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Introduction: Plant carbon black (PCB) is a new feed additive for zearalenone
adsorption in China. However, information regarding whether PCB can
effectively absorb deoxynivalenol (DON) is limited.

Methods: To explore this research gap, the present study examined the
adsorption effectiveness of DON by PCB using a phosphate buffer, artificial
gastric juice, and artificial intestinal juice. In a 21-day in vivo trial, 48 male
piglets were randomly assigned to four treatment groups: (1) uncontaminated
basal diet (CTR), (2) basal diet supplemented with 1 mg/kg PCB(PCB), (3) 2.3 mg/
kg DON-contaminated diet (DON), and (4) 2.3 mg/kg DON-contaminated diet
supplemented with 0.1% PCB (DON+PCB).

Results: When DON concentration was 1 pg/mL, the adsorption rate of PCB on
DON in phosphate buffer systems (pH 2.0 and 6.0) and the artificial gastric and
intestinal juices were 100%, 100%, 71.46%, and 77.20%, respectively. In the in vivo
trial, the DON group significantly increased the DON+deepoxy-deoxynivalenol
(DOM-1) content in serum as well as the inflammation cytokine proteins
(interleukin-6, interleukin-8, and tumor necrosis factor-a) and mRNA
expression of interleukin-6 and longchain acyl-CoA synthetase 4 in the
jejunum and ileum. It decreased the villus height, goblet cells, mucosal
thickness, and mRNA expression of Claudin-1 compared to the CTR group. In
addition, DON decreased the Shannon and Simpson indices; reduced the relative
abundances of Firmicutes, Lactobacillus, Candidatus_Saccharimonas, and
Ruminococcus; and increased the relative abundances of Terrisporobacter and
Clostridium_sensu_stricto_1 in the cecal content.
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Discussion: In conclusion, these results suggest that PCB showed high
adsorption efficacy on DON in vitro, and exhibit the protective effects against
various intestinal toxicity manifestations in DON-challenged piglets.

KEYWORDS

deoxynivalenol, piglets, plant carbon black, intestinal morphology, inflammation,
antioxidant status, gut microbiota

1 Introduction

Deoxynivalenol (DON), commonly referred to as vomitoxin, is
a mycotoxin produced by multiple Fusariums, including F.
graminearum, F. cerealis, and F. culmorum, which extensively
contaminate crops throughout various stages such as growth,
harvest, storage, and processing (1). A survey incorporating 9,239
feed samples noted that DON emerged as a predominant feed-
associated mycotoxin in China from 2017 to 2021, with a positive
rate of 87.07% and an average of 838.89 ug/kg (2). Pigs are
considered the most sensitive farm animals to DON (3).
Increasing evidence has indicated that exposing pigs to feed
contaminated with DON results in a range of toxic symptoms
such as vomiting, diarrhea, reduced food intake, body weight loss,
and immunosuppression (4-6).

DON is absorbed and metabolized in the upper part of the small
intestine, making the intestinal epithelium the primary target of
DON (7). DON exposure can trigger inflammatory responses, alter
intestinal morphology, and disrupt intestinal tight junctions,
destroying the intestine’s physical barrier and immune functions
(8-10). Moreover, DON induces oxidative stress by overproducing
reactive oxygen species that can counteract antioxidant defense
systems (11, 12). Thus, reducing intestinal damage is crucial in
mitigating the subsequent toxicity of DON to other tissues.

To mitigate the risks posed by mycotoxin-contaminated feeds,
mycotoxin adsorbents have been extensively studied as feed
additives that bind mycotoxins within the gastrointestinal
environment. The complex adsorbing mycotoxins pass through
the intestines and are then excreted in the feces, reducing
mycotoxins’ bioavailability and subsequent toxicity. Numerous
studies have shown the effectiveness of mycotoxin binders,
particularly aflatoxins, in mitigating intestinal mycotoxin
exposure and reducing subsequent toxicity (13, 14). However,
binding and mitigating the effects of DON pose challenges for
several mycotoxin adsorbent products because of DON’s high
polarity, lack of coplanar structure, and low molecular weight
(15). Even in in vitro buffer systems, most commercial products
fail to bind DON with an absorption rate of less than 20% (16).

Activated carbon is an insoluble powder created through the
carbonization of nearly any organic material, followed by an
activation procedure to enhance its adsorption capacity. Encouraging
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findings have demonstrated that activated carbon effectively adsorbs
DON in vitro (16, 17). However, not all activated carbons can adsorb
mycotoxins adequately, and this adsorption efficacy depends on the
source material, pore size distribution, and surface area (18). Moreover,
the in vivo adsorption efficacy is reduced or ineffective due to animal
age and mycotoxin concentration (19, 20). Plant carbon black (PCB),
or baicaoshuang, is a traditional Chinese herbal medicine composed
mainly of porous carbon derived from herbal plants. PCB belongs to
the activated carbon class of adsorbents but has a larger surface area
and a more suitable pore size (21). PCB is commonly used as a colorant
in the food industry and was approved by the Ministry of Agriculture
of China in 2020 as a feed additive for adsorbing zearalenone (ZEN).
However, the DON adsorption efficacy of PCB requires further
investigation. In this study, we investigated the adsorption of DON
using an in vitro buffer system to explore this research gap. We then
assessed the protective effects of PCB on the intestinal morphology,
inflammation, antioxidant capacity, and gut microbiota of DON-
challenged piglets.

2 Materials and methods

2.1 DON and PCB information

DON (purity > 98%) was acquired from TripleBond Scientific
Inc. (Guelph, CA, Canada). PCB was acquired from Fujian
Baicaoshuang Biotechnology Co., Ltd. (Nan Ping, Fujian, China).

2.2 DON adsorption experiment in vitro

The in vitro experiment consisted of two parts (Figure 1A): a
single-concentration study and an adsorption isotherm study. For the
single-concentration study, four buffer systems were employed to
simulate different gastrointestinal conditions: phosphate buffer at pH
2.0 and 6.0, artificial gastric juice (AGJ, pH 2.0, consisting of 0.32%
pepsin and 0.2% NaCl), and artificial intestinal juice (AI], pH 6.5,
consisting of 1% trypsin and 0.68% KH,PO,). The preparation
method of AGJ and AIJ is shown in Supplementary Method S1. In
each system, 10 mg of PCB was added into 10 mL of buffer containing
1 ug/mL DON. The mixtures were shaken by an oscillation shaker at
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The adsorption of deoxynivalenol (DON) by plant carbon black (PCB) under different parameters. (A) The explanatory scheme for the in vitro
experimental design. (B) Adsorption rate of DON (1 ug/mL) by 1 mg/mL PCB under different buffer systems. (C) Adsorption rate and capacity of
different initial concentrations of DON by 1 mg/mL PCB in PBS buffer (pH 2.0). (D) Adsorption rate and capacity of different initial concentration of
DON by 1 mg/mL PCB in PBS buffer (pH 6.0). N = 3. PBS, phosphate buffered saline; AGJ, artificial gastric juice; AlJ, artificial intestinal juice. HPLC,

high-performance liquid chromatography.

37°C for 1 h, followed by centrifugation at 1,500¢ for 5 min to
separate PCB from the suspension. The adsorption isotherm study
followed an identical protocol, with the key variation being the initial
DON concentrations (0.5, 1, 2, 5, and 10 ug/mL) in phosphate buffers
at pH of 2.0 and 6.0. All adsorption experiments were performed in
triplicate. Suspensions before and after the adsorption process were
collected, and the DON content was determined as previously
described (16). The equations below were employed to determine
the adsorption capacity of PCB for DON (ug/mg) and the DON
adsorption rate (%).

co-C)V
DON adsorption capacity (Lg/mg) = %
Co—-C
DON adsorption rate (% ) = x 100 %

Co

where CO and C represent the DON concentrations in the
suspension (ug/mL) before and after the adsorption
process, respectively.

2.3 In vivo experimental design and
animal management

In this 21-day trial, 48 male castrated crossbred (Duroc x Large
white x Landrace) piglets with an initial body weight of 7.76 + 0.24 kg
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and an age of 24 days were utilized. All piglets were divided into four
groups, each with three replicates and four piglets per replicate. The
four treatments included an uncontaminated basal diet (CTR), a basal
diet + 0.1% PCB (PCB), a 2.3 mg/kg DON-contaminated basal diet
(DON), and a 2.3 mg/kg DON-contaminated basal diet (DON) + 0.1%
PCB (DON+PCB). Basal diets were offered in meal form, and the
ingredients and nutrient composition are shown in Supplementary
Table S1. To ensure the uniform distribution of DON in the
contaminated diets, we used a stepwise dilution method. First, DON
was dissolved in water and evenly sprayed on corn meal. Then,
the DON-containing corn meal was gradually diluted into a 1%
premix, followed by a 4% premix. Finally, the 4% premix was
incorporated into the complete feed. The levels of mycotoxins in the
feed were determined using liquid chromatography, as described
previously (22) (Supplementary Table S2).

All piglets had unlimited food and water availability during the
entire trial.

2.4 Sample collection

At 8:00 a.m. on the 22nd day, two healthy piglets were selected
from each pen for blood sampling. Serum samples were obtained by
centrifugation at 2,000g for 10 min. After blood sampling, the
piglets were euthanized via intravenous injection with Zoletil
and exsanguination.
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Middle jejunum and terminal ileum samples were collected and
washed with ice-cold physiological saline. To perform a histological
analysis, the jejunal and ileal segments were post-fixed in 4%
paraformaldehyde, and the jejunal segment was fixed in 2.5%
glutaraldehyde. For enzyme activity analysis and RNA extraction,
mucosal samples were collected using slides and then rapidly frozen
in liquid nitrogen. Cecal contents were collected and rapidly frozen in
liquid nitrogen for 16S rRNA and short-chain fatty acid
(SCFA) measurements.

2.5 Analysis of DON and deepoxy-
deoxynivalenol in serum

To prepare the serum samples, 5 mL of 0.1% formic acid-
acetonitrile solution was added to 2.0 mL of serum sample and
vortexed for 2 min. After refrigeration for 15 min, 0.2 g of NaCl and
0.8 g of anhydrous MgSO, were added and vortexed for 1 min. After
centrifugation at 3000g for 5 min, the supernatant was taken, and
600 mg anhydrous MgSO, and 100 mg each of C18, PSA, and A-AL
were added. After vortexing for 1 min, the supernatant was filtered
through a 0.22pum nylon microporous filter membrane after
centrifugation and vacuum concentrated to dryness. The residue
was dissolved in 0.5 mL of acetonitrile for measurement. Serum
DON and DOM-1 levels were analyzed using HPLC-MS/MS
(SCIEX 5500+, SCIEX, MA, USA), as previously described (23).

2.6 Antioxidant parameters and
inflammation cytokines in the jejunum and
ileum mucosa

The levels of total antioxidant capacity (T-AOC), superoxide
dismutase (SOD), catalase (CAT), malondialdehyde (MDA),
glutathione peroxidase (GSH-Px), interleukin-1 (IL-1f), IL-6,
IL-8, IL-10, tumor necrosis factor-o. (TNF-0), diamine oxidase
(DAO), myeloperoxidase (MPO), and inducible nitric oxide
synthase (iNOS) in the jejunum and ileum were detected
according to the commercial kits’ instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.7 Intestinal morphology and
ultrastructure analysis

After fixation in 4% paraformaldehyde for 48 h, the intestines
were embedded in paraffin. Sections (0.5 mm) were stained with
hematoxylin and eosin (HE) to analyze villus height, crypt depth,
and mucosal thickness, as well as with Alcian blue-PAS (AB-PAS)
to analyze goblet cells, according to a previous study (24).

The ultrastructural morphology of jejunum microvilli was
observed via scanning electron microscopy (SEM, JSM-6490LV,
JEOL, Tokyo, Japan) and transmission electron microscopy (TEM,
H-7650, Hitachi, Tokyo, Japan) as previously described (25).
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2.8 RNA extraction and qPCR

Mucosal RNA was isolated using RNAiso Plus kits (Takara,
Tokyo, Japan). Total RNA (1 pg) was quantified and reverse-
transcribed to cDNA using a TAKARA PrimeScript Kit (Takara,
Tokyo, Japan). Quantitative PCR was performed using an SYBR
Premix Ex Taq (Takara, Tokyo, Japan) in an ABI Plus One RT-PCR
System (Life Technologies, Carlsbad, CA, USA). The PCR cycling
parameters included an initial denaturation step at 95°C for 34 s,
followed by 40 cycles at 95°C for 5 s and 62°C for 34 s. The
sequences of primers are presented in Supplementary Table S3.

2.9 Measurement of SCFA

Cecal SCFA concentrations, including acetic, propionic, butyric,
and isovaleric acids, were tested using an Agilent model 7890 GC
(Agilent, CA, USA) with a flame ionization detector and capillary
Nukol column (Supelco, Bellefonte, PA, USA) according to our
previous study (26).

2.10 16S rDNA sequencing and cecal
microbiota analysis

Total genome DNA from the cecal chyme was extracted using a
MicroElute Genomic DNA kit (D3096-01; Omega Inc., USA). The
amplification of the V3-V4 region of 16S rRNA was performed using
primers 319F-806R (forward 319F: 5-ACTCCTACGGGAGGCAGC
AG-3’ and reverse 806R: 5-GGACTACHVGG GTWTCTAAT-3').
Raw data were processed using Greengenes, and the Ribosomal
Database Project database (version 13.8) was used for sequence
analysis, comparison, and annotation. Sequencing was carried out
using an Illumina MiSeq 2 x 300 bp paired-end. In R version 3.2.3
(RStudio Team, Boston, MA, USA), a similarity limit of 97% was
established for operational taxa (OTUs). In addition, o-diversity and -
diversity analyses of the cecal microbiota were performed by QIIME
1.7.0-dev-based (Rob Knight; Fort Collins, CO, USA).

2.11 Statistical analysis

All data except the microbiota were analyzed as a 2x2 factorial
arrangement using SPSS (version 22.0; SPSS Inc., Chicago, IL,
USA). The model included the effects of DON and PCB and their
interactions. Differences among the groups were further compared
by ANOVA using an LSD multiple comparison test. We used R
Version 3.2.3, relevant R software packages, and Qiime 1.7.0 for all
the statistical analyses and data visualizations to facilitate a
microbiota analysis. Correlations between microbiota and protein
expression in the jejunum and SCFA were analyzed using Pearson’s
correlation using R statistical software. Data were presented as
means = SEM. Pigs selected from each pen were considered
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experimental units for the other indices. Statistically significant
differences were considered at p < 0.05.

3 Results
3.1 DON adsorption of PCB in vitro

The in vitro study showed that PCB completely adsorbed DON in
phosphate buffer systems with a pH of 2.0 or 6.0 and a DON
concentration of 1 ug/mL (Figure 1B). In artificial gastric and
intestinal juices, the adsorption rates of PCB for DON decreased to
71.46% and 77.20%, respectively (Figure 1B). The adsorption isotherm
studies revealed similar isothermal adsorption behavior at both pH 2.0
(Figure 1C) and 6.0 (Figure 1D). As the DON concentration increased
from 1 to 10 pg/mlL, a slight decrease in adsorption rate was observed:
from 100% to 93.02% at pH 2.0, and from 100% to 91.92% at pH 6.0.
Concurrently, the DON adsorption capacity increased: from 0.508 to
9.174 ng/mg at pH 2.0, and from 0.489 to 8.972 pg/mg at pH 6.0.

3.2 DON residue in serum

DON exposure markedly elevated the serum content of DON
+DOM-1 compared to the CTR and PCB group (Figure 2, p < 0.05).
However, the supplement of PCB in DON-contaminated feed
significantly decreased the serum content of DON+DOM-1
(p < 0.05), although it remained higher than that in the CTR and
PCB groups (p < 0.05).

3.3 Morphometric parameters and goblet
cells of the jejunum and ileum

As shown in Figures 3A-E, DON caused jejunal and ileal mucosal

damage, with significant decreases in villus height, V/C, goblet cells,
and mucosal thickness in the jejunum, and decreased villus height,

DON+DOM-1 in Serum

DON
30
DOM-1
a
20
-
E b
=)
<
10
C C
0 1 1 I I
CTR PCB DON DON+PCB
FIGURE 2

Effects of plant carbon black (PCB) on serum levels of deoxynivalenol
(DON)+deepoxy-deoxynivalenol (DOM-1) in piglets challenged with
DON. N = 6. CTR = basal diet; PCB = basal diet + 100 mg/kg PCB;
DON = basal diet + 2.3 mg/kg DON; DON+PCB = basal diet + 2.3
mg/kg DON + 100 mg/kg PCB. #>“Means within a row without a
common superscripted letter are significantly different (p < 0.05).
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goblet cells, and mucosal thickness in the ileum (p < 0.05). There was a
significant DONxPCB interaction on jejunal villus height, ileal villus
height, and ileal goblet cells (p < 0.05). The supplement of PCB
prevented DON-mediated changes in V/C, jejunal mucosal thickness,
and ileal mucosal thickness. Moreover, the DON+PCB group markedly
increased goblet cell percentage in the ileum compared to the DON
group (p < 0.05). No significant differences were noted in intestinal
morphology between the PCB and CTR groups (p > 0.05).

3.4 Ultrastructure analysis of jejunum

SEM observations of the jejunum are shown in Figure 4A. CTR
and PCB groups showed flat surfaces, closely arranged microvilli,
and no lodging fractures. Exposure to DON led to the extensive loss
of microvilli with a concave shape. Microvilli surrounding the
affected area were sparsely distributed, with reduced tightness and
lodging. Although the shedding of microvilli was also observed in
the DON+PCB group, the situation was favorable compared with
that of the DON group.

TEM (Figure 4B) revealed regular jejunal morphology with
well-arranged microvilli, intact mitochondria membranes, and
cristae in the CTR and PCB groups. In contrast, the DON group
exhibited shortened and disordered microvilli arrangements, as well
as fractured and swollen mitochondria with unclear and fragmented
cristae. The supplementation of PCB alleviated the jejunal
ultrastructural damage caused by DON.

3.5 Inflammation cytokines in the jejunum
and ileum

As shown in Figures 5A-H, DON-challenged piglets showed
increased TNF-a, IL-6, IL-8, MPO, and DAO in the jejunum, and
increased TNF-0, IL-1B, IL-6, IL-8, IL-10, DAO, and iNOS in the
ileum (p < 0.05). DON and PCB significantly interacted with IL-8 in
the jejunum (p = 0.043) and tended to interact with MPO in the ileum
(p = 0.075). PCB supplementation in a contaminated diet reversed the
DON-induced increases of IL-6, IL-8, DAO, and iNOS in the jejunum
and TNF-o, IL-6, IL-8, DAO, and iNOS in the ileum. Dietary
supplementation with PCB alone showed no differences in intestinal
inflammation indices compared to the CTR group (p > 0.05).

3.6 Antioxidant indices in jejunum
and ileum

As shown in Figures 6A-E, DON exposure decreased CAT,
increased MDA in the jejunum, and decreased T-AOC and GSH-Px
in the ileum (p < 0.05). Multiple comparisons showed that PCB
supplementation to piglets challenged with DON prevented
the reduction in GSH-PX and the increase in MDA in the ileum.
PCB supplementation in the basal diet showed no differences in the
indices of intestinal antioxidant capacity compared with the CTR
group (p > 0.05).
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FIGURE 3
Effects of plant carbon black (PCB) on morphology, goblet cell, and mucosal thickness in the jejunum and ileum of piglets challenged with
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3.7 mRNA expression levels of tight
junction proteins, inflammatory cytokines,
and ferroptosis-related genes in the
jejunum and ileum

The relative mRNA expression levels of tight junction proteins,
inflammatory cytokines, and ferroptosis-related genes are shown in
Figure 7 (detailed information is shown in Supplementary Table
S4). Compared to the CTR and PCB groups, DON treatment

markedly increased the mRNA expression of IL-6, IL-8, and long-
chain acyl-CoA synthetase 4 (ACSL4) and inhibited the mRNA
expression of Claudin-1 in the jejunum (Figure 7A, p < 0.05).
Meanwhile, DON exposure increased the mRNA expression of
TNF-o, IL-6, and ACSL4 compared with the CTR and PCB
groups. It decreased the mRNA expression of glutathione
peroxidase 4 (GPX4) and Claudin-1 in the ileum (Figure 7B,
p < 0.05). In contrast, no significant changes in the mRNA
expression of cytokines, tight junctions, or ferroptosis-related

FIGURE 4

Effects of plant carbon black (PCB) on ultrastructure morphologies of jejunum in piglets challenged with deoxynivalenol. (A) Representative image of
SEM observation. (B) Representative image of TEM observation. CTR = basal diet; PCB = basal diet + 100 mg/kg PCB; DON = basal diet + 2.3 mg/kg

DON; DON+PCB = basal diet + 2.3 mg/kg DON + 100 mg/kg PCB.
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FIGURE 5

Effects of plant carbon black (PCB) on inflammation cytokines in the jejunum and ileum of piglets challenged with deoxynivalenol. (A) Tumor
necrosis factor-o (TNF-a); (B) interleukin-1B (IL-1B); (C) interleukin-6 (IL-6); (D) interleukin-8 (IL-8); (E) interleukin-10 (IL-10); (F) myeloperoxidase
(MPO); (G) diamine oxidase (DAO); (H) inducible nitric oxide synthase (iNOS). N = 6. CTR = basal diet; PCB = basal diet + 100 mg/kg PCB; DON =
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letter are significantly different (p < 0.05).

genes were observed in the jejunum and ileum of the DON+PCB
group compared to those of the CTR and PCB groups (p > 0.05).

3.8 SCFA concentration in cecal content

The SCFA results are shown in Figure 8. Compared to non-
challenged piglets, DON-challenged piglets showed a significant
decrease in the cecal contents of total SCFAs, acetic, propionic,
and butyric acids. There is an interactive trend between DON
and PCB regarding total SCFAs (p = 0.086) and propionic acid
content (p = 0.051). Multiple comparisons showed that PCB
supplementation prevented the DON-induced decrease in
total SCFAs, acetic, propionic, and butyric acids. Moreover, the
DON+PCB group showed a marked increase in total SCFAs and
propionic acid levels compared to the CTR group. PCB alone did not
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alter the SCFA concentrations in the cell content compared with the

CTR group.

3.9 Cecal microbiota analysis

As shown in Figure 9A, DON exposure markedly decreased the
diversity of the microbiota (Simpson and Shannon indices). Still, it
showed limited effects on microbiota richness (Chao-1 index)
compared to the CTR group (p > 0.05). There were no significant
differences in the o-diversity index after PCB supplementation in
DON-challenged piglets compared to the CTR group (p > 0.05). As
shown in Figure 9B, the piglets in the four treatments shared 673
OTUs and 297, 212, 368, and 380 unique OTUs in the CTR, PCB,
DON, and DON+PCB groups, respectively. The nonmetric
multidimensional scaling (NMDS) analysis showed that microbial
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Effects of plant carbon black (PCB) on antioxidant indices in the jejunum and ileum of piglets challenged with deoxynivalenol. (A) Superoxide
dismutase (SOD); (B) total antioxidant capacity (T-AOC); (C) catalase (CAT); (D) glutathione peroxidase (GSH-Px); (E) malondialdehyde (MDA). N = 6.
CTR = basal diet; PCB = basal diet + 100 mg/kg PCB; DON = basal diet + 2.3 mg/kg DON; DON+PCB = basal diet + 2.3 mg/kg DON + 100 mg/kg
PCB. #P“Means within a row without a common superscripted letter are significantly different (o < 0.05).

profiles were separated between DON-challenged piglets and those
not challenged (Figure 9C). The stress of the NMDS was 0.051,
which ensured its reliability. Bacteroidetes and Firmicutes are the
two most abundant bacterial phyla at the phylum level, comprising
at least 84.64% of the total bacteria (Figure 9D). At the genus level,

Lactobacillus, Clostridium_sensu_stricto_1, and Prevotella were the
dominant genera in all four groups (Figure 9E).

LEfSe analysis revealed the presence of 44 different bacterial taxa
among the four groups (Figure 10A). As shown in Figure 10B, a
significant decrease in the relative abundance of Firmicutes was

4
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Effects of plant carbon black (PCB) on relative mRNA expression levels of tight junction, inflammatory cytokines, and ferroptosis-related genes in the

jejunum (A) and ileum (B) of piglets challenged with deoxynivalenol. N = 6. CTR = basal diet; PCB = basal diet + 100 mg/kg PCB; DON = basal diet +
2.3 mg/kg DON; DON+PCB = basal diet + 2.3 mg/kg DON + 100 mg/kg PCB; TNF-a, tumor necrosis factor-o;; IL-1B, interleukin-1f; IL-6, interleukin-6;
IL-8, interleukin-8; IL-10, interleukin-10; ZO-1, zonula occludens-1; HSPB1, heat shock protein beta 1; SLC7A11, solute carrier family 7 member 11;
ACSL4, long-chain acyl-CoA synthetase 4; DMT1, divalent metal transporter 1; GPX4, glutathione peroxidase 4. * means p < 0.05 as compared to the

CTR group, & means p < 0.05 as compared to the PCB group.
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observed in the DON group compared to that in the CTR group (p <
0.05), but this difference was not observed in the DON+PCB group (p >
0.05). The DON group showed decreases in the relative abundances of
Lactobacillus, Candidatus_Saccharimonas, and Ruminococcus and
increases in those of Clostridium_sensu_stricto_1 and
Terrisporobacter compared to the CTR group (p < 0.05, Figure 10C).
The DON+PCB group showed decreases in the relative abundances of
Candidatus_Saccharimonas and Ruminococcus (p < 0.05). Nonetheless,
no significant differences were detected in the relative abundances of
Lactobacillus, Clostridium_sensu_stricto_1, and Terrisporobacter
compared to the CTR group (p > 0.05). In addition, a significant
increase in the relative abundance of Lactobacillus was observed in the
DON+PCB group compared to that in the DON group (p > 0.05).

3.10 Correlation analysis of gut microbiota
and variables related to jejunum
morphology, inflammation, antioxidant
status, and cecal short chain-fatty acid

Pearson’s correlation coefficients between the main microbial
genera and variables related to jejunal morphology, inflammation,
antioxidant status, and cecal SCFAs are shown in Figure 11.
fimmu.2024.1454530The relative abundance of Lactobacillus showed
a positive correlation with propionic acid in the cecal content but was
negatively associated with IL-8 in the jejunum. The relative abundance
of Clostridium_sensu_stricto_1 was negatively correlated with the villus
height of the jejunum, villus height, mucosal thickness, goblet cells of
the ileum, and propionic and butyric acid levels of the cecal content.
The relative abundance of Terrisporobacter was positively correlated
with IL-6 in the jejunum but showed negative correlations with villus
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height, goblet cells of the jejunum, and GSH-Px in the ileum. The
relative abundance of Candidatus_Saccharimonas was positively
correlated with goblet cells in the ileum. The relative abundance of
Ruminococcus was positively correlated with the villus height, mucosal
thickness, and goblet cells of the jejunum, as well as the mucosal
thickness and goblet cells of the ileum.

4 Discussion

DON is a potent mycotoxin prevalent in the grains used in
swine feed. Exposure in pigs poses substantial risks, including
reduced feed intake, vomiting, diarrhea, and disruption to
intestinal morphology and functions (8, 27). Mitigation strategies
against DON remain less developed because of its high polarity, lack
of a coplanar structure, and low molecular weight (15). PCB, a new
feed additive approved by the Ministry of Agriculture of China in
2020, primarily comprises porous carbon. With an adsorption total
pore volume of 1.28 cm®/g, a specific surface area of 1,313.40 m’/g,
and a total adsorption average pore width of 3.56 nm, PCB has an
excellent adsorption potential for DON (21).

Before assessing the in vivo intestinal effects, we evaluated the
adsorption effects of PCB on DON in vitro. These results confirmed
DON?’s effective and durable binding to PCB across a range of initial
concentrations under simulated gastrointestinal conditions.
Although the maximum adsorption capacity was not measured in
the present study, available data showed that PCB has previously
performed better than ordinary activated carbon, with an
adsorption rate of 91.92% vs. 59% at a DON concentration of 10
pg/mL (16). Our results are similar to those reported by Ying et al.,
who prepared a novel porous carbon adsorbent from soybean dregs
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Effects of plant carbon black (PCB) on a- and B-diversity and composition of cecal microbiota in piglets challenged with deoxynivalenol. (A) c.-diversity
according to Chao-1, Simpson, and Shannon indices. (B) Venn diagram illustrating the overlap of the operational taxonomic units (OTUs). (C) B-diversity
based on nonmetric multidimensional scaling (NMDS). (D) Relative abundance of cecal microbiota at the phylum level (top 10). (E) Relative abundance of
cecal microbiota at the genus level (top 10). N = 6 per treatment. CTR = basal diet; PCB = basal diet +100 mg/kg PCB; DON = basal diet + 2.3 mg/kg
DON; DON+PCB = basal diet + 2.3 mg/kg DON + 100 mg/kg PCB. **“Means within a row without a common superscripted letter are significantly

different (p < 0.05).

and achieved a DON removal efficiency of 88.31% (17). However,
the present study’s adsorption efficiency declined under simulated
gastrointestinal conditions, indicating competitive and non-specific
interactions between enzymes, bile salts, and mineral loads in vivo.
Therefore, further in vivo experiments are required to verify the
DON adsorption efficacy of PCB. Serum DON and its metabolite
DOM-1 are two specific parameters used to evaluate the efficiency
of DON adsorption by mycotoxin binders (28). In the present
study, a 0.1% PCB inclusion conferred a reduction in DON
bioavailability in DON-challenged piglets, as shown by the
35.14% reduction in serum levels of DON+DOM-1. Although the
reduction of DON in the serum was not as high as in vitro, partial
sequestration occurred in a dynamic gastrointestinal environment,
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limiting systemic toxin distribution. Similar results were reported
by Devreese et al., who found that activated carbon significantly
reduced the absorption and oral availability of DON, as evidenced
by decreased serum DON levels in pigs (29) and broiler
chickens (30).

Intestinal morphology is an important indicator of nutrient
absorption ability and intestinal barrier function in piglets (31). In
the present study, DON exposure shortened villi, reduced the V/C
ratio, disrupted and shredded microvilli, and decreased mucosal
thickness. Our findings are consistent with previous studies on
porcine intestinal epithelial cells and experimental pig models (32,
33). Liao et al. noted that DON markedly decreases the crypt depth in
pigs’ jejunum and ileum (34). These morphological changes are
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associated with reduced nutrient digestion and absorption, slowing
piglet growth (34, 35). These results are consistent with our previous
study’s decrease in body weight and average daily gain (36).
Additionally, we found that exposure to DON increased the
mucosal levels of DAO and decreased the mRNA expression of
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Claudin-1, which suggests an augmented paracellular permeability
and impairment of the intestinal epithelial barrier (37). In the

present study, supplementation with 0.1% PCB attenuated DON-

11

induced damage to intestinal morphology and barrier function,
indicating that PCB was effectively bound to DON and decreased
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Pearson’s correlation coefficients between microbial genera and variables related to jejunum morphology, inflammation, antioxidant status, and
short chain-fatty acid. *p < 0.05 and **p < 0.01. Red represents a significant positive correlation, and blue represents a significant negative
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CAT, catalase; MDA, malondialdehyde; GSH-Px, glutathione peroxidase.

contact with the intestines. The reduced serum levels of DON
+DOM-1 confirmed this hypothesis. In addition to these binding
effects, Wang et al. noted that PCB promoted intestinal mucosal
development by increasing serum IGF-1 levels and mucosal SIgA
content in weaning piglets (21).

In addition to disrupting the morphology and permeability,
DON triggers aberrant inflammation by permeating the intestinal
epithelium. Pro-inflammation cytokines, such as TNF-o, IL-6,
and IL-8, are produced by intestinal epithelial cells, reflecting the
presence and intensity of the inflammation reaction. MPO is a
specific polymorphonuclear leukocyte enzyme abundant in
neutrophils and used as a marker to evaluate intestinal
inflammation. In our present study, DON exposure increased
the protein and mRNA expression of inflammation cytokines
(TNF-o0, IL-6, and IL-8) and MPO contents in the jejunum or
ileum of piglets; these increases can cause chemokine signaling,
immune cell recruitment, and feed-forward damage without
adequate countermeasures (38). These results follow previous
studies that reported that DON exposure upregulated the
mRNA or protein expression of pro-inflammation cytokines
such as TNF-o and IL-6 in mice (37) and chickens (39). IL-10
is an anti-inflammatory cytokine that is known to promote the
resolution of inflammation.

In the present study, DON increased IL-10 content in the ileum,
suggesting that the mucosal immune system attempts to control
inflammation by a compensatory increase in IL-10. Dietary PCB
supplementation effectively mitigated DON-induced jejunal and
ileal inflammatory responses by decreasing cytokine mRNA and
protein expression to basal levels. Reducing these mediators helps
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mitigate neutrophil and macrophage infiltration and potential
secondary T-cell reactions, thereby reducing further damage to
membrane integrity and absorptive capacity (40).

Several studies have demonstrated that DON accelerates the
production of free radicals, damages mitochondrial function,
induces lipid peroxidation, and reduces the activity of antioxidant
enzymes (34, 41, 42). Alterations in the antioxidant system lead to
oxidative stress, which may be one of the main causes of intestinal
inflammation and destruction of the epithelial mucosal structure
(42). Consistently, the results of the present study showed that
DON-challenged piglets had reduced T-AOC, GSH-Px, and CAT
levels but increased MDA levels in the intestinal mucosa. T-AOC,
GSH-Px, and CAT are important indices of the antioxidant defense
system, and a decrease in their levels indicates a decrease in the free
radical scavenging ability and antioxidant levels. MDA is a product
of peroxidized polyunsaturated fatty acids, and increased MDA
levels reflect lipid peroxidation. A study by Zhang et al. showed
contradictory results (43), with the exposure of piglets to DON
upregulating T-AOC and GSH-Px levels. These differences may
have resulted from differences in exposure time, DON levels, or host
health status, which require further study. In the present study, PCB
supplementation significantly suppressed the alterations in GSH-
Px, T-AOC, and MDA levels induced by DON, indicating that PCB
mitigated the DON-induced oxidative stress by reducing the
depletion of peroxide-targeting enzymes and prevented the
accumulation of lipid oxidation. A previous study consistently
found that activated carbon adsorbents markedly increased GSH-
Px and decreased MDA in the liver of rats treated with DON and
were more effective than Egyptian montmorillonite (44).
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Ferroptosis, a recently discovered form of programmed cell
death, is distinguished by extensive lipid peroxidation triggered by
iron overload and ROS production (45). In the present study, DON
exposure decreased the mRNA expression of GPX4 in the ileum and
increased the mRNA expression of ACSL4 in the jejunum and
ileum. ACSL4 and GPX4 are the key factors and regulators of
ferroptosis. ACSL4 promotes ferroptosis and regulates ferroptosis
sensitivity, whereas GPX4 inhibits ferroptosis (46). The results of
this study indicate that ferroptosis influences DON-induced
intestinal injuries. Similar to our results, Liu et al. revealed that
DON alters ferroptosis-related gene expression in IPEC-J2 cells and
porcine duodenum (12). Notably, PCB supplementation prevented
an increase in ACSL4 and decreased GPX4 mRNA expression in the
jejunum and ileum, illustrating that PCB protected the intestine
from DON-induced ferroptosis.

The intestinal microbiota maintains intestinal function and
health (47). DON exposure can disrupt the microbiota balance in
pigs (48, 49). In the present study, DON reduced the diversity of
piglet microbiomes, indicating decreased stability of the microbiota
system. Jia et al. consistently noted that DON decreased the
jejunum microbiota diversity in broilers and pigs (50).
Bacteroidetes and Firmicutes are the two dominant bacterial phyla
in piglets. In this study, the relative abundance of Firmicutes was
markedly decreased, and the Firmicutes/Bacteroidetes ratio tended
to decrease in DON-treated piglets. The reduction is thought to be
linked to poor oxidative stress response and high inflammation and
infection risk (51, 52). The current study provides evidence for this
hypothesis by observing elevated levels of inflammatory cytokines
and reduced levels of antioxidant enzymes in the DON group.
Similar to our results, Li et al. found that DON exposure decreased
the relative abundance of Firmicutes and increased the abundance
of Bacteroidetes in the ileum and colon of piglets (53). At the genus
level, DON decreased the relative abundance of Lactobacillus and
increased that of Clostridium sensu stricto 1. Clostridium sensu
stricto 1 is an opportunistic pathogen that crucially influences
intestinal inflammation occurrence and reduces SCFA content
(54, 55). Lactobacillus is a beneficial bacterium that positively
affects gut mucosal immune barrier function and SCFA
production (56). The decreased Lactobacillus and increased
Clostridium sensu stricto 1 explain the reduction of SCFA in the
cecal contents of piglets challenged with DON. The PCB treatment
partially reversed the alteration in the gut microbiota in DON-
challenged piglets. In addition to reducing the negative effects on
bacterial flora by adsorbing DON, studies have shown that PCB can
directly act on bacterial flora to improve their structure. Wang et al.
noted that PCB improved the bacterial community by decreasing
the number of E. coli in the cecum at a dose of 500 mg/kg in piglets
(21). In fattening pigs fed ordinary diets, 0.3% charcoal derived
from bamboo showed increased lactic acid bacteria and decreased
coliform bacteria and Salmonella spp (57).
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5 Conclusion

In conclusion, the results of the present study demonstrate the
protective effects of 0.1% PCB against various intestinal toxic
manifestations in DON-challenged piglets. Beyond demonstrating
high adsorption efficacy in vitro, the supplementation with PCB also
helped protect intestinal morphology, reduce inflammation and
oxidative stress, and improve the intestinal microbiota in DON-
challenged piglets. No negative effects on these intestinal
parameters were observed in piglets supplemented with PCB alone.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal study was approved by Ethics Committee of
Zhejiang Academy of Agricultural Sciences(No.2021ZAASLA21).
The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

JW: Data curation, Investigation, Software, Validation, Writing —
original draft, Writing — review & editing. HW: Data curation, Formal
analysis, Investigation, Project administration, Writing — review &
editing. JL: Methodology, Resources, Writing — review & editing. LK:
Methodology, Resources, Writing - review & editing. DL: Data
curation, Writing - review & editing. BD: Conceptualization,
Investigation, Supervision, Writing - original draft, Writing -
review & editing. ZX: Conceptualization, Supervision, Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by grants from Basic Public Welfare Research
Program of Zhejiang Province (ZCLTGN24C1701), the Key
Research Project of Zhejiang province (2021C02007), Zhejiang
Province Three Rural and Nine Square Project(2022SNJF058),
earmarked fund for China Agriculture Research System (CARS-
35); Zhejiang Science and Technology Major Program on
Agricultural New Variety Breeding (2021C02068).

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1454530
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wou et al.

Acknowledgments

The authors thank Zhongjing Zhou from the central laboratory
of the Zhejiang Academy of Agriculture Sciences and Chen Zhang
from Hangzhou Zhengxing Animal Husbandry Co. Ltd.

Conflict of interest

Authors JL and LK were employed by Fujian Baicaoshuang
Biotechnology Co., Ltd. Author DL was employed by Harbin PuFan
Feed Co., Ltd. The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

References

1. Pleadin ], Frece J, Markov K. Mycotoxins in food and feed. Adv Food Nutr Res.
(2019) 89:297-345. doi: 10.1016/bs.afnr.2019.02.007

2. Hao W, Guan S, Li A, Wang J, An G, Hofstetter U, et al. Mycotoxin occurrence in
feeds and raw materials in China: A five-year investigation. Toxins (Basel). (2023)
15:63. doi: 10.3390/toxins15010063

3. Eriksen GS, Pettersson H. Toxicological evaluation of trichothecenes in animal
feed. Anim Feed Sci Technol. (2004) 114:205-39. doi: 10.1016/j.anifeedsci.2003.08.008

4. Jia R, Liu W, Zhao L, Cao L, Shen Z. Low doses of individual and combined
deoxynivalenol and zearalenone in naturally moldy diets impair intestinal functions via
inducing inflammation and disrupting epithelial barrier in the intestine of piglets.
Toxicol Lett. (2020) 333:159-69. doi: 10.1016/j.toxlet.2020.07.032

5. Wellington MO, Bosompem MA, Petracek R, Nagl V, Columbus DA. 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. ] Anim Sci. (2020) 98:1-9. doi: 10.1093/jas/skaa378

6. Pierron A, Vatzia E, Stadler M, Mair KH, Schmidt S, Stas MR, et al. Influence of
deoxynivalenol-contaminated feed on the immune response of pigs after PRRSV
vaccination and infection. Arch Toxicol. (2023) 4:1079-89. doi: 10.1007/s00204-023-
03449-9

7. Dinicke S, Valenta H, Doll S. On the toxicokinetics and the metabolism of
deoxynivalenol (DON) in the pig. Arch Anim Nutr. (2004) 58:169-80. doi: 10.1080/
00039420410001667548

8. Pestka JJ. Deoxynivalenol: Toxicity, mechanisms and animal health risks. Anim
Feed Sci Technol. (2007) 137:283-98. doi: 10.1016/j.anifeedsci.2007.06.006

9. Gao Y, Meng L, Liu H, Wang ], Zheng N. The compromised intestinal barrier
induced by mycotoxins. Toxins (Basel). (2020) 12:619. doi: 10.3390/toxins12100619

10. Zhou J, Lin H, Wang Z, Zhang S, Huang D, Gao C, et al. Zinc L-aspartate
enhances intestinal stem cell activity to protect the integrity of the intestinal mucosa
against deoxynivalenol through activation of the Wnt/B-catenin signaling pathway.
Environ pollut. (2020) 262:114290. doi: 10.1016/j.envpol.2020.114290

11. Wang S, Wu K, Xue D, Zhang C, Rajput SA, Qi D. Mechanism of deoxynivalenol
mediated gastrointestinal toxicity: Insights from mitochondrial dysfunction. Food
Chem Toxicol. (2021) 153:112214. doi: 10.1016/j.fct.2021.112214

12. Liu M, Zhang L, Mo Y, Li J, Yang J, Wang J, et al. Ferroptosis is involved in
deoxynivalenol-induced intestinal damage in pigs. ] Anim Sci Biotechnol. (2023) 14:29.
doi: 10.1186/540104-023-00841-4

13. Zhao L, Feng Y, Wei J, Zhu M, Zhang L, Zhang J, et al. Mitigation effects of
bentonite and yeast cell wall binders on afbl, don, and ota induced changes in laying
hen performance, egg quality, and health. Toxins (Basel). (2021) 13:156. doi: 10.3390/
toxins13020156

14. Lai Y, Sun M, He Y, Lei J, Han Y, Wu Y, et al. Mycotoxins binder
supplementation alleviates aflatoxin Bl toxic effects on the immune response and
intestinal barrier function in broilers. Poultry Sci. (2022) 101:101683. doi: 10.1016/
j.psj.2021.101683

15. Boudergue C, Burel C, Dragacci S, Favrot M, Fremy ], Massimi C, et al. Review
of mycotoxin-detoxifying agents used as feed additives: mode of action, efficacy and
feed/food safety. Efsa Supporting Publications. (2009) 6:55-7. doi: 10.2903/
sp.efsa.2009.EN-22

Frontiers in Immunology

14

10.3389/fimmu.2024.1454530

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1454530/
full#supplementary-material

16. Avantaggiato G, Havenaar R, Visconti A. Evaluation of the intestinal absorption
of deoxynivalenol and nivalenol by an in vitro gastrointestinal model, and the binding
efficacy of activated carbon and other adsorbent materials. Food Chem Toxicol. (2004)
42:817-24. doi: 10.1016/.fct.2004.01.004

17. Ying Z, Zhao D, Li H, Liu X, Zhang J. Efficient adsorption of deoxynivalenol by
porous carbon prepared from soybean dreg. Toxins (Basel). (2021) 13:500. doi: 10.3390/
toxins13070500

18. Kihal A, Rodriguez-Prado M, Calsamiglia S. The efficacy of mycotoxin binders to
control mycotoxins in feeds and the potential risk of interactions with nutrient: a
review. ] Anim Sci. (2022) 100:1-14. doi: 10.1093/jas/skac328

19. Avantaggiato G, Solfrizzo M, Visconti A. Recent advances on the use of
adsorbent materials for detoxification of Fusarium mycotoxins. Food Addit Contam.
(2005) 22:379-88. doi: 10.1080/02652030500058312

20. Piva A, Casadei G, Pagliuca G, Cabassi E, Galvano F, Solfrizzo M, et al. Activated
carbon does not prevent the toxicity of culture material containing fumonisin B1 when
fed to weanling piglets. ] Anim Sci. (2005) 83:1939-47. doi: 10.2527/2005.8381939x

21. Wang L, Gong L, Zhu L, Peng C, Liao ], Ke L, et al. Effects of activated charcoal-
herb extractum complex on the growth performance, immunological indices, intestinal
morphology and microflora in weaning piglets. Rsc Adv. (2019) 9:5948-57.
doi: 10.1039/C8RA10283]

22. Wu L, Li ], Li Y, Li T, He Q, Tang Y, et al. Aflatoxin B 1, zearalenone and
deoxynivalenol in feed ingredients and complete feed from different Province in China.
J Anim Sci Biotechnol. (2016) 7:1-10. doi: 10.1186/s40104-016-0122-8

23. Schwartz-Zimmermann HE, Hametner C, Nagl V, Fiby I, Macheiner L, Winkler
J, et al. Glucuronidation of deoxynivalenol (DON) by different animal species:
Identification of iso-DON glucuronides and iso-deepoxy-DON glucuronides as novel
DON metabolites in pigs, rats, mice, and cows. Arch Toxicol. (2017) 91:3857-72.
doi: 10.1007/s00204-017-2012-z

24. Przybylska-Gornowicz B, Tarasiuk M, Lewczuk B, Prusik M, Ziotkowska N,
Zielonka 1, et al. The effects of low doses of two Fusarium toxins, zearalenone and
deoxynivalenol, on the pig jejunum. A light and electron microscopic study. Toxins
(Basel). (2015) 7:4684-705. doi: 10.3390/toxins7114684

25. Yi H, Zhang L, Gan Z, Xiong H, Yu C, Du H, et al. High therapeutic efficacy of
Cathelicidin-WA against postweaning diarrhea via inhibiting inflammation and enhancing
epithelial barrier in the intestine. Sci Rep. (2016) 6:25679. doi: 10.1038/srep25679

26. Sun Y, Men X, Lin T, Deng B, Zhong S, Huo J, et al. Mulberry leaf
supplementation inhibits skatole deposition by regulating gut microbiota and
upregulating liver cytochrome P450 1A1 expression in finishing pigs. Anim Nutr.
(2024) 16:34-44. doi: 10.1016/j.aninu.2023.05.018

27. Holanda DM, Kim SW. Mycotoxin occurrence, toxicity, and detoxifying agents
in pig production with an emphasis on deoxynivalenol. Toxins (Basel). (2021) 13:171.
doi: 10.3390/toxins13020171

28. FEEDAP EPOA. Statement on the establishment of guidelines for the assessment
of additives from the functional group ‘substances for reduction of the contamination
of feed by mycotoxins’. Efsa J. (2010) 8:1693. doi: 10.2903/.efsa.2010.1693

29. Devreese M, Antonissen G, De Backer P, Croubels S. Efficacy of active carbon
towards the absorption of deoxynivalenol in pigs. Toxins (Basel). (2014) 6:2998-3004.
doi: 10.3390/toxins6102998

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1454530/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1454530/full#supplementary-material
https://doi.org/10.1016/bs.afnr.2019.02.007
https://doi.org/10.3390/toxins15010063
https://doi.org/10.1016/j.anifeedsci.2003.08.008
https://doi.org/10.1016/j.toxlet.2020.07.032
https://doi.org/10.1093/jas/skaa378
https://doi.org/10.1007/s00204-023-03449-9
https://doi.org/10.1007/s00204-023-03449-9
https://doi.org/10.1080/00039420410001667548
https://doi.org/10.1080/00039420410001667548
https://doi.org/10.1016/j.anifeedsci.2007.06.006
https://doi.org/10.3390/toxins12100619
https://doi.org/10.1016/j.envpol.2020.114290
https://doi.org/10.1016/j.fct.2021.112214
https://doi.org/10.1186/s40104-023-00841-4
https://doi.org/10.3390/toxins13020156
https://doi.org/10.3390/toxins13020156
https://doi.org/10.1016/j.psj.2021.101683
https://doi.org/10.1016/j.psj.2021.101683
https://doi.org/10.2903/sp.efsa.2009.EN-22
https://doi.org/10.2903/sp.efsa.2009.EN-22
https://doi.org/10.1016/j.fct.2004.01.004
https://doi.org/10.3390/toxins13070500
https://doi.org/10.3390/toxins13070500
https://doi.org/10.1093/jas/skac328
https://doi.org/10.1080/02652030500058312
https://doi.org/10.2527/2005.8381939x
https://doi.org/10.1039/C8RA10283J
https://doi.org/10.1186/s40104-016-0122-8
https://doi.org/10.1007/s00204-017-2012-z
https://doi.org/10.3390/toxins7114684
https://doi.org/10.1038/srep25679
https://doi.org/10.1016/j.aninu.2023.05.018
https://doi.org/10.3390/toxins13020171
https://doi.org/10.2903/j.efsa.2010.1693
https://doi.org/10.3390/toxins6102998
https://doi.org/10.3389/fimmu.2024.1454530
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

30. Devreese M, Osselaere A, Goossens J, Vandenbroucke V, De Baere S, Eeckhout M,
et al. New bolus models for in vivo efficacy testing of mycotoxin-detoxifying agents in
relation to EFSA guidelines, assessed using deoxynivalenol in broiler chickens. Food
Additives Contaminants: Part A. (2012) 29:1101-07. doi: 10.1080/19440049.2012.671788

31. Pluske JR, Hampson DJ, Williams IH. Factors influencing the structure and
function of the small intestine in the weaned pig: a review. Livestock Production Sci.
(1997) 51:215-36. doi: 10.1016/s0301-6226(97)00057-2

32. Qiu Y, Yang J, Wang L, Yang X, Gao K, Zhu C, et al. Dietary resveratrol
attenuation of intestinal inflammation and oxidative damage is linked to the alteration
of gut microbiota and butyrate in piglets challenged with deoxynivalenol. ] Anim Sci
Biotechnol. (2021) 12:71. doi: 10.1186/540104-021-00596-w

33. Pinton P, Tsybulskyy D, Lucioli J, Laffitte J, Callu P, Lyazhri F, et al. Toxicity of
deoxynivalenol and its acetylated derivatives on the intestine: differential effects on
morphology, barrier function, tight junction proteins, and mitogen-activated protein
kinases. Toxicol Sci. (2012) 130:180-90. doi: 10.1093/toxsci/kfs239

34. Liao P, Li Y, Li M, Chen X, Yuan D, Tang M, et al. Baicalin alleviates
deoxynivalenol-induced intestinal inflammation and oxidative stress damage by
inhibiting NF-kB and increasing mTOR signaling pathways in piglets. Food Chem
Toxicol. (2020) 140:111326. doi: 10.1016/j.fct.2020.111326

35. Rajput SA, Liang S, Wang X, Yan H. Lycopene protects intestinal epithelium
from deoxynivalenol-induced oxidative damage via regulating Keap1/Nrf2 Signaling.
Antioxidants (Basel). (2021) 10:1493. doi: 10.3390/antiox10091493

36. Wu J, Deng B, Chen X, Wang H, Xu Z. Effects of plant carbon black on growth
performance, serum antioxidant indices and intestinal disaccharidase activity of
weaned piglets fed deoxynivalenol contaminated diets. Chin ] Anim Nutri. (2021)
33:5917-26. doi: 10.3969/j.issn.1006-267x.2021.10.050

37. Cao Z, Gao J, Huang W, Yan J, Shan A, Gao X. Curcumin mitigates
deoxynivalenol-induced intestinal epithelial barrier disruption by regulating Nrf2/
p53 and NF-xB/MLCK signaling in mice. Food Chem Toxicol. (2022) 167:113281.
doi: 10.1016/j.fct.2022.113281

38. O’Shea JJ, Murray PJ. Cytokine signaling modules in inflammatory responses.
Immunity. (2008) 28:477-87. doi: 10.1016/j.immuni.2008.03.002

39. Yang X, Liang S, Guo F, Ren Z, Yang X, Long F. Gut microbiota mediates the
protective role of Lactobacillus plantarum in ameliorating deoxynivalenol-induced
apoptosis and intestinal inflammation of broiler chickens. Poultry Sci. (2020) 99:2395-
406. doi: 10.1016/}.ps}.2019.10.034

40. Navegantes KC, de Souza Gomes R, Pereira PAT, Czaikoski PG, Azevedo CHM,
Monteiro MC. Immune modulation of some autoimmune diseases: the critical role of
macrophages and neutrophils in the innate and adaptive immunity. J Transl Med.
(2017) 15:1-21. doi: 10.1186/s12967-017-1141-8

41. Qiu Y, Nie X, Yang J, Wang L, Zhu C, Yang X, et al. Effect of resveratrol
supplementation on intestinal oxidative stress, immunity and gut microbiota in weaned
piglets challenged with deoxynivalenol. Antioxidants (Basel). (2022) 11:1775.
doi: 10.3390/antiox11091775

42. Kang R, Li R, Dai P, Li Z, Li Y, Li C. Deoxynivalenol induced apoptosis and
inflammation of IPEC-J2 cells by promoting ROS production. Environ pollut. (2019)
251:689-98. doi: 10.1016/j.envpol.2019.05.026

43. Zhang L, Ma R, Zhu M, Zhang N, Liu X, Wang Y, et al. Effect of deoxynivalenol
on the porcine acquired immune response and potential remediation by a novel

Frontiers in Immunology

15

10.3389/fimmu.2024.1454530

modified HSCAS adsorbent. Food Chem Toxicol. (2020) 138:111187. doi: 10.1016/
j.£ct2020.111187

44. Abdel-Wahhab MA, El-Kady AA, Hassan AM, Abd El-Moneim OM, Abdel-
Aziem SH. Effectiveness of activated carbon and Egyptian montmorillonite in the
protection against deoxynivalenol-induced cytotoxicity and genotoxicity in rats. Food
Chem Toxicol. (2015) 83:174-82. doi: 10.1016/j.fct.2015.06.015

45. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and
health implications. Cell Res. (2021) 31:107-25. doi: 10.1038/s41422-020-00441-1

46. LiJ, Cao F, Yin H, Huang Z, Lin Z, Mao N, et al. Ferroptosis: past, present and
future. Cell Death Dis. (2020) 11:88. doi: 10.1038/s41419-020-2298-2

47. Kelly JR, Kennedy PJ, Cryan JF, Dinan TG, Clarke G, Hyland NP. Breaking
down the barriers: the gut microbiome, intestinal permeability and stress-related
psychiatric disorders. Front Cell Neurosci. (2015) 392:392. doi: 10.3389/
fncel.2015.00392

48. Waché YJ, Valat C, Postollec G, Bougeard S, Burel C, Oswald IP, et al. Impact of
deoxynivalenol on the intestinal microflora of pigs. Int J Mol Sci. (2008) 10:1-17.
doi: 10.3390/ijms10010001

49. Liu M, Zhang L, Chu X, Ma R, Wang Y, Liu Q, et al. Effects of deoxynivalenol on
the porcine growth performance and intestinal microbiota and potential remediation
by a modified HSCAS binder. Food Chem Toxicol. (2020) 141:111373. doi: 10.1016/
j.fct.2020.111373

50. Jia B, Lin H, Yu S, Liu N, Yu D, Wu A. Mycotoxin deoxynivalenol-induced
intestinal flora disorders, dysfunction and organ damage in broilers and pigs. ] Hazard
Mater. (2023) 451:131172. doi: 10.1016/j.jhazmat.2023.131172

51. Van Den Elsen LW, Poyntz HC, Weyrich LS, Young W, Forbes Blom EE.
Embracing the gut microbiota: the new frontier for inflammatory and infectious
diseases. Clin Transl Immunol. (2017) 6:e125. doi: 10.1038/cti.2016.91

52. Molist F, Manzanilla EG, Perez JF, Nyachoti CM. Coarse, but not finely ground,
dietary fibre increases intestinal Firmicutes: Bacteroidetes ratio and reduces diarrhoea
induced by experimental infection in piglets. Br J Nutr. (2012) 108:9-15. doi: 10.1017/
S0007114511005216

53. LiF, Wang J, Huang L, Chen H, Wang C. Effects of adding Clostridium sp. WJ06
on intestinal morphology and microbial diversity of growing pigs fed with natural
deoxynivalenol contaminated wheat. Toxins (Basel). (2017) 9:383. doi: 10.3390/
toxins9120383

54. Fan P, Liu P, Song P, Chen X, Ma X. Data from: Moderate dietary protein
restriction alters the composition of gut microbiota and improves ileal barrier function
in adult pig model. Sci Rep. (2017) 7:43412. doi: 10.1038/srep43412

55. Yang W, Lee Y, Lu H, Chou C, Wang C. Analysis of gut microbiota and the effect
of lauric acid against necrotic enteritis in Clostridium perfringens and Eimeria side-by-
side challenge model. PloS One. (2019) 14:¢205784. doi: 10.1371/journal.pone.0205784

56. van Baarlen P, Wells JM, Kleerebezem M. Regulation of intestinal homeostasis
and immunity with probiotic lactobacilli. Trends Immunol. (2013) 34:208-15.
doi: 10.1016/j.it.2013.01.005

57. Chu GM, Jung CK, Kim HY, Ha JH, Kim JH, Jung MS, et al. Effects of bamboo
charcoal and bamboo vinegar as antibiotic alternatives on growth performance,
immune responses and fecal microflora population in fattening pigs. Anim Sci J.
(2013) 84:113-20. doi: 10.1111/j.1740-0929.2012.01045.x

frontiersin.org


https://doi.org/10.1080/19440049.2012.671788
https://doi.org/10.1016/s0301-6226(97)00057-2
https://doi.org/10.1186/s40104-021-00596-w
https://doi.org/10.1093/toxsci/kfs239
https://doi.org/10.1016/j.fct.2020.111326
https://doi.org/10.3390/antiox10091493
https://doi.org/10.3969/j.issn.1006-267x.2021.10.050
https://doi.org/10.1016/j.fct.2022.113281
https://doi.org/10.1016/j.immuni.2008.03.002
https://doi.org/10.1016/j.psj.2019.10.034
https://doi.org/10.1186/s12967-017-1141-8
https://doi.org/10.3390/antiox11091775
https://doi.org/10.1016/j.envpol.2019.05.026
https://doi.org/10.1016/j.fct.2020.111187
https://doi.org/10.1016/j.fct.2020.111187
https://doi.org/10.1016/j.fct.2015.06.015
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.3390/ijms10010001
https://doi.org/10.1016/j.fct.2020.111373
https://doi.org/10.1016/j.fct.2020.111373
https://doi.org/10.1016/j.jhazmat.2023.131172
https://doi.org/10.1038/cti.2016.91
https://doi.org/10.1017/S0007114511005216
https://doi.org/10.1017/S0007114511005216
https://doi.org/10.3390/toxins9120383
https://doi.org/10.3390/toxins9120383
https://doi.org/10.1038/srep43412
https://doi.org/10.1371/journal.pone.0205784
https://doi.org/10.1016/j.it.2013.01.005
https://doi.org/10.1111/j.1740-0929.2012.01045.x
https://doi.org/10.3389/fimmu.2024.1454530
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Mitigation effects of plant carbon black on intestinal morphology, inflammation, antioxidant status, and microbiota in piglets challenged with deoxynivalenol
	1 Introduction
	2 Materials and methods
	2.1 DON and PCB information
	2.2 DON adsorption experiment in vitro
	2.3 In vivo experimental design and animal management
	2.4 Sample collection
	2.5 Analysis of DON and deepoxy-deoxynivalenol in serum
	2.6 Antioxidant parameters and inflammation cytokines in the jejunum and ileum mucosa
	2.7 Intestinal morphology and ultrastructure analysis
	2.8 RNA extraction and qPCR
	2.9 Measurement of SCFA
	2.10 16S rDNA sequencing and cecal microbiota analysis
	2.11 Statistical analysis

	3 Results
	3.1 DON adsorption of PCB in vitro
	3.2 DON residue in serum
	3.3 Morphometric parameters and goblet cells of the jejunum and ileum
	3.4 Ultrastructure analysis of jejunum
	3.5 Inflammation cytokines in the jejunum and ileum
	3.6 Antioxidant indices in jejunum and ileum
	3.7 mRNA expression levels of tight junction proteins, inflammatory cytokines, and ferroptosis-related genes in the jejunum and ileum
	3.8 SCFA concentration in cecal content
	3.9 Cecal microbiota analysis
	3.10 Correlation analysis of gut microbiota and variables related to jejunum morphology, inflammation, antioxidant status, and cecal short chain-fatty acid

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


