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Abstract: The contamination of deoxynivalenol (DON) in feed is a global problem, which seriously
threatens the productivity efficiency and welfare of farm animals and the food security of humans.
Pig is the most sensitive species to DON, and is readily exposed to DON through its grain-enriched
diet. The intestine serves as the first biological barrier to ingested mycotoxin, and is, therefore,
the first target of DON. In the past decade, a growing amount of attention has been paid to plant-
derived polyphenols as functional compounds against DON-induced oxidative stress and intestinal
toxicity in pigs. In this review, we systematically updated the latest research progress in plant
polyphenols detoxifying DON-induced intestinal toxicity in swine. We also discussed the potential
underlying mechanism of action of polyphenols as Nrf2 activators in protecting against DON-induced
enterotoxicity of swine. The output of this update points out an emerging research direction, as
polyphenols have great potential to be developed as feed additives for swine to counteract DON-
induced oxidative stress and intestinal toxicity.

Keywords: antioxidants; deoxynivalenol; intestinal toxicity; oxidative stress; plant-derived
polyphenols; swine

1. Introduction

In the modern swine industry, feed costs account for 60~70% of the total costs of
pork production [1], and mycotoxin contamination in feed is a serious issue, especially
deoxynivalenol (DON). The contamination of DON in feed causes huge economic losses
annually for the global swine industry [2,3]. Mycotoxin DON contamination in feedstuffs is
a worldwide, concerning issue, and is of great threat to the production efficiency and well-
being of farm animals, as well as the food security of humans. Gruber-Dorninger et al. (2019)
conducted a 10-year survey regarding global mycotoxin occurrence in feed [4]. The authors
documented that at least one kind of mycotoxin was detected in 88% of 74,821 samples
from 100 countries, and a positive rate of 84.8% was determined in 13,232 feed samples in
East Asia [4]. According to another survey performed in China, DON is the most abundant
mycotoxin in feed samples among mycotoxins, with a content of up to 4 mg/kg [5]. DON
is a type B trichothecene mycotoxin, which is mainly produced by Fusarium culmorum and
Fusarium graminearum, and contaminates common feed grains including wheat, maize,
barley, and oats [6]. Because the complete diets of pigs are enriched in grain feedstuffs, pigs
are readily exposed to DON through their grain-enriched diet [7,8]. Moreover, the pig is
the most sensitive species to DON; the DON sensitivity rank order is pig > mouse > rats >
poultry ≈ ruminants [9]. The upper limit level of DON in pig feed is 0.9 mg/kg, which is
only 1/5 of the upper limit of DON in poultry feed [10]. According to the aforementioned
reasons, DON contamination in feed is most harmful to pigs. The intestine has been
demonstrated as one of the critical targets of food-borne mycotoxins [11,12]. The intestine
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is the first and foremost exposed target following contaminated food ingestion [13], and
serves as the first biological barrier to ingested mycotoxins. It is, therefore, the first target of
DON [14]. When pigs consume DON-contaminated feed, the intestine is exposed to high
concentrations of DON [15]. The clinical symptoms of DON exposure in pigs are anorexia,
vomiting, and growth performance reduction [16]. Those clinical signs (i.e., vomiting,
etc.) are observed only after a high intake of DON, and are considered signs of acute
toxicosis. However, intestinal disturbances are the common signs observed at a level which
is common in daily practice. Most recently, the induction of an oxidative stress response due
to DON exposure has been documented to be one of the critical mechanisms of action for
its toxicity in swine [16,17]. The key role of oxidative stress in DON-induced enterotoxicity
is mainly attributed to (1) the overgeneration of reactive oxygen species (ROS) by DON
exposure, followed by antioxidant/prooxidant imbalance (oxidative damage, including
proteins, DNA, and lipids); (2) the reduction in antioxidant ability by DON exposure
(such as glutathione peroxidase (GSH-Px) and (superoxide dismutase) SOD); and (3) the
activation of related pathways induced by oxidative stress (such as mitogen-activated
protein kinases (MAPKs) and nuclear factor kappa-B (NF-κB)). It has been demonstrated
that oxidative stress is a vital determining factor responsible for DON-induced intestinal
toxicity in animals, and the role of oxidative stress caused by DON intake should be
considered as a key mechanism for DON toxicity [18]. In this regard, natural antioxidants
should be the best candidates to counteract gut toxicity caused by DON-contaminated
feed in pigs. Most recently, increasing attention has been focused on natural plant-derived
polyphenols to ameliorate gut toxicity by DON exposure in pigs. However, to the best of
our knowledge, no reviews are available regarding polyphenol intervention strategies to
counteract intestinal toxicity caused by DON. The scope of this review is primarily intended
to summarize polyphenol intervention strategies to counteract the intestinal toxicity caused
by DON in pigs.

2. The Physicochemical Characteristics of DON

DON, a naturally occurring mycotoxin, is predominantly produced by Fusarium culmorum
and Fusarium graminearum [18]. The DON is characterized by a chemical formula of
C15H20O6 (molecular weight: 296.32), and its chemical name is 12,3-epoxy-3α,7α,15-
trihydroxytrichothec-9-en-8-on (Figure 1) [19]. Structurally, DON includes three free
hydroxy groups (-OH), which are greatly related to its toxicity [19]. Physically, DON
is a fine, colorless needle (melting point: 151–153 ◦C; boiling point: 543.9 ± 50.0 ◦C; flash
point: 206.9± 2.5 ◦C), and is soluble in polar organic solvents and water [20]. DON is a heat-
stable mycotoxin, which is quite stable within 170–350 ◦C, as evidenced by the absence of a
decreased concentration of DON after 30 min treatment at 170 ◦C. Those physicochemical
characteristics of DON are of great threat to humans and farm animals [7,8].
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3. DON-Induced Enterotoxicity in Swine

Pigs, the most sensitive species to DON, are often at high risk of exposure to DON
because corn and wheat are common high-proportion ingredients in their formulated
feed [21]. The intestine has been authenticated as one of the most crucial targets of DON
exposure [11,12]. DON exposure in pigs is demonstrated to result in intestinal toxicity,
including compromised effects on intestinal nutrient absorption [6,22–25], intestinal mor-
phology, intestinal barrier function, intestinal oxidative stress, intestinal inflammation, and
gut microbiota [26]. Interestingly, there is a growing body of evidence that oxidative stress
is one of the most crucial underlying mechanisms of action in the intestinal toxicity of DON
in swine [16,17]. Oxidative stress is a phenomenon in which the overproduction of ROS
exceeds the ROS-scavenging ability or antioxidant capacity of cells [18]. In both in vivo and
in vitro porcine studies, DON exposure has been demonstrated to generate free radicals,
including ROSs that induce intestinal oxidative damage, which results in alterations in
membrane integrity, cellular redox signaling, and changes in the antioxidant status of
the intestinal cells [9,17,27,28]. Normally, DON exposure compromises the physiological
functions of mitochondria and results in the overproduction of free radicals (including
ROS), which further induce oxidative damage, including lipid peroxidation, DNA injury,
and protein oxidation [18]. Additionally, DON intake reduces antioxidant enzymes, such as
SOD and GSH-Px [16,29]. Some signaling pathways, including MAPKs, are subsequently
induced by oxidative stress, and caspase-mediated apoptosis pathways are activated as
well [14]. In addition, NF-κB is activated following oxidative stress induced by DON, which
further drives its downstream expression of pro-inflammatory genes (such as IL-8, IL-1β,
IL-6, IFN-γ, and TNF-α) [29]. These best explain that DON exposure induces oxidative
stress, inflammation, and even apoptosis of the intestine in swine. In short, oxidative
stress is a critical underlying mechanism of DON-induced enterotoxicity in pigs. Because a
large number of works of literature have reported the toxic effects of DON on the porcine
intestine, there is a perfect review summarizing the negative effects of DON on the porcine
intestine [16]. Therefore, this review will not expand on DON enterotoxicity in piglets, but
will systemically update the protective effects and underlying mechanisms of plant-derived
polyphenols in alleviating DON-induced oxidative stress and intestinal toxicity in swine.

4. Plant-Derived Polyphenol Application to Counteract Oxidative Stress and Intestinal
Toxicity Induced by Deoxynivalenol in Swine

It has been reported that oxidative stress is a crucial factor contributing to DON-
caused intestinal toxicity in animals [30], and the role of oxidative stress induced by
DON exposure should be regarded as one of the key mechanisms for its toxicity [18].
Alleviating oxidative stress would be an effective way to attenuate the toxic effects of DON,
thereby reducing its damage to farm animals [17]. In this regard, antioxidants should
be the best candidates to counteract oxidative stress and gut toxicity caused by DON-
contaminated feed. Polyphenols are a large group of plant secondary metabolites with
strong antioxidant abilities, which is attributed to their special chemical structure (aromatic
rings with multiple hydrogen hydroxyl groups) [27]. Recently, increasing attention has
been focused on polyphenols to detoxify gut toxicity by DON exposure [10,29,31–33].
Thus, this review mainly focuses on polyphenol intervention strategies to counteract DON-
induced gut toxicity. An increasing number of in vivo and in vitro studies have been
collected and described as evidence compatible with a role for oxidative stress in DON-
induced intestinal toxicity. For these reasons, multiple studies have been performed using
polyphenols to attempt to counteract the adverse effects of oxygen radicals generated under
DON treatment. The summary of plant-derived polyphenols counteracting DON-induced
enterotoxicity in swine, both in vivo or in vitro, is presented in Table 1.
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Table 1. The summary of plant-derived polyphenols counteracting deoxynivalenol (DON)-induced
enterotoxicity in swine in vivo or in vitro.

Polyphenols In Vivo/In Vitro
Model

Polyphenol Doses
and Duration

DON Doses
and Duration

Main Findings
(Polyphenol + DON Treatment vs.

DON Treatment)
References

Resveratrol Piglets
300 mg/kg, 21 days

(Cotreatment
with DON)

2.65 mg/kg, 21 days
• Improved jejunal morphology

(↑ villi height, villi
height/crypt depth)

[21]

• Promoted antioxidant
capacity of jejunum mucosa (↑
SOD, T-AOC, ↓MDA)

• Reduced oxidative stress of
jejunum (↓mitochondria ROS
level, ↑mitochondrial
membrane potential)

Resveratrol Piglets
300 mg/kg, 28 days

(Cotreatment
with DON)

3.8 mg/kg, 28 days

• Improved intestinal barrier
function (↓ plasma D-lactase
level, ↑ ZO-1 mRNA and
protein expression in
jejunal mucosa)

[31]

• Decreased intestinal
inflammation: (↓ TNF-α and
IL-1β mRNA and protein
expression in jejunal mucosa)

• Improved antioxidant
capacity of the jejunum (↑
GCLC, SOD1, GCLM, NQO-1,
and HO-1 mRNA expression,
↑ GCLM protein expression, ↓
MDA level)

• Alleviated intestinal apoptosis
(↓ TUNEL-positive cells
percentage, caspase3
protein expression)

• Beneficially regulated colon
microbiota (↑ Roseburia and
butyrate, ↓ Bacteroides and
unidentified-
Enterobacteriaceae)

Resveratrol Piglets
300 mg/kg, 28 days

(Cotreatment
with DON)

3.8 mg/kg, 28 days

• Decreased ileum mitophagy:
(↓ PINK1, Parkin, Beclin-1,
Lamp, Atg5, Map1lc, Bnip3,
Fundc1, Bcl2l1 and SQSTMS1)

[34]

• Improved mitochondrial
functions (↑ SDHA, PHB1,
and VDAC
protein expression)

Resveratrol IPEC-J2 cells 15 µM, 24 h
(pretreatment) 0.5 µg/mL, 24 h

• Enhanced the rate of the spare
respiratory capacity of
IPEC-J2 cells

[34]

• Elevated the total ATP and
NAD of IPEC-J2 cells

Resveratrol IPEC-J2 cells 15 µM, 24 h
(pretreatment) 0.5 µg/mL, 24 h

• Improved cell viability and
cell proliferation [10]

• Decreased oxidative stress
and apoptosis (↓ intracellular
ROS, apoptotic cells, ↑
mitochondrial
membrane potential)

• Activated Nrf2 pathway

Resveratrol IPEC-J2 cells

50 µM, 12 h (1 h
pretreatment and
11 h cotreatment

with DON)

4 µM, 11 h
• Contributed to maintaining

cell monolayer integrity
(↑ TEER)

[32]
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Table 1. Cont.

Polyphenols In Vivo/In Vitro
Model

Polyphenol Doses
and Duration

DON Doses
and Duration

Main Findings
(Polyphenol + DON Treatment vs.

DON Treatment)
References

• Improved intestinal barrier
function (↑mRNA expression:
Claudin 3 and Claudin 4; ↑
protein expression: Claudin-4)

• Decreased cellular
inflammation (↓ IL-8, IL-6)

• Inhibited MAPKs pathway (↓
p-JNK, p-ERK, p-p38)

Oxyresveratrol IPEC-J2 cells

25 µM, 12 (1 h
pretreatment and
11 h cotreatment

with DON)

4 µM, 12 h
• Improved intestinal barrier

function (↑ protein expression:
Claudin-4; ↑ TEER)

[35]

• Inhibited JNK MAPK
pathway (↓ p-JNK)

Baicalin Piglets
0.1%, 14 days
(Cotreatment
with DON)

4 mg/kg, 14 days
• Improved growth

performance (↑ ADFI, ADG,
↓ F/G)

[33]

• Alleviated the disorder of
serum biochemical indices
(↓ ALP, ALT, AST, LDH)

• Decreased inflammatory
response (↓ serum level: IL-8,
IL-1β, IL-6, IFN-γ, TNF-α; ↓
Ileal mRNA expression: IL-8,
IL-1β, IL-6, IFN-γ, TNF-α; ↓
jejunal mRNA expression:
IL-8, IFN-γ, TNF-α)

• Improved serum antioxidant
capacity (↑ T-AOC, GSH-Px,
GSH, SOD; ↓MDA)

• Improved intestinal
morphology (↑ ileum and
jejunum: villus height and
villus height/crypt depth)

• Inhibited NF-κB pathway
(↓ ileal and jejunal gene
expression and protein levels:
NF-κB p65)

• Activated mTOR pathway
(↑ ileal and jejunal gene
expression and protein
levels: mTOR)

Baicalin-copper Piglets
5 g/kg, 14 days
(Cotreatment
with DON)

4 mg/kg, 14 days

• Increased intestinal
absorption of amino acids
(↑ serum level: Lys, Val, Tyr,
Ile, Leu, and Arg)

[36]

Ferulic acid IPEC-J2 cells 60 µM, 12 h
(pretreatment) 40 µM, 12 h • Increased cell viability [37]

• Decreased cellular oxidative
stress: (↓ intracellular ROS,
↑ SOD and GSH)

• Activated Keap1/Nrf2
pathway and upregulated
protein expression of the
downstream antioxidant
protein (↑ nuclear Nrf2, HO1,
↓ cytoplasm Nrf2, keap1)

• Decreased cellular
inflammation (↓ IL-6 and IL-8)
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Table 1. Cont.

Polyphenols In Vivo/In Vitro
Model

Polyphenol Doses
and Duration

DON Doses
and Duration

Main Findings
(Polyphenol + DON Treatment vs.

DON Treatment)
References

• Decreased the
phosphorylation level of
MAPKs (↓ p-p38/p38,
p-JNK/JNK, and
p-ERK1/2/ERK1/2)

• Inhibited the activation of
NF-κB pathway
(↓ p-IκB-α/IκB-α)

• Attenuated the DON-induced
intracellular apoptosis
(↑ Bcl-2, ↓ Bax, caspase-3)

Quercetin IPEC-J2 cells 20 µM, 24 h
(pretreatment) 1 µM, 1 h

• Pretreatment with quercetin
contributed to maintaining
cell monolayers integrity
(↑ TEER)

[38]

• Pretreatment with quercetin
alleviated cellular oxidative
stress (↓ H2O2, ROS)

Dihydromyricetin IPEC-J2 cells
40 µM, 24 h
(cotreatment
with DON)

250 ng/mL, 24 h
• Decreased the cytotoxicity

caused by DON (↑ cell
viability, ↓ apoptotic cells)

[29]

• Decreased cellular oxidative
stress (↓ intracellular ROS;
↑ intracellular GSH)

• Decreased cellular
inflammation (↓ culture
supernatants concentration:
TNF-α, IL-8; ↓mRNA
expression: TNF-α, IL-6,
IL-8, IL-1β)

• Restored the metabolism
disorders of metabolic
pathways including histidine
metabolism, glutamate
metabolism, and
arachidonic metabolism

Chlorogenic acid IPEC-J2 cells 40 µg/mL, 1 h
(Pretreatment) 0.5 µg/mL, 6 h

• Decreased the cytotoxicity
caused by DON (↓ LDH) [39]

• Decreased cellular
inflammation (↓mRNA
expression: TNF-α, IL-6, IL-8,
COX-2; ↓ protein
expression: COX-2)

• Decreased cell apoptosis
(↓ cell apoptosis rate; ↓ mRNA
expression: caspase-3, Bax;
↓ protein expression: Bax)

• Increased barrier function
(↑mRNA expression: ZO-1,
Occludin, Claudin-1; ↑ protein
expression: ZO-1, Claudin-1)

• Increased nutrient transport
(↑mRNA expression: PePT1
and GLUT2; ↑ protein
expression: PePT1)

Astilbin IPEC-J2 cells
20 µg/mL, 6 h
(cotreatment
with DON)

0.5 µg/mL, 6 h
• Decreased the cytotoxicity

induced by DON (↑ cell
viability, ↓ LDH)

[28]

• Increased cellular antioxidant
capacity (↑ CAT, SOD,
↓MDA)
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Table 1. Cont.

Polyphenols In Vivo/In Vitro
Model

Polyphenol Doses
and Duration

DON Doses
and Duration

Main Findings
(Polyphenol + DON Treatment vs.

DON Treatment)
References

• Decreased cellular
inflammation (↓mRNA
expression: TNF-α, IL-6, IL-8,
COX-2, and NF-κB)

• Decreased cell apoptosis
(↓ cell apoptosis rate; ↓ mRNA
expression: Bax, Caspase3;
↑ Bcl-2/Bax)

• Increased barrier function
(↑mRNA expression:
ZO-1, Claudin-1)

• Increased nutrient transport
(↑mRNA expression: PePT1).

Rosmarinic acid IPEC-J2 cells 50 µM, 24 h
(pretreatment)

1 µM DON and
5 nmol/L T-2, 48 and

72 h

• Cotreatment with DON and
T-2 reduced TEER of the cell
monolayer, which was
restored by rosmarinic acid;

[30]

• Cotreatment with DON and
T-2 induced oxidative stress
and elevated IL-6 and IL-8
levels, which were alleviated
by rosmarinic acid.

↑ = increase; ↓ = decrease; ADFI = average daily feed intake; ADG = average daily gain; ALP = alkaline phos-
phatase; ALT = alanine aminotransferase; AST = aspartate aminotransferase; ATP = adenosine triphosphate;
Bax = Bcl-2 associated x protein; Bcl-2 = B-cell lymphoma/leukemia 2; COX-2 = cyclooxygenase-2; F/G = the
ratio of feed to gain; GCLC = glutamate cysteine ligase catalytic subunit; GCLM = glutamatecysteine-ligase
modulatory subunit; GLUT2 = glucose transporter 2; GSH = glutathione; GSH-Px = glutathione peroxidase;
HO-1 = heme oxygenase-1; IFN-γ = interferon γ; IL-1β = interleukin-1β; IL-6 = interleukin-6; IL-8 = interleukin-8;
JNK = c-Jun N-terminal kinase; keap1 = kelch-like epichlorohydrin associated protein 1; LDH = lactate dehy-
drogenase; MDA = malondialdehyde; mTOR = mammalian target of rapamycin; NAD = nicotinamide adenine
dinucleotide; NF-κB = nuclear factor kappa-B; NQO-1 = NAD(P)H dehydrogenase, quinone 1; Nrf2 = nuclear
factor erythroid 2-like 2; PePT1 = peptide transporter 1; PINK1 = PTEN-induced kinase 1; ROS = reactive oxygen
species; SOD = superoxide dismutase; SOD1 = superoxide dismutase 1; T-AOC = total antioxidant capacity;
TEER = transepithelial electrical resistance; TNF-α = tumor necrosis factor-α; TUNEL = terminal deoxynucleotidyl
transferase mediated dUTP nick end labeling; ZO-1 = zonula occludens-1.

4.1. Resveratrol

Resveratrol (3,5,4′-trihydroxystilbene, C14H12O3) is a plant-derived polyphenolic an-
tioxidant that is abundant in grape skin and red wine [32]. Most recently, resveratrol has
been reported to possess efficient antioxidant activity and counteract DON-causing intesti-
nal toxicity in pigs, in both in vivo and in vitro studies. In a 2 × 2 factorial experimental
feeding trial, Qiu et al. (2021) reported the beneficial effects of dietary 300 mg/kg resvera-
trol supplementation on intestinal oxidative injury and inflammation caused by 3.8 mg/kg
DON challenge in weaned piglets [31]. The authors found that feeding 300 mg/kg resvera-
trol for 28 days significantly increased the antioxidant capacity and decreased oxidative
stress in the intestines of weaned piglets, while also markedly abrogating their increased
intestinal cell apoptosis [31]. In a 28-day feeding trial, Hong et al. (2022) demonstrated
that dietary 300 mg/kg resveratrol supplementation effectively alleviated the 2.65 mg/kg
DON-induced oxidative stress injury of weaned piglets, and decreased the DON-causing
impairment of mitochondria and intestinal morphology of piglets [21]. Specifically, com-
pared with the DON group, piglets from the DON + resveratrol group had higher SOD
activity, total antioxidant capacity (T-AOC), mitochondrial membrane potential in the
jejunum, as well as decreased malondialdehyde (MDA) content and mitochondria reactive
oxygen species (ROS) in the jejunum [21]. Consistently, Qiu et al. (2022) also found that the
dietary addition of resveratrol improved intestinal oxidative damage, inflammation, and
intestinal microbiota of piglets fed DON contaminated diet [40]. In a study using the IPEC-
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J2 cell model, Ling et al. (2016) reported that an addition of 50 µM resveratrol protected
against 4 µM DON-induced intestinal barrier dysfunction and bacterial translocation [32].
Therefore, resveratrol, as a potent antioxidant agent, could be added as a novel dietary
strategy to relieve DON-induced intestinal toxicity in pigs [32]. In another in vitro study
using IPEC-J2 cells, Yang et al. (2019) also found that pretreatment with 15 µM resveratrol
protected IPEC-J2 cells from cell toxicity by 0.5 µg/mL DON via activating the nuclear
factor erythroid 2-like 2 (Nrf2) signaling pathway, and Nrf2 siRNA knockdown abrogated
the protective effects of resveratrol on DON-caused intestinal cytotoxicity [10]. The results
of Yang et al. (2019) revealed that Nrf2 signaling pathway-mediated antioxidant pathway
has quite an important role in the protection of resveratrol against DON toxicity. Apart
from the Nrf2 signaling pathway, mitophagy was reported to be another potential mech-
anism of resveratrol restoring intestinal injury caused by DON challenge in piglets [34].
Using both in vivo and in vitro models, Huang et al. (2022) demonstrated that resveratrol
ameliorated the intestinal injury caused by DON through mitophagy in weaned piglets [34].
The authors found that diet contaminated with 3.8 mg/kg DON significantly upregulated
the mRNA expression abundance of mitophagy-related genes, while dietary supplementa-
tion with 300 mg/kg resveratrol downregulated those parameters in the ileum of piglets.
Furthermore, the authors found that DON markedly reduced mitochondrial respiration
and nicotinamide adenine dinucleotide (NAD) and total adenosine triphosphate (ATP) of
IPEC-J2 cells, while resveratrol supplementation increased the rate of spare respiratory
capacity, NAD, and total ATP [34]. These findings indicate that oxidative stress is a crucial
factor in DON cytotoxicity, and supplementation with resveratrol can counteract DON
cytotoxicity in pigs.

4.2. Oxyresveratrol

Oxyresveratrol (trans-3,5,2′,4′-tetrahydroxystilbene, C14H12O4) is one kind of resvera-
trol analog, which is characterized by an additional hydroxyl group bearing on the aromatic
ring in comparison to resveratrol [41]. Oxyresveratrol is more water-soluble than resver-
atrol. Similarly to resveratrol, oxyresveratrol has robust antioxidant, anti-inflammatory,
anti-obesity, and antiviral biological properties [41]. In recent years, oxyresveratrol has been
demonstrated to have beneficial regulatory effects on intestinal inflammation and intestinal
diseases [42,43]. In a Caco-2 model, oxyresveratrol treatment markedly reduced monolayer
permeability by upregulating the gene and protein expression of ZO-1, Claudin-1, and
Occludin, which are involved in protein kinase C (PKC) and mitogen-activated protein
kinase (MAPK) pathways [44]. Oxyresveratrol has also been reported to alleviate colitis
in rats by inhibiting intestinal inflammation [45]. Oxyresveratrol treatment significantly
downregulated the gene expression of pro-inflammatory factors (IL-6, IL-1β, and TNF-α),
but upregulated the gene expression of anti-inflammatory factors (IL-10). Moreover, the
expression of COX-2 and iNOS was inhibited by oxyresveratrol supplementation [45].
Similarly, Ramulus mori ethanol extract, enriched in oxyresveratrol, alleviated acute colitis
by inhibiting intestinal inflammation and promoting mucin production in a mouse model
as well as in a LS 174T goblet cell line model [46]. In pig production, oxyresveratrol has
been documented to be utilized for inhibiting African swine fever virus replication [47].
Wan et al. (2018) noted that treatment with 25 µM oxyresveratrol for 12 h protected IPEC-J2
from DON-caused intestinal barrier dysfunction, as suggested by the increased TEER and
protein expression of Claudin-4 [35]. The c-Jun N-terminal kinase (JNK) pathway may
be involved in this protective process, because the JNK phosphorylation was inhibited
by oxyresveratrol supplementation [35]. Herein, oxyresveratrol is a promising candidate
to protect the porcine intestine against DON exposure, and further research is needed to
investigate the protective effects of oxyresveratrol on pig intestines in vivo studies.

4.3. Baicalin

Baicalin (C21H18O11) is a natural flavonoid derived from Scutellaria baicalensis Georgi,
which is one kind of traditional Chinese medicine [48]. Baicalin is characterized by nu-
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merous pharmacological properties, including antioxidant, anti-inflammatory, anticancer,
and antiviral functions, for protecting intestinal health [33]. In a 14-day feeding study,
320 weaned piglets were allotted to four dietary treatments using a 2 × 2 factorial ex-
perimental design. Factor 1 was dietary DON level (0 vs. 4 mg/kg), and factor 2 was
dietary baicalin level (0 vs. 0.1%) [33]. The results show that baicalin supplementation
alleviated the adverse effects of DON-induced oxidative damage and intestinal inflamma-
tion of piglets [33]. Specifically, baicalin supplementation augmented serum antioxidant
capacity (increased T-AOC, glutathione (GSH) content, SOD activity, and GSH-Px activity;
decreased MDA content), and downregulated the genes’ expression of pro-inflammatory
cytokines in intestinal tissues (IL-8, IL-6, IFN-γ, and TNF-α in the jejunum; IL-8, IL-1β,
IFN-γ, and TNF-α in the ileum) in piglets fed a DON-contaminated diet [33]. Moreover,
baicalin supplementation reversed the impairment of intestinal morphology in piglets fed
a DON-contaminated diet, including villus height, crypt depth, and villus height/crypt
depth ratio in the jejunum and ileum [33]. Regarding the underlying mechanism of the mit-
igative effect of baicalin on intestinal impairment, the authors demonstrated that baicalin
suppressed the NF-κB pathway and activated the mammalian target of rapamycin (mTOR)
signaling to regulate the downstream oxidative and inflammatory responses [33]. Overall,
baicalin can efficiently scavenge free radicals in order to prevent oxidative injury. Addi-
tionally, baicalin has been reported to readily chelate with Cu2+ or Zn2+, which results in
a metal chelate compound with a stronger free radical scavenging capacity than baicalin
itself [36]. It has been found that dietary supplementation with 5 g/kg baicalin copper
for 14 days markedly upregulated jejunal HO-1 protein expression of weaned piglets [36].
Moreover, baicalin copper supplementation notably elevated Mn-SOD activity and the
concentrations of arginine, isoleucine, valine, lysine, and tyrosine in the serum of piglets
fed DON-contaminated feed [36]. Baicalin zinc, a metal chelate compound with baicalin
and Zn2+, has also been reported to possess potential antioxidant properties against DON-
induced intestinal toxicity in piglets [49]. Specifically, dietary supplementation with 5 g/kg
baicalin zinc for 14 days notably elevated serum T-AOC levels of piglets challenged with
4 mg/kg DON, suggesting that baicalin zinc can efficiently mitigate oxidative stress and
enhance nutrient absorption in piglets fed DON-contaminated feed [49]. Hence, baicalin
and its metal chelate compounds (baicalin copper and baicalin zinc) could be used as a
feed additive for pigs against DON-induced intestinal toxicity.

4.4. Ferulic Acid

Ferulic acid (C10H10O4), a natural polyphenol substance, is widely found in fruits and
vegetables such as rice grain, sweet corn, and tomatoes [50]. Ferulic acid is also a main
bioactive compound of multiple Chinese herbal medicines, such as coptis and angelica [37].
Ferulic acid has been demonstrated to have multiple physiological functions, especially
antioxidant and anti-inflammation properties [51]. Most recently, ferulic acid has been
reported as a feed additive to improve the meat quality and carcass traits of finishing
pigs [52,53], as well as to modulate antioxidant status and lipid metabolism in weaned
piglets [54]. Li et al. (2015) reported that dietary supplementation with 100 mg/kg ferulic
acid for 28 days elevated the pH45 min value of the longissimus dorsi muscle and GSH-Px
activity in the liver, and reduced MDA levels in the livers of finishing pigs [52]. Interestingly,
Valenzuela-Grijalva et al. (2021) demonstrated that 25 mg/kg ferulic acid could be used as
an alternative to ractopamine to promote the growth of finishing pigs [53]. The authors
found that the dietary addition of 25 mg/kg ferulic acid for 27 days elevated the average
daily gain and loin muscle area and the number of muscle fibers, and reduced fat deposition
and the cross-sectional area of finishing pigs [53]. Wang et al. (2020) also documented that
dietary inclusion of 0.45% ferulic acid for 35 days elevated the total superoxide dismutase
(T-SOD) and catalase (CAT) activities, as well as the high-density liptein cholesterol (HDL-
C) level, in serum. However, the levels of MDA, total cholesterol (T-CHO), and low-density
lipoprotein (LDL-C) were reduced in the serum of weaned piglets [54]. Moreover, dietary
ferulic acid supplementation improved the antioxidant status of the muscles and liver, and
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was found to be associated with activating the Nrf2 antioxidant signaling pathway and
regulating the gene expression downstream of the Nrf2 pathway [54]. The protective effects
of ferulic acid on porcine intestinal damage induced by DON exposure were confirmed
in an in vitro model [37]. Ferulic acid treatment reversed the cell viability reduction in
IPEC-J2 cells, which was caused by DON exposure [37]. The authors further investigated
the underlying mechanism of the protective role of ferulic acid against DON, and found
that the treatment of ferulic acid alleviated intracellular oxidative stress, inflammation,
and apoptosis by regulating the Nrf2, MAPKs, and NF-κB pathways [37]. Herein, it is
demonstrated that ferulic acid could be used as a feed additive suitable for pigs under
DON exposure conditions.

4.5. Quercetin

Quercetin (C15H10O7), a flavonoid, is abundantly present in vegetables and fruits
as a secondary antioxidant metabolite [38]. Quercetin has a strong antioxidant capacity,
which gives it a perfect preventive and therapeutic effect on diseases caused by oxidative
stress [55]. The antioxidant property of quercetin was previously proven in the porcine
intestine in vitro and in vivo experiments. Zou et al. (2016) found that dietary supplemen-
tation with 25 mg/kg quercetin for 28 days alleviated intestinal integrity damage linked
to reducing the intestinal oxidative stress and inflammation of finishing pigs subjected
to transport stress [56]. Importantly, quercetin supplementation decreased the levels of
ROS and MDA in the intestine, suggesting a beneficial role of quercetin in antioxidative
stress of the intestines in pigs [56]. Meanwhile, the antioxidant status and meat quality
of finishing pigs were markedly improved when pigs were fed a 25 mg/kg quercetin
diet for 28 days, followed by a 5 h transport stress challenge [57]. Consistently, Xu et al.
(2021) noted that dietary addition of 0.1% quercetin for 14 days improved intestinal antioxi-
dant ability and alleviated diarrhea and weaning-associated intestinal injury in weanling
piglets [58]. Specifically, supplementation of quercetin elevated the T-AOC, CAT level,
and GSH/oxidized glutathione (GSSG) ratio, but reduced the MDA level in the jejunum
of weanling piglets [58]. Moreover, quercetin supplementation reduced the fecal score
and improved the intestinal barrier function of weanling piglets, as shown by elevated
Occludin protein expression, villus height, villus height/crypt depth ratio, and reduced
crypt depth and gut-epithelial apoptosis [58]. However, according to Degroote et al. (2019),
short-term supplementation of quercetin for 14 days had little impact on the small intestine,
but enhanced the glutathione transferase level of the liver in piglets [59]. In an IPEC-1
cell model, Jia et al. (2021) found that pretreatment with 5 µM quercetin for 24 h greatly
abrogated diquat-induced intestinal damage, including cell apoptosis and oxidative stress,
as indicated by increased ROS production and elevated mitochondrial depolarization [60].
Using a specific inhibitor of Nrf2 (all-trans-retinoic acid), the authors further demonstrated
that the protective effect of quercetin on enterocytes was mediated via activating the Nrf2
signaling pathway and redox homeostasis [60]. Karancsi et al. (2022) reported the protec-
tive impact of quercetin and its methylated derivatives on inflammation in IPEC-J2 cells,
acting against the lipopolysaccharide challenge [55]. A dosage of 50 µM quercetin or its
methylated derivatives all decreased intracellular ROS levels, extracellular H2O2 levels,
and IL-6 levels of IPEC-J2 cells challenged with lipopolysaccharide [55]. The aforemen-
tioned results highlight that quercetin could be used as a promising substance to protect
the intestine against oxidative stress. Vergauwen et al. (2016) reported that quercetin was
beneficial at a concentration range of 25–800 mmol/L to reduce intracellular ROS levels
and strengthen the integrity of the monolayer of IPEC-J2 cells [61]. Similarly, Chen et al.
(2018) also found that quercetin treatment promoted cell proliferation, and protected cells
from H2O2-induced apoptosis in IPEC-J2 cells [62]. Specifically, quercetin incubation de-
creased the apoptosis rate, Bax/Bcl-2 ratio, and ROS level, but increased mitochondrial
membrane potential in IPEC-J2 cells subjected to an H2O2 challenge [62]. Most importantly,
Pomothy et al. (2021) demonstrated that pretreatment with quercetin protected against
DON-induced monolayer integrity damage and oxidative stress in IPEC-J2 cells [38]. It is
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suggested that quercetin might scavenge ROS in two ways. One mechanism can be that
quercetin directly acts on both intracellular superoxide anion radicals or other free radicals
and eliminates them [38]. The other possible mode of action of quercetin seems to involve
the initiation of antioxidant pathways in cells via promoting the production of antioxidant
enzymes [38]. In vivo feeding trials are needed to confirm the beneficial effects of quercetin
against DON-induced intestinal toxicity in piglets, and the optimum supplementation
dosage has yet to be confirmed.

4.6. Dihydromyricetin

Dihydromyricetin (C15H12O8) is a natural flavonoid originating from the Ampelopsis
grossedentata plant, and has been demonstrated to have strong antioxidant and anti-
inflammatory characteristics [29,63,64]. Most recently, dihydromyricetin has been demon-
strated to promote the intestinal antioxidant ability of pigs in vivo [65]. Concretely, feeding
0.03% dihydromyricetin to grower pigs for 15 weeks markedly enhanced T-AOC and the ac-
tivities of GSH-Px and CAT, but reduced MDA content in the jejunum mucosal of pigs [65].
More importantly, dihydromyricetin has been reported to have protective effects against
DON-induced toxicity in porcine intestinal epithelial cells [29]. Compared with the DON
treatment group, cotreatment with dihydromyricetin markedly promoted cell viability
and inhibited cell apoptosis, and improved antioxidant capacity and anti-inflammatory
ability, as evidenced by the increased intracellular GSH content, and decreased intracellular
ROS, tumor necrosis factor-α (TNF-α), and interleukin-8 (IL-8) levels [29]. The results
of Long et al. (2021) indicate that dihydromyricetin can effectively alleviate the DON-
induced toxicity of porcine intestinal epithelial cells by reducing intestinal oxidative stress,
inflammation, and apoptosis [29]. Additionally, dihydromyricetin has also been reported
to improve intestinal barrier function, as well as nutrient transport and absorption in
pigs [66]. Wei et al. (2022a) found that dietary dihydromyricetin supplementation signifi-
cantly upregulated the mRNA expression of MUC1 and MUC2 and the protein expression
of Claudin-1 and Occludin in the jejunum mucosa of pigs [66]. Dietary dihydromyricetin
supplementation also elevated the activities of maltase, lipase, amylase, and sucrase, and
upregulated the mRNA expression of nutrient transporters (SGLT1, GLUT2, and PepT1)
in the jejunum mucosa of pigs [66]. Therefore, the above research results suggest that the
application of dihydromyricetin as a feed additive in pig diets has broad prospects, and it
may feasibly be used to alleviate the toxic effects of feed DON contamination on pigs.

4.7. Chlorogenic Acid

Chlorogenic acid (C16H18O9) is a polyphenol compound extracted from vegetables,
fruits, and plants, including Eucommia ulmoides, honeysuckle, coffee and tea, and so
on [39]. In recent years, the beneficial regulation of chlorogenic acid on the intestinal func-
tion and health of pigs has attracted widespread attention. The primary physiological and
biochemical function of chlorogenic acid is attributed to its robust antioxidant function [67].
It has been reported that feeding 1000 mg/kg chlorogenic acid to weaned piglets for 2 weeks
increased the activities of GSH-Px and CAT, and decreased MDA content in the duodenal
and jejunal mucosa of pigs [68]. Meanwhile, the activities of GSH-Px, SOD, and CAT in
the serum of piglets were elevated by dietary 1000 mg/kg chlorogenic acid supplementa-
tion [69]. These results suggest that dietary chlorogenic acid supplementation improved
the antioxidant status of piglets, which is beneficial for piglets to protect against oxidative
stress. Chen et al. (2022) found that the dietary addition of 1000 mg/kg chlorogenic acid for
21 days increased antioxidant enzyme activity in the serum of piglets under oxidative stress
conditions [70]. Moreover, dietary supplementation with 1000 mg/kg chlorogenic acid for
2 weeks markedly decreased the mRNA expression of IL-6, TNF-α, IL-1β, and NF-κB in
the jejunal and ileal mucosa of piglets [71]. Regarding intestinal apoptosis, chlorogenic
acid supplementation decreased apoptotic cells in the jejunum as well as Bax/Bcl-2 ratio in
the duodenum and jejunum of piglets [71]. It has been reported that feeding 1000 mg/kg
chlorogenic acid to weaned piglets for 2 weeks enhanced the intestinal barrier function of
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piglets, as indicated by decreased serum diamine oxidase (DAO) and D-lactate levels, and
upregulated protein expression of claudin-1 in the small intestinal epithelium [68]. Those
results suggest that chlorogenic acid improved intestinal barrier function and reduced
intestinal oxidative stress, inflammation, and apoptosis of piglets. In an IPEC-J2 cell model,
pre-treatment with 40 µg/mL chlorogenic acid for 1 h elevated cell viability and reduced
LDH release and apoptosis in IPEC-J2 cells, which were challenged by 0.5 µg/mL DON for
6 h in comparison to the DON-treated IPEC-J2 cells [39]. Under DON exposure conditions,
chlorogenic acid supplementation still exerts robust protective effects on porcine intestinal
epithelial cells, including maintaining intestinal barrier function and nutrient transport [39].
Concretely, the mRNA expression of Claudin-1, ZO-1, Occludin, PePT1, and GLUT2 were
upregulated when IPEC-J2 cells were treated with chlorogenic acid under DON exposure
conditions [39]. This study indicated that chlorogenic acid could alleviate porcine enterotox-
icity induced by DON exposure via its antioxidant, anti-inflammation, and anti-apoptosis
characteristics [39]. Therefore, chlorogenic acid is a promising polyphenol to counteract the
oxidative damage and intestinal injury of swine by DON exposure.

4.8. Astilbin

Astilbin (C21H22O11), a natural plant-derived flavonoid polyphenol compound, was
isolated from Hypericum perforatum [72], Engelhardtia chrysolepis, and other plants [73].
Astilbin has been reported to possess antioxidant, anti-inflammatory, anti-microbial, and
immune-regulatory properties [28]. Nakahara et al. (2017) reported that astilbin improved
intestinal barrier functions in Caco-2 cells [73]. Specifically, astilbin treatment elevated the
transepithelial electrical resistance and the relative mRNA levels of ZO-2 and Claudin-1, as
well as the protein expression of Occludin and ZO-2 in Caco-2 cells [73]. Xu et al. (2020)
found that 0.5 µg/mL DON exposure for 6 h led to cellular oxidative stress, inflammation,
and cell apoptosis in IPEC-J2 cells [28]. However, compared with DON exposure, treatment
of IPEC-J2 cells with 20 µg/mL astilbin significantly improved cellular oxidative stress
status, as indicated by decreased MDA content, as well as the increased CAT and SOD
activities [28]. Additionally, 20 µg/mL astilbin treatment downregulated the relative mRNA
expression of Bax, Bcl-2, and Caspase3, and increased the Bcl-2/Bax ratio, suggesting that
astilbin reduced cell apoptosis caused by DON exposure [28]. Simultaneously, the cellular
inflammation induced by DON was reduced by 20 µg/mL astilbin treatment, as reflected by
the relative mRNA expression of IL-6, IL-8, TNF-α, COX-2, and NF-κB in IPEC-J2 cells [28].
Astilbin is another promising polyphenol to be utilized as a feed additive for pigs under
DON exposure.

4.9. Rosmarinic Acid

Rosmarinic acid (C18H16O8) is a non-flavonoid phenolic compound. Vergauwen et al.
(2016) concluded that pre-incubation of cells with 200, 400, and 600 µmol/L rosmarinic acid
for 18 h could reinforce the IPEC-J2 cell monolayer integrity after the peroxide challenge [61].
According to Li et al. (2020), a chlorogenic acid-enriched extract derived from Eucommia
ulmoides Oliver leaves (1000 mg/kg) improved the growth performance of finishing
pigs, including average daily gain and average daily feed intake [74]. More importantly,
1000 mg/kg chlorogenic acid-enriched extract enhanced muscle antioxidant capacity, as
indicated by increased T-AOC, GSH-Px, T-SOD, and sarcoplasmic reticulum Ca2+-ATPase
activities, as well as upregulated SOD1 gene expression [74]. Additionally, the meat
quality was improved by dietary supplementation of chlorogenic acid-enriched extract,
as suggested by reduced cooking loss, drip loss, carbonyl, and MDA contents in the meat
of pigs [74]. Using an in vitro model of IPEC-J2 cells, Pomothy et al. (2020) evaluated
the impact of rosmarinic acid on intestinal oxidative stress and inflammation of porcine
enterocytes induced by DON and T-2 toxin [30]. The authors found that a dosage of
50 µmol/L rosmarinic acid restored the decreased transepithelial electrical resistance of
IPEC-J2 cell monolayer caused by cotreatment with 1 µmol/L DON + 5 nmol/L T-2 toxin
for 48 or 72 h [30]. It was also reported that cotreatment with DON and T-2 toxin for 48
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or 72 h markedly resulted in oxidative stress and increased interleukin-6 (IL-6) and IL-8
levels, which were mitigated by rosmarinic acid treatment [30]. These data indicate that
rosmarinic acid administration is beneficial for defense against DON, T-2 toxin-induced
cell monolayer integrity impairment, and the disturbed redox status of IPEC-J2 cells [30].

5. Potential Mechanism of Action: Activation of Nrf2 by the Polyphenols

The Keap1-Nrf2-ARE pathway is the most critical endogenous antioxidant signaling
pathway found in animal organisms, and is also the primary response element of cells
to mycotoxin toxicity [75]. It has been demonstrated that the Keap1-Nrf2-ARE pathway
can regulate more than 100 downstream genes, among which are redox signaling, antioxi-
dant stress, and related target genes, with cell protection functions as the main ones [76].
The Keap1-Nrf2-ARE pathway mainly includes three functional parts: Keap1 (Kelch-like
epichlorohydrin associated protein 1), Nrf2 (nuclear factor erythroid 2-like 2), and ARE (an-
tioxidant response element), among which Nrf2 is a key regulator. Nrf2 is a redox-sensitive
transcription factor which plays a vital role in modulating the cellular physiological re-
sponses to electrophilic and oxidative stress. It accomplishes this through modulating
diverse downstream target genes encoding phase II detoxifying enzymes and antioxidant
proteins [77]. Under normal conditions, Nrf2 is coupled to its repressor protein (Keap1)
and exists in the cytoplasm in an inactive form. The Keap1 protein is anchored by cytosolic
actin and acts as a substrate, which mediates the ubiquitination and degradation of Nrf2
through the Keap1-Cul3 ubiquitin ligase pathway, and maintains the Nrf2 protein in cells
at a relatively low concentration. In the presence of Nrf2 activators (such as polyphenols),
the binding of Keap1-Nrf2 interferes (see Figure 2). Cysteine in the IVR region of Keap1 is
oxidized, leading to the change in its protein conformation. The DC-DLG binding site is
broken, and uncouples with Nrf2. The dissociated Nrf2 protein is transferred to the nucleus
to bind to Maf protein and ARE elements, thus driving the expression of downstream
antioxidant enzymes and phase II detoxification enzyme genes [78].
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There is an increasing body of shreds of evidence that plant-derived polyphenols
are natural activators of Nrf2, can inhibit oxidative stress and inflammation via targeting
Nrf2, and consequently driving ARE-associated antioxidant genes (Figure 2) [77]. Most
recently, resveratrol has been demonstrated to alleviate H2O2-caused oxidative stress in
IPEC-J2 through PI3K (phosphoinositide 3-kinase)/Akt (serine/threonine kinase)-mediated
Nrf2 signaling pathway [83]. Wei et al. (2022) reported that dietary dihydromyricetin
supplementation upregulated the protein expression of nuclear Nrf2, HO-1, and NQO1 in
the jejunum of growing-finishing pigs, suggesting that dihydromyricetin supplementation
activated Nrf2 and drives its downstream antioxidant target genes [65]. The authors also
found that dihydromyricetin treatment promoted the nuclear translocation of Nrf2 and
the protein expression of HO-1 in vitro using an IPEC-J2 cell model [65]. In addition,
Bao et al. (2021) noted that baicalin remitted oxidative injury of IPEC-J2 cells subjected to a
lipopolysaccharide challenge, activated the Nrf2 pathway, and upregulated the mRNA and
protein levels of its downstream antioxidant protein, such as HO-1 (heme oxygenase-1) and
NQO-1 (quinone oxidoreductase-1) [79]. Similarly, quercetin has been proven to restore
diquat-induced oxidative injury via activating Nrf2 signaling in IPEC-1 cells [60]. In weaned
piglets, the dietary addition of chlorogenic acid elevated the protein expressions of Nrf2 and
HO-1 in the duodenal and jejunal mucosa, indicating that the Nrf2 pathway was activated
and its downstream HO-1 expression was driven by chlorogenic acid [68]. Furthermore,
the Nrf2 pathway has been also demonstrated to be activated by rosmarinic acid in laying
hens [80], astilbin in HEK-293 cells [81], and oxyresveratrol in HepG2 cells [82]. Most
importantly, Yang et al. (2019) documented that treatment with resveratrol effectively
activated the Nrf2 signaling pathway and promoted antioxidant protection against DON-
induced toxicity in IPEC-J2 cells. The authors further confirmed the essential role of Nrf2 via
Nrf2 siRNA knockdown, and found that Nrf2 siRNA knockdown abrogated the protective
effects of resveratrol against DON-caused intestinal cytotoxicity [10]. Meng et al. (2022)
found that ferulic acid ameliorated DON-induced oxidative stress and cellular toxicity, and
activated the Nrf2 pathway in IPEC-J2 cells, as suggested by the downregulated protein
expressions of Keap1 and cytoplasm Nrf2, as well as the upregulated protein of nuclear
Nrf2 [37]. As the downstream target antioxidant gene of Nrf2, HO-1 was also upregulated
at the protein level by ferulic acid treatment in IPEC-J2 cells [37]. Therefore, the Nrf2
regulation by polyphenols is supposed to be the potential underlying mechanism of action
of polyphenols in protecting against DON-induced enterotoxicity of swine. In light of the
increasing evidence that multiple polyphenols share a joint pharmacological mechanism
as Nrf2 activators, this extensive group of substances provides a batch of candidates for
treating oxidative stress and intestinal damage of swine exposure to DON contamination.

6. Conclusions and Perspectives

In this review, we systematically summarized various studies available in terms
of plant-derived polyphenols as Nrf2 activators ameliorating DON-induced oxidative
stress and intestinal toxicity in swine. These studies demonstrated that polyphenols can
counteract the deleterious effects of chronic consumption of DON, and confirmed the
potential effectiveness of dietary strategies to counteract DON-induced intestinal toxicity
in pigs. To date, although only nine polyphenols have been reported to activate Nrf2
and mitigate DON-caused enterotoxicity of swine in vitro and/or in vitro, more than
8000 polyphenol compounds derived from plants have been identified. There a is much
room to explore more polyphenols (or phytogenic extracts rich in polyphenols) as functional
feed additives in swine. Furthermore, activation of the porcine intestinal Nrf2 pathway
can be utilized as a key criterion (marker) for screening potential high-efficiency plant
polyphenol feed additives for swine, especially under feed DON contamination conditions.
In addition, further studies are warranted to evaluate the additive effects of screened
polyphenols under feeding trial conditions, and to determine the optimal application
dosage of polyphenols or polyphenol-enriched plant extracts at different production stages
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of swine. In light of the current findings, the development and application of polyphenols
is an emerging and promising direction for future investigation in this research field.

Author Contributions: Conceptualization, J.C. and J.Y.; methodology, Z.H. and T.Z.; valida-
tion, X.C. (Xuehai Cao); writing—original draft preparation, J.C.; writing—review and editing,
X.C. (Xingping Chen) and J.Y.; funding acquisition, J.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No. 32102593)
and the Science and Technology Plan Project of Jiangxi Provincial Department of Education
(No. GJJ200416), China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Patience, J.F.; Rossoni-Serão, M.C.; Gutiérrez, N.A. A review of feed efficiency in swine: Biology and application. J. Anim. Sci.

Biotechnol. 2015, 6, 33. [CrossRef]
2. Magnoli, A.P.; Poloni, V.L.; Cavaglieri, L. Impact of mycotoxin contamination in the animal feed industry. Curr. Opin. Food Sci.

2019, 29, 99–108. [CrossRef]
3. Holanda, D.M.; Kim, S.W. Mycotoxin occurrence, toxicity, and detoxifying agents in pig production with an emphasis on

deoxynivalenol. Toxins 2021, 13, 171. [CrossRef] [PubMed]
4. Gruber-Dorninger, C.; Jenkins, T.; Schatzmayr, G. Global mycotoxin occurrence in feed: A ten-year survey. Toxins 2019,

11, 375. [CrossRef]
5. Ma, R.; Zhang, L.; Liu, M.; Su, Y.T.; Xie, W.M.; Zhang, N.Y.; Dai, J.F.; Wang, Y.; Rajput, S.A.; Qi, D.S.; et al. Individual and

combined occurrence of mycotoxins in feed ingredients and complete feeds in China. Toxins 2018, 10, 113. [CrossRef] [PubMed]
6. Wellington, M.O.; Bosompem, M.A.; Petracek, R.; Nagl, V.; Columbus, D.A. Effect of long-term feeding of graded levels of

deoxynivalenol (DON) on growth performance, nutrient utilization, and organ health in finishing pigs and DON content in
biological samples. J. Anim. Sci. 2020, 98, skaa378. [CrossRef]

7. Liao, Y.; Peng, Z.; Chen, L.; Nüssler, A.K.; Liu, L.; Yang, W. Deoxynivalenol, gut microbiota and immunotoxicity: A potential
approach? Food Chem. Toxicol. 2018, 112, 342–354. [CrossRef] [PubMed]

8. García, G.R.; Payros, D.; Pinton, P.; Dogi, C.A.; Laffitte, J.; Neves, M.; González Pereyra, M.L.; Cavaglieri, L.R.; Oswald, I.P.
Intestinal toxicity of deoxynivalenol is limited by Lactobacillus rhamnosus RC007 in pig jejunum explants. Arch. Toxicol. 2018,
92, 983–993. [CrossRef]

9. Pestka, J.J. Deoxynivalenol: Toxicity, mechanisms and animal health risks. Anim. Feed Sci. Technol. 2007, 137, 283–298. [CrossRef]
10. Yang, J.; Zhu, C.; Ye, J.; Lv, Y.; Wang, L.; Chen, Z.; Jiang, Z. Protection of porcine intestinal-epithelial cells from deoxynivalenol-

induced damage by resveratrol via the Nrf2 signaling pathway. J. Agric. Food Chem. 2019, 67, 1726–1735. [CrossRef]
11. Alassane-Kpembi, I.; Pinton, P.; Hupé, J.-F.; Neves, M.; Lippi, Y.; Combes, S.; Castex, M.; Oswald, I.P. Saccharomyces cerevisiae

Boulardii reduces the deoxynivalenol-induced alteration of the intestinal transcriptome. Toxins 2018, 10, 199. [CrossRef] [PubMed]
12. Pestka, J.J.; Zhou, H.-R.; Moon, Y.; Chung, Y.J. Cellular and molecular mechanisms for immune modulation by deoxynivalenol

and other trichothecenes: Unraveling a paradox. Toxicol. Lett 2004, 153, 61–73. [CrossRef] [PubMed]
13. Wang, S.; Zhang, C.; Yang, J.; Wang, X.; Wu, K.; Zhang, B.; Zhang, J.; Yang, A.; Rajput, S.A.; Qi, D. Sodium butyrate protects

the intestinal barrier by modulating intestinal host defense peptide expression and gut microbiota after a challenge with
deoxynivalenol in weaned piglets. J. Agric. Food Chem. 2020, 68, 4515–4527. [CrossRef]

14. Tremblay-Franco, M.; Canlet, C.; Pinton, P.; Lippi, Y.; Gautier, R.; Naylies, C.; Neves, M.; Oswald, I.P.; Debrauwer, L.; Alassane-
Kpembi, I. Statistical integration of ’omics data increases biological knowledge extracted from metabolomics data: Application to
intestinal exposure to the mycotoxin deoxynivalenol. Metabolites 2021, 11, 407. [CrossRef]

15. Zhang, H.; Deng, X.; Zhou, C.; Wu, W.; Zhang, H. Deoxynivalenol induces inflammation in IPEC-J2 cells by activating P38 Mapk
and Erk1/2. Toxins 2020, 12, 128. [CrossRef] [PubMed]

16. Pierron, A.; Alassane-Kpembi, I.; Oswald, I.P. Impact of two mycotoxins deoxynivalenol and fumonisin on pig intestinal health.
Porcine Health Manag. 2016, 2, 21. [CrossRef] [PubMed]

17. Deng, Z.; Yu, H.; Yang, Z.; Hu, L.; Liu, Q.; Wang, Y.; Wei, H.-K.; Peng, J. Gly-Pro-Ala peptide and FGSHF3 exert protective effects in
DON-induced toxicity and intestinal damage via decreasing oxidative stress. Food Res. Int. 2021, 139, 109840. [CrossRef] [PubMed]

18. Mishra, S.; Dwivedi, P.D.; Pandey, H.P.; Das, M. Role of oxidative stress in deoxynivalenol induced toxicity. Food Chem. Toxicol.
2014, 72, 20–29. [CrossRef]

http://doi.org/10.1186/s40104-015-0031-2
http://doi.org/10.1016/j.cofs.2019.08.009
http://doi.org/10.3390/toxins13020171
http://www.ncbi.nlm.nih.gov/pubmed/33672250
http://doi.org/10.3390/toxins11070375
http://doi.org/10.3390/toxins10030113
http://www.ncbi.nlm.nih.gov/pubmed/29518909
http://doi.org/10.1093/jas/skaa378
http://doi.org/10.1016/j.fct.2018.01.013
http://www.ncbi.nlm.nih.gov/pubmed/29331731
http://doi.org/10.1007/s00204-017-2083-x
http://doi.org/10.1016/j.anifeedsci.2007.06.006
http://doi.org/10.1021/acs.jafc.8b03662
http://doi.org/10.3390/toxins10050199
http://www.ncbi.nlm.nih.gov/pubmed/29762474
http://doi.org/10.1016/j.toxlet.2004.04.023
http://www.ncbi.nlm.nih.gov/pubmed/15342082
http://doi.org/10.1021/acs.jafc.0c00791
http://doi.org/10.3390/metabo11060407
http://doi.org/10.3390/toxins12030180
http://www.ncbi.nlm.nih.gov/pubmed/32183221
http://doi.org/10.1186/s40813-016-0041-2
http://www.ncbi.nlm.nih.gov/pubmed/28405447
http://doi.org/10.1016/j.foodres.2020.109840
http://www.ncbi.nlm.nih.gov/pubmed/33509464
http://doi.org/10.1016/j.fct.2014.06.027


Antioxidants 2022, 11, 2379 16 of 18

19. Janik, E.; Niemcewicz, M.; Ceremuga, M.; Stela, M.; Saluk-Bijak, J.; Siadkowski, A.; Bijak, M. Molecular aspects of mycotoxins-a
serious problem for human health. Int. J. Mol. Sci. 2020, 21, 8187. [CrossRef]

20. Sobrova, P.; Adam, V.; Vasatkova, A.; Beklova, M.; Zeman, L.; Kizek, R. Deoxynivalenol and its toxicity. Interdiscip. Toxicol. 2010,
3, 94–99. [CrossRef]

21. Hong, Q.; Li, X.; Lin, Q.; Shen, Z.; Feng, J.; Hu, C. Resveratrol improves intestinal morphology and anti-oxidation ability in
deoxynivalenol-challenged piglets. Animals 2022, 12, 311. [CrossRef]

22. Bouchard, M.J.; Chorfi, Y.; Létourneau-Montminy, M.P.; Guay, F. Effects of deoxynivalenol and sodium meta-bisulphite on
nutrient digestibility in growing pigs. Arch. Anim. Nutr. 2019, 73, 360–373. [CrossRef]

23. Jo, H.; Kong, C.; Song, M.; Kim, B.G. Effects of dietary deoxynivalenol and zearalenone on apparent ileal digestibility of amino
acids in growing pigs. Anim. Feed Sci. Technol. 2016, 219, 77–82. [CrossRef]

24. Wu, L.; Liao, P.; He, L.; Ren, W.; Yin, J.; Duan, J.; Li, T. Growth performance, serum biochemical profile, jejunal morphology,
and the expression of nutrients transporter genes in deoxynivalenol (DON)—challenged growing pigs. BMC Vet. Res. 2015,
11, 144. [CrossRef]

25. Liao, P.; Liao, M.; Li, L.; Tan, B.; Yin, Y. Effect of deoxynivalenol on apoptosis, barrier function, and expression levels of genes involved
in nutrient transport, mitochondrial biogenesis and function in IPEC-J2 cells. Toxicol. Res. 2017, 6, 866–877. [CrossRef] [PubMed]

26. Ghareeb, K.; Awad, W.A.; Böhm, J.; Zebeli, Q. Impacts of the feed contaminant deoxynivalenol on the intestine of monogastric
animals: Poultry and swine. J. Appl. Toxicol. 2015, 35, 327–337. [CrossRef]

27. Chen, J.; Huang, Z.; Cao, X.; Zou, T.; You, J.; Guan, W. Plant-derived polyphenols in sow nutrition: An update. Anim. Nutr.
2022, in press. [CrossRef]

28. Xu, X.; Yan, G.; Chang, J.; Wang, P.; Yin, Q.; Liu, C.; Liu, S.; Zhu, Q.; Lu, F. Astilbin ameliorates deoxynivalenol-induced oxidative
stress and apoptosis in intestinal porcine epithelial cells (IPEC-J2). J. Appl. Toxicol. 2020, 40, 1362–1372. [CrossRef]

29. Long, H.; Xin, Z.; Zhang, F.; Zhai, Z.; Ni, X.; Chen, J.; Yang, K.; Liao, P.; Zhang, L.; Xiao, Z.; et al. The cytoprotective effects
of dihydromyricetin and associated metabolic pathway changes on deoxynivalenol treated IPEC-J2 cells. Food Chem. 2021,
338, 128116. [CrossRef]

30. Pomothy, J.M.; Barna, R.F.; Pászti, E.A.; Babiczky, Á.; Szóládi, Á.; Jerzsele, Á.; Gere, E.P. Beneficial effects of rosmarinic
acid on IPEC-J2 cells exposed to the combination of deoxynivalenol and T-2 toxin. Mediat. Inflamm. 2020, 2020, 8880651.
[CrossRef] [PubMed]

31. Qiu, Y.; Yang, J.; Wang, L.; Yang, X.; Gao, K.; Zhu, C.; Jiang, Z. Dietary resveratrol attenuation of intestinal inflammation and
oxidative damage is linked to the alteration of gut microbiota and butyrate in piglets challenged with deoxynivalenol. J. Anim.
Sci. Biotechnol. 2021, 12, 71. [CrossRef] [PubMed]

32. Ling, K.H.; Wan, M.L.; El-Nezami, H.; Wang, M. Protective capacity of resveratrol, a natural polyphenolic compound, against
deoxynivalenol-induced intestinal barrier dysfunction and bacterial translocation. Chem. Res. Toxicol. 2016, 29, 823–833. [CrossRef]

33. Liao, P.; Li, Y.; Li, M.; Chen, X.; Yuan, D.; Tang, M.; Xu, K. Baicalin alleviates deoxynivalenol-induced intestinal inflammation
and oxidative stress damage by inhibiting NF-κB and increasing mTOR signaling pathways in piglets. Food Chem. Toxicol. 2020,
140, 111326. [CrossRef]

34. Huang, Y.; Zheng, C.; Song, B.; Wang, L.; Xiao, H.; Jiang, Z. Resveratrol ameliorates intestinal damage challenged with
deoxynivalenol through mitophagy in vitro and in vivo. Front. Vet. Sci. 2022, 8, 807301. [CrossRef]

35. Wan, M.L.; Ling, K.H.; El-Nezami, H.; Wang, M. Oxyresveratrol protective effects against deoxynivalenol-induced intestinal bar-
rier dysfunction and bacterial translocation on porcine intestinal epithelial IPEC-J2 cells. J. Food Bioact. 2018, 1, 116–123. [CrossRef]

36. Zha, A.; Yuan, D.; Cui, Z.; Qi, M.; Liao, S.; Liao, P.; Tan, B. The evaluation of the antioxidant and intestinal protective effects of
baicalin-copper in deoxynivalenol-challenged piglets. Oxid. Med. Cell. Longev. 2020, 2020, 5363546. [CrossRef]

37. Meng, X.; Yu, W.; Duan, N.; Wang, Z.; Shen, Y.; Wu, S. Protective effects of ferulic acid on deoxynivalenol-induced toxicity in
IPEC-J2 cells. Toxins 2022, 14, 275. [CrossRef]

38. Pomothy, J.M.; Gatt, K.; Jerzsele, Á.; Gere, E.P. The impact of quercetin on a porcine intestinal epithelial cell line exposed to
deoxynivalenol. Acta Vet. Hung. 2021, 68, 380–386. [CrossRef]

39. Xu, X.; Chang, J.; Wang, P.; Yin, Q.; Liu, C.; Li, M.; Song, A.; Zhu, Q.; Lu, F. Effect of chlorogenic acid on alleviating inflammation
and apoptosis of IPEC-J2 cells induced by deoxynivalenol. Ecotoxicol. Environ. Saf. 2020, 205, 111376. [CrossRef]

40. Qiu, Y.; Nie, X.; Yang, J.; Wang, L.; Zhu, C.; Yang, X.; Jiang, Z. Effect of resveratrol supplementation on intestinal oxidative stress,
immunity and gut microbiota in weaned piglets challenged with deoxynivalenol. Antioxidants 2022, 11, 1775. [CrossRef]

41. Chen, W.; Yeo, S.C.M.; Elhennawy, M.G.A.A.; Lin, H.-S. Oxyresveratrol: A bioavailable dietary polyphenol. J. Funct. Foods 2016,
22, 122–131. [CrossRef]

42. Hwang, D.; Jo, H.; Ma, S.-H.; Lim, Y.-H. Oxyresveratrol stimulates mucin production in an NAD+-dependent manner in human
intestinal goblet cells. Food Chem. Toxicol. 2018, 118, 880–888. [CrossRef]

43. Hwang, D.; Jo, H.; Hwang, S.; Kim, J.-K.; Kim, I.-H.; Lim, Y.-H. Conditioned medium from LS 174T goblet cells treated with
oxyresveratrol strengthens tight junctions in Caco-2 cells. Biomed. Pharmacother. 2017, 85, 280–286. [CrossRef]

44. Jo, H.; Hwang, D.; Kim, J.-K.; Lim, Y.-H. Oxyresveratrol improves tight junction integrity through the PKC and MAPK signaling
pathways in Caco-2 cells. Food Chem. Toxicol. 2017, 108, 203–213. [CrossRef]

45. Yeom, J.; Ma, S.; Kim, J.-K.; Lim, Y.-H. Oxyresveratrol ameliorates dextran sulfate sodium-induced colitis in rats by suppressing
inflammation. Molecules 2021, 26, 2630. [CrossRef]

http://doi.org/10.3390/ijms21218187
http://doi.org/10.2478/v10102-010-0019-x
http://doi.org/10.3390/ani12030311
http://doi.org/10.1080/1745039X.2019.1641369
http://doi.org/10.1016/j.anifeedsci.2016.06.006
http://doi.org/10.1186/s12917-015-0449-y
http://doi.org/10.1039/C7TX00202E
http://www.ncbi.nlm.nih.gov/pubmed/30090549
http://doi.org/10.1002/jat.3083
http://doi.org/10.1016/j.aninu.2022.08.015
http://doi.org/10.1002/jat.3989
http://doi.org/10.1016/j.foodchem.2020.128116
http://doi.org/10.1155/2020/8880651
http://www.ncbi.nlm.nih.gov/pubmed/33424439
http://doi.org/10.1186/s40104-021-00596-w
http://www.ncbi.nlm.nih.gov/pubmed/34130737
http://doi.org/10.1021/acs.chemrestox.6b00001
http://doi.org/10.1016/j.fct.2020.111326
http://doi.org/10.3389/fvets.2021.807301
http://doi.org/10.31665/JFB.2018.1130
http://doi.org/10.1155/2020/5363546
http://doi.org/10.3390/toxins14040275
http://doi.org/10.1556/004.2020.00052
http://doi.org/10.1016/j.ecoenv.2020.111376
http://doi.org/10.3390/antiox11091775
http://doi.org/10.1016/j.jff.2016.01.020
http://doi.org/10.1016/j.fct.2018.06.039
http://doi.org/10.1016/j.biopha.2016.11.022
http://doi.org/10.1016/j.fct.2017.08.002
http://doi.org/10.3390/molecules26092630


Antioxidants 2022, 11, 2379 17 of 18

46. Hwang, D.; Jo, H.; Kim, J.-K.; Lim, Y.-H. Oxyresveratrol-containing Ramulus mori ethanol extract attenuates acute colitis by
suppressing inflammation and increasing mucin secretion. J. Funct. Foods 2017, 35, 146–158. [CrossRef]

47. Galindo, I.; Hernáez, B.; Berná, J.; Fenoll, J.; Cenis, J.L.; Escribano, J.M.; Alonso, C. Comparative inhibitory activity of the stilbenes
resveratrol and oxyresveratrol on African swine fever virus replication. Antivir. Res. 2011, 91, 57–63. [CrossRef]

48. Liao, H.; Ye, J.; Gao, L.; Liu, Y. The main bioactive compounds of Scutellaria baicalensis Georgi. for alleviation of inflammatory
cytokines: A comprehensive review. Biomed. Pharmacother. 2021, 133, 110917. [CrossRef]

49. Zha, A.; Cui, Z.; Qi, M.; Liao, S.; Chen, L.; Liao, P.; Tan, B. Dietary baicalin zinc supplementation alleviates oxidative stress and
enhances nutrition absorption in deoxynivalenol challenged pigs. Curr. Drug Metab. 2020, 21, 614–625. [CrossRef]

50. Chaudhary, A.; Jaswal, V.S.; Choudhary, S.; Sonika; Sharma, A.; Beniwal, V.; Tuli, H.S.; Sharma, S. Ferulic acid: A promising
therapeutic phytochemical and recent patents advances. Recent. Pat. Inflamm. Allergy Drug Discov. 2019, 13, 115–123. [CrossRef]

51. Li, D.; Rui, Y.X.; Guo, S.D.; Luan, F.; Liu, R.; Zeng, N. Ferulic acid: A review of its pharmacology, pharmacokinetics and derivatives.
Life Sci. 2021, 284, 119921. [CrossRef]

52. Li, Y.J.; Li, L.Y.; Li, J.L.; Zhang, L.; Gao, F.; Zhou, G.H. Effects of dietary supplementation with ferulic Acid or vitamin e
individually or in combination on meat quality and antioxidant capacity of finishing pigs. Asian-Australas J. Anim. Sci. 2015,
28, 374–381. [CrossRef]

53. Valenzuela-Grijalva, N.; Jimenez-Estrada, I.; Mariscal-Tovar, S.; Lopez-Garcia, K.; Pinelli-Saavedra, A.; Pena-Ramos, E.A.;
Muhlia-Almazan, A.; Zamorano-Garcia, L.; Valenzuela-Melendres, M.; Gonzalez-Rios, H. Effects of ferulic acid supplementa-
tion on growth performance, carcass traits and histochemical characteristics of muscle fibers in finishing pigs. Animals 2011,
11, 2455. [CrossRef]

54. Wang, Y.; Chen, X.; Huang, Z.; Chen, D.; Yu, B.; Yu, J.; Chen, H.; He, J.; Luo, Y.; Zheng, P. Dietary ferulic acid supplementation
improves antioxidant capacity and lipid metabolism in weaned piglets. Nutrients 2020, 12, 3811. [CrossRef]

55. Karancsi, Z.; Kovács, D.; Palkovicsné Pézsa, N.; Gálfi, P.; Jerzsele, Á.; Farkas, O. The impact of quercetin and its methylated deriva-
tives 3-o-methylquercetin and rhamnazin in lipopolysaccharide-induced inflammation in porcine intestinal cells. Antioxidants
2022, 11, 1265. [CrossRef]

56. Zou, Y.; Wei, H.K.; Xiang, Q.-H.; Wang, J.; Zhou, Y.-F.; Peng, J. Protective effect of quercetin on pig intestinal integrity after
transport stress is associated with regulation oxidative status and inflammation. J. Vet. Med. Sci. 2016, 78, 1487–1494. [CrossRef]

57. Zou, Y.; Xiang, Q.; Wang, J.; Wei, H.; Peng, J. Effects of oregano essential oil or quercetin supplementation on body weight
loss, carcass characteristics, meat quality and antioxidant status in finishing pigs under transport stress. Livest. Sci. 2016,
192, 33–38. [CrossRef]

58. Xu, B.; Qin, W.; Xu, Y.; Yang, W.; Chen, Y.; Huang, J.; Zhao, J.; Ma, L. Dietary quercetin supplementation attenuates diarrhea and
intestinal damage by regulating gut microbiota in weanling piglets. Oxid. Med. Cell. Longev. 2021, 2021, 6221012. [CrossRef]

59. Degroote, J.; Vergauwen, H.; Van Noten, N.; Wang, W.; De Smet, S.; Van Ginneken, C.; Michiels, J. The effect of dietary quercetin
on the glutathione redox system and small intestinal functionality of weaned piglets. Antioxidants 2019, 8, 312. [CrossRef]

60. Jia, H.; Zhang, Y.; Si, X.; Jin, Y.; Jiang, D.; Dai, Z.; Wu, Z. Quercetin alleviates oxidative damage by activating nuclear factor
erythroid 2-related factor 2 signaling in porcine enterocytes. Nutrients 2021, 13, 375. [CrossRef]

61. Vergauwen, H.; Prims, S.; Degroote, J.; Wang, W.; Casteleyn, C.; van Cruchten, S.; de Smet, S.; Michiels, J.; van Ginneken, C.
In vitro investigation of six antioxidants for pig diets. Antioxidants 2016, 5, 41. [CrossRef] [PubMed]

62. Chen, Z.; Yuan, Q.; Xu, G.; Chen, H.; Lei, H.; Su, J. Effects of quercetin on proliferation and H2O2-induced apoptosis of intestinal
porcine enterocyte cells. Molecules 2018, 23, 2012. [CrossRef]

63. Liu, C.M.; Yang, W.; Ma, J.Q.; Yang, H.X.; Feng, Z.J.; Sun, J.M.; Cheng, C.; Jiang, H. Dihydromyricetin inhibits lead-induced
cognitive impairments and inflammation by the adenosine 5’-monophosphate-activated protein kinase pathway in mice. J. Agric.
Food Chem. 2018, 66, 7975–7982. [CrossRef] [PubMed]

64. Guo, Z.; Chen, X.; Huang, Z.; Chen, D.; Li, M.; Yu, B.; He, J.; Luo, Y.; Yan, H.; Zheng, P. Dihydromyricetin improves meat
quality and promotes skeletal muscle fiber type transformations via AMPK signaling in growing-finishing pigs. Food Funct. 2022,
13, 3649–3659. [CrossRef] [PubMed]

65. Wei, C.; Chen, X.; Chen, D.; Yu, B.; Zheng, P.; He, J.; Chen, H.; Yan, H.; Luo, Y.; Huang, Z. Dihydromyricetin enhances
intestinal antioxidant capacity of growing-finishing pigs by activating ERK/Nrf2/HO-1 signaling pathway. Antioxidants 2022,
11, 704. [CrossRef]

66. Wei, C.; Chen, X.; Chen, D.; He, J.; Zheng, P.; Chen, H.; Yan, H.; Yu, B.; Luo, Y.; Huang, Z. Effects of dietary dihydromyricetin
supplementation on intestinal barrier and humoral immunity in growing-finishing pigs. Anim. Biotechnol. 2022. online ahead
of print. [CrossRef]

67. Tajik, N.; Tajik, M.; Mack, I.; Enck, P. The potential effects of chlorogenic acid, the main phenolic components in coffee, on health:
A comprehensive review of the literature. Eur. J. Nutr. 2017, 56, 2215–2244. [CrossRef] [PubMed]

68. Chen, J.; Yu, B.; Chen, D.; Huang, Z.; Mao, X.; Zheng, P.; Yu, J.; Luo, J.; He, J. Chlorogenic acid improves intestinal barrier
functions by suppressing mucosa inflammation and improving antioxidant capacity in weaned pigs. J. Nutr. Biochem. 2018,
59, 84–92. [CrossRef]

69. Chen, J.; Li, Y.; Yu, B.; Chen, D.; Mao, X.; Zheng, P.; Luo, J.; He, J. Dietary chlorogenic acid improves growth performance of
weaned pigs through maintaining antioxidant capacity and intestinal digestion and absorption function. J. Anim. Sci. 2018,
96, 1108–1118. [CrossRef]

http://doi.org/10.1016/j.jff.2017.05.042
http://doi.org/10.1016/j.antiviral.2011.04.013
http://doi.org/10.1016/j.biopha.2020.110917
http://doi.org/10.2174/1389200221666200302124102
http://doi.org/10.2174/1872213X13666190621125048
http://doi.org/10.1016/j.lfs.2021.119921
http://doi.org/10.5713/ajas.14.0432
http://doi.org/10.3390/ani11082455
http://doi.org/10.3390/nu12123811
http://doi.org/10.3390/antiox11071265
http://doi.org/10.1292/jvms.16-0090
http://doi.org/10.1016/j.livsci.2016.08.005
http://doi.org/10.1155/2021/6221012
http://doi.org/10.3390/antiox8080312
http://doi.org/10.3390/nu13020375
http://doi.org/10.3390/antiox5040041
http://www.ncbi.nlm.nih.gov/pubmed/27845706
http://doi.org/10.3390/molecules23082012
http://doi.org/10.1021/acs.jafc.8b02433
http://www.ncbi.nlm.nih.gov/pubmed/29975840
http://doi.org/10.1039/D1FO03391C
http://www.ncbi.nlm.nih.gov/pubmed/35262136
http://doi.org/10.3390/antiox11040704
http://doi.org/10.1080/10495398.2022.2099881
http://doi.org/10.1007/s00394-017-1379-1
http://www.ncbi.nlm.nih.gov/pubmed/28391515
http://doi.org/10.1016/j.jnutbio.2018.06.005
http://doi.org/10.1093/jas/skx078


Antioxidants 2022, 11, 2379 18 of 18

70. Chen, J.; Chen, D.; Yu, B.; Luo, Y.; Zheng, P.; Mao, X.; Yu, J.; Luo, J.; Huang, Z.; Yan, H.; et al. Chlorogenic acid attenuates oxidative
stress-induced intestinal mucosa disruption in weaned pigs. Front. Vet. Sci. 2022, 9, 806253. [CrossRef]

71. Chen, J.; Xie, H.; Chen, D.; Yu, B.; Mao, X.; Zheng, P.; Yu, J.; Luo, Y.; Luo, J.; He, J. Chlorogenic acid improves intestinal development
via suppressing mucosa inflammation and cell apoptosis in weaned pigs. ACS Omega 2018, 3, 2211–2219. [CrossRef] [PubMed]

72. Tatsis, E.C.; Boeren, S.; Exarchou, V.; Troganis, A.N.; Vervoort, J.; Gerothanassis, I.P. Identification of the major constituents of
Hypericum perforatum by LC/SPE/NMR and/or LC/MS. Phytochemistry 2007, 68, 383–393. [CrossRef]

73. Nakahara, T.; Nishitani, Y.; Nishiumi, S.; Yoshida, M.; Azuma, T. Astilbin from Engelhardtia chrysolepis enhances intestinal barrier
functions in Caco-2 cell monolayers. Eur. J. Pharmacol. 2017, 804, 46–51. [CrossRef] [PubMed]

74. Li, H.; Zhao, J.; Deng, W.; Li, K.; Liu, H. Effects of chlorogenic acid-enriched extract from Eucommia ulmoides Oliver leaf on
growth performance and quality and oxidative status of meat in finishing pigs fed diets containing fresh or oxidized corn oil.
J. Anim. Physiol. Anim. Nutr. 2020, 104, 1116–1125. [CrossRef]

75. Kozieł, M.J.; Kowalska, K.; Piastowska-Ciesielska, A.W. Nrf2: A main responsive element in cells to mycotoxin-induced toxicity.
Arch. Toxicol. 2021, 95, 1521–1533. [CrossRef] [PubMed]

76. Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401–426. [CrossRef]
77. Nabavi, S.F.; Barber, A.J.; Spagnuolo, C.; Russo, G.L.; Daglia, M.; Nabavi, S.M.; Sobarzo-Sánchez, E. Nrf2 as molecular target for

polyphenols: A novel therapeutic strategy in diabetic retinopathy. Crit. Rev. Clin. Lab. Sci. 2016, 53, 293–312. [CrossRef]
78. Jung, K.A.; Kwak, M.K. The Nrf2 system as a potential target for the development of indirect antioxidants. Molecules 2010,

15, 7266–7291. [CrossRef]
79. Bao, M.; Liang, M.; Sun, X.; Mohyuddin, S.G.; Chen, S.; Wen, J.; Yong, Y.; Ma, X.; Yu, Z.; Ju, X.; et al. Baicalin alleviates LPS-induced

oxidative stress via NF-κB and Nrf2-HO1 signaling pathways in IPEC-J2 cells. Front. Vet. Sci. 2021, 8, 808233. [CrossRef]
80. Cai, X.; Zhang, L.; Chen, X.; Zhang, H.; Xue, H.; Lu, Y.; Tang, J.; Lu, Y. Orthosiphon stamineus and rosmarinic acid reduce heat

stress in laying hens. Livest. Sci. 2020, 240, 104124. [CrossRef]
81. Wang, S.-W.; Xu, Y.; Weng, Y.-Y.; Fan, X.-Y.; Bai, Y.-F.; Zheng, X.-Y.; Lou, L.-J.; Zhang, F. Astilbin ameliorates cisplatin-induced

nephrotoxicity through reducing oxidative stress and inflammation. Food Chem. Toxicol. 2018, 114, 227–236. [CrossRef] [PubMed]
82. Choi, H.Y.; Lee, J.-H.; Jegal, K.H.; Cho, I.J.; Kim, Y.W.; Kim, S.C. Oxyresveratrol abrogates oxidative stress by activating ERK–Nrf2

pathway in the liver. Chem. Biol. Interact. 2016, 245, 110–121. [CrossRef] [PubMed]
83. Zhuang, Y.; Wu, H.; Wang, X.; He, J.; He, S.; Yin, Y. Resveratrol attenuates oxidative stress-induced intestinal barrier injury

through PI3K/Akt-mediated Nrf2 signaling pathway. Oxid. Med. Cell. Longev. 2019, 2019, 7591840. [CrossRef] [PubMed]

http://doi.org/10.3389/fvets.2022.806253
http://doi.org/10.1021/acsomega.7b01971
http://www.ncbi.nlm.nih.gov/pubmed/30023826
http://doi.org/10.1016/j.phytochem.2006.11.026
http://doi.org/10.1016/j.ejphar.2017.03.041
http://www.ncbi.nlm.nih.gov/pubmed/28327343
http://doi.org/10.1111/jpn.13267
http://doi.org/10.1007/s00204-021-02995-4
http://www.ncbi.nlm.nih.gov/pubmed/33554281
http://doi.org/10.1146/annurev-pharmtox-011112-140320
http://doi.org/10.3109/10408363.2015.1129530
http://doi.org/10.3390/molecules15107266
http://doi.org/10.3389/fvets.2021.808233
http://doi.org/10.1016/j.livsci.2020.104124
http://doi.org/10.1016/j.fct.2018.02.041
http://www.ncbi.nlm.nih.gov/pubmed/29471006
http://doi.org/10.1016/j.cbi.2015.06.024
http://www.ncbi.nlm.nih.gov/pubmed/26102008
http://doi.org/10.1155/2019/7591840
http://www.ncbi.nlm.nih.gov/pubmed/31885814

	Introduction 
	The Physicochemical Characteristics of DON 
	DON-Induced Enterotoxicity in Swine 
	Plant-Derived Polyphenol Application to Counteract Oxidative Stress and Intestinal Toxicity Induced by Deoxynivalenol in Swine 
	Resveratrol 
	Oxyresveratrol 
	Baicalin 
	Ferulic Acid 
	Quercetin 
	Dihydromyricetin 
	Chlorogenic Acid 
	Astilbin 
	Rosmarinic Acid 

	Potential Mechanism of Action: Activation of Nrf2 by the Polyphenols 
	Conclusions and Perspectives 
	References

