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ABSTRACT
Zearalenone (ZEA) is a mycotoxin that is mainly produced by
Fusarium fungi in food and feed. It causes many adverse effects
on mammals, but there is little research on the effects of ZEA on
intestinal mucosal immunity and intestinal flora in animals or
humans. In this study, we aimed to explore the effects of short-
term ZEA exposure on mucosal immunity and the microecological
balance of the intestine. We found that the morphological
structure of the intestinal mucosa in mice was severely destroyed
after ZEA was administered by gavage for one week, and the
mRNA expression levels of mucosal β-defensin, Mucin-1, Mucin-2,
interleukin-1beta (IL-1β), and tumour necrosis factor-α (TNF-α) and
secretory immunoglobulin A (sIgA) levels were significantly
increased. In addition, the intestinal microflora was altered by
ZEA. Our study showed that ZEA not only caused inflammation of
the mucous membrane but also disturbed the microecological
balance of the intestine in mice.
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Introduction

Environmental pollutants have always been a major threat to human health, and they can
easily damage the immune system of human beings and cause some epidemics. Zearale-
none (ZEA) is a kind of mycotoxin that exerts an oestrogen effect (Kiang, Kennedy,
Pathre, & Mirocha, 1978), and it is a common environmental pollutant in grain crops
around the world. ZEA is widely found in food, feed and raw materials and causes
serious harm to the health of animals and human beings (Aiko & Mehta, 2015; Bennett
& Klich, 2003; Kuiper-Goodman, Scott, & Watanabe, 1987). Research confirms that
ZEA and its metabolites mainly act on oestrogen target organs and that it easily
induces reproductive disorders in animals and high oestrogen syndrome in humans
(Kuiper-Goodman et al., 1987). However, what we often ignore is that the small intestine
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(SI) is the main organ that absorbs ZEA (Biehl et al., 1993) and that the intestinal mucosal
barrier will be the first to be affected by ZEA.

The morphology and abundance of the intestinal microflora are influenced by many
external environmental factors (Hullar, Burnett-Hartman, & Lampe, 2014; Phillips,
1900), and the intestinal microflora play an essential role in regulating the changes in
animal physiology and pathophysiology (D’Aversa et al., 2013; Ojeda, Bobe, Dolan,
Leone, & Martinez, 2016). As we all know, the intestinal mucosa is the first line of
defence of the intestinal barrier. Specifically, the intestinal epithelial cells (IECS),
mucus, sIgA and antimicrobial peptides (AMPs) constitute the “mucosal firewalls”,
which protect the body from microbial flora, viruses and environmental pollutants
(Belkaid & Hand, 2014; Macpherson, Slack, Geuking, & Mccoy, 2009). Indeed, intestinal
microbes are adjuvants of the immune system, and there is a complex reciprocal relation-
ship between intestinal microbes and the healthy intestinal tract. Intestinal microbes
possess an excellent ability to regulate intestinal infection and immunity (Molloy, Boula-
doux, & Belkaid, 2012). Healthy gut microbes are conducive to enhancing the body’s
immunity, while intestinal dysbacteriosis is related to host inflammation and autoimmune
disorders (Quigley, 2013; Shen & Wong Connie, 2016).

Previous studies have shown that environmental pollutants can induce IECS inflam-
mation and damage intestinal health by destroying the intestinal mucosal barrier (Seongh-
wan et al., 2010). In recent years, researchers found that most mycotoxins were closely
related to intestinal inflammatory diseases in humans (Maresca & Fantini, 2010).
However, there are few studies on the toxic effects of ZEA on the intestinal microflora
and intestinal mucosal immune barrier in mammals, and the exact mechanism of its
action is unclear (Gajęcka, Zielonka, & Gajęcki, 2017).

How ZEA affects the intestinal microecological balance and mucosal immunity, and
what is its mechanism are still questions that need to be answered. Therefore, we system-
atically explored the effects of ZEA on the intestinal microbes and mucosal immune
barrier in mice by using 16S rDNA sequencing technology. The aim of this study was to
reveal the potential mechanism of ZEA on the intestinal health of mammals or humans
and to provide a theoretical basis for the prevention and treatment of ZEA exposure.

Materials and methods

Animals and treatments

ZEA was purchased from Sigma-Aldrich (St Louis, MO, USA), and it was dissolved in
ethanol and made into 100 mg/ml storage solutions. Then, it was dissolved in olive oil
at 10 mg/ml before use.

Twenty-four immature male BALB/C mice (Laboratory Animal Center of Jilin Univer-
sity, China) were randomly divided into two groups. Each group had three replicates, and
each replicate contained four mice. A weekend for the trial period, all the mice were reared
under standard conditions (temperature: 22 ± 2°C; humidity: 50%∼70%) and were pro-
vided an adequate diet and sterile drinking water.

All the mice were fed a basal diet (Liaoning Changsheng Biological Company, China).
The experimental group (ZEA group) was administered ZEA by gavage at a dosage of
20 mg/kg body weight once daily for one week, and the control group (CON group)
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was given an equal volume of vector. All the experiments were approved by the Insti-
tutional Animal Care and Use Committee of Jilin University.

At the end of the experiment, the mice were sacrificed by cervical dislocation. The
jejunum was separated, and the intermediate segment (3 cm long) was taken. The
faeces was washed away with saline, and the tissue was fixed with 4% polyoxymethylene.
The remaining jejunum and intestinal faeces were carefully collected, quickly placed in
liquid nitrogen, and then transferred to −80°C.

Morphological analysis of the intestinal mucosa

The intestinal tissues were fixed with 4% polyoxymethylene for 24 h, embedded in petrolin
and sectioned into 2–3 µm sections. The sections were stained with haematoxylin first,
counterstained with eosin, and finally observed under an optical microscope.

Determination of the expression of the genes involved in intestinal mucosal
immunity by real-time PCR

Total RNA was extracted from the jejunum. The A260/A280 nm ratio of the RNA sample
was in the usable range of 1.8–2.1. cDNA was synthesized using a Reverse Transcription
Kit, and a SYBR Green Mix Kit (Trans, Beijing, China) was used for the real-time PCR.
The relative expression levels of the genes were calculated using the 2−ΔΔCt method
(Livak & Schmittgen, 2001). The primer sequences are listed in Table 1.

Detection of mucosal IgA in the jejunum

Equal amounts of jejunal faeces were dissolved with 0.01 M PBS + PMSF, broken down at
a low temperature, and centrifuged for 10 min at 3000 r at 4°C. The supernatant was then
collected. Next, the absorbance was detected at 562 nm according to the instructions in the
mouse IgA ELISA kit (eBioscience, California, USA), and the IgA content (ng/ml) was
calculated.

Table 1. Primer sequences for real-time PCR.
Gene Primer Sequence 5’-3’ product length

β-actin Forward CTTCGCGGGCGACGAT 86
Reserse GACCCATTCCCACCATCACA

β-defensin Forward AGGTGTTGGCATTCTCACAAG 134
Reserse TGGGCTTATCTGGTTTACAGGT

Mucin-1 Forward AGACCCCAGCTCCAACTACT 178
Reserse TGACTTCACGTCAGAGGCAC

Mucin-2 Forward TGTCCTGACCAAGAGCGAAC 139
Reserse TTTGAAGGCCACCACGTTCT

IL-1β Forward ATGCCACCTTTTGACAGTGATG 136
Reserse TGTGCTGCTGCGAGATTTGA

TNF-α Forward CCACCACGCTCTTCTGTCTA 121
Reserse TGGTGGTTTGTGAGTGTGAGG

IFN-γ Forward AAGACAATCAGGCCATCAGC 137
Reserse CTGGACCTGTGGGTTGTTGA

IL-10 Forward GCATGGCCCAGAAATCAAGG 91
Reserse GAGAAATCGATGACAGCGCC
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Composition and diversity of the bacterial communities

Total genomic bacterial DNAwas extracted from the faeces of the jejunum in BALB/Cmice.
Then, the qualified genomic DNAwas used for 16S rDNAV3-V4 region PCR amplification.
The primers were 341F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGAC-
TACHVGGGTWTCTAAT-3’). All the procedures were performed according to the manu-
facturer’s protocol (BGI, Shengzheng, China). Two hypervariable regions of 16S rDNA, the
V3 and V4 regions, were used to identify the vast majority of the bacteria based on the 16S
rDNA sequencing. The qualified PCR products were purified by 16S V3-V4 amplification,
and theDNA librarywas constructed. The qualifiedDNAlibrarywas sequencedusing an Illu-
mina MiSeq 2*300, and information was acquired for the bioinformatic analysis.

The raw data were filtered to eliminate adapter pollution and low quality to obtain clean
reads. Then, the paired-end reads with overlapping regions were merged to raw tags with
FLASH software (v1.2.11) (Magoč & Salzberg, 2011). Paired-end reads without overlaps
were removed. Following removal of the primer sequences, the forward and reverse
amplification primers were mapped to the two ends of the tags. The tags were clustered
to the operational taxonomic unit (OUT) at 97% sequence similarity by scripts using
the software USEARCH (v7.0.1090) (Edgar, 2013). The PCR-generated chimaera from
the OTU representation sequence was removed, and effective tags were obtained by
UCHIME software (v4.2.40) (Edgar, Haas, Clemente, Christopher, & Rob, 2011). The
database used for species annotation was Greengene (V201305) (Desantis et al., 2006).

Statistical analysis

All thedatawere analysedusingSPSS statistical software (version20.0). The variationbetween
the control group and the ZEA groupwas analysed by a t-test, and the results are expressed as
the mean ± SEM. The differences were judged as statistically significant at P values < 0.05.

Results

Damaging effects of ZEA on the intestinal mucosal morphology in mice

To objectively assess the effect of ZEA on intestinal mucosa in mice, the mucosal mor-
phology of the jejunum was observed (Figure 1). The intestinal villi in the CON group

Figure 1. The effect of ZEA on the intestinal mucosal morphology of the jejunum in BALB/C mice. A:
The jejunum of the CON group. B: The jejunum of the ZEA group.

FOOD AND AGRICULTURAL IMMUNOLOGY 1005



were arranged neatly, and the microvilli structure formed a brush border (Figure 1(a)).
While the integrity of the jejunum intestinal villi in the ZEA group was severely destroyed
(Figure 1(b)), the mucosal epithelium microvilli were dispersed, and some of them were
defluvium defluxion.

Effect of ZEA on the intestinal mucosal immune system

To further evaluate the effect of ZEA on intestine mucosal immunity in mice, we detected
the mRNA expression of key genes involved in mucosal immunity (β-defensin, Mucin-1,
and Mucin-2) and inflammatory cytokines (IL-1β, TNF-α, IFN-γ, and IL-10) in the
jejunum (Figure 2(a)). The expression of β-defensin, Mucin-1, and Mucin-2 was signifi-
cantly upregulated (P < 0.001, P < 0.001, and P < 0.01, respectively), and the expression
of IL-1β and TNF-α was remarkably upregulated (P < 0.05 and P < 0.05, respectively).
In contrast, the expression of the anti-inflammatory cytokine IL-10 was significantly
downregulated (P < 0.05) after ZEA exposure. There was no change in the expression of
IFN-γ (P > 0.05) compared with the CON.

ZEA induces the secretion of mucosal sIgA in the jejunum

To evaluate the effect of ZEA on the sIgA contents in the intestinal mucosa, we detected the
faecal IgA levels in the jejunum (Figure 2(B)). The results showed that short-term ZEA
exposure can significantly induce faecal IgA levels in the jejunum and that the faecal IgA in
the ZEA group increased more than 1.5-fold (P < 0.01) compared to that in the CON group.

Effect of ZEA on the microflora in the jejunum

We further detected changes in the intestinal microflora in the mice exposed to ZEA. A
total of 169685 effective tags were obtained, with an average of 28280 effective tags for
each sample and an average length of 426 bp (Table 2). At 97% similarity, the jejunal bac-
terial community of the CON and ZEA groups shared 126 OTUs (Figure 3).

Figure 2. A: Changes in the immune gene expression in the jejunum mucosa of the mice. B: Changes in
the IgA levels in the jejunum faeces. All the data are expressed as the means ± SEM. *: P value < 0.05,
**: P value < 0.01, ***: P value < 0.001.
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Using the ACE index (Table 2) to assess bacterial richness, short-term ZEA exposure led
to a tendency to reduce the richness of the jejunalmicroflora. At the same time, the Simpson
indexwas used to evaluate changes in the intestinalmicrobial diversity (Table 2). In the ZEA
group, the bacterial diversity was almost similar to that of the CON group.

Short-term ZEA exposure had no significant effect on the predominant bacteria of the
jejunum, but the stability of the intestinal microecology was altered. As shown in Table 3,
compared with the CON group, the relative abundance of Cyanobacteria in the ZEA group
decreased from 0.10% to 0.006%. At the class level, the Epsilonproteobacteria in the ZEA
group disappeared. At the order level, the Campylobacter disappeared. At the family level,
the helicobacteraceae disappeared and the Comamonadaceae was reduced by almost half
(0.015%–0.008%). At the genus level, the Helicobacter disappeared. At the species level,
[Clostridium]_leptum_DSM_753 completely vanished. It was remarkable that the Lacto-
bacillus_intestinalis decreased nearly 18-fold (18.2%–1.9%). In addition, there was an
increase in unidentified strains (71.6%–84.4%).

Discussion

Mycotoxin is a class of environmental pollutant that easily causes an intestinal ecological
imbalance and induces some intestinal diseases, such as irritable bowel syndrome (IBS)
(Choung & Locke, 2011), allergic enteritis (Compare & Nardone, 2014), and inflammatory
bowel disease (IBD) (Maresca & Fantini, 2010). However, the toxic effects of ZEA on the
intestinal microecological balance are still lacking.

Our study showed that short-term ZEA exposure affected the mucosal morphology and
structural integrity of the jejunum. It resulted in a significant upregulation of the expression
ofβ-defensin,Mucin-1, andMucin-2 in the jejunalmucosa,while the sIgA in the jejunumalso

Table 2. Effect of ZEA on bacterial community diversity in the jejunal digesta.
Sample Effective Tags OTU Length(bp) Ace Simpson

CON 30075 109 426 134.2 0.23
ZEA 26487 103 426 119.0 0.35

Figure 3. Effect of ZEA on the intestinal microflora. Comparison of OTU.
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increased. Similarly, current research suggests that ZEA increases the content of Mucins in
Caco-2/HT29-MTX cells (Wan, Allen, Turner, & El-Nezami, 2014), and the mucin abnorm-
alities may indicate intestinal infection.Wan (Wan,Woo, Allen, Turner, & El-Nezami, 2013)
found that ZEA induced the upregulation of β-defensin in IPEC-J2 cells from swine. Another
study revealed that somemycotoxins can increase sIgA in intestinal epithelial cells (Bouhet &
Oswald, 2005). Mucosal sIgA not only protects intestinal epithelial cells from environmental
toxins and pathogenic bacteria but also maintains the homeostasis of the intestinal mucosal
environment (Kato, Kawamoto,Maruya, & Fagarasan, 2014; Mantis, Rol, & Corthésy, 2011).
Lower levels of sIgA may reflect the low intestinal mucosal immunity, while higher levels of
sIgA may reflect the high microbial pressure caused by chronic infection or continuous
exposure to environmental toxins (Okumura & Takeda, 2018). Indeed, β-defensin, Mucins
and sIgA are the main components of mucosal immunity, and they play an essential role
in the immune defence of the intestinal mucosa (Derrien, , & van Hylckama Vlieg, 2015).
Their elevation indicates intestinal mucosa abnormalities.

Thus, we also detected the inflammatory markers of the jejunum mucosa. The results
showed that the mRNA expression levels of IL-1β and TNF-α were upregulated and that
the expression of the anti-inflammatory factor IL-10 was downregulated by ZEA exposure.
Wan (L. Y. M. Wan, Woo, Turner, Wan, & El-Nezami, 2013) found that ZEA could
induce the upregulation of IL-1β and TNF-α in IPEC-J2 cells from piglets. However,
Liu (Liu et al., 2014) revealed that different doses of ZEA showed a downward trend in
the gene expression of IL-1β and TNF-α in the jejunum of rats. According to current
research, the effect of ZEA on the changes in the intestinal inflammatory response is
still controversial. The main reason may be the differences in the experimental model
and dosage. However, an increase in pro-inflammatory cytokines and a decrease in
anti-inflammatory cytokines indicate mild inflammation in the intestinal mucosa
(Urara & Hiroya, 2015). Therefore, all the conclusions indicate that ZEA can alter the
normal mucosal inflammatory response.

Current research shows that intestinal microbes play a key role in the health of animals
and that changes in microbial communities may induce certain diseases (Horai et al., 2015;
Sun & Chang, 2014). The results of our further study indicated that short-term ZEA
exposure did not cause significant changes in the overall richness and diversity of the
intestinal flora, but it caused a mild local disorder of the intestinal flora. The most
obvious change was a significant decrease in Lactobacillus_intestinalis. It is generally
known that Lactobacillus has a mutually beneficial relationship with the human body. It

Table 3. Common changes in the intestinal microbiome community.
Microbiota CON (%) ZEA (%) p-vlaue

Phylum Cyanobacteria 0.100 0.006 0.038
Class Epsilonproteobacteria 0.004 0 0.000
Order Campylobacterales 0.004 0 0.000
Family Helicobacteraceae 0.004 0 0.003

Comamonadaceae 0.015 0.008 0.044
Genus Helicobacter 0.004 0 0.002
Species Helicobacter_rodentium 0.004 0 0.000

Lactobacillus_intestinalis 18.24 1.90 0.023
[Clostridium]_leptum_DSM_753 0.019 0 0.044
Unclassified 71.61 84.40 0.017

CON: The relative adundance of intestinal Microbiota in the CON group; ZEA: The relative adundance of intestinal micro-
biome community in the ZEA group
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not only provides the host with a nutrient source but also protects the host against poten-
tial invasion of pathogens (Martín et al., 2013). The decline in Lactobacillusmay cause the
growth of harmful intestinal bacteria and may even induce IBS (Chassard et al., 2012; Fan
et al., 2017). Clostridium leptum cooperates with other intestinal microbiota to ferment
unabsorbed dietary carbohydrates and produce short-chain fatty acids (SCFAs). SCFAs
are the main source of energy for the intestinal epithelium and profoundly affect the
mucosal immunity of the jejunum. A reduction in Clostridium leptum is observed in
Crohn’s disease (CD) patients and ulcerative colitis (UC) patients (Kabeerdoss, Sankaran,
Pugazhendhi, & Ramakrishna, 2013; Manichanh et al., 2006). Thus, the decline of [Clos-
tridium]_leptum_DSM_753 reflected that ZEA may possess the possibility of driving gut
disease. Studies suggest that most mycotoxins modify the intestinal microflora and affect
the microecological balance of the intestinal mucosa. Our findings further confirmed that
ZEA can also change the abundance of probiotics in the intestine and that the changes in
probiotics indicates an unstable state of the intestinal flora. If the state continues, some
intestinal diseases, such as IBS, will be induced.

In conclusion, we found that short-term ZEA exposure caused toxic effects on SI in
BALB/C mice. In particular, ZEA altered the normal microecology by inhibiting the
growth of beneficial bacteria in the intestine. For example, Lactobacillus_intestinalis and
[Clostridium]_leptum_DSM_753 not only inhibited pathogenic bacteria but also drove
beneficial metabolism to maintain an intestinal microecological balance. In addition, we
found that ZEA induced a mucosal immune response in SI and drove the intestinal
mucosa to produce a severe inflammatory response, which further caused the histomor-
phological change in SI. Therefore, we believe that short-term ZEA exposure changes
the intestinal flora imbalance and normal intestinal mucosal immune function, thus indu-
cing mucosal inflammation. Ultimately, this drives the damage to the morphological
structure of the intestinal mucosa. Thus, we believe that ZEA may be a potential factor
in inducing inflammatory diseases in the human intestinal tract.
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