaminated weaned piglets

As depicted in Fig. 3A-D, compared to the CON group, the DON
group markedly reduced the expressions of ZO-1, Occludin and Claudin-
1 genes and proteins (P < 0.05). In comparison to the DON group, the
GPD group markedly raised the expressions of these proteins and genes
(P < 0.05). Furthermore, compared with the CON group, the mRNA
relative expression of GULT2 in the DON group was markedly reduced
(P < 0.01), whereas adding GAP markedly upregulated the level of
GLUT2 (P < 0.01). Compare with the DON group, the GPD group
notably increased ASCT2 and PePT1 gene levels (P < 0.05). Moreover,
there was no significant difference in SGLT1 gene expression between
the DON and GPD groups (P > 0.05).

3.4. GAP supplementation regulated the Nrf2/MAPK/NF-κB pathway in
DON-contaminated weaned piglets

As demonstrated in Fig. 4A-B, the DON group exhibited markedly
decreased protein levels in SOD2, Nrf2, NQO1 and HO-1 compared to
the CON group (P < 0.05), whereas the GPD group showed a significant
increase in these protein levels relative to the DON group (P < 0.05). In
addition, DON markedly upregulated the expressions of p-JNK and p-
ERK (P < 0.01), but with no significantly different effect on p-p38
compared to the CON group (P > 0.05). GAP addition markedly reduced
the expressions of p-JNK and p-ERK (P < 0.05). Moreover, DON
increased p-NF-κB protein expression and GAP significantly inhibited
this increase (P < 0.05) (Fig. 4C-D).

3.5. GAP supplementation altered serum metabolites in DON-
contaminated weaned piglets

To investigate the impact of DON and GPD on the metabolism of
weaned piglets, we conducted a non-targeted metabolomics analysis
was conducted on nine serum samples from each group. The metab-
olomics data revealed that each group showed satisfactory stability and
repeatability, with PC1 and PC2 explained 67.46 % and 26.40 % of the

Fig. 2. GAP alleviated liver inflammation and apoptosis in DON-contaminated piglets. (A-B) The mRNA relative expressions of IL-8, IL-10, COX-2, TNF-α, Caspase 3,
Bax and Bcl-2. (C-D) The protein expression and quantitative analysis of COX-2, TNF-α, Bax and Bcl-2. * indicates P < 0.05, ** indicates P < 0.01 relative to the CON
group; # indicates P < 0.05, ## indicates P < 0.01 relative to the DON group.
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variance in phenotypic traits, respectively (Fig. 5A). The PLS-DA model
(Fig. 5B) demonstrated the model parameters (R2X = 0.723, R2Y =

0.996, Q2Y = 0.932) for serum metabolites were all greater than 0.5,
indicating a well-established and reliable model with strong predictive
capabilities. Significant differences among the three groups were also
observed, suggesting that serum metabolic characteristics were signifi-
cantly influenced by DON exposure and GAP supplementation.

The differentially expressed metabolites analysis revealed that 201,
423 and 271 different metabolites were identified in CON vs. DON
group, CON vs. GPD group and DON vs. GPD group, respectively. The
volcano plot was utilized to identify the most significantly different
metabolites in the treatment groups (Fig. 5C). Compared to the CON
group, the DON group displayed a increase in 77 metabolites and a
decrease in 124metabolites, while the GPD group exhibited a increase in
124 metabolites and a decrease in 299 metabolites. The GPD group
showed a notable increase in 100 metabolites and a decrease in 171

metabolites compared to the DON group.
Venn diagram analysis of different metabolites in CON vs. DON, CON

vs. GPD and DON vs. GPD groups revealed a total of 40 common
different metabolites (Fig. 5D). Among these, 34 differential metabolites
were shared between the CON vs. DON group and DON vs. GPD group.
Specifically, 18 metabolites were significantly downregulated in the
CON vs. DON while significantly upregulated in the DON vs. GPD.
Similarly, 19 metabolites were significantly upregulated in the CON vs.
DON while significantly downregulated in the DON vs. GPD. The spe-
cific metabolites were detailed in Table 1 (the first 34 are the common
differential metabolites among the three groups).

To enhance the visualization of changes in metabolite abundance
among the treatment groups, a heatmap clustering analysis was per-
formed on the 34 common different metabolites in the nine samples
(Fig. 5E). Specifically, the GPD group had a significant increase in the
levels of metabolites including PC (18:1(11Z)/22:5(7Z, 10Z, 13Z, 16Z,

Fig. 3. GAP supplementation alleviated liver barrier function and nutrient transport in DON-contaminated piglets. (A-B) The mRNA relative expressions of ZO-1,
Occludin, Claudin-1, GLUT2, ASCT2, PePT1 and SGLT1. (C-D) The protein expressions and quantitative analysis of ZO-1, Occludin and Claudin-1. * indicates P
< 0.05, ** indicates P < 0.01 relative to the CON group; # indicates P < 0.05, ## indicates P < 0.01 relative to the DON group.

Fig. 4. Effects of GAP supplementation on Nrf2/MAPK/NF-κB pathways in liver of DON-contaminated piglets. (A-B) The protein expressions and quantification
analysis for SOD2, Nrf2, NQO1 and HO-1. (C-D) The protein expressions and quantitative analysis of p-JNK, JNK, p-ERK, ERK, p-p38, p38 and p-NF-κB. * indicates P
< 0.05, ** indicates P < 0.01 relative to the CON group; # indicates P < 0.05, ## indicates P < 0.01 relative to the DON group.

M. Liu et al.
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19Z)), PE (16:0/24:1(15Z)), vitamin D2 3-glucuronide, colistin, the-
asapogenol E, 3-amino-4-hydroxybenzoic acid, asparaginyl-Isoleucine,
deoxyguanosine, 1,4-β-D-glucan, methyl nicotinate, 3-pyridylacetic
acid, inosine and some glycerophospholipids (P < 0.05) compared
with the DON group. Conversely, it markedly reduced the levels of
metabolites such as 3-deoxyarabinohexonic acid, isolinderenolide, des-
glucoparillin, glycyl-histidine, and taurodeoxycholic acid (P < 0.05).

3.6. KEGG enrichment analysis

To enhance comprehension on the impacts of differential metabolites
among serum samples of weaned piglets, KEGG metabolic pathway
enrichment was analyzed. As demonstrated in Fig. 6, DON primarily
perturbed metabolic pathways such as α-linolenic acid metabolism,
linoleic acid metabolism, terpenoid backbone biosynthesis, chemical
carcinogenesis, and phosphonate and phosphinate metabolism. At the
same time, glufosinate was found to affect pathways including glycer-
ophospholipid metabolism, retrograde endocannabinoid signaling,
α-linolenic acid metabolism, arachidonic acid metabolism, and linoleic
acid metabolism. Additionally, compared with the DON group, GPD
impact extended to metabolic pathways distinct from DON, such as

α-linolenic acid metabolism, purine metabolism, carbon metabolism,
glutathione metabolism, linolenic acid metabolism, steroid hormone
biosynthesis. KEGG enrichment analysis was further performed for 34
different metabolites in CON vs. DON and DON vs. GPD groups, which
were primarily concentrated in carbohydrate digestion and absorption,
α-linolenic acid metabolism, linoleic acid metabolism and glycer-
ophospholipid metabolism. These findings underscore the predominant
effects of GPD on pathways involving glycerophospholipids, linoleic
acid, α-linolenic acid, amino sugars, and nucleotide sugars, as well as
starch and sucrose metabolism. GPD appears to mitigate the detrimental
effects induced by DON through these targeted metabolic interventions.

3.7. Correlation analysis

In our previous study, we quantified the contents of AST and ALT in
the serum, as well as the DON residues in the serum and feces of weaned
piglets (Xu et al., 2023). As illustrated in Fig. 7A, correlation analysis
was conducted to investigate the interplay between oxidative stress-
related indices, inflammatory factors and DON residues within the
serum and liver of these piglets. ALT levels in the serum of piglets were
found to be significantly correlated with oxidative stress-related indices

Fig. 5. Analysis of serum metabolites in weaned piglets. (A) PCA analysis. (B) PLS-DA model analysis. (C) Volcanic map of differences in metabolites among different
groups. (D) Venn map of differential metabolites in CON vs. DON group, CON vs. GPD group and DON vs. GPD group, respectively. (E) Heat map of the total of 34
differential metabolites in different groups.

M. Liu et al.
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Table 1
The expression levels of co-expressed differential metabolites in different
samples.

Differential metabolites name CON DON GPD CON
vs.
DON

DON
vs.
GPD

1-Acetyl-2-methylcyclopentene 8.71E-
06

4.38E-
06

2.82E-
06

down down

(9Z,11R,12S,13S,15Z)-12,13-
Epoxy-11-hydroxy-9,15-
octadecadienoic acid

1.92E-
05

7.13E-
06

4.61E-
06

down down

1-heptadecanoyl-glycero-3-
phosphate

3.96E-
05

1.90E-
05

1.21E-
05

down down

12-Oxo-2,3-dinor-10,15-
phytodienoic acid

9.69E-
06

3.65E-
06

2.08E-
06

down down

13-Hydroxy-9-methoxy-10-oxo-
11-octadecenoic acid

2.64E-
05

1.17E-
04

1.96E-
04

up up

13-Tetradecene-1,3-diyne-6,7-
diol

1.14E-
04

7.13E-
05

3.75E-
05

down down

17,18-DiHETE 1.16E-
05

7.36E-
06

3.02E-
06

down down

3-hydroxytridecanoyl carnitine 8.95E-
04

4.87E-
04

2.60E-
04

down down

4-(Hydroxymethyl)
benzenediazonium (1 + )

1.46E-
05

7.12E-
06

3.76E-
06

down down

5-Carboxy-2′-deoxyuridine 2.68E-
06

5.11E-
06

8.67E-
06

up up

6-Deoxyfagomine 1.11E-
05

6.24E-
06

2.69E-
06

down down

Alizapride 1.04E-
05

3.02E-
06

1.91E-
07

down down

Armillane 1.12E-
05

3.59E-
06

1.75E-
06

down down

Avenacin A1 2.04E-
04

5.19E-
06

1.36E-
05

down up

Calendic acid 1.17E-
05

4.56E-
06

2.82E-
06

down down

Cappariloside B 1.27E-
05

8.07E-
06

3.05E-
06

down down

Cytidine 1.27E-
05

2.59E-
06

5.61E-
06

down up

D8′-Merulinic acid C 7.46E-
05

4.71E-
05

2.68E-
05

down down

Deoxyguanosine 7.81E-
06

2.05E-
06

4.93E-
06

down up

Linalool oxide D 3-[apiosyl-(1-
>6)-glucoside]

5.64E-
06

3.05E-
06

5.51E-
07

down down

Neoherculin 5.95E-
05

3.79E-
05

1.81E-
05

down down

Netilmicin 6.77E-
06

1.80E-
05

2.39E-
06

up down

Norvaline 4.14E-
05

2.66E-
05

1.47E-
05

down down

PC(16:1(9Z)/22:6
(4Z,7Z,10Z,13Z,16Z,19Z))

1.71E-
03

1.27E-
02

3.20E-
02

up up

PC(18:1(11Z)/22:5
(7Z,10Z,13Z,16Z,19Z))

2.48E-
04

8.41E-
04

3.65E-
03

up up

PE(16:0/24:1(15Z)) 2.26E-
04

1.00E-
03

3.28E-
03

up up

PE(18:3(9Z,12Z,15Z)/24:0) 3.80E-
04

1.41E-
03

2.65E-
03

up up

PE(22:5(7Z,10Z,13Z,16Z,19Z)/
P-18:1(11Z))

9.28E-
05

1.74E-
05

2.75E-
05

down up

PE(MonoMe(11,3)/MonoMe
(13,5))

1.89E-
04

1.08E-
03

2.11E-
03

up up

PGF1a 4.59E-
05

2.98E-
05

1.65E-
05

down down

PGP(18:0/18:2(9Z,12Z)) 2.64E-
04

1.17E-
03

3.26E-
03

up up

PS(20:3(8Z,11Z,14Z)/22:6
(4Z,7Z,10Z,13Z,16Z,19Z))

2.83E-
05

4.98E-
05

1.11E-
04

up up

Streptozocin 4.86E-
05

2.80E-
05

8.45E-
06

down down

Tetracosahexaenoic acid 2.02E-
05

8.46E-
06

5.38E-
06

down down

(R)-3,4-Dihydro-2-(4,8,12-
trimethyl-3,7,11-

6.79E-
06

1.22E-
05

4.91E-
06

up down

Table 1 (continued )

Differential metabolites name CON DON GPD CON
vs.
DON

DON
vs.
GPD

tridecatrienyl)–2H-1-
benzopyran-6-ol

1,4-beta-D-Glucan 7.09E-
05

2.03E-
05

1.06E-
04

down up

3-Amino-4-hydroxybenzoic acid 1.61E-
06

1.24E-
07

1.82E-
06

down up

3-carboxy-4-methyl-5-pentyl-2-
furanpropanoic acid

2.42E-
05

4.15E-
05

2.38E-
05

up down

3-Deoxyarabinohexonic acid 5.18E-
06

9.33E-
06

4.99E-
06

up down

3-Pyridylacetic acid 7.27E-
04

3.86E-
04

7.45E-
04

down up

45-Hydroxyhomoyessotoxin 1.57E-
05

3.79E-
05

1.42E-
05

up down

5-hydroxypropafenone 1.05E-
05

2.23E-
05

7.62E-
06

up down

6-Feruloylglucose 2,3,4-
trihydroxy-3-
methylbutylglycoside

1.05E-
04

1.68E-
04

1.12E-
04

up down

6-Hydroxy-5-methoxyindole
glucuronide

1.48E-
04

7.35E-
05

1.67E-
04

down up

6,15-Diketo,13,14-dihydro-
PGF1a

5.69E-
06

1.09E-
05

5.01E-
06

up down

Alliospiroside D 3.80E-
07

1.46E-
06

3.22E-
06

up up

Asparaginyl-Isoleucine 6.58E-
05

3.27E-
05

5.03E-
05

down up

Aztreonam 1.02E-
05

4.89E-
06

1.22E-
05

down up

Budesonide 0 5.06E-
06

6.62E-
05

up up

Camellianin A 2.08E-
05

3.64E-
05

8.46E-
06

up down

Ceanothine D 1.71E-
04

1.03E-
04

2.32E-
04

down up

CMP-2-aminoethylphosphonate 2.81E-
06

5.42E-
06

1.06E-
07

up down

Colistin 8.67E-
06

4.81E-
06

1.16E-
05

down up

Desglucoparillin 2.34E-
04

4.61E-
04

3.07E-
04

up down

Digoxigenin monodigitoxoside 4.19E-
06

1.64E-
05

8.52E-
06

up down

Glycyl-Histidine 1.12E-
05

1.93E-
05

1.13E-
05

up down

Glycyl-Methionine 1.82E-
06

6.34E-
06

2.03E-
06

up down

Inosine 5.87E-
05

2.47E-
05

6.02E-
05

down up

Isolinderenolide 6.20E-
06

1.46E-
05

4.88E-
06

up down

Melleolide B 1.02E-
04

1.80E-
04

1.14E-
04

up down

Mepivacaine 0 2.75E-
05

0.00E
+ 00

up down

Methyl nicotinate 1.38E-
03

7.29E-
04

1.47E-
03

down up

Reboxetine 6.14E-
06

2.87E-
06

4.97E-
06

down up

Taurodeoxycholic acid 5.86E-
04

9.83E-
04

4.40E-
04

up down

Tenofovir 4.15E-
05

2.44E-
05

4.09E-
05

down up

Theasapogenol E 1.71E-
05

9.92E-
06

1.84E-
05

down up

UDP-L-rhamnose 2.53E-
06

3.94E-
06

1.35E-
06

up down

Vitamin D2,3-glucuronide 6.49E-
06

1.94E-
05

1.03E-
04

up up

Withangulatin A 3.61E-
06

1.96E-
06

6.11E-
06

down up

Note: The first 34 metabolites exist in CON vs. DON and DON vs. GPD group. E
stands for scientific enumeration, which is 10 to the minus some power.
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in the serum and liver (SOD and CAT), as well as with DON residues and
the inflammatory factor NF-κB. Additionally, oxidative stress-related
indices in serum were strongly correlated with inflammatory factors
(IL-8, NF-κB) and DON residues, as well as with oxidative stress-related
indices (MDA, SOD, CAT, GSH-Px) in liver. Furthermore, serum in-
flammatory factors were found to be significantly correlated with
oxidative stress-related indicesin liver. Moreover, the results also
demonstrated a substantial correlation between DON residues and
oxidative stress indicators in the liver, including SOD, CAT, GSH-Px and
MDA. These correlation analyses suggested that the modulation of
oxidative stress and inflammatory responses is crucial in mitigating the
DON-induced liver injury in piglets. Fig. 7B exhibited the correlation
between differential metabolites in the serum and oxidative stress-
related indicators, inflammatory factors and residues of DON in serum
and liver. The metabolites 5-carboxy-2′-deoxyuridine, budesonide,
vitamin D2 3-glucuronide, PE (monome(11,3)/monome(13,5)), allio-
spiroside D, PE (18:3(9Z, 12Z, 15Z)/24:0), PGP (18:0/18:2(9Z,12Z))
and PE (16:0/24:1(15Z)) were significantly negatively correlated with
antioxidant indices (SOD, CAT and GSH-Px) in piglet livers (P< 0.05). In
contrast, a significant positive correlation was observed between these
metabolites and DON residues in the liver (P < 0.05). The metabolites of
17,18-dihete, alizapride, armillane and tetracosahexaenoic acid were
significantly positively correlated with antioxidant indices (SOD, CAT
and GSH-Px) in the piglet livers (P < 0.05). Additionally, a significant

negative correlation was observed between these metabolites and
oxidative stress-related indices (MDA, LDH) (P < 0.05).

4. Discussion

The liver plays a crucial part in upholding general well-being and
controlling illnesses in both humans and animals (Zhang et al., 2022).
Therefore, reducing liver injury is a universally recognized and highly
effective strategy for safeguarding human and animal health. DON, the
dominant mycotoxin in human and animal food, predominantly accu-
mulates in the liver following absorption by the body, leading to liver
damage that includes inflammation (Li et al., 2022), oxidative stress
(Meng et al., 2021) and lipid metabolism disorders (Zong et al., 2022).
In this study, histological analysis of weaned piglets exposed to DON
demonstrated severe inflammation, nuclear dissolution, and rupture.
MDA is considered a critical indicator of oxidative stress (Mehrabani
et al., 2023), and antioxidant enzymes are the primary defense against
ROS (Li et al., 2022). Dietary DON contamination markedly increased
the MDA content and decreased antioxidant enzymes in serum and liver,
triggering oxidative stress in piglets (Ji et al., 2023). GA, the principal
active constituent of licorice, is recognized as an effective treatment for
liver diseases due to its ability to improve liver inflammation (Ming &
Yin, 2013; Yuan et al., 2019). Furthermore, it has been suggested that
the addition of probiotics can increase liver antioxidative capacity and

Fig. 6. Analysis of enriched KEGG pathways for differential metabolites in serum of weaned piglets. (A-C) The top 20 enriched pathways of different metabolites. (D)
A total of 34 different metabolites were enriched in KEGG pathways between the CON vs. DON group and DON vs. GPD group.
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Fig. 7. Correlation analysis of differential metabolites with different indicators. (A) Correlation analysis of between oxidative stress-related indices, inflammatory
factors and DON residues in the serum and liver of weaned piglets. “×” represents the correlation is not significant. (B) Correlation analysis of serum differential
metabolites with oxidative stress-related indices, inflammatory factors and residues of DON in the serum and liver of weaned piglets.
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decrease DON-induced oxidative stress (Bai et al., 2021). Interestingly,
dietary supplementation of GAP alleviated DON-induced liver inflam-
mation, increased antioxidant enzyme activity, and thereby enhanced
the antioxidant capacity of piglet serum and liver in this study.

Inflammatory response is one of the mechanisms through which
DON induces liver damage (Bai et al., 2021). Cytokines are essential to
the processes of inflammation and immune response. DON induced the
IL-6, IL-1β and TNF-α levels, activating inflammation and apoptosis
(Chen et al., 2023). In this study, DON treatment significantly increased
the levels of IL-8, COX-2, TNF-α, Bax and Caspase-3, while reduced the
level of Bcl-2. Interestingly, after GAP supplementation, the damage was
partially reversed, highlighting the efficacy of GAP in mitigating
inflammation and apoptosis caused by DON. Furthermore, DON expo-
sure markedly enhanced the serum concentrations of IL-8, Caspase 3,
and NF-κB in piglets, whereas supplemented GAP decreased these in-
dexes. In this study, the consistency of serum cytokine concentrations,
cytokine mRNA abundance and protein expression in liver tissue
confirmed that GAP could effectively counteract DON-induced inflam-
mation and apoptosis.

Tight connections are essential to the preservation of the liver’s
structure and functionality. Cholestasis affects the expression of liver
tight junction proteins (Maly & Landmann, 2008). ZO-1 expression was
downregulated in diseased liver tissue (Zhang et al., 2019). Further-
more, research has indicated that alterations in intestinal barrier func-
tion can induce liver damage and metabolic disorders in the liver (Liu
et al., 2023; Tilg et al., 2022). Previous work has demonstrated that the
intake of DON can compromise the integrity of the intestinal barrier and
interfere with the digestive and absorptive functions of the intestine (Xu
et al., 2023). Therefore, this experiment examined the effect by DON
pollution on the liver barrier function and transport of nutrients in
piglets. Our results revealed that DON markedly reduced the levels of
tight junction protein and nutrient transporter expression, resulting in
impaired liver barrier function and nutrient absorption. However, GAP
alleviated DON-linked liver barrier damage and maintained nutrient
absorption and utilization rates.

DON exposure caused oxidative stress in the organism, triggering the
activation of the Nrf2 protein, which translocated to the nucleus to bind
with the antioxidant response element (ARE) and modulate the tran-
scription of downstream antioxidant genes, including GSH, SOD, HO-1,
and NQO1 (Chen et al., 2024). Previous study has reported that dihy-
droartemisinin could ameliorate the impact of DON on the antioxidant
capacity of piglet livers, but the underlying mechanism was not thor-
oughly investigated (Li et al., 2022). Numerous studies have demon-
strated that activity of the Nrf2 pathway alleviates DON-related
oxidative stress (Yu et al., 2017; Zhu et al., 2023). This study indicated
that GAP not only enhanced the activity of antioxidant enzymes (SOD
and CAT) in the liver and serum but also activated Nrf2 pathway,
leading to an upregulation of downstream antioxidant proteins (SOD2,
NQO1, and HO-1). The MAPK signaling pathway, primarily involving
ERK, JNK and p38, plays a pivotal role in cell proliferation, differenti-
ation, inflammation, apoptosis and oxidative stress (Asl et al., 2021).
DON can activate ERK, JNK and p38, thereby inducing inflammation
and apoptosis through the MAPK signaling pathway (Lee et al., 2019). It
is noteworthy that the MAPK plays a pivotal part in the orchestration
downstream activity of NF-κB, resulting in the formation of different
inflammatory mediators in liver injury (Li et al., 2021). The NF-κB
pathway, a prototypical immune and inflammatory signaling pathway,
significantly regulates the closely interconnected barrier (Al-Sadi et al.,
2010). In this study, DON significantly elevated the content and protein
expression levels of NF-κB. Interestingly, GAP administration signifi-
cantly reduced the protein levels of DON-induced p-ERK, p-JNK, and NF-
κB of the liver, with no impact on p-p38 in this study. This statement is
inconsistent with previously published studies showing DON enhanced
the p-p38 protein expression in the liver of mice (Hu et al., 2023),
possibly due to differences in the origin and species of DON. Collec-
tively, these results suggest that GAP mitigated DON-related liver

damage through the activation of Nrf2-mediated antioxidant pathway
and the inhibition of the MAPK/NF-κB-mediated inflammatory response
and tight junction dysfunction pathway.

Drugs are metabolized in the liver before entering the bloodstream,
therefore, the expression level of serum metabolites can be observed to
assess the state of the liver (Ming et al., 2017). Furthermore, it was
previously shown that dihydromyricetin could restore metabolic
pathway disorders caused by DON, including glutamate metabolism,
arachidonic acid metabolism, and histamine metabolism, thereby alle-
viating cell damage caused by DON (Long et al., 2021). In the present
study, KEGG enrichment analysis revealed that these metabolites were
predominantly associated with glycerophospholipid metabolism, lino-
leic acid metabolism, α-linolenic acid metabolism, and carbohydrate
digestion and absorption pathways. These findings suggest that GAP
could potentially mitigate DON-induced damage by regulating lipid
metabolism in weaned piglets. It has been reported that the glycer-
ophospholipid metabolism is the main metabolic pathway in which DON
causes alterations in serum metabolites (Li et al., 2021). Notably,
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) have
been identified as crucial metabolites within this pathway (Shi et al.,
2022), which corroborates the findings of the present study. In the liver,
PC is a fundamental constituent of the cell membrane. PE can regulate
membrane fusions and provide ethanolamine. They play vital roles in
signal transduction and phospholipid metabolism (Shi et al., 2022).
Research has shown that in the event of liver injury, the concentrations
of PC and PE were reduced (Ming et al., 2017), and reducing PE levels
accelerates the ROS, leading to oxidative stress (Rockenfeller et al.,
2015). The results revealed GAP administration markedly upregulated
PC, PE, and PS metabolites compared to the DON group, indicating that
GAP alleviated DON-caused oxidative stress through regulation of lipid
metabolism.

Moreover, 5-carboxy-2′-deoxyuridine has been employed to monitor
diseases associated with oxidative stress, metabolic abnormalities and
environmental exposures. A study revealed that the concentration of 5-
carboxy-2′-deoxyuridine in colorectal cancer tissues was lower than that
in normal tissues (Gackowski et al., 2016). The results of this study
indicated that 5-carboxy-2′-deoxyuridine exhibits a significant inverse
correlation with antioxidant indices (SOD, CAT and GSH-Px) and a
remarkable positive correlation with DON residues in the liver of piglets.
This suggested that DON intake in piglets led to metabolic abnormalities
and oxidative stress, thereby damaging the liver. Research reported that
L-norvaline could reduce lipid peroxidation and prevent diabetes (Jav-
rushyan et al., 2022). The reduction in norvaline levels increases the risk
of liver disease (Liu et al., 2024). Norvaline showed a significant positive
correlation with liver antioxidant enzymes (SOD, CAT, and GSH-Px) and
a significant negative correlation with the residue of DON in the liver
and the content of ALT in the serum, indicating that DON affected the
expression of norvaline, leading to lipid peroxidation, which in turn
caused liver damage. Armillane is a compound isolated from Armillaria
species that inhibits fungal and tumor activity and modulates the body
immunity (Li et al., 2023). Tetracosahexaenoic acid as the product and
precursor of DHA in rodents, regulates lipid metabolism and is crucial
for organism growth and development (Metherel & Bazinet, 2019;
Metherel et al., 2019). Studies indicated that a defect in the synthesis of
tetracosahexaenoic acid in the liver could lead to Alzheimer’s disease
(Astarita et al., 2010). This paper demonstrated a significant positive
correlation between the metabolites armillane and tetracosahexaenoic
acid and antioxidant indexes (SOD, CAT, and GSH-Px), as well as a
significant negative correlation with DON residues and the levels of
MDA and LDH. Overall, these results indicated that DON intake led to
lipid metabolism disorders in weaned piglets, whereas GAP could
improve lipid metabolism, thereby alleviating the toxicity of DON and
promoting the healthy growth of piglets.

In our results, we indicated that supplementation of DON-containing
diets with GAP markedly mitigated the hepatotoxic effect of DON in
piglets. The underlying mechanisms involved appear to be that GAP
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prevents the liver damage caused by DON-induced damage via
enhancing lipid metabolism, thereby reducing oxidative stress, inflam-
mation and apoptosis in the liver, increasing liver barrier function and
nutrient transport, and regulating Nrf2/MAPK/NF-κB pathway.
Furthermore, our research was specifically focused on the protection
provided by GAP on the liver of piglets in vivo. In future studies, we will
explore the long-term effects of different dosages or durations of GAP
supplementation on the organism, and expect to translate the findings
into clinical applications.

5. Conclusions

In this investigation, GAP supplemented to DON-polluted diet safe-
guarded the liver of weaned piglets from DON-induced damage by
regulating lipid metabolism, enhancing antioxidant and anti-
inflammatory capacity, improving the stability of liver barrier struc-
ture and nutrient transport function, and modulating the Nrf2/MAPK/
NF-κB pathway. Overall, our study provides new evidence to support the
efficacy of compound probiotics and GA administration in ameliorating
DON-induced liver damage in humans and animals.
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