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Abstract

The biodegradation of mycotoxins has become a specific, efficient, and environmentally protective way to reduce the
adverse effects of mycotoxins in both foods and feeds. In the current study, the effectiveness of dietary administra-
tion of Bacillus subtilis on health parameters and regulated gene expression in mice receiving zearalenone zearalenone-
contaminated diet was explored. In this trial, a total of twenty-four white balb/c mice were randomly assigned to three
treatments. Dietary treatments were as follows: T1: The control (fed non-zearalenone-contaminated diet), T2: fed zeara-
lenone-contaminated diet, T3: fed zearalenone-contaminated diet+ Bacillus subtilis ARKA-S-3 (1x10° cfu/kg) for 28
days. The results showed, B. subtilis notably degraded zearalenone in cultured media during 18 h incubation (p <0.05). It
significantly improved average daily weight gain and feed intake. Dietary B. subtilis notably reduced the adverse effects
of zearalenone on serum antioxidant indices (GSH-Px, SOD, ) and saved mice from oxidative stress. Also, treatments
with B. subtilis improved morphometric characteristics of the ileum ((Villus Height (um), Villus Width (um), and Crypt
Depth (um)) in the mice received zearalenone-contaminated diet (p <0.05). The molecular analysis illustrated that B.
subtilis has also improved the mRNA expression levels and antioxidant-related gene expression of SOD and CAT in the
jejunum tissue. Moreover, it alleviated the IL-2 and IFN-y gene profiling in the jejunum tissue. These findings illustrate
that dietary administration of B. subtilis by having a degraded effect on zearalenone, possesses a protective effect on the
health parameters and gene expression regulation in mice receiving a zearalenone-contaminated diet.
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Introduction

Seyedehnegar Marashi, Pegah Mostarshedi, Sahel Ghorbanikalateh,
Sahar Ghorbanikalateh, Atiyeh Zoshki, Hila Taghavi, Ehsan Mycotoxins are secondary fungal metabolites that contami-
Karimi, Ehsan Oskpueian, Mohammaq Faseleh Jahromi and Parisa nate almost all agricultural stuff worldwide, and they cause
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a main risk to animal and human health [1]. In this sight, the
Responsible Editor: Rita de Cassia Mendonga de Miranda. Food and Agricultural Organization of the United Nations
(FAO) reported that rather than 25% of all agricultural food
crops (foodstuff and feeds) are contaminated with various
mycotoxins [2]. In general, mycotoxins have severe eco-
nomic losses through clinical changes with reducing feed
intake and growth, alteration in intestinal morphology index
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mycotoxins, aflatoxins, and zearalenone can induce oxida-
tive stress, which leads to obvious damage in certain organ
tissues, especially the kidney and liver, and changes in cell
function and enzymatic parameters such as DNA lesions,
protein cleavages, and lipid peroxidation in human and
animal [4]. Various researchers have detected that oxida-
tive stress could be caused by ZEN toxicity [5—7]. More-
over, ZEN can increase the production of ROS, resulting in
increasing lipid peroxidation in tissue organs like the tes-
tis, spleen, liver, and kidney [8], leading to the induction
of apoptosis [9] and oxidative DNA damage [10]. Recently
studies in mice, emphasized that exposure to low-dose
ZEA mycotoxin in the long term causes impairment in vital
organs and also leads to immunosuppression and triggers
autoimmune responses in animals [11]. Also, Zearalenone
(ZEA) and its metabolite, a-zearalenol (a-ZOL) are stable
toxins that could reduce fertility, create hyperestrogenic,
increase the number of dead and absorbed fetuses in sheep,
cattle, and pigs; and induce extremely toxicity to young
children in the primary phases of growth [12, 13].

The biodegradation of mycotoxins has received a con-
siderable deal of notice in recent years and has become a
major procedure in fungal toxin research. This way is the
special process of transforming mycotoxin into less toxic
or non-toxic compounds, by absorption of mycotoxins on
the walls of microbial cells, and the degradation of myco-
toxins by microbial metabolites [14] which is also more
efficient, specific, and environmentally friendly. The
ZEA could be degraded by several microorganisms, such
as B. licheniformis CK1 [15], B. pumilus ES-21 [16], B.
amyloliquefaciens ZDS-1 [17] and Bacillus velezensis
A2 [18]. Previous studies reported the degradation of
ZEA by B. subtilis to various extent 66.3%, 84.6%, and
83.0% in the commercial pig feed [19]. In addition, this
study reported that B. subtilis ANSBO1G could alleviate
the negative effects of ZEA on reproductive performance
in the prepubertal gilts [20]. Similar to this observation,
a recent study showed the biological detoxification of
DON by B. licheniformis YB9 up to 82.67% degradation
of 1 mg/L DON upon 48 h incubation at 37 °C in the labo-
ratory condition (Wang et al. 2020). Therefore, this study
aimed to explore the effectiveness of dietary administra-
tion of B. subtilis ARKA-S-3 on the health parameters
and the expression of antioxidant, anti-inflammatory,
and immunomodulation-related gene patterns in the mice
who received zearalenone-contaminated diet.

@ Springer

Material and method

All reagents and chemicals in this study were provided by
Merck Company in Germany and were in high-level purity.
The methanol and acetonitrile were HPLC grade, and others
were set based on analytical grade.

Bacterial culture preparation

In the current study, Bacillus subtilis ARKA-S-3 strain with
the NCBI accession number OP954653 was used which
was previously isolated and characterized by our research
team in the Industrial and Mineral Research Center, Arka
Industrial Cluster, Mashhad, Iran. The fresh culture of bac-
teria was prepared by transferring 100 pl of fresh bacterial
culture into 10 ml of nutrient broth (Merck, Germany) and
incubated in an incubator (24 h, 37°C). After determin-
ing the bacterial counts (by using the normal agar plating
method), bacterial counts were presented in the form of
colony unit (cfu) per milliliter of culture. Next, after centri-
fuging (at 6000xg for 10 min at 4°C) of growth culture, the
cell pellet was re-suspended in 10 ml of normal saline (0.9%
NaCl). The bacterial count was adjusted at the cell density
of ~1x 10! cfu/ml before use.

Production and extraction of zearalenone

A mixture of soybean meal (20%), corn flour (45%), wheat
flour (15%), and wheat bran (20%) were weighed and trans-
ferred to flask (2000 ml). Next, 250 ml of distilled water
was spilled and the cap was covered by a cotton stopper.
In this trial, ten individual flasks were prepared. The flask
was incubated at 120 °C for 15 min. After sterilization, a
fresh culture of Fusarium graminearum was prepared on
potato, dextrose agar, and 1Xx 1 cm size of the agar which
was covered by the fungus was added to the fermentation
media (solid-state). The fungal isolation, characterization,
and identification were previously conducted by the Uni-
versity of Tarbiat Modarres, Tehran, Iran. The fungal isola-
tion was able to produce zearalenone [21]. The flask was
maintained at 25°C for 20 days. Next, 2000 ml of methanol
(80% v/v) and 400 g of fermented product were mixed in
the backer (5000 ml), and filtered. To increase the concen-
tration, the mixture was evaporated by a rotary evaporator.
The zearalenone concentration was measured in the extract
by using LC-MS [22].

Zearalenone detoxification assay
To prepare the zearalenone at the concentration of 30 pg/ml

zearalenone, the extract including zearalenone was mixed
with nutrient broth. Then this nutrient broth was cultured
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by the Bacillus subtilis to obtain a certain bacterial count
(10° cfu/ml) and incubated (37°C, 12 h, 120 rpm). Finally,
after centrifuging culture media (4°C, 5 min, 14000 rpm),
the zearalenone amount was measured by LC-MS. To pro-
vide negative control, we used the same protocol of nutrient
broth medium with no bacteria inoculation [23].

Animal trails

The study was carried out based on the law of the Institu-
tional Animal Care and Use Committee of the Islamic Azad
University of Mashhad, Iran. A total of 24 white balb/c mice
(with bodyweight 20-25 gr) were housed in individual cages
in 12-hour light/dark periods at 23 °C+ 1 °C and 58%=+10%
humidity and were randomly assigned to three treatments
[24]. Dietary treatments were as follows: T1: The con-
trol diet (fed non-zearalenone-contaminated diet), T2: fed
zearalenone-contaminated diet, T3: fed zearalenone-con-
taminated diet+ B. subtilis (1x10° cfu/kg). All treatments
had free access to water and food. The dry matter intake and
weight were measured at the end of every week. At the end
of the trial (Day 28), pentobarbital-HCL (50 mg/kg, i.p.)
was injected for sacrificing mice. The blood samples, liver,
and ileum were sampled and stored for further analysis.

Liver enzymes and blood parameters determination

The liver enzymes status including alanine aminotransferase
(ALT), alkaline phosphatase (ALP), aspartate aminotrans-
ferase (AST), and serum immunoglobulin (IgA, IgG, IgM)
were assessed by automated chemistry analyzer (Roche,
Hitachi 902 analyzer, Japan) [25].

Lipid peroxidation assay

For this purpose, the spectroscopic assay has been carried
out for the assessment of lipid peroxidation. Briefly, the
malondialdehyde (MDA) was reacted with Thiobarbituric
acid (TBA) and produced a reddish color that was recorded
at 532 nm. The MDA was applied as the lipid peroxidation
marker and reflected in the intensity of the color [25]. The

Table 1 The primer sets of targeted genes

Gene Forward (5'—3") Reverse (3'—5")
GAPDH gcaggggggagccaaaacggt gggtggcagtgatggeatgg
CAT acatggtctgggacttctgg caagtttttgatgccctggt
SOD gagacctgggcaatgtgact gtttactgcgcaatcccaat
iNOS caccttggagttcacccagt accactcgtacttgggatgc
IFN-y gaactggcaaaaggatggtga gtgtgattcaatgacgcttatgtt
IL-2 gceccaagggcetcaaaaatg tgagctgatgttagetceetg

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; CAT: Cata-
lase; SOD: Superoxide dismutase; iNOS: inducible Nitric Oxide Syn-
thase; IFN-y: Interferon-gamma; IL-2: Interleukin-2

lipid peroxidation results were reported as a percentage of
MDA value changes relative to the control group.

Histopathology and morphometric analyses

After sacrificing mice (Days 28), the intestine, liver, and
kidney tissues were gathered and washed with physiologi-
cal serum for the histopathological studies. Samples were
imbrued in a prepared buffered formalin (10% formalin in
0.1 M sodium phosphate buffer, pH7). Then, samples were
sliced, paraffinized, and sustained at hematoxylin/eosin
[25]. At the end, slides were evaluated by a light microscope
(magnification of 20X). The intestinal morphology features,
including villus width, villus height, and crypt depth, were
evaluated.

Gene expression analysis

At the end of the trial, to profile gene expression, jejunum,
and liver tissues were sustained in liquid nitrogen and kept
in -80 until analysis. The RNA was extracted from tissues
according to the instructions provided by the RNeasy Mini
kit from Qiagen in Hilden, Germany. Next step, the sam-
ple’s cDNA was generated by a Reverse Transcription kit
(Qiagen, Hilden, Germany). The real-time PCR program
was performed in three as follows: step 1 at 95°C for 5 min
(1X), step 2: at 95°C for 20s, step 3: at 60°C for 30s, and
step 4: at 72°C for 30s (35X). The expressions of antioxi-
dant-related genes (CAT, SOD), inflammation-related genes
(INOS), and immunomodulation-related genes (IFN-y,
IL-2) were determined. Table 1 illustrates the list of primers
used in this study.

Quantification of B. subtilis in the jejunum digesta

The major site of nutrient absorption in the monogastric is
the jejunum, which is why in this study the population of
B. subtilis was determined only in the jejunum section. The
entire jejunum digesta was taken and mixed and 100 mg of
the digesta was used for the DNA extraction using QIlAamp
DNA Stool Mini Kit (Germany). The quantitative real-time
PCR was applied using the SYBR Green PCR Master Mix
(Biofact, Korea). The fold changes for the B. subtilis in the
jejunum digesta were determined using the 27*4“* method as
described earlier [26—28]. The primers used in this study are
B. subtilis ( F: ttgatcttagttgccagcattc; R: acagatttgtgggattg-
getta) [28] and Total bacteria (F: cggcaacgagcgcaacce; R:
ccattgtagcacg tgtgtagec) [29].
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Statistical analysis

The data of this study are expressed as the data arithmetic
mean (with three repeats) and mean standard deviation. All
statistical analyses were carried out by one-way ANOVA
analysis, with a significant level of p < 0.05. To compare the
means, Duncan multiple-test rage was also performed.

Results and discussion
Zearalenone disappearance

In the recent decade, the interest has increased in finding
effective and practical procedures to reduce the risk of con-
tamination of ZEN in the food and feed industry [30, 31].
The biodegradation of mycotoxins is an efficient approach
to control ZEN in contaminated food [31]. Various studies
have reported that several strains of Bacillus spp. were able
to degrade the toxicity of ZEN [31, 32]. As illustrated in
Table 2, B. subtilis has a visible degraded effect on zeara-
lenone (p <0.05). Importantly, we detected that B. subtilis
could degrade 58.1%, of ZEN during 18 h. Previous reports
illustrated that B. subtilis ANSBO1G degraded 65.13%,
92.57%, and 100.00% of ZEN at 6 h, 24 h, and 48 h, respec-
tively [33]. Also, Gonzalez Pereyra et al. [34] reported that
different Bacillus strains could degrade ZEA during 72 h at
30 C to various extents.

Weight gain and feed intake changes

In recent years, researchers have vast investigations on the
toxicity and detoxification of mycotoxins. Table 3 illustrates
the effectiveness of adding B. subtilis (1 x 10° cfu/kg) into a
zearalenone-contaminated diet on the feed intake and body
weight gain in mice. The administration of B. subtilis was
able to significantly (p<0.05) improve the body weight
and the feed intake of mice as compared to the group that
fed with a zearalenone-contaminated diet. Aligned with the
results of this study, Guo et al. [35] reported that the pres-
ence of mycotoxin in the diet of mice could cause a decrease
in the average daily weight gain.

Table 4 The mice’s blood parameters receiving different treatments

Table 2 The disappearance of zearalenone in uncultured media and
Bacillus subtilis cultured media upon 18 h incubation

Cultured media
58.1+5.14*

Disappeared Zearalenone (%) Uncultured media
12.4+3.36"

Table 3 The average daily weight gain and average daily food intake
in mice receiving different treatments

Average T1 T2 T3 SEM
Average daily weight gain (mg/day) 37.4* 13.1° 25.4° 4.11
Average daily feed intake (g/day) 47%  32°  44° 012

T1: control, T2: zearalenone-contaminated diet T3: zearalenone-con-
taminated diet+ Bacillus subtilis (1 x 10° cfu/kg)

Different letters in the same raw indicated significant differences
(p<0.05)

The analyses were performed in triplicates

Table 5 Morphometric analysis of ileum in different treatments
Villus Height (um) Villus Width (um) Crypt Depth (um)

Tl  623* 1132 204¢
T2  451° 83¢ 278°
T3  520° 102° 230°
SEM 11.39 8.23 7.45

T1: control, T2: zearalenone-contaminated diet T3: zearalenone-con-
taminated diet+ Bacillus subtilis (1 x 10° cfu/kg)

Different letters in the same raw indicated significant differences
(p<0.05)

The analyses were performed in triplicates
Liver enzyme and lipid peroxidation results

Furthermore, to the reproductive performance, the kidney
and liver are other important organs for ZEA toxicity. ZEA
can alter the content of liver protein, the liver enzyme’s
function, the amount of lipid peroxidation, the inflammatory
response, and the antioxidant index which results in hepa-
totoxicity [36]. As presented in Table 4, dietary B. subtilis
notably reduced adverse effects of zearalenone on serum
antioxidant indices (GSH-Px, SOD, ) and saved mice from
oxidative stress. The treatment with B. subtilis had no effects
(P>0.05) on serum IgA, IgG, IgG and meanwhile improved
(»<0.05) the liver enzymes concentration including ALP,
ALT, and AST. Abbgs et al. [37] reported that a feeding diet
with 40 mg/kg bw ZEA raised serum AST, ALP, and ALT
content in the mice. These findings were also observed in

Treatment AST (U/L) ALT ALP IgA (mg/dl) IgG IgM (mg/dl) GPX (U/ml) SOD (U/ml) CAT
(UL)  (UL) (mg/dl) (U/ml)

T1 135¢ 101°¢ 145°¢ 73 79 73 4622 50% 312

T2 165% 1172 1912 6.7 6.8 5.8 402¢ 33¢ 19¢

T3 145° 109° 156° 6.9 6.9 6.6 424° 41° 27°

SEM 4.68 3.29 4.18 1.23 0.98 0.76 6.43 4.11 2.48

T1: control, T2: zearalenone-contaminated diet T3: zearalenone-contaminated diet+ Bacillus subtilis (1x 10° cfu/kg)

Different letters in the same raw indicated significant differences (p <0.05)

The analyses were performed in triplicates
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other studies, displaying ZEA’s liver toxicity [38]. Van et
al. [39] expressed that adding ZEN to piglets’ feed led to
induced oxidative stress in piglets, this was discernible with
an increased level of activity of SOD and MDA [29].

Morphometric analysis

Based on the funding in Table 5 the mice administrated
with B. subtilis significantly (p <0.05) improved the mor-
phometric of ileum parameters including villus height, vil-
lus width, and crypt depth (T2 group) as compared to the
mice receiving zearalenone-contaminated diet. The small
intestine is the main site where nutrient absorption, struc-
tural integrity, and intestinal morphology are essential to
maintaining natural function [40]. ZEN exposure reduced
the villus height, villus width, and crypt depth, showing
intestinal obstacle injury led to reduced nutrient digestion
and absorption. The intestinal morphology including crypt
depth, villi height, and the villi height/crypt depth relativity
were indispensable indicators to assess, absorb and digest
nutrients [41]. Thus, the loss or shortening of the intestinal
villus commonly causes a reduction in nutrient absorption,
consequence, diarrhea, malnutrition, and reduction in dis-
ease resistance [42].

Histopathological analysis

Histopathological features including intestine, liver, and
kidney tissues that received different treatments have been
shown in Fig. 1. The overall results manifested that the
mentioned organs except the intestine indicated no promi-
nent changes. These results were in agreement with Ma

Table 6 The expression analysis of antioxidant-, inflammation- and
immunomodulation-related genes in the jejunum tissue of the mice
received different treatments

Tl T2 T3 SEM
Down-regulated genes
Antioxidant-related genes
CAT 1? -1.68° -0.72° 0.19
SOD 1? -2.41° -1.03° 0.12
Up-regulated genes
Inflammation-related gene
iNOS 1° +2.17° +1.33° 0.08
Immunomodulation-related genes
IFN-y 1° +3.79° +2.14° 0.11
IL-2 1° +1.93° +0.89° 0.16

T1: control, T2: zearalenone-contaminated diet T3: zearalenone-con-
taminated diet+ Bacillus subtilis (1 x 10° cfu/kg)

Different letters in the same raw indicated significant differences
(p<0.05)

The analyses were performed in triplicates
+: indicated up-regulation as compared to the control group (T1)

- indicated down-regulation as compared to the control group (T1)

et al. [43] who reported that ZEN led to injured integrity
the small intestinal morphology changes and the reduced
digestibility of nutrients in the piglets. The observation of
no clear histopathological changes in the liver and kidney
could be associated with the notable mycotoxin detoxifica-
tion potential of these two organs which reduced the effects
of ZEN to alter the histology of tissue in these two organs or
the short duration of exposure to ZEN [44—46].

Gene expression analysis

Table 6 displays the antioxidant, inflammatory, and immu-
nomodulatory related genes profiling. The mice treated with
B. subtilis, improved mRNA expression levels of SOD,
and CAT and alleviated IL-2, and IFN-y genes in the jeju-
num notably. Researchers have reported that ZEN probably
elevates the expression and synthesis of pro-inflammatory
indicators via JNK signaling pathway activation [47]. Shen
et al. [33], reported that the presence of ZEN in the feed
notably increased the amount of TNF and IL-2, in the serum
of gilts. An elevated amount of TNF is the most powerful
pro-inflammation indicator, which probably creates a risk
of a more drastic inflammatory response [48]. These inflam-
matory responses (elevated in inflammatory cytokines IL-2,
IL-8, and IL-10) have been shown in previous studies [20].
Moreover, the study of Shen et al. [33] showed that B. subti-
lis ANSBO1G had a protective effect against ZEN toxicosis
in gilts (Table 6).

Quantification of B. subtilis in the jejunum digesta

The effects of probiotics on mycotoxin toxicity in animals
have garnered significant attention due to their potential to
mitigate the harmful consequences of mycotoxin exposure.
Probiotics such as B. subtilis offer a multifaceted approach
to addressing mycotoxin toxicity by modulating gut micro-
biota, detoxifying mycotoxins, preserving gut barrier
function, and exerting immune-modulatory and anti-inflam-
matory effects. Through these mechanisms, probiotics show
promise in reducing mycotoxin production and absorption,
strengthening the gut barrier, boosting immune responses,
and minimizing inflammatory damage caused by mycotox-
ins [49]. The Fig. 2 shows the population of B. subtilis in the
jejunum digesta. The population of B. subtilis in the jeju-
num digesta increased considerably (p <0.05) upon dietary
administration to mitigate the adverse effects of ZEN.
The increase in the population of mycotoxin-detoxifying
microbes in the intestine could help in the biotransforma-
tion and biodegradation of ZEN in the intestine. Consistent
with these results, Wang et al. [16], also reported the asso-
ciation between an increase in the population of probiotics
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Liver

Kidney

Intestine

Fig. 1 Histopathological evaluation of intestine, liver, and kidney. T1: control, T2: zearalenone-contaminated diet T3: zearalenone-contaminated
diet+ Bacillus subtilis (1 x 10° cfu/kg)

Fig. 2 Relative fold changes in the ileum population of 6
Bacillus subtilis. T1: control, T2: zearalenone-contami-
nated diet T3: zearalenone-contaminated diet+ Bacillus
subtilis (1x 10° cfu/kg)

wn
N

B. subtilis Relative fold changes
w

’ b b
1 2 7
# Series1 1 1 5.2
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with improvement in reducing the toxic effects of ZEN in
mice fed ZEN contaminated diet.

Conclusion

Clear interactions between ZEA and Bacillus subtilis illus-
trated that Bacillus had a very effective degraded effect on
zearalenone. Also, Bacillus reduces the damage induced
by zearalenone by improving mRNA expression levels and
antioxidant-related gene expression of SOD, CAT, IL-2, and
IFN-y in the jejunum. Moreover, by improving health and
food intake, B. subtilis improved the average weight gain
in mice feeding with a zearalenone-contaminated diet. Our
funding suggests that dietary administration of B. subtilis
is one of the feasible approaches to mitigate the adverse
effects of certain toxins such as zearalenone on performance
and health parameters.
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