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Preface to ”Mechanism of Action of Mycotoxins”

Mycotoxins are a diverse group of chemicals that present wide toxicological responses in animals

and humans. Their ingestion causes toxic effects that go from acute toxicity to long-term or chronic

health disorders. Some mycotoxins have caused outbreaks of human toxicoses, and at least one

mycotoxin, aflatoxin B1, is an assumed human hepatocarcinogen. As part of a comprehensive effort

to curtail the adverse health effects posed by mycotoxins, substantial research has been conducted to

determine the mechanism of action of mycotoxins. Although much information has been obtained

regarding the action of several mycotoxins, future research topics should continue to address several

areas of critical concern.

Detection of biomarkers in noninvasive samples, such as urine, requires the use of methods that

are beginning to become an important tool in the measurement of human exposure to mycotoxins in

populations that are particularly at risk. Among that, proteomics, metabolomics and genomics are

actually goals in toxicological research not only for their innovative methodologies, but also because

they can reveal changes in the levels of abundance of proteins and metabolites and their interactions.

In vitro studies in different cell lines could detail and explain many of these mechanisms, while

in vivo can give a real scenario in the development of a toxic effect.

The focus of this Special Issue of Toxin was to gather the most recent reports on the mechanism of

action of mycotoxins on single or combined mycotoxins studied in vivo or in vitro, the identification

of known and unknown mycotoxin metabolites and other metabolites in different cell lines and

animals or matrices (including organs, urine, or blood), and the development of analytical skills

to study these mechanisms. Research papers and review articles are included in this reprint. A

total of three review articles related to intestinal barrier, infants’ and children’s bioaccessibility and

aflatoxin metabolism on swine have been consider (Kozieł et al., 2022; Pereira et al., 2022; Popescu et

al., 2022). Furthermore, zearalenone and their metabolites have been studied in chicken, pig and lamb

liver samples and in porcine jejunal epithelial cells to evaluate their presence and how their exposure

affects the Keap1–Nrf2 signaling pathway and glucose nutrient absorption related genes (Castelló et

al., 2022; Cheng et al., 2022). Zearalenone’s effects have been evaluated by Alvarez-Ortega et al. (2022)

on human cancer cell lines to study the cytoprotective, antiproliferative, and anti-oxidant potential of

the hydroethanolic extract of Fridericia Chica leaves. Finally, five studies about aflatoxin B1, patuline,

fumonisins and T-2 toxin have been included (Iori et al., 2022; Pillay et al., 2022; Guerrere et al., 2022;

Chen et al., 2022; Taroncher et al., 2022). One study is related to their effect on liver (BFH12), hepatic

(HepG2) and kidney (HEK293) cells.

Cristina Juan Garcı́a

Editor
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Mycotoxins of Concern in Children and Infant Cereal Food at
European Level: Incidence and Bioaccessibility
Cheila Pereira , Sara C. Cunha * and José O. Fernandes
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* Correspondence: sara.cunha@ff.up.pt

Abstract: Cereals are of utmost importance for the nutrition of infants and children, as they provide
important nutrients for their growth and development and, in addition, they are easily digestible,
being the best choice for the transition from breast milk/infant formula to solid foods. It is well
known that children are more susceptible than adults to toxic food contaminants, such as mycotoxins,
common contaminants in cereals. Many mycotoxins are already regulated and controlled according
to strict quality control standards in Europe and around the world. There are, however, some
mycotoxins about which the level of knowledge is lower: the so-called emerging mycotoxins, which
are not yet regulated. The current review summarizes the recent information (since 2014) published
in the scientific literature on the amounts of mycotoxins in infants’ and children’s cereal-based food
in Europe, as well as their behaviour during digestion (bioaccessibility). Additionally, analytical
methods used for mycotoxin determination and in vitro methods used to evaluate bioaccessibility are
also reported. Some studies demonstrated the co-occurrence of regulated and emerging mycotoxins
in cereal products used in children’s food, which highlights the need to adopt guidelines on the
simultaneous presence of more than one mycotoxin. Although very little research has been done
on the bioaccessibility of mycotoxins in these food products, very interesting results correlating the
fiber and lipid contents of such products with a higher or lower bioaccessibility of mycotoxins were
reported. LC-MS/MS is the method of choice for the detection and quantification of mycotoxins
due to its high sensibility and accuracy. In vitro static digestion models are the preferred ones for
bioaccessibility evaluation due to their simplicity and accuracy.

Keywords: food toxins; mycotoxins; infancy/childhood nutrition; quality control; bioaccessibil-
ity; chromatography

Key Contribution: Summary of the latest scientific contributions on regulated and emerging myco-
toxin incidence in cereal-based infant/children food with a review on their bioaccessibility.

1. Introduction

Nutrition in the first years of life is essential to provide optimal growth and develop-
ment and to establish preferences and eating patterns [1–3]. At 6 months of age, breastfeed-
ing should be gradually replaced by nutritionally adequate and safe complementary food,
starting with small portions of food that gradually increase with child development [3,4].
From 6 to 23 months of age, children’s nutritional needs require that they eat foods from
at least four of the subsequent groups per day: grains, roots and tubers, legumes and
nuts, dairy products, meat and fish, eggs, vitamin A-rich fruits and vegetables, and other
fruits and vegetables. If their diet lacks this diversity of food, there is a risk of potential
micronutrient deficiency [3].

Infant cereals are, usually, among the first foods introduced as complementary foods
during weaning because they can complement breastfeeding, guaranteeing the nutritional
requirements of the infant, providing a large number of proteins, vitamins (B1, B2, B3,
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B6, B9, E, and K), minerals (iron, zinc, magnesium, sodium, potassium, and phosphorus),
and bioactive compounds, and allowing iron fortification. Also, cereals provide non-
digestible carbohydrates that are responsible for the development of microbiota (increasing
the Bacteroides population). Due to their mild taste and semi-solid texture, cereals allow the
transition from milk and the consequent acceptance of solid foods [5]. There are several
different types of cereal-based products available for children, and they are composed of
different base cereals, such as wheat, maize, barley, rice, and oats, which can be mixed with
chocolate, honey, fruits, or nuts for the enhanced flavour and attractiveness of the product.

Cereals used in infant food are usually subjected to meticulous quality control pro-
cesses before their release to the market; however, crops are susceptible to toxigenic fungi
during both pre- and post-harvest steps, which can produce small toxic chemicals: myco-
toxins. The main fungal producers of mycotoxins belong to the genera Aspergillus spp.,
Penicillium spp., and Fusarium spp. Generally, the identification of the fungi responsible for
mycotoxin contamination is difficult since a single fungal species may be able to produce
different mycotoxins, while a certain mycotoxin can be produced by more than one species.
For instance, mycotoxins such as aflatoxins (AFs), ochratoxins (OTA), citrinin (CIT) [6],
and sterigmatocystin (STE) [7], the last two being not regulated in this type of matrix, are
produced by the Aspergillus species, while trichothecenes (TCs) (group A: HT-2, and T-2
toxins, and group B: deoxynivalenol (DON)), zearalenone (ZEA), fumonisins B1 (FB1) and
B2 (FB2), and the emerging mycotoxins beauvericin (BEA) [8] and enniatins (ENs) [7] are
often produced by the Fusarium species. Ergot alkaloids are produced by Claviceps [9].

Mycotoxins occur along all cereal food chains and can have a myriad of acute and/or
chronic detrimental health effects, such as immunosuppressive, carcinogenic, estrogenic,
gastrointestinal, and kidney events [10–12]. Therefore, several countries have adopted
regulations to limit mycotoxin exposure through food and reduce their levels to as low
as possible. In Europe, EC (European Community) set different maximum limits for my-
cotoxin exposure for adults and for children (Table 1)—Commission Regulation (EC) No
1881/2006, Commission Regulation (EC) No 165/2010, and Commission Recommendation
(2013/165/EU). While the “classical mycotoxins” are already well-known and regulated,
there are other mycotoxins, i.e., the so-called emerging mycotoxins, that are not routinely
determined nor regulated, even though there is evidence of their rapidly increasing inci-
dence [13].

Table 1. Maximum levels of mycotoxins in cereals and cereal-derived products according to the
European Commission.

Mycotoxins Processed Cereal-Based Foods and Baby Foods for
Infants and Young Children (µg/kg)

Aflatoxin B1 0.1
Ochratoxin A 0.5

Patulin * 10
Deoxynivalenol 200

Sum T-2 and HT-2 toxin 15
Zearalenone 20

Sum Fumonisin B1 and Fumonisin B2 200
* Baby foods other than processed cereal-based foods for infants and children.

This manuscript aims to present for the first time a holistic review of mycotoxins in
infants’s and children’s cereal-based foods found in Europe since 2014. To accomplish the
objective, the amounts of mycotoxins, their bioaccessibility as well as the advantages and
drawbacks of the analytical methods used for their determination will be provided. The
impact of mycotoxins in infants and children and the protective effect of the ingestion of
cereals against mycotoxicosis will be briefly summarized. Additionally, different factors
that determine mycotoxins’ bioaccessibility will be highlighted in order to understand
whether the fraction of mycotoxins released from the food matrix into the gastrointestinal
tract upon digestion could induce toxic health effects in the children. We provide an
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overview of the gaps in research on mycotoxins in cereal-based foods for infants and
children, to stimulate and improve future research avenues.

2. Materials and Methods

A review of the literature was performed by using the databases Scopus® (www.
scopus.com), Web of Science®, PubMed®, and Google Scholar. Several keywords were
included to identify published works for mycotoxin incidence in cereal and cereal-based
products for infants and children. These included “occurrence”, “mycotoxin”, “aflatoxin”,
“ochratoxin”, “deoxynivalenol”, “fumonisin”, “patulin” “T-2”, “HT-2”, “enniatin”, “beau-
vericin”, “cereal” or “cereal-based products”, “infant” or “children”, and “Europe”. The
terms were searched across document titles, types, abstracts, and keywords lists across
all years since 2014. Thirteen studies met the selected criteria and were included in the
revision. The articles on bioavailability of mycotoxins in this matrix were selected using
keywords such as “mycotoxin”, “bioaccessibility” or “bioavailability”, “cereal” or “cereal-
based products”, “infant” or “children”; since only four studies were found, no timeframe
was established. Data from the studies were divided into different sections: major myco-
toxins in cereals, bioaccessibility of mycotoxins in cereal-based infants’ and children’s food
and strategies for its reduction, methods for mycotoxin analysis in food and bioaccessibility
studies, and gaps in the research of mycotoxins in infants’/children’s cereal-based food
matrices (Figure 1).
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3. Mycotoxicosis in Infants and Children

Mycotoxin contamination is characterized by overtime exposure with the repeated
consumption of the same kind of products. Children are more exposed to acute mycotoxi-
cosis because they have stricter dietary patterns, consume some specific food products in
larger amounts than adults (per kg of body weight), and their metabolism is not totally
developed, so their system is more sensible [9,14–16]. However, as the levels of mycotoxins
in food are usually low, the long-term effects are rarely seen in children [17,18].

Among children and infants, the most characterized symptoms are recurrent vomiting,
caused by exposure to AFs, fumonisins, T-2, patulin (PAT), and DON, bone marrow
failure, a well-recognized effect of contamination by TCs [15,19], in addition to recurrent
apnoea, pneumonia and/or acute pulmonary haemorrhages, when the exposure route is
inhalation [19]. Although unusual in children, there are some long-term consequences due
to exposure to these toxins, such as hepatocellular carcinoma by AFs [10], oesophageal
cancer and neural tube defects by fumonisins [10–12], renal cancer and Balkan nephropathy
by OTA [10,20], estrogenic effects by ZEA [21,22], and ergotism by EAs [10] (Figure 2).
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Damage to the gastrointestinal system may also only be revealed in the long term.
Mycotoxins affect the digestive system in two ways: first by altering the gut microbiota due
to a direct toxic effect on the microorganisms and second by altering the structures of the
intestine, e.g., TCs and PAT can affect the intestinal barrier, causing the weakening of the
permeability and integrity of the intestinal epithelium, resulting in inflammation [17,23,24].

4. Protective Effects of Cereals against Mycotoxin Exposure

Cereals, especially whole-grain, provide several compounds with health-protective
mechanisms that may diminish the effects caused by mycotoxins’ toxicity. Particularly,
wheat bran has shown consistent cancer-protective properties in human and animal ex-
perimental models [25]. The anti-carcinogenic properties of whole-grain foods are mainly
due to antioxidant and anti-inflammatory compounds, such as phenolic acids [26–28],
flavonoids, carotenoids [29], vitamin E [30], n-3 fatty acids [31], phytic acid [32,33], and
selenium [34]. Whole-grain cereals are also an indirect source of short-chain fatty acids such
as acetate, butyrate, and propionate, which have cancer-preventing properties by lowering
intestinal pH and reducing the ability of bile acids to act as carcinogens [35,36]. Moreover,
the presence of insoluble fibres in whole-grain cereals increases colon transit time and faecal
bulking, which leads to the dilution of carcinogens and reduces their interaction with ep-
ithelial cells, resulting in cancer prevention [35]. Dietary fibres can also adsorb xenobiotics,
resulting in diminished exposure and absorption by the digestive tract [37]. Each of these
compounds acts complementary to each other, which enhances their protective action [38].

5. Major Mycotoxins in Cereals

There are several studies on the prevalence of mycotoxins in cereal-based products
for young infants and children, as reported in some previous review manuscripts [39–41].
In Table 2, there is a summary of the data from those reviews with special focus on
the incidence of mycotoxins in cereal and cereal-based foods for infants and children
commercialized in Europe.
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Table 2. Occurrence of mycotoxins in cereal-based infant and young children food in Europe (2014
–2021).

Country Sample Mycotoxin Total
Samples

Positive Samples
References

% Mean (µg/kg) Range (µg/kg)

Italy Infant formulas and baby
food

OTA

75

20 0.06 0.050–0.120

Juan et al.,
2014 [42]

DON 25.3 102.60 1–268

NIV 4 19.91 5.5–235

FUS-X 24 146.51 5.5–604

HT-2 2.7 12.65 2–151

β-ZOL 6.7 2.5 2–23.2

ENB 13.3 101.30 5–832

ENB1 1.3 7.80 5–117

ENB4 5.3 38.08 5–311

ENA1 4 6.58 5–125

BEA 1.3 1.18 5–21.3

Portugal
Cereal baby food (maize,

wheat, rice, barley, rye, oat,
sorghum, millet, spelt)

DON

9

44 173.13 0.37–270.57

Pereira
et al.,

2015 [43]

15AcDON 11 30.94 2.50–30.94

T2-Tetrol 11 112.18 10.48–112.18

NEO 11 87.21 1.28–87.21

Portugal
Breakfast cereals for

children (maize, wheat, rice,
and multi-grain)

AFB1

26

0.028 0.040–0.400

Assunção
et al.,

2015 [44]

AFB2 0.002 0.030–0.300

AFG1 0.006 0.045–0.450

AFM1 0.012 0.100–1.000

OTA 0.026 0.200–2.000

DON 59 15–360

NIV 6 25–360

FB1 13 2.5–8.0

FB2 3 2.5–8.0

Turkey
Baby food (cereal based
supplementary foods for

infants and children)
OTA 50 68 0.034–0.374 0.042–0.380

Hampikyan
et al.,

2015 [45]

Portugal Children cereal-based food PAT 20
75
50
40

2.33
0.061

3.2–40.0
0.2–2.0

Assunção
et al.,

2016 [46]

Portugal Breakfast cereals

AFB1

26

69 0.013 0.003–0.130

Martins
et al.,

2018 [47]

AFB2 27 0.004 0.001–0.011

AFG1 4 0.013 0.006–0.014

AFM1 12 0.017 0.011–0.240

OTA 69 0.040 0.006–0.100

FB1 58 12.5 0.06–67.0

FB2 38 4.2 0.12–14.0

DON 62 91.5 0.4–207.8

NIV 4 27.1 5.6–27.1

ZEA 19 0.7 0.12–5.6
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Table 2. Cont.

Country Sample Mycotoxin Total
Samples

Positive Samples
References

% Mean (µg/kg) Range (µg/kg)

Portugal Cereal-based children food

AFB1

26
breakfast

cereals

73 0.036

NM

Assunção
et al.,

2018 [48]

AFB2 46 0.07

AFG1 4 NA

AFM1 12 0.017

AFs 73 -

OTA 69 0.047

FB1 58 22.00

FB2 39 5.10

FMs 58 -

ZEA 73 1.20

DON 62 95.9

NIV 4 NA

AFB2

20 infant
cereals
(flours)

5 NA

NM

AFG1 10 0.014

AFM1 40 0.068

AFs 45 -

OTA 50 0.061

FB1 35 0.44

FMs 35 -

ZEA 30 0.48

DON 20 41.8

OTAOTA
6 biscuits

100 0.086
NM

DON 50 43.8

Germany Cereal-based baby food

AOH

19

36.8 0.89 4.73–7.13

Gotthardt
et al.,

2019 [49]

AME 89.5 0.24 0.23–0.58

TEN 94.7 1 0.18–7.53

ATX I 15.8 0.17 NA

ATLP 5.3 0.24 NA

TA 50.2 5.66–221

Spain Cereal-based baby food

AFB1

60

11 0.03 0.02–0.23

Herrera
et al.,

2019 [50]

AFB2 1 0.01 0.02–0.20

AFG1 6 0.02 0.02–0.16

AFG2 1 0.01 0.02–0.11

DON 12 37 33–245
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Table 2. Cont.

Country Sample Mycotoxin Total
Samples

Positive Samples
References

% Mean (µg/kg) Range (µg/kg)

Poland Cereal-based infant and
children food

DON

302

17

>LOD a <LOQ b NM
Postupolski

et al.,
2019 [51]

NIV 3

ZEA 14

OTA 4

HT-2 0

T-2 1

FB1 3

FB2 4

Italy Breakfast cereals
Sweet cakes

OTA 84
2.38 1

NM
Capei
et al.,

2019 [52]35.7 1.34

Austria
and

Czech
Repub-

lic

Processed cereal-based
infant foods

AFL

35

6 - <LOQ–1.1

Braun
et al.,
2021
[53] *

AFB1 - -

STG 23 - <LOQ–0.5

ZEA 3 0.24 1.2

DON 6 - 25–62

NIV 6 43 <LOQ–20

T-2 26 - 0.8–3.0

BEA 14 1.5 <LOQ–3.1

ENA 3 −1.9 <LOQ

ENB 11 0.7 <LOQ–2.1

ENA1 60 5.9 <LOQ–40

ENB1 26 3.9 <LOQ–10

FB1 20 4.8 <LOQ–8.3

AME 20 0.6 <LOQ–1.1

TA 31 48 <LOQ–124

TEN 34 0.9 <LOQ–1.5

ATPL 23 11 <LOQ–20

Poland Cereal-based baby foods DON 110 9.09 107.8 62–148
Mruczyk

et al.,
2021 [54]

AFB1 (Aflatoxin B1), AFB2 (Aflatoxin B2), AFG1 (Aflatoxin G1), AFG2 (Aflatoxin G2), AFM1 (Aflatoxin M1),
OTA (Ochratoxin A), DON (Deoxynivalenol), 15acDON (15-acetyldeoxynivelanol), NIV (Nivalenol), FUS-X
(Fusarenon-x),T-2 (Mycotoxin T-2), HT-2 (Mycotoxin HT-2), T2-Tetrol (Mycotoxin T2-tetrol), β-ZOL (β-zearalenol),
FB1 (Fumonisin B1), FB2 (Fumonisin B2), PAT (Patulin), ZEA (Zearalenone) ENB (Enniatin B), ENB1 (Enniatin
B1), ENB2 (Enniatin B2), ENB4 (Enniatin B4), ENA (Enniatin A), ENA1 (Enniatin A1), ENA2 (Enniatin A2), BEA
(Beauvericin), STG (Sterigmatocystin), NEO (Neosolaniol), AOH (Alternariol), AME (Alternariol monomethyl
ether), TEN (Tentoxin), ATX I (Altertoxin 1), ATLP (Alterperylenol), TA (Tenuazonic acid) and AFL (Aflatoxicol).
Maximum Limit (EC): AFB1—0.1 µg/kg; OTA—0.5 µg/kg; PAT—10.0 µg/kg; DON—200 µg/kg; ZEA—20 µg/kg;
FB1 + FB2—200 µg/kg; T-2 + HT-2—15 µg/kg. Bold—above the maximum limit (EC). NA—not applicable;
NM—not mentioned.a DON—2.0, NIV—18.6, ZEA—6.1, OTA—0.07, HT-2—1.1, T-2—0.1, FB1—1.4 and FB2—
0.5 µg/kg. b DON—6.5, NIV—61.9, ZEA—20.5, OTA—0.24, HT-2—3.7, T-2—0.3, FB1—0.4 and FB2—1.5 µg/kg.
* AFL—0.25; STG—0.1; NIV—16; BEA—0.4; ENA—0.4; ENA1—0.4; ENB—0.4; ENB1—0.1; FB1—7.0; AME—0.6;
TA—24, TEN—1.0 and ATPL—10 µg/kg [53].
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From 2014 to 2021, thirteen studies reported the presence of mycotoxins in cereal-
based infants’/children’s food products in Europe. The majority of the studies verified
that TCs, particularly DON, are the most prevalent mycotoxins [42–44,47,48,50,51,54]. In
some of these studies, DON levels were above the maximum limit established by EC
(200 µg/kg) [42,43,48,50]. HT-2 was detected in two studies [42,51], one of which found
two samples above the established maximum limit (15 µg/kg) [42], and T-2 was also
found in two studies at low levels in the first in four samples [51], and in the last in nine
samples [53]. Nivalenol (NIV), a TCs unregulated mycotoxin, was found in the cereal
samples in five studies, namely in four samples in the studies by Juan et al., 2014 [42], and
Martins et al., 2018 [47], in three samples in the study by Postupolski et al., 2019 [51], and
in two samples in the study by Braun et al., 2021 [53].

OTA was also a very prevalent mycotoxin in cereal-based food for young people,
being reported in eight out of thirteen studies [42,44–48,51,52], usually in levels below the
maximum limit established by the EC (0.5 µg/kg). In the study by Juan et al., 2014 [42], this
mycotoxin was present in 15 of 75 (20%) samples of cereal-based baby food. Assunção and
team [46] found that 40% of the samples presented co-occurrence of PAT and OTA, which
underlines the necessity of establishing a maximum limit of PAT in processed cereal-based
foods. Martins et al., 2018 [47] reported the presence of OTA in 18 samples. Assunção
et al., 2018 [48] analysed different types of samples and reported the presence of OTA in
18 samples of breakfast cereals, 10 samples of infant flours, and 6 samples of biscuits. Lastly,
Postupolski et al., 2019 [51], detected the presence of this mycotoxin in four samples.

Regarding AFs, despite being one of the most studied mycotoxins, only four studies
reported their presence in cereal-based food samples marketed for children [44,47,48,50].
AFB1 was above the maximum limit established by the EC of 0.1 µg/kg in the works of
Martins et al., 2018 [47] and Herrera et al., 2019 [50], both in six samples. In the last study,
AFB2 (n = 1), AFG1 (n = 6), and AFG2 (n = 1) were also found.

Fumonisins and ZEA were found less in cereal-based baby foods, and when detected,
the levels were below the maximum limits indicated by the EC, 200 µg/kg and 20 µg/kg,
respectively [44,47,48,51]. In the study by Postupolski et al., 2019 [51], only one sample pre-
sented positive results for fumonisins, and 14 samples were contaminated with ZEA, while
in the studies by Assunção et al., 2018 [48] and Martins et al., 2018 [47], both fumonisins
and ZEA had a similar incidence of 19 and 15 positive samples, respectively.

ENs were quantified in cereal-based samples marketed for children in two works
(Juan et al., 2014 and Braun et al., 2021), but their incidence was lower when compared to
other regulated mycotoxins. ENB was the most detected enniatin, mostly in wheat cereal
samples (n = 7) in the study by Juan et al., 2014 [42] and in 21 samples in the study by Braun
et al., 2021 [53]. Even so, co-occurrence with these emerging mycotoxins demonstrates the
importance of the establishment of new guidelines and the necessity of more studies in
these matrices.

Other emerging mycotoxins such as STG [53], Alternaria toxins (AOH, AME, TEN,
TA, ATX I or ATPL) [49,53], T2-tetrol [43], and AFL [53], were also found in the studies
reported here, however, with a much lower frequency.

6. Bioaccessibility of Mycotoxins in Cereal-Based Infants’ and Children’s Food and
Strategies for Its Reduction

Despite the knowledge already acquired about the presence of mycotoxins in food
products, the amounts that are effectively absorbed by the human body are not known,
as little is known about their bioavailability and bioaccessibility once ingested [55–57]
(Figure 3).
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after ingestion.

Mycotoxin bioavailability is the measurement of the amount of mycotoxin that can
reach circulation after absorption by the intestinal epithelium (Figure 2). Different food
matrices can affect the bioaccessibility of a mycotoxin; however, the metabolism and
absorption depend on the mycotoxin itself [55,57,58].

There are few studies on the bioaccessibility of mycotoxins in children (Table 3), but
it is known that a child may be more susceptible to significant damage to the intestinal
enterocytes caused by the presence of these toxins in the intestinal fluid when compared to
adults [15,58,59].

Table 3. Bioaccessibility of mycotoxins in cereal-based infants’ and young children’s food.

Country Sample Mycotoxin Total
Samples Bioaccessibility (%) References

The Netherlands

Infant formula
(spaghetti Bolognese)
supplemented with 2
mL sunflower oil per

100 g of food

AFB1
OTA 2 88 ± 16–94 ± 8

29 ± 6–32 ± 4 Kabak et al., 2009 [60]

Italy Commercial pasta DON 6 2.12–41.5 Raiola et al., 2012 [59]

Spain
Breakfast cereals

Cookies
Breads

ENA
ENA1
ENB
ENB1

14

50 ± 3–80 ± 3
40 ± 2–64 ± 2
43 ± 3–70 ± 3
46 ± 3–74 ± 2

Prosperini et al., 2013
[61]

Portugal Cereal-based food

PAT
OTA

PAT+OTA
PAT+OTA

6

30 ± 3–77 ± 2
95 ± 0–105 ± 2

33 ± 1–64 ± 2 (PAT)
103 ± 1–109 ± 0

(OTA)

Assunção et al., 2016 [46]

Kabak and colleagues evaluated the effects of probiotic bacteria on bioaccessibility of
AFB1 and OTA alone and together in infant formula, with an in vitro static digestion model.
The bioaccessibility levels of AFB1 and OTA differ from each other, 88–94% for AFB1 and
29–32% for OTA, which shows that the bioaccessibility depends on the mycotoxin [60].
The authors found that the effect on bioaccessibility depended on bacteria species and
type of mycotoxin, with Lactobacillus acidophilus and L. casei Shirota being more effective in
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reducing the bioaccessibility of AFB1, while no effect was observed on the bioaccessibility
of OTA.

In 2012, Raiola’s team evaluated the bioaccessibility of DON in six Italian commer-
cial pastas marketed for young children using an in vitro static digestion model that
simulated child physiology. The percentage of DON in the gastric fluid ranged from
2.12 ± 0.11–38.41 ± 2.95%, and the bioaccessibility of DON after the duodenal process
ranged from 1.11 ± 0.01–17.91 ± 0.80%. The authors concluded that the bioaccessibility of
DON is high enough to produce toxicity and cause higher damage to children, especially
due to the small dimension of the intestinal epithelium [59].

Prosperini and colleagues [61] used an in vitro static digestion model to study the
bioaccessibility of ENA, ENA1, ENB, and ENB1 in 14 samples of breakfast cereals, cookies,
and bread. The samples were spiked with the mycotoxins at 1.5 and 3.0 µmol/g. Their
results showed no significant differences between spiked levels in the same type of samples
for all mycotoxins except ENB1, where there was higher bioaccessibility in the samples
spiked with 1.5 µmol/g (67.3 ± 2.7%). Among the mycotoxins, ENA has the highest
bioaccessibility, followed by ENB1, ENB, and ENA1. There are, however, differences
in bioaccessibility between similar types of samples that may be related to the chemical
structure of the mycotoxins, the food product composition, or matrix. When comparing
different cereals, the ones with higher fibre content showed lower bioaccessibility, as the
fibres combined with the mycotoxins, leaving less available to produce toxic effects. The
inclusion of dietary fibres offers some protection against mycotoxicosis, resulting in a cheap
and effective method for the detoxification of feed and food products. Likewise, when
comparing different samples with different lipid content, the authors noticed that food
products with a higher lipid content show lower bioaccessibility. When the mycotoxins
interact with the fat content of the food product, they are not released completely.

The most recent study on bioaccessibility of mycotoxins in cereal-based food for
children is from Assunção et al. [46], who studied the bioaccessibility of PAT and OTA in
processed cereal-based foods with an in vitro static digestion model. The authors analysed
six samples (three with fruit and three without), which were spiked with 20 µg/kg of
PAT and 1 µg/kg of OTA, and they verified that the bioaccessibility values of OTA were
significantly higher than those of PAT, 106 ± 0.6%, and 56 ± 2.7%, respectively. When PAT
was assayed alone or combined with OTA, there was no statistical difference in the values
of bioaccessibility, with mean values of 52 ± 4.2% and 56 ± 2.7%, respectively. There was,
however, a statistical difference when assaying OTA alone or combined with PAT, with
mean values of 100 ± 1.1% and 106 ± 0.6%, which means that OTA demonstrated higher
bioaccessibility when in a mixture with PAT; the values above 100% may be due to possible
interactions between food matrix, mycotoxins, and digestive fluids.

In vitro biotransformation studies with cell lines offer deeper insight into the effect
of the digestion process on mycotoxins and their bioavailability, and consequently, on
the impact of these contaminants on the intestinal cells. The biotransformation process
of mycotoxins is composed of two phases: in the first, mycotoxins may suffer oxidation,
reduction, or hydrolyzation by cytochrome P (CYP) enzymes present in the endoplasmic
reticulum and mitochondria, and in the second phase, the resulting metabolites may form
conjugates with glutathione, glucuronic acid, and sulphate [62]. The Caco-2 (colorectal
adenocarcinoma cell) cell line is the preferred in vitro model method to analyse the intestinal
absorption of compounds because these cells form a continuous monolayer with tight
junctions that mimic the intestinal wall [63]; also, the ability to express various phase I and
II enzymes makes it a good option for biotransformation studies. Other models, such as
IPEC-J2 (intestinal porcine epithelial cell), are also used [64,65]. Epithelial integrity and the
organization of the tight junction in the cell monolayer are evaluated by monitoring the
trans-epithelial electrical resistance (TEER) and the expression of tight junction proteins.

The biotransformation processes of the most studied mycotoxins are already known.
AFB1, while not reactive by itself, after bioactivation by different CYP enzymes, forms dif-
ferent metabolites with different degrees of toxicity, such as AFB1-8,9-exposide (AFBO) [66],
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which is very toxic, with mutagenic and carcinogenic characteristics via the action of
CYP450, aflatoxicol (AFL), which is mildly toxic via a ketoreduction, and AFM1, which
is also mildly toxic via hydroxylation. The detoxification process of AFBO and AFM1
involves a phase II reaction, conjugation with glutathione-by-glutathione S-transferase
(GST) [67,68]. Studies reported that AFB1 reduces TEER in a time-dependent manner in
Caco-2 cell line culture [69–71] and significantly decreases mRNA expression of tight junc-
tion proteins, which are essential for maintenance of adhesive and selective permeability
characteristics of the intestinal epithelium [70,71], while AFM1, which is less toxic than
AFB1, damaged epithelial integrity to a lesser extent [71,72]. The metabolites resulting
from OTA biotransformation are usually less toxic than the original compound [73]. The
most common metabolites formed are OTα, formed by the action of carboxypeptidases,
4-hydroxy-ochratoxin A (4-OH-OTA), and 10-hydroxyochratoxin A (10-OH-OTA), formed
by reaction with CYP450 enzymes [66,74,75]. A study by Huang et al., [72] showed that
OTA has the capacity to reduce TEER in a dose-dependent manner, both individually and
in conjugation with AFM1. A study by Alizadeh et al., 2019 [76] demonstrates that OTA
reduced TEER in a dose- and time-dependent manner and also decreased the expression of
tight junction proteins. The same effect was demonstrated in a different type of cellular
model, porcine intestinal cell line IPEC-J2 [77]. DON metabolites are formed by phase II
metabolism with glucuronide and sulphate conjugation. The most common metabolites
are 3-acetyl-DON, 15-acetyl-DON, diepoxy-deoxynivalenol (DOM-1), DON-3-guccoside
(D3G), DON-sulfonates and DON-3-glucuronides [78–80]. In studies with Caco-2 cell lines,
there was no metabolization of DON, and TEER reduction was apparent only with high
exposure times [81,82]. Kadota et al., 2013 compared DON and two metabolites, 3AcDON
and 15AcDON, on their intestinal transport in Caco-2 cell line. The authors found that
all compounds reduced TEER; however, 15AcDON induced a significantly higher loss of
epithelial integrity than DON or 3AcDON [83]. In IPEC-J2 cell line, DON was capable of
significantly reducing tight junction protein expression, reducing stability, and increasing
the degradation of existing tight junction proteins, leading to increased epithelial perme-
ability [65]. The effect of DON on proliferating and differentiated Caco-2 cell lines was
evaluated by Luo et al., 2021. This mycotoxin induces a reduction of TEER in differentiated
cells and delays the establishment of TEER in proliferating cells, which may lead to a
reduction in the renewal and repair rates of the intestinal epithelium [84]. T-2 toxin can be
metabolized by hydroxylation, hydrolysis, and deepoxidation reactions (phase I) and by
conjugation (phase II). The most common metabolites formed are HT-2, neosolaniol (NEO),
and T-2 triol. While in phase I, CYP450 enzymes are the major contributors, and in phase II,
the conjugation is most common with glucuronide [79,85]. T-2 induces a reduction in TEER
values in cytotoxic concentration in IPEC-J2 cells, while non-cytotoxic concentrations have
little effect [64]. The study by Romero et al., 2016 demonstrated that T-2 was capable of
decreasing TEER and the expression of tight junction proteins in a concentration-dependent
manner [70]. FB1 is not metabolized by the action of CYP450 enzymes and can act as an in-
hibitor of specific CYP450 enzymes, such as CYP2C11 and CYP1A2. When FB1 is acetylated,
the resulting N-acetylated metabolites are more toxic than the original FB1 [62,66,86,87].
This mycotoxin also affects epithelial integrity by downregulating tight junction protein
expression and decreasing TEER. In a study evaluating four mycotoxins (AFB1, FB1, T-2,
and OTA), FB1 caused the second-highest reduction of TEER, only surpassed by AFB1 [70].
In the case of ZEA, the most common metabolites are α-zearalenol (α-ZEA), which has
a higher affinity for oestrogen receptors in humans, β-zearalenol (β-ZEA) via action of
CYP450 enzymes, and zearalenone-14-glucoside (ZEA14Glc) via glycosylation [88,89]. The
study by Videmann et al., 2008 demonstrated the metabolization of ZEA into mainly α-ZEA,
followed by β-ZEA and ZEA glucuronide, leading to a higher susceptibility to the effects
of this mycotoxin [90].

Besides good agricultural practices on crop cereals production, different types of food
processing such as washing, roasting, grinding, cooking, radiation, and others [10,91] are
strategies used to reduce the occurrence of mycotoxins in cereal food staples. For instance,
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Meca and co-workers studied the influence of heat treatment on the degradation of BEA, at
160, 180, and 200 ◦C and at different incubation times, 3, 6, 10, 15, and 20, in crispy breads
with different flours. They found a 43% reduction of BEA bioaccessibility at 160 ◦C, 69%
reduction at 180 ◦C, and 87% reduction at 200 ◦C, with increasing reduction with longer
time of incubation [92]. There are, also, strategies to reduce the bioaccessibility of my-
cotoxins during digestion, such as the use of probiotic bacteria [58], chemical reduction,
and food processing [93]. In 2009, Kabak and colleagues reported a reduction of 37% and
73% for AFB1 and OTA, respectively, in the presence of Lactobacillus and Bifidobacterium
bacteria in pistachios, buckwheat, and infant food [60]. Another study on loaf bread sam-
ples showed a reduction of AFB1 (15–98%) and AFB2 (11–98%) bioaccessibility in gastric
and duodenal digestion, with the presence of probiotic bacteria [94]. Isothiocyanates are
compounds present in plants from the Brassicaceae family that have strong antimicrobial
properties. Luciano and co-workers studied the reduction of BEA in cereals with BITC (ben-
zyl isothiocyanate) and PITC (phenyl isothiocyanate) fumigation and found a significant
reduction, with the highest rate at 92.5% in rice kernels [95].

7. Methods for Mycotoxin Analysis in Food and Bioaccessibility Studies
7.1. Analysis of Mycotoxin in Food

Identification and quantification of mycotoxins in food are critical steps to support
production quality control and health risk assessment. Selective and robust methods
are needed for mycotoxin analysis because they are very complex molecules with vastly
different chemical structures that are present in a range of matrices, usually in low con-
centrations [96]. Co-occurrence of different mycotoxins is also an issue to consider when
analyzing a product.

Mycotoxin analytical methods include several steps such as sampling, homogenization,
extraction followed by a clean-up step to decrease and/or eliminate matrix compounds,
sample concentration, separation, and detection. The detection step is performed either
via a chromatographic technique with different detectors or via an immuno-chemical
method [97,98]. More details about the sampling, sample preparation and detection method
see Supplemental Material File S1.

7.2. Bioavailability and Bioaccessibility Analysis

Bioaccessibility assessment can be carried out by in vivo or in vitro assays. In vivo
approaches are very complicated due to analytical and ethical questions, are very time-
consuming and require specific planning, resources, and a high level of experimental
control. Although less realistic, in vitro approaches have a wider experimental scope and
are simpler to perform while still producing useful results [57].

In vivo studies can be divided in two groups: overall balance studies and determina-
tion of substances (or metabolites) in relevant tissues, while in vitro studies, can be divided
into static and dynamic processes [57]. Static models mimic the digestive transit by the
sequential exposure of the food product to the conditions of the stomach and small intestine,
whereas dynamic models simulate the gradual transit of the food product through the
different processes of the digestive tract, ensuring a more realistic simulation of the diges-
tive process. These last models simulate the gastric emptying patterns, food transit times,
pH value modifications, different concentrations of enzymes, bile salts and electrolytes,
water absorption percentage, and in some models, the microbial activity in the different
compartments of the gastrointestinal tract [58]. Some models simulate the digestive process
in the stomach and small intestine of monogastric animals while other models mimic the
large intestine and include microbiota derived from the intestine. As mycotoxin absorption
occurs in the small intestine, large intestine models are not used in these studies [57,58].

In vitro digestion models have been developed for the study of several different
contaminants, based on human and animal physiology. Some requirements need to be
considered to achieve a good methodology, such as the following: (1) representative of the
physiological processes of the organism in the study; (2) biochemical reactions, hydrody-
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namics, and mechanical forces used must match with digestion kinetics; (3) simulation
of fasted and fed conditions including proper an-aerobic conditions for the presence of
gastrointestinal microorganisms; and (4) easy, robust, reproducible, and applicable method-
ology [55,57].

The main physiological components of in vitro digestion models are (1) saliva, because
the digestion process starts in the mouth with a mechanical action of chewing aided by
salivary digestion. This fluid is an exocrine secretion consisting of 99% water, electrolytes,
and proteins. In most models simulated saliva is a simplified version of this fluid containing
electrolytes, urea, and α-amylase. (2) Gastric juices, which are secreted by the gastric
glands in the stomach, are composed by mucus, enzymes, and aqueous component, and
in models, they are simulated by a strong decrease of pH and addition of pepsin and
electrolytes. (3) Intestinal juices, because after gastric digestion, the food is released into
the duodenum, where enzymes from the pancreas and bile from the liver continue the
digestion process, and the simulated fluid is composed of electrolytes, pancreatin, and bile
salts. Other important components in the digestion models are temperature, peristalsis,
incubation time, and microbial interactions, the last not usual component in static models
for mycotoxins because these compounds are absorbed in the small intestine [55].

All studies on bioaccessibility reported here (Table 4) used the in vitro static digestive
model, with three steps (mouth, stomach, and small intestine digestion) because it is an
easier and cheaper model. Kabak et al., 2009 [60] used a method developed by Versantvoort
et al., 2005 [99]. The process starts with adding simulated saliva, pH 6.8, to a food sample
and incubation for 5 min at 37 ◦C. Then, artificial gastric juice, pH 1.3, was added, following
2 h incubation at 37 ◦C. Finally, artificial duodenal fluid at pH 8.1 is added and the mixture
is incubated for another 2 h at 37 ◦C. After digestion, the mycotoxin levels were evaluated
in the extract. Raiola et al., 2012 [59] and Prosperini et al., 2013 [61] used a similar method
adapted from Gil-Izquierdo et al., 2002 [100], with small alterations to components of
the artificial fluids and the pH in each phase of digestion. The first step combines oral
and gastric digestion, where the pH starts at 6.5 and is then adjusted to 2, and in the
duodenal digestion, the pH is 6.5. After each digestion, the extract is obtained for mycotoxin
extraction and detection. For the child digestion model, in the study of Raiola and team [59],
there are slight modifications, where the pH of the stomach is 3 and the amount of pepsin,
pancreatin, and bile salts were reduced. Assunção and team [46] used a method adapted
from Minekus et al., 2014 [101], a standardized method, very similar to the one used by
Kabak’s team, with a pH of 7 in the oral digestion, 3 in the gastric digestion, 7 in the
intestinal digestion, and some alterations to the components of the artificial digestion fluids,
as reported in Table 4. After the intestinal digestion, the mycotoxin levels were quantified
in the extract.
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8. Gaps in the Research of Mycotoxins in Infant/Children Cereal-Based Food Matrices

This review of the available research on mycotoxin quantification and bioaccessibility
in cereal-based children and infant food products makes it clear that this is a topic that
requires much more attention.

The majority of the studies on mycotoxin determination and quantification in these
types of food products reported the presence of regulated mycotoxins, in many cases
presenting values above the EU legal limits, and the co-occurrence of several compounds.
Although only three studies have evaluated the presence of emerging non-regulated my-
cotoxins, positive results were always found, which leads to the possibility of a higher
mycotoxin presence in cereal-based food products than the one reported in the studies
based on the assessment of only regulated mycotoxins.

The type of samples used was quite diversified over the years, with almost all studies
differentiating the samples by cereal composition, such as wheat, rice, barley, or maize, or by
the presence of fruits and/or cocoa and presenting results in relation to that differentiation.
However, only two studies (Herrera and Braun) mentioned products with cereals from
organic/biologic cultures [50,53], and only Herrera et al., 2019 [50] presented the results
of these specific products. There is an ever-increasing search for organic and biological
products for their assumed health benefits, and more families are starting to feed their
infants and children with homemade products and formulas, leading to the necessity of
more research on these types of products. Braun et al., 2021 [53], diversified their sample
pool by also quantifying mycotoxins in raw flours samples intended for production of
infant foods. Some studies present other types of cereal-based products for children such
as sweet cakes [52] and biscuits [48], highlighting the necessity to add other cereal-based
products for children such as cereal bars and cookies. It is also possible to see some
distinctions between cereal-based food products for babies, for infants, and for children,
as with different age groups there are different nutritional needs, different eating habits,
and different susceptibilities. Some studies [48,50,54] clearly present their results with
a separation of these types of products, where the first team divided their samples into
infant cereals and breakfast cereals [48], the second team considered two types of samples,
gluten-free samples for babies from 4 to 6 months of age and multi-cereals for infants aged
7 to 12 months [50], and the last team separated their samples by brand, type of cereal, and
consumption age [54].

Bioaccessibility studies on cereal-based infant food are scarce (only four in total as
far as we know) and cover a small number of mycotoxins. For instance, ZEA, T-2, HT-2,
AME, and TA, which were found in several studies [42,44,47–49,53], were never accessed
for their bioaccessibility. Despite these types of studies being time-consuming, they do
provide valuable information on the potentially harmful effect of mycotoxins on infants
and children. In the study by Prosperini and colleagues [61], they reported that in the
same type of food, a different composition can change the bioaccessibility of a mycotoxin;
for example, a higher percentage of fibre or fat can result in lower bioaccessibility. This
highlights the importance of carefully choosing the type of matrix when analysing the
effect of a mycotoxin.

The co-occurrence of different mycotoxins [42,46,47,50,53] and whether they act as
antagonists or synergists of each other needs to be further researched. More bioavailability
studies, with more and different matrices, and other mycotoxins, regulated and non-
regulated, will be of extreme importance for the evaluation of the cumulative effect of the
compounds in the organism. It is also important to note the lack of studies that correlate
the health benefits of cereal ingestion and their protective action against mycotoxins.

9. Final Considerations

Child nutrition is of extreme importance to guarantee the nutritional and energy
requirements for proper growth and development. Cereals are one of the best types of food
for the weening period in children, as they offer the most important nutrients, are easy to
digest, and have a tolerable texture to allow an easier transition to solid foods.
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Mycotoxin occurrence in food and processed food products is a worldwide issue due
to its high prevalence, particularly in cereals. Nowadays, there are several EU regulations
on maximum limits allowed for the most recognized mycotoxins, such as AFs, OTA, ZEA,
FMs, and PAT. These regulations are especially severe regarding the limits required for
food and food products destined for children, as they are more susceptible to the effects of
mycotoxin contamination.

This review about the presence of mycotoxins in cereal-based infant foods commer-
cialized in Europe shows that besides the regular presence of “classical” mycotoxins, which
in some cases are above the legal limits, the co-occurrence of the so-called emerging myco-
toxins that are not yet regulated is quite common. This finding underlines the necessity
of a careful re-evaluation of current guidelines, as these only take into consideration the
individual effect of each mycotoxin. Moreover, regulated mycotoxins are the only ones
regularly tested for quality control purposes, which may lead to a misguided belief that
infant food products are within the safety limits.

Few studies were reported on the bioavailability and bioaccessibility of mycotoxins
from cereal-based food matrices, which leads to a diminished understanding of the full
effects of the presence of these compounds in infant foods. More studies are needed in
this area to gather a consensus on the quality parameters required for the products being
marketed for and consumed by children in Europe. The favored method for bioaccessibility
analysis is the static in vitro digestion model, due to its cost-effectiveness ratio. It is
predictable that in the future, there may be wider use of dynamic digestion models because
they offer a more realistic approach to the digestion process.
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//www.mdpi.com/article/10.3390/toxins14070488/s1, Table S1: Methods for analysis of mycotoxins
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Abstract: The intestinal barrier is the main barrier against all of the substances that enter the body.
Proper functioning of this barrier guarantees maintained balance in the organism. Mycotoxins
are toxic, secondary fungi metabolites, that have a negative impact both on human and animal
health. It was postulated that various mycotoxins may affect homeostasis by disturbing the intestinal
barrier. Claudins are proteins that are involved in creating tight junctions between epithelial cells.
A growing body of evidence underlines their role in molecular response to mycotoxin-induced
cytotoxicity. This review summarizes the information connected with claudins, their association with
an intestinal barrier, physiological conditions in general, and with gastrointestinal cancers. Moreover,
this review also includes information about the changes in claudin expression upon exposition to
various mycotoxins.

Keywords: claudins; mycotoxins; intestinal barrier; tight junctions

Key Contribution: The literature survey conducted by us suggests that the most common myco-
toxins affect the intestinal barrier and the main component of tight junctions—claudins. Moreover,
mycotoxins might affect the process of inflammation, cause mucus layer dysfunction, disturbances in
commensal microbiota as well as morphological and permeability changes which might associate
with gastrointestinal cancers.

1. Introduction

In the last few decades, a growing body of evidence underlines the role of the intestinal
barrier in mycotoxin toxicity. Intestinal barrier dysfunction contributes to many gastroin-
testinal diseases, e.g., inflammatory bowel disease or celiac disease [1]. The functioning
of the intestinal barrier might be influenced by many factors including diet or lifestyle.
At the molecular level, these factors may affect claudin expression and, by disturbing the
connection and permeability of the epithelium, leading to many pathological conditions
such as cancer development or its progression [2]. Claudins are a family of proteins that
take part in the formation of tight junction connections between cells. Substances present
in our everyday diet, that directly affect expression of claudins, are mycotoxins produced
as secondary metabolites of various types of fungi. Mycotoxin exposure is a global health
problem due to their abundance. Nevertheless, the evidence on the role of mycotoxins
in carcinogenesis is still limited. This review presents a literature survey conducted to
assess the role of the intestinal barrier and claudins in mycotoxin exposure. Moreover, we
have evaluated the potential role of the most common mycotoxins in the regulation of the
expression of claudins in gastrointestinal cancers.

2. Intestinal Barrier: In Health and Disease

The intestinal barrier plays a critical role in human health. First of all, it should
be emphasized that the intestine is called the second brain for a significant reason. The
influence of the gut on the functioning of the human body is not very well understood
yet. Apart from the obvious role of participation in the absorption of water and nutrients
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(products of digestion), as a highly dynamic barrier between the external environment
(intestinal lumen) and human tissues, it plays also a modulatory role between the gut
microbiota and the central nervous system (CNS). The presence of the continuous and
integral barrier allows the body to maintain homeostasis [3], and dead cells are replaced
with new ones derived from intestinal stem cell niches (ISCs) [4].

The first element of the barrier is mucus. The intestinal mucus layer has a primary role
in intestinal protection against mechanical, chemical, and biological attacks. Goblet cells
are responsible for mucus production, and there are many types of goblet cells. The type
of individual cells depends on their particular location in sections of the digestive system.
Moreover, cell origin determines also the thickness of the mucosa [5,6]. Mucus consists
of α-defensins, human α-defensin 5 (HD-5), and human α-defensin 6 (HD-6) (secreted
by Paneth cells located in the small intestinal crypts) or secretory immunoglobulin type
A (sIgA) [7–12]. The presence of these components helps to maintain the balance in the
composition of the gut microbiota. Dysfunction in the production/secretion of individual
proteins can lead to disturbances in the proportions of individual bacteria.

The second barrier is formed by epithelial cells and inter-epithelial tight junctions (TJ)
that are primarily responsible for cellular integrity (Figure 1). These junctions are made by a
number of the following proteins; claudins, occludin, junctional adhesion molecules (JAM),
and tricellulin as well as cytoplasmic plaque proteins such as three zonula occludens (ZO)
proteins [13]. Tight junctions regulate epithelial polarity and vectorial movement of solutes
and fluids in the intercellular space [14–16]. Disturbances in the expression of individual
proteins included in tight junctions are associated with many pathophysiological conditions,
tumors in particular [17–20]. The intestinal epithelium is also the first barrier against food
contaminants and is highly sensitive to Fusarium toxins, especially deoxynivalenol (DON)
and zearalenone (ZEA). All chemical substances and biological factors, influencing the
expression of genes encoding tight junction elements, affect the integrity and permeability
of the digestive system barrier. Thus, in the case of mycotoxins, chronic exposure to low
doses of mycotoxins leads to many pathophysiological conditions, including cancer.
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Figure 1. Diagram showing the intestinal barrier components. The graphical illustration was
prepared by using the images from Servier Medical Art by Servier. Minor modifications were made
(e.g., color of the stock images, some shapes) (https://smart.servier.com/smart_image/, accessed on
19 July 2021).

The third barrier is the cells of the immune system. Intraepithelial lymphocytes (IETs)
and dendritic cells (DC) deserve special attention due to their contribution to the immune
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response. These cells are the first line of defense against enteric pathogens [21,22]. The
gut-associated lymphoid tissue (GALT), literally the largest peripheral lymphoid tissue in
the body, is definitely more complex. The role of this tissue is primarily to act in the context
of flora selection in order to maintain homeostasis.

3. Claudins in Intestines-Schedule and Function in Health

Claudins are a family of proteins responsible for the formation of tight junctions
between cells. Their mass is about 20–34 kDa. The structure of the various claudins is very
similar and the major components that can be distinguished are: four transmembrane do-
mains, two extracellular loops and amino- and carboxyl-terminal tails, which are located in
the cytoplasm [23]. The first extracellular loop is involved in the regulation of paracellular
charge and ion selectivity due to the presence of charged amino acids. The second one
is associated with interactions between adjacent claudins. The amino tail is about seven
amino acids and its length and sequence is generally similar among the claudin family. On
the contrary, the carboxyl-tail is much more heterogeneous with 22 to 55 amino acids. The
carboxyl end contains PDZ-motif that allows claudins to interact with other TJs proteins
such as zonula occludens-1 (ZO-1). Moreover, post-translational modifications (e.g., phos-
phorylation or SUMOylation) take place in this region that may affect the functionality of
the protein [23].

The tetraspan claudin family of proteins includes 26 family members in humans.
However, the occurrence of particular claudins is determined by tissue and may differ
depending on the type of the organism (Table 1). Their expression and location may be
modulated by many substances including hormones [2]. For example, the estrogenic-like
mycotoxin- zearalenone stimulated inflammation, disrupted the intestinal microflora and
decreased the expression of claudin-4 in piglet intestine [24]. It should be underlined that
pathological conditions (e.g., mucosal inflammation or cancer) are mainly associated with
claudins disturbances what underlines their importance [25]. Claudins can be divided
into two broad categories, pore-sealing and pore-forming claudins [26–28]. Alternations
in the expression profile of individual claudin lead to changes in the paracellular trans-
port/absorption of ions, fluids and substances such as drugs. Individual claudins can be
regulated at several steps, including; transcription, microRNA repression, trafficking and
phosphorylation. Claudins classified in the “pore-sealing” group, as the name suggests,
lead to the sealing of junctions, thus reducing the permeability for various solutes and
compounds. This group includes claudin-1, -3, -4, -5, -7, and -19. A group with opposite
properties are claudins, classified as “pore-forming” (e.g., claudin-2 and -15), which are
responsible for decreasing the tightness of the epithelium and increasing the permeability
for different solutes [29,30]. Pore-forming claudins are responsible for size and charge
selectivity of paracellular transport via tight junctions in a large variety of epithelia [25,31].
Apart from the obvious role of creating scaffolds, the purpose of which is to mechani-
cally support epithelial cells, tight junctions (including claudins) are involved in signal
transduction within the cell. An example that clearly shows the critical role of claudins
as elements of tight connections is the claudin-1 knockout mice model- loss of claudin-1
leads to severe dehydration and postnatal death in mice [32]. The presence of claudins
and other tight junction elements also plays a role in the intercellular communication
process, but more importantly, it maintains a balance between proliferation, differentiation,
and migration [33]. As different parts of the gastrointestinal tract vary in physiological
properties, and therefore also in mucosal barrier permeability, they can have different
claudin expression profiles. In mice, claudin-18 expression was observed in duodenum
and jejunum [34,35]. However, there are contrary statements about its occurrence in the
taste tissue [35,36]. In humans, claudin-18 was observed in gastric mucosa [37]. In the
esophagus, the expression of claudin-4 and -7 was observed. The expression of CLDN1 and
CLDN5 in the stomach was restricted to the glandular epithelium in mouse tissues [35].
The differences in claudin profiles in the human tissues were shown between the fundus
and antrum of the stomach [38]. Claudin-3 and -4 were reported to be expressed at the

25



Toxins 2021, 13, 758

highest levels in colon and rectum in rats and human samples [38,39]. Claudin-7 in rats and
mice is observed in the ileocecal region [34,39], whereas in humans it was observed in the
colon and rectum [38]. Expression of -8 in mice and human intestines was found to increase
along the colon toward the rectum, contrary to claudin-15, which had its expression’s
peak in duodenum and jejunum [34,38,40]. Claudin-2 was predominantly expressed in the
proximal intestine and maximal expression of claudin-12 was observed in mouse ileum [40]
or jejunum in rat [39].

Table 1. Claudins expression in various parts of the gastrointestinal tract (GI) in mammals. * Distinguished parts of
the colon.

Part of GI Tract
Claudins

References
Human Mouse Rat Pig

Mouth 1, 4, 7, 8, 17 1, 2, 3, 4, 6, 7, 10, 11,
12, 17, 18, 23 - 4, 7 [35,36,41]

Esophagus 2, 3, 4, 7, 8, 12, 15, 18 - - - [38,42,43]

Stomach 10, 11, 14, 17, 18, 23 1, 3, 5, 6, 11, 18 - 1 [35,37,38,44–46]

Duodenum 1, 2, 3, 4, 7, 8, 12, 15, 18 1, 2, 3, 4, 5, 7, 8, 9, 10,
11, 12, 14, 15, 18 1, 2, 3, 4, 5, 7, 8, 12 1, 3, 4, 5 [34,38–40,47–49]

Jejunum 2 1, 2, 3, 4, 5, 7, 8, 9, 10,
11, 12, 13, 14, 15, 18 1, 2, 3, 5, 7, 12 1, 3, 4, 5 [34,38–40,46–51]

Ileum 2, 3, 4, 7, 8, 12, 15, 18 1, 2, 3, 4, 5, 7, 8, 9, 10,
11, 12, 13, 14, 15 1, 2, 3, 5, 7, 8, 12 1, 3, 4, 5 [34,38–40,46–49]

Cecum - 1, 2, 3, 4, 5, 7, 8, 9, 10,
11, 12, 14, 15 - - [34]

Colon - 1, 2, 3, 4, 5, 7, 8, 9, 10,
11, 12, 14, 15 1, 2, 3, 4, 5, 7, 8, 9, 12 1, 4 [34,39,40,46,52]

Ascending * 2, 3, 4, 7, 8, 12, 15, 18 - - - [38]

Transverse * 2, 3, 4, 7, 8, 12, 15, 18 - - - [38]

Descending * 2, 3, 4, 7, 8, 12, 15, 18 - - - [38]

Sigmoid * 2, 3, 4, 7, 8, 12, 15, 18 - - - [38]

rectum 1, 2, 3, 4, 7, 8, 12, 15, 18 - 3 - [26,38,42]

4. Claudins in Gastrointestinal Cancer

As mentioned above, it is indisputable that tight junction proteins play a huge role in
maintaining physiological homeostasis. Their abnormal expression very often correlates
with many types of cancers, including the reproductive and digestive system, as well as
many others (Figure 2) [2,53]. Recently, TJ proteins have gained more and more attention,
due to their crucial function in the pathogenesis of various diseases and the high potential
for both diagnosis and treatment. As shown in Table 2, modulation of claudin expression in
different cancers may vary. Moreover, their expression may be affected by many substances,
including mycotoxins, which we would like to present in the next step of our article.

Table 2. Summarized information about claudin proteins expression in GI cancer cell line. ↑—up-
regulated, ↓—downregulated.

Cancer Claudin Expression Described Effects on Cells References

Oral
1 ↑ Invasiveness ↑

Proliferation ↑ [54–59]

7 ↓ Invasiveness ↑ [60,61]
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Table 2. Cont.

Cancer Claudin Expression Described Effects on Cells References

Oesophageal

1 ↑
Proliferation ↑
Metastasis ↑

Invasiveness ↑
[62]

4 ↓
Growth ↑

Colony formation ↑
Invasiveness ↑

[63]

7 ↓
Invasiveness ↑

Metastasis ↑
Tumour progression ↑

[64]

Liver

1 ↓ Invasiveness ↑
Metastasis ↑ [65]

3 ↓
Invasiveness ↑

Metastasis ↑
Colony formation ↑

[66]

10 ↑ Angiogenesis ↑
Invasiveness ↑ [67]

Gastric

1 ↑
Apoptosis ↑

Invasiveness ↑
Migration ↑

Colony formation ↑
[68–70]

4 ↑ Invasiveness ↑
Migration ↑ [71,72]

4 ↓
Migration ↑

Proliferation ↑
Invasiveness ↑

[73]

6 ↑
Migration ↑

Proliferation ↑
Invasiveness ↑

Colony formation ↑
[74,75]

7 ↑

Migration ↑
Proliferation ↑
Invasiveness ↑

Colony formation ↑
EMT ↑

[75,76]

9 ↑
Migration ↑

Proliferation ↑
Invasiveness ↑

[75]

11 ↓ Migration ↑
Invasiveness ↑ [77]

Colorectal

1 ↑
Growth ↑

Colony formation ↑
Migration ↑

Invasiveness ↑
[78,79]

2 ↑ Colony formation ↑
Proliferation ↑ [80]

3 ↓
Proliferation ↑
Invasiveness ↑

EMT ↑
[81]

7 ↓
EMT ↑

Colony formation ↑
Growth ↑

Invasiveness ↑
[82,83]
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4.1. Oral Cancer

Oral cancer can attack any part of the oral cavity. It is widely believed that the most
important risk factors of this type of cancer are smoking and high intake of alcohol. As
oral cavity cancer has a very high mortality rate (~50%), understanding the role of claudins
in this disease seems to be necessary to allow improvement of current therapeutic or
diagnostic modalities [84]. Numerous studies reported that claudin-1 play a significant
role in this type of cancer and its elevated expression is observed in most oral, carcinomas.
Moreover, the higher the expression, the more advanced stage tumors are diagnosed, and
what is worth emphasizing—it is also associated with a lower survival rate [54–57]. Patricia
Pintor Dos Reis et al. showed that overexpression of CLDN1 is associated with higher
invasion of cells and aggressiveness observed in immunohistochemistry [58]. Naohisa
Oku et al. explained that claudin-1 stimulates the invasiveness of oral cancer cells via
activation of MT1-MMP and MMP-2 [85]. Silencing of CLDN1 results in decreased invasive
potential and proliferation of oral cancer cells [58,59]. Another very important claudin
associated with the pathogenesis of oral cancer appears to be claudin-7, which has been
reported to be downregulated in most cases of this type of cancer [60]. Furthermore, it was
also postulated that downregulated expression of claudin-7 is associated with an increased
risk of cancer recurrence and poor prognosis [61,86].

4.2. Esophageal Cancer

Esophageal cancer is not the most common cancer; however, the mortality rate is very
high, and the prognosis is very poor, therefore this disease is considered a serious global
health problem [87]. Some studies reported the involvement of TJ proteins in the character
of this cancer. On the one hand, it was reported that the decreased expression of claudin-1
in tissue derived from patients was associated with poor prognosis and an increased risk
of recurrence [88]. On the other hand, it was observed that increased expression of CLDN1
results in increased proliferation and metastasis via stimulation of autophagy in human
esophageal cancer cell lines. Moreover, the same team demonstrated in an in vivo model
that claudin-1 is able to stimulate metastasis [62]. Elevated expression of claudin-2 was
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observed in the cancerous and pre-cancerous lesion [89]. Lower expression of CLDN4 is
postulated to be a risk factor and prognostic biomarker for cancer recurrence and survival
rate [63,90]. Furthermore, in vitro studies have shown that claudin-4 expression regulates
invasion and metastasis of cells [63]. It was also shown that Twist1 may modulate CLDN4
expression which suggests that claudin-4 is directly associated with EMT in esophageal
cancer [91]. Another claudin involved in esophageal cancer is claudin-7, which was
reported to be downregulated and this disturbance may lead to cancer progression [64].
This hypothesis seems to be confirmed by later studies, which showed that claudin-7
influences the expression of E-cadherin, and thus may lead to loss of the “gate” function
and stimulate EMT [42].

4.3. Liver Cancer

Among liver cancers, we can distinguish two major types: hepatocellular carcinoma
(HCC) and bile duct cancer (cholangiocarcinoma, CC). The first one occurs more often
and constitutes a serious global problem. The main risk factors are viruses, metabolic
disorders, and, as was mentioned before, toxins, including aflatoxin. TJ proteins appear
to be promising markers in this disease, however, we still do not know enough to use
them in medical diagnosis. It was suggested that decreased expression of claudin-1 may
be associated with poor survival rates and potential for metastasis and invasion [65].
At the same time, overexpression of CLDN1 may be a positive prognostic marker after
treatment [92]. However, it was also observed, that overexpression of this protein induces
EMT in normal liver cells [93]. Liver metastases from primary colorectal cancer were
characterized by an increased expression of claudin-1 [94]. Silencing of CLDN1 sensitizes
HepG2 to 5-fluorouracil [95]. Based on the abovementioned facts, it may be concluded
that abnormal CLDN1 expression has a very important impact on the liver. Similarly, as
claudin-1, proper expression and localization of claudin-3 in cells are also very important
to maintain homeostasis. Downregulation of this protein was observed in HCC; moreover,
it was also found in most types of HCC cell lines. Lei Jiang et al. reported that silencing of
claudin-3 in HepG2 and Huh7 cell lines stimulates changes in their morphology, increases
the ability to migrate, induces foci formation in monolayer culture, and stimulates cells
invasiveness [66]. All of these underline the importance of claudin-3, however, further
studies are required. Claudin-7 expression is upregulated in HCC [96]. Yusuke Ono et al.
postulated that claudin-4 and claudin-7 may be a useful immunohistochemical marker to
distinguish HCC and CC, because the expression of these proteins is higher in these two
cases than in control, and the expression of CLDN4 and CLDN7 is lower in HCC than in
CC [97]. Earlier studies also provided evidence for this relationship [98,99]. Claudin-10 is
overexpressed in most HCC patients and that expression is highly associated with poor
prognosis after resection of the liver [67]. Studies conducted in in vitro models showed that
abolition of CLDN10 reduces the invasiveness of cancer cells what seems to be promising
in the context of the possibility of using claudins as a target in the treatment of liver
cancer [100].

4.4. Gastric Cancer

Gastric cancer (GC) also known as stomach cancer is one of the most common causes
of human death. Each year 989,000 people are diagnosed with gastric cancer, out of
which 738,000 patients die because of this disease [101]. Many factors contribute to its
development, including age, tobacco smoking, diet, Helicobacter pylori infection, and many
others [102]. Claudins are postulated to play an important role in this type of cancer as well.
Claudin-1 was found to be elevated in GC. Moreover, it has been observed that increased
expression of CLDN1 gene is correlated with poor survival [68,103]. Huang J et al. showed
that claudin-1 is regulated by β-catenin in gastric cancer samples [103]. Elevated expression
of CLDN1 in cancer cells results in increased proliferation, migration, invasion in gastric
cancer cells, but also protects them against apoptosis [69,70]. Zhe Lin et al. reported that
claudin-2 and claudin-6 are down-regulated, while claudin-11 was upregulated compared
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to normal tissue [104]. In contrast, Luoluo Yang et al. have not noticed any significant
difference between claudin-2 expression in normal and cancerous tissue, but they found
that claudin-5 expression was significantly higher and the levels of claudin-7 and claudin-8
were significantly lower than in normal tissue, both at the protein and mRNA levels [105].
Claudin-4 was observed to be overexpressed in GC, moreover, increased expression of
CLDN4 results in enhanced invasion and migration of gastric cancer cells [106]. Tsann
Long Hwang et al. reported that this effect may be generated via activation of matrix
metalloproteinase proteins (MMP) [71,106]. Satoshi Ohtani et al. reported that, on the one
hand, decreased expression of claudin-4 was associated with lower tumor aggressiveness,
but on the other hand, low expression of CLDN4 was associated with poor prognosis
and survival [72]. Studies conducted on the GC cell line demonstrated that silencing
of CLDN4 expression leads to increase resistance to chemotherapy [73]. Moreover, the
abolition of claudin-4 stimulates migration, invasion, and proliferation [73]. Abnormal
expression of CLDN6 was also observed in tissue obtained from patients with gastric cancer.
Furthermore, up-regulated expression of claudin-6 is connected with poor prognosis and
survival [74,107]. Overexpression of claudin-6 both in gastric cancer cells and in vivo
models results in increased migration, proliferation, and invasiveness [74,75]. Interestingly,
claudin-6 may stimulate invasion and migration via claudin-1 and thus activate MMP
proteins [108]. Site Yu et al. proposed that claudin-6 may stimulate EMT by affecting
YAP1-SNAIL1 axis [74]. Overexpression of Claudin-7 correlates with poor prognosis
and a high possibility of lymph nodes metastasis [18,76]. Studies conducted on cells
and animal models showed that up-regulated claudin-7 expression has a great impact
on cell proliferation, migration, invasion, and colony formation [75,76]. Claudin-11 was
found to be down-regulated in GC tissue, furthermore, silencing of CLDN11 in gastric
cancer cell line was responsible for increased motility and invasiveness [77]. Kyong Hwa
Jun et al. presented that negative regulation of claudin-11 may be useful as a marker of
poor prognosis in patients with gastric cancer [18]. It seems that this thesis was confirmed
by later research [109–111]. Claudin-10 and claudin-17 were down-regulated in GC tissues,
claudin-14 was observed to be up-regulated [45].

4.5. Colon Cancer

Colorectal cancer (CRC) is one of the most common cancers worldwide. In the UK,
11% of new cancer cases are CRC [112]. Nevertheless, it is estimated that the incidence of
colorectal cancer is still decreasing [113]. It may be associated with increased knowledge
about nutrition. Claudins are undoubtedly very important in the formation, progression,
and metastases of this cancer. Moreover, CRC appears to be the best-known neoplasm
in terms of claudins. Already in 2005, Punita Ghawan et al. reported that claudin-1 has
a significant role in colon cancer. They showed that the expression of CLDN1 is elevated
in commercially available cell lines (HT29, SW480, and SW620, but not in HCT116) and
in samples obtained from patients; furthermore they demonstrated that localization of
claudin-1 is different than in normal tissue. In vivo results reported by the same team,
showed that abolishment of the expression of CLDN1 stimulates liver metastasis and tumor
size, at the same time providing that one of the mechanisms in the regulation of claudin-1
expression may be the regulation of E-cadherin and β-catenin/Tcf signaling pathway [78].
These results seem to be consistent with the other reports [114,115]. Amar B Singh et al.
proposed another mechanism of action and showed that cldn1 may regulate E-cadherin via
ZEB-1 (Zinc Finger E-box binding homeobox-box1) and thus increasing the invasiveness
of cells [79]. In turn, Jillian L Pope with colleagues presented that claudin-1 is closely
associated with the Notch-signaling pathway, and thus affects the behavior of cells [116].
Other authors showed that pyruvate kinase M2 (PKM2) increased the expression of cldn1
in Caco-2 and SW480 cell lines via the epidermal growth factor receptor (EGFR)- protein
kinase C (PKC) pathway [117]. All these studies have clearly demonstrated how complex
the mechanism of action of claudin-1 is. Recent results shed new light on the use of CLDN1
in the diagnostics of CRC. It was indicated that CLDN1 may be useful in the future as an
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imaging agent in fluorescence-guided surgery [118]. Interestingly, the use of claudin-1
during confocal endomicroscopy seems to be promising, as it can significantly increase the
detection of the precancerous lesion within the intestine based on the expression of this
protein—as it was shown in an animal model [119]. In contrary to previously described
results, Murray B Resnick et al. reported that down-regulated expression of claudin-1
in tissue obtained from patients in II stage colon carcinoma was associated with poor
prognosis and a high possibility of tumor recurrence [120]. All of this underlines the
importance of proper expression of claudin-1 in our organism because both too high and
too low expression may lead to homeostatic imbalance. Claudin-2 was also reported to
have an important role in colon cancer progression. It was observed that its expression
is higher in CRC than in normal, physiological tissue [80]. It was also suggested that
CLDN2 may act via EGFR transactivation and that forced claudin-2 expression leads to
increased proliferation of cells and significantly greater tumor growth in vivo [80]. In
turn, claudin-3 was observed to be decreased in CRC. Studies conducted on cells with
silencing CLDN3 expression showed that with the abolition of claudin-3 expression, an
increase in cell invasion and migration occurs [81]. Similar to claudin-3, claudin-7 is also
down-regulated in colon cancer tissues [82]. Bhat et al. demonstrated that claudin-7 may
have anti-cancer properties because its forced expression in in vitro models led to reduced
invasiveness, colonies formation, proliferation, and ability to grow, while abolition resulted
in enhancement of these properties. In in vivo models decreased expression of claudin-7
led to the lower weight of the tumor [82]. Similar results, but on a different cell line
have been shown recently, which seems to confirm previous studies [83]. Moreover, it
was noticed that CLDN7 expression correlates with the potential for metastasis in CRC-
it has been proposed that decreased expression of claudin-7 may be a predictor of liver
metastasis [121].

5. Environment Contamination by Mycotoxins and Their Occurrence in Food and Feed

Mycotoxins are chemical compounds considered as secondary metabolites of fungi,
generally from Fusarium, Aspergillus, and Penicillium genus. Worldwide, mycotoxins have
significant implications for human and animal health, as well as for the economy and inter-
national trade [122]. Mold that can produce mycotoxins grows on numerous foodstuffs
such as cereals, dried fruits, nuts, and spices. Their growth might occur either before har-
vesting or after harvesting, during storage, on/in the food itself often under warm, damp,
and humid conditions. It is worth emphasizing that most mycotoxins are chemically stable
even during food processing, and that their neutralization is only available for feed [123].
The commonness of occurrence of fungi and their spreading is mainly due to the climate
conditions that favor the growth and multiplication of fungi, food spoilage and then favor
mycotoxin production. These conditions are very important in the harvesting, transport,
and storage—the processes that depend on good practices and habits of people responsible
for them [124]. Several hundred different mycotoxins are known, but the most commonly
observed mycotoxins that present a concern to human health and livestock include afla-
toxin B1 (AFB1), ochratoxin A (OTA), patulin (PAT), fumonisins (FBs), zearalenone (ZEA),
nivalenol (NIV) and deoxynivalenol (DON) [125]. The presence of individual mycotoxins
is also partially determined by the type of crops e.g., in the case of maize, widespread
occurrence of fumonisins and deoxynivalenol is observed. This review aims to collect and
analyze the information about the effects of individual mycotoxins on the gastrointestinal
tract in the context of claudins as a core element of tight junctions.

6. Mycotoxins and Human Health Especially the Health of the Gut and the Entire
Digestive Tract

It is generally known that mycotoxins possess harmful effects both on human and
animal well-being. The influence on human health is mainly observed in the area of the
reproductive system (hyper estrogenic syndrome, precocious puberty), hepatotoxicity
(especially hepatocellular carcinoma) immunotoxicity, or genotoxicity (carcinogenic, muta-
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genic, teratogenic), and nephrotoxicity (nephropathies and urinary tract tumors) [126–130].
Interestingly, it was also reported that some toxins may stimulate neurodevelopmental
toxicity. In vivo study showed that ochratoxin A affects differentiation of almost all neural
cells [131]. Moreover, exposure to OTA was also reported to be connected with patho-
biology of autism in autistic children what underlines the importance of controlling the
presence of mycotoxins in our diet [132,133]. In zebrafish model, authors observed that
aflatoxin B1 may influence neurobehavior and neurodevelopment [134,135]. Similar results
were obtained in response to exposure to zearalenone [136].

The negative effect of mycotoxins is mainly observed in the case of long-time expo-
sure to low doses of mycotoxins. It is also worth emphasizing that the gastrointestinal
tract is the first element that is directly exposed to the toxic effects of mycotoxins. The
limitation in exploring the impact of mycotoxins on the human body is primarily the
quantification of lifetime individual exposure. Analysis of 74,821 samples of (feed and
feed raw materials) from 100 different countries revealed the presence of at least one of
the mycotoxins (64% of samples was co-contaminated with at least two mycotoxins) what
seems to be important when we know that people may be exposed to these secondary
metabolites after consuming food products derived from animals exposed to high levels
of mycotoxins in their feed [124,137]. The analyzed data present the global scale of the
problem and provoke reflection because of potential health risks. The agency responsible
for the preparation of the guidelines is the European Food Safety Authority (EFSA). To
protect people against adverse effects of mycotoxins, EFSA established a total tolerable
daily intake for humans (Table 3).

Table 3. Total tolerable daily intake present for mycotoxins described in this review based on
EFSA reports.

Mycotoxin Total Tolerable Daily Intake References

Aflatoxins Not established -

Fumonisin B1 1 µg/kg [138]

Zearalenone 0.25 µg/kg [139]

Deoxynivalenol 1 µg/kg [140]

Patulin Not established -

The unavoidable presence and chronic human exposure to mycotoxins lead to the
occurrence of many pathological conditions, ranging from disturbances in the composition
of the gut microbiota to neoplasms, e.g., of the liver [141,142]. The role of mycotoxins in
modulating the immune response is also not negligible. GALT, as the tissue responsible
for regulating many immune processes, plays a crucial role. Its proper functioning allows
maintaining the balance between many organs, which is why the intestine is called the
second brain for a reason. Therefore, the next step in our review was to compile the
information about the effects of the mycotoxins on a healthy gastrointestinal tract with
emphasis on modulation of tight junction proteins if it was reported.

6.1. Aflatoxins

Aflatoxins (AF) are secondary metabolites of fungi produced by Aspergillus molds
(Aspergillus flavus, Aspergillus parasiticus, Aspergillus nomius). In 1987, aflatoxins (including
aflatoxin B1, B2, G1, G2, and M1) were classified as Group 1 on the basis of the Interna-
tional Agency for Research on Cancer (IARC) evaluation [143]. Group 1 classifies chemical
compounds as clearly influencing the neoplastic process in humans. Aflatoxin B1 (AFB1)
is considered one of the most harmful compounds produced by Aspergillus. Aflatoxin
contamination is mainly reported in maize, peanuts (and generally ground nuts) and their
products, oilseeds, and pulp [144]. Aflatoxin B1 is rapidly absorbed into the blood from
the gastrointestinal tract (GIT). In the bloodstream, aflatoxin B1 is metabolized into its
toxic metabolite AFB1-8,9-exo-epoxide (AFBO) [145]. AFs have carcinogenic, hepatotoxic,
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teratogenic, mutagenic, and immunosuppressive effects, with the liver as the organ respon-
sible for detoxification is most affected by the negative effects of aflatoxins [146]. In vivo
studies in pigs show a clear effect of AFB1 on the functioning of the digestive system, in
particular the jejunum. Increased serum diamine oxidase (DAO) activity was observed
in AFB1 treated group, indicating that AFB1 supplementation damages intestinal barrier
integrity. Moreover, pigs fed with the AFB1 diet exhibited significantly decreased mRNA
abundance of ZO-1 in jejunal mucosa, which supports the thesis made above, that aflatoxin
B1 has a destructive effect on gut barrier integrity [147]. Reduced final body weight (BW)
in pigs (AFB1 diet) may also be associated with a decrease in mRNA expression of sodium-
glucose co-transporter 1 (SGLT1) and solute carrier family 7 member 1 (SLC7A1) in jejunal
mucosa [147,148]. Both SGLT1 and SLC7A1 act as intestinal epithelium transporters of nu-
trients from the intestinal lumen (glucose and cationic amino acids respectively) [149–151].
In mice exposed to aflatoxin B1 and aflatoxin M1 separately and in combination, it was
observed that villus height was reduced, while the crypth depth was deepened compared
to non-treated mice. Moreover, the expression of claudin-1 and ZO-1 were significantly
decreased [152]. Disturbed barrier function via affection claudin-1 expression was also
observed in broiler chicks, but in this study, aflatoxin B1 stimulated the expression of
CLDN1 [153].

6.2. Fumonisins

Fumonisins are secondary metabolites produced by a number of Fusarium species,
especially Fusarium verticillioides and Fusarium proliferatum [154]. Three main chemical
compounds belong to the Fumonisis group; namely FB1, FB2, and FB3 [155]. Maize
and its derivatives (corn-based food) are one of the main sources of fumonisins, which
can potentially influence the occurrence of pathological conditions in both livestock and
humans. Fumonisin B1 is the most prevalent member of the Fumosin family. According
to the IARC opinion, fumonisin B1 was classified as possibly carcinogenic to humans.
The last update of the data took place in 2002, and the decision was made based on the
results of in vivo studies in mice and rats (at present, the extensive scope of publications
clearly indicates the association of fumonisins and the cancer process in the human body).
Currently, the vast majority of the data is focused on the association between fumonisin
B1 and esophagus cancer (OC) [156–159]. According to available evidence, the molecular
mechanism of action is linked to sphingolipid metabolism [160,161]. Due to the similarity to
two critically important molecules (sphinganine and sphingosine), the ceramide synthesis
pathway is blocked. The consequence of the inhibition process is the inhibition of the
sphingolipid biosynthetic pathway (disrupted sphingolipid metabolism) [162,163]. In
IPEC-J2 cells, FB1 leads to decreased viability, decreased expression of tight junction
proteins (CLDN1, OCLN, and ZO-1), and altered expression of mucin genes (MUC1, MUC2).
Moreover, the permeability of IPEC-J2 monolayer was also disturbed after exposition
to fumosin B1 [164]. It was also observed that FB1 decreased transepithelial electrical
resistance (TEER) value in IPEC-J2 cells [165]. Similar results were obtained on pig iliac
endothelial cells (PIECs) [166]. Exposure to fumonisin was also postulated to be responsible
for the decrease in the diversity of the bacterial flora [167].

6.3. Zearalenone

Zearalenone (ZEA) is a non-steroidal estrogenic mycotoxin. The species of fungi that
are responsible for the biosynthesis and secretion of the ZEA mycotoxin are mainly Fusar-
ium graminearum (Gibberella zeae), Fusarium culmorum, Fusarium crook-wellense, Fusarium
semitectum and Fusarium equiseti [146]. The abovementioned fungi species are responsible
for the contamination of most cereal crops worldwide. According to the IARC classification,
ZEA is not classifiable as to its carcinogenicity to humans. It owes its estrogenic properties
to the presence of a macrocyclic lactone ring with a spatial arrangement similar to that of
steroid hormones (structurally similar to 17β-estradiol) [168–170]; hence the destructive
effect of zearalenone on the reproductive system. Until now, 5 metabolites of the ZEA have

33



Toxins 2021, 13, 758

been described, i.e., α-Zearalenol (α-ZEA), α-Zearalanol (α-ZAL), Zearalanone (ZON),
β-Zearalenol (β-ZEA), β-Zearalanol (β-ZAL), with individual metabolites possessing dif-
ferent estrogenic properties [171]. Due to the presence of the lactone ring, ZEA is known to
be heat stable up to 150 ◦C and does not degrade during food and feed processing; this
presents some sort of challenge in terms of removing mycotoxins, particularly from food
chain products [172]. The following events related to the presence of zearalenone in the
human body are distinguished: altered progesterone level, hyper-estrogenic syndrome,
precocious puberty, decreased sperm count, decreased serum testosterone level, and in-
fertility [126,127,173–175]. Additionally, disruption of blood coagulation and changes
in haematological parameters in rats were found [176,177]. Unfortunately, the context
of the intestinal barrier is still little recognized. In the intestine of Juvenile Grass Carp
(Ctenopharyngodon idella), ZEA affected intestinal integrity via affecting tight junctions [178].
In the intestine of piglets under the influence of ZEA, the expression of claudin-4 was
reduced and the intestinal microbiota was disturbed [24]. Zearalenone was also postulated
to decrease claudin-4, occludin, and connexin-43 in tissue derived from rats [179,180].
Similar to FB1, ZEA is able to affect mucin genes [180]. In addition, ZEA was reported to
alter the morphological structure of the villi in the jejunum [179].

6.4. Deoxynivalenol

Deoxynivalenol, also known as vomitoxin, is the most common member of the
trichothecenes group which include also nivalenol. Fusarium, Myrothecium, Phomopsis,
Stachybotrys, Trichoderma, Trichothecium, and other species are responsible for their pro-
duction [181,182]. DON frequently contaminates cereal grains such as maize, wheat, oats,
barley, and rice. Among trichothecenes group, type A and type B are the most concerning
due to their broad and highly toxic nature, with DON being classified as trichothecenes B.
In the IARC assessment, DON was classified in Group 3 so it is not classifiable as to its car-
cinogenicity to humans. DON possesses the following effects: cytotoxicity, steroidogenesis
disruption, affected mRNA expression of genes responsible for regulating the integrity and
permeability of the intestinal barrier, increased reactive oxygen species (ROS) production,
inhibition of cellular protein synthesis, and ribosomal stress syndrome [183–187]. Changes
in the functioning of the intestinal barrier were observed both in in vitro and in vivo studies.
It was observed that DON decreases TEER value in IPEC-2 cells [188,189]. The expression
of occludin, claudin-3, and claudin-4 is also modulated by DON which was showed both in
in vitro and in vivo models [188,190–192]. In human non-cancerous intestinal epithelial cell
line (HIEC-6), decreased expression of claudin-1 and increased expression of inflammatory-
related interleukins was observed [193]. Moreover, it was also found that DON may affect
another very important compound associated with an intestinal barrier—trefoil factors
(TFFs), which are involved in repairing and protecting intestinal mucus. Shuai Wang et al.
showed that DON decreases expression of TFF2 and TFF3, which may suggest that it is
another pathway altered by deoxynivalenol in the intestine [190]. Induction of immune
response was also observed [24,191]. It was postulated that the pathway connected with an
intestinal disturbance caused by DON may be MAPK p44/42 pathway [189,192,194]. In the
context of changes in the intestinal biota, an increase in abundance of the Lactobacillus genus
was observed (DON and ZEA treated group), suggesting that members of this genus could
play a key role in the detoxification of dietary DON and ZEA in pigs [195]. Basolateral
DON exposition caused inhibited intestinal stem cell activity through the Wnt/β-catenin
pathway [196]. Based on this study, Hikaru Hanyu et al. decided to go one step further,
demonstrating that basolateral exposure was more toxic than luminal DON exposure in
terms of intestinal barrier functions and stem cells [197]. It is worth mentioning that DON
toxicity observed in vitro and in vivo might be different, possibly due to biological barrier
function. It was observed that in a zebrafish model, DON does not cause any toxic effect,
as suggested by in vitro results. Shu Guan et al. demonstrated that DON is transformed
via gut microbes to the depoxyated form of DON (DOM-1) which is less toxic than DON
itself [198]. A similar effect was observed in zebrafish larvae exposed to DON microinjec-
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tions and aqueous solutions, where no effect was observed, which in consequence suggests
that DON is not capable to pass through biological barriers [199]. This fact underlines the
importance of the intestinal barrier in response to exposition to mycotoxins.

6.5. Patulin

Patulin (4-hydroxy-4H-furo [3,2c]pyran-2(6H)-one, PAT), water-soluble polyketide
lactone, is a secondary metabolite of filamentous fungi (toxigenic molds) such as Penicil-
lium, Aspergillus, and Byssochlamys species. PAT was firstly isolated as a compound with
antimicrobial activity in the 1940s from Penicillium patulum. Among all fungi listed above,
Penicillium expansum is the main source of patulin contamination in apples, pears, and
their derived products, and it also causes decay in fruits [200]. Over time, detrimental
effects of patulin on animal organisms were discovered. Patulin has been classified by
IARC in group-3 (not classifiable as to carcinogenicity to humans) [201,202]. The potential
effect of patulin on the gastrointestinal tract results primarily from the reduction of TJs’
mRNA (including ZO-1 and Occludin) and degeneration of intestinal villi [203,204]. In
addition, in animal models, PAT exposure has been shown to lead to epithelial degener-
ation, hemorrhage, ulceration of gastric mucosa, reduction in the number of goblet cells
in villi and crypts [205,206]. From the molecular biology point of view, change in the
composition of tight junctions or degradation of epithelial cells leads to impaired perme-
ability (TEER increase), which results in a loss of balance between the external environment
and the organism [207,208]. Moreover, changes in the claudin distribution patterns are
observed (for claudins 1, 3, and 4, the staining pattern became quite diffuse compared to
the controls, large gaps were also observed to have appeared in the ‘chicken wire’ pat-
tern) [209]. Nevertheless, the effect of patulin on non-cancerous junctional cells has not
been evaluated yet.

Summarizing all the collected information, it can be concluded that the range of
mycotoxins activity in the area of cells of the human body is very wide. A critical role in
the penetration of mycotoxins into the body is played by the gastrointestinal barrier, which
is the first protective element. Individual mycotoxins differently influence the integrity
of the gastrointestinal barriers. Some of them may affect the expression of tight junction
proteins and thus disturb homeostasis in the gut (Figure 3). Interestingly, a growing body
of evidence shows that naturally co-occurring mycotoxins may have a greater impact
on the intestinal barrier. For example, mixed doses of Fusarium toxins are more harmful
and stimulate an immune response more than individual mycotoxins [210]. Many of the
areas, such as the influence of mycotoxins on the nervous system of the digestive tract
or the immune system, require better understanding. Furthermore, it seems necessary to
investigate the effect of mixed doses of mycotoxins given that the presence of more than one
toxin in food is very common. Expanding the scope of our knowledge about mycotoxins
has the potential to provide a better understanding and the possibility to eliminate the side
effects of mycotoxins both on human and animal health.
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7. Mycotoxins and Their Association with Claudins in Gastrointestinal Cancers

Over the past two decades, we can observe a growing body of evidence that highlights
the importance of various mycotoxins in the everyday diet in different parts of the digestive
system. For example, it was found that Aflatoxin B1 is one of the risk factors associated
with hepatocellular carcinoma [142]. Nevertheless, there is still little known about the
relationship between mycotoxins and claudins. Hereby, we described the effects of various
mycotoxins on claudin expression in colorectal cancer cell lines as the most popular model
in research focusing on cytotoxicity of mycotoxins and the barrier function. A lot of
studies focused on molecular aspects and the effects of various mycotoxins on colon cancer
cells in vitro. It is generally known that mycotoxins are able to reduce the viability of
various cells, not only cancerous. Thus, it is important to understand their mechanism of
action, but it is very difficult due to their variety. One of the mycotoxin mentioned in this
review is deoxynivalenol. It was verified on HT-29 cell line that DON inhibits proliferation,
stimulates DNA damage, increases expression of p53, leads to release of cytochrome c
from the mitochondria, stimulates changes in Bcl-2, Bax, and Bid expression and then as a
consequence induces caspase-dependent apoptosis. Moreover, deoxynivalenol in a study
conducted on Caco-2 and T84 cell lines significantly decreased monolayer integrity in
TEER assay [211]. This implies that DON leads to changes in tight junction, possibly by
modulating the expression of various tight junction proteins. As an example, we can cite
studies conducted by other researchers, where they showed that DON alters the expression
of claudin-4 in Caco-2 cell line [188,212]. Other mycotoxins have also been investigated
for modulation of tight junction protein expression. Alejandro Romero et al. reported
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that aflatoxin B1, fumonisin B1, ochratoxin A and T-2 toxin (T2) significantly reduced
monolayer integrity and decreased the expression of claudin-3, claudin-4, and occludin
in Caco-2 cell line [213]. Patulin leads to a reduction in transepithelial electrical resistance
values, however, no changes in claudin expression were observed [204]. It is worth noticing
that another study showed that although the claudin’s expression was not disturbed by
patulin, their localization has changed [209,214]. The combination of mycotoxins may
either affect the intestinal barrier. ChenQing Wu et al. showed that the mixture of aflatoxin
M1 (AFM1), ZEA, and OTA affects the morphology of TJ proteins and thus disturbs
intestinal permeability [215]. It was also observed that a combination of AFM1 and OTA
presents a synergistic effect together and that they may damage the intestinal barrier [216].
However, the expression of claudins in this study has not been investigated. Gao et al.
presented that the mixture of AFM1 and OTA disturbs the expression of claudin-3 and
claudin-4 in Caco-2 cells and that these toxins present a synergistic effect [217]. It has been
postulated that the combination of AFM1 and AFB1 may also influence the intestinal barrier
function [152]. Nevertheless, mycotoxins can act as a double-way axis. It was observed that
zearalenone is able to stimulate the proliferation of colon cancer cells (HCT116), but what is
worth emphasizing- it all depends on the concentration, because only low doses stimulate
proliferation and migration, while at high doses ZEA is cytotoxic to these cells [218]. Similar
results, including ZEA derivatives, were observed in MCF-7 cells and in prostate cancer
cells [219,220]. It seems to be very worrying, not only for healthy people but especially for
patients with cancer, who are exposed to low doses of this mycotoxin in their everyday diet.
Nevertheless, it is hard to compare in vitro results with in vivo, because the absorption of
toxins in cells culture may be different. Further studies would be necessary to discover the
role of ZEA and its derivatives and other mycotoxins which are poorly understood in colon
cancer cell lines including the role of tight junction and epithelial permeability. At the same
time, it underlines the significance of the detection of toxins in our food and the need to
understand the exact mechanisms of action of these toxins in order to consider them in the
context of anticancer properties in general. All the information discussed above has been
summarized in the Table 4.

Table 4. Summarized information about mycotoxins and their relationship to claudins in colon cancer cell lines. * only
markedly affected, but distribution was disturbed, ↓ lower value/expression, AFM1—aflatoxin M1, ZEA—zearalenon,
OTA—ochratoxin A, AFB1—aflatoxin B1.

Mycotoxin Cell Line TEER Values Targeted Claudin References

Aflatoxin B1 Caco-2 ↓ CLDN3 ↓ [213]

Ochratoxin A Caco-2, HT-29-DR ↓ CLDN3, CLDN4 ↓ [213,221,222]

Patulin Caco-2 ↓ CLDN1, CLDN3, CLDN4) ↓ * [204,209,213]

T-2 toxin Caco-2 ↓ CLDN3, CLDN4 ↓ [213]

Fumonisin B1 Caco-2 ↓ CLDN3, CLDN4 ↓ [213]

Deoxynivalenol Caco-2, T84, HT-29-DR ↓ CLDN4 ↓ [188,212]

AFM1 + ZEA + OTA
(combination) Caco-2 ↓ CLDN3, CLDN4 [215]

AFM1 + OTA Caco-2 ↓ CLDN3, CLDN4 [217]

AFM1 + AFB1 Caco-2 ↓ CLDN1 [153]

8. Conclusions

It is generally known that the intestinal barrier plays a crucial role in the functioning
of the organism. Its disturbance may be associated with many pathological conditions.
Some compounds, such as mycotoxin, may induce changes in their structure and thus lead
to numerous disorders. As mycotoxins are known to be harmful to human and animal
health, there is still little known about their effect on claudin expression in a healthy gut. It
is also worth highlighting that active metabolites of main mycotoxins may be more toxic
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and cause even more detrimental biological effect in cells than a mycotoxin itself. For
example, α-ZOL is reported to have even more estrogenic effect than ZEA itself. Thus,
it should be also taken into account that not only mycotoxins but also their metabolites
might participate in intestinal barrier dysfunction. In recent years, claudins gain more
and more attention due to their diagnostic and therapeutic potential. Understanding the
connection between mycotoxins and claudins may shed new light on both treatment options
of gastrointestinal cancers and protection against adverse effects caused by mycotoxins
present in our everyday diet.
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Abstract: Fridericia chica (Bignoniaceae) is a Colombian Caribbean plant with numerous health
benefits, including properties such as wound healing, immune system stimulation, and antioxidant
capacity, among others. Mycotoxins alpha-zearalenol (α-ZEL) and beta-zearalenol (β-ZEL) are phase
I metabolites of zearalenone, a natural product involved in endocrine disruption and cell proliferation
processes. This study aimed to investigate the cytotoxic potential of the hydroethanolic extract
of F. chica leaves (HEFc) and determine their protective effects against proliferation induced by
α-ZEL and β-ZEL on human hepatoma HepG2, lung cancer Calu-1, and primary normal human
epidermal keratinocytes, neonatal (HEKn). The cytotoxicity of HEFc was measured in a range from 4
to 1000 µg/mL and from 0.4 to 100 µM for both α-ZEL and β-ZEL. Cell production of intracellular
ROS was monitored using the H2-DCFDA probe. The cells exposed to HEFc presented IC50 of 128,
249, and 602 µg/mL for the HepG2, Calu-1, and HEKn cells, respectively. A greater selectivity
was seen in HepG2 cells [selectivity index (SI) = 3.5] than in Calu-1 cells (SI = 2.4). Cells treated
with mycotoxins remained viable during the first day, and cell proliferation increased at low tested
concentrations (0.4-6.3 µM) in all three cell lines. However, after 48 h treatment, cells exposed to
50 and 100 µM of α-ZEL and β-ZEL displayed decreased viability. HEFc at 16 µg/mL was able
to give some protection against cytotoxicity induced by high concentrations of β-ZEL in HepG2,
reducing also cell proliferation elicited at low levels of α-ZEL and β-ZEL. ROS production was
not observed in cells treated with this HEFc concentration; however, it prevented ROS formation
induced by treatment with 50 µM α-ZEL or β-ZEL. In summary, HEFc isolated from plants grown in
northern Colombia displayed promising results against cell proliferation and oxidative stress caused
by mycotoxins.

Keywords: mycotoxins; ROS; cytotoxicity; plant extracts

Key Contribution: HEFc diminishes the proliferation and cytotoxicity of Zearalenone metabolites
on human liver and lung cancer cells.

1. Introduction

Medicinal plants have become a topic of global interest, as they are been used to treat
various health problems in many countries [1]. In developing countries, many communities
utilize phytomedicines as the first treatment when any sign or symptom appears. However,
the study of the pharmacological potential of plants continues to be limited, but it is a
relevant field to develop due to the possible production of new substances that improve
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human health. Only about 10% of medicinal plants have been analyzed to treat various
diseases.

Fridericia chica, a shrub of the Bignoniaceae family, has several benefits for human
health. This plant is commonly found in the humid tropical forests of Central America,
Mexico, and the Amazon. Fermentation of its leaves produces a red dye that is frequently
used by the natives to paint their bodies and utensils. Moreover, the infusion of this plant
turns into a red liquid used in their traditional medicine as a pain killer [2], astringent, and
as a treatment for diarrhea, anemia, and leukemia [1]. Recent studies have displayed the
chemical complexity of the F. chica extract. Its activity has been reported as antimicrobial,
antioxidant [3], anti-inflammatory [4], healing [5], leishmanicidal [6], and antigenotoxic [7].

Mycotoxins are small molecules produced by fungi, mainly by the genera Penicillium
sp., Aspergillus sp., and Fusarium sp. [8]. Mycotoxins are one of the biotic factors that may
appear in cereals before harvest and during storage. According to the FAO, the production
of these foods is increasing, with an estimated production of 2799 million tons [9]. The
European Food Safety Authority (EFSA) has estimated that approximately up to 80% of
food products are contaminated with these toxins each year [10]. One of the most worrying
mycotoxins is Zearalenone (ZEN). This mycotoxin is produced by Fusarium sp., and through
different biotransformation pathways two different metabolites are generated, α-Zearalenol
(α-ZEL) and β-Zearalenol (β-ZEL) [11]. The biotransformation of ZEN occurs in the liver,
lung, kidney, and prostate, among other tissues of various animal species [12].

Mycotoxins are of special concern for human health [13]. Several studies have shown
their occurrence and effects on human and animal health after exposure to ZEN metabo-
lites [14–17], aflatoxin B1 [18], deoxynivalenol [19], and Ochratoxin A [19]. Hydroxyl
derivatives, such as α-ZEL and β-ZEL, have endocrine disruption potential [17], and capac-
ity to induce oxidative stress [20] and DNA damage [21], although according to the IARC,
ZEN is a Group 3 carcinogen [22]. There are different in vitro studies that have shown
its role in cell proliferation processes, including human hepatoma [23–26], endometrial
adenocarcinoma [27], and breast cancer cells [28].

The present study investigated the antitumor potential of the hydroethanolic extract
of F. chica leaves (HEFc) in lung (Calu-1) and liver cancer cells (HepG2) versus non-cancer
skin cells (HEKn). In addition, cell viability was evaluated against mycotoxins α-ZEL and
β-ZEL in these same cells, followed by the antiproliferative and anti ROS effect of the
extract.

2. Results
2.1. Viability of HEFc on Cells Lines

The results on the cytotoxicity of cancerous (HepG2 and Calu-1) and non-cancerous
cells exposed to HEFc are shown in Figure 1. At the highest tested concentrations (500 and
1000 µg/mL) the extract exhibited cytotoxicity compared to the control (p < 0.05) during
the first 24 h, but the IC50 value could not be determined for any of the three cell lines.
However, the cytotoxic effect at 48 h showed a concentration-dependent trend, mainly in
cancer cells. No increases in cell proliferation were observed in any case. In concordance
with these results, the concentration of 16 µg/mL was selected for the cytoprotection assay.
The selectivity index (SI) calculated for HEFc on cancer cell lines is presented in Table 1.
The SIs for HEFc was greater than 1 for the two tumor cell lines.
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Table 1. Selectivity index (SI) of HEFc on HEKn relative to cancer cell lines (HepG2 and Calu-1).  

 IC50 (48 h) SI 

HepG2 168 3.5 

Calu-1 249 2.4 

HEKn 602.9 - 

2.2. Viability of Cells Exposed to Mycotoxins 

The viability of the cell lines exposed to mycotoxins after 24 h and 48 h of treatment 

are presented in Figure 2. A reduction in viability was observed in HepG2 cells exposed 

to 100 µM α-ZEL by approximately 25% and 50% after incubation for one and two days, 

respectively. Nonetheless, the IC50 could not be calculated. In contrast, the lowest tested 

concentrations (0.4, 0.8, and 1.5 µM) showed a significant increase in cell growth (p < 0.05).  

For β-ZEL, after 24 h and 48 h of exposure, cell viability was significantly reduced in 

the 50 µM and 100 µM treatments (p < 0.05) compared to the control. In contrast, after 48 

h at 0.8 and 1.5 µM, cell proliferation significantly increased in HepG2 cells (p < 0.05). The 

IC50 was found in the HepG2 cell line after 48 h of exposure. Photographs of cell morphol-

ogy changes in HepG2 cells exposed to 50 µM α-ZEL and β-ZEL after 24 h exposure are 

shown in Figure S1. 

Figure 1. Cytotoxic activity of HEFc on cancerous (HepG2 and Calu-1) and non-cancerous (HEKn)
cells after 24 h and 48 h exposure. Each result represents the mean ± standard error of the mean.
* Significant difference (p < 0.05) when compared to the control group (C).

Table 1. Selectivity index (SI) of HEFc on HEKn relative to cancer cell lines (HepG2 and Calu-1).

IC50 (48 h) SI

HepG2 168 3.5
Calu-1 249 2.4
HEKn 602.9 -

2.2. Viability of Cells Exposed to Mycotoxins

The viability of the cell lines exposed to mycotoxins after 24 h and 48 h of treatment
are presented in Figure 2. A reduction in viability was observed in HepG2 cells exposed
to 100 µM α-ZEL by approximately 25% and 50% after incubation for one and two days,
respectively. Nonetheless, the IC50 could not be calculated. In contrast, the lowest tested
concentrations (0.4, 0.8, and 1.5 µM) showed a significant increase in cell growth (p < 0.05).

For β-ZEL, after 24 h and 48 h of exposure, cell viability was significantly reduced in
the 50 µM and 100 µM treatments (p < 0.05) compared to the control. In contrast, after 48 h at
0.8 and 1.5 µM, cell proliferation significantly increased in HepG2 cells (p < 0.05). The IC50
was found in the HepG2 cell line after 48 h of exposure. Photographs of cell morphology
changes in HepG2 cells exposed to 50 µM α-ZEL and β-ZEL after 24 h exposure are shown
in Figure S1.
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HEFc, after treatment for 24 or 48 h. In addition, the IC50 of the combination showed a 

considerable difference from that of β-ZEL alone, with a value of 63.6 µM (Figure 3). 

Figure 2. Cytotoxicity effects of mycotoxins (α-ZEL and β-ZEL) on HepG2, Calu-1, and HEKn
cells after 24 h and 48 h exposure. Each result represents the mean ± standard error of the mean.
* Significant difference (p < 0.05) when compared to the control group (C).

2.3. Antiproliferative Effects of HEFc against α-ZEL and β-ZEL

To develop the cytoprotection assay, HepG2 cells were selected since it was the only
cell line with IC50 detection after 48 h of exposure (Figure 2). The cell proliferation induced
by the mycotoxins α-ZEL and β-ZEL was markedly reduced in the presence of 16 µg/mL
HEFc, after treatment for 24 or 48 h. In addition, the IC50 of the combination showed a
considerable difference from that of β-ZEL alone, with a value of 63.6 µM (Figure 3).

2.4. ROS Levels of HepG2 Cells

The results of the ROS generation by HEFc (8, 16, and 32 µg/mL) on HepG2 cells
are presented in Figure 4. DCF-DA fluorescence levels in cells treated with HEFc (8, 16,
and 32 µg/mL) did not show significant changes when compared to the negative control.
Afterwards, the anti-ROS effect of the extract (16 µg/mL) was evaluated. Incubation of
HepG2 cells with 16 µg/mL HEFc for 6 h and 24 h reduced ROS generation induced by
α-ZEL and β-ZEL (Figure 5).
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Figure 4. ROS levels of HepG2 cells exposed to HEFc (8, 16, and 32 µg/mL) after different exposure
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Figure 5. ROS levels of HepG2 cells. (A) ROS levels of HepG2 cells treated with HEFc (16 µg/mL),
α-ZEL, or HEFc (16 µg/mL) + α -ZEL (50 µM). (B) ROS levels of HepG2 cells treated with HEFc
(16 µg/mL), β-ZEL, or HEFc (16 µg/mL) + β-ZEL (50 µM). Negative control (C-), culture medium;
positive control (C+), hydrogen peroxide (200 µM). * Significant differences (p < 0.05) compared to
α-ZEL or β-ZEL alone.

3. Discussion

The increasing use of medicinal plants makes evaluating their toxicity a necessary
step for developing new synthetic or natural pharmaceutical products. Toxicity tests are
recommended to ensure the safe use of extracts obtained from medicinal plants. Due to
the wide use of F. chica as a medicine for numerous health conditions, in this study, we
developed tests to detect the SI of HEFc on hepatocarcinoma cells (HepG2) and lung cancer
cells (Calu-1). The most potent effect on cell viability, with the lowest IC50 values, occurred
in HepG2 cells. Based on these findings, we selected a concentration of 16 µg/mL of HEFc
to perform bioassays on HepG2 with the combination mycotoxin-extract. Moreover, the
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HepG2 cell line was used due to its endogenous capacity for bioactivation, and their role
on the metabolism of xenobiotics [29].

Cancer remains a main global health problem affecting both sexes [30]. This complex
disease has diverse etiologies and multiple stages [31,32]. Its treatment is focused on cells
with rapid division, although it affects normal cells [33]. Therefore, it is essential to search
for bioactive molecules from various sources that can target specific molecular signaling
pathways in tumor cells without damaging normal cells.

Extracts of F. chica have been used in traditional medicine as an anticancer agent
against leukemia [34]. Furthermore, ethanolic and aqueous extracts of F. chica have im-
munomodulatory and antitumor activities on solid Ehrlich tumors, probably attributed
to the presence of flavonoids. In the present study, the ethanolic extract of F. chica leaves
exerted a more significant cytotoxic effect on cancer cells than on non-cancer cells. IC50
values were much lower in liver cancer cells than in the tested Calu-1. Previous studies
with F. chica extracts, or its components, in cancer cells, such as Jurkat-1, HL60 [35] and
SH5YSY cell lines [36] showed results consistent with our results.

Zearalenone is an estrogenic mycotoxin whose role in carcinogenesis remains ques-
tionable. In this study, we evaluated the effect of exposure to ZEN metabolites on the
proliferation of HepG2, Calu-1, and HEKn cells. Our results showed that the mycotoxins
studied decreased cell viability at high concentrations, but stimulated cell proliferation
at lower concentrations in HepG2 and Calu-1 cells. Similarly, this behavior has been re-
ported for SH-SY5Y [37], MCF-7 [38,39], PALMA [40], MDA-MB-231, and T47D cells [13].
The cell proliferation exerted by ZEN and its metabolites may play a role in promoting
hormone-dependent tumors because these compounds bind to and activate the ER (es-
trogen receptor) [37,41] due to their similar structure with the body’s natural hormone,
17-β-estradiol (E2). The finding in terms of proliferation reported here may be due to the ex-
pression of two ER (α-ER and β-ER), which has also been reported for other xenoestrogens
acting on liver cancer cells [42]; however, signaling pathways are not yet fully established. It
is plausible that micro-RNAs are also involved in stimulating cell proliferation by silencing
various cell cycle inhibitors; accordingly, it has been stated that ZEN induces oxidative
stress, which may be a regulator of miRNAs, interfering with micro-RNA expression [43].

Several pharmacological properties have been reported for HEFc, one of them has
been the reduction of α-ZEL and β-ZEL-induced cell proliferation in SH5YSY [36]. The
results presented here make possible to suggest that the antiproliferative activity of HEFc
may be link to its flavonoid content, for instance, 6-hydroxyluteolin, which has shown
good antiproliferative activity in cell lines such as MCF7, HepG2, and Caco2, among
others [44]. The extract of F. chica is also a good source of Vicenin-2, a flavonoid with
antioxidant, hepatoprotective, anti-inflammatory, and anticancer properties. Its action,
as a potent inhibitor of cell proliferation, has been shown in colon cancer cells [45] and
hepatocellular carcinoma [46]. Different components of F. chica have been tested for their
antimicrobial action [47]. In addition to the properties mentioned, it should be noted
that other authors have demonstrated the safety of the extract in an in vivo model with
rats, where a dose greater than 200 mg/kg did not induce changes in biochemical and
hematological parameters [47,48]. Similarly, Takenaka et al. [49] did not observe signs of
toxicity after the treatment with 300 mg/Kg of hydroethanolic extract of F. chica in BALB/c
mice.

In the present study, treatment with HEFc significantly protected cells from oxidative
damage by inhibiting the generation of ROS induced by ZEN metabolites. This can be
explained due to the leaves’ reported antioxidant properties given their chemical composi-
tion [50].
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4. Conclusions

HEFc offers protection against the cytotoxic effects provoked by α-ZEL and β-ZEL on
human liver and lung cancer cells. It also reduces ROS production on liver cancer cells. Fur-
ther investigations are required to understand the mechanisms behind the hepatoprotective
effect of F. chica.

5. Materials and Methods
5.1. Reagents

The reagents used were Eagle’s Minimum Essential Medium (EMEN) (Quality Bi-
ological, Gaithersburg, MD, USA); Fetal Bovine Serum (FBS) (Biowest, South America
Origin); Keratinocyte Medium (KM) (ScienCell Research Laboratories, Carlsbad, CA,
USA); dimethyl sulfoxide (DMSO), hydrogen peroxide 30% v/v, and phosphate-buffered
saline (PBS) were supplied by Panreac (Applichem, Barcelona, Spain); α-ZEL and β-
ZEL (MW: 320.38 g/mol) standards, penicillin, streptomycin, Trypsin–EDTA, and 2.7-
dichlorofluorescein diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

5.2. Extract Preparation and Characterization

Fallen leaves of F. chica samples were collected in Sincelejo at the University of Sucre
(Sincelejo, Colombia). The species was identified by Pedro Alvarez Perez in the Herbarium
at the University of Sucre (Sincelejo, Colombia). A voucher specimen was deposited in
the Herbarium at the University of Sucre (Sincelejo, Colombia) under the number 004537.
The hydroethanolic extract (ethanol:water; 7:3) preparation from leaves, as well as its
characterization, were carried out as reported elsewhere [36]. The extract was reconstituted
in DMSO and kept at −20 ◦C until use.

5.3. Maintaining Cell Culture

The HepG2 (ATCC-HB-8065) and Calu-1 cells were routinely cultured using EMEN,
and supplemented with 10% FBS and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis,
MI, USA) as previously described [45,51]. Additionally, 5 × 105 primary HEKn cells were
thawed in KM culture medium (ScienCell Research Laboratories, Carlsbad, CA, USA)
supplemented with KGS 100× (ScienCell Research Laboratories, Carlsbad, CA, USA) and
1% penicillin/streptomycin solution (ScienCell Research Laboratories, Carlsbad, CA, USA).
After cells reached ~80–90% confluency, they were washed with DPBS and trypsinized to
detach from the culture flask. Trypsin-EDTA 0.025% (2 mL) was added to the monolayer and
incubated for 3–5 min, and once detached, 2 mL of TNS was added to the cell suspension
and centrifuged at 1200 rpm for 3 min. The supernatant was discarded, and the pellet was
resuspended in growth medium and replaced in a 1:4 ratio. Passages 2–4 were used for the
experiments. All cell lines were grown at 37 ◦C in 5% CO2.

5.4. Exposure of HepG2, Calu-1, and HEKn Cells to F. chica Extract and Mycotoxins

The cell lines were cultured in 96-well plates at a density of 2 × 104 cells/well for
24 h. Then, the cells were treated at 24 h and 48 h with 100 µL of fresh medium containing
different concentrations of (a) HEFc (from 1000 to 3.9 µg/mL, 1:2 dilutions), (b) α-ZEL
(from 100 to 0.4 µM, 1:2 dilutions), or (c) β-ZEL (from 100 to 0.4 µM, 1:2 dilutions). These
concentrations have been reported previously. The 1% DMSO vehicle was used as a control.
After exposure to mycotoxins or extracts, the viability assay was performed using MTT in
the same way as reported in our previous study [46,52]. Optical density was measured on
a spectrophotometer Varioskan™ LUX (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
at 620 nm. The experiments were developed three times with four replicates each. Viability
was defined as the ratio (expressed as a percentage) of the absorbance of treated cells to
control cells.
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5.5. Cytoprotective Effects of HEFc against ZEN Metabolites

To determine the cytoprotective effect of HEFc on mycotoxin-induced toxicity, the
working concentration of the extract was selected considering the largest concentration at
which no significant cytotoxicity was observed (16 µg/mL). Two independent treatment
combinations were carried out. They consisted of a mixture of HEFc at 16 µg/mL (fixed
concentration) with eight concentrations of α-ZEL or β-ZEL (from 0.4 to 100 µM, 1:2 di-
lutions). The plates were incubated for 24 h and 48 h at 37 ◦C in a 5% CO2 atmosphere,
and viability was examined using the MTT assay. Three experiments were carried out with
four replicates each. The selectivity index (SI) was obtained using the ratio of the IC50 of
non-cancer cells versus the IC50 of cancer cells.

5.6. ROS Assay

Intracellular ROS levels were monitored in HepG2 cells using the 2,7-dichloro-fluorescein
diacetate probe (DCFH-DA; Sigma–Aldrich, St. Louis, MO, USA). Briefly, 2 × 106 cells/plate
were seeded in a 96-well black culture microplate. After incubation for 24 h, the culture
medium was removed and supplemented, and EMEN containing 20 µM of DCFH-DA
probe was added for 20 min under the same incubation conditions [47]. Later, the cells
were washed with PBS (Panreac Applichem®, Barcelona, Spain) and exposed to HEFc
(16 µg/mL). A solution of 200 µM H2O2 (Panreac Applichem®, Barcelona, Spain) was used
as a positive control. The increase in fluorescence was measured for 120 min after 3, 6, and
24 hours of exposure using a Varioskan TM LUX Multimode Microplate Reader (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). The fluorescence intensity was determined by
employing 485 nm for excitation and 530 nm for emission. The results were expressed as
the fluorescence values normalized over the control (untreated cells). Three independent
experiments were performed with three replicates each.

5.7. Statistical Analysis

Cell viability data are presented as mean±SEM, and normality was assessed using
Shapiro-Wilk test. Statistical comparisons between means were carried out using one-way
analysis of variance (ANOVA), followed by Dunnett’s test. IC50 values for each treatment
were obtained utilizing nonlinear sigmoid curve fitting. All results were processed em-
ploying GraphPad 5.0 Instat Software (San Diego, CA, USA). The results were considered
significant at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins15010036/s1, Figure S1: Morphology of HepG2 cells after
24 h incubation. Photographs taken under phase contrast. Control (1% DMSO). Scale bar: 200 µm.
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Abstract: Zearalenone (ZON), zearalanone (ZAN) and their phase I metabolites: α-zearalenol
(α-ZOL), β-zearalenol (β-ZOL), α-zearalalanol (α-ZAL) and β-zearalalanol (β-ZAL) are compounds
with estrogenic activity that are metabolized and distributed by the circulatory system in animals
and can access the food chain through meat products from livestock. Furthermore, biomonitoring of
zearalenones in biological matrices can provide useful information to directly assess mycotoxin expo-
sure; therefore, their metabolites may be suitable biomarkers. The aim of this study was to determine
the presence of ZON, ZAN and their metabolites in alternative biological matrices, such as liver, from
three different animals: chicken, pig and lamb, in order to evaluate their exposure. A solid–liquid
extraction procedure coupled to a GC-MS/MS analysis was performed. The results showed that
69% of the samples were contaminated with at least one mycotoxin or metabolite at varying levels.
The highest value (max. 152.62 ng/g of β-ZOL) observed, and the most contaminated livers (42%),
were the chicken liver samples. However, pig liver samples presented a high incidence of ZAN (33%)
and lamb liver samples presented a high incidence of α-ZOL (40%). The values indicate that there is
exposure to these mycotoxins and, although the values are low (ranged to 0.11–152.6 ng/g for α-ZOL
and β-ZOL, respectively), analysis and continuous monitoring are necessary to avoid exceeding the
regulatory limits and to control the presence of these mycotoxins in order to protect animal and
human health.

Keywords: liver; zearalenone; zearalanone; chicken; lamb; pig

Key Contribution: Zearalenone (ZON), zearalanone (ZAN) and their phase I metabolites: α-zearalenol
(α-ZOL), β-zearalenol (β-ZOL), α-zearalalanol (α-ZAL) and β-zearalalanol (β-ZAL) were analyzed
in chicken, pig, and lamb liver in order to evaluate their exposure. The results indicated that there
was exposure to these mycotoxins and the values were low.

1. Introduction

Zearalenone (ZON) is a common non-steroidal estrogen mycotoxin that was isolated
for the first time from maize contaminated by Fusarium genera [1]. Different fungi species
such as F. culmorum, F. graminearum, F. crookwellense, F. equiseti can produce this mycotoxin [2,3].
ZON is a common and potent contaminant of cereals and grain-derived products. It has
been detected worldwide in various products including corn, peas, maize, eggs, fish feed,
and fibrous feed [4,5]. Corn is the main contaminated cereal and the literature reports a
mean value of 14 ng/g of ZON in samples from Morocco [6], 48 ng/g in samples from
Germany [7], and 9.45 ng/g in samples from Pakistan [8].

ZON can directly affect foodstuffs intended for mammals. Maximum standards levels
have been assessed by Commission Regulation (EC) No. 1881/2006 and Commission
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Recommendation No. 2006/576/EC, i.e., 0.1 ng/g in feed for piglets and 0.25 ng/g in
feed for porkers [9]. Various adverse effects of ZON on mammals are reported, including
endocrine and reproductive disorders but also immunotoxicity, hematotoxicity, genotoxicity,
hepatotoxicity [10]. ZON-estrogenic and anabolic properties are due to the binding to
estrogen receptors with high affinity. In animals that are more sensitive to this mycotoxin,
ZON causes estrogenic disorders such as infertility, uterine hypertrophy, feminization,
testicular atrophy, miscarriage, vaginal prolapse or breast enlargement [11,12]. In addition,
ZON can cause a decrease in sperm count, and disorders of progesterone and testosterone
levels. Direct hepatotoxic effects have also been assessed. Dolenšek et al. have reported
increases in hepatocellular necrosis, apoptosis and inflammation of hepatic lobules in pigs
fed with contaminated food [13]. For piglets or pigs, WHO has reported the lowest observed
adverse effect level (LOAEL) in the range from 17.6 µg/kg bw/day to 200 µg/kg bw/day,
while the no effect level (NOEL) ranges from 10.4 µg/kg bw/day to 40 µg/kg [1,14,15].

After oral exposure, ZON is rapidly absorbed in the gastrointestinal tract and then
distributed in various organs with slow body elimination. The liver is the most important
organ for ZON metabolism, followed by the kidneys, bowel, and reproductive organs. The
metabolism of ZON occurs in the intestinal cells, involving the production of two metabo-
lites, i.e., α-zearalenol (α-ZOL) and β-zearalenol (β-ZOL), that are produced through a
reduction catalyzed by 3α- and 3β-hydroxy-5-steroid dehydrogenases (HSDs), and then
α-zearalanol (α-ZAL) and β-zearalanol (β-ZAL) via double reduction. In addition, zear-
alanone (ZAN) is produced through a reversible reduction. The metabolites, particularly
α-ZAL and α-ZOL, show the main estrogenic activity, while β-ZOL, has shown a lower
estrogenic activity [1,2].

Along with mycotoxin analysis in food, biomonitoring of ZON through biological
matrices can provide useful information thus directly assessing mycotoxin exposure and
metabolites levels [16]. In this way, mycotoxin biomarkers, represented by ZON phase I
or phase II metabolites, may be suitable candidates to acquire exposure information for
biomonitoring [17,18]. Nevertheless, as there is a lack of standards for quantification of
conjugates, cleavage of ZON products by using β-glucuronidase may be a proper alterna-
tive to quantify the conjugated mycotoxins. Methods for analyzing ZEN and metabolite
presence in biological samples have been developed to study its exposure in animals for
clinical or research purposes [19]. Kwaśniewska et al. (2015) reviewed the methodology
for determination of ZEN and metabolites in tissue samples [20]. Many methods require
a similar procedure of extraction, and clean-up steps prior to instrumental analysis. The
most common instrumental methods capable of separating ZEN and metabolites from
other compounds are liquid (LC) and gas chromatography (GC) combined with mass
spectrometry (MS) to identify them by ion mass. Until now, LC methods are the most
used [20,21]; however, recent studies have indicated that GC may be capable of providing
similar sensitivity [22]. Methods proposed for ZON quantification in tissue samples are
gas chromatography (GC), which can provide good sensitivity for ZON, and metabolites
evaluation. However, this does not avoid the necessity of having optimized homoge-
nization and extraction methods prior to its analysis [23,24]. Among biological matrices,
body fluids have been widely used to measure ZON intake and risk assessment, includ-
ing urine, serum, and breast milk. Studies carried out in pigs’ urine, the incidence was
100% in Croatian samples (mean ± SD 238 ± 30 µg/L) and 92% in Swedish samples
(mean ± SD 2.44 ± 4.39 ng/mL) [25,26]; in pig serum, an incidence of 50% was found in
Bulgarian samples (mean ± SD 0.24 ± 0.12 µg/L) and an incidence of 17.3% was found in
Romanian samples (mean 0.8 ng/mL) [27,28].

Despite numerous studies focused on body fluids, few papers have measured the levels
of ZON and metabolites in animal organs. The liver and kidneys represent important targets
of ZON, with the possible accumulation of mycotoxins contributing to slow elimination
from the body. Also, these two organs from animal origins are edible products that
may be used in numerous preparations and are easily found in markets or supermarkets.
Furthermore, illegal commerce of these products in a rural context is a concrete possibility.
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For these reasons, determination of mycotoxins on animal organs, such as the liver and
kidneys, is mandatory, and the development of adequate procedures for extraction and
analytical techniques are highly desirable.

The aim of this paper was to develop and validate a useful method for determining the
presence of ZON and metabolites in alternative biological matrices, represented by animal
liver and kidney samples (chicken, pig, and lamb) to allow the exposure assessment of ZON,
α-ZOL, β-ZOL, ZAN, α-ZAL and β-ZAL. In this work, a solid-liquid extraction procedure
coupled with GC-MS/MS analysis was developed for direct determination of ZON and
its main metabolites in liver and kidney samples easily obtained from Spanish markets.
Critical factors that could affect the extraction efficiency were studied. The procedure was
validated and used to quantify the concentrations of free and conjugated mycotoxins in
different liver samples by using β-glucuronidase.

2. Results and Discussion
2.1. Validation of the Mycotoxin Determination in Animal Liver

A GC-MS/MS method was used for analysis of ZON, α-ZOL, β-ZOL, ZAN, α-ZAL
and β-ZAL in pig, chicken, and lamb liver samples. Previous studies have used LC-MS
for quantification of ZON and its metabolites in different tissues; however, GC-MS has
been used for analysis of ZON in grains [29]. The concentrations of ZON and its metabo-
lites in liver samples usually occur in units of µg/L; hence it is important to optimize the
GC-MS/MS method to determine these possible levels. The suitability of the quantitation
method for liver mycotoxin levels was evaluated by a validation study. The GC-MS/MS
method was performed for linearity, matrix effect, accuracy, repeatability (intraday and in-
terday precision) and sensitivity, following the EU Commission Decision 2002/657/EC [30].

The limit of detection (LD) and limit of quantification (LQ) were estimated for a signal-
to-noise ratio (S/N) ≥ 3 and ≥10, respectively, from chromatograms of samples spiked at
the lowest level validated. LD and LQ values were established as a mean of the LD and LQ
for a mix with all studied matrices, taking into account the possible heterogeneity of the
samples (Table 1).

Table 1. Quantification and confirmation transitions, retention time (Rt) and limits of quantification
(LQ) and detection (LD) of the analyzed mycotoxins.

Mycotoxin * Rt (min)
Quantification

Transition
(m/z)

Confirmation
Transition

(m/z)
LD (ng/g) LQ (ng/g)

ZON 16.77 462 > 151 462 > 151 0.061 1.25
α-ZOL 16.74 305 > 289 305 > 289 0.031 0.31
β-ZOL 15.83 536 > 446 536 > 446 0.118 0.63
ZAN 15.84 449 > 335 449 > 335 0.017 0.31
α-ZAL 15.84 433 > 309 433 > 309 0.239 2.50
β-ZAL 15.89 307 > 292 307 > 292 0.361 1.25

* Zearalenone (ZON), zearalanone (ZAN) and their phase I metabolites: α-zearalenol (α-ZOL), β-zearalenol
(β-ZOL), α-zearalalanol (α-ZAL) and β-zearalalanol (β-ZAL).

Matrix-matched calibration curves were constructed at concentration levels between
the LQ to 1 µg/mL. Correlation between the response and the amount of analytes was
verified by plotting signal intensity against analyte concentrations. Good linearity was
achieved in all cases with regression coefficients higher than 0.9997. Calibration curves
were checked at the end of the analysis to assess the response drift of the method. The
matrix effect (ME) was assessed for each analyte by comparing the slope of the standard
calibration curve (standard) with that of the matrix-matched calibration curve (matrix),
for the same concentration levels (Figure 1). The ME values were suppression signals and
ranged between (11 ± 4)% and (27 ± 4)% for α-ZOL in pork liver and ZAN and α-ZAL in
chicken liver, respectively. The accuracy of the studied mycotoxins extraction from liver
samples was determined by a liver sample fortification procedure (Figure 1). The values of
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recovery ranged between (104 ± 7)% and (76 ± 9)% for β-ZAL in chicken liver and β-ZAL
in pork liver, respectively. The blank was initially prepared and tested negative, and was
fortified before the extraction procedure with three different mycotoxin levels at LQ, 2 LQ
and 10 LQ (n = 6). Method precision was estimated by calculating the relative standard
deviation (RSDR) using the results obtained during intra-day and inter-day replicates
analysis (n = 9). The RSDR values were bellow to 11% and proved good intra-day and
inter-day precision.
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Figure 1. Accuracy (recovery), precision (bar borders RSDR) and matrix effect (ME) data study at
three levels (L1: LQ; L2: 2LQ; L3: 10LQ) in studied livers (Zearalenone (ZON), zearalanone (ZAN)
and their phase I metabolites: α-zearalenol (α-ZOL), β-zearalenol (β-ZOL), α-zearalalanol (α-ZAL)
and β-zearalalanol (β-ZAL)).

2.2. Presence of Zearalenone (ZON), Zearalanone (ZAN) and Their Metabolites in Liver Samples

The natural occurrence of six different mycotoxins (ZON, α-ZOL, β-ZOL, ZAN, α-ZAL
and β-ZAL) was investigated in livers from chicken (n = 31), pig (n = 30) and lamb (n = 30).
All samples were bought in different supermarkets from the Valencian Community in Spain
during the period comprised between 2021 and 2022.

Mycotoxins and metabolites detected in the analyzed liver samples are presented in
Table 2. Results show that 63 out of 91 samples (69%) were contaminated with at least one
mycotoxin or metabolite at variable levels. The most present mycotoxin by investigated
animal samples was β-ZOL (42%) in chicken liver samples, followed by α-ZOL in lamb liver
samples (39%), and ZAN for pig liver samples (33%) (Figure 2). The number of positive
samples with one mycotoxin was 69% and α-ZAL values were below the sensitivity of the
method. A total of 60%, 54% and 6% of the samples of pig, chicken, and lamb, respectively,
were not positive for any mycotoxins.
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Table 2. Incidence (I), mean (M ± SD), mean of positive samples (Mp ± SD) and range results of
detected mycotoxins in analyzed liver samples.

Chicken Liver (n = 31) Pig Liver (n = 30) Lamb Liver (n = 30)

Analyte * I M ± SD
(ng/g)

Mp ± SD
(ng/g)

Range
(ng/g) I M ± SD

(ng/g)
Mp ± SD

(ng/g)
Range
(ng/g) I M ± SD

(ng/g)
Mp ± SD

(ng/g)
Range
(ng/g)

ZON 9 1.95 ± 5.96 8.94 ± 13.15 0.09–30.79 6 0.02 ± 0.04 0.13 ± 0.02 0.09–0.13 8 0.82 ±1.51 4.08 ± 1.70 1.94–5.91
α-ZOL 8 1.44 ± 4.21 7.46 ± 9.37 0.11–21.50 4 0.05 ± 0.16 0.48 ± 0.43 0.11–0.83 12 6.19 ± 9.16 20.64 ± 10.68 6.62–23.81
β-ZOL 13 7.15 ± 27.46 22.73 ± 55.01 0.25–152.62 2 0.02 ± 0.10 0.49 ± 0.11 0.31–0.43 9 0.58 ± 1.47 2.60 ± 2.94 0.19–4.97
ZAN 12 2.85 ± 7.92 9.83 ± 15.48 0.78–43.33 10 0.29 ± 0.43 1.17 ± 0.26 0.75–1.36 11 1.03 ± 1.49 3.75 ± 1.31 1.50–4.94
β-ZAL 3 1.49 ± 6.21 20.54 ± 21.38 6.01–33.92 2 0.04 ± 0.19 0.87 ± 0.66 0.30–1.00 9 5.61 ± 8.96 24.92 ± 5.33 15.33–24.71

* Zearalenone (ZON), zearalanone (ZAN) and their phase I metabolites: α-zearalenol (α-ZOL), β-zearalenol
(β-ZOL), α-zearalalanol (α-ZAL) and β-zearalalanol (β-ZAL); n: number of samples analysed.
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Regarding the animal tissue used for the analysis, the highest incidence of mycotox-
ins was associated with lamb liver samples (93%), followed by chicken (46%) and pig
(40%). Concerning the ranges, the highest ranges were found in chicken liver samples
(LD-152.62 ng/g), followed by lamb liver samples (LD-24.71 ng/g) and pig liver samples
(LD-1.36 ng/g), with the highest levels of β-ZOL, β-ZAL and ZAN, respectively (Table 2).

α- and β-ZON are important and accurate markers for exposure to these mycotoxins
and usually analyzed in urine, due to, their values change rapidly in urine [31]. The
detected mycotoxins in animal livers indicate a chronic exposure to these mycotoxins and
are a possible risk to the animal’s health due to the adverse effects that they can produce [32],
specifically in pigs, the most sensitive animal species, in terms of the oestrogenic activity of
zearalenone and its metabolites. Furthermore, Gajęcka et al., 2016 [33] reported that α-ZOL
has a higher binding affinity to estrogen receptors than ZON [32].

2.2.1. Zearalenone (ZON) and Its Metabolites Occurrence

The analytical data showed that the ZON metabolite with the highest incidence was
β-ZOL for chicken liver samples, with 42% (13 out of 31 samples) at maximum levels
of 152.62 ng/g, ZON for pig liver samples with 20% (6 out of 30 samples) at maximum
levels of 0.13 ng/g and α-ZOL for lamb liver samples with 39% (12 out of 30 samples) at
maximum levels of 23.81 ng/g. Levels detected for ZON, α-ZOL and β-ZOL were below
30.79 ng/g, 23.81 ng/g and 152.61 ng/g, respectively (Table 2). In cases where the samples
were being cooked and eaten by consumers, the exposure would be small because if it
is calculated as the daily intake, the value will be below the TDI reported by EFSA of
0.25 µg/kg bw for ZON [34].

In previous studies, very limited reports have been documented for the presence of
ZON contaminating chicken, pig or lamb liver. However, Iqbal et al. (2014) [35] reported
low levels of ZON at 2.97 µg/kg, 4.91 µg/kg and 5.10 µg/kg in domestic chicken liver,
boiler breed chicken liver, and layer breed chicken liver, respectively. Other studies reported
the presence of ZON in the bile of breeding cows with a contamination rate of 96.2% [36].

Liver and enterocytes play an important role in ZON metabolism; in fact, it varies
depending on the animal. This variation may be related to hepatic biotransformation.
The literature reveals that in guinea pigs, both α-ZOL and β-ZOL were formed in equal
amounts [37]; in pigs, α-ZOL is formed in a higher amount compared to β-ZOL; whereas,
in chicken, β-ZOL is produced in high quantities by the hepatic microsomes [37,38]. Ac-
cording to these studies, our results in chicken livers showed higher amounts of β-ZOL
(22.73 ± 55.0 ng/g) than α-ZOL (7.46 ± 9.37 ng/g). It is important to note that β-ZOL
presented higher potential estrogenic amounts than ZON and α-ZOL [2].

2.2.2. Zearalanone (ZAN) and Its Metabolites Occurrence

The highest incidence was for ZAN for all liver samples: 12 out of 31 chicken liver
samples (39%) (max. 7.92 ng/g), 11 out 30 lamb liver samples (37%) (max. 4.94 ng/g)) and
10 out of 30 pig liver samples (33%) (max. 1.36 ng/g) (Table 2).

α-ZAL, a resorcyl lactone, was not detected in any of the samples analyzed, and
these results are in agreement with the literature [31]. It is important to remar, that α-ZAL
was used as a growth promoter in the United States many years ago but nowadays it is
banned [39].

Other authors have detected smaller quantities for α-ZAL than the rest of analyzed
zearalenones. Döll et al. (2003) reveal that in piglets’ liver, ZAN, α-ZAL and β-ZAL were
below 100, 50 and 200 ng/g, respectively [40]. Moreover, it has been shown that in the en-
zymatic reduction of ZAN, smaller amounts of zearalenols are produced. Malekinejad et al.
(2006) [37] reported differences between mammalian species in the hepatic transformation
of ZAN to its reduced and glucuronide metabolites. All these mammalian species converted
large percentages of ZAN and metabolites to the corresponding glucuronides [37]. On
the other hand, the comparison between species suggests that pigs, which preferentially
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produce α-ZAL over the β analogue by five-fold, are predicted to be more sensitive to the
oestrogenic effects of ZAN than other animal species [37].

In others studies, few levels of α-ZAL were observed in pig; indeed, a significant frac-
tion of ZAN was found in the form of α-ZAL and its respective glucuronide conjugates [41],
while cows converted ZAN predominantly to β-ZAL [42]. Smaller amounts of further
reduced metabolites (i.e., α- and β-ZAL) were observed in other ruminant species [31].
However, ovine metabolism of ZON produces at least five compounds, including α- and
β-ZOL, α- and β-ZAL, and ZAN [43].

2.2.3. Simultaneous Presence of Analyzed Mycotoxins and Metabolites

The natural copresence of analyzed mycotoxins was evaluated in all animal livers
bought in the Valencian Community (Spain) in order to have an approximation of the
oral exposure of these animals. Previous studies indicate that ZON is usually found to
co-occurrence with its metabolites [19].

All in all, from a descriptive standpoint, a co-occurence of different metabolites was
found in 30% of analyzed samples. The results show a combination of five mycotoxins
in 2.2% different samples (ZON + α-ZOL + β-ZOL + ZAN + β-ZAL) (Figure 3). While,
four and three associations were also observed in 8.8% (ZON + α-ZOL + β-ZOL + ZAN
and ZON + α-ZOL + ZAN + β-ZAL) and 5.5% samples (β-ZOL + ZAN + β-ZAL, ZON +
β-ZOL + β-ZAL and ZON + β-ZOL + ZAN), respectively.
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Figure 3. Co-occurrence of mycotoxins and metabolites in the three of analyzed animal liver sam-
ples (a) chicken, (b) pig and (c) lamb. (Zearalenone (ZON), zearalanone (ZAN) and their phase I
metabolites: α-zearalenol (α-ZOL), β-zearalenol (β-ZOL), α-zearalalanol (α-ZAL) and β-zearalalanol
(β-ZAL)).

It was also observed that 39%, 7%, and 47% of chicken, pig, and lamb liver samples,
respectively, were contaminated by at least two toxins. The lowest co-occurrence frequency
was found in pig liver samples with 7% of samples contaminated with four mycotoxins
(ZON + α-ZOL + β-ZOL + β-ZAL). In chicken liver samples, 16% showed the combination
ZON + α-ZOL + β-ZOL + ZAN, followed by 13% β-ZOL + ZAN, 7% ZON + α-ZOL +
β-ZOL + ZAN + β-ZAL and 3% β-ZOL + ZAN + β-ZAL. A total of 13% of samples showed
only one mycotoxin or metabolite and 48% of the samples were <LQ. Lamb liver samples
showed the highest binary combinations (30%): ZON + ZAN (10%), β-ZOL + ZAN (10%),
ZAN + β-ZAL (7%) and β-ZOL + β-ZAL (3%). Only four samples (13%) showed the
combination of three mycotoxins (ZON + β-ZOL + ZAN and ZON + β-ZOL + β-ZAL)
and one sample (3%) a combination of four mycotoxins (ZON + α-ZOL + ZAN + β-ZAL).
A total of 47% of the samples did not show a co-occurrence and 7% of the samples were
<LQ. Lastly, pig liver samples had the lowest co-occurrence since only 7% of the samples
(2 out of 30 samples) were contaminated by more than one mycotoxin or metabolite
(ZON + α-ZOL+β-ZOL + β-ZAL). A total of 53% of the samples did not show co-occurrence
and 40% of the samples were <LQ.

3. Conclusions

The validated GC-MS/MS method presented good results in terms of accuracy, sen-
sitivity and robustness for the simultaneous determination of six target mycotoxins in
three different type of animal liver (chicken, lamb and pig). The method was suitable for
analyzing 91 animal liver samples. The analytical data showed that 69% of analyzed liver
samples were contaminated with at least one of the analyzed mycotoxins. β-ZOL was the
most detected (42%), with the highest value (max. 152.62 ng/g) observed in chicken liver
samples. This can be associated with the fact that chickens are mainly fed with corn or feed
rich in corn, and this cereal is the ideal substrate for grown Fusarium graminearum, which is
the primary producer of ZON [5,7,15,40,44]. In this sense, the implementation of a hazard
analysis and critical control point (HACCP) system should be applied throughout the food
chain from primary production to final consumer to reduce the presence and production
of mycotoxins in feed. Furthermore, control systems to analyze and monitor mycotoxins
should be strengthened to prevent exposure and protect animal and human health.

4. Material and Methods
4.1. Standards

Mycotoxin standards and metabolites specifically ZON, α-ZOL, β-ZOL, ZAN, α-ZAL
and β-ZAL were obtained from Sigma-Aldrich (St. Louis, MO, USA). Individual stock
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solutions of all analytes were prepared at identical concentration (1000 mg/L) in methanol.
The stock solutions were diluted with acetonitrile to obtain a working standard solutions
of 50 mg/L with the six mycotoxins. All standards were stored in darkness and kept at
−20 ◦C until the GC-MS/MS analysis.

4.2. Chemical, Reagents and Other Material

The derivatization reagent composed of BSA (N,O-bis(trimethylsilyl)acetamide) +
TMCS (trimethylchlorosilane) + TMSI (N-trimethylsilyimidazole) (3:2:3) was purchased
from Supelco (Bellefonte, PA, USA).

Sodium dihydrogen phosphate and disodium hydrogen phosphate, used to pre-
pare phosphate buffer, were acquired from Panreac Quimica S.L.U. (Barcelona, Spain).
β-Glucuronidase Type H-1 from Helix pomatia (glucuronidase activity: ≥300,000 units/g
solid and sulfatase activity: ≥10,000 units/g solid) was purchased from Sigma–Aldrich
(St. Louis, MO, USA).

All solvents, acetonitrile, hexane and methanol (HPLC grade) were purchased from
Merck KGaA (Darmstadt, Germany). Anhydrous magnesium sulfate (thin powder) was
obtained from Alfa Aesar GmbH & Co (Karlsruhe, Germany); sodium chloride was pur-
chased from Merck and C18-E (50 µm, 65A) was purchased from Phenomenex (Torrance,
CA, USA).

4.3. Apparatus

ZON, α-ZOL, β-ZOL, ZAN, α-ZAL and β-ZAL were analyzed by GC-MS/MS. Aliquots
of 1 µL of the derivatized extract were injected in splitless mode at 250 ◦C in programmable
temperature vaporization (PTV). A GC system Agilent 7890A coupled with an Agilent
7000A triple quadrupole mass spectrometer with inert electron-impact ion source and
an Agilent 7693 autosampler (Agilent Technologies, Palo Alto, CA, USA) were used for
MS/MS analysis [44]. An HP-5 MS 30 m × 0.25 mm × 0.25 µm capillary column was
used. All analytes eluted within 17 min, reaching the requirement for a high throughout
determination.

The MS was operating in electron impact ionization (EI, 70 eV). The source and transfer
line temperatures were 230 ◦C and 280 ◦C, respectively. The collision gas for MS/MS
experiments was nitrogen, and the helium was used as carrier gas at a fixed pressure of
20.3 psi, both at 99.999% purity supplied by Carburos Metálicos S.L. (Barcelona, Spain). The
oven temperature program was initially 80 ◦C, and the temperature increased to 245 ◦C at
60 ◦C/min. After a 3-min hold time, the temperature was increased to 260 ◦C progressively
at 3 ◦C/min and finally to 270 ◦C at 10 ◦C/min and then held for 10 min. The analysis was
performed with a solvent delay of 3 min in order to prevent instrument damage.

Quantitation data were acquired at SRM mode, with a couple of transition ions, and
the mass spectrometer operated in electrospray ionization (EI) mode (Table 1). The transfer
line and source temperatures were 280 ◦C and 230 ◦C, respectively. The EI energy used
was 70 eV as in that region the maximum abundance was observed. The collision energies
varied from 5 to 20 eV, depending on the precursor and product ions. The analysis was
performed with a filament-multiplier delay of 3.50 min. The collision gas for MS/MS
experiments was nitrogen, and the helium was used as quenching gas, both at 99.999%
purity supplied by Carburos Metálicos S.L. (Barcelona, Spain). The dwell times also varied
from 5 to 35 eV. Data was acquired and processed using the Agilent Masshunter version
B.04.00 software.

4.4. Sample Preparation

Livers were analyzed for total ZON, α-ZOL, β-ZOL, ZAN, α-ZAL and β-ZAL concen-
trations, including their conjugated glucuronides.

For the β-Glucuronidase hydrolysis, the enzymatic hydrolysis method used to de-
conjugate glucuronides was adapted from [45]. Each sub-sample of tissue (0.5 g) was
homogenized in 0.64 mL pH 5.0 ammonium acetate buffer (1 M, BioWorld, Fisher Scientific,
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1768, Pittsburgh, PA, USA). Homogenization was carried out using a Polytron PT 10–35
with PTA-10T generator (Kinematica AG, Luzern, Switzerland). After homogenization,
10 µL of β-glucuronidase (Helix pomatia, H-2, Millipore Sigma, Saint Louis, MO, USA)
containing 100,000 U of β-glucuronidase/mL was added to the mixture, incubated at
37 ◦C for 18 h, then allowed to cool to room temperature. Methods for extraction of ZEN
and α-ZEL from enzyme-hydrolyzed liver tissue were adapted from standard mycotoxin
analysis methods previously described by Mahmoud et al. (2018) [46].

Then, 1.5 mL of acetonitrile was added to 0.5 g of liver and vortexed for 1 min. It
was sonicated 10 min at room temperature and centrifuged at 4000 rpm for 3 min at 5 ◦C.
Supernatant was collected in a 15 mL falcon and 150 mg of MgSO4 and 50 mg of C18
were added prior to be vortexed for 1 min, sonicated 10 min at room temperature and
centrifuged at 4000 rpm for 3 min at 5 ◦C. Then, the upper layer was collected in a vial and
it was evaporated to dryness under nitrogen flow.

The dry extract was derivatized with 50 mL of BSA + TMCS + TMSI (3:2:3) and left
for 30 min at room temperature. After that, it was diluted to 200 µL with hexane and
mixed thoroughly on a vortex for 30 s. Then, the diluted derivatized sample was added
with 1 mL of phosphate buffer (60 mM, pH 7) to purify the derivate with a liquid–liquid
extraction and the upper layer (hexane phase) was transferred to an autosampler vial for
the chromatographic analysis.

4.5. Sampling

Livers (n = 91) were purchased from different supermarkets of the Valencian Com-
munity (Spain) during the period comprised between October 2021 and February 2022.
Chicken liver (n = 31), pork liver (n = 30) and lamb liver (n = 30) were collected and milled
separately. Then, 0.5 g of each sample were weighted and kept at −20 ◦C in dark and dry
place until further analysis.

4.6. Method Validation

Commission Decision 2002/657/EC [30] was used as guidelines for the validation
studies. All the parameters were evaluated by spiking blank samples. For identification
purposes, retention times of mycotoxins in standards and samples were compared at
tolerance of ±0.5%. Moreover, in accordance with the 2002/657/EC Decision [30], the
relative ion intensity of analytes studied in the standard solution and the spiked samples at
the concentration levels used for the calibration curve were compared.

Method performance characteristics such as linearity, LD, LQ, matrix effect, extraction
recovery, repeatability and reproducibility were evaluated for all tested mycotoxins.
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J. Zearalenone and its metabolites in the tissues of female wild boars exposed per os to mycotoxins. Toxicon 2016, 114, 1–12.
[CrossRef] [PubMed]

34. Mally, A.; Solfrizzo, M.; Degen, G.H. Biomonitoring of the mycotoxin Zearalenone: Current state-of-the art and application to
human exposure assessment. Arch. Toxicol. 2016, 90, 1281–1292. [CrossRef]

35. Iqbal, S.Z.; Nisar, S.; Así, M.R.; Jinap, S. Natural incidence of aflatoxins, ochratoxin A and zearalenone in chicken meat and eggs.
Food Control 2014, 43, 98–103. [CrossRef]

36. Meyer, K.; Usleber, E.; Märtlbauer, E.; Bauer, J. Occurrence of zearalenone, alpha- and beta-zearalenol in bile of breeding sows in
relation to reproductive performance. Berl. Munch. Tierarztl. Wochenschr. 2000, 113, 374–379. [PubMed]

37. Malekinejad, H.; Maas-Bakker, R.; Fink-Gremmels, J. Species differences in the hepatic biotransformation of zearalenone. Vet. J.
2006, 172, 96–102. [CrossRef] [PubMed]

38. Zinedine, A.; Soriano, J.M.; Molto, J.C.; Mañes, J. Review on the toxicity, occurrence, metabolism, detoxification, regulations and
intake of zearalenone: An oestrogenic mycotoxin. Food Chem. Toxicol. 2007, 45, 1–18. [CrossRef]

39. Mirocha, C.J.; Schauerhamer, B.; Christensen, C.M.; Niku-Paavola, M.L.; Nummi, M. Incidence of zearalenol (Fusarium mycotoxin)
in animal feed. Appl. Environ. Microbiol. 1979, 38, 749–750. [CrossRef]

40. Döll, S.; Dänicke, S.; Ueberschär, K.H.; Valenta, H.; Schnurrbusch, U.; Ganter, M.; Klobasa, F.; Flachowsky, G. Effects of graded
levels of Fusarium toxin contaminated maize in diets for female weaned piglets. Arch. Tierernährung 2003, 57, 311–334.

41. Biehl, M.L.; Prelusky, D.B.; Koritz, G.D.; Hartin, K.E.; Buck, W.B.; Trenholm, H.L. Biliary excretion and enterohepatic cycling of
zearalenone in immature pigs. Toxicol. Appl. Pharmacol. 1993, 121, 152–159. [CrossRef]

42. Jodlbauer, J.; Zöllner, P.; Lindner, W. Determination of zeranol, taleranol, zearalenone, alpha- and beta-zearalenol in urine and
tissue by high-performance liquid chromatography-tandem mass spectrometry. Chromatographia 2000, 51, 681–687. [CrossRef]

43. Miles, C.O.; Erasmuson, A.F.; Wilkins, A.L.; Towers, N.R.; Smith, B.L.; Garthwaite, I.; Scahill, B.G.; Hansen, R.P. Ovine metabolism
of zearalenone to alpha-zearalanol (zeranol). J. Agric. Food Chem. 1996, 44, 3244–3250. [CrossRef]

44. Juan, C.; Oueslati, S.; Mañes, J.; Berrada, H. Multimycotoxin Determination in Tunisian Farm Animal Feed. J. Food Sci. 2019, 84,
3885–3893. [CrossRef] [PubMed]

45. Lattanzio, V.M.T.; Solfrizzo, M.; de Girolamo, A.; Chulze, S.N.; Torres, A.M.; Visconti, A. LC–MS/MS characterization of the
urinary excretion profile of the mycotoxin deoxynivalenol in human and rat. J. Chromatogr. B 2011, 879, 707–715. [CrossRef]

46. Mahmoud, A.F.; Escrivá, L.; Rodríguez-Carrasco, Y.; Moltó, J.C.; Berrada, H. Determination of trichothecenes in chicken liver using
gas chromatography coupled with triple-quadrupole mass spectrometry. LWT-Food Sci. Technol. 2018, 93, 237–242. [CrossRef]

72



Citation: Cheng, Q.; Jiang, S.; Huang,

L.; Wang, Y.; Yang, W. Zearalenone

Exposure Affects the Keap1–Nrf2

Signaling Pathway and Glucose

Nutrient Absorption Related Genes

of Porcine Jejunal Epithelial Cells.

Toxins 2022, 14, 793. https://doi.org/

10.3390/toxins14110793

Received: 18 June 2022

Accepted: 20 July 2022

Published: 14 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxins

Article

Zearalenone Exposure Affects the Keap1–Nrf2 Signaling
Pathway and Glucose Nutrient Absorption Related Genes of
Porcine Jejunal Epithelial Cells
Qun Cheng 1, Shuzhen Jiang 2, Libo Huang 2, Yuxi Wang 3 and Weiren Yang 2,*

1 Department of Animal Sciences and Technology, Qingdao Agricultural University, Qingdao 266109, China
2 Department of Animal Sciences and Technology, Shandong Agricultural University, Taian 271018, China
3 Agriculture and Agri-Food Canada, Lethbridge Research and Development Centre,

Lethbridge, AB T1J 4B1, Canada
* Correspondence: wryang@sdau.edu.cn

Abstract: This study aims to examine the impact of zearalenone (ZEA) on glucose nutrient absorption
and the role of the Kelch-like erythroid cell-derived protein with CNC homology-associated protein 1
(Keap1)–nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway in zearalenone-induced
oxidative stress of porcine jejunal epithelial cells (IPEC-J2). For 24 and 36 h, the IPEC-J2 cells were
exposed to ZEA at concentrations of 0, 10, 20, and 40 (Control, ZEA10, ZEA20, ZEA40) mol/L.
With the increase of ZEA concentration and prolongation of the action time, the apoptosis rate and
malondialdehyde level and relative expression of sodium-dependent glucose co-transporter 1 (Sglt1),
glucose transporter 2 (Glut2), Nrf2, quinone oxidoreductase 1 (Nqo1), and hemeoxygenase 1 (Ho1)
at mRNA and protein level, fluorescence intensity of Nrf2 and reactive oxygen species increased
significantly (p < 0.05), total superoxide dismutase and glutathione peroxidase activities and relative
expression of Keap1 at mRNA and protein level, fluorescence intensity of Sglt1 around the cytoplasm
and the cell membrane of IPEC-J2 reduced significantly (p < 0.05). In conclusion, ZEA can impact glu-
cose absorption by affecting the expression of Sglt1 and Glut2, and ZEA can activate the Keap1-Nrf2
signaling pathway by enhancing Nrf2, Nqo1, and Ho1 expression of IPEC-J2.

Keywords: zearalenone; intestinal porcine jejunal epithelial cells; Keap1-Nrf2 signaling pathway;
oxidative stress; glucose nutrient absorption

Key Contribution: The results demonstrated that ZEA increased the expression of Nrf2, Nqo1, ROS,
and Ho1 while interfering with the expression of Sglt1 and Glut2, hence impacting IPEC-J2 cells.

1. Introduction

Zearalenone (ZEA), a mycotoxin with an estrogen-like structure, competes with
17-estradiol for the estrogen receptor in target cells, impairing fertility, the ability to
reproduce, and overall health [1]. α-zearalenol (α-ZEL), and β-zearalenol (β-ZEL) are
metabolites of zearalenone that coexist in nature in grains and other foods. The harmful
consequences of ZEA include carcinogenicity, nephrotoxicity, hepatotoxicity, endocrine
disruptors, mutagenesis, and genotoxicity and are connected to alterations in endocrine
disruptors and their metabolites (α-ZEL and β-ZEL) [2,3]. Since ZEA has an estrogen-like
structure, studies have found that there are many estrogen receptor-positive cells in the
intestine, so ZEA may also affect the function and integrity of the intestine [4,5]. Studies
have demonstrated that when experimental animals are fed ZEA-contaminated feed, the
intestine, which serves as the first line of defense against natural toxins, is exposed to ZEA
and becomes the primary target organ for ZEA [6]. ZEA can alter intestinal villi struc-
ture [7,8], affect the integrity of porcine intestinal epithelial cells [9], and guide significant
changes in gene expression levels of porcine intestinal cells [10]. We have found, in vivo,
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that ZEA can induce intestinal tissue damage, cause intestinal oxidative stress, and activate
the Kelch-like erythroid cell-derived protein with CNC homology-associated protein 1
(Keap1)-nuclear factor erythroid 2-related factor 2 (Nrf2) signal pathway in post-weaning
piglets [11–13]. Combining in vitro research is required to further demonstrate the potential
contribution of the Keap1-Nrf2 signaling pathway to ZEA-induced intestinal oxidative
stress since the internal environment governs the interaction and influence between various
tissues and organs.

Glucose is the main energy substance for animal life activities and an intermediate
product of animal body metabolism. Essential to its utilization is the intestine’s digestion
and absorption [14,15]. The two primary transporters in the intestinal absorption of glucose
are sodium-dependent glucose co-transporter 1 (Sglt1) and glucose transporter 2 (Glut2),
making Sglt1 and Glut2 crucial for maintaining the homeostasis of the intestinal environ-
ment [16–18]. The intestinal epithelium absorption of nutrients may be influenced by the
oxidative state across the gut lumen [19]. Studies have demonstrated that the degree of
oxidative stress affects the stimulatory impact on Sglt1-mediated transport [19,20]. Accord-
ing to the research, mycotoxin lowered the levels of Sglt1 and Glut2 and caused abnormal
expression of nutrient transporters in IPEC-J2 cells [21]. However, there are few reports
about the barrier function of ZEA on cells and the absorption of glucose nutrients. The
major goal of this study is to further investigate the oxidative stress toxicity of ZEA on cells
and the effect on cell permeability and the glucose absorption capacity through in vivo
experiments, thereby affecting animal health. At the same time, this study will provide
new ideas and methods for the study of the toxicity of ZEA to nutrient absorption.

2. Results
2.1. IPEC-J2 Cells’ Morphology and Apoptosis

As shown in Figure 1, the morphology of IPEC-J2 cells changed significantly with
the extension of time and the increase of ZEA concentration. The results showed that
after 24 h and 36 h, ZEA had no significant effect on the cells at low concentrations; when
the concentration of ZEA reached 20 µmol/L, the cell viability decreased, and the cell
morphology changed from normal paving stone to irregular shape; when the concentration
of ZEA reached 80 and 160 µmol/L, the cells were destroyed seriously, and a large number
of cells began to die and floated with extremely low activity.

With an increase in ZEA concentration and an extension of the action duration, IPEC-J2
cells’ apoptosis rate considerably increased after 24 and 36 h in comparison to the control
group (Figure 2, p < 0.05). When the ZEA concentration reached 40 µmol/L and the cells
were exposed for 36 h, the apoptosis rate reached the highest, indicating that the toxicity of
ZEA on IPEC-J2 cells has a time and dose-dependent.

2.2. The TEER of IPEC-J2 Cells

As shown in Figure 3, compared with the control group, the TEER value of IPEC-J2
cells was significantly reduced (p < 0.05) after culturing the cells with various concentrations
of ZEA for 24 and 36 h. The TEER value of cells in the ZEA40 group is the lowest, and
ZEA’s influence on TEER value of cells exhibits some time-dose dependence.

2.3. The Relative mRNA and Proteins Expression of Sglt1 and Glut2

The relative expression levels of Sglt1 and Glut2 mRNA and protein in IPEC-J2 cells
significantly increased linearly and quadratically with the rise in ZEA concentration at 24
and 36 h, respectively, as compared to the control group (Figures 4 and 5, p < 0.05). The
relative expression of Sglt1 protein in IPEC-J2 cells showed quadratically (p < 0.05) increase,
with increasing ZEA concentration, and the expression level of Sglt1 protein increased
significantly (p < 0.05) only in the ZEA40 group.
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Figure 1. The morphology of intestinal porcine jejunal epithelial cells (IPEC-J2) exposed to ZEA at 
concentrations of 0 (Control), 10 (ZEA10), 20 (ZEA20), 40 (ZEA40), 80 (ZEA80) and 160 (ZEA160) 
μmol/L for 24 and 36 h and observed under a light microscope (10×). 
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centrations of 0, 10, 20, and 40 μmol/L (Control, ZEA10, ZEA20, ZEA40) for 24 and 36 h. (A) The 
apoptosis of IPEC-J2 cells was detected by flow cytometry. (B) The apoptosis percentage of IPEC-J2 
cells. a–d The mean values differ significantly (p < 0.05). 
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2.4. The Immunofluorescence Localization of Sglt1 in IPEC-J2 Cells

Immunofluorescence data obtained at 24 and 36 h showed that a large amount of Sglt1
is mostly dispersed in the cell membrane under normal conditions, and a minor amount is
free in the cytoplasm (Figure 6). As the ZEA concentration rises, the fluorescence intensity
around the nucleus decreases, indicating that the expression of Sglt1 in the cell membrane
decreases, when the ZEA concentration reached 40 µmol/L, the expression of Sglt1 cell
membrane was the lowest.
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Figure 6. Immunostaining of Sglt1 on intestinal porcine jejunal epithelial cells (IPEC-J2) after exposure
to to ZEA at concentrations of 0, 10, 20, and 40 µmol/L (Control, ZEA10, ZEA20, ZEA40) for 24 and
36 h, as detected under a light microscope (40×).

2.5. The Antioxidant Enzyme Activity of IPEC-J2 Cells

In comparison to the control group, the T-SOD and GSH-PX activities of IPEC-J2
cells decreased quadratically with increasing ZEA concentration at 24 and 36 h (Figure 7,
p < 0.05). IPEC-J2 cells exhibited the lowest T-SOD and GSH-PX activity at a ZEA concen-
tration of 10 mol/L. At 24 h and 36 h, the MDA level of the cells in the ZEA treatment group
increased linearly and quadratically with the increase of the ZEA concentration (p < 0.05).
The MDA level was greatest in the ZEA40 group.
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Figure 7. The antioxidant capacity of intestinal porcine jejunal epithelial cells (IPEC-J2) exposed
to ZEA at concentrations of 0, 10, 20, and 40 µmol/L (Control, ZEA10, ZEA20, ZEA40) for 24 and
36 h. (A) The total superoxide dismutase (T-SOD) activities of IPEC-J2 cells. (B) The glu-tathione
peroxidase (GSH-PX) activities of IPEC-J2 cells. (C) The malondialdehyde (MDA) content of IPEC-J2
cells. a–d The mean values differ significantly (p < 0.05).

2.6. The Level ROS of IPEC-J2 Cells

Flow cytometer histogram analysis shows that at 24 h and 36 h, the peak value of DCF
fluorescence intensity shifted to the right as ZEA concentration increased, and the mean
fluorescence intensity (MFI) of ROS in the ZEA treatment group was significantly higher
than in the control group (Figure 8, p < 0.05). At 36 h, the MFI value of ROS of IPEC-J2 cells
in the ZEA40 treatment group was the highest, and the effect of ZEA on the MFI value of
cellular ROS showed a certain time-dose dependence (Figure 8 A). At 24 h and 36 h, as
the level of ZEA increased, the MFI value of ROS in IPEC-J2 cells increased linearly and
quadratically (Figure 8B, p < 0.05).
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Figure 8. The reactive oxygen species of intestinal porcine jejunal epithelial cells (IPEC-J2) exposed to
ZEA at concentrations of 0, 10, 20, and 40 µmol/L (Control, ZEA10, ZEA20, ZEA40) for 24 and 36 h.
(A) The reactive oxygen species (ROS) of IPEC-J2 cells was detected by flow cytometry. (B) The ROS
fluorescence intensity of IPEC-J2 cells. a–d The mean values differ significantly (p < 0.05).

2.7. The Relative Expression of Keap1, Nrf2, Nqo1, and Ho1 mRNA and Protein

At 24 h and 36 h, the relative expression of Keap1 mRNA and protein in IPEC-J2 cells
treated with ZEA decreased linearly with increasing ZEA concentration relative to the
control group (Figures 9 and 10, p < 0.05). The ZEA40 group exhibited the lowest level of
expression (Figures 9A and 10A). The relative expression of Nrf2, Nqo1, and Ho1 mRNA
and protein increased linearly and quadratically in IPEC-J2 cells at 24 and 36 h (p < 0.05).
In the ZEA40 group, Nrf2, Nqo1, and Ho1 mRNA and protein expression levels are the
highest (Figures 9B–D and 10B–D).
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Figure 9. The relative mRNA expression of Keap1, Nrf2, Nqo1, and Ho1 in intestinal porcine jejunal
epithelial cells (IPEC-J2) exposed to ZEA at concentrations of 0, 10, 20, and 40 µmol/L (Control,
ZEA10, ZEA20, ZEA40) for 24 and 36 h. The Keap1 (A), Nrf2 (B), Nqo1 (C), and Ho1 (D) mRNA
relative expression of IPEC-J2 cells. a–d The mean values differ significantly (p < 0.05).
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At 24 h and 36 h, the immunofluorescence results showed that under normal circum-
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tration reaches 40 μmol/L, the expression of Nrf2 is the highest, and the phenomenon of 
Nrf2 invading the nucleus was very obvious. 

Figure 10. The relative protein expression of Keap1, Nrf2, Nqo1, and Ho1 in intestinal porcine jejunal
epithelial cells (IPEC-J2) exposed to ZEA at concentrations of 0, 10, 20, and 40 µmol/L (Control,
ZEA10, ZEA20, ZEA40) for 24 and 36 h. The Keap1 (A), Nrf2 (B), Nqo1 (C), and Ho1 (D) protein
relative expression of IPEC-J2 cells. a–d The mean values differ significantly (p < 0.05).

2.8. The Immunofluorescence localization of ROS and Nrf2 in the IPEC-J2 Cells

Immunofluorescence results showed that ROS was weakly expressed in the control
group IPEC-J2 cells at 24 and 36 h, and mainly distributed in the nucleus and cytoplasm
(Figure 11). Fluorescence intensity surrounding the nucleus rose as ZEA concentration
increased, indicating that ROS expression increased significantly. At 36 h, when the ZEA
concentration reached 40 µmol/L, the cell ROS expression reached the highest.

At 24 h and 36 h, the immunofluorescence results showed that under normal circum-
stances, Nrf2 was mostly localized in the cytoplasm and a tiny quantity in the nucleus
(Figure 12). With the increase of ZEA concentration, the fluorescence intensity around
and within the nucleus increased significantly, indicating that Nrf2 began to move to the
nucleus, and the expression of Nrf2 increased significantly. At 36 h, when the ZEA concen-
tration reaches 40 µmol/L, the expression of Nrf2 is the highest, and the phenomenon of
Nrf2 invading the nucleus was very obvious.
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3. Discussion 
As we all know, zearalenone has toxic effects and can remain in the body for a long 

time after being absorbed by animals and humans, which brings huge losses to animal 
husbandry and poses a threat to human health. Our research confirmed that ZEA can 
produce oxidative stress in the intestines of weaned pigs, damage the structure and mor-
phology of intestinal villi and affect the healthy development of the intestinal tract. There-
fore, we guess that ZEA will have a certain effect on the nutrient absorption of pigs. In 
order to establish a new theoretical foundation for more effectively addressing the toxic 
effect of ZEA on pig intestines, the IPEC-J2 cell line was chosen as the cell model in this 
study to investigate the toxicity of ZEA. 

Apoptosis is a basic biological phenomenon of cells, which is activated, expressed 
and controlled by a succession of genes in the body. When the regulation of apoptosis is 
unbalanced, excessive apoptosis and death of cells will cause serious damage to the body, 
which frequently results in the onset of disorders like autoimmune diseases [22,23]. In this 
study, we found that ZEA significantly reduces the cell viability of IPEC-J2 cells in a time- 
and dose-dependent manner, causing cell apoptosis and even cell death. In vitro investi-
gations have demonstrated that ZEA and its metabolites can interfere with cell function 
and even induce apoptosis [24,25]. Some studies have also revealed that ZEA promotes 
apoptosis in rat germ cells, and after 12 h of ZEA treatment, the most apoptotic cells were 
detected, and then gradually decreased [26,27]. HepG2 cells were treated with ZEA at 
concentrations ranging from 7.1–250 M for 24 h, and the findings demonstrated a dose-

Figure 11. Immunostaining of ROS of intestinal porcine jejunal epithelial cells (IPEC-J2) after exposure
to to ZEA at concentrations of 0, 10, 20, and 40 µmol/L (Control, ZEA10, ZEA20, ZEA40) for 24 and
36 h, as detected under a light microscope (40×).
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Figure 12. Immunostaining of Nrf2 of intestinal porcine jejunal epithelial cells (IPEC-J2) after exposure
to to ZEA at concentrations of 0, 10, 20, and 40 µmol/L (Control, ZEA10, ZEA20, ZEA40) for 24 and
36 h, as detected under a light microscope (40×).

3. Discussion

As we all know, zearalenone has toxic effects and can remain in the body for a
long time after being absorbed by animals and humans, which brings huge losses to
animal husbandry and poses a threat to human health. Our research confirmed that ZEA
can produce oxidative stress in the intestines of weaned pigs, damage the structure and
morphology of intestinal villi and affect the healthy development of the intestinal tract.
Therefore, we guess that ZEA will have a certain effect on the nutrient absorption of pigs.
In order to establish a new theoretical foundation for more effectively addressing the toxic
effect of ZEA on pig intestines, the IPEC-J2 cell line was chosen as the cell model in this
study to investigate the toxicity of ZEA.

Apoptosis is a basic biological phenomenon of cells, which is activated, expressed
and controlled by a succession of genes in the body. When the regulation of apoptosis is
unbalanced, excessive apoptosis and death of cells will cause serious damage to the body,
which frequently results in the onset of disorders like autoimmune diseases [22,23]. In
this study, we found that ZEA significantly reduces the cell viability of IPEC-J2 cells in
a time- and dose-dependent manner, causing cell apoptosis and even cell death. In vitro
investigations have demonstrated that ZEA and its metabolites can interfere with cell
function and even induce apoptosis [24,25]. Some studies have also revealed that ZEA
promotes apoptosis in rat germ cells, and after 12 h of ZEA treatment, the most apoptotic
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cells were detected, and then gradually decreased [26,27]. HepG2 cells were treated with
ZEA at concentrations ranging from 7.1–250 M for 24 h, and the findings demonstrated a
dose-dependent reduction in cell viability [28]. However, some studies have shown that
ZEA (500 µg/L) cannot induce IPEC-J2 cell apoptosis [29], and ZEA (10–40 µM) cannot
induce porcine kidney cell apoptosis [30]. This may be because various factors such as
different cell types, exposure time, dose and type of mycotoxins, and metabolites affect cell
viability [31,32].

The transmembrane resistance (TEER) of monolayer cells is one of the important indi-
cators for studying the integrity of the intestinal tract, and its variations signify alterations
in the permeability and integrity of the cell monolayer [33]. Some studies have shown
that aflatoxin B1 (AFB1) and ochratoxin A (OTA) can reduce the TEER value of intestinal
cells, resulting in increased permeability and a serious impact on the intestinal barrier
function [34,35]. Deoxynivalenol (DON) has been shown to have impacts on the TEER of
three distinct human intestinal epithelial cell lines, including HT-29, Caco-2, and T48, and it
was shown that these effects were dose-dependent [33]. The similar result was also reached
by DON’s investigation on the TEER value of the swine intestinal epithelial cell lines IPEC-1
and IPEC-J2 [36]. These studies’ findings and those of this one are comparable. This study
found that ZEA significantly decreased the TEER of IPEC-J2 cells, and that this reduction
in TEER was dose- and time-dependent. We analyzed that the decrease of TEER induced
by ZEA may be due to the destruction of tight junction, the change of ion transmembrane
transport and the oxidative stress induced by mycotoxin, and it may also be due to the
oxidative stress induced by ZEA, which needs further research and verification.

The small intestine can be actively transported through the Sglt1 of the small intestinal
mucosal epithelial cells to transport the glucose in the intestinal lumen of the small intestine
to the epithelial cells, followed by Glut2 facilitating diffusion, which transfers the intracel-
lular glucose to the blood [37]. According to studies, three distinct transporters involved in
the intestinal absorption of glucose and fructose have varying susceptibility to oxidative
stress. Sglt1 is the most sensitive, followed by Glut2, and Glut5 is the lowest [20]. Notably,
an increase in oxidative stress can stimulate and promote Sglt1 and Glut2. Nonetheless,
oxidative stress or situations associated to oxidative stress have been demonstrated to
have detrimental effects on the Glut transporter [20,38,39]. This study revealed that the
protein expression of Sglt1 and Glut2 was significantly reduced in low-dose ZEA group and
increased significantly in high-dose ZEA group. Cellular immunofluorescence technology
has been widely used in the fields of medicine and biology. It is a common method to detect
the intracellular localization of antigen proteins and quantify their expression by using
fluorescein-labeled antibodies by using the specific binding reaction between antigens
and antibodies [40]. At the same time, the immunofluorescence results showed that Sglt1
expression in the cell membrane was considerably downregulated in ZEA treatment group.
It is found that ZEA (10 µg/mL) induces oxidative damage in intestinal cells, impairs
nutritional digestion and absorption, and increases the mRNA expression level of Sglt1 [41].
Studies have also found that the combination of 500 g/L ZEA and 40 g/L AFB1 may
increase the expression of the Glut2 gene in IPEC-J2 cells [29]. Therefore, we think that
different kinds and concentrations of toxins have different effects on the expression of Sglt1
and Glut2 in different cells and may have a certain relationship with the exposure time of
toxins. In this study, we found that the up-regulation of Sglt1 and Glut2 mRNA expression
levels was inconsistent with protein expression, indicating that low concentrations of ZEA
increased the expression of Sglt1 and Glut2 mRNA, but did not promote the simultaneous
increase in the transport activity of Sglt1 and Glut2. Some studies have explained this
phenomenon. The activity of GLUTS is inhibited by one or more regulatory proteins with
very short half-life. When protein synthesis is inhibited, the expression level of regulatory
proteins decreases, and the inhibitory effect on GLUTS activity is lifted, resulting in the
increase of mRNA expression and activity [41].

Oxidative stress in the organism can be brought on by an imbalance between antioxi-
dant defense and ROS free radical generation [42]. ZEA is believed to be a potent inducer
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of ROS in the mammalian body, which can induce the massive production of ROS [43,44].
According to some reports, ZEA can induce ROS production and lipid peroxidation, and
reduce cell proliferation. The oxidative stress that ZEA causes may be responsible for these
cytotoxic effects [9,45,46]. In order to inhibit the increase of ROS and improve the ability
of cells to resist oxidative stress damage, cells will activate their own antioxidant defense
mechanisms, containing SOD and GSH-PX antioxidant enzymes [42,47,48]. Numerous
in vivo and in vitro investigations have demonstrated that ZEA can reduce the activities of
the antioxidant enzymes T-SOD and GSH-PX and increase the level of MDA by regulating
the antioxidant mechanism in the cell [9,46,49]. The relative expression of ROS mRNA and
protein as well as the MDA content in the cells were dramatically raised following ZEA
treatment of IPEC-J2 cells for 24 h and 36 h in this investigation, whereas the activities of
the antioxidant enzymes T-SOD and GSH-PX were significantly decreased. ZEA promotes
a large number of cells in a state of oxidative stress, which is consistent with our previous
research results in the pig intestine [11–13]. Some studies also found that the level of ROS
in human embryonic kidney cells exposed to ZEA for 1 h did not change significantly,
but it increased significantly after 2 h [50]. ZEA can promote cytotoxicity in rat intestinal
epithelial cells by decreasing T-SOD and GSH-Px activities and elevating MDA levels [6].
Therefore, previous studies and our own have demonstrated that ROS induced by ZEA
injury produces oxidative stress and reduces cellular antioxidant capacity, which may be an
important reason for ZEA damage to cell homeostasis and structure, leading to cell death.

Under oxidative stress, the Keap1-Nrf2 signaling pathway is activated, and the confor-
mational change of Keap1 in the cytoplasm shifts the Nrf2 released from the low binding
site to the nucleus, triggering the binding of the programmed antioxidant enzyme and
the phase II detoxifying enzyme to the ARE. This will produce proteins that protect cells,
including antioxidant enzymes and Ho1, Nqo1, etc., so as to improve the body’s antioxidant
capacity and playing an important role in maintaining cell homeostasis when cells are
under oxidative stress [51,52]. The findings of this study showed that ZEA significantly
increased the relative expression of Nrf2, Ho1 and Nqo1 mRNA and protein in IPEC-J2
cells, and significantly reduced the relative expression of Keap1 mRNA and protein. Mean-
while, Nrf2 immunofluorescence showed that ZEA significantly induced the increase of
Nrf2 gene expression in the cells, and Nrf2 transferred from the cytoplasm to the nucleus.
Nrf2 expression reached its maximum level in the ZEA40 treatment group, which was
consistent with our previous results in the pig intestine [11–13]. As a result, we think that
ZEA can activate the Keap1-Nrf2 signaling pathway of IPEC-J2 cells, and the activation
of this pathway increases the ability of IPEC-J2 cells to resist ZEA toxicity. Studies have
found that ZEA toxicity can significantly induce differences in gene expression in IPEC-1
cells, and low doses of ZEA (10 µmol/L) significantly upregulate the expression of 70% of
genes in IPEC-1cells, including encoding Gpx [9,10]. Interestingly, despite the fact that the
expression of Nrf2, Ho1, and Nqo1 genes increases significantly when this route is active,
the response is restricted since ZEA-induced ROS also activates a variety of signal pathways
such as cell death [53,54]. However, the influence of the Keap1-Nrf2 signaling pathway
on the oxidative stress induced by ZEA in IPEC-J2 cells is poorly studied. In order to
determine whether the increased expression of Ho1 and Nqo1 genes in IPEC-J2 cells caused
by ZEA is controlled by the classic Keap1-Nrf2 signaling pathway alone or by various
pathways, we will further use ShRNA to interfere with the expression of Nrf2 in cells to
inhibit the activation of the Keap1-Nrf2 signaling pathway for verification experiments.

4. Conclusions

In conclusion, ZEA (10, 20, 40 µmol/L) changes the morphology of IPEC-J2 cells
in a certain time- and dose-dependent manner, which changes the permeability of cells,
interferes with the expression of Sglt1 and Glut2 genes, and may affect the glucose and
nutrient absorption capacity of the cells. ZEA induces oxidative stress in IPEC-J2 cells,
which reduces cell antioxidant capacity, and the Keap1-Nrf2 signaling pathway is activated
to resist the toxic effects of ZEA during ZEA-induced cellular oxidative stress. However,
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the link between ZEA’s activation of the Keap1-Nrf2 signaling pathway and the mechanism
by which ZEA modulates the expression of the Sglt1 and Glut2 genes influences cellular
glucose food absorption requires additional investigation.

5. Materials and Methods
5.1. Preparation of IPEC-J2 Cells Culture

The IPEC-J2 cells were obtained commercially (Beina biological Co., Ltd., Beijing,
China) The IPEC-J2 cells were cultured with 2 mL of Dulbecco’s Modified Eagle Medium
(DMEM) high glucose (11995-065, GIBCO Co., Ltd., Shanghai, China) containing 10%
fetal bovine serum (FBS, 16000-044, GIBCO Co., Ltd., Shanghai, China) and 1% Penicillin-
Streptomycin (P/S, 15140-163, GIBCO Co., Ltd., Shanghai, China). Before being employed
in each test, the incubation was carried out at 37 ◦C in a cell incubator with 5% CO2.

5.2. Preparation of ZEA Treatment of IPEC-J2 Cells

Commercially available zearalenone (Sigma, Z2125, MO, USA) was dissolved in
dimethyl sulfoxide (DMSO) (Sigma, D2650, MO, USA) at a concentration of 20 mmol/L
and refrigerated at −20 ◦C prior to use. The IPEC-J2 cells were seeded onto 6-well plates at
a density of 1 × 106 cells per well before aliquots of ZEA solution were added to achieve
culture concentrations of 0, 10, 20, and 40 µmol/L (Control, ZEA10, ZEA20, ZEA40),
respectively. After mixing the cultures, they were incubated at 37 ◦C for 24 and 36 h, after
which the cells were collected for further testing.

5.3. Determination of Apoptosis in IPEC-J2 Cells

The cell samples were obtained, twice-washed with 2-mL of cold PBS, and re-suspended
into 100 µL 1×Binding Buffer. The collected IPEC-J2 cells were then stained for 15 min
at 25 ◦C in the dark with PI (Beyotime, C1052-2, Shanghai, China) and FITC Annexin V
(Beyotime, C1052-3, Shanghai, China). After the reaction, add 400 µL of 1 × Binding Buffer
to each tube and mix well, and then examined using a BD FACSCaliburTM flow cytometer
(FACSCalibur, BD, San Jose, CA, USA) with Flowjo 7.6 software.

5.4. Determination of Cell Transepithelial Electrical Resistance (TEER) of IPEC-J2 Cells

The cells collected and diluted to 5 × 103 µL−1. Then 100 µL cell suspension was
inoculated in the chamber of 12-hole Transwell plate (membrane area 1.12 cm2), then
400 µL complete medium was added, and 1.5 mL complete medium was added in the
hole under the chamber. After placing the Transwell plate in the incubator for one day, a
compact monolayer cell was formed, and then the complete medium was replaced with
ZEA different treatment groups of medium, each treatment was repeated for three times.
After 24 h and 36 h of treatment, the cells in each group were measured by cell resistance
meter (Millipore Mers00002 Millicell ERS, MA, USA). Three points in different directions
were selected for each hole.

5.5. Determination of Antioxidant Enzyme Activity

T-SOD A001-1, GSH-PX A005 and MDA A003 detection kits (Nanjing Aoqing Biotech-
nology Co., Ltd., Nanjing, China) were used to assess the cell samples for malondialdehyde
(MDA) content and total superoxide dismutase (T-SOD) and glu-tathione peroxidase (GSH-
PX) activities [55].

5.6. Determinations of Relative mRNA Expressions

The total RNA from the cells was extracted using RNAiso Plus (Applied TaKaRa,
Dalian, China) per the manufacturer’s instructions. Using an Eppendorf Bio-photometer
(DS-11, Denovix, Wilmington, DE, USA) with an absorbance ratio of 260/208 nm, the
purity and concentration of the RNA were assessed. A reverse transcription system kit
(PrimeScriptTM RT Master Mix, RR036A, Applied TaKaRa, Dalian, China) was used to
convert total RNA to cDNA, and the resulting cDNA was split into two subsamples.
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The cDNA subsample was utilized for quantitative real-time PCR analysis. The qRT-
PCR study employed a total volume of 20 µL of the PCR reaction mixture made up of
10 µL SYBRY Premix Ex Taq II, 0.4 µL DyeII (SYBRY Premix Ex Taq-TIi RNaseH Plus,
DRR420A; Applied TaKaRa), 0.4 µL of both forward and reverse primers, and 2 µL cDNA
(<100 ng). Sangon Biological Engineering Technology and Services Co. Ltd. (Shanghai,
China) designed all of the primers, and the Beijing Genomics Institute synthesized them
(BGI, Beijing, China). An initial denaturation phase at 95 ◦C for 30 s was followed by
43 cycles at 95 ◦C for 5 s, 60 ◦C for 34 s, 95 ◦C for 15 s, 60 ◦C for 60 s, and 95 ◦C for 15 s
in the optimized qRT-PCR procedure. An AB 7500 Real Time PCR System was used to
carry out the qRT-PCR experiments (Applied Biosystems, Foster City, CA, USA). Using the
2−∆∆Ct method, the relative expression level of Sglt1, Glut2, Keap1, Nrf2, Nqo1, Ho1, and
β-actin mRNA was determined [56]. For each sample, the analysis was done three times.
Table 1 presents the primer sequences and production lengths.

Table 1. Sequence of primers for real-time PCR.

Target Gene Primer Sequences (5’ to 3’) Accession No.

Nrf2 F: GAGTTAGATAGTGCCCCTGGAA
R: ACTGGAGCACTATTACCCTGAG XM_005671981.3

Keap1 F: GTGTGTGCTCCATGTCATGAAT
R: CTCCCCAAAGTGCATGTAGATG NM_001114671.1

Ho1 F: AGGTCCTCAAGAAGATTGCTCA
R: CATCTCCAGAGTGTTCATTCGG NM_001004027.1

Nqo1 F: AAAAGCACTGATCATACTGGCC
R: TTCTGGAGATGACGGGATTGAA NM_ 001159613.1

Sglt1 F: CGTCCATCTTTAACAGCAGCAG
R: GCATGTAGATGAAGAGCTGCC NM_001012297.1

Glut2 F: ACCGACAGCCTATTCTAGTAGC
R: AGGAAAACAGAGAGAGCAGTGA NM_001097417.1

β-actin F: AGATCACTCCCCCAATGACAG
R: AGAGCAAGAGAGGCATCCTG XM_003124280.5

5.7. Determination of Sglt1, ROS, and Nrf2 Distribution in IPEC-J2 Cells

The IPEC-J2 were initially seeded on microslides, which were then treated with ZEA
as stated above, fixed with 4% paraformaldehyde for 1 h, then penetrated with 0.5%
Triton X-100 for 10 min at room temperature. The resulting cells underwent the following
processing steps: washing with PBS three times for 5 min each, blocking with 10% FBS
for 1 h, Nrf2 (1:500, ab89443, Abcam, Cambridge, UK), reactive oxygen species (ROS,
1:200, ab236409, Abcam, Cambridge, UK), Sglt1 (1:150, ab247121, Abcam, Cambridge, UK)
incubation at 4 ◦C overnight, three washings with PBS, mixing with goat anti-rabbit lgG
that has been Alexa Fluor 555-labeled (1:200, ab150079, Abcam, Cambridge, UK) at 37 ◦C in
the dark for 1 h, and washing with PBS. The appropriate Hoechst 33342 (C1022, Beyotime,
Shanghai, China) was then added to the previously prepared cells, stirred for 5 min, and
then rinsed with PBS. Under a confocal microscope, the treated samples were analyzed
(FLUOVIEW FV3000, Olympus, Japan).

5.8. Determination of Protein Expression

The cell samples were then washed with 2 mL of PBS and centrifuged once more
(1200× g, 5 min). Following the manufacturer’s instructions, they were extracted with
lysate containing PMSF (1 mmol/L, Beyotime, Shanghai, China). Using a BCA protein
assay kit (Beyotime, Shanghai, China), the total protein content of the extract was assessed
before it was subjected to western blotting to detect the protein expression of relevant
mRNA, as indicated below. Each sample was loaded with 60 µg of protein and put through
1.5 h of electrophoresis on polyacrylamide gels. After then, the bands that had been
separated were moved to immobilon-p transfer membranes (So-larbio, Beijing, China).
These membranes were first blocked in 10% skim milk powder for 2 h, then washed three
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times with Tris Buffered Saline Tween (TBST, pH 7.6), and finally incubated overnight at
4 ◦C with monoclonal mouse antibody β-actin (1:1500, SC-47778, Santa Cruz, CA, USA),
polyclonal rabbit antibody Nrf2 (1:1000, ab92946, Abcam, Cambridge, UK), polyclonal
rabbit antibody Keap1 (1:1000, ab196346, Abcam, UK), Nqo1 (1:500, ab2346, Abcam, UK),
Ho1 (1:500, ab13248, Abcam, Cambridge, UK), Sglt1 (1:1000, bs-1128R, BIOSS, Beijing,
China), Glut2 (1:500, bs-0351R, BIOSS, Beijing, China). Following the primary incubation,
the membrane was washed with TBST three times for a total of 5 min each time, and
then it was subjected to a secondary incubation with goat anti-rabbit lgG (1:5000, Thermo
Pierce 31210, Thermo Fisher Scientific, MA, USA) and goat anti-mouse lgG (1:5000, Thermo
Pierce 31160, Thermo Fisher Scientific, MA, USA) in diluted secondary antibody dilution
buffer (Beyotime, Shanghai, China) at room temperature for 2 h. After 30 min of washing
with TBST, the membranes were submerged in a high-sensitivity luminescence reagent
(BeyoECL Plus; Beyotime Biotechnology). After that, the membranes were exposed to film
with a Fusion FX imaging system and processed with a FusionCapt Advance FX7 software
program (Beijing Oriental Science and Technology Development Co., Ltd., Beijing, China).
Image-Pro Plus 6.0 was utilized to measure the protein concentration (Media Cy-bernetics,
Inc., Rockville, MD, USA).

5.9. Statistical Analysis

All data were analyzed using the generalized linear model (GLM) method of SAS 9.2
for one-way analysis of variance (SAS Inst. Inc., Cary, NC, USA). Initially, the data were
analyzed using a totally random design, with the treatment as the fixed effect and each cell
as the random component. For the purpose of determining linear and quadratic responses
to the ZEA concentrations, orthogonal polynomial contrasts were utilized. Duncan’s
multiple range tests were utilized in order to evaluate the significance of changes between
treatments. The threshold for determining significance was set at p < 0.05.
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Abstract: Feeding farm animals with aflatoxin-contaminated feed can cause various severe toxic
effects, leading to increased susceptibility to infectious diseases and increased mortality, weight
loss, poor performance and reduced reproductive capability. Following ingestion of contaminated
foodstuffs, aflatoxins are metabolized and biotransformed differently in animals. Swine metabolism
is not effective in detoxifying and excreting aflatoxins, meaning the risk of aflatoxicosis is increased.
Thus, it is of great importance to elucidate the metabolism and all metabolic pathways associated
with this mycotoxin. The damage induced by AFB1 in cells and tissues consists of inhibition of cell
proliferation, carcinogenicity, immunosuppression, mutagenicity, oxidative stress, lipid peroxidation
and DNA damage, leading to pathological lesions in the liver, spleen, lymph node, kidney, uterus,
heart, and lungs of swine. At present, it is a challenging task and of serious concern to completely
remove aflatoxins and their metabolites from feedstuff; thus, the aim of this study was a literature
review on the deleterious effects of aflatoxins on swine metabolism, as well as alternatives that
contribute to the detoxification or amelioration of aflatoxin-induced effects in farm animal feed.

Keywords: mycotoxin; aflatoxin; toxicity; metabolism; swine; decontamination

Key Contribution: Understanding aflatoxin metabolism, effects on swine health, as well as alterna-
tive procedures that contribute to the detoxification or amelioration of aflatoxin-induced effects in
farm animal feed.

1. Introduction

Mycotoxins are toxins produced by certain fungal species. They are classified into five
main groups (Figure 1), with specific chemical structures, that occur frequently in foods
and feeds, i.e., trichothecenes, zearalenone, ochratoxins, fumonisins and aflatoxins. At the
same time, fungi that produce mycotoxins are divided into two groups: those that invade
before grain harvesting, a group commonly called field fungi, and those that grow only
after harvesting, called storage fungi. Among the field fungi, several types of mycotoxin-
producing species can be distinguished. The most important are i. Fusarium graminearum
(deoxynivalenol, nivalenol), normally developed on the field plants; ii. Fusarium moniliforme
(fumonisins), and sometimes Aspergillus flavus (aflatoxin), present in the case of senile
or stressed plants; iii. Penicillium verrucosum (ochratoxin) and A. flavus (aflatoxin) that
colonize the plant prior to harvesting, and subsequently predispose the crop to mycotoxin
contamination. Mycotoxins are spread in animal feed, cereal crops, vegetables, and animal
products. Feeding stuffs for farmed animals are considered as having the highest levels of
mycotoxins [1–6].

Aflatoxins are a group of secondary metabolites that are produced by several Aspergillus
species with increased toxicity and carcinogenic potential. Pigs, poultry and cattle are
the most important farm animals affected by aflatoxicosis. The most potent toxicant is
AFB1 [7].
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Until 1985, the Food and Agriculture Organization reported that approximately 25%
of the world’s agricultural production is contaminated with mycotoxins [14]. Taking
into consideration the predicted climate change in southeastern Europe, increased cereal
contamination with AFB1 and OTA is expected [15]. Contamination with aflatoxins is
most predominant in the regions of Africa and Asia, due to climatic conditions that favor
the development of aflatoxigenic strains in both field and storage conditions [16,17]. The
risks of aflatoxin-contaminated feed depend largely on the age and physiologic status of
farm animals.

The main purpose of this review is to create an overview of aflatoxin metabolism, its
effects on swine health, as well as alternative procedures that contribute to the detoxification
or amelioration of aflatoxin-induced effects in farm animal feed.

2. Types of Aflatoxins

Mycotoxins are natural compounds of low molecular weight, up to 500 Da; aflatoxins
are considered the most toxic, responsible for a significant decline in agriculture. They
represent the most abundant groups found in foodstuffs, oilseeds, cereals, and dairy
products [6,18]. All types of aflatoxins are derived from fungal species belonging to the
genus Aspergillus and are considered among the most harmful mycotoxins for both animals
and humans [19–23].

Aflatoxins are colorless to pale yellow crystalline substances, freely soluble in mod-
erately polar solvents such as chloroform, methanol, dimethyl sulfoxide, with a water
solubility of 10–20 µg/mL. In conditions such as under ultraviolet light in the presence of
oxygen, extremes of pH < 3 or pH > 10 and oxidizing agents, aflatoxins are unstable. For
example, ammonization at high temperatures results in the opening of the lactone ring,
generating the decarboxylation of an aflatoxin molecule, an irreversible reaction. Some
important physical and chemical properties of aflatoxins are given in Table 1 [20,24–29].

Currently, over 20 types of aflatoxins are known and among the best known are B1, B2,
G1, G2, M1, M2, aflatoxicol and aflatoxin Q1 (Figure 2). Some of these forms are derivatives
or metabolites of animal metabolism. For example, aflatoxin M1 and aflatoxin M2 are
the metabolites of aflatoxin B1 and aflatoxin B2 which are found in the milk of lactating
mammals fed with aflatoxin-contaminated feed [20,29,30].
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Table 1. Physical and chemical properties of major aflatoxins. Adapted after [29,31–34].

Aflatoxin Type Molecular Formula
Molecular Weight

(g /mol)
Melting Point

(◦C)
Fluorescence

λ Excitation (nm) λ Emission (nm)

B1 [29] C17H12O6 312 268–269 223 425
B2 [29] C17H14O6 314 286–289 265 425
G1 [29] C17H12O7 328 244–246 243 450
G2 [29] C17H14O7 330 237–240 265 450
M1 [33] C17H12O7 328 299 365 435
M2 [34] C17H14O7 330 293 360 450

Aflatoxicol [32] C17H14O6 314 225 325 425
Aflatoxin Q1 [31] C17H12O7 328 250 365 466

2.1. Aflatoxins B1 and B2

Aflatoxin B1 (AFB1) is the most potent carcinogenic mycotoxin naturally produced by
Aspergillus species such as A. flavus, A. parasiticus, A. nomius, A. bombycis, A. arachidi-
cola, A. minisclerotigenes, A. ochraceoroseus, A. pseudotamarii and A. rambellii, and
it exerts harmful effects on humans and animals. The sensitivity degree and toxicity of
AFB1 vary significantly between species, due to differences in its biotransformation. Some
animals are considered extremely susceptible to AFB1, especially turkeys, rats, pigs, sheep,
and dogs, whereas others such as monkeys, mice and chickens are considered resistant.
The LD50 values for aflatoxin B1 are variable, depending on species and sex, with values
ranging from 9 to 60 mg of AFB1 per kg of body weight [20,30,35–38].

Aflatoxin B2 (AFB2) is a blue-fluorescent, toxic secondary metabolite produced by the
same species as AFB1, such as A. arachidicola, A. flavus, A. minisclerotigenes, A. nomius and
A. parasiticus. This metabolite can be synthesized through multiple sequences that begin
with a [2+3]-cycloaddition between quinone and 2,3-dihydrofuran [20,39–41].

2.2. Aflatoxins G1 and G2

Aflatoxin G1 (AFG1) and aflatoxin G2 (AFG2) are toxins produced by species of the
common soil fungi, A. parasiticus, A. nominus, A. bombyccis, A. arachidicola and A. flavus.
The presence of AFG1 is associated with toxicity and hepato-carcinogenicity in human and
animal populations, while AFG2 has much lower activity [20,30,42,43].

2.3. Aflatoxins M1 and M2

The aflatoxins M1 (AFM1) and M2 (AFM2) are mammalian bio-conversion prod-
ucts or 4-hydroxy derivatives of AFB1 and AFB2, respectively, produced by A. flavus and
A. parasiticus. After entering the body of humans or animals, AFB1 and AFB2 are metab-
olized by the hepatic microsomal mixed function oxidase system (cytochrome P450) to
a reactive epoxide intermediate, but they can be also hydroxylated to the less harmful
aflatoxins M1 and M2. In the case of an animal that ingests feed contaminated with AFB1,
a percentage between 0.5% and 5% of the toxin ingested is biotransformed in the liver into
AFM1. Milk, cheese, and other dairy products contain residues of AFM1 and AFM2 that
should not exceed the limit of 50 ng per kg in Europe, 500 ng per kg in the USA, and 100 ng
per kg in Iran [20,23,30,44–47] for human consumption.
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2.4. Aflatoxicol

The first report on natural contamination of food with aflatoxicol (AFL) appeared
in 1984 [48]. AFL is one of the metabolites of AFB1, formed by the selective reduction of
cyclopentanone carbonyl of AFB1, and has two stereoisomers (AFL1 /AFL-A /Ro and
AFL2 or AFL-B) which differ by the orientation of the hydroxyl group in the cyclopentene
ring. Both AFL forms are produced by the biological reduction catalyzed by enzymes
present in fungi, such as: Tetrahymena pyriformis, Trichoderma viride, Dactylium dendroides,
Streptococcus lactis, Absidia repens, Mucor griseocyanus, Aspergillus niger, Mucor ambiguus,
Tetrahymena pyriformis and Rhizopus spp. Although AFL is eighteen times less toxic than
AFB1, it was shown that AFL is carcinogenic and a potent frameshift mutagen [32,49–52].

2.5. Aflatoxin Q1

Aflatoxin Q1 (AFQ1) is a monohydroxylated derivative of AFB1, being one of the
major AFB1 metabolites which appear after incubation of microsomal fraction from the
mammalian liver with AFB1. The microsomal fraction is rich in CYP3A4 and other CYP450
enzymes which are responsible for the activation of AFB1 into the epoxide form, and for
conversion into a less toxic detoxification metabolite, AFQ1. Initially it was found in the
urine of rhesus monkeys orally exposed to AFB1. On the other hand, Yourtee et al. [53]
showed that AFQ1 might be a major metabolite in the detoxification pathway of the native

94



Toxins 2022, 14, 853

mycotoxin. AFQ1 is approximately eighteen times less toxic and approximately eighty-
three times less mutagenic than AFB1 [30,53–55].

3. Aflatoxins’ Metabolism: Biochemical, Molecular and Cell Signaling Aspects

After ingestion of contaminated food, aflatoxins are absorbed in the intestine; following
their distribution, metabolism and excretion, the liver is the first and main organ affected
(Figure 3). They also accumulate in muscle. P450 cytochromes play an important role in
phase I biotransformation of xenobiotics, especially those belonging to families 1 and 3 [56].
In mammals, the enzymes with the highest levels of protein expression, and involved in
the conversion of aflatoxins, are CYP1A2 and CYP3A4. The metabolite resulting from
the oxidation reaction can bind to DNA, causing genotoxicity, and proteins generating
cytotoxicity. For example, AFB1 binds to guanine residues of nucleic acids, resulting in
AFB1 adducts that can lead to transversion of guanine–cytosine (GC) to thymine–adenine
(TA) and implicitly to irreversible DNA damage. Binding of AFB1 to proteins is irreversible,
the most well-known adduct being ADB1-lysine in albumin. In the first stage of metabolic
oxidation in the liver, an epoxy reactive intermediate (e.g., AFB1-8,9-epoxide) is formed or
this is hydrolyzed to a less toxic form, AFM1 [57,58].

Toxins 2022, 14, x FOR PEER REVIEW 5 of 15 
 

 

native mycotoxin. AFQ1 is approximately eighteen times less toxic and approximately 
eighty-three times less mutagenic than AFB1 [30,53–55]. 

3. Aflatoxins’ Metabolism: Biochemical, Molecular and Cell Signaling Aspects 
After ingestion of contaminated food, aflatoxins are absorbed in the intestine; 

following their distribution, metabolism and excretion, the liver is the first and main organ 
affected (Figure 3). They also accumulate in muscle. P450 cytochromes play an important 
role in phase I biotransformation of xenobiotics, especially those belonging to families 1 
and 3 [56]. In mammals, the enzymes with the highest levels of protein expression, and 
involved in the conversion of aflatoxins, are CYP1A2 and CYP3A4. The metabolite 
resulting from the oxidation reaction can bind to DNA, causing genotoxicity, and proteins 
generating cytotoxicity. For example, AFB1 binds to guanine residues of nucleic acids, 
resulting in AFB1 adducts that can lead to transversion of guanine–cytosine (GC) to 
thymine–adenine (TA) and implicitly to irreversible DNA damage. Binding of AFB1 to 
proteins is irreversible, the most well-known adduct being ADB1-lysine in albumin. In the 
first stage of metabolic oxidation in the liver, an epoxy reactive intermediate (e.g., AFB1-
8,9-epoxide) is formed or this is hydrolyzed to a less toxic form, AFM1 [57,58].  

 
Figure 3. The adverse cellular effects of mycotoxins and their metabolites. Adapted after [56,59–61]. 
This image was made in OpenOffice Draw software, v 4.1.9. 

The cytochrome P450 superfamily consists of enzymes involved in xenobiotic 
metabolism and endogenous compound oxidation; thus, Phase I enzymes catalyze the 
reactions of hydroxylation, sulphoxidation, epoxidation, N-, O- and S-dealkylation, 
oxidative aromatic hydroxylation, desulfuration, denitrosation, and dehalogenation 
aiming for the addition of functional polar group(s). In porcine hepatic tissue, the CYP450 
proteins expressed are represented by CYP2A19 (34%), CYP2D25 (25,5%), CYP2C49 

Figure 3. The adverse cellular effects of mycotoxins and their metabolites. Adapted after [56,59–61].
This image was made in OpenOffice Draw software, v 4.1.9.

The cytochrome P450 superfamily consists of enzymes involved in xenobiotic metabolism
and endogenous compound oxidation; thus, Phase I enzymes catalyze the reactions of
hydroxylation, sulphoxidation, epoxidation, N-, O- and S-dealkylation, oxidative aromatic
hydroxylation, desulfuration, denitrosation, and dehalogenation aiming for the addition
of functional polar group(s). In porcine hepatic tissue, the CYP450 proteins expressed
are represented by CYP2A19 (34%), CYP2D25 (25,5%), CYP2C49 (11.2%), CYP2E1 (8.1%),
CYP3A39 (8,1%), CYP3A29 (5,8%), CYP2C33 (5%) and CYP1A2 (2.3% of the total liver
CYPs, respectively) [62–68].
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Phase II of metabolism implicates conjugation reactions of metabolites previously
formed [69] with glucuronic acid and sulfate especially. Subsequently, the epoxide metabo-
lite generated in phase I may be detoxified in phase II by glutathione conjugation, through
hydrolysis by an epoxide hydrolase to AFB1-8,9-dihydrodiol, or by reduction to a less
toxic metabolite such as AFM1 or AFQ1 [43,70–73]. The resulting metabolites are excreted
through the biliary pathway, followed by the urinary pathway.

By RNA-seq technology it was proved that in vitro exposure of bovine fetal hepatocyte
cell line (BFH12) to AFB1 affected the cells‘ transcriptome. Gap junction protein beta 2
and Follistatin genes—the latter being involved in proliferation and colony expansion
of progenitor populations of hepatocytes—as well as those of ornithine decarboxylase
and A-Raf proto-oncogene have been upregulated. Instead, genes that codify for tumor
suppressors, such as those of collagen type XVIII alpha 1 chain (COL18A1), collagen type
1 alpha 2 chain (COL1A2), as well as that for natriuretic peptide receptor 3 have been
downregulated. The treatment with this mycotoxin also upregulated the following CYP
isoforms: CYP26B1, CYP3A4, CYP27B1 and downregulated CYP1A1, CYP1B1, CYP19A1,
CYP36A1, CYP4B1 [74].

The same study from Pauletto et al. [74] revealed that all analyzed glutathione-S-
transferase genes, except those for omega 1 and pi1 isoforms, have been downregulated.
The gene sets for TNF-α signaling via NF-kB, oxidative phosphorylation, DNA repair,
inflammatory response, KRAS signaling, p53 pathway, PI3K-Akt-mTOR signaling, apop-
tosis and hypoxia have been upregulated by AFB1 treatment of BFH12 cells. In the same
conditions, other gene sets for epithelial–mesenchymal transition, bile acid metabolism,
estrogen response and heme metabolism have been downregulated.

Recently, based on transcriptomic data and post translational analyses, it was postu-
lated that Toll-Like Receptor (TLR2) activation is involved in AFB1-induced inflammation
and oxidative stress in BFH12 cells [75]. Moreover, in a chicken hepatocarcinoma cell
line (LMH) exposed to AFB1 differentially, expression analysis revealed that 1006 genes
have been upregulated and 791 downregulated, compared with the control treatment. The
mRNA expression of CYP27A1, CYP1A4, FABP2, PPARα and GSTT1 were significantly
decreased by this mycotoxin treatment, whereas genes responsible for focal adhesion and
MAPK pathways were upregulated compared with control ones [76].

Previously it was noticed that in HepG2 cells treated with AFB1, increases in the
expressions of miR-34A and miR-33a-5p led to an important decrease of β-catenin, c-myc
and cyclin D1 levels in the Wnt signaling pathway, generating an important risk of hepato-
cellular carcinoma [77,78]. The exposure to this mycotoxin also inhibits protein synthesis
and due to this, enzymes‘ levels of different metabolic pathways are affected [79].

Recently, it was proved that AFB1 exposure of cells affects the respiratory chain,
generating reactive oxygen species (ROS). If these are not counteracted by the antioxidant
enzymatic and non-enzymatic systems, oxidative stress occurs [80]. The excess of ROS
attacks polyunsaturated fatty acids from glycerophospholipids, generating end products of
lipid peroxidation, as well as DNA and proteins. Lipid peroxidation and oxidative damage
to DNA play a major role in the toxicity of aflatoxins.

4. Aflatoxin’s Toxicity in Swine

The monogastric animals are more susceptible to AFB1, compared to the ruminants,
since bacteria from the rumen section of the stomach can metabolize mycotoxins [81]. The
pig’s caloric need is supplied by carbohydrates and fats in great extent. Cereal grains
represent a source of carbohydrates, and they are included in swine ratio in up to 85% of
the ingredients [82]. Maize, wheat, barley and oat are used in pigs’ nutrition, and represent
a common source of mycotoxins in feed.

In recent years, the domestic production and industrial swine industry have been heavily
affected by viral infections, such as African swine fever and mycotoxin contamination [83,84].
Mycotoxins with the greatest economic impact on swine breeders are aflatoxins, zear-
alenone, deoxynivalenol, trichothecenes, T-2 toxin and ochratoxins [85–87]. Growing pigs
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are highly susceptible to mycotoxins. One of the main difficulties encountered in control-
ling mycotoxins is that more than one type of mycotoxin is present in a batch of fodder,
or cereal for pigs, at the same time. Thus, feeding pigs contaminated feed with several
types of mycotoxins, even if they are in concentrations at the minimum recommended by
the European Union, can cause numerous negative effects in animals due to cumulative
toxic effects. The most common symptoms of mycotoxicosis in swine are the refusal to eat,
decrease in growth rate, reproductive disorders and decreased immune status [88–92]. In
the process of breeding and producing pigs about 60–70% of the costs are due to feed [93].

Luthy et al. [94] showed that in pigs approximately 20% of the radioactive AFB1 dose
was excreted in the urine during nine days. AFM1, the metabolite of AFB1, was found in
the range of 80–420 pg/mL in the urine of pigs fed with 26.48 µg AFB1/kg of body weight
for 42 days [94–99].

Exposure of swine to aflatoxins can cause a variety of chronic or acute syndromes
depending on the type of aflatoxin and level of consumption; aflatoxins can generate
increased susceptibility to infectious diseases and increased mortality, weight loss and poor
performance, reduced reproductive capability, changes in clinical biochemical patterns, and
suppressed immune function [100].

The maximum tolerable levels of aflatoxins in pig diets depend on age. Accord-
ing to the FDA, the regulatory limits for swine aflatoxin B1 are <20 ppb for piglets,
<100 ppb for specimens used for reproduction and <200 ppb AFB1 for those in the fin-
ishing period [101,102]. Aflatoxin exposure generates in pigs: a low growth rate, poor
conversion of food, increased mortality, impaired coagulation of blood and kidney func-
tion, changes in the immune response, increased susceptibility to disease and decreased
resistance to stress [103,104].

The liver is the organ most affected by the ingestion of aflatoxins because it receives
and concentrates all compounds carried by the bloodstream. Extremely high concentrations
of aflatoxins (over 1000 ppb, previously reported in Ugandan crops, mainly maize, peanuts
and cassava) cause hepatitis, hepatic necrosis, increased clotting time, and finally the death
of animals caused by severe hemorrhage. In a lighter, subacute form, aflatoxicosis causes
hepatic lipidosis, portal fibrosis and liver tumors [105,106].

Additionally, the resulting aflatoxin metabolites can be transmitted from lactating
sows to nursing pigs, via milk, consequently contaminating the piglets which are more sen-
sitive to stunted growth; thus, this may cause up to a 20% mortality in piglets, characterized
by enterocolitis, diarrhea, and a suppressed immune system which leads to decreased resis-
tance to infectious diseases. Prodanov-Radulović et al. [91] reported the presence of AFM1
in the milk of nursing sows consuming diets containing AFB1. Furthermore, Weaver [107]
showed that the concentration of AFM1 was about 1.7 times higher in colostrum, than milk
of nursing sows, because AFM1 binds to milk casein and therefore is transferred to the
piglets [29,72,91,108–111].

The diseases caused by the consumption of aflatoxins are known as aflatoxicosis.
Swine metabolism is not effective in detoxifying and excreting aflatoxins, which increases
the risk of aflatoxicosis. The main biological effects of aflatoxins in suckling piglets, growing,
and finished and breeding pigs are carcinogenicity, immunosuppression, mutagenicity,
teratogenicity, decreased feed efficiency and poor weight gain, impaired liver and altered
serum biochemical parameters. Severe effects in swine can lead to acute hepatitis, systemic
hemorrhages, nephrosis and death [71,72,112]. Some authors have shown that swine
fed with low levels of aflatoxins presented signs of pulmonary edema, reduced feed
consumption and body weight gain, as well as a decrease in the activity of enzymes that
catalyze the oxidative decarboxylation, total serum proteins, total leukocyte count and
blood pressure [72,113–115].

Another toxic effect in swine exposed to aflatoxins is the alteration of the inflammatory
response, known as immunotoxicity. In weanling pigs fed for 28 days with low doses
of aflatoxins [116], reduced synthesis of pro-inflammatory cytokines and an increase in
anti-inflammatory ones were noticed.
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Immunomodulatory effects of AFB1 have also been proven in swine. Studies con-
ducted by Meissonnier et al. highlighted impaired lymphocyte activation and increased
cytokine expression (TNF-α, IL-1β, IL-6, IL-10, and IFN-γ) in pigs vaccinated with oval-
bumin, after dietary AFB1 exposure [117,118]. In contrast, Marin et al. [118] showed that
aflatoxins did not exert any effect on regulatory cytokines produced by either the Th1 (IL-2)
or the Th2 (IL-4) subset of lymphocytes.

AFB1 is a very strong inhibitor of lymphocyte proliferation. Stec et al. [119] showed
that a concentration of 0.02 µg AFB1/mL reduced up to 50% of lymphocytes, isolated from
peripheral blood taken from 7-week-old pigs after a 72-hour exposure period, suggesting
that AFB1 is a very strong inhibitor of in vitro lymphocyte proliferation in pigs [116,119,120].

The effects on sperm motility or on the reproductive performance of gilts depend on
aflatoxin doses also. The maturation rates of oocytes decreased significantly in the case
of acute exposure to 50 µM AFB1, probably because most oocytes have been arrested at
the germinal vesicle breakdown or meiosis I stage, resulting in early oocyte apoptosis and
increased Bak, Bax, Bcl-xl mRNA levels. This could suggest that AFB1 disrupts porcine
oocyte maturation through the modulation of epigenetic modifications, oxidative stress,
excessive autophagy and apoptosis [121,122].

In summary, aflatoxins induce pathological lesions in the liver, spleen, lymph node,
kidney, uterus, heart and lungs of swine. Severe toxicity causes collapse and death within
several hours, acute toxicity causes death within 12 h, and with subacute toxicity death
occurs after about 20 days [123–128].

5. Methods to Reduce Aflatoxins’ Toxicity

The need for solutions to ameliorate the effects of mycotoxins on food-producing swine
prompts increased research in this area. Currently, there are few national and international
studies that focus on the effects of aflatoxins at the hepato-nephrotoxic level in swine.
Considering this, studies regarding detoxification methods and the influence of certain feed
additives on the toxicity of aflatoxins, in swine liver and kidneys, are of great importance.

Aflatoxin decontamination procedures have been developed to inactivate or remove it
from feed stuffs, without leaving any chemical residues. These must be cost-effective to keep
the final market price reasonable. The methods used for decontamination of aflatoxins can
be divided into biological, chemical and physical methods. All these methods must ensure
that the degradation process maintains the nutritive value of feed and will not introduce
one or more toxic substances. Prevention is the most desirable method of reducing aflatoxin
contamination but needs much more improvement in terms of agricultural storage methods,
practices in harvesting and handling of crops. Therefore, the recognition of problems caused
by mycotoxins in food and feed is the first step to prevention, which will allow farmers to
produce good quality food for the animals [29,72,129–131].

The general chemical methods used against aflatoxins are based on chemical agents
that deactivate and degrade aflatoxins by oxidation and/or hydrolysis of the lactone ring
from the polyketide backbone of aflatoxins, or by oxidation of the double bond of the
terminal furan ring. However, the use of these agents is limited due to the problems
associated with their residues [29,131,132].

Physical methods involve the separation of contaminated fractions, removal, or inacti-
vation of aflatoxins by physical means, such as heating, cooking, roasting, and radiation.
Due to the limited solubility of aflatoxins in water, these procedures are regarded as
being unfeasible and economically inefficient. Therefore, decontaminating products con-
taminated with mold requires a multi-step process that involves mechanical sorting and
washing. Jalili [133] mentioned that processing methods such as boiling, roasting, baking,
and steaming in maize products destroyed aflatoxins to a considerable extent of 50–70%.

Adsorption is another physical method for aflatoxin decontamination and involves
the binding of a toxic compound, to the adsorbent compound, during digestion in the gas-
trointestinal tract of farm animals. Examples of adsorbents are active carbon, diatomaceous
earth, alumina clay, alumina bentonite, montmorillonite; sodium and calcium aluminum
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silicates, mainly zeolite; phyllosilicates and hydrated sodium calcium aluminosilicate; com-
plex carbohydrates such as cellulose, and the polysaccharides present at the cellular walls
of yeasts and bacteria e.g., glucomannans and peptidoglycans; and synthetic polymers of
cholestyramine, polyvinyl pyrrolidone, and its derivatives [29,131,133,134].

Efficient drying of farmed feed is an effective measure against fungal growth and
aflatoxin production. The correct way of drying is the best manner of avoiding fungal
growth and mycotoxin production in grain after harvest. When natural drying in the sun
is not possible, most of the time because climate conditions do not allow this, in order to
reduce or prevent the production of most mycotoxins, drying should take place as soon as
possible after harvest, and as rapidly as feasible, or otherwise it is necessary to use a form
of mechanical drying [129,135].

Biological decontamination of aflatoxins is another strategy in which the degradation
is achieved, by using modified strains of Aspergillus to reduce aflatoxin contamination by
competitive inhibition, or by using genetically modified plants. For example, in Africa,
Central America and Asia, the populations experience high levels of exposure to dietary
aflatoxin from maize, which is an important part of the human diet in these locations. One
of the strategies used in these regions involves the use of transgenic maize (Bt corn) in
order to control mycotoxin contamination. The second approach involves the use of a
food supplement (NovaSil clay) in order to absorb aflatoxins in the gastrointestinal tract
and, therefore, reduce the toxin bioavailability. The third method is based on a modified
strain of A. flavus that does not produce aflatoxins. Another alternative for biological
decontamination is the addition of antioxidant compounds in animal feed, in order to
reduce the toxic effects of aflatoxins, or to inhibit the growth of aflatoxin-producing fungal
species. Examples of antioxidant compounds are chlorophyll and its derivatives, selenium,
medicinal herbs and plant extracts [71,136,137].

The presence of polyphenolic compounds in feed, especially representatives of the
flavonoid group, can attenuate the mycotoxin-induced inflammatory process by modulat-
ing the activities of NF-κB and Nrf2 [138,139]. However, the potential anti-inflammatory
effects of polyphenols have, so far, been less investigated in farm animals.

Currently, wine production is one of the main agricultural activities around the world,
which is accompanied by the generation of large amounts of waste and by-products rich
in antioxidant compounds [140]. Examples of such compounds are stilbens (resveratrol),
anthocyans, flavones, flavonones and isoflavones [59].

A strategy for reducing exposure to mycotoxins in animals includes supplementation
of feed products with detoxifying additives, which allows for counteraction of their toxic
effects [29,141–144].

6. Conclusions

Aflatoxins produced by various fungi during the pre- and post-harvest stages of
various food and feed, cause adverse effects in different animals and negative economic
impacts worldwide. Significant advances have been achieved in our understanding of
aflatoxins’ metabolism. Swine are particularly sensitive to aflatoxin exposure due to
ineffective detoxification and excretion. The major challenge of ongoing and future research
will remain the identification of members of metabolic pathways that link aflatoxin toxicity
in swine, to the perturbations of cell metabolism and oxidative stress. Current methods
cannot completely remove aflatoxin metabolites from swine diets. Therefore, it is desirable
to prevent the contamination of feed by aflatoxins, which is achievable by using different
procedures, including feed storage in dry areas and improved management techniques, in
order to develop strategies that contribute to the detoxification or amelioration of aflatoxin-
induced effects in farm animals, in an efficient and cost-effective manner.
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Abstract: Aflatoxin B1 (AFB1) is a food contaminant metabolized mostly in the liver and leading to
hepatic damage. Livestock species are differently susceptible to AFB1, but the underlying mechanisms
of toxicity have not yet been fully investigated, especially in ruminants. Thus, the aim of the present
study was to better characterize the molecular mechanism by which AFB1 exerts hepatotoxicity
in cattle. The bovine fetal hepatocyte cell line (BFH12) was exposed for 48 h to three different
AFB1 concentrations (0.9 µM, 1.8 µM and 3.6 µM). Whole-transcriptomic changes were measured
by RNA-seq analysis, showing significant differences in the expression of genes mainly involved in
inflammatory response, oxidative stress, drug metabolism, apoptosis and cancer. As a confirmatory
step, post-translational investigations on genes of interest were implemented. Cell death associated
with necrosis rather than apoptosis events was noted. As far as the toxicity mechanism is concerned,
a molecular pathway linking inflammatory response and oxidative stress was postulated. Toll-
Like Receptor 2 (TLR2) activation, consequent to AFB1 exposure, triggers an intracellular signaling
cascade involving a kinase (p38β MAPK), which in turn allows the nuclear translocation of the
activator protein-1 (AP-1) and NF-κB, finally leading to the release of pro-inflammatory cytokines.
Furthermore, a p38β MAPK negative role in cytoprotective genes regulation was postulated. Overall,
our investigations improved the actual knowledge on the molecular effects of this worldwide relevant
natural toxin in cattle.

Keywords: aflatoxin B1; bovine; liver; RNA-seq; oxidative stress; inflammatory response; toll-like
receptor 2

Key Contribution: The present study provided new experimental evidence on the mechanistic toxi-
cology of AFB1 in cattle liver, highlighting the major role played by oxidative stress and inflammatory
processes in the exploitation of AFB1 hepatotoxicity.

1. Introduction

Aflatoxin B1 (AFB1) is a widespread mycotoxin produced by fungal species belonging
to Aspergillus family (i.e., A. flavus and A. parasiticus). AFB1 occurrence is reported in
several food and feed commodities, such as corn, wheat, peanuts, milk and eggs, posing
a great potential risk to human and animal health [1]. As a matter of fact, aflatoxins
(AFs) B1, B2, G1 and G2 represent a group of mycotoxins with hepatotoxic, genotoxic and
carcinogenic effects [2]. Along this line, the International Agency for Research on Cancer
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(IARC) classified AFs as carcinogenic to humans (Group 1) [3]. Among them, AFB1 is
considered as the most toxic AF, as well as one of the most potent liver carcinogen [4].
AFB1 contamination mainly affects agricultural crops from tropical and sub-tropical areas.
However, greenhouse emission, global warming and precipitations also favour the spread
of crop fungal infections in temperate regions. In this scenario, AFB1 crops contamination
will likely rise in the next years, thereby becoming increasingly important in the European
area [5,6].

The consumption of feed contaminated with AFB1 may affect health, as well as the
performance of farm animals. In non-ruminant species such as poultry, the exposure to
AFB1 negatively affects production traits like weight, egg production and hatchability [7–9].
In poultry and pigs, liver damage and immunosuppression were also reported, making
them more vulnerable to diseases [10]. In cattle, AFs negatively affect production traits
(e.g., milk, beef), growth and reproduction, as well as rumen metabolism [11,12].

AFB1 bioactivation and detoxification occur mostly in the liver by hepatic cytochrome
P450s (CYPs), which belong to the phase I metabolizing enzymes, and by glutathione
S-transferases (GSTs), a phase II family of conjugative enzymes, respectively [13]. In
humans as well as other animal species, AFB1 is bioactivated by the CYP1A and CYP3A4
isozymes, giving rise to metabolic derivatives such as AFB1-8,9-exo-epoxide (AFBO).
AFBO may form adducts with DNA, RNA and proteins, leading to toxicity, impairment of
transcriptional and translational processes, together with carcinogenesis initiation [14].

AFB1 may also be converted in other toxic metabolites, such as the hydroxylated
carcinogenic derivative Aflatoxin M1 (AFM1) and aflatoxicol (AFL), and relatively nontoxic
metabolites like aflatoxin P1 (AFP1), aflatoxin Q1 (AFQ1) and aflatoxin B2a (AFB2a) [15].
The amount and nature of AFB1 metabolites depend on the CYP isozymes involved, which
in turn differ among species, as well as to differences in concentration of hepatic GST
isozymes [16]. In this respect, cattle are known to be more susceptible than horses or
sheep [17,18]. Several aflatoxicosis outbreaks were reported in cattle, with consequent
significant economic losses [19]. AFB1 toxicity depends also on other factors, such as age,
duration and dose of exposure [20].

Given all the above-mentioned AFB1 adverse effects, it is undeniable that under-
standing the mechanistic toxicology of AFB1 in farm animals is a fundamental step in
contributing to the management of the associated risk. Whole-transcriptome analysis is
a powerful approach helping to reach this goal, providing a deeper look at the molecular
pathways involved in hepatic AFB1 response [21]. As far as we know, only few RNA
sequencing (RNA-seq) studies were conducted on livestock species. Specifically, in-vivo
studies on the liver of poultry (i.e., turkey, ducklings) exposed to AFB1 and showing
several hepatic disfunctions revealed the dysregulation of genes associated with drug
metabolism, carcinogenesis, apoptosis, cell cycle, lipid metabolism and oxidation-reduction
reactions [22,23].

Despite the cattle susceptibility to the toxic effects of AFB1, scarce information is
available on the molecular mechanism governing AFB1 hepatotoxicity in cattle.

Only recently we demonstrated the occurrence of great transcriptional perturbations
linked to inflammation, cellular damage and apoptosis pathways on a bovine fetal hepato-
cyte cell line (BFH12) exposed to 3.6 µM AFB1 [24]. Since this cell line is of fetal origin, thus
characterized by a different drug metabolizing gene expression pattern compared to the
adult one (e.g., weak CYP1A1 expression), we used 1 nM 3,3′,4,4′,5-pentachlorobiphenyl
(PCB126) to increase CYP1A1 mRNA expression. Indeed, despite PCB126 pretreatment
modulated the expression of a very low number of genes (n = 8), it affected both AFB1
metabolic pattern profile and the cytotoxicity rate [24].

In order to disclose AFB1 dose-dependent molecular effects without the influence of
PCB126 pre-treatment, in the present study BFH12 cells were exposed for 48 h to increasing
AFB1 sub-cytotoxic concentrations (i.e., 0.9 µM, 1.8 µM and 3.6 µM). Transcriptomic changes
were measured by RNA-seq analysis. Then, confirmatory post-translational investigations
on target proteins were executed. The expression of several genes related to inflammation
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and oxidative stress, together with cancer and drug metabolism, resulted dysregulated in a
dose-dependent manner by the mycotoxin. Moreover, we postulated a putative pathway
linking oxidative stress and inflammation in the response of cattle liver to AFB1 exposure.

Overall, the results obtained in the present study allowed a deeper characterization of
AFB1 mechanistic toxicology in cattle liver, highlighting signaling pathways that could be
promising targets in the treatment of aflatoxicosis.

2. Results
2.1. AFB1 Cytotoxicity

AFB1 cytotoxicity was estimated using two different metabolic assays, WST-1 and
the CellTiter-GloTM. Both tests showed a dose-dependent increase of AFB1 cytotoxicity
(Figure 1). In particular, the percentage of dead cells obtained with WST-1 assay was 20.90%,
39.63% and 67.21% for AFB1 0.9 µM, 1.8 µM and 3.6 µM, respectively. Conversely, CellTiter-
GloTM assay showed overall lower cytotoxicity values (20.72%, 35.66% and 49.18% for
AFB1 0.9 µM, 1.8 µM and 3.6 µM, respectively). The cytotoxicity obtained with the highest
concentration approximated the AFB1 IC50 estimated in our previous publication [24].
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Figure 1. Cytotoxicity evaluation of increasing AFB1 concentrations in BFH12 cells using WST-1 and
CellTiter-GloTM assays. Data are expressed as the mean percentage of dead cells relative to that of
cells exposed to the vehicle only (0.1%) DMSO) ±mean standard error (SEM).

2.2. LC-MS/MS Quantification of AFB1, AFM1 and AFL

BFH12 cells metabolized AFB1, as they released AFM1 and AFL into the cell medium.
Notably, the amount of such derivatives, as well as of AFB1, measured into the medium by
means of LC-MS/MS, increased following a dose-dependent manner (Table 1).

Table 1. Concentration (µM) of AFB1, AFM1 and AFL measured in the cell medium after 48 h of
incubation with increasing AFB1 concentrations (i.e., 0.9 µM, 1.8 µM and 3.6 µM). Data are expressed
as the mean concentration ± standard deviation (SD) of four independent cell culture experiments.

AFB1 (µM) AFM1 (µM) AFL (µM)

AFB1 0.9 µM 0.800 ± 0.037 0.002 ± 0.001 0.054 ± 0.004
AFB1 1.8 µM 1.170 ± 0.057 0.003 ± 0.001 0.074 ± 0.014
AFB1 3.6 µM 2.812 ± 0.183 0.006 ± 0.001 0.165 ± 0.020

2.3. Quantitation of Apoptosis and Necrosis by Annexin V and Propidium Iodide

For the assessment of the cell death induced by AFB1, Annexin V/propidium iodide
(PI) assay was used. The results obtained are shown in Figure 2. Overall, the cell death was
primarily associated to necrosis; in this respect, statistically significant differences (p < 0.001)
were obtained in all pair-wise comparisons between treated and control cells. Conversely,
no statistically significant differences were obtained considering apoptotic rates.
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measures for raw sequenced reads. After trimming, an average of about 24 million reads 

per sample were retained, with ~99% of reads mapping to the B. taurus reference genome. 

Figure 2. Assessment of apoptotic and necrotic cell rates by means of flow cytometry. (A) Scatter-
plots of BFH12 cells exposed to 0.1% DMSO only (CTRL) or to 3.6 µM AFB1. ANX = Annexin
V, PI = Propidium Iodide. Q1 and Q3 squares represent naked nuclei (negative to annexin V and
positive to PI) and alive cells (negative to both annexin V and PI), respectively. Q2 square reports
necrotic cells (positive to both annexin V and PI), and apoptotic cells are visible in Q4 square (positive
to annexin V and negative to PI). The image is representative of six biological replicates. (B) Data
are expressed as the mean ± SEM of six biological replicates (i.e., independent cell cultures), each
one analyzed in triplicate. Statistical analysis: one-way ANOVA followed by Bonferroni’s multiple
comparisons test; ***: p < 0.001, treated cells vs. control cells.

2.4. Differential Gene Expression Analysis

A total of 23,770,398 raw reads were obtained and deposited in GeneBank under the
BioProject accession number ID PRJNA847423. All samples passed quality control measures
for raw sequenced reads. After trimming, an average of about 24 million reads per sample
were retained, with ~99% of reads mapping to the B. taurus reference genome. Numbers
of raw reads passing the filters and reads mapping to the cow genome are provided in
Table S1. The plot MDS (Figure S1) provided an unsupervised clustering of samples. The
first dimension (x axis) clearly separated each experimental condition (i.e., CTRL, 0.9 µM
AFB1, 1.8 µM AFB1 and 3.6 µM AFB1). Transcriptional changes in response to each AFB1
concentration were assessed through pair-wise comparisons between control and treated
samples. In 0.9 µM AFB1-treated cells, a total of 986 DEGs was found, while 2309 and
4200 DEGs were highlighted in 1.8 µM AFB1- and 3.6 µM AFB1-treated cells, respectively
(Figure S2). The whole list of DEGs resulting from each comparison is reported in Table S2.
A Venn diagram was then constructed to visualize unique and shared DEGs after AFB1
treatments (Figure 3).
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Figure 3. Venn diagram reporting number and percentages of unique and in common DEGs among
the different AFB1 treatment conditions (i.e., 0.9 µM, 1.8 µM and 3.6 µM).

2.5. Functional and Gene Set Enrichment Analysis of DEGs

The functional Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was performed on DEGs modulated by AFB1 treatments. For each condition, the output of
the analysis was reported in a dotplot with an adjusted p-value, highlighting 11, 10 and 17
enriched pathways for 0.9 µM, 1.8 µM and 3.6 µM AFB1 treatments, respectively (Figure 4,
Table S3). Several pathways linked to inflammatory processes and immunity were found
to be significantly over-represented (e.g., “Cytokine-cytokine receptor interaction”, “TNF
signaling pathway” and “Complement and coagulation cascades”). Likewise, a number
of pathways associated with pathogens infections (e.g., “Viral protein interaction with
cytokine and cytokine receptor”, “Malaria”, “Staphylococcus aureus infection”, “Systemic
lupus erythematosus”, “Ameobiasis” and “African trypanosomiasis”) were enriched; they
were mainly represented by genes involved in inflammatory and immune response (e.g.,
interleukins, complement components, chemokines). Going deeper, several genes such as
the prostaglandin-endoperoxide synthase 2 (PTGS2/COX2), the interleukin 6 (IL6), the
CD40 and CD44 molecules, the toll-like receptor 2 (TLR2), the Fos proto-oncogene (FOS)
and p38 MAPK family member β (MAPK11/p38β) increased their mRNA expression in a
dose-dependent way as a consequence of the exposure. Conversely, the expression of few
genes, e.g., the complement factor H (CFH), the C-X-C motif chemokine ligand 9 (CXCL9),
10 (CXCL10) and 11 (CXCL11), as well as the interleukin 33 (IL33) displayed a strong
dose-related downregulation after AFB1 treatments.
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Figure 4. KEGG enrichment analysis of DEGs in 0.9 µM AFB1 (A), 1.8 µM AFB1 (B) and 3.6 µM AFB1
(C) treatments vs. control. Gene ratio is the percentage of DEGs over the total number of genes in a
given pathway. Count (dot size) represents the number of DEGs enriched in a certain pathway.
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The KEGG pathways related to drug metabolism (e.g., “Retinol metabolism” and
“Drug metabolism-cytochrome P450”) were also over-represented. Worthy of note, the
expression of several CYP family members resulted dysregulated by AFB1 treatment. More
specifically, CYP1A1 showed a dose-dependent increase in its mRNA expression, while
CYP2B6 gene expression resulted inhibited in a dose-dependent way. The aldehyde de-
hydrogenase 1 family members A1 (ALDH1A1) was also affected by AFB1, as its mRNA
levels decreased as a consequence of the mycotoxin concentration; the same effect was
observed for the UDP-glucuronosyltransferases family 1 member A1 (UGT1A1), the mi-
crosomal glutathione S-transferase 1 (MSGT1) and the flavin containing dimethylaniline
monoxygenase 2 (FMO2).

KEGG enrichment analysis pointed out also the terms “Chemical carcinogenesis—
DNA adducts”, “ECM-receptor interaction” and “Calcium signaling pathway”, which
are all related to carcinogenesis processes. The list of genes whose expression resulted
upregulated in parallel with the AFB1 concentration used includes, for example, lamin
subunit gamma 2 (LAMC2), thrombospondin 1 (THBS1), cartilage oligomeric matrix protein
(COMP), endothelin 1 (EDN1), secreted phosphoprotein 1 (PNS1) and neurotensin (NTS).
Conversely, few genes such as collagen type IV alpha 5 (COL4A5) and 6 (COL4A6) chains,
tenascin XB (TNXB), inositol 1,4,5-trisphosphate receptor type 2 (ITPR2) and calcium
voltage-gated channel subunit alpha1 E (CACNA1E) showed an opposite behavior.

As far as KEGG GSEA analysis is considered, 23, 28 and 34 gene sets (GSs) were
enriched in the cells incubated with 0.9 µM, 1.8 µM and 3.6 µM AFB1, respectively (Table
S4). GSs shared among all AFB1 treatments were consistent with those highlighted with
KEGG over-representation test. In fact, most pathways were related to inflammatory
response and response to stress conditions (i.e., “NF-kappa B signalling pathway”, “P53
signalling pathway”, “Cell cycle”, “Salmonella infection”, “Toxoplasmosis” and “Epstein-
Barr virus infection).

Additionally, the GS “Apoptosis” was reported. Looking deeply, the expression
of genes such as the TNF Receptor Superfamily Member 10A (TNFRSF10A) and 10B
(TNFRSF10A), together with the Growth Arrest and DNA Damage Inducible Alpha
(GADD45A) and the Cell Death Inducing DFFA Like Effector B (CIDEB), showed an up-
regulation which was AFB1 dose-dependent. Moreover, the mRNA expression of the TNF
Receptor Superfamily Member 10D (TNFRSF10D) and the Bcl-2-like protein 1 (BCL2L1)
resulted in dysregulation, being inhibited by increasing concentrations of AFB1.

The log fold change (LogFC) of each gene mentioned above was reported in Table S5.

2.6. Protein-Protein Interaction (PPI) Network

To investigate the molecular regulatory network of AFB1 at the protein level, the
output of STRING database derived from the analysis of the 947 DEGs shared among all
treatments (i.e., 0.9 µM AFB1, 1.8 µM AFB1 and 3.6 µM AFB1), was imported in Cytoscape
software. The PPI network consisted of 738 nodes and 2193 edges. The top ten hub
genes were implied in pathways related to inflammatory (IL6, CD44, PTGS2, FOS and the
Secreted Phosphoprotein 1-SPP1) and carcinogenesis (Cyclin D1-CCND1, EDN1, Androgen
Receptor-AR, G Protein Subunit Gamma 7-GNG7 and Connective tissue growth factor-
CTGF) processes. According to the MCODE algorithm, 35 clusters were detected, and the
module with the highest computed score (9.357) is shown in Figure 5. The KEGG pathway
enrichment analysis of the module showed that the proteins were mainly associated with
the inflammatory response (e.g., “TNF signaling pathway”, “Toll-like receptor signaling
pathway”, “IL-17 signaling pathways” and “NF-kappa B signaling pathway”) as well as
the carcinogenesis process (e.g., “PI3K-Akt signaling pathway”, “Pathways in cancer”,
“Proteoglycans in cancer” and “Bladder cancer”) (Figure S4).
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Figure 5. The most significant PPI module obtained with the analysis of the 947 DEGs in common
among the three treatment conditions.

2.7. Inflammatory Response Signaling Pathway

Since RNA-seq analysis and PPI network displayed a strong enrichment of pathways
related to inflammation, we decided to focus our attention on the inflammatory response
pathways. In our experimental conditions, we observed a dose-dependent significant
increase of TLR2 mRNA expression following AFB1 exposure (Figure 6A). Such an up-
regulation was confirmed also at the protein level using flow cytometry; in this respect,
the percentage of TLR2 positive cells doubled in treated cells at all AFB1 concentrations
(Figure 6B). Likewise, the MFI increased in a dose-dependent way in treated cells, showing
a statistically significant boost at the highest dose (i.e., 3.6 µM, Figure 6C,D).

In line with TLR2, p38β MAPK mRNA was significantly increased in a dose-dependent
manner (Figure 7A). Immunoblotting investigations confirmed this trend, showing a grad-
ual increase of p38β MAPK protein expression (both native and phosphorylated), which
was statistically significant (p < 0.05) at the highest AFB1 concentration only (Figure 7B–D).
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Figure 6. Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on TLR2 mRNA and
protein expression. (A) Gene expression data are reported as the mean ± SEM of logarithm of counts
per million (logCPM) relative to four biological replicates. (B) Cells positive (%) for TLR2 protein.
Data are expressed as the mean ± SEM of six biological replicates, each one tested in triplicate.
(C) Mean fluorescence intensity (MFI) of BFH12 cells exposed to 0.1% DMSO only (CTRL) and to
3.6 µM AFB1. The image is representative of six biological replicates. (D) Results of MFI analysis
are expressed as the mean ± SEM of six biological replicates, each one tested in triplicate. Statistical
analysis: one-way ANOVA followed by Bonferroni’s multiple comparisons test; **: p < 0.01 and
***: p < 0.001, treated cells vs. control cells.

Moreover, enrichment analysis, as well as proteins interaction network, revealed
the role of FOS in AFB1-mediated inflammatory induction (Figure S5A). Specifically, a
dose-dependent mRNA induction (p < 0.001) was observed for FOS itself but also for
other members of FOS family (i.e., FOSL1 and FOSB, Figure S5B,C), as well as for JUNB
(Figure S6). Similarly, the Nuclear Factor Kappa B Subunit 2 (NFKB2) and the RELB Proto-
Oncogene (RELB), two members of NF-κB family, exhibited a significant increase of mRNA
expression (p < 0.001) in accordance with the AFB1 dose (Figure S7A,B).

Among the top ten hub genes highlighted through the PPI network, IL6 displayed a
significant increase of mRNA expression after the treatment with all AFB1 concentrations
(Figure 8A). Likewise, AFB1-mediated induction of IL6 was confirmed at the protein level
by means of ELISA assay, even if the increase in IL6 amount was significant (p < 0.01) at
3.6 µM AFB1 only (Figure 8B).
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Figure 7. Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on p38β MAPK mRNA
and protein expression (native and phosphorylated). (A) Gene expression data are reported as the
mean ± SEM of logCPM relative to four biological replicates. (B) Immunoblotting of p38β and
phospho-p38, MAPK using β-actin as loading control. The image is representative of six biological
replicates. HepG2 and MCF7 cell lines were used as positive controls. (C,D) Densitometric analysis
of p38β (C) and phospho-p38 (D) MAPK immunoblottings; data are expressed in arbitrary units
(AU) as the mean ± SEM of six biological replicates. Statistical analysis: one-way ANOVA followed
by Bonferroni’s multiple comparisons test; *: p < 0.05, **: p < 0.01 and ***: p < 0.001, treated cells vs.
control cells.
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Figure 8. Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on IL6 mRNA and
protein expression. (A) Gene expression data are reported as the mean ± SEM of logCPM relative
to four biological replicates. (B) Amount of IL6 quantified by ELISA assay; data are expressed in
picogram (pg) per milligram (mg) of total protein of six biological replicates, each one tested in
duplicate. Statistical analysis: one-way ANOVA followed by Bonferroni’s multiple comparisons test;
**: p < 0.01 and ***: p < 0.001, treated cells vs. control cells.

2.8. Oxidative Stress Signaling Cascade

Looking carefully at the outcome of the transcriptomic analysis, we found out the
dysregulation of several genes related to oxidative stress response. Specifically, NQO1
(NAD(P)H Quinone Dehydrogenase 1) was significantly downregulated by AFB1 at all con-
centrations tested (p < 0.001, Figure 9A), and this inhibitory effect was dose-dependent. The
same behavior was confirmed at the post-translational level, as AFB1 significantly inhibited
NQO1 enzymatic activity starting from the lower concentration (p < 0.05, Figure 9B).
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Figure 9. Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on NQO1 mRNA
expression and catalytic activity. (A) Gene expression data are reported as the mean ± SEM of
logCPM relative to four biological replicates. (B) Catalytic activity is expressed as median optical
density (OD) per minute per mg of total protein ± SEM of four biological replicates, each one tested
in duplicate. Statistical analysis: one-way ANOVA followed by Bonferroni’s multiple comparisons
test; *: p < 0.05, **: p < 0.01 and ***: p < 0.001, treated cells vs. control cells.

The detoxification enzyme UGT1A1 was affected by AFB1, too, but merely at the
mRNA level (p < 0.001, Figure S8A–C), since immunoblotting data did not show any
difference among the different experimental conditions.

With respect to the transcriptional regulators of cytoprotective genes, the master regu-
lator NRF2 (Nuclear Factor Erythroid 2-Related Factor 2) was significantly deregulated by
1.8 and 3.6 µM AFB1 (p < 0.001, Figure 10A), while BACH1 (BTB and CNC homology 1),
opposed to NRF2, being a repressor of genes involved in the oxidative stress response, was
significantly up-regulated by 3.6 µM AFB1 only (p < 0.001, Figure 10B). Additionally, the
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MAFF (MAF BZIP Transcription Factors F), which is a basic region leucine zipper-type
transcription factor involved in the binding of NRF2 and BACH1 to DNA [25], showed
an increase of mRNA expression in accordance with the concentration used (p < 0.001,
Figure 11A), while the protein expression evaluated by immunoblotting analysis high-
lighted a trend only (Figure 11B,C).
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Figure 11. Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on MAFF mRNA and
protein expression. (A) Gene expression data are reported as the mean ± SEM of logCPM relative to
four biological replicates. (B) MAFF immunoblotting, using β-actin as loading control. The image is
representative of six biological replicates. HepG2 and MCF7 cell lines were used as positive controls.
(C) Densitometric analysis of MAFF immunoblottings; data are expressed in arbitrary units (AU)
as the mean ± SEM of six biological replicates. Statistical analysis: one-way ANOVA followed by
Bonferroni’s multiple comparisons test; ***: p < 0.001, treated cells vs. control cells.
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3. Discussion

So far, several studies investigated the molecular mechanism underneath AFB1 in-
duction of hepatocellular damage in human and rat hepatocytes [25–27]. As to food-
producing species, a fair amount of information about AFB1-mediated hepatotoxicity is
available [22,23]; however, very little is known about AFB1 mechanistic toxicology in
cattle liver. In the present study, the molecular mechanisms involved in the exploitation
of AFB1 hepatotoxicity have been characterized in BFH12 cells, thereby improving the
body of knowledge about the toxicological effects of this mycotoxin in this important farm
animal species.

3.1. AFB1 Biotranformation

The metabolite profiling of AFB1, and particularly the production of the two main
AFB1 derivatives AFM1 and AFL, was assessed in the cell medium after 48 h of incubation
with the mycotoxin (0.9 µM, 1.8 µM and 3.6 µM). The amount of AFB1 and its derivatives
increased proportionally to the AFB1 concentration used, thus proving BFH12 cells me-
tabolize the mycotoxin. Present results, at least in part, confirm those previously obtained
by [24]. Indeed, the amount of AFB1, AFM1 and AFL detected in BFH12 medium after 48 h
of exposure to 3.6 µM AFB1, were higher than those here obtained. Nevertheless, in the
former study cells had been pre-treated with a known CYP1A1 inducer (i.e., PCB126) to
boost the cellular response to AFB1. Thus, it is conceivable to assume that the observed
differences in the detectable concentrations of AFB1, AFM1 and AFL are attributable to the
use of the PCB126, which most likely increased the capability of BFH12 to metabolize AFB1.

3.2. AFB1 Cytotoxicity and Mechanism of Cell Death

As already mentioned above, the AFB1 exposure and the resulting hepatotoxicity
might substantially differ according to the species susceptibility, dose and time of ex-
posure [20]. Consequently, selecting the optimum mycotoxin concentration to assess
its in vitro toxic effects is quite challenging. The highest AFB1 concentration here used
(3.6 µM) was chosen in accordance to our previous study [24], and it approximated the
IC50 estimated in BFH12 cells after 48 h of incubation. Going further, a toxicokinetic study
in which purified AFB1 was orally administered to cattle (0.35 mg/kg of body weight),
reported a wide array of AF concentrations detected in tissues and plasma, with a maxi-
mum pick at 0.18 µM [28]. The lowest concentration tested in this study (i.e., 0.9 µM) is
higher than the one mentioned above. Surely, it would be interesting to use realistic AFB1
concentrations; however, treating cells with an amount of AFB1 slightly higher may help
to highlight the molecular mechanisms involved in the toxicity. Notably, the increasing
AFB1 concentrations chosen in the present study were in accordance to those selected in
previous cytotoxic experiments conducted in human and chicken hepatocytes, as well as in
similar transcriptomic studies aimed at unveiling AFB1 mechanism of toxicity in chicken
hepatocellular carcinoma (LMH) and HepG2 cell lines [29–33]. Overall, these data confirm
AFB1 is cytotoxic to bovine hepatocytes, as previously reported [24].

Concerning the mechanism of cell death, apoptosis is a programmed death by which
cells cease to grow and are phagocytized before undergoing membrane damage [34].
Conversely, necrosis is an uncontrolled mode of death by which cells reply to danger
signals, like pro-inflammatory molecules, releasing cellular constituents after membrane
rupture and leading to inflammation processes [35]. Previous studies on poultry species
fed on diet contaminated with AFB1 (0.3–0.6 mg AFB1/basal diet) reported that AFB1 is
likely to induce the hepatic programmed cell death [36–38]. In the present study, flow
cytometry analyses showed that BFH12 cells exposed to 0.9 µM, 1.8 µM and 3.6 µM
AFB1 exhibited a higher number of necrotic events compared to apoptotic ones. This
experimental evidence was confirmed by transcriptomic results as several pathways linked
to inflammation processes and apoptosis were enriched. Specifically, within apoptosis
pathway, both pro-apoptotic and anti-apoptotic genes were induced by AFB1. Further
details were reported below.
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3.3. AFB1 Effects on BFH12 Cell Transcriptome

Overall, the whole-transcriptomic results suggest us that AFB1 deeply affects cattle
hepatic transcriptome in a dose-dependent manner. This is clearly demonstrated by the
number of DEGs in AFB1-exposed cells compared to control ones. Indeed, the number
of DEGs increased in parallel with the AFB1 concentration. Notably, 947 DEGs (22%)
were shared by the three different AFB1 concentrations; this leads us to hypothesize
these genes represent a sort of core regulation mechanism of response to AFB1, which
does not depend on the mycotoxin concentration. However, 13 (0.3%), 65 (1.5%) and
1964 (45.7%) genes were found to be specifically and differentially regulated by 0.9 µM,
1.8 µM and 3.6 µM AFB1, respectively. This would be indicative of an increasing cell
responsiveness, with the involvement of specific genes, because of the use of increasing
AFB1 concentrations. We decided to focus on DEGs shared among all the AFB1 conditions
tested, with the goal of identifying a potential core molecular mechanism at the basis of
AFB1 hepatotoxicity promotion.

In such a way, the Functional and Gene Set Enrichment Analysis of DEGs showed that
most of the enriched pathways shared by all the AFB1 concentrations tested, and corre-
sponding to the majority of genes modulated by the lowest concentration, encompasses
genes associated with inflammation and immune responses. The output of PPI network
analysis corroborated this result, as the list of the top ten hub genes included transcripts
associated with inflammatory and immune response events. A further support of the main
role of inflammation in AFB1-mediated hepatotoxicity was highlighted by the enrichment
analysis of the protein interaction module, which resulted in several pathways linked to
inflammatory processes. Previous studies conducted on poultry, mice and pigs confirmed
the major role played by inflammation in AFB1 hepatotoxicity [39–41]. Thus, the effects of
AFB1 on the inflammatory response are extensively discussed in a dedicated subsection.

Genes involved in carcinogenesis were also significantly affected by AFB1, as demon-
strated by the KEGG enrichment and PPI network analysis. For instance, the pathway
“ECM-receptor interaction” was enriched, which confirms what was previously reported
in LMH cell line and turkey liver [32,42]. The extracellular matrix (ECM) consists of sev-
eral macromolecules and mineral which are essential in maintaining cell architecture and
functions; ECM proteins play a central role in this rearrangement by regulating complex
cellular processes [43,44]. Therefore, the dysregulation of genes coding for ECM proteins
may negatively affect cell network. Among them, laminins are crucial for cellular adhe-
sion, differentiation and proliferation [45]. In our study, the LAMC2, a component of the
laminin-332 protein, displayed an increased mRNA expression, which follows the AFB1
concentration used. This agrees with previous studies reporting an increased expression of
LAMC2 in several cancer, such as hepatocellular and stomach carcinoma, as well as in lung
cancer [46]. Another important ECM-structure glycoprotein whose mRNA level decreased
after the treatment with the mycotoxin was the TNXB, an adhesion-modulatory ECM
protein playing a crucial role in the cell structure organization [47]. Under pathological
conditions, TNXB transcript dramatically decreased in most cancers, including hepatocel-
lular carcinoma, thus corroborating our result [48]. Moreover, the gene expression of two
collagenases, the COL4A5 and COL4A6, which are major components of the basement
membrane [49] resulted dysregulated in the present study. Specifically, a decreased expres-
sion was observed, suggesting the disruption of the cell shape during cancer progression,
as reported in previous studies [50,51]. AFB1 exposure also increased the expression of
EDN1 in a dose-dependent way. EDN1 protein was also reported in the list of the top-
ten hub genes deriving from the PPI network analysis, highlighting its important role in
carcinogenesis process. The imbalance expression of EDN1 in cancer development is a
well-known event. Indeed, EDN1 is a growth factor playing a critical role in tumorigenesis;
it is frequently secreted in several tumors, such as liver, breast and colorectal cancers, in
which enhances tumor growth by promoting angiogenesis [52–56].

The “Calcium signaling pathway” was another pathway which resulted significantly
enriched in our study. The role of calcium in numerous cell processes, including cell
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proliferation, differentiation and even apoptosis, is well documented [57–59]. Consequently,
the regulation of calcium channels may have a critical role in all the above listed cell
functions. In our study, AFB1 reduced in a dose-dependent way the gene expression
of the CACNAE1, a voltage-gated calcium channel (VGCC). It has been reported that a
high expression of calcium channels is correlated with a reduction in cell proliferation
capabilities [60]. Conversely, the downregulation of VGCC family genes, including the
CACNAE1, is associated with the development and progression of several cancers [61].

It has been previously described that in human hepatoma cell lines AFB1 caused an im-
balance between ROS production and antioxidant defense system, resulting into mitochon-
drial injury and finally into apoptosis [62,63]. In our study, KEGG GSEA analysis reported
the over-representation of the “Apoptosis” term, which embraced both pro-apoptotic and
anti-apoptotic genes. In poultry, the mycotoxin leaded to the overexpression of several
hepatic death receptors, thus determining the induction of pro-apoptotic genes [36,37].
In our study, the death receptor genes TNFRSF10A and TNFRSF10B resulted in being
upregulated in a dose-dependent way, following the exposure to AFB1. The upregulation
of death receptor as a consequence of AFB1 exposure was previously reported also in
pigs exposed to AFB1 in feed [42]. Moreover, our experiment highlighted an increase of
expression of pro-apoptotic genes like GADD45A and CIDEB. The upregulation of such
pro-apoptotic genes following the exposure to AFB1 was reported also in HepG2 and
HepaRG cell lines, as well as in rat liver [64,65]. At the same time, our transcriptional
results highlighted the upregulation of genes associated with anti-apoptotic functions like
BCL2L1, a common anti-apoptotic protein that promotes cell survival, and TNFRSF10D,
which plays an inhibitory role in TRAIL-induced cell apoptosis [66,67]. This last result
would explain the outputs of flow cytometry investigations and the prevalence of necrotic
events rather than apoptotic ones. Interestingly, the upregulation of BCL2L1 after AFB1
exposure was also observed in pig liver [42].

DEGs functional analysis found out, as expected, the enrichment of pathways asso-
ciated with drug metabolism, too. As mentioned above, the CYP family plays a pivotal
role in hepatic AFB1 biotransformation, and CYP1A and CYP3A subfamilies seemed to be
those mostly involved. Moreover, it has been hypothesized that AFB1 might be a substrate
for CYP2B6 in human [68,69]. In our study, CYP1A1 mRNA was significantly modulated
by the treatment, as its expression increased in a dose-dependent way. Such a result is
partially in contrast with previously published data. Indeed, in primary rabbit hepatocytes
the mycotoxin inhibited CYP1A1 mRNA [70], while the inductive effect observed in the
present study was reported also in primary human hepatocytes, in a rat hepatoma cell
line, as well as in vivo in the liver of ducks fed with an AFB1-contaminated diet [71,72].
Our study also highlighted a strong dose-dependent decrease of CYP2B6 gene expression.
By contrast, primary human hepatocytes exposed to AFB1 showed the overexpression of
CYP2B6 gene [72]. Albeit contradictory, the observed gene dose-dependent downregula-
tion could suggest that AFB1 is also a substrate of bovine CYP2B6, but such a hypothesis
needs to be confirmed. Overall, in the present study a number of detoxifying enzymes
was significantly inhibited by AFB1 in a dose-dependent manner. Among them there is
ALDH1A1; besides its role in retinoic acid production, an involvement in the detoxification
of lipid-derived toxic aldehydes, as well as in the metabolism of oxidative species, was
previously described in rat liver [64,73]. Another important enzyme inhibited by AFB1 was
MGST1, a membrane-bound enzyme displaying both conjugation and glutathione perox-
idase functions, thus participating in the protection of cells against oxidative stress [74].
In mouse, rat and dog, MGST1 gene is expressed to a large extent in the liver; several en-
dogenous and exogenous molecules may be substrate of this enzyme, including carcinogen
drugs and products deriving from lipid peroxidation [75,76]. UGT1A1 gene encodes for an
enzyme playing a major role in cellular protection. It is involved in the glucuronidation of
both endogenous compounds and xenobiotics (e.g., dietary substances, hormones, envi-
ronmental compounds and drugs) in more hydrophilic derivatives, thus facilitating the
excretion with the urine and the bile [77]. Although UGT1A1 gene expression is not affected
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by AFB1 treatment in HepG2 and bovine mammary epithelial (BME) cell lines and in rat
liver [78–80], in our study a strong decrease of UGT1A1 mRNA level was instead observed,
suggestive of a peculiar response of cattle liver cells to AFB1 induction of oxidative stress.
Interestingly, the expression of the abovementioned cytoprotective genes is regulated by
NRF2 [81], a master regulator of the antioxidant response, whose mRNA expression was
strongly decreased in the present study. Since oxidative stress has an outstanding role in
hepatic initiation and progression of AFB1-induced toxicity, this pathway is discussed in
depth below.

3.3.1. AFB1-Mediated Induction of Inflammatory Response

To counteract the broad range of toxic and non-toxic insults occurring during life,
mammalian species have evolved a network of complex defense mechanisms in which
inflammatory response is a tightly controlled cellular process in response to harmful ex-
ogenous and endogenous stimuli [82]. TLRs are a family of pattern recognition receptors
(PRRs) playing a pivotal role in innate immune response, as they enhance the inflammatory
response by increasing cytokines production [83,84]. TLRs recognize a broad range of
exogenous and endogenous ligands, including the pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs) [83]. DAMPs are protein
or non-protein molecules released by damaged and dying cells, even in the absence of
pathogens [85]. Interestingly, danger signals deriving from oxidative stress and lipid
peroxidation also seem to activate TLRs, triggering pro-inflammatory cytokines produc-
tion [86,87]. Previous studies reported the involvement of the TLR family in the modulation
of inflammatory and immune responses following AFB1 exposure in human and bovine
species, as well as in chicken liver [88–91]. Moreover, in mice fed with a diet supplemented
with AFB1, the mRNA levels of TLR2 in the liver increased, thus suggesting a possible role
of TLR2 in mediating AFB1-stimulated inflammatory responses [41].

In the present study, a strong upregulation of TLR2 gene was noticed in BFH12 cells
exposed to AFB1; hence, we speculate TLR2 could play a central role in AFB1-induced
inflammatory response. Furthermore, this upregulation was also confirmed at the protein
level by flow cytometry. Thus, it is conceivable to hypothesize that signalling proteins
from dying cells, together with danger signals deriving from AFB1-induced oxidative
stress, might activate the TLR2 cascade. In particular, the signal transduction through the
activation of p38 MAPK family seems to be involved in the development of inflammation.
Indeed, once activated, TLRs trigger an intracellular signaling cascade with the involve-
ment of the p38 MAPKs, resulting in the nuclear translocation of certain transcription
factors such as AP-1 and NF-κB and the consequent release of pro-inflammatory cytokines
and chemokines [92,93]. Notably, an in-vivo experiment made in piglets confirmed the
involvement of p38 MAPKs, AP-1 and NF-κB transcription factors in AFB1-induced liver
injury [39]. NF-κB gene expression also resulted in being upregulated in the liver of chick-
ens exposed to AFB1 through the feed [90]. In the present study, three members of the p38
MAPK family, as well as AP-1 and NF-κB transcription factors, were upregulated by AFB1.
Then, we hypothesize AFB1 might induce the expression of pro-inflammatory cytokines
in cattle liver through the involvement of the p38 MAPK pathway. In particular, the p38β
gene was strongly induced in a concentration-dependent way. It is worth noting that such
evidence was also confirmed at the protein level.

Additionally, in our study we observed a significant and concentration-dependent
upregulation of IL6, both at the mRNA and protein level. In this respect, members of the
interleukin family of pro-inflammatory cytokines have been proven to be involved in a
wide array of cellular processes, including proliferation and differentiation [94]. Our results
agreed with those previously published in broilers and pigs fed with a diet containing
AFB1, and showing hepatic IL6 mRNA induction [39,40]. Interestingly, inflammatory
cytokines are key players in CYP regulation, expression, and ultimately, catalytic activ-
ity [95]; specifically, IL6 has been shown to inhibit CYP2B6 [96–98]. As a matter of fact, in
our experimental conditions we observed a strong and dose-dependent inhibition of the
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CYP2B6 gene (Figure S8A). Intriguingly, this result is in contrast with those observed in
human hepatocytes exposed to AFB1, in which CYP2B6 gene was upregulated in a dose-
dependent manner [72]. Therefore, it would be conceivable to hypothesize the presence of
species-specific mechanisms of gene regulation activated by AFB1. Nevertheless, at protein
level neither CYP2B6 expression nor catalytic activity corroborated RNA-seq results (Figure
S8B–D), maybe suggesting the presence of post-translational (e.g., protein stabilization)
mechanisms of gene regulation.

3.3.2. AFB1-Mediated Induction of Oxidative Stress

In liver, AFB1-induction of hepatotoxicity is intimately linked to the ability of this
mycotoxin in generating reactive oxygen species (ROS), thereby causing oxidative stress,
which in turn triggers oxidative DNA damage and lipid peroxidation of membrane phos-
pholipids [99,100]. ROS production is a common phenomenon in cells, which is normally
counterbalanced by physiological defence mechanisms [11,12]. In this regard, NRF2 plays
a critical role in the maintenance of cellular redox homeostasis by regulating a plethora of
genes playing crucial role in cellular defence [101]. Hence, NRF2 activation by oxidative
stress results in transcriptional induction of a battery of cytoprotective genes, such as
proteins involved in the cellular antioxidant machinery (e.g., catalase—CAT, glutathione
peroxidase—GPX and superoxide dismutase—SOD), as well as proteins involved in xeno-
biotic detoxification (e.g., NQO1, UGT, GST and ALDH) [12–15,81,102]. Specifically, under
unstressed condition, NRF2 is associated to Kelch-like ECH-associated protein 1 (KEAP1),
which leads to NRF2 ubiquitination and consequently to its proteasomal degradation. In
presence of oxidative stress stimuli, the negative regulator KEAP1 is arrested, and NRF2
translocates into the nucleus where it forms a heterodimer with the sMAF [103].

This heterodimer can bind to the Maf (musculoaponeurotic fibrosarcoma) protein
recognition element (MARE), leading to transactivation of cytoprotective genes [84]. An-
other important transcription factor involved in oxidative stress response is BACH1, which
competes with NRF2 for binding to MARE. Notably, once BACH1-sMAF heterodimer is
formed, the interaction with MARE inhibits the transcription of many oxidative stress-
response genes, thus acting as a transcriptional repressor [104]. Besides heterodimers with
NRF2 and BACH1, sMAF can form homodimers, acting as transcriptional repressor of
antioxidant genes transcription [105].

In-vivo studies conducted on rat liver reported that AFB1 can impair the fine-tuning
defence mechanism by inhibiting the NRF2 protein, enhancing the production of free
radicals and lipid peroxides, thereby causing hepatocellular damage [25,106]. In line
with these findings, the downregulation of NRF2 and downstream cytoprotective genes
was shown also in broilers fed with AFB1-contaminated diet [107]. Moreover, an in-vivo
study conducted on mice orally administrated with AFB1 showed a significant decrease of
NRF2 as well as of antioxidant-related genes expression in the liver [108]. The same NRF2
downregulation pattern was shown, both at the mRNA and protein level, in the ileum of
ducks fed on an AFB1-contaminated diet [109]. Likewise, we previously reported [24] and
we confirmed in the present study the inhibition of NRF2 mRNA expression in bovine
hepatocytes incubated with AFB1. Consistently with these findings, in the present study
NRF2 mRNA was inhibited by AFB1. Interestingly, in the present study, KEAP1 did not
show any significant modulation; this allows us to hypothesize an alternative mechanism
of NRF2 regulation, possibly KEAP1-independent (e.g., protein kinase phosphorylation
cascade, interaction with other proteins), which needs to be further investigated.

Unlike NRF2, in the present study, BACH1 gene expression was upregulated. As with
sMAF, we noticed that MAFF was induced by AFB1 both at the mRNA and protein level.
Overall, these findings suggest a transcriptional inhibition of cytoprotective genes as a
result of AFB1 exposure. In this respect, looking at the RNA-seq output, we noticed the
downregulation of several cytoprotective genes whose expression is regulated by NRF2.
Among them, there is NQO1, a FAD-dependent flavoprotein involved in two-electron
reduction of quinone to hydroquinone, thus avoiding the formation of semiquinones
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and ROS [110]. We measured the antioxidant capacity of this enzyme, and observed a
concentration-dependent inhibition of the catalytic activity, confirming the NQO1 inhibition
noticed at the protein level. Another important cytoprotective gene whose expression
resulted downregulated in a dose-dependent way was the ALDH1A1. Furthermore, p38
MAPKs, in addition to the role in the inflammatory response, seem to also be involved
in the antioxidant and cytoprotective responses. In particular, they act as repressors of
genes directly involved in the oxidative stress response, whose expression is regulated
by NRF2 [111,112]. As an example, it has been reported that UGT1A1 promoter contains
one functional ARE that is responsible for the NRF2-dependent induction [112]. In our
study, UGT1A1 mRNA expression appeared to be downregulated by AFB1 exposure in a
concentration-dependent manner. Similar to CYP2B6, no significant differences in UGT1A1
protein amount were obtained in AFB1-exposed cells; this evidence could be suggestive
of a protein stabilization mechanism counteracting UGT1A1 mRNA level decrease. It is
also conceivable to suppose a contribution of p38 MAPK pathway in the downregulation
of cytoprotective genes, leading to an increase of oxidative stress events.

Figure 12 graphically described the putative connection between inflammation and
oxidative stress pathways induced by AFB1 exposure in BFH12 cells, highlighting the
central role of TLR2 in hepatotoxicity induction.
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stress, as well as the DAMP, lead to TLR2 activation which triggers a downstream signaling cascade
with the involvement of p38β MAPK. In turn, p38β MAPK allows the nuclear translocation of AP-1
and NF-kB transcription factors, thus leading the release of IL6 pro-inflammatory cytokine. In addi-
tion, p38β MAPK induction negatively regulates the expression of NRF2-dependent cytoprotective
genes (e.g., NQO1, UGT1A1 and ALDH1A1), while IL6 inhibited CYP2B6 mRNA expression.
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4. Conclusions

Following the need to increase our knowledge on molecular mechanisms underlying
AFB1 hepatotoxicity in cattle, the fetal bovine hepatocytes cell line (BFH12) was exposed
to increasing AFB1 concentrations (i.e., 0.9 µM, 1.8 µM and 3.6 µM), and then whole-
transcriptomic analysis and post-translational confirmatory assays were implemented.
AFB1, biotransformed by BFH12 cells, induced cell death via necrosis rather than apoptosis,
and deeply affected cattle transcriptome in a dose-dependent manner, as the number of
DEGs increased according to AFB1 concentration used. Specifically, the 22% of DEGs was
shared among all the three AFB1 concentrations, suggesting a core molecular mechanism,
independent from the dose used. Several pathways were affected by AFB1 (e.g., cancer,
apoptosis and drug metabolism), including inflammation and oxidative stress. Based on
transcriptomic data and post-translation investigations, a putative molecular signaling
pathway linking AFB1 to oxidative stress and inflammation response events was proposed.
Specifically, TLR2 activation seems to play a central role in AFB1-mediated exploitation of
hepatotoxicity by triggering an intracellular signaling cascade, which in turn promotes a
pro-inflammatory response. Overall, the present study contributes to gain new insights
into the mechanistic toxicology of AFB1 in bovine liver.

5. Materials and Methods
5.1. Chemicals and Reagents

AFB1 (from A. flavus; CAS Number 1162-65-8), dimethyl sulfoxide (DMSO), dex-
amethasone, insulin from bovine pancreas and trypan blue solution were obtained from
Sigma-Aldrich (St. Louis, MO, USA). AFB1 (purity 99.9%) and AFM1 (purity 99.1%) was
purchased from Lab Service Analytica (Bologna, Italy). AFL (purity 98%) and 13C17-AFB1
(purity 98%) were obtained from DBA Italia (Milano, Italy) and Orsell (Modena, Italy),
respectively. The WST-1 Cell Proliferation Reagent was from Roche (Basel, Switzerland),
whereas P450-Glo™ CYP2B6 and CellTiter-Glo® Luminescent Cell Viability Assay kits
were from Promega Corporation (Madison, WI, USA). The RNeasy Mini kit was from
Qiagen (Hilden, Germany). The Bovine IL6 Elisa kit (MBS733925) was purchased from
MyBioSource (San Diego, CA, USA). NQO1 Activity Assay kit (ab184867) and rabbit anti-
CYP2B6 (ab69652) were from Abcam (Cambridge, UK). The rabbit anti-rat/mouse/human
UGT1A1 (AB10339) was from Sigma-Aldrich (St. Louis, MO, USA). The mouse anti-human
p38β MAPK11 (F-3; sc-390984) and rabbit anti-human p-p38 MAPK (E-1; sc-166182) were
obtained from Santa Cruz Biotechnology (Dallas, TX, USA). The rabbit anti-human MAFF
(PA5-85462), Annexin V-FITC Apoptosis Detection Kit (BMS500FI), the Accutase Enzyme
Cell Detachment Medium (00-4555-56) and the BCA assay kit were purchased from Invitro-
gen, Life Technologies (Carlsbad, CA, USA). The rabbit anti-beta actin (ACTB, GTX109639)
and the goat anti-mouse IgG (GTX213111-01) were from GeneTex (Irvine, CA, USA). The
human anti-bovine CD282:FITC (AbD12542) and HuCAL Fab-dHLX-MH Negative Con-
trol antibody (AbD04652) were purchased from Bio-Rad (Hercules, CA, USA). Analytical
standards of AFB1, AFL, AFM1 and AFB2 were purchased from DBA Italia (Milano, Italy).
All solvents used for analysis were of LC–MS grade: acetonitrile and formic acid were from
Sigma Aldrich (Milano, Italy), ultrapure water was freshly produced in-house (Millipore,
Milano, Italy).

5.2. Cell Culture

The bovine SV40 large T-antigen-transduced fetal hepatocyte-derived cell line
(BFH12) [113] was provided by Dr. Axel Schoeniger (Institute of Biochemistry, University
of Leipzig, Leipzig, Germany). Conditions of cell line maintenance have already been
reported in [24].

5.3. AFB1 Cytotoxicity

Cells were seeded in 96-well flat-bottom plates at a density of 6 × 103 cells/well, and
were exposed for 48 h to three AFB1 concentrations (0.9 µM, 1.8 µM and 3.6 µM) dissolved
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in 0.1% DMSO as a vehicle. Cells exposed to 0.1% DMSO were used as control. AFB1
concentrations were selected based on the dose-response curve defined in our previous
study [24]; specifically, the chosen AFB1 concentrations were sub-cytotoxic and below
the IC50 (the mycotoxin concentration inhibiting cell viability by 50%). At the end of
the incubation time, BFH12 viability was determined using the WST-1 Cell Proliferation
Reagent and CellTiter-GloTM cell viability assay kit, following manufacturers’ instructions.
Four and six independent cell cultures (i.e., biological replicates) per experimental group
were performed, respectively. Each concentration was tested in sextuplicate.

5.4. Cells Incubation for Gene Expression Analysis, Post-Translational and Analytical Investigations

To evaluate the effects of increasing AFB1 concentrations on the whole BFH12 tran-
scriptome, cells were seeded on 6-well culture plates at a density of 5 × 104 cells/well
and exposed to the abovementioned AFB1 concentrations, or the vehicle only, for 48 h, as
reported in Section 5.3. At the end of the incubation time, the medium was collected and
stored at −80 ◦C for analytical investigations, while cells were washed with 1X PBS/EDTA,
re-suspended in 600 µL of RLT buffer (Qiagen) containing 6 µL of β-mercaptoethanol,
vortexed and stored at −80 ◦C until use. Four independent experiments were executed.

For the evaluation of apoptosis and necrosis phenomena, as well as to isolate proteins
for downstream analyses (i.e., immunoblotting, ELISA, flow cytometry), cells were seeded
in Petri dishes (90 mm diameter) at a density of 3 × 105 cells/Petri dish, and exposed
either to AFB1 or DMSO following the same experimental protocol described above. Six
independent experiments were executed.

5.5. LC-MS/MS Quantification of AFB1, AFM1 and AFL

The amount of AFB1 and its metabolites (AFM1 and AFL) was measured in the
medium of all experimental conditions by LC-MS/MS. Samples were thawed at room
temperature, mixed by vortexing for 30 s, and centrifuged at 15,000× g for 10 min. Twelve
µL of the supernatant was mixed with 1.5 mL of a 0.1% formic acid in water:acetonitrile
85:15 (v/v) solution, also containing the internal standard AFB2, and then 5 µL was injected
in the system. The LC was a Waters Acquity UPLC binary pump, equipped with an Acquity
BEH C18 (50 × 2.1 mm, 1.7 µm) reversed-phase column, kept at 40 ◦C (Waters, Milford,
MA, USA). Chromatographic separation was obtained in a 4 min run under programmed
conditions, with a variable mixture of 0.1% formic acid in water and acetonitrile flow-
ing at 0.3 mL/min. The detector was a Waters Xevo TQ-S Micro triple quadrupole mass
spectrometer (Waters, Milford, MA, USA), operating in positive electrospray ionization
(ESI+) with 3.0 kV capillary voltage. Source temperature was 150 ◦C and desolvation
temperature was 600 ◦C; desolvation and cone gas flow were 900 and 50 L/h, respec-
tively. For each analyte, the following specific transitions (with relative Cone Voltage and
Collision Energy values) were monitored: 313.17 > 241.12 m/z (CV 80 V; CE 34 eV) and
313.17 > 284.90 m/z (CV 80 V; CE 20 eV) for AFB1; 329.17 > 273.08 m/z (CV 70 V; CE 24 eV)
and 329.17 > 229.11 m/z (CV 70 V; CE 38 eV) for AFM1; 297.15 > 141.04 m/z (CV 78 V; CE
48 eV) and 297.15 > 115.01 m/z (CV 78 V; CE 50 eV) for AFL; 315.13 > 259.03 m/z (CV 70 V;
CE 26 eV) and 315.13 > 287.06 m/z (CV 70 V; CE 24 eV) for AFB2. Data acquisition and
analysis was carried out with MassLynx 4.2 software (Waters, Milford, MA, USA).

5.6. Total RNA Extraction and RNA-seq Analysis

Total RNA was isolated using RNeasy Mini kit following the manufacturer’s in-
structions. Subsequently, the quali-quantitative evaluation of total RNA was performed as
described elsewhere [24]. For each experimental condition (i.e., CTRL, 0.9 µM AFB1, 1.8 µM
AFB1 and 3.6 µM AFB1), four independent biological replicates were considered. Library
construction and sequencing with NextSeq 500 system were performed at Centro di Ricerca
Interdipartimentale per le Biotecnologie Innovative (CRIBI; University of Padova). Reads
processing (i.e., quality check, trimming, filtering out and mapping against Bos taururs
reference genome) was performed, as previously described [24]. Differential expression
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analysis was handled in EdgeR [114] on samples grouped in accordance with the treatment
condition. Pair-wise comparisons between each treatment condition and the control were
carried out to highlight transcriptional changes induced by increasing concentration of
AFB1 (i.e., 0.9 µM AFB1 vs. CTRL, 1.8 µM AFB1 vs. CTRL, 3.6 µM AFB1 vs. CTRL), setting
FDR at <0.05. ClusterProfiler package [115] was then implemented in R environment to
functionally interpret significant differentially expressed genes (DEGs) through KEGG over-
representation test and KEGG Gene Set Enrichment Analysis (GSEA) [116], as described
in [117]. Expression of genes of interest was reported as logarithm of counts per million
(logCPM), with a p-value threshold set at ≤0.05.

5.7. PPI Network Analysis

PPI network of the 947 DEGs shared among all treatments (i.e., 0.9 µM AFB1, 1.8 µM
AFB1, 3.6 µM AFB1) was constructed using the online database Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) with default parameters (https://string-db.org/
cgi/input.pl, accessed on 5 June 2021). To better visualize the PPI network, the output data
were then imported in Cytoscape software (version 3.8.2; https://cytoscape.org/, accessed
on 5 June 2021) setting Degree Filter > 10. The Cytoscape plug-in Molecular Complex
Detection (MCODE) was implemented to detect modules with the following parameters:
Degree cutoff = 10, Node Score Cutoff = 0.2 and K-Core = 2. KEGG over-representation test
was then implemented on genes belonging to the module with the highest score.

5.8. Flow Cytometry

The rate of necrosis and apoptosis induced by AFB1, as well as the protein expression of
TLR2, were determined by flow cytometry. Six independent experiments (six independent
cell cultures) were executed and each biological replicate (i.e., CTRL, 0.9 µM AFB1, 1.8 µM
AFB1 and 3.6 µM AFB1) was analyzed in triplicate. After 48 h of incubation with the
mycotoxin, cells were detached using Accutase and centrifuged at 1100 rpm for 10 min at
4 ◦C. Then, for the assessment of necrosis and apoptosis, the Annexin V-FITC Apoptosis
Detection Kit was used following the manufacturer’s instruction. Necrotic cells were
positive for both Annexin-V FITC and PI, while apoptotic cells were positive for Annexin-V
FITC only.

For TLR2 protein quantification, 500,000 cells were harvested and resuspended in
500 µL of RPMI 1640 medium containing sodium azide and FBS, to reach a concentration of
1000 cells/µL. Cells (50,000/tube) were incubated for 1 h at 4 ◦C with the human anti-bovine
TLR2 monoclonal antibody (dilution 1:100) and resuspended in 900 µL of PBS for data
acquisition. In both cases, CyFlow Space flow cytometer (Partec-System, Sysmex Europe
GmbH, Norderstedt-Amburgo, Germany) was used and data were analyzed with FloMax
software (version 2.82). For each replicate, 20,000 events were acquired. The morphology
and the complexity of cells were evaluated in forward scatter (FSC) and side scatter (SSC),
while TLR2-positive cells were identified on fluorescence channel 5 versus FSC.

5.9. Protein Isolation and Immunoblotting

After collection of the culture medium, monolayers were washed with the lysis buffer
(TrisHCl 20 mM, pH 7.4) and scraped off with 500µL of the same buffer. The cell suspension
was then subjected to repeated freeze–thaw cycles in liquid nitrogen and in a water bath
(37 ◦C), respectively. The cell debris was removed by centrifugation at 12,000× g for
10 min (4 ◦C), and the supernatant was collected. Protein content was quantified using
the BCA assay kit following the manufacturer’s instructions. Fifteen µg of total proteins
were separated on NuPAGE® Novex® 4–12% Bis–Tris Gels by using the XCell SureLock™
Mini-Cell electrophoresis system (Invitrogen, Eugene, OR, USA), and then transferred
onto nitrocellulose filters as previously described [118]. Two human positive controls
(proteins isolated from HepG2 and MCF7 human cell lines) were loaded on each minigel.
Membranes were incubated with anti-ACTB (1:6000 final concentration, 2 h), p38β MAPK11
and p-p38 MAPK (1:1000, overnight), CYP2B6 (1:500, overnight), MAFF (1:1000, overnight)
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and UGT1A1 (1:2000, overnight) primary antibodies, then with horseradish peroxidase-
conjugated goat anti-rabbit (1:6000, 1.5 h, for ACTB, CYP2B6, MAFF, UGT1A1) or anti-
mouse XX (1:1000, 1.5 h, for p38β MAPK11 and p-p38 MAPK) IgG. The specific proteins
were detected by using SuperSignal® West Pico chemiluminescence substrate (Pierce,
Life Technologies, Foster City, CA, USA) according to the manufacturer’s instructions.
Immunopositive bands were captured by the iBright Imaging Systems (iBright FL1500,
Thermo Fisher Scientific, Waltham, MA, USA) and their Integrated Optical Density (IOD)
was acquired by means of ImageJ 1.44p image analysis software. For the semi-quantification
analysis, IOD of each sample was firstly normalized to the IOD of the loading control
(ACTB), and then to the IOD of the positive control (MCF7 proteins for p38 β and p-p38,
HepG2 proteins for CYP2B6, MAFF and UGT1A1).

5.10. Interleukin 6 Detection by ELISA

IL6 was quantified using the competitive Bovine IL6 Elisa kit, following manufac-
turer’s instructions. Each experimental condition (i.e., CTRL, 0.9 µM AFB1, 1.8 µM AFB1
and 3.6 µM AFB1) was analyzed in duplicate. The optical density (O.D.) was measured
spectrophotometrically at 450 nm in a Multiskan Go multiwell plate reader (Thermo Fisher
Scientific, Waltham, MA, USA).

5.11. CYP2B6 and NQO1 Enzymatic Activity

The catalytic activity of two enzymes significantly modulated at the mRNA level by
AFB1, i.e., NQO1 and CYP2B6, was evaluated. For each experimental condition (i.e., CTRL,
0.9 µM AFB1, 1.8 µM AFB1 and 3.6 µM AFB1), six independent biological replicates were
available and each of them was tested in duplicate (NQO1) or in sextuplicate (CYP2B6).
NQO1 catalytic activity was measured as previously reported [117,119], while CYP2B6
enzymatic activity was measured using the P450-Glo™ CYP2B6 luminescent assay kit
and VICTOR™X4 Multilabel Plate Reader (Perkin Elmer, Waltham, MA, USA). In both
cases, the instructions provided by the manufacturer were followed. The luminescence was
expressed in relative luminescence units (RLU) as the luminescence units normalized to
the number of metabolically active cells obtained with CellTiter-GloTM cell viability assay
kit (Section 5.3).

5.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (version 8.0.2,
San Diego, CA, USA). One-way ANOVA followed by Bonferroni’s multiple comparisons
test was used for the analysis of gene expression, enzymatic activity, ELISA and im-
munoblotting output data. For the assessment of apoptotic and necrotic cell rate, one-way
ANOVA with Dunnett’s multiple comparisons test was implemented. A value of p < 0.05
was considered significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14070504/s1, Table S1: Results of RNA sequencing, filtering
and mapping; Table S2: list of DEGs for each treatment; Table S3: Over-representation analysis (KEGG
pathways); Table S4: Gene Set Enrichment Analysis (KEGG pathways); Table S5: Log fold change
(logFC) for each gene of interest; Figure S1: MDS plot; Figure S2: Number of DEGs between each
AFB1 treatment (i.e., 0.9 µM, 1.8 µM, 3.6 µM) vs. control; Figure S3: KEGG enrichment analysis of
the top PPI module; Figure S4: Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM)
on FOS (A), FOSL1 (B) and FOSB (C) mRNA expression; Figure S5: Effect of increasing doses of
AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on JUNB mRNA expression; Figure S6: Effect of increasing
doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on NFKB2 (A) and RELB (B) mRNA expression;
Figure S7: Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM) on UGT1A1 mRNA
and protein expression; Figure S8: Effect of increasing doses of AFB1 (i.e., 0.9 µM, 1.8 µM and 3.6 µM)
on CYP2B6 mRNA level, catalytic activity and protein expression.
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20. Peles, F.; Sipos, P.; Győri, Z.; Pfliegler, W.P.; Giacometti, F.; Serraino, A.; Pagliuca, G.; Gazzotti, T.; Pócsi, I. Adverse Effects,
Transformation and Channeling of Aflatoxins Into Food Raw Materials in Livestock. Front. Microbiol. 2019, 10, 2861. [CrossRef]

21. Eshelli, M.; Qader, M.M.; Jambi, E.J.; Hursthouse, A.S.; Rateb, M.E. Current Status and Future Opportunities of Omics Tools in
Mycotoxin Research. Toxins 2018, 10, 433. [CrossRef] [PubMed]

22. Zhang, N.Y.; Qi, M.; Gao, X.; Zhao, L.; Liu, J.; Gu, C.Q.; Song, W.J.; Krumm, C.S.; Sun, L.H.; Qi, D.S. Response of the Hepatic
Transcriptome to Aflatoxin B1 in Ducklings. Toxicon 2016, 111, 69–76. [CrossRef] [PubMed]

23. Monson, M.S.; Settlage, R.E.; McMahon, K.W.; Mendoza, K.M.; Rawal, S.; El-Nezami, H.S.; Coulombe, R.A.; Reed, K.M. Response
of the Hepatic Transcriptome to Aflatoxin B1 in Domestic Turkey (Meleagris gallopavo). PLoS ONE 2014, 9, e100930. [CrossRef]

24. Pauletto, M.; Tolosi, R.; Giantin, M.; Guerra, G.; Barbarossa, A.; Zaghini, A.; Dacasto, M. Insights into Aflatoxin B1 Toxicity in
Cattle: An in Vitro Whole-Transcriptomic Approach. Toxins 2020, 12, 429. [CrossRef]

25. Ji, Y.; Nyamagoud, S.B.; SreeHarsha, N.; Mishra, A.; Gubbiyappa, S.K.; Singh, Y. Sitagliptin protects liver against aflatoxin
B1-induced hepatotoxicity through upregulating Nrf2/ARE/HO-1 pathway. BioFactors 2019, 46, 76–82. [CrossRef] [PubMed]

26. Zhu, L.; Huang, C.; Yang, X.; Zhang, B.; He, X.; Xu, W.; Huang, K. Proteomics Reveals the Alleviation of Zinc towards Aflatoxin
B1-Induced Cytotoxicity in Human Hepatocyes (HepG2 Cells). Ecotoxicol. Environ. Saf. 2020, 198, 110596. [CrossRef]

27. Zhang, L.Y.; Zhan, D.L.; Chen, Y.Y.; Wang, W.H.; He, C.Y.; Lin, Y.; Lin, Y.C.; Lin, Z.N. Aflatoxin B1 Enhances Pyroptosis of
Hepatocytes and Activation of Kupffer Cells to Promote Liver Inflammatory Injury via Dephosphorylation of Cyclooxygenase-2:
An in Vitro, Ex Vivo and in Vivo Study. Arch. Toxicol. 2019, 93, 3305–3320. [CrossRef]

28. Stubblefield, R.D.; Pier, A.C.; Richard, J.L.; Shotwell, O.L. Fate of Aflatoxins in Tissues, Fluids, and Excrements from Cows Dosed
Orally with Aflatoxin B1. Am. J. Vet. Res. 1983, 44, 1750–1752.

29. Yang, X.; Lv, Y.; Huang, K.; Luo, Y.; Xu, W. Zinc Inhibits Aflatoxin B1-Induced Cytotoxicity and Genotoxicity in Human
Hepatocytes (HepG2 Cells). Food Chem. Toxicol. 2016, 92, 17–25. [CrossRef]

30. Chen, X.; Che, C.; Korolchuk, V.I.; Gan, F.; Pan, C.; Huang, K. Selenomethionine Alleviates AFB1-Induced Damage in Primary
Chicken Hepatocytes by Inhibiting CYP450 1A5 Expression via Upregulated SelW Expression. J. Agric. Food Chem. 2017, 65,
2495–2502. [CrossRef]

31. Li, A.P. Metabolism Comparative Cytotoxicity Assay (MCCA) and Cytotoxic Metabolic Pathway Identification Assay (CMPIA)
with Cryopreserved Human Hepatocytes for the Evaluation of Metabolism-Based Cytotoxicity in Vitro: Proof-of-Concept Study
with Aflatoxin B1. Chem. Biol. Interact. 2009, 179, 4–8. [CrossRef] [PubMed]

32. Choi, S.Y.; Kim, T.H.; Hong, M.W.; Park, T.S.; Lee, H.; Lee, S.J. Transcriptomic Alterations Induced by Aflatoxin B1 and Ochratoxin
A in LMH Cell Line. Poult. Sci. 2020, 99, 5265–5274. [CrossRef] [PubMed]

33. Ratajewski, M.; Walczak-Drzewiecka, A.; Sałkowska, A.; Dastych, J. Aflatoxins Upregulate CYP3A4 MRNA Expression in a
Process That Involves the PXR Transcription Factor. Toxicol. Lett. 2011, 205, 146–153. [CrossRef] [PubMed]

34. D’arcy, M.S. Cell Death: A Review of the Major Forms of Apoptosis, Necrosis and Autophagy. Cell Biol. Int. 2019, 43, 582–592.
[CrossRef] [PubMed]

35. Wallach, D.; Kang, T.B.; Dillon, C.P.; Green, D.R. Programmed Necrosis in Inflammation: Toward Identification of the Effector
Molecules. Science 2016, 352, aaf2154. [CrossRef] [PubMed]

36. Mughal, M.J.; Peng, X.; Zhou, Y.; Fang, J. Aflatoxin B1 Invokes Apoptosis via Death Receptor Pathway in Hepatocytes. Oncotarget
2017, 8, 8239–8249. [CrossRef] [PubMed]

37. Wu, B.; Mughal, M.J.; Fang, J.; Peng, X. The Protective Role of Selenium Against AFB1-Induced Liver Apoptosis by Death
Receptor Pathway in Broilers. Biol. Trace Elem. Res. 2019, 191, 453–463. [CrossRef]

38. Liu, X.; Mishra, S.K.; Wang, T.; Xu, Z.; Zhao, X.; Wang, Y.; Yin, H.; Fan, X.; Zeng, B.; Yang, M.; et al. AFB1 Induced Transcriptional
Regulation Related to Apoptosis and Lipid Metabolism in Liver of Chicken. Toxins 2020, 12, 290. [CrossRef]

39. Taranu, I.; Hermenean, A.; Bulgaru, C.; Pistol, G.C.; Ciceu, A.; Grosu, I.A.; Marin, D.E. Diet Containing Grape Seed Meal
By-Product Counteracts AFB1 Toxicity in Liver of Pig after Weaning. Ecotoxicol. Environ. Saf. 2020, 203, 110899. [CrossRef]

40. Ma, Q.; Li, Y.; Fan, Y.; Zhao, L.; Wei, H.; Ji, C.; Zhang, J. Molecular Mechanisms of Lipoic Acid Protection against Aflatoxin
B1-Induced Liver Oxidative Damage and Inflammatory Responses in Broilers. Toxins 2015, 7, 5435–5447. [CrossRef]

41. Huang, L.; Zhao, Z.; Duan, C.; Wang, C.; Zhao, Y.; Yang, G.; Gao, L.; Niu, C.; Xu, J.; Li, S. Lactobacillus Plantarum C88 Protects
against Aflatoxin B1-Induced Liver Injury in Mice via Inhibition of NF-KB-Mediated Inflammatory Responses and Excessive
Apoptosis. BMC Microbiol. 2019, 19, 170. [CrossRef] [PubMed]

42. Murarolli, R.A. Effects of Aflatoxin B1 (AFB 1) on Hepatic Gene Expression in Pigs and Turkeys; University of Missouri: Columbia,
MO, USA, 2013.

43. Rosso, F.; Giordano, A.; Barbarisi, M.; Barbarisi, A. From Cell-ECM Interactions to Tissue Engineering. J. Cell. Physiol. 2004, 199,
174–180. [CrossRef] [PubMed]

44. Karamanos, N.K.; Theocharis, A.D.; Neill, T.; Iozzo, R.V. Matrix Modeling and Remodeling: A Biological Interplay Regulating
Tissue Homeostasis and Diseases. Matrix Biol. 2019, 75–76, 1–11. [CrossRef] [PubMed]

45. Aumailley, M. The Laminin Family. Cell Adhes. Migr. 2013, 7, 48–55. [CrossRef]

130



Toxins 2022, 14, 504

46. Garg, M.; Braunstein, G.; Koeffler, H.P. LAMC2 as a Therapeutic Target for Cancers. Expert Opin. Ther. Targets 2014, 18, 979–982.
[CrossRef]

47. Valcourt, U.; Alcaraz, L.B.; Exposito, J.-Y.; Lethias, C.; Bartholin, L. Cell Adhesion & Migration Tenascin-X: Beyond the Architec-
tural Function. Cell Adhes. Migr. 2015, 9, 154–165. [CrossRef]

48. Liot, S.; Aubert, A.; Hervieu, V.; El Kholti, N.; Schalkwijk, J.; Verrier, B.; Valcourt, U.; Lambert, E. Loss of Tenascin-X Expression
during Tumor Progression: A New Pan-Cancer Marker. Matrix Biol. Plus 2020, 6–7, 100021. [CrossRef]

49. Kalluri, R. Basement Membranes: Structure, Assembly and Role in Tumour Angiogenesis. Nat. Rev. Cancer 2003, 3, 422–433.
[CrossRef]

50. Tanjore, H.; Kalluri, R. The Role of Type IV Collagen and Basement Membranes in Cancer Progression and Metastasis. Am. J.
Pathol. 2006, 168, 715–717. [CrossRef]

51. Ikeda, K.; Iyama, K.I.; Ishikawa, N.; Egami, H.; Nakao, M.; Sado, Y.; Ninomiya, Y.; Baba, H. Loss of Expression of Type IV Collagen
α5 and α6 Chains in Colorectal Cancer Associated with the Hypermethylation of Their Promoter Region. Am. J. Pathol. 2006, 168,
856–865. [CrossRef]

52. Komuro, I.; Kurihara, H.; Sugiyama, T.; Takaku, F.; Yazaki, Y. Endothelin Stimulates C-Fos and c-Myc Expression and Proliferation
of Vascular Smooth Muscle Cells. FEBS Lett. 1988, 238, 249–252. [CrossRef]

53. Pedram, A.; Razandi, M.; Hu, R.M.; Levin, E.R. Vasoactive Peptides Modulate Vascular Endothelial Cell Growth Factor Production
and Endothelial Cell Proliferation and Invasion. J. Biol. Chem. 1997, 272, 17097–17103. [CrossRef]

54. Ali, H.; Loizidou, M.; Dashwood, M.; Savage, F.; Sheard, C.; Taylor, I. Stimulation of Colorectal Cancer Cell Line Growth by ET-1
and Its Inhibition by ETA Antagonists. Gut 2000, 47, 685. [CrossRef]

55. Kojima, K.; Nihei, Z. Expression of Endothelin-1 Immunoreactivity in Breast Cancer. Surg. Oncol. 1995, 4, 309–315. [CrossRef]
56. Ishibashi, M.; Fujita, M.; Nagai, K.; Kako, M.; Furue, H.; Haku, E.; Osamura, Y.; Yamaji, T. Production and Secretion of Endothelin

by Hepatocellular Carcinoma. J. Clin. Endocrinol. Metab. 1993, 76, 378–383. [CrossRef] [PubMed]
57. Jin, T.; Zhang, Z.; Yang, X.F.; Luo, J.S. S100A4 Expression Is Closely Linked to Genesis and Progression of Glioma by Regulating

Proliferation, Apoptosis, Migration and Invasion. Asian Pac. J. Cancer Prev. 2015, 16, 2883–2887. [CrossRef] [PubMed]
58. Lipkin, M.; Newmark, H. Effect of Added Dietary Calcium on Colonic Epithelial-Cell Proliferation in Subjects at High Risk for

Familial Colonic Cancer. N. Engl. J. Med. 1985, 313, 1381–1384. [CrossRef] [PubMed]
59. Galione, A.; Evans, A.M.; Ma, J.; Parrington, J.; Arredouani, A.; Cheng, X.; Zhu, M.X. The Acid Test: The Discovery of Two-Pore

Channels (TPCs) as NAADP-Gated Endolysosomal Ca2+ Release Channels. Pflügers Arch. Eur. J. Physiol. 2009, 458, 869–876.
[CrossRef]

60. Bertolesi, G.E.; Shi, C.; Elbaum, L.; Jollimore, C.; Rozenberg, G.; Barnes, S.; Kelly, M.E. The Ca2+ Channel Antagonists Mibefradil
and Pimozide Inhibit Cell Growth via Different Cytotoxic Mechanisms. Mol. Pharmacol. 2002, 62, 210–219. [CrossRef]

61. Phan, N.N.; Wang, C.Y.; Chen, C.F.; Sun, Z.; Lai, M.D.; Lin, Y.C. Voltage-Gated Calcium Channels: Novel Targets for Cancer
Therapy. Oncol. Lett. 2017, 14, 2059–2074. [CrossRef]

62. Xu, Q.; Shi, W.; Lv, P.; Meng, W.; Mao, G.; Gong, C.; Chen, Y.; Wei, Y.; He, X.; Zhao, J.; et al. Critical Role of Caveolin-1 in Aflatoxin
B1-Induced Hepatotoxicity via the Regulation of Oxidation and Autophagy. Cell Death Dis. 2020, 11, 6. [CrossRef] [PubMed]

63. Zhang, B.; Dai, Y.; Zhu, L.; He, X.; Huang, K.; Xu, W. Single-Cell Sequencing Reveals Novel Mechanisms of Aflatoxin B1-Induced
Hepatotoxicity in S Phase-Arrested L02 Cells. Cell Biol. Toxicol. 2020, 36, 603–608. [CrossRef] [PubMed]

64. Kuwata, K.; Shibutani, M.; Hayashi, H.; Shimamoto, K.; Hayashi, S.M.; Suzuki, K.; Mitsumori, K. Concomitant Apoptosis and
Regeneration of Liver Cells as a Mechanism of Liver-Tumor Promotion by β-Naphthoflavone Involving TNFα-Signaling Due to
Oxidative Cellular Stress in Rats. Toxicology 2011, 283, 8–17. [CrossRef] [PubMed]

65. Josse, R.; Dumont, J.; Fautrel, A.; Robin, M.-A.; Guillouzo, A. Identification of Early Target Genes of Aflatoxin B1 in Human
Hepatocytes, Inter-Individual Variability and Comparison with Other Genotoxic Compounds. Toxicol. Appl. Pharmacol. 2012, 258,
176–187. [CrossRef]

66. Opferman, J.T.; Kothari, A. Anti-Apoptotic BCL-2 Family Members in Development. Cell Death Differ. 2017, 25, 37–45. [CrossRef]
67. Sheikh, M.S.; Fornace, A.J. Death and Decoy Receptors and P53-Mediated Apoptosis. Leukemia 2000, 14, 1509–1513. [CrossRef]
68. Macé, K.; Aguilar, F.; Wang, J.-S.; Vautravers, P.; Gómez-Lechón, M.; Gonzalez, F.J.; Groopman, J.; Harris, C.C.; Pfeifer, A.M.

Aflatoxin B1-induced DNA adduct formation and p53 mutations in CYP450-expressing human liver cell lines. Carcinogenesis
1997, 18, 1291–1297. [CrossRef]

69. Code, E.L.; Crespi, C.L.; Penman, B.W.; Gonzalez, F.J.; Chang, T.K.H.; Waxman, D.J. Human cytochrome P4502B6: Interindividual
hepatic expression, substrate specificity, and role in procarcinogen activation. Drug Metab. Dispos. 1997, 25, 985–993.

70. Guerre, P.; Pineau, T.; Costet, P.; Burgat, V.; Galtier, P. Effects of AFB1 on CYP 1A1, 1A2 and 3A6 MRNA, and P450 Expression in
Primary Culture of Rabbit Hepatocytes. Toxicol. Lett. 2000, 111, 243–251. [CrossRef]

71. Mary, V.S.; Valdehita, A.; Navas, J.M.; Rubinstein, H.R.; Fernández-Cruz, M.L. Effects of Aflatoxin B1, Fumonisin B1 and Their
Mixture on the Aryl Hydrocarbon Receptor and Cytochrome P450 1A Induction. Food Chem. Toxicol. 2015, 75, 104–111. [CrossRef]

72. Ayed-Boussema, I.; Pascussi, J.M.; Maurel, P.; Bacha, H.; Hassen, W. Effect of Aflatoxin B1 on Nuclear Receptors PXR, CAR, and
AhR and Their Target Cytochromes P450 MRNA Expression in Primary Cultures of Human Hepatocytes. Int. J. Toxicol. 2012, 31,
86–93. [CrossRef] [PubMed]

131



Toxins 2022, 14, 504

73. Xiao, T.; Shoeb, M.; Siddiqui, M.S.; Zhang, M.; Ramana, K.V.; Srivastava, S.K.; Vasiliou, V.; Ansari, N.H. Molecular Cloning and
Oxidative Modification of Human Lens ALDH1A1: Implication in Impaired Detoxification of Lipid Aldehydes. J. Toxicol. Environ.
Health Part A 2009, 72, 577–584. [CrossRef] [PubMed]

74. Mosialou, E.; Ekström, G.; Adang, A.E.P.; Morgenstern, R. Evidence That Rat Liver Microsomal Glutathione Transferase Is
Responsible for Glutathione-Dependent Protection against Lipid Peroxidation. Biochem. Pharmacol. 1993, 45, 1645–1651. [CrossRef]

75. Hayes, J.D.; Pulford, D.J. The Glut Athione S-Transferase Supergene Family: Regulation of GST and the Contribution of the
Lsoenzymes to Cancer Chemoprotection and Drug Resistance Part I. Crit. Rev. Biochem. Mol. Biol. 1995, 30, 445–520. [CrossRef]

76. Mattes, W.B.; Daniels, K.K.; Summan, M.; Xu, Z.A.; Mendrick, D.L. Xenobiotica the Fate of Foreign Compounds in Biological
Systems Tissue and Species Distribution of the Glutathione Pathway Transcriptome. Xenobiotica 2006, 36, 1081–1121. [CrossRef]

77. Tukey, R.H.; Strassburg, C.P. Human Udp-Glucuronosyltransferases: Metabolism, Expression, and Disease. Annu. Rev. Pharmacol.
Toxicol 2000, 40, 581–616. [CrossRef]

78. Ghadiri, S.; Spalenza, V.; Dellafiora, L.; Badino, P.; Barbarossa, A.; Dall’Asta, C.; Nebbia, C.; Girolami, F. Modulation of Aflatoxin
B1 Cytotoxicity and Aflatoxin M1 Synthesis by Natural Antioxidants in a Bovine Mammary Epithelial Cell Line. Toxicol. Vitr.
2019, 57, 174–183. [CrossRef] [PubMed]

79. Hanioka, N.; Nonaka, Y.; Saito, K.; Negishi, T.; Okamoto, K.; Kataoka, H.; Narimatsu, S. Effect of Aflatoxin B1 on UDP-
Glucuronosyltransferase MRNA Expression in HepG2 Cells. Chemosphere 2012, 89, 526–529. [CrossRef]

80. Merrick, B.A.; Phadke, D.P.; Auerbach, S.S.; Mav, D.; Stiegelmeyer, S.M.; Shah, R.R.; Tice, R.R. RNA-Seq Profiling Reveals Novel
Hepatic Gene Expression Pattern in Aflatoxin B1 Treated Rats. PLoS ONE 2013, 8, e61768. [CrossRef]

81. Shaw, P.; Chattopadhyay, A. Nrf2-ARE Signaling in Cellular Protection: Mechanism of Action and the Regulatory Mechanisms. J.
Cell. Physiol. 2020, 235, 3119–3130. [CrossRef]

82. Medzhitov, R. Inflammation 2010: New Adventures of an Old Flame. Cell 2010, 140, 771–776. [CrossRef] [PubMed]
83. El-Zayat, S.R.; Sibaii, H.; Mannaa, F.A. Toll-like Receptors Activation, Signaling, and Targeting: An Overview. Bull. Natl. Res.

Cent. 2019, 43, 187. [CrossRef]
84. Janeway, C.A.; Medzhitov, R. Innate Immune Recognition. Annu. Rev. Immunol. 2002, 20, 197–216. [CrossRef] [PubMed]
85. Rubartelli, A.; Lotze, M.T. Inside, Outside, Upside down: Damage-Associated Molecular-Pattern Molecules (DAMPs) and Redox.

Trends Immunol. 2007, 28, 429–436. [CrossRef]
86. West, X.Z.; Malinin, N.L.; Merkulova, A.A.; Tischenko, M.; Kerr, B.A.; Borden, E.C.; Podrez, E.A.; Salomon, R.G.; Byzova,

T.V. Oxidative Stress Induces Angiogenesis by Activating TLR2 with Novel Endogenous Ligands. Nature 2010, 467, 972–976.
[CrossRef]

87. Kadl, A.; Sharma, P.R.; Chen, W.; Agrawal, R.; Meher, A.K.; Rudraiah, S.; Grubbs, N.; Sharma, R.; Leitinger, N. Oxidized
Phospholipid-Induced Inflammation Is Mediated by Toll-like Receptor 2. Free Radic. Biol. Med. 2011, 51, 1903–1909. [CrossRef]

88. Malvandi, A.M.; Mehrzad, J.; Saleh-Moghaddam, M. Biologically Relevant Doses of Mixed Aflatoxins B and G Up-Regulate
MyD88, TLR2, TLR4 and CD14 Transcripts in Human PBMCs. Immunopharmacol. Immunotoxicol. 2013, 35, 528–532. [CrossRef]

89. Mohammadi, A.; Mehrzad, J.; Mahmoudi, M.; Schneider, M. Environmentally Relevant Level of Aflatoxin B1 Dysregulates
Human Dendritic Cells through Signaling on Key Toll-like Receptors. Int. J. Toxicol. 2014, 33, 175–186. [CrossRef]

90. Li, S.; Liu, R.; Xia, S.; Wei, G.; Ishfaq, M.; Zhang, Y.; Zhang, X. Protective Role of Curcumin on Aflatoxin B1-Induced TLR4/RIPK
Pathway Mediated-Necroptosis and Inflammation in Chicken Liver. Ecotoxicol. Environ. Saf. 2022, 233, 113319. [CrossRef]

91. Mehrzad, J.; Milani, M.; Mahmoudi, M. Naturally Occurring Level of Mixed Aflatoxins B and G Stimulate Toll-like Receptor-4 in
Bovine Mononuclear Cells. Vet. Q. 2013, 33, 186–190. [CrossRef]

92. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory Responses and Inflammation-
Associated Diseases in Organs. Oncotarget 2018, 9, 7204–7218. [CrossRef]

93. Tak, P.P.; Firestein, G.S. NF-KB: A Key Role in Inflammatory Diseases. J. Clin. Investig. 2001, 107, 7–11. [CrossRef]
94. Mansell, A.; Jenkins, B.J. Dangerous Liaisons between Interleukin-6 Cytokine and Toll-like Receptor Families: A Potent Combina-

tion in Inflammation and Cancer. Cytokine Growth Factor Rev. 2013, 24, 249–256. [CrossRef]
95. Stipp, M.C.; Acco, A. Involvement of Cytochrome P450 Enzymes in Inflammation and Cancer: A Review. Cancer Chemother.

Pharmacol. 2021, 87, 295–309. [CrossRef] [PubMed]
96. Dickmann, L.J.; Patel, S.K.; Rock, D.A.; Wienkers, L.C.; Slatter, J.G. Effects of Interleukin-6 (IL-6) and an Anti-IL-6 Monoclonal

Antibody on Drug-Metabolizing Enzymes in Human Hepatocyte Culture. Drug Metab. Dispos. 2011, 39, 1415–1422. [CrossRef]
[PubMed]

97. Aitken, A.E.; Morgan, E.T. Gene-Specific Effects of Inflammatory Cytokines on Cytochrome P450 2C, 2B6 and 3A4 MRNA Levels
in Human Hepatocytes. Drug Metab. Dispos. 2007, 35, 1687–1693. [CrossRef] [PubMed]

98. Rubin, K.; Janefeldt, A.; Andersson, L.; Berke, Z.; Grime, K.; Andersson, T.B. Heparg Cells as Human-Relevant in Vitro Model to
Study the Effects of Inflammatory Stimuli on Cytochrome P450 Isoenzymes. Drug Metab. Dispos. 2015, 43, 119–125. [CrossRef]

99. Yilmaz, S.; Kaya, E.; Kisacam, M.A. The Effect on Oxidative Stress of Aflatoxin and Protective Effect of Lycopene on Aflatoxin
Damage. Aflatoxin-Control Anal. Detect. Health Risks 2017, 30, 67–90.

100. Benkerroum, N. Chronic and Acute Toxicities of Aflatoxins: Mechanisms of Action. Int. J. Environ. Res. Public Health 2020, 17, 423.
[CrossRef]

101. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxidants Redox Signal. 2018, 29, 1727–1745.
[CrossRef]

132



Toxins 2022, 14, 504

102. Duong, H.-Q.; You, K.S.; Oh, S.; Kwak, S.-J.; Seong, Y.-S. Silencing of NRF2 Reduces the Expression of ALDH1A1 and ALDH3A1
and Sensitizes to 5-FU in Pancreatic Cancer Cells. Antioxidants 2017, 6, 52. [CrossRef] [PubMed]

103. Suzuki, M.; Otsuki, A.; Keleku-Lukwete, N.; Yamamoto, M. Overview of Redox Regulation by Keap1–Nrf2 System in Toxicology
and Cancer. Curr. Opin. Toxicol. 2016, 1, 29–36. [CrossRef]

104. Zhang, X.; Guo, J.; Wei, X.; Niu, C.; Jia, M.; Li, Q.; Meng, D. Bach1: Function, Regulation, and Involvement in Disease. Oxidative
Med. Cell. Longev. 2018, 2018, 1347969. [CrossRef]

105. Katsuoka, F.; Yamamoto, M. Small Maf Proteins (MafF, MafG, MafK): History, Structure and Function. Gene 2016, 586, 197–205.
[CrossRef] [PubMed]

106. Vipin, A.V.; Raksha Rao, K.; Kurrey, N.K.; Anu Appaiah, K.A.; Venkateswaran, G. Protective Effects of Phenolics Rich Extract of
Ginger against Aflatoxin B1-Induced Oxidative Stress and Hepatotoxicity. Biomed. Pharmacother. 2017, 91, 415–424. [CrossRef]

107. Wang, H.; Muhammad, I.; Li, W.; Sun, X.; Cheng, P.; Zhang, X. Sensitivity of Arbor Acres Broilers and Chemoprevention of
Aflatoxin B1-Induced Liver Injury by Curcumin, a Natural Potent Inducer of Phase-II Enzymes and Nrf2. Environ. Toxicol.
Pharmacol. 2018, 59, 94–104. [CrossRef] [PubMed]

108. Wang, Y.; Liu, F.; Liu, M.; Zhou, X.; Wang, M.; Cao, K.; Jin, S.; Shan, A.; Feng, X. Curcumin Mitigates Aflatoxin B1-Induced Liver
Injury via Regulating the NLRP3 Inflammasome and Nrf2 Signaling Pathway. Food Chem. Toxicol. 2022, 161, 112823. [CrossRef]

109. Yang, H.; Wang, Y.; Yu, C.; Jiao, Y.; Zhang, R.; Jin, S.; Feng, X. Dietary Resveratrol Alleviates AFB1-Induced Ileum Damage in
Ducks via the Nrf2 and NF-KB/NLRP3 Signaling Pathways and CYP1A1/2 Expressions. Agriculture 2022, 12, 54. [CrossRef]

110. Dinkova-Kostova, A.T.; Talalay, P. NAD(P)H:Quinone Acceptor Oxidoreductase 1 (NQO1), a Multifunctional Antioxidant Enzyme
and Exceptionally Versatile Cytoprotector. Arch. Biochem. Biophys. 2010, 501, 116–123. [CrossRef]

111. Yu, R.; Mandlekar, S.; Lei, W.; Fahl, W.E.; Tan, T.H.; Kong, A.N.T. P38 Mitogen-Activated Protein Kinase Negatively Regulates the
Induction of Phase II Drug-Metabolizing Enzymes That Detoxify Carcinogens. J. Biol. Chem. 2000, 275, 2322–2327. [CrossRef]

112. Yueh, M.-F.; Tukey, R.H. Nrf2-Keap1 Signaling Pathway Regulates Human UGT1A1 Expression in Vitro and in Transgenic UGT1
Mice. J. Biol. Chem. 2007, 282, 8749–8758. [CrossRef] [PubMed]

113. Gleich, A.; Kaiser, B.; Schumann, J.; Fuhrmann, H. Establishment and Characterisation of a Novel Bovine SV40 Large T-Antigen-
Transduced Foetal Hepatocyte-Derived Cell Line. Vitr. Cell. Dev. Biol.—Anim. 2016, 52, 662–672. [CrossRef] [PubMed]

114. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]

115. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. ClusterProfiler: An R Package for Comparing Biological Themes among Gene Clusters.
OMICS J. Integr. Biol. 2012, 16, 284–287. [CrossRef]

116. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression
Profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

117. Pauletto, M.; Giantin, M.; Tolosi, R.; Bassan, I.; Barbarossa, A.; Zaghini, A.; Dacasto, M. Curcumin Mitigates Afb1-Induced Hepatic
Toxicity by Triggering Cattle Antioxidant and Anti-Inflammatory Pathways: A Whole Transcriptomic In Vitro Study. Antioxidants
2020, 9, 1059. [CrossRef]

118. Zancanella, V.; Giantin, M.; Lopparelli, R.M.; Nebbia, C.; Dacasto, M. Constitutive Expression and Phenobarbital Modulation
of Drug Metabolizing Enzymes and Related Nuclear Receptors in Cattle Liver and Extra-Hepatic Tissues. Xenobiotica 2012, 42,
1096–1109. [CrossRef]

119. Pauletto, M.; Giantin, M.; Tolosi, R.; Bassan, I.; Barbarossa, A.; Zaghini, A.; Dacasto, M. Discovering the Protective Effects of
Resveratrol on Aflatoxin B1-Induced Toxicity: A Whole Transcriptomic Study in a Bovine Hepatocyte Cell Line. Antioxidants
2021, 10, 1225. [CrossRef]

133





Citation: Pillay, Y.; Nagiah, S.;

Chuturgoon, A. Patulin Alters

Insulin Signaling and Metabolic

Flexibility in HepG2 and HEK293

Cells. Toxins 2023, 15, 244. https://

doi.org/10.3390/toxins15040244

Received: 27 February 2023

Revised: 22 March 2023

Accepted: 25 March 2023

Published: 27 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxins

Article

Patulin Alters Insulin Signaling and Metabolic Flexibility in
HepG2 and HEK293 Cells
Yashodani Pillay *, Savania Nagiah † and Anil Chuturgoon *

Discipline of Medical Biochemistry and Chemical Pathology, Faculty of Health Sciences, George Campbell Building,
Howard College, University of KwaZulu-Natal, Durban 4041, South Africa
* Correspondence: yashodani.pillay@bcchr.ca (Y.P.); chutur@ukzn.ac.za (A.C.)
† Current address: Department of Human Biology, Medical School, Nelson Mandela University,

Port Elizabeth 6019, South Africa.

Abstract: Non-communicable diseases (NCDs) have risen rapidly worldwide, sparking interest in
causative agents and pathways. Patulin (PAT), a xenobiotic found in fruit products contaminated
by molds, is postulated to be diabetogenic in animals, but little is known about these effects in
humans. This study examined the effects of PAT on the insulin signaling pathway and the pyruvate
dehydrogenase complex (PDH). HEK293 and HepG2 cells were exposed to normal (5 mM) or high
(25 mM) glucose levels, insulin (1.7 nM) and PAT (0.2 µM; 2.0 µM) for 24 h. The qPCR determined gene
expression of key enzymes involved in carbohydrate metabolism while Western blotting assessed the
effects of PAT on the insulin signaling pathway and Pyruvate Dehydrogenase (PDH) axis. Under
hyperglycemic conditions, PAT stimulated glucose production pathways, caused defects in the
insulin signaling pathway and impaired PDH activity. These trends under hyperglycemic conditions
remained consistent in the presence of insulin. These findings are of importance, given that PAT is
ingested with fruit and fruit products. Results suggest PAT exposure may be an initiating event in
insulin resistance, alluding to an etiological role in the pathogenesis of type 2 diabetes and disorders
of metabolism. This highlights the importance of both diet and food quality in addressing the causes
of NCDs.

Keywords: insulin resistance; kidney; liver; metabolic flexibility; patulin

Key Contribution: The key finding in this study is that exposure to patulin impairs insulin sig-
naling under hyperglycemic conditions and alters metabolic flexibility after 24 h exposure in an
in vitro model. This finding was consistent following insulin stimulation; suggestive of an insulin-
resistant mechanism.

1. Introduction

Non-communicable diseases (NCDs), including diabetes and cancer, have quickly
become the leading cause of mortality worldwide, with disproportionately higher impacts
on public health in developing countries [1]. This has raised interest in causative agents,
diet and nutritional guidelines. Mycotoxins are secondary metabolites produced by fungi.
These potentially damaging xenobiotics are found in food, with a higher incidence in
developing countries [2,3].

Patulin (PAT) is a mycotoxin produced by Penicillium, Bissochlamys and Aspergillus
sp. [4]. These molds are found in overripe or rotting fruit and apple products. A safety
level of 50 µg/L PAT in consumables was established following evidence of adverse effects
in exposed humans and animals [3,5]. Despite this regulation and the assertion that PAT
levels are a measure of poor product quality, there are vast variations in PAT concentrations
in apple products worldwide [5]. PAT induces oxidative stress, compromises mitochondrial
function and causes cell death via depletion of antioxidant glutathione (GSH) [6–11]. PAT is
also associated with changes in lipid metabolism and inflammation [2,12]. These deleterious
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effects are most commonly observed in organs of high metabolic demand—the kidney,
gastrointestinal tract, liver and brain [3,13].

Energy demand and glucose homeostasis are typically maintained through the catabolism
of glucose to pyruvate during glycolysis. Pyruvate is subsequently taken up by the mi-
tochondria and broken down in the citric acid (TCA) cycle; subsequently, this facilitates
the transfer of electrons to the mitochondrial respiratory chain for ATP production via
oxidative phosphorylation. Under hypoxic and hypoglycemic conditions, however, these
processes are impaired. These conditions divert metabolic operations to produce glucose
through gluconeogenesis and glycogenolysis, resulting in ATP production via anaerobic
glycolysis [14]. This metabolic environment is potentially simulated by PAT exposure
which has been linked to glycogen breakdown, gluconeogenesis, impaired mitochondrial
function and ATP levels in previous studies [15].

Metabolic flexibility is determined by an organism’s ability to adapt fuel oxidation
processes to nutrient availability and rapidly switch between them. Pyruvate Dehydro-
genase (PDH), a multienzyme complex stimulated by insulin catalyzes the conversion of
pyruvate to acetyl-CoA, connecting the TCA cycle to glucose and fatty acid metabolism.
PDH activity is thus a central component of metabolic flexibility. The pyruvate dehydro-
genase kinases (PDKs) inhibit PDH activity through phosphorylation on the PDH E1α
subunit under hypoglycemic and hypoxic conditions. PDK elevation is hence associated
with gluconeogenesis, metabolic inflexibility and has been implicated in the etiology of
type 2 diabetes [16,17].

Glucose uptake in mammalian cells is facilitated by a family of glucose transporters
(GLUTs). GLUT2, expressed in the intestine, liver, kidney and pancreatic beta cells, is
responsible for glucose sensing and uptake. Loss of GLUT2 expression leads to organ dam-
age, persistent hyperglycemia and diabetes [18]. Insulin promotes the uptake, utilization
and storage of glucose by stimulating glycolytic enzyme phosphofructokinase (PFK) and
repressing gluconeogenesis and glycogenolysis enzymes, phosphoenolpyruvate carboxyki-
nase (PCK) and glycogen phosphorylase (PYGL) [19]. Insulin activity is initiated by the
binding and autophosphorylation of tyrosine residues on the insulin receptor (IR). The
activated receptor phosphorylates the insulin receptor substrate 1 (IRS-1). Phosphorylated
IRS-1 (pIRS-1) recruits phosphatidylinositide (PI) 3-kinase (PI3K) (p85/p110 subunits) to
the plasma membrane which stimulates PI3K-mediated phosphorylation of Akt. Glycogen
synthesis kinase (GSK-3) is phosphorylated and inactivated by pAkt; relieving its inhibitory
phosphorylation of glycogen synthase (GS), promoting glycogen synthesis. pIRS-1 activates
the extracellular signal-regulated kinases (ERK) and mitogen-activated protein kinases
(MAPK) pathway in parallel which can be used as a marker for the activation of proxi-
mal insulin signaling [20,21]. Underlying insulin resistance in type 2 diabetes has been
attributed to defects in one or more components of the insulin signaling cascade [22]. Thus,
while previous studies have shown PAT causes changes in PI3K/Akt and ERK/MAPK
signaling, little is understood about the metabolic implications thereof [23].

Elevated glucose levels resulting from hepatic glucose production are a feature of
type 2 diabetes. Insulin resistance precedes increased PCK and PYGL expression caus-
ing glucose efflux and hyperglycemia [19]. Previous studies in animals have referred
to PAT as diabetogenic describing elevated glucose levels, depleted glycogen stores and
mitochondrial dysfunction following PAT exposure, but mechanistic data in human mod-
els are lacking [15,24,25]. PAT toxicity has been described previously in the liver and
kidney—both of which have high metabolic demands and are regulators in glucose home-
ostasis [11,17,26,27]. This study aimed to determine the effects of PAT on insulin signaling
and metabolic flexibility in HepG2 and HEK293 cells.
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2. Results
2.1. PAT Alters Expression of Enzymes Involved in Glucose Generation

Previous studies have alluded to PAT as a diabetogenic agent [15]. In a preliminary
screening, HEK293 and HepG2 cells were exposed to a high glucose (25 mM) medium
and PAT for 24 h. qPCR was then used to measure gene expression of enzymes vital to
glucose homeostasis.

PFK-2, a key enzyme in glycolysis, was not altered by PAT in HEK293 cells (Figure 1A;
p = 0.7270) but decreased significantly in HepG2 cells (Figure 1B; p = 0.0231; 10-fold).
Although overall statistical significance was found for glycogenolysis initiator, PYGL, in
both cell lines (HEK293 (Figure 1A; p = 0.0137)), post-hoc tests found that only the distinct
two-fold increase in HepG2 cells was significant when compared to the control (Figure 1B;
p = 0.0218)]. PCK-1, a rate limiting enzyme in gluconeogenesis, was significantly altered
by PAT at 2 µM in both cell lines, though trends differed between them (HEK293 cells
(Figure 1A; p = 0.0112) and HepG2 cells (Figure 1B; p = 0.0214)). This outcome provides
a preliminary indication that PAT caused a shift from glycolysis to gluconeogenesis and
glycogenolysis in HepG2 cells with HG media. Most significant changes were observed at
2 µM PAT–above the established safety concentration for PAT in consumables.
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Figure 1. PAT alters expression of enzymes involved in glucose production in hyperglycemic condi-
tions. qPCR was used to assess expression of glucose homeostasis enzymes PYGL, PFK-1 and PCK-1
in (A) HEK239 and (B) HepG2 cells exposed to 25 mM glucose and PAT for 24 h (* p < 0.05 relative
to control).

2.2. Glucose Availability Determines PAT-Associated Insulin Signaling Defects in HepG2 Cells

IR activation triggers phosphorylation of the receptor and IRS-1. Under NG conditions,
PAT stimulated IRS-1 phosphorylation (pIRS-1) (Figure 2A; p = 0.0388), though pIR showed
no statistical change (Figure 2A; p = 0.0775). This trend was potentiated in the presence of
insulin shown by a significant two-fold increase in pIR (Figure 2B; p = 0.0180) and pIRS-1
(Figure 2B; p = 0.0145) in PAT-exposed NG i+ HepG2 cells, exhibiting a similar effect to the
positive control, metformin.

This observation was dramatically reversed under hyperglycemic conditions. PAT
caused significant two-fold decreases in both pIR (Figure 2C; p = 0.0178) and pIRS-1
(Figure 2C; p = 0.0213) in HG HepG2 cells. This result was consistent following insulin
pathway stimulation (HG i+ HepG2) where both pIR (Figure 2D; p = 0.0182) and pIRS-1
(Figure 2D; p = 0.0188) were decreased in PAT treatments. These findings are suggestive of
defects in insulin signaling under HG conditions following PAT exposure.
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Figure 2. PAT alters insulin signaling in HepG2 cells. Western blotting determined PAT-increased pIR
and pIRS-1 in NG media (A) and under insulin stimulation (NG i+) (B). This effect was reversed in
HG media (C) decreased pIRS-1 and pIR expression was observed which remained consistent under
insulin-stimulated hyperglycemic conditions (HG i+) (D) (* p < 0.05 relative to control).

2.3. PAT-Altered ERK/MAPK Signaling Is Influenced by Glucose and Insulin Availability

Insulin-activated ERK phosphorylation is connected to the downstream regulation
of transcription factors involved in metabolic homeostasis. Under NG conditions, PAT
increased ERK activation in both HEK293 and HepG2 cells evidenced by increased pERK
relative to total ERK (NG HEK293 (Figure 3A; pERK: p = 0.00610; ERK; p = 0.0032); NG
HepG2 (Figure 3C; pERK: p = 0.0072; ERK: p = 0.0788)).

Conversely, under HG conditions, PAT-exposed HEK293 cells significantly decreased
both pERK (Figure 3B; p = 0.0221) and total ERK (Figure 3B; p = 0.0053) expression. This
observation was consistent in HG HepG2 cells (Figure 3D; pERK: p = 0.0104 and ERK:
p = 0.0149). Interestingly, the effects of PAT on ERK signaling in HepG2s under both NG and
HG were neutralized in the presence of insulin. No significant effects on ERK activation
were observed in PAT-exposed NG i+ HepG2 (Figure 3E; pERK: p = 0.0630 and ERK:
p = 0.0399) or HG i+ HepG2 (Figure 3F; pERK: p = 0.2027; and ERK: p = 0.0920) treatments.

PAT-altered ERK signaling trends were dissimilar to positive control metformin results,
indicating a potential alternate mechanism of action. These data suggest that PAT stimulates
ERK/MAPK signaling under NG conditions and inhibits signaling under HG conditions.
These effects can, however, be counteracted by stimulating the insulin signaling pathway
(Figure 3).

138



Toxins 2023, 15, 244Toxins 2023, 15, x FOR PEER REVIEW 5 of 17 
 

 

 
Figure 3. PAT alters ERK/MAPK according to glucose and insulin availability. Western blotting de-
termined PAT caused a significant increase in ERK1/2 phosphorylation activation relative to total 
ERK expression in NG HEK293 (A) and NG HepG2 (C) cells. This was reversed in HG HEK293 (B) 
and HG HepG2 (D) cells with decreases in pERK and ERK following 24 h PAT exposure. Both trends 
were neutralized in the presence of insulin (E,F) (** p < 0.01, * p < 0.05 relative to control). 

  

Figure 3. PAT alters ERK/MAPK according to glucose and insulin availability. Western blotting
determined PAT caused a significant increase in ERK1/2 phosphorylation activation relative to total
ERK expression in NG HEK293 (A) and NG HepG2 (C) cells. This was reversed in HG HEK293
(B) and HG HepG2 (D) cells with decreases in pERK and ERK following 24 h PAT exposure. Both
trends were neutralized in the presence of insulin (E,F) (** p < 0.01, * p < 0.05 relative to control).

2.4. Glucose Availability Affects PAT-Mediated PI3K/Akt Signaling Trends

Insulin-stimulated PI3K activity directs the phosphorylation and activation of down-
stream target Akt. In PAT-treated NG HEK293 cells, PI3K (Figure 4A; p = 0.0051) and pAkt
(Figure 4A; p = 0.0329) were significantly decreased while total inactive Akt (Figure 4A;
p = 0.0160) increased. However, in NG HepG2 and NG i+ HepG2 cells PAT significantly
increased the PI3K/Akt pathway activation evidenced by increased PI3K and pAkt expres-
sion relative to total Akt (NG HepG2 (Figure 4C; PI3K: p = 0.1431; pAkt: p = 0.0043; Akt:
p = 0.0027); NG i+ HepG2 (Figure 4E; PI3K: p = 0.0112; pAkt: p = 0.0249; Akt: p = 0.0237)).
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Figure 4. PAT alters PI3K/Akt signaling according to glucose availability irrespective of insulin action.
Western blotting established PAT significantly increased PI3K activation and Akt phosphorylation
activation relative to total Akt expression in NG HEK293 (A) and NG HepG2 (C) cells. This was
reversed in HG HEK293 (B) and HG HepG2 (D) cells with decreases in PI3K, pAkt following 24 h PAT
exposure. Both trends were maintained in the presence of insulin (E,F) (* p < 0.05 relative to control).

Conversely, PI3K/Akt pathway activation significantly decreased under all PAT HG
conditions (HG HEK293 (Figure 4B; PI3K, p = 0.0043; pAkt, p = 0.0072; Akt, p = 0.0092);
HG HepG2 (Figure 4D; PI3K, p = 0.0219; pAkt, p = 0.0115; Akt, p = 0.0053); HG i+ HepG2
(Figure 4F; PI3K: p = 0.0160; pAkt: p = 0.0415; Akt: p = 0.1681)).

These results show PAT stimulated PI3K/Akt signaling under NG conditions and
inhibited PI3K/Akt activation under HG conditions despite insulin action. This indi-
cated a possible PAT-induced defect in response to elevated glucose levels and insulin-
stimulated signaling.
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2.5. PAT-Modified GSK-3 Activation Corresponded with PI3K/Akt Signaling Trends While GLUT2
Expression Was Widely Compromised by PAT

Active GSK-3 phosphorylates and inhibits GS, preventing glycogen synthesis. Insulin
action phosphorylates and inhibits GSK-3 (pGSK-3) via PI3K/Akt signaling, which en-
hances glycogen synthesis. Under NG conditions, PAT significantly increased pGSK-3 and
decreased total active GSK-3 in both HEK293 and HepG2 cells suggestive of decreased
GSK activity (NG HEK293 (Figure 5A; pGSK-3: p = 0.0073; GSK-3: p = 0.0488); NG HepG2
(Figure 5C; pGSK-3: p = 0.0415; GSK-3: p = 0.0216)).
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Figure 5. PAT-modified GSK-3 activation corresponded with PI3K/Akt signaling trends while GLUT2
expression was widely compromised by PAT. Western blotting established PAT significantly increased
GSK-3 inhibition by phosphorylation relative to total GSK-3 expression with no change GLUT2 in
NG HEK293 (A) and NG HepG2 (C) cells. This was reversed in HG HEK293 (B) and HG HepG2
(D) cells with decreases in GLUT2, pGSK-3, and increased GSK-3 following 24 h PAT exposure. NG
i+ cells (E) exposed to PAT showed no significant changes while HG trends were maintained in the
presence of insulin (F) (* p < 0.05 relative to control).
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In HG, the media effects were reversed, exhibiting GSK-3 activation in both cell lines.
In HG HEK293 cells, inactive pGSK-3 decreased (Figure 5B; p = 0.0158) and total active GSK-
3 increased (Figure 5C; p = 0.0216). This effect was more pronounced in PAT-treated HG
HepG2 cells (Figure 5D; pGSK-3: p = 0.0158; GSK-3: p = 0.0149)—indicative of compromised
glycogen synthesis. When stimulated with insulin, inactive pGSK-3 remained decreased in
HG i+ HepG2 cells (Figure 5F; p = 0.0056). No changes were noted in NG i+ HepG2 cells in
either pGSK-3 (Figure 5E; p = 0.3815) or GSK-3 (Figure 5E; p = 0.4969). These results suggest
PAT caused defects in the GSK-3 signaling axis under HG conditions.

GLUT2, involved in glucose sensing and uptake, is linked to impaired glucose-
stimulated insulin signaling when suppressed. PAT did not alter GLUT2 expression under
NG conditions in both HEK293 and HepG2 cells (NG HEK293 (Figure 5A; p = 0.0556);
NG HepG2 (Figure 5C; p = 0.0559)). In the presence of glucose and insulin, however, PAT
significantly decreased GLUT2 expression in both cell lines (NG i+ HepG2 cells (Figure 5E;
p = 0.0496); HG HEK293 (Figure 5B; p = 0.0048); HG HepG2; (Figure 5D; p = 0.0077); HG i+
HepG2 cells (Figure 5F; p = 0.0281)). This suggests PAT impaired GLUT2-mediated glucose
sensing and uptake under conditions of increased glucose and insulin availability.

2.6. PAT Contributes to Metabolic Inflexibility by PDK-1 Elevation and PDH Inhibition under NG
and HG Conditions

Active PDH, stimulated by insulin, catalyzes the conversion of pyruvate to acetyl-CoA.
Inhibition of PDH is catalyzed by PDK-mediated phosphorylation on the E1α subunit.

PAT did not alter PDK-1 and PDH E1α expression in HEK293 cells (NG (Figure 6A;
PDK-1: p = 0.1390; PDH E1α: p = 0.2220); HG (Figure 6B; PDK-1: p = 0.2223; PDH E1α:
p = 0.1417)). pPDH E1α expression remained unchanged in NG HEK293 cells (Figure 6A;
p = 0.3588) but decreased in HG HEK293 cells (Figure 6B; p = 0.0221).

PAT-mediated effects on this pathway were more distinct in HepG2 cells. PDK-1
expression significantly increased in PAT-treated HepG2 cells under all conditions (NG
(Figure 6C; p = 0.0060), HG (Figure 6D; p = 0.0186), NG i+ (Figure 6E; p = 0.0048), HG i+
(Figure 6F; p = 0.0081)). An associated increase in (inactive) pPDH E1α (NG (Figure 6C;
p = 0.0045), HG (Figure 6D; p = 0.0041), NG i+ (Figure 6E; p = 0.0041) and HG i+ (Figure 6F;
p = 0.0179)) with a concomitant decrease in PDH E1α (NG (Figure 6C; p = 0.0060), HG
(Figure 6D; p = 0.0055), NG i+ (Figure 6E; p = 0.0032) and HG i+ (Figure 6F; p = 0.0124)) was
observed under these conditions in PAT treatments. This was indicative of PDK-1-mediated
PDH inhibition in PAT-treated HepG2 cells.

Elevated pPDH E1α suppresses aerobic pyruvate oxidation and can aggravate the
Warburg effect. This pathway, characterized predominantly in cancerous cells, favors the
anaerobic conversion of pyruvate to lactate. This may explain the distinct differences in
PDH E1α results between HepG2 (cancerous) and HEK293 (non-cancerous) cells. Interest-
ingly, lactate levels increased significantly in controls under all HG conditions relative to
NG (Table 1; (HEK293; p = 0.0006) (HepG2; p = 0.0013) (HepG2 i+; p = 0.0190)). The highly
significant increase observed in HEK293 cells relative to HepG2 cells may be related to
metabolic differences in cancerous and non-cancerous cells as well as the pH sensitivity
of HEK293 cells. Interestingly, a significant decrease in lactate levels was observed in PAT
treatments relative to the controls in NG treatments and HEK293 cells (Table 1; NG HEK293
(p = 0.0222); HG HEK293 (p = 0.0069); NG HepG2 (p = 0.0142); NG i+ (p = 0.0069)). HG
HepG2 and HG i+ HepG2 treatments however, (Table 1; NG HepG2 (p = 0.4336); NG i+
(p = 0.7427)) were not statistically changed. This lack of lactate elevation despite changes
to the PDH axis in PAT treatments suggests pyruvate was possibly shunted back towards
gluconeogenesis or to an alternative fate instead of reduction to lactate by LDH.
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Figure 6. PAT contributes to metabolic inflexibility by PDK-1 elevation and PDH inhibition under
NG and HG conditions. Western blotting established PAT caused no significant differences in PDK-1,
pPDH E1α and PDH E1α in NG HEK293 (A) and HG HEK293 (B) cells. PDK-1 was significantly
increased with associated changed in pPDH E1α and PDH E1α in NG HepG2 (C), HG HepG2 (D) NG
i+ HepG2 (E) and HG i+ HepG2 (F) cells following 24 h PAT exposure. (** p < 0.01, * p < 0.05 relative
to control).
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Table 1. Extracellular lactate levels (mean ± SD) measured following 24 h PAT exposure in HepG2
and HEK293 cells.

Treatment Lactate Levels (mmol/L)
Normoglycemic Media (NG)

Lactate Levels (mmol/L)
Hyperglycemic Media (HG)

HEK293 Control 8.85 ± 0.1306 17.78 ± 0.07348
HEK293 0.2 µM PAT 7.77 ± 0.1796 12.92 ± 0.1878
HEK293 2.0 µM PAT 7.75 ± 0.3103 15.97 ± 0.1470

HepG2 Control 3.36 ± 0.2531 5.58 ± 0.2368
HepG2 0.2 µM PAT 2.64 ± 0.1551 5.35 ± 0.3101
HepG2 2.0 µM PAT 3.12 ± 0.1796 5.17 ± 0.8410
HepG2 (i+) Control 3.15 ± 0.1388 3.63 ± 0.07348

HepG2 (i+) 0.2 µM PAT 2.79 ± 0.1470 3.69 ± 0.4736
HepG2 (i+) 2.0 µM PAT 2.40 ± 0.04899 3.68 ± 0.2286

3. Discussion

The key finding in this study is that exposure to PAT impairs insulin signaling
under HG conditions and alters metabolic flexibility after 24 h exposure in an in vitro
model. This finding was consistent following insulin stimulation, suggestive of an insulin-
resistant mechanism.

A recent study showed PAT was cytotoxic to rat pancreatic β cells but did not affect
insulin production [24,25] prompting examination of the insulin signaling cascade in this
study. The IR, a tyrosine kinase, undergoes autophosphorylation catalyzing the phospho-
rylation and activation of downstream cellular proteins including IRS-1, the PI3K/Akt
pathway and ERK/MAPK pathway. These pathways act in concert to positively regulate
glycolysis, glucose storage as glycogen and lipids and repress glucose synthesis and re-
lease by inhibiting glycogenolysis and gluconeogenesis. Insulin action is attenuated by
dephosphorylation of the receptor and its substrates. Phospho-tyrosine residues indicated
PAT activated the insulin signaling cascade under NG conditions but suppressed activation
under HG conditions in HepG2 cells (Figure 2). Defects in this pathway have been linked
to impaired glucose tolerance and the pathogenesis of type 2 diabetes [22,28].

The ERK/MAPK pathway is activated in a stepwise sequence within the insulin
signaling cascade. pERK catalyzes the activation of transcription factors to initiate cell
proliferation. Inhibition of this pathway observed in PAT exposed HG HepG2 and HEK293
cells (Figure 3) prevents insulin-stimulated cell growth. PAT-induced alterations in ERK
signaling and proliferation have been reported in the literature, but metabolic consequences
have been neglected [4,23]. The findings in this study imply PAT-mediated ERK changes
are dependent on insulin and glucose availability (Figure 3). This may be of consequence
to glucose metabolism under conditions of PAT-inflicted β-cell death [24].

Proximal insulin signaling activates the PI3K/Akt pathway in parallel to the ERK/MAPK
pathway. pIRS-1 recruits PI3K to activate Akt by phosphorylation. pAkt-mediated phos-
phorylation of GSK-3 (ser 9) relieves GS inhibition and promotes glycogen synthesis. Under
NG conditions, PAT-activated pIRS-1 (Figure 2), PI3K/Akt activation (Figure 4) and in-
creased pGSK-3 (Figure 5) in HepG2 cells positively regulating glycogen synthesis. Under
HG conditions, however, PAT diminished pIRS-1 (Figure 2) in HepG2 cells and PI3K/Akt
(Figure 4) mediated GSK-3 (Figure 5) phosphorylation in both HepG2 and HEK293 cells.
These findings reveal distinct differences in PAT-mediated signaling depending on glucose
availability. PAT-altered PI3K/Akt signaling has been reported previously in other cell
lines [23]; the findings in this study, however, reveal novel metabolic implications. These
trends identified in HepG2 cells were observed consistently in both the presence and ab-
sence of insulin, implicating a non-insulin dependent mechanism. Elevated total GSK-3 is
associated with impaired glucose disposal and glycogen synthesis and type 2 diabetes [20].
Similar dysfunctions in reduced pIRS-1/PI3K/Akt signaling as observed in this study, have
been associated with insulin resistance and impaired glucose tolerance [21,29].
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Previous studies describe PAT-inflicted glycogen loss and serum glucose elevation in
animals, postulating that PAT increases gluconeogenesis and glycogenolysis [15,30]. In this
study, active GSK-3, a prominent feature in glycogenolysis, is elevated by PAT under HG
conditions in both HEK293 and HepG2 cell lines (Figure 5). PAT also increased the gene
expression of glucose-producing enzymes PYGL and PCK-1 and inhibited glycolytic PFK-1
(Figure 1) under the same conditions in HepG2s. These classic indicators of glycogenolysis
and gluconeogenesis, usually inhibited by insulin and HG conditions [28], were increased
by PAT under the same conditions. Glucose homeostasis relies on the detection of varying
glucose availability. GLUT2, expressed in the kidney and liver, plays a crucial role in glucose
sensing and uptake. GLUT2 suppression, induced by PAT in both HEK293 and HepG2 cells
(Figure 5), is associated with cellular glucose efflux, impaired activity of glucose sensitive
genes, reduced glucose uptake and promoting type 2 diabetes pathogenesis and organ
damage [18,31]. While organ damage has been described in previous findings on PAT,
this novel finding offers a possible explanation for the increased gluconeogenic markers,
impaired glycogen synthesis and glycolysis in PAT treatments in this study.

These findings indicate that PAT compromised cellular metabolic processes in adaption
to glucose availability. PDH, the principal enzyme controlling nutrient adaption and
metabolic flexibility, is activated by insulin and glucose via dephosphorylation on the E1α
subunit. PDH metabolizes pyruvate at the junction between glucose, fatty acid metabolism
and the TCA cycle [17]. PDK-1 phosphorylates and inhibits PDH E1α under hypoxic
conditions, shifting metabolism to glycolytic processes [32]. PAT significantly increased
PDK-1 and pPDH E1α expression in HepG2 cells (Figure 6). In cancerous cells such as
HepG2s, this is associated with aggravation of the Warburg effect. The Warburg effect
posits cancerous cells inhibit mitochondrial ATP production and increase rates of glycolysis
and cytoplasmic conversion of pyruvate to lactate [33,34]. This pathway is linked to glucose
scarcity, synthesis and inhibition of pyruvate conversion to acetyl-CoA. Mitochondrial
inhibition in cancerous cells is achieved by PDK and pPDH elevation. These actions block
excessive mitochondrial ROS production, linked extensively to PAT in previous studies [14].
Thus, PAT-induced pPDH and PDK-1 elevation may be an energy- and mitochondrial
conservation strategy [4,10,11]. In addition, lactate levels were decreased in PAT treatments
(Table 1), despite PDK-1 and pPDH E1α (Figure 6) elevation. While the lower levels of
lactate in i+ treatments suggest insulin may have stimulated mitochondrial function, the
high levels in the HEK293 control cells may explain the potent toxicity of PAT in the cell
line as PAT loses biological activity in alkaline media [35,36]. Taken together, the results
imply pyruvate did not undergo lactic acid fermentation as suggested in the Warburg effect
theory. Alternate fates of pyruvate under PDH inhibition include the TCA cycle, fatty
acid synthesis and gluconeogenesis [17]. While there is currently insufficient evidence in
this study and the literature to conclusively rule out the TCA cycle or fatty acid synthesis
these findings, together with gluconeogenic enzyme mRNA levels (Figure 1), GLUT2 and
GSK-3 expression (Figure 5), infer pyruvate was shunted back toward gluconeogenesis
despite the availability of glucose and insulin. Decreased PDH and metabolic inflexibility
are initiating events in impaired glucose oxidation, associated with insulin resistance and
type 2 diabetes [14,16,37–39].

Type 2 diabetes is characterized by elevated glucose levels, impaired glucose tol-
erance, insulin resistance, defects in the insulin signaling pathway, oxidative stress and
mitochondrial dysfunction [22]. The literature shows PAT causes oxidative stress and mito-
chondrial dysfunction which is associated with both causes and consequences of insulin
resistance [10,11,26,40]. This study presents novel findings indicating PAT opposes insulin
action under HG conditions, suppresses components of the insulin signaling pathway and
prevents metabolic flexibility in HepG2 and HEK293 cells. Given that PAT targets the
kidney and liver, and the role of these organs in systemic glucose and energy homeostasis,
this has strong implications for PAT-induced toxicology and disorders of metabolism.
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4. Conclusions

Our findings show PAT caused defects in the insulin signaling pathway under HG
conditions, stimulated glucose production pathways and inhibited PDH activity, contribut-
ing to metabolic inflexibility. Collectively, these results suggest PAT exposure may be
an initiating event in insulin resistance with an etiological role in pathogenesis of type 2
diabetes and other disorders of metabolism. Significant results were observed above and
below the safety level of PAT.

5. Materials and Methods

HEK293 and HepG2 cells were obtained from the American Type Culture Collection
(Johannesburg, South Africa). Culture reagents were purchased from Lonza BioWhittaker
(Basel, Switzerland). Western Blotting and qPCR reagents and consumables were purchased
from Bio-Rad (Hercules, CA, USA). Patulin (P1639) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other reagents were obtained from Merck (Darmstadt, Germany)
unless otherwise stated.

5.1. Cell Culture

HepG2 cells were cultured in complete culture medium (CCM) containing Eagle’s
minimum essential medium (EMEM) supplemented with 2 mM l-glutamine, 1% pen-strep-
fungizone (500 units potassium penicillin, 500 µg streptomycin, 1.25 µg amphotericin
B/5 mL flask) and 10% fetal bovine serum in 25 cm3 flasks at 37 ◦C. HepG2 cells were
derived from hepatocellular carcinoma. Despite the limitations of being a cancerous line
(relative to primary human hepatocytes), HepG2 cells were used as they exhibit phenotypic
stability, genotypic features of normal liver cells and exhibit high glucose consumption
and active energy metabolism [41,42]. HEK293 cells were cultured in CCM in comprising
Dulbecco’s modified essential medium (DMEM) supplemented with 2 mM l-glutamine,
1% pen-strep-fungizone (500 units potassium penicillin, 500 µg streptomycin, 1.25 µg
amphotericin B/5 mL flask), 10 mM HEPES and 10% fetal bovine serum in 25 cm3 flasks
at 37 ◦C; 5% CO2. HEK293 cells are established from primary human embryonic kidney
and have the capacity to switch metabolic processes from glucose consumption and lactate
production to glucose–lactate co-consumption [43]. This characteristic makes HEK293 cells
an ideal model to study potential changes to glucose metabolism as a result of PAT exposure.

5.2. Dosage Information

PAT (5 mg) was dissolved in 1ml 100% dimethyl sulfoxide (DMSO) (32 mM PAT).
Smaller PAT stock solutions were prepared in 0.1 M PBS to a final concentration of 1 mM.
When 90% confluent, cells were serum starved for 16 h (h) and then treated with PAT
(0.2 µM; 2.0 µM) in 5 mL CCM for 24 h. These PAT concentrations are below and above the
safety level of PAT in consumables, respectively, and were determined from incidence and
monitor studies [3,5]. These studies indicate that despite a safety level of 50 µg/L (0.3 µM),
PAT exposure and levels in consumables can vary from 0.1 µM to 4.0 µM. Cells grown and
treated under these conditions (normoglycemic: 5 mM glucose) are referred to as NG in
the results.

To determine the effect of PAT on glucose tolerance, once 90% confluent HepG2 and
HEK293 cells were serum starved for 16 h and exposed to high glucose CCM (HG) (25 mM)
and PAT (0.2 µM; 2.0 µM) for 24 h.

Finally, to determine PAT effect on insulin signaling, 90% confluent HepG2 cells were
serum starved for 16 h, exposed to NG (5 mM glucose) or HG (25 mM glucose) media and
PAT (0.2 µM; 2.0 µM) for 24 h. Cells were then stimulated with 10 ng/mL (1.7 nM) insulin
for 5 min before the media was removed. These are represented by NG i+ and HG i+ in the
results. HEK293 cells show a limited insulin signaling profile and were excluded from this
parameter in the study.

Metformin (5 mM) was used as a positive control in all protein expression experiments;
this concentration was selected from the literature [44].
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Results are representative of three independent experiments completed in triplicate.

5.3. Quantitative Polymerase Chain Reaction (PCR)
5.3.1. RNA Isolation and cDNA Preparation

RNA was isolated adding 500 µL QIAzol lysis reagent (Qiagen, Hilden, Germany) to
1 × 106 cells in 500 µL 0.1 M PBS and incubated overnight (−80 ◦C). Chloroform (100 µL)
was then added and samples were centrifuged (15 min, 12,000× g, 4 ◦C). Isopropanol
(250 µL) was added to the aqueous phase in a clean tube and incubated overnight (−80 ◦C).
Samples were centrifuged (20 min, 12,000× g, 4 ◦C), supernatant was discarded and pellets
were washed with 500 µL cold ethanol and centrifuged (15 min, 7400× g, 4 ◦C) once more.
Ethanol was then aspirated; samples were dried and resuspended in 12.5 µL RNase-free
water. RNA was quantified using the Nanodrop2000 and standardized to 1000 µg/µL.
cDNA was synthesized using Bio-Rad iScript™ reaction mix as per the manufacturer’s
instructions (iScript™ cDNA Synthesis kit Bio-Rad; 107-8890, Johannesburg, South Africa).
Thermocycler conditions were 25 ◦C for 5 min, 42 ◦C for 30 min, 85 ◦C for 5 min and a final
hold at 4 ◦C.

5.3.2. mRNA Quantification

mRNA levels of glucose homeostasis enzymes PYGL, PFK-1 and PCK-1 were evaluated
using the SsoAdvanced™ Universal SYBR Green Supermix (Bio-Rad; 170-880) according
to the manufacturer’s instructions. Once synthesized (as above), a reaction volume made
up to 25 µL comprising cDNA template, 30 nM sense primer, 30 nM antisense primer, re-
action mix and nuclease-free water was made up. Primer sequences and annealing tem-
peratures were as follows PYGL [Sense 5′-TGCCCGGCTACATGAATAACA-3′; Antisense 5′-
TGTCATTGGGATAGAGACCC-3′; 56.5 ◦C]; PCK-1 [Sense 5′-AAAACGGCCTGAACCTCTCG-
3′; Antisense 5′-ACACAGCTCAGCGTTATTCTC-3′; 56.5 ◦C]; PFK-2 [Sense 5′AGTCCTACG-
ACTTCTTTCGGC-3′; Antisense 5′-TCTCCTCAGTGAGATACGCCT-3′; 57 ◦C] qPCR was
completed using CFX Touch™ Real Time PCR Detection System (Bio-Rad, Johannesburg,
South Africa). The reaction was subjected to an initial denaturation (95 ◦C, 4 min),
followed by 37 denaturation cycles (95 ◦C, 15 s), annealing (primer-specific tempera-
ture, 40 s), extension (72 ◦C, 30 s) and a plate read for 37 cycles. β actin [Sense 5′-
TGACGGGTCACCCACACTGTGCCCAT-3′; Antisense 5′-CTAGAAGCATTTGCGGTGGA-
CGATGGAGGG-3′] was run under the same conditions and used as the housekeeping gene.
Data were analyzed using the method described by Livak and Schmittgen and represented
as fold change (2−∆∆CT) relative to the control [45].

5.4. Western Blotting
5.4.1. Protein Isolation

Cytobuster (Novagen®, Pretoria, South Africa) supplemented with protease inhibitor
and phosphatase inhibitor (Roche 05892791001 and 04906837001, respectively) was added
to cells (4 ◦C, 10 min) and centrifuged (5 min, 10,000× g, 4 ◦C). Crude protein extracts
were quantified using the bichinchonic acid (BCA) assay (Sigma, St. Louis, MO, USA)
and standardized to 1 mg/mL. Samples were denatured by boiling (5 min, 100 ◦C) in
Laemmli buffer (dH2O, 0.5 M TrisHCl (pH 6.8), glycerol, 10% sodium dodecyl sulphate
polyacrylamide (SDS), β-mercaptoethanol, 1% bromophenol blue).

5.4.2. Sodium Dodecyl Sulphate–Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and Immunoblotting

Samples were separated by electrophoresis on 7% SDS gels (1 h, 150 V) and transferred
to nitrocellulose membranes using the TransBlot Turbo System® (Bio-Rad, Johannesburg,
South Africa). Membranes were blocked (1 h, 3%, bovine serum albumin (BSA)) in Tris-
buffered saline with Tween20 (TTBS) (20 mM Tris–HCl; pH 7.4), 500 mM NaCl and 0.01%
Tween 20). Membranes were then incubated with primary antibody (phosphor-tyrosine (p-
tyr100) (CST#9411); phosphor-GSK3β (ser 9) (pGSK3) (ab107166); total GSK3α/β (ab15314);
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GLUT2 (ab54460); p44/42 MAPK (ERK1/2) (CST#9102); phosphor-p44/42 MAPK (ERK1/2)
(Thr202/Try204) (CST#9106); PI3K (CST#5405); phosphor-ser473 Akt (CST#9271); Akt
(CST#9272); PDK-1 (ab110025); phosphor-PDH (E1α) (ab92696); PDH (E1α) (ab110330);
(1:1000)) in 1% BSA in TTBS overnight at 4 ◦C. Membranes were washed four times
(10 mL, TTBS, 10 min) and treated with horseradish peroxidase-conjugated secondary
antibody (anti-rabbit, CST #7074; anti-mouse, CST #7076, 1:10,000) in 1% BSA for one hour
at room temperature. Membranes were then washed four times (10 mL, TTBS, 10 min)
and immunoreactivity was detected (Clarity™ Western ECL Blotting Substrate, Bio-Rad,
Johannesburg, South Africa) with the Bio-Rad ChemiDoc Imaging System. Protein bands
were analyzed with the Bio-Rad Image Lab Analysis 6.0 software and normalized against
the corresponding β-actin bands.

5.5. Statistical Analysis

Results are represented as mean fold change ± standard deviation (SD) relative to
normalized control. Statistical significance was assessed using one-way ANOVA with
appropriate post hoc comparisons on GraphPad Version 5.0 Software. p values less than
0.05 were considered significant.
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Abstract: The T-2 toxin (T-2), a mycotoxin produced by several species of Fusarium which belongs to
group A of trichothecenes, is rapidly metabolized, and its main metabolites are HT-2, Neosolaniol
(Neo), T2-triol and T2-tetraol. In this work, the antioxidant defense system of HepG2 cells against
oxidative stress induced by T-2 and its metabolites was evaluated. The results obtained demonstrated
that there is an overall decrease in glutathione (GSH) levels after all mycotoxins exposure. Moreover,
the GSH levels and the enzymatic activities related to GSH (GPx and GST) increased with NAC
pre-treatment (glutathione precursor) and decreased with BSO pre-treatment (glutathione inhibitor).
The GPx activity is increased by T2-tetraol. The GST activity increased after T-2 and T2-triol exposure;
however, T2-tetraol decreased its activity. Furthermore, CAT activity increased after T-2 and T2-triol;
nevertheless, Neo decreased its activity. Finally, SOD activity is increased by all mycotoxins, except
after T-2 exposure. So, the damage associated with oxidative stress by T-2 and its metabolites is
relieved by the antioxidant enzymes system on HepG2 cells.

Keywords: T-2; metabolites; glutathione; antioxidant enzymes

Key Contribution: The role played by oxidative stress of T-2 and mainly its metabolites Neo, T2-triol,
and T2-tetraol on HepG2 cells.

1. Introduction

Mycotoxins are toxic secondary metabolites produced under favorable conditions
by fungi that grow on food and feed worldwide [1]. Mycotoxin contamination is an
aggravated problem in developing countries. The most detected mycotoxins in food
are aflatoxins (AFs), fumonisins (FBs), ochratoxin A (OTA), patulin (PAT), zearalenone
(ZEA), and trichothecenes. Among the trichothecenes, the T-2 toxin (T-2) is the most
cytotoxic compound [1,2]. The T-2 is produced by various species of Fusarium, such as
F. sporotichioides, F. poae, F. equiseti, and F. acuminatum. It is detected in field crops such
as wheat, maize, barley, and oats and processed grains such as malt, beer, and bread [3].
Furthermore, T-2 has also been detected in drinking water in endemic areas of China, such
as Qinghai, and in traditional Chinese medicines [4–6]. The most common route of T-2
exposure is through ingestion, although there are other routes. Farmers may be exposed
via direct contact with contaminated grain dust and hay, and it could cause organ damage
to the kidney, liver, skin, brain, and gut [7,8].

The T-2 is rapidly metabolized to HT-2, Neosolaniol (Neo), T2-triol, and T2-tetraol [1,9].
Consequently, the cytotoxic mechanism of T-2 in vivo and in vitro might be partly at-
tributable to its metabolites [10]. Previously, the cytotoxicity of T-2 metabolites was studied
individually and in combinations in various in vitro studies, and it was observed that T-2
showed the highest cytotoxic effect [9]. The T-2 is a predisposing factor in the Kashin–Beck
disease (KBD), a chronic endemic type of osteochondropathy that was mainly distributed
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from northeastern to southwestern China [4,11]. Moreover, the T-2 induces neurotoxicity,
emesis, cardiovascular alterations, immunodepression, muscular weakness, ataxia anorec-
tic responses, hepatotoxicity, and bone marrow damage [1,12,13]. The T-2 decreases the
levels of antibodies, immunoglobulins as well as diverse cytokines [12]. An important
toxicity of T-2 is mitochondrial toxicity. The T-2 may induce the collapse of mitochondrial
membrane potential and promote the production of mitochondrial reactive oxygen species
(ROS). Mu et al. suggested that alterations in mitochondrial gene expression could alter the
coupling of mitochondrial oxidative phosphorylation leading to ROS generation [14].

Oxidative metabolites can be scavenged by GSH. The function of GSH may be evalu-
ated in vitro by adding exogenous compounds capable of decreasing or increasing the GSH
synthesis. For instance, N-Acetyl-cysteine (NAC) is an effective source of sulfhydryl groups
in cells and a scavenger of free radicals because it may interact with ROS, so it is a precursor
of GSH. On the other hand, D-L-buthionine-(S, R)-sulfoximine (BSO) is an inhibitor of
γ-glutamylcysteine synthetase, the enzyme that triggers the cytosol’s production of GSH.

There are a variety of studies reporting the effects of oxidative stress damage generated
by mycotoxins in different cell lines [15–17]. However, there are few reports in the literature
concerning the effects of T-2 and its metabolites on enzymatic and non-enzymatic antioxi-
dant defense. We selected the HepG2 cells due to it is a hepatic cell line, and the liver is the
main drug-metabolizing organ and the main T-2 target organ [12,18]. In this study, the GSH
levels and the antioxidant defense system (GPx, GST, SOD, and CAT activities) of HepG2
cells exposed to T-2, Neo, T2-triol, and T2-tetraol were evaluated. Moreover, to demonstrate
the role of GSH in T-2 and its metabolite detoxification, the effect of pre-treatments with
NAC or BSO was also assayed.

2. Results
2.1. In Vitro Cytotoxicity

The MTT assay was used to assess the cytotoxicity of T-2 and its modified forms on
HepG2 cells after 24 h, and the results were published in our previous work [9]. The results
demonstrated that T-2, Neo, T2-triol, and T2-tetraol exposure reduced cell viability in a
manner that was dependent on both time and concentration. This decrease in cell viability
is of the same order for all mycotoxins, being between 10 and 70% for T-2 and T2-tetraol
and between 23 and 77% for Neo and T2-triol.

In this study, we have selected the IC50/2, IC50/4, and IC50/8 values for each myco-
toxin obtained from the MTT assay. The values were 7.5, 15, and 30 nM for T-2, 12.5, 25, and
50 nM for Neo, 0.12, 0.25, and 0.45 µM for T2-triol and 0.45, 0.9, and 1.7 µM for T2-tetraol.

2.2. Intracellular ROS Generation

Due to the cytotoxic effect observed of T-2 and its metabolites on HepG2 cells, we
studied the generation of ROS to test if oxidative stress is one of the mechanisms by which
these mycotoxins exert their cytotoxicity. As can be observed in Figure 1, there was an
increase in ROS production after T-2, T2-triol, and T2-tetraol exposure. The increases in
ROS production were from 17.79 to 27.92% for T-2, 21.75 for T2-triol, and 23.09 to 40.81%
for T2-tetraol.
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(12.5, 25, and 50 nM) (b), T2-triol (0.12, 0.25, and 0.45 µM) (c) and T2-tetraol (0.45, 0.9, and 1.7 µM) 
(d) during 24 h. Results are expressed as mean ± SEM (n = 2). Student’s t-test for paired samples was 
used for statistical analysis of results. * p ≤ 0.05 indicates a significant difference from the control 
(CRL; fresh medium). 
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Regarding NAC pre-treatment, a significant increase in GSH levels (30.1%) in control 
cells was observed with respect to control without NAC pre-treatment (Figure 2). Also, at 
7.5 and 30 nM T-2, NAC pre-treatment led to an increase in GSH level (68.3 and 19.3%, 
respectively), GSSG content (45.7 and 14.7%, respectively), and the GSH/GSSG ratio (112.4 
and 13.9%, respectively) with respect to cells in fresh medium, showing a NAC protective 
effect in HepG2 cells. Furthermore, an increase of GSH (13.3%) and GSH/GSSG (10%) at 
30 nM was observed, corresponding with a decrease (12.3%) of GSSG levels, compared to 
control with NAC pre-treatment. 

Concerning the BSO pre-treatment, a decrease in GSH level (57.6%), GSSG level 
(37.4%), and GSH/GSSG ratio (35.2%) was obtained in their own controls compared to 
controls without pre-treatment. In this respect, a significant decrease in GSH levels was 
determined at 47.2 and 88.5% at 15 and 30 nM, respectively. The GSH/GSSG ratio also 
decreased from 17.6 to 81.4% (Figure 2c). On the other hand, a significant decrease in GSH 
levels (66.6%) was also obtained after the exposure of T-2 at the highest concentration (30 
nM) compared to their own control, whereas a significant decrease in GSH/GSSG ratio 
(from 26.9 to 70.5%) was obtained with respect to control with BSO pre-treatment. 

Figure 1. The ROS-induced fluorescence in HepG2 cells exposed to T-2 (7.5, 15, and 30 nM) (a), Neo
(12.5, 25, and 50 nM) (b), T2-triol (0.12, 0.25, and 0.45 µM) (c) and T2-tetraol (0.45, 0.9, and 1.7 µM)
(d) during 24 h. Results are expressed as mean ± SEM (n = 2). Student’s t-test for paired samples was
used for statistical analysis of results. * p ≤ 0.05 indicates a significant difference from the control
(CRL; fresh medium).

2.3. GSH Determination

As far as the GSH determination after T-2 exposure is concerned, the GSH levels and
GSH/GSSG ratio significantly decreased (p ≤ 0.05) at 7.5 nM by 50.6 and 52.7% and at
15 nM by 25.8 and 18.7%, respectively, compared to control (Figure 2a,c). The GSSG levels
also decreased at all the assayed concentrations with respect to control cells (Figure 2b).

Regarding NAC pre-treatment, a significant increase in GSH levels (30.1%) in control
cells was observed with respect to control without NAC pre-treatment (Figure 2). Also,
at 7.5 and 30 nM T-2, NAC pre-treatment led to an increase in GSH level (68.3 and 19.3%,
respectively), GSSG content (45.7 and 14.7%, respectively), and the GSH/GSSG ratio (112.4
and 13.9%, respectively) with respect to cells in fresh medium, showing a NAC protective
effect in HepG2 cells. Furthermore, an increase of GSH (13.3%) and GSH/GSSG (10%) at
30 nM was observed, corresponding with a decrease (12.3%) of GSSG levels, compared to
control with NAC pre-treatment.

Concerning the BSO pre-treatment, a decrease in GSH level (57.6%), GSSG level
(37.4%), and GSH/GSSG ratio (35.2%) was obtained in their own controls compared to
controls without pre-treatment. In this respect, a significant decrease in GSH levels was
determined at 47.2 and 88.5% at 15 and 30 nM, respectively. The GSH/GSSG ratio also
decreased from 17.6 to 81.4% (Figure 2c). On the other hand, a significant decrease in
GSH levels (66.6%) was also obtained after the exposure of T-2 at the highest concentration
(30 nM) compared to their own control, whereas a significant decrease in GSH/GSSG ratio
(from 26.9 to 70.5%) was obtained with respect to control with BSO pre-treatment.
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Figure 2. Effect of T-2 (7.5, 15, and 30 nM) with and without NAC or BSO pre-treatment on GSH 
levels (a), GSSG levels (b), and on the GSH/GSSG ratio (c) after 24 h of exposure. Data are expressed 
as mean values ± SEM of three independent experiments. One-way ANOVA followed by the Turkey 
HDS post-hoc test for multiple comparisons was used to analyze the difference between groups. * p 
≤ 0.05 indicates a significant difference from the respective control (CRL; fresh medium or without 
pre-treatment, NAC pre-treatment, and BSO pre-treatment); # p ≤ 0.05 indicates a significant differ-
ence with respect to the fresh medium. 
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Figure 2. Effect of T-2 (7.5, 15, and 30 nM) with and without NAC or BSO pre-treatment on GSH
levels (a), GSSG levels (b), and on the GSH/GSSG ratio (c) after 24 h of exposure. Data are expressed
as mean values ± SEM of three independent experiments. One-way ANOVA followed by the
Turkey HDS post-hoc test for multiple comparisons was used to analyze the difference between
groups. * p ≤ 0.05 indicates a significant difference from the respective control (CRL; fresh medium or
without pre-treatment, NAC pre-treatment, and BSO pre-treatment); # p ≤ 0.05 indicates a significant
difference with respect to the fresh medium.

Regarding Neo (Figure 3), in fresh medium, the GSH levels and GSH/GSSG ratio
significantly decreased from 56.2 to 73.3%, and from 48.6 to 70.4%, after Neo exposure,
respectively, compared to control cells (Figure 3a,c). On the contrary, the GSSG content
significantly increased from 13.2 to 37.1% (Figure 3b).

Concerning the NAC pre-treatment, an increase of GSH and GSSG levels and GSH/GSSG
ratio (by 16.9, 22.4, and 26.8%, respectively) in control cells was observed with respect to
control in fresh medium (Figure 3). Similarly, the pre-treatment with NAC produced an
increase in GSH levels (from 137.4 to 197.6%) and GSH/GSSG ratio (from 102.3 to 159.9%) in
cells exposed to Neo, with respect to cells in fresh medium, which showed a cytoprotecting
effect of NAC in these cells.
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Figure 3. Effect of Neo (12.5, 25, and 50 nM) with and without NAC or BSO pre-treatment on
GSH levels (a), GSSG levels (b), and on the GSH/GSSG ratio (c) after 24 h of exposure. Data are
expressed as mean values ± SEM of three independent experiments. One-way ANOVA followed by
the Turkey HDS posthoc test for multiple comparisons was used to analyze the difference between
groups. * p ≤ 0.05 indicates a significant difference from the respective control (CRL; fresh medium or
without pre-treatment, NAC pre-treatment, and BSO pre-treatment); # p ≤ 0.05 indicates a significant
difference with respect to the fresh medium.

With respect to BSO pre-treatment, a decrease in the GSH levels and GSH/GSSG
ratio (47.4 and 26.4%, respectively) was obtained in controls compared to controls without
BSO. The GSSG levels significantly decreased by 18.3% at the highest Neo concentration.
Additionally, a significant decrease of GSH levels (by 32.9 and 55.9%) and GSH/GSSG
ratio (by 49.4 and 62.6%) and a significant increase in GSSG levels (by 17.6 and 18.6%)
were also obtained after 12.5 and 50 nM of Neo exposure, respectively, compared to BSO
pre-treated controls.

Regarding T2-triol (Figure 4), the GSH levels and GSH/GSSG ratio decreased after
0.45 µM T2-triol exposure (57.9 and 53.3%, respectively) in fresh medium, whereas the
GSSG content significantly increased (34.2%) compared to control cells.
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Figure 4. Effect of T2-triol (0.12, 0.25, and 0.45 µM) with and without NAC or BSO pre-treatment
on GSH levels (a), GSSG levels (b), and on the GSH/GSSG ratio (c) after 24 h of exposure. Data are
expressed as mean values ± SEM of three independent experiments. One-way ANOVA followed by
the Turkey HDS posthoc test for multiple comparisons was used to analyze the difference between
groups. * p ≤ 0.05 indicates a significant difference from the respective control (CRL; fresh medium or
without pre-treatment, NAC pre-treatment, and BSO pre-treatment); # p ≤ 0.05 indicates a significant
difference with respect to the fresh medium.

Concerning the effects of NAC pre-treatment, a significant increase of GSH and GSSG
levels was determined in control cells by 14 and 28.8%, respectively, compared to controls
without NAC pre-treatment (Figure 4). Additionally, NAC pre-treatment induced an
increase in GSH level (from 26.8 to 34.7%), GSSG levels (15.7%), and GSH/GSSG ratio
(20.1%) in cells exposed to T2-triol compared to cells in fresh medium (Figure 4).

Regarding the BSO pre-treatment, a significant decrease in the GSH levels (up to 60.3%)
and GSH/GSSG ratio (up to 59.9%) were also obtained after T2-triol exposure compared to
its own control. Finally, a decrease up to 38.7% of GSSG content of T2-triol was observed
compared to cells without BSO pre-treatment (Figure 4b).

Similar results were obtained with T2-tetraol. The GSH levels and GSH/GSSG ra-
tio increased (15.3 and 13.7%, respectively) at 0.45 µM and decreased (31.1 and 22.4%,
respectively) at 1.7 µM with respect to the control cells. (Figure 5).

The NAC pre-treatment produced an increase in GSH levels (30.9%), GSSG levels
(15.6%), and GSH/GSSG ratio (15.2%) in controls compared to controls without NAC. When
cells exposed to NAC pre-treatment were compared to cells exposed to fresh medium,
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an increase of GSH, GSSG levels, and the GSH/GSSG ratio was observed. These values
increased to 66.8%, 32.9%, and 26.4%, respectively.

Toxins 2022, 14, x FOR PEER REVIEW 7 of 20 
 

 

When cells exposed to NAC pre-treatment were compared to cells exposed to fresh me-
dium, an increase of GSH, GSSG levels, and the GSH/GSSG ratio was observed. These 
values increased to 66.8%, 32.9%, and 26.4%, respectively. 

Concerning the BSO pre-treatment, a significant decrease in the GSH, GSSG levels, 
and GSH/GSSG ratio was observed (Figure 5). The BSO pre-treatment showed a decrease 
from 47.1 to 58.9% of GSH levels, from 23.3 to 27.1% of GSSG levels and from 30 to 51.6% 
of GSH/GSSG ratio, with respect to cells without BSO. Finally, with BSO pre-treatment, a 
significant decrease of up to 31.9% was observed in the GSH/GSSG ratio with respect to 
its own control. 

 
Figure 5. Effect of T2-tetraol (0.45, 0.9, and 1.7 µM) with and without NAC or BSO pre-treatment on 
GSH levels (a), GSSG levels (b), and on the GSH/GSSG ratio (c) after 24 h of exposure. Data are 
expressed as mean values ± SEM of three independent experiments. One-way ANOVA followed by 
the Turkey HDS posthoc test for multiple comparisons was used to analyze the difference between 
groups. * p ≤ 0.05 indicates a significant difference from the respective control (CRL; fresh medium 
or without pre-treatment, NAC pre-treatment, and BSO pre-treatment); # p ≤ 0.05 indicates a signif-
icant difference with respect to the fresh medium. 

2.4. Enzymatic Activity 
The GPx, GST, CAT, and SOD activities were assessed in HepG2 cells after 24 h of 

incubation with T-2 (7.5, 15, and 30 nM) and its modified forms, Neo (12.5, 25, and 50 nM), 
T2-triol (0.12, 0.25 and 0.45 µM) and T2-tetraol (0.45, 0.9 and 1.7 µM). 

0
2
4
6
8

10
12

CRL 0.45 0.9 1.7

µg
 G

SH
 / 

m
g 

pr
ot

ei
n

Concentration (µM)

without pre-treatment
NAC pre-treatment

BSO pre-treatment

*

*

* *

*
# #

#

#

#

#

#

(a)

#

0
0.05

0.1
0.15

0.2
0.25

0.3

CRL 0.45 0.9 1.7

µg
 G

SS
G 

/ m
g 

pr
ot

ei
n

Concentration (µM)

without pre-treatment

NAC pre-treatment

BSO pre-treatment

(b) ##

#

#

#

# **

*
*

#

0
2
4
6
8

10
12
14
16

CRL 0.45 0.9 1.7

GS
H 

/ G
SS

G

Concentration (µM)

without pre-treatment
NAC pre-treatment
BSO pre-treatment

* *

*
*

*

*#
#

(c)

* #

#

#

#

Figure 5. Effect of T2-tetraol (0.45, 0.9, and 1.7 µM) with and without NAC or BSO pre-treatment
on GSH levels (a), GSSG levels (b), and on the GSH/GSSG ratio (c) after 24 h of exposure. Data are
expressed as mean values ± SEM of three independent experiments. One-way ANOVA followed by
the Turkey HDS posthoc test for multiple comparisons was used to analyze the difference between
groups. * p ≤ 0.05 indicates a significant difference from the respective control (CRL; fresh medium or
without pre-treatment, NAC pre-treatment, and BSO pre-treatment); # p ≤ 0.05 indicates a significant
difference with respect to the fresh medium.

Concerning the BSO pre-treatment, a significant decrease in the GSH, GSSG levels,
and GSH/GSSG ratio was observed (Figure 5). The BSO pre-treatment showed a decrease
from 47.1 to 58.9% of GSH levels, from 23.3 to 27.1% of GSSG levels and from 30 to 51.6%
of GSH/GSSG ratio, with respect to cells without BSO. Finally, with BSO pre-treatment, a
significant decrease of up to 31.9% was observed in the GSH/GSSG ratio with respect to its
own control.

2.4. Enzymatic Activity

The GPx, GST, CAT, and SOD activities were assessed in HepG2 cells after 24 h of
incubation with T-2 (7.5, 15, and 30 nM) and its modified forms, Neo (12.5, 25, and 50 nM),
T2-triol (0.12, 0.25 and 0.45 µM) and T2-tetraol (0.45, 0.9 and 1.7 µM).

Concerning GPx activity, a significant decrease (67.9%) was obtained after 30 nM
T-2 exposure in the fresh medium, as shown in Figure 6a, whereas a significant increase
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was observed at this concentration in cells pre-treated with NAC (326.4%) pre-treatment,
compared to cells in fresh medium. Regarding to Neo exposure, an increase by 249.2% at
25 nM was determined in NAC pre-treated cells compared to its own control, while an
increase (from 242.9 to 548.3%) was observed at all concentrations tested compared to cells
in fresh medium (Figure 6b).
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Figure 6. Effect of T-2 (7.5, 15 and 30 nM) (a), Neo (12.5, 25, 50 nM) (b), T2-triol (0.12, 0.25, 0.45 µM)
(c) and T2-tetraol (0.45, 0.9, 1.7 µM) (d) with and without NAC or BSO pre-treatment on glutathione
peroxidase activity after 24 h of exposure. Data are expressed in % of the unexposed control (CRL). In
terms of µmol of NADPH oxidized/min/mg of protein, the GPx activity is expressed; mean ± SEM
(n = 3). One-way ANOVA followed by the Turkey HDS posthoc test for multiple comparisons was
used to analyze the difference between groups. * p ≤ 0.05 indicates a significant difference from
the respective control (fresh medium or without pre-treatment, NAC pre-treatment, and BSO pre-
treatment); # p ≤ 0.05 indicates a significant difference with respect to the fresh medium.
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Respect to T2-triol, control NAC pre-treated increased (77.9%) the GPx activity while
control BSO pre-treated significantly decreased (23.2%) with respect to fresh medium
control cells. Cells NAC pre-treated increased the GPx activity from 37.2 to 68.8% compared
to its own control, and it increased (from 104.5 to 223.7%) with respect to fresh medium
cells (Figure 6c). Finally, regarding T2-tetraol, an increase in GPx activity of 77.9% was
shown in control NAC pre-treatment compared to control without pre-treatment, while a
decrease of 23.2% in control BSO pre-treatment was observed. The GPx activity increased
by 39.2%, from 18 to 51.2% and by 79.8 to 108.4%, in HepG2 cells exposed to T2-tetraol
in fresh medium and in cells pre-treated with NAC with respect to its own control and
respect to the corresponding cells in fresh medium, respectively. On the other hand, with
BSO pre-treatment, the GPx activity decreased with respect to cells in fresh medium (50.7%)
and with respect to its own control (35.3%) after the highest concentration of T2-tetraol
(Figure 6d).

As shown in Figure 7a, the GST activity increased significantly in HepG2 cells from
49.8% to 115.7% after T-2 exposure in the fresh medium. After NAC pre-treatment, the
highest increase in GST activity was observed at 15 nM T-2 compared to its own control
cells (by 102.3%) and with respect to cells in fresh medium (by 38.2%). Regarding Neo
exposure, it only was observed in cells with NAC pre-treatment and led to an increase to
221.8% (50 nM) and 39.8% (25 nM) compared to cells without pre-treatment and to control
with NAC pre-treatment, respectively (Figure 7b).
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Figure 7. Effect of T-2 (7.5, 15 and 30 nM) (a), Neo (12.5, 25, 50 nM) (b), T2-triol (0.12, 0.25, 0.45 µM)
(c) and T2-tetraol (0.45, 0.9, 1.7 µM) (d) with and without NAC or BSO pre-treatment on glutathione
S-transferase activity after 24 h of exposure. Data are expressed in % of the unexposed control (CRL).
In terms of mol of product formed/min/mg of protein, the GST activity is expressed; mean ± SEM
(n = 3). One-way ANOVA followed by the Turkey HDS posthoc test for multiple comparisons was
used to analyze the difference between groups. * p ≤ 0.05 indicates a significant difference from
the respective control (fresh medium or without pre-treatment, NAC pre-treatment, and BSO pre-
treatment); # p ≤ 0.05 indicates a significant difference with respect to the fresh medium.

With regard to T2-triol exposure, a significant increase (20.9%) at 0.45 µM was shown
in cells with fresh medium compared to the control. Regarding the effects of NAC pre-
treatment, an increase of 95.6% in control NAC pre-treated cells compared to control no
pre-treated was obtained. Moreover, an increase of GST activity after T2-triol exposure
up to 29% compared to control cells with NAC pre-treatment was observed as well as
an increase from 97.5 to 140.6% compared to cells without pre-treatment. Conversely, a
decrease of 72.6% in control BSO pre-treated compared to control cells not pre-treated
was shown. Similarly, a decrease of up to 83.7% after T2-triol exposure was observed
compared to cells without BSO pre-treatment (Figure 7c). Finally, regarding T2-tetraol
exposure, an increase of 95.6% was shown in control cells NAC pre-treated compared to
control no pre-treated, whereas BSO pre-treated showed a decrease of 72.6%. Furthermore,
a significant increase was obtained at all concentrations tested in cells pre-treated with
NAC with respect to its own control cells (from 28.3 to 37.2%) and also to the corresponding
cells in fresh medium (from 146.5 to 227.7%). On the other hand, the GST activity decreased
in cells BSO pre-treated exposed to 0.45 µM by 45.8% compared to control BSO pre-treated,
whilst a decrease at all concentrations tested in cells pre-treated with BSO with respect to
cells without pre-treatment from 80.6 to 76.9% was also observed (Figure 7d).

Figure 8a shows that the CAT activity increased at the lower T-2 and T2-triol concen-
trations from 68.9 to 102.2% and from 41.9 to 48.6%, respectively, with respect to control
cells (Figure 8c). Conversely, at the lower Neo concentrations, the CAT activity significantly
decreased from 38.9 to 49.3%, while an increase of 58.2% was detected at the highest Neo
concentration with respect to control (Figure 8b,d).

Finally, with respect to SOD activity in HepG2 cells, an increase at all concentrations
tested of Neo (from 325.3 to 445.9%), T2-triol (from 250.65 to 441.2%), and T2-tetraol (from
70.4 to 140.2%) compared to their respective controls was obtained (Figure 9b–d).
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Figure 8. Effect of T-2 (7.5, 15 and 30 nM) (a), Neo (12.5, 25, 50 nM) (b), T2-triol (0.12, 0.25, 0.45 µM)
(c) and T2-tetraol (0.45, 0.9, 1.7 µM) (d) on catalase activity after 24 h of exposure. Data are expressed
in % of the unexposed control (CRL). The CAT activity is expressed as µmol of H2O2/min/mg of
protein; mean ± SEM (n = 3). Student’s t-test for paired samples was used for statistical analysis of
results. * p ≤ 0.05 indicates a significant difference with respect to the control.
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Figure 9. Effect of T-2 (7.5, 15 and 30 nM) (a), Neo (12.5, 25, 50 nM) (b), T2-triol (0.12, 0.25, 0.45 µM)
(c) and T2-tetraol (0.45, 0.9, 1.7 µM) (d) on superoxide dismutase activity after 24 h of exposure. Data
are expressed in % of the unexposed control (CRL); mean ± SEM (n = 3). Student’s t-test for paired
samples was used for statistical analysis of results. * p ≤ 0.05 indicates a significant difference with
respect to the control.

3. Discussion

This study showed that in HepG2 cells, T-2, T2-triol, and T2-tetraol triggered an
increase of intracellular ROS levels after 24 h of exposure (Figure 1), demonstrating that
oxidative stress plays a role in cellular toxicity.

The induction of oxidative stress by T-2 has been previously demonstrated by other
authors [3,10,11,19–27]. The results obtained for T-2 in HepG2 cells grown in medium
showed a decrease in GSH levels at 7.5 and 15 nM compared to control cells. However,
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intracellular GSH increases at 30 nM and it may be to keep the cells in a reduced state and
to avoid oxidative stress to high doses (Figures 1a and 2a).

In our results, correlated with the decrease in GSH levels, an increase in GST activity
was observed. However, GPx activity remained unchanged (Figures 6a and 7a). According
to Gouze et al. [28], the 12,13-epoxide group, which characterizes all epoxy-trichothecene
toxins, could be a substrate for GST conjugation, as GST is active in the epoxides group.
These authors demonstrated that deoxynivalenol (DON) trichothecene has the ability to
conjugate GST, as DON is a substrate of GST [28]. Therefore, in this work, the increase
of GST enzymatic activity after T-2 exposure leads us to speculate that this mycotoxin
could be a substrate for GST due to the structural similarity of both trichothecenes. So, the
GST-mediated conjugation could represent a detoxification pathway in protecting cells from
injury by T-2. On the other hand, GPx activity in HepG2 is not the main implicated enzyme
in detoxifying against the cytotoxicity of T-2. Also, it is possible that GPx inactivates itself
by the decrease of its own substrate. Similarly, SOD activity remains unchanged after T-2
exposure. Nevertheless, CAT activity increased (Figures 8a and 9a). This can be due to
the fact that T-2 increases ROS (Figure 1a), including H2O2, and it is transformed rapidly
to H2O and O2 by CAT. Thus, our results suggest that the main enzymes involved in
detoxifying T-2 in HepG2 cells are GST and CAT. Therefore, GST activity remains high
since this enzyme is important to protect against oxidative stress to which the HepG2 cells
are submitted, as shown by the equally high CAT activity and GSH content at the highest
T-2 concentration tested.

Similar results to our SOD activity were reported in HepG2 cells exposed to OTA, in
Hek-293 cells after DON exposure, and in SH-SY5Y cells after beauvericin (BEA), α-ZEL,
and β-ZEL exposure. These authors demonstrated that the activity of SOD tended to the
control levels, that are, cells exposed to culture medium only, without mycotoxins [29–31].
Regarding enzymatic activities in cell culture exposed to mycotoxin, there is a variety of
results. According to our results, Yang et al. [10,18] observed an increase in CAT, SOD, and
GPx activity after T-2 exposure (from 10 to 100 nM) in broiler hepatocytes. Conversely, Li
et al. [19] and Zhang et al. [3] reported a decrease in CAT activity after T-2 exposure to
porcine kidney and Leydig cells. The increase of CAT, GPx, and SOD activities suggests
that in hepatocytes, the T-2 increases ROS which is catalyzed by SOD, and the high levels
of H2O2 as a result of the reaction are detoxified by CAT and GPx, decreasing the GSH
levels. On the contrary, the SOD, GPx, and CAT enzymes do not seem to be the main
enzymes responsible for the detoxification in Leydig or porcine kidney cells in response to
T-2 exposure. So, these enzymes are not activated by the cells to prevent oxidative stress.

The mechanism of toxicity of T-2 modified forms is the innovative part of this study,
as little or no information is available. Regarding Neo, a significant decrease in GSH and
an increase in GSSG levels at all concentrations tested were determined in HepG2 cells
(Figure 3a,b). These results are similar to the effects of T-2 in this work. Nevertheless,
the depletion in GSH levels seems unrelated to its involvement through the activity of
GPx, due to its activity remaining unchanged (Figures 6b and 7b). So, the enzymatic cell
system not related to GSH is the most important enzymatic defense system in HepG2 cells
exposed to Neo. The increase in SOD activity has also been observed in GH3 and broiler
hepatocytes [10,11,18] after T-2 exposure. Other authors reported differences in the results
of the CAT activity depending on the range of concentration tested in different cell types
exposed to T-2 [3,19,29,32]. However, no data were reported about Neo.

A significant decrease in GSH and an increase in GSSG levels at the highest con-
centration of T2-triol (0.45 µM) tested were found in HepG2 cells (Figure 4a,b). Similar
effects were observed with ZEA and its metabolites on CHO-K1, HepG2, and SH-SY5Y
cells [29,32,33], BEA in CHO-K1 cells [34], and OTA in HepG2 cells [31]. The decrease
in GSH levels is accompanied by an increase in GST at 0.45µM. However, GPx activity
remains unchanged (Figures 6c and 7c). This indicates that the T2-triol detoxifying enzyme
is mainly GST.
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On the other hand, the increase of ROS after T2-triol exposure (Figure 1c) provide the
stimulus for increasing the CAT and SOD activities at all concentrations (Figures 8c and 9c).
Much research has been carried out to assess the impact of different mycotoxins on the
antioxidant defense system by different authors. However, as far as the author´s knowledge
extends, no data about the effects of T-2 metabolites on the enzymatic antioxidant protective
system has yet to be found in the literature.

On HepG2 cells, intracellular GSH increased immediately at the lowest concentration
(0.45 µM) of T2-tetraol, acting as a major thiol-disulfide redox buffer as a response to
oxidative damage to keep the cells in a reduced state (Figure 5a). However, with the higher
concentration (1.7 µM), GSH is depleted due to high levels of oxidative stress. On the
other hand, the increase in GSH content was accompanied by an increase in GPx activity
at 0.45 µM. Nonetheless, the GST activity decreased (Figures 6d and 7d). So, regarding
T2-tetraol, the main enzymatic detoxifying mechanism involved was GPx. On the other
hand, the oxidizing compounds produced by T2-tetraol were catalyzed by the SOD enzyme
because their activity increased at all concentrations tested. The increase of ROS after
T2-tretraol exposure (Figure 1d) leads to GSH action (Figure 5a) and also to SOD activity
(Figure 9d). On the contrary, the T2-tetraol did not stimulate CAT activity, so we can
conclude that T2-tetraol was detoxified by GPx and SOD enzymatic activities (Figures 8d
and 9d). In previous work, we demonstrated that the T-2 is converted by hydrolysis to
Neo and T2-triol, but all three metabolites end up as T2-tetraol [9], and it is known that
the GPx is the most important enzyme for the extra peroxisomal inactivation of H2O2,
particularly in liver cells. This is related to our results, which show that in HepG2 cells,
the final metabolite T2-tetraol is detoxified mainly by the GPx enzyme. According to our
results, the increase in GPx and SOD enzymatic activities was previously reported for
T-2 [10,11,18] and for DON [35]. Furthermore, similar to our results, the tendency of CAT
to basal rate levels [17,30,31] and the decrease in GST [17,29] was previously observed after
OTA, DON, and STE exposure in cell cultures.

The role of the pre-treatment with NAC and BSO, a GSH promoter, and a GSH
depletory, respectively, was also evaluated. For T-2, Neo, T2-triol, and T2-tetraol, the GSH
levels were increased in cells with NAC pre-treatment because the GSH is involved in
the cellular defense mechanism when HepG2 cells were exposed to these mycotoxins.
It was evidenced by the increase in GPx and GST activities after NAC pre-treatment in
all mycotoxin treatments. We determined that pre-treatment with the antioxidant NAC
suppressed oxidative damage induced by T-2 and its metabolites on HepG2 cells. On the
contrary, overall, BSO showed a significant decrease in GSH levels in cells exposed to T-2,
T2-triol, and T2-tetraol. However, no effects were observed after Neo exposure compared to
cells without BSO pre-treatment. This can be because the GPx and GST enzymes (depending
on GSH levels) are not involved in the Neo detoxification mechanism. In fact, no changes
were observed in GPx (after Neo and T2-triol exposure) and GST (after Neo exposure)
activities after BSO pre-treatment compared to cells without pre-treatment. On the contrary,
GST activity after BSO exposure is highly suppressed because the GSH levels decrease, and
GST is a GSH-related enzyme. Similar results related to the antioxidant defense system after
NAC and BSO pre-treatment have already been described on HepG2 [36,37] and SH-SY5Y
cells [17]. According to these authors, the NAC blocks ROS induced by STE on SH-SY5Y
cells because the GSH levels and GPx and GST activity increased compared to cells without
NAC pre-treatment [17]. The same cells have more predisposition to oxidative damage
induced by STE after BSO pre-treatment because GSH levels decreased in cells treated with
STE at all concentrations tested further than in cells without pre-treatment, leading to a
decrease in GPx and GST activities. The results obtained in this work are similar to those
obtained by these authors and confirm that GSH was involved in the defense mechanism
of the HepG2 cells after trichothecenes exposure.
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4. Conclusions

In conclusion, our results suggest that T-2, Neo, T2-triol and T2-tetraol lead to the
actuation of the GSH redox system in HepG2 cells because the decrease of intracellular GSH
levels was observed after all mycotoxins and the stimulation of GSH dependent enzyme
system. So, the GSH depletion confirmed oxidative stress as an underlying mechanism
involved in the cytotoxicity of T-2 and its metabolites. Nevertheless, regarding antioxidant
enzymes, each mycotoxin acts in a different way. Furthermore, the GSH levels and the
enzymatic activities related to GSH increased in NAC pre-treated and decreased in BSO
pre-treated cells. So, the damage associated with oxidative stress by T-2 and its metabolites
is relieved by the antioxidant enzymes system on HepG2 cells.

5. Materials and Methods
5.1. Reagents

The substances utilized for cell culture and reagent-grade chemicals include Dul-
becco’s Modified Eagle’s Medium (DMEM), streptomycin, penicillin, phosphate-buffered
saline (PBS), trypsin/EDTA solutions, newborn calf serum (NBCS), sodium azide (NaN3),
β–nicotinamide adenine dinucleotide phosphate (β-NADPH), GSH, GSSG, NAC, BSO,
N-ethylmaleimide (NEM), o-phtaldialdehyde (OPT), t-octylphenoxypolyethoxyethanol
(Triton-X100), 1-chloro-2,4-dinitrobenzene (CDNB), tris hydroxymethyl aminomethane
(Tris), ethylenediaminetetraacetic acid (EDTA), and H2O2 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Methanol (MeOH) was acquired from Merck Life Science
S.L. (Madrid, Spain). A Milli-Q water purification system (Millipore, Bedford, Burlington,
MA, USA) was used to produce deionized water (resistivity < 18 MΩ cm). Standards of T-2
(MW: 466.52 g/mol), Neosolaniol (Neo; MW: 382.40 g/mol), T-2 triol (MW: 382.45 g/mol),
and T-2 tetraol (MW: 298.33 g/mol) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Stock solutions of the mycotoxins were made in MeOH at the proper working
concentrations and kept at a constant temperature of −20 ◦C in the dark.

5.2. Cell Culture and Treatment

Human hepatocarcinoma (HepG2) cells (ATCC: HB-8065) were grown in DMEM
medium with 10% NBCS, 100 U/mL penicillin, and 100 mg/mL streptomycin. A pH of 7.4,
5% CO2 at 37 ◦C, and 95% air atmosphere at constant humidity were the conditions used
for incubation. In order to maintain genetic homogeneity, cells were sub-cultivated twice a
week with only a small number of sub-passages. After trypsinization, the HepG2 cells were
sub-cultivated in a 1:3 split ratio. The final mycotoxin concentrations assayed were obtained
by adding each mycotoxin to the culture medium with a final MeOH concentration ≤1%
(v/v). Controls containing the same amount of solvents were used in each experiment.

5.3. In Vitro Cytotoxicity

Cytotoxic effects were determined in HepG2 cells by the MTT assay. In this test, only
metabolically active cells are used to evaluate whether a cell is viable by reducing soluble
yellow tetrazolium salt to an insoluble purple formazan crystal through a mitochondrial-
dependent reaction. The MTT viability assay was carried out as described by Ruiz et al. [38].
Briefly, at a density of 2 × 104 cells/well, the HepG2 cells were seeded in 96-well tissue
culture plates. After cells reached 80% of confluence, serial dilutions of T-2, Neo, T2-triol,
and T2-tetraol in a fresh medium were added. Mycotoxin concentrations ranged from: 12.5
to 100 nM for T-2, 11 to 164 nM for Neo, 164 to 2620 nM for T2-triol, and 209 to 3350 nM
for T2-tetraol. The range of concentrations tested for each mycotoxin was chosen based on
assays done previously with all the mycotoxins. The mycotoxin was exposed for 24 h. After
that, 200 µL of fresh medium was added to each well after the medium was removed. Then,
50 µL/well of MTT was added, and the plates were put back into the incubator in the dark.
The MTT solution was removed after 3 h of incubation, and 200 µL of DMSO and 25 µL
Sorensen’s glycine buffer were added. In order to achieve complete dissolution, plates were
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shaken for 5 min. Using an automatic ELISA plate reader (MultiSkanEX, Thermo Scientific,
Walthman, MA, USA), the absorbance was determined at 540 nm.

Cell viability was expressed as a percentage relative to the control solvent (1% MeOH).
Determinations were performed in three independent experiments. The mean inhibition
concentration (IC50) values were obtained using SigmaPlot version 11 (Systat Software Inc.,
GmbH, Düsseldorf, Germany).

5.4. Intracellular ROS Generation

Adding H2-DCFDA allowed researchers to observe intracellular ROS generation in
HepG2 cells after 24 h. Intracellular esterases deacetylate the H2-DCFDA after it has been
absorbed by cells, and the non-fluorescent 2′, 7′-dichlorodihydrofluorescein (H2-DCF) that
results is converted by ROS into the highly fluorescent dichlorofluorescein (DCF). Briefly, a
96-well black culture microplate was seeded with 2 × 104 cells/well. After cells reached
80% of confluence, the culture medium was changed to fresh medium containing different
concentrations of T-2 (7.5, 15, 30 nM), Neo (12.5, 25, 50 nM), T2-triol (0.12, 0.25, 0.45 µM)
and T2-tetraol (0.45, 0.9, 1.70 µM) for 24 h of incubation. The range of concentrations tested
for each mycotoxin was chosen in accordance with earlier research done in our laboratory
based on the IC50 values and considering the best concentration range for each mycotoxin
IC50/2, IC50/4, and IC50/8 values [9]. Afterward, the culture medium was removed, and
cells were incubated with 50 µM H2-DCFDA/well in the fresh medium for 30 min. Later, the
H2-DCFDA was removed, and cells were washed with PBS after adding 200 µL PBS/well.
Increases in fluorescence were measured on a Wallace Victor2, model 1420 multilabel
counter (PerkinElmer, Turku, Finland) at excitation/emission wavelengths of 485/535
nm. Results are expressed as increases in fluorescence with respect to solvent control.
Determinations were performed in two independent experiments with 12 replicates each.

5.5. GSH Determination

The determination of GSH and GSSG was evaluated according to Maran et al. [39].
Briefly, a six-well plate was seeded with 2.25 × 105 cells/well. The cells were exposed to
different treatments: (a) fresh medium (DMEM medium), (b) NAC pre-treatment (DMEM
medium plus 1 mM NAC), and (c) BSO pre-treatment (DMEM medium plus 60 µM BSO).
Once the cells reached 80% confluence, the culture medium was replaced with fresh
medium containing different concentrations of T-2 (7.5, 15, 30 nM), Neo (12.5, 25, 50 nM),
T2-triol (0.12, 0.25, 0.45 µM) and T2-tetraol (0.45, 0.9, 1.70 µM) incubated for 24 h. Following
removal of the medium, the cells were washed with PBS and homogenized in 0.25 mL of
20 mM Tris and 0.1% Triton. The microplate reader Wallace Victor2, model 1420 multilabel
counter (PerkinElmer, Turku, Finland) with excitation and emission wavelength of 345 and
424 nm, was used to measure the concentrations of GSH and GSSG, respectively. The level
of GSH and GSSG was represented in µg/mg proteins. Determinations were performed in
three independent experiments.

5.6. Determination of Enzymatic Activities

In order to determine the scavenging procedures in HepG2 cells exposed to T-2 and its
metabolites, the GST, GPx, CAT, and SOD activities were determined at the concentrations
previously selected. For these assays, 2.25 × 105 cells/well were seeded in six-well plates.
The cells were exposed to different treatments: (a) fresh medium (DMEM medium), (b) NAC
pre-treatment (DMEM medium plus 1 mM NAC), and (c) BSO pre-treatment (DMEM
medium plus 60 µM BSO). After cells achieved the 80% confluence, cells were treated with
the T-2, Neo, T2-triol, and T2-tetraol for 24 h. Then, cells were homogenized in 0.1 M
phosphate buffer pH 7.5 with 2 mM EDTA after the medium was eliminated. All the
enzyme determinations were performed in triplicate.

Following the conjugation of GSH with CDNB for 5 min, the GST activity was assessed
using the method of [39]. The reaction mixture contained in a final volume of 1 mL: 100 µL
of 20 mM GSH, 825 µL of 0.1 M Na/K phosphate buffer at pH 6.5, 25 µL of 50 mM
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CDNB dissolved in ethanol, and 50 µL of homogenized cell sample. The GST activity
was expressed as mol of product formed/min/mg of protein using a molar absorptivity
of CDNB (9.6 mM−1 cm−1). Enzymatic activity was evaluated in a thermocirculator of
PerkinElmer UV/vis spectrometer Lambda 2 version 5.1 (PerkinElmer, Turku, Finland).
The absorbance was measured at 340 nm.

According to Maran et al. [39], the GPx activity was measured spectrophotometrically
utilizing H2O2 as a substrate for Se-dependent peroxidase activity of GPx by following
oxidation of NADPH during the first five min in a coupled reaction with GR, as described
by Maran et al. [39]. In 1 mL final volume, the reaction mixture contained 4 mM NaN3
with 500 µL of 0.1 M phosphate buffer, pH 7.5 and 2 mM EDTA, 250 µL of ultrapure
water, 100 µL of 20 mM GSH, 2U GR, 50 µL of 5 mM H2O2 and 20 µL of 10 mM NADPH.
Fifty microliters of homogenized cell samples were added to the reaction mixture. At pH
7.5, one unit of GPx will reduce 1 µmol of GSSG per min. Using a molar absorptivity of
NADPH (6.22 mM−1 cm−1), the enzymatic activity of the GPx enzyme was determined
and expressed as µmol of NADPH oxidized/min/mg of protein. Assays were carried out
at 25 ◦C in a thermocirculator of PerkinElmer UV/vis spectrometer Lambda 2 version 5.1
(PerkinElmer, Turku, Finland). At 340 nM, the absorbance was measured.

According to Zingales et al. [17], the CAT activity was measured. Briefly, 100 µL of
homogenized cell sample were combined with 400 µL of 40 mM H2O2 and 500 µL of 0.5 M
potassium phosphate buffer at pH 7.2. Using a spectrophotometer (Super Aquarius CECIL
9500 CE, Milton Technical Center, Cambridge, United Kingdom), the rate of enzymatic
decomposition of H2O2 was measured as decreases in absorbance at 240 nm for 3 min at
30 ◦C. The molar absorptivity of H2O2 (43.6 mM−1 cm−1) was used to calculate the CAT
activity, which is represented as µmol H2O2/min/mg of protein.

The Ransod kit (Randox Laboratories Ltd., Antrim, United Kingdom) modified for
1.5 mL cuvettes was used to measure the SOD activity. The free radical superoxide is
destroyed by the SOD by being changed into peroxide. A spectrophotometer of PerkinElmer
UV/Vis Lambda 2 version 5.1 (PerkinElmer, Turku, Finland) was used to measure the SOD
activity at 505 nm for 3 min at 37 ◦C. Units of SOD/mg protein were used to express the
SOD values.

5.7. Determination of Protein Content

The Bio-Rad DC Protein Assay (Bio-Rad, Hercules, CA, USA), with the catalog number
5000116, was used to determine the protein content. Using an automatic ELISA plate reader
(MultiSkanEX, Labsystem, Helsinki, Finland), the concentration of protein (µg/mL) was
measured at 690 nm.

5.8. Pre-Treatment with BSO or NAC

Cells were pre-treated with NAC or BSO prior to the mycotoxin exposure to examine
the effects of these compounds on the modulation of intracellular GSH content and on the
enzymatic activities related to GSH content. Approximately 2.25 × 105 cells/well were
exposed to 1 mM NAC or 60 µM BSO dissolved in the medium for 24 h. After that, the
cells were treated with fresh medium containing T-2, Neo, T2-triol, and T2-tetraol at the
designated concentrations for 24 h. As a control, cells with 1% MeOH in the medium were
used. The GSH content and enzymatic activities were evaluated after 24 h of exposure, as
previously mentioned. Comparisons between cells exposed to different concentrations of
each mycotoxin in fresh medium and NAC or BSO pre-treatment were performed.

5.9. Statistical Analysis

Data from various independent experiments were expressed as mean± SEM. Student’s
t-test for paired samples was used for statistical analysis of results. One-way ANOVA
followed by the Turkey HDS posthoc test for multiple comparisons was used to analyze
the difference between groups. A difference level of p ≤ 0.05 was considered statistically
significant.
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Abstract: Alteration of sphingolipid synthesis is a key event in fumonisins toxicity, but only limited
data have been reported regarding the effects of fumonisins on the sphingolipidome. Recent studies
in chickens found that the changes in sphingolipids in liver, kidney, lung, and brain differed greatly.
This study aimed to determine the effects of fumonisins on sphingolipids in heart, gizzard, and
breast muscle in chickens fed 20.8 mg FB1 + FB2/kg for 9 days. A significant increase in the
sphinganine:sphingosine ratio due to an increase in sphinganine was observed in heart and gizzard.
Dihydroceramides and ceramides increased in the hearts of chickens fed fumonisins, but decreased
in the gizzard. The dihydrosphingomyelin, sphingomyelin, and glycosylceramide concentrations
paralleled those of ceramides, although the effects were less pronounced. In the heart, sphingolipids
with fatty acid chain lengths of 20 to 26 carbons were more affected than those with 14–16 carbons;
this difference was not observed in the gizzard. Partial least squares-discriminant analysis on
sphingolipids in the heart allowed chickens to be divided into two distinct groups according to
their diet. The same was the case for the gizzard. Pearson coefficients of correlation among all the
sphingolipids assayed revealed strong positive correlations in the hearts of chickens fed fumonisins
compared to chickens fed a control diet, as well as compared to gizzard, irrespective of the diet fed.
By contrast, no effect of fumonisins was observed on sphingolipids in breast muscle.

Keywords: fumonisin; sphingolipid; ceramide; sphingomyelin; muscle; heart

Key Contribution: This study reports for the first time major changes in the sphingolipidome of the
heart, gizzard, and pectoral muscle in chickens exposed to a fumonisins dose considered non-toxic.

1. Introduction

Fumonisins are mycotoxins produced by molds of the genus Fusarium, mainly F. verti-
cillioides. This class of contaminant is found worldwide in maize, maize byproducts, and
animal feed [1,2]. Among the various types of fumonisins, fumonisins B are the most
abundant, and among fumonisins B, fumonisin B1 (FB1), and to a lesser extent fumonisin
B2 (FB2), are the most abundant, toxic, and regulated. Fumonisins B are considered car-
cinogenic in rodents and probable carcinogens for humans, with a provisional maximum
tolerable daily intake (PMTDI) being set for humans and maximum levels of fumonisins
being recommended in animal feed [2–5]. Fumonisins have multiple toxic effects in animals
as they are neurotoxic in horses, pneumotoxic in pigs, hepatotoxic, and nephrotoxic in most
animal species, including poultry. At the cellular level, oxidative stress, mitochondrial
dysfunction, and induction of apoptosis or cell proliferation have been reported [6–9].
Although the effects of FB1 vary greatly, inhibition of ceramide synthase (CerS) due to
structural analogy between FB1 and sphingoid bases is considered one of the main mech-
anisms underlying the toxicity [10,11]. This inhibition leads to reduction of the de novo
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synthesis of ceramides and an increase in sphinganine (Sa) concentrations, while sphin-
gosine (So) concentrations tend to decrease (Figure 1). Ceramide levels in cells can be
maintained by hydrolysis of sphingomyelins, which is known as the salvage pathway for
ceramide synthesis.

The pronounced effect of fumonisins on sphingolipids has led to widespread use of the
Sa:So ratio as an exposure biomarker in humans and animals, including poultry [9,11,12].
There have, however, only been a limited number of studies to date aimed at characteri-
zation of the effects of fumonisins on the sphingolipidome. Sphingolipidomic studies in
chickens and turkeys conducted at the maximum recommended concentration for fumon-
isins in feed in the European Union have revealed numerous alterations in sphingolipids
in the liver [13,14]. These changes are consistent with the previously reported inhibition
of CerS in vitro and in vivo [10,11]. Because the effects of fumonisins on sphingolipids in
chicken and turkey livers were characterized by a decrease in C14–C16 ceramides and an
increase in C20–C24 ceramides, it has been hypothesized that inhibition of CerS may be
more pronounced for CerS5 than that for CerS2 (Figure 1), whereas the opposite has been
suggested to occur in mammals [11,15]. This difference is important because a decrease in
C20–C24 ceramides, and a compensatory increase in C16 ceramide, have been reported in
CerS2 knockout mice, and these changes were responsible for hepatotoxicity that resembles
fumonisins toxicity [16,17]. Sphingolipid analysis in chickens and turkeys also revealed that
sphingomyelin levels did not decrease in liver [13,14]. This latter result is also important
for explaining the lack of toxicity of fumonisins in these studies, with a decrease in sphin-
gomyelins being reported in tissue and cell cultures at toxic concentrations of fumonisins,
and this event was found to precede ceramide-induced apoptosis [11,15,18–21].

Targeted sphingolipids analysis conducted in the kidneys, lungs, and brains of chick-
ens revealed that the effects of fumonisins were not limited to changes in sphingolipids
in the liver, and that the effects varied according to the organ studied [22]. The effects
in kidneys were similar to those observed in livers (Figure 1). By contrast, sphinganine
and ceramides were unchanged in the lungs and brain, suggesting no inhibition of CerS
in these organs. However, major changes in sphingolipid concentrations in lung and
brain were found in chickens fed with a diet that was contaminated with fumonisins
compared to controls [22]. In the lungs, these changes corresponded to an increase in
sphinganine-1-phosphate and a decrease in glycosylceramides. In the brain, these changes
corresponded to an increase in deoxysphinganine, sphingosine, ceramides, and sphin-
gomyelins (Figure 1). Interestingly, the most affected sphingolipids in lung and in brain
in chickens fed fumonisins corresponded to compounds that have key functions in these
organs in human diseases [23–26]. As only traces of FB1 were found in lungs and no FB1
was detected in brains, it has been hypothesized that the effects of fumonisins are due to
indirect effects, metabolites, or cell-mediated (Figure 1) [22].

Although fumonisins have been reported to exert cardiac toxicity in mammals and
avian species [27–30], the effect of fumonisins on sphingolipids in the heart remain un-
known. These effects seem interesting to study as sphingolipids have a key role in the onset
of cardiovascular diseases in humans [31]. Additionally, diets containing fumonisins have
been reported to damage the gizzard and to alter its weight [32–36], although there have
been no studies to date regarding the effect of fumonisins on sphingolipids in the gizzard.
Moreover, sphingolipids are known to play a key role in skeletal muscle [37–40], but the
effects of fumonisins on this tissue remain unknown. The purpose of this study was to
investigate the effects of 20.8 mg FB1 + FB2/kg fed to chicken for 9 days on sphingolipids
in the heart, gizzard, and breast muscle. Targeted sphingolipid analysis was conducted
by UHPLC-MSMS of samples obtained from animals by a method that has already been
used to characterize the effects of fumonisins on sphingolipids in liver, kidney, lung, and
brain [13,22].
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Figure 1. Schematic outline of the sphingolipid synthesis pathways [11]. Ceramide synthases (CerS) 
specificity and tissue expression were obtained from [41]. Fumonisins B (FB) are inhibitors of CerS 
(red arrow). 1-Deoxysphinganine is generated from alanine [42]. The effects of fumonisins on sphin-
golipids in liver, kidney, lung, and brain are summarized from [13,22]. 1: Serine palmitoyl-transfer-
ase; 2: Reductase; 3: Sphinganine kinase; 4: Phosphatase; 5: (Dihydro)ceramide synthase; 6: Dihy-
droceramide desaturase; 7: Ceramide kinase; 8: Phosphatase; 9: Ceramidase; 10: Ceramide synthase; 
11: Sphingomyelin synthase; 12: Sphingomyelinase; 13: Glucosylceramide synthase; 14: β-gluco-
sidase; 15: Lactosylceramide synthase; 16: Ceramide galactosyltransferase; 17: Galactosylase; 18: 
Cerebroside sulfotransferase; and 19: Arylsulfatase. 
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Figure 1. Schematic outline of the sphingolipid synthesis pathways [11]. Ceramide synthases (CerS)
specificity and tissue expression were obtained from [41]. Fumonisins B (FB) are inhibitors of CerS
(red arrow). 1-Deoxysphinganine is generated from alanine [42]. The effects of fumonisins on
sphingolipids in liver, kidney, lung, and brain are summarized from [13,22]. 1: Serine palmitoyl-
transferase; 2: Reductase; 3: Sphinganine kinase; 4: Phosphatase; 5: (Dihydro)ceramide synthase;
6: Dihydroceramide desaturase; 7: Ceramide kinase; 8: Phosphatase; 9: Ceramidase; 10: Ceramide
synthase; 11: Sphingomyelin synthase; 12: Sphingomyelinase; 13: Glucosylceramide synthase; 14:
β-glucosidase; 15: Lactosylceramide synthase; 16: Ceramide galactosyltransferase; 17: Galactosylase;
18: Cerebroside sulfotransferase; and 19: Arylsulfatase.

2. Results
2.1. Effect of Fumonisins According to the Class of Sphingolipids

The concentrations of sphingolipids measured in heart, gizzard, and breast muscle of
chickens fed the control diet and chickens fed a diet containing 20.8 mg FB1 + FB2/kg over
a period of 9 days are presented in Table 1. The effects of fumonisins according to the class
of sphingolipids are presented in Figure 2.

173



Toxins 2022, 14, 828

Table 1. Concentrations of sphingolipids measured in the heart, gizzard, and breast muscle of broilers
fed a control diet free of mycotoxins and broilers fed 20.8 mg FB1 + FB2 for 9 days 1.

Heart Gizzard Breast Muscle
Control FB Control FB Control FB

Sphingoid bases and derivates
d18:1 (So) 5326 ± 596 5891 ± 1086 1367 ± 387 1157 ± 183 2585 ± 636 3107 ± 388 *
d18:0 (Sa) 868 ± 133 1204 ± 222 *** 233 ± 19 213 ± 24 * 127 ± 89 110 ± 72
18:1/2:0 62 ± 13 69 ± 11 27 ± 8 29 ± 9 24 ± 8 23 ± 7
18:0/2:0 ND ND 16 ± 5 25 ± 7 ** ND ND
LysoSM 249 ± 41 234 ± 33 353 ± 34 327 ± 47 130 ± 29 122 ± 23

Ceramides and dehydroceramides
18:1/14:0 5277 ± 894 6217 ± 1588 307 ± 85 204 ± 45 ** 75 ± 22 70 ± 9

18:1/16:0 77,884 ± 12,241 90,785 ± 21,079 110,479 ±
33,863

81,436 ± 18,040
* 14,530 ± 5548 13,523 ± 2337

18:0/16:0 1125 ± 193 1353 ± 298 1753 ± 533 1089 ± 104 ** 375 ± 79 355 ± 40
18:1/18:1 1036 ± 225 1232 ± 243 343 ± 132 329 ± 102 ND ND
18:1/18:0 25,264 ± 4163 30,555 ± 10,317 22,600 ± 8108 17,194 ± 4879 15,646 ± 4753 15,281 ± 3584
18:0/18:0 62 ± 20 82 ± 35 328 ± 81 225 ± 44 ** 33 ± 12 40 ± 13
18:1/20:0 17,052 ± 2930 22,897 ± 5917 * 17,282 ± 5215 13,521 ± 3411 3574 ± 1426 3510 ± 889

18:1/22:2 1556 ± 344 1882 ± 549 49,559 ± 14,820 36,320 ± 11,872
* 308 ± 97 290 ± 67

18:1/22:1 681 ± 130 972 ± 292 * 12,002 ± 5214 8371 ± 2826 314 ± 103 299 ± 59
18:1/22:0 31,576 ± 4466 39,187 ± 8219 * 26,966 ± 7331 21,517 ± 4277 6466 ± 2186 6222 ± 1146
18:0/22:0 60 ± 19 76 ± 33 223 ± 53 168 ± 46 ** ND ND
18:1/23:1 ND ND 991 ± 344 772 ± 215 ND ND
18:1/23:0 2140 ± 341 2553 ± 496 * 7308 ± 1401 6070 ± 988 * 445 ± 128 402 ± 80
18:0/23:0 23 ± 9 31 ± 12 ND ND ND ND

18:1/24:2 3273 ± 714 4170 ± 1002 * 272,361 ±
78,578

177,125 ±
43,980 ** 1380 ± 435 1377 ± 292

18:1/24:1 25,974 ± 4601 32,914 ± 9442 71,565 ± 28,535 54,187 ± 16,562 11,736 ± 3967 11,664 ± 1939
18:1/24:0 20,773 ± 2780 23,963 ± 4458 14,143 ± 2922 12,127 ± 1801 4563 ± 1261 4399 ± 1009
18:0/24:0 683 ± 139 852 ± 349 ND ND ND ND
18:1/26:2 539 ± 125 713 ± 197 * 2815 ± 985 1862 ± 383 * 26 ± 20 21 ± 8
18:1/26:1 444 ± 91 526 ± 135 1270 ± 333 881 ± 243 * 32 ± 16 33 ± 17
18:1/26:0 ND ND 230 ± 82 151 ± 38 * ND ND

Sphingomyelins and dehydrosphingomyelins
SM18:1/14:0 13,516 ± 2450 12,256 ± 1114 1962 ± 424 1749 ± 274 1024 ± 250 1054 ± 150

SM18:1/16:0 279,024 ±
24,417

269,938 ±
20,805

296,493 ±
37,427

283,011 ±
26,615

142,118 ±
28,443

134,059 ±
11,388

SM18:0/16:0 29,224 ± 3338 30,528 ± 3387 287,685 ±
53,159

268,997 ±
52,074 14,195 ± 4236 14,297 ± 2589

SM18:1/18:1 7638 ± 1747 8262 ± 1449 ND ND ND ND

SM18:1/18:0 718,620 ±
70,463

774,687 ±
75,203

455,089 ±
63,676

452,100 ±
59,844

557,238 ±
118,116

576,469 ±
66,525

SM18:0/18:0 9964 ± 2069 10,078 ± 2031 20,824 ± 4824 19,992 ± 6472 2876 ± 682 2993 ± 579

SM18:1/20:0 131,232 ± 8241 147,199 ±
14,149 ** 46,568 ± 5174 46,010 ± 6491 33,633 ± 10,149 34,817 ± 5905

SM18:0/20:0 1780 ± 228 1898 ± 404 2872 ± 646 2899 ± 819 413 ± 94 414 ± 131
SM18:1/22:2 7332 ± 1102 8022 ± 786 70,886 ± 24,225 61,750 ± 14,671 2554 ± 559 2480 ± 283
SM18:1/22:1 8259 ± 747 9199 ± 1216 32,164 ± 5132 31,112 ± 8408 4092 ± 1083 3931 ± 687

SM18:1/22:0 509,447 ±
41,889

546,720 ±
65,977

221,170 ±
32,543

201,609 ±
30,819 69,740 ± 18,958 69,604 ± 15,227

SM18:0/22:0 5074 ± 925 5230 ± 1059 3921 ± 1054 3492 ± 1033 520 ± 140 498 ± 102
SM18:1/23:1 7885 ± 1113 8422 ± 1406 5465 ± 1250 4849 ± 958 2787 ± 927 2969 ± 955
SM18:1/23:0 27,322 ± 3979 29,310 ± 5566 33,713 ± 7600 34,101 ± 12,246 2134 ± 578 2062 ± 468
SM18:0/23:0 3984 ± 755 4392 ± 1105 466 ± 90 423 ± 115 765 ± 269 705 ± 180
SM18:1/24:3 ND ND 19 ± 2 18 ± 1 23 ± 1 24 ± 2
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Table 1. Cont.

Heart Gizzard Breast Muscle
Control FB Control FB Control FB

SM18:1/24:2 30,205 ± 4115 31,127 ± 3310 1078,170 ±
385,433

876,991 ±
143,010 14,609 ± 4097 14,083 ± 2864

SM18:1/24:1 254,344 ±
30,783

271,904 ±
47,893

381,839 ±
65,468

378,196 ±
73,027 57,450 ± 14,974 58,443 ± 14,194

SM18:1/24:0 152,411 ±
18,191

166,908 ±
26,357 76,543 ± 12,027 70,781 ± 14,501 15,543 ± 4195 15,449 ± 3559

SM18:0/24:1 2453 ± 434 2665 ± 483 6900 ± 2267 6308 ± 2712 319 ± 75 333 ± 89
SM18:0/24:0 605 ± 104 564 ± 124 954 ± 281 794 ± 179 ND ND
SM18:1/25:2 3295 ± 2038 3682 ± 2300 7145 ± 1906 6169 ± 1291 239 ± 60 211 ± 38
SM18:1/25:1 1527 ± 243 1771 ± 348 5960 ± 1313 5792 ± 1904 303 ± 77 285 ± 93
SM18:1/25:0 817 ± 215 948 ± 221 1493 ± 422 1478 ± 453 108 ± 26 106 ± 28
SM18:1/26:3 5393 ± 677 5784 ± 586 6079 ± 2098 5165 ± 1483 324 ± 119 381 ± 123
SM18:1/26:2 8088 ± 1363 9027 ± 1297 35,708 ± 11,840 30,033 ± 8733 529 ± 182 565 ± 217
SM18:1/26:1 2500 ± 483 2742 ± 485 12,702 ± 3216 11,639 ± 3881 307 ± 101 329 ± 97
SM18:1/26:0 ND ND 857 ± 245 841 ± 291 ND ND

Hexosyl-, and lactosylceramides, and ceramides sulfatides
Hex18:1/16:0 2695 ± 477 2789 ± 640 730 ± 250 601 ± 143 832 ± 257 781 ± 203
Hex18:1/18:0 20,024 ± 4349 23,297 ± 5049 2913 ± 1341 2329 ± 1234 ND ND
Hex18:1/20:0 3123 ± 538 3534 ± 1098 676 ± 283 688 ± 419 ND ND
Hex18:1/22:0 2199 ± 370 2811 ± 752 * 1179 ± 716 874 ± 385 ND ND
Hex18:1/24:1 14,817 ± 1554 17,483 ± 3396 * 1160 ± 660 637 ± 261 * 1340 ± 976 976 ± 518
Hex18:1/24:0 4285 ± 875 5119 ± 1405 934 ± 351 905 ± 466 ND ND
Lac18:1/16:0 3280 ± 663 3293 ± 1192 5131 ± 1257 3919 ± 1036 * 1172 ± 441 1091 ± 162

Lac18:1/18:0 164,969 ±
26,340

195,360 ±
49,026 24,678 ± 6030 23,262 ± 8744 16,877 ± 6682 18,010 ± 4202

Lac18:1/20:0 16,080 ± 3467 20,537 ± 7002 971 ± 667 764 ± 424 7237 ± 3232 7812 ± 2430
Lac18:1/22:0 11,757 ± 4980 17,071 ± 10,225 2325 ± 821 2803 ± 1798 1432 ± 654 1783 ± 610
Lac18:1/24:1 17,053 ± 2330 22,119 ± 5235 * 3281 ± 970 3747 ± 2019 18,040 ± 8822 23,515 ± 7061
Lac18:1/24:0 18,598 ± 3893 24,212 ± 8371 ND ND 2308 ± 1149 2441 ± 785
ST18:1/24:1 39,266 ± 6545 46,422 ± 11,226 ND ND ND ND

ST18:1/24:0 56,643 ± 9617 71,979 ± 13,510
** ND ND ND ND

1 Results are expressed in pmol sphingolipids/g as means ± SD, n = 10. ANOVA was used to assess the difference
between groups. Significant differences among groups were reported as follow: (*) 0.05 < p <0.01; (**) p < 0.01;
(***) p < 0.001. ND: not detected.

Feeding fumonisins contaminated diet significantly increased the Sa:So ratio in heart,
whereas no significant differences between the controls and the treated samples were
observed in gizzard and breast muscle. The effects of fumonisins on dihydroceramides
and on ceramides also varied according to the tissue studied. A significant increase in
dihydroceramides and ceramides was observed in the heart, whereas a significant decrease
was observed in the gizzard. No effect was observed on breast muscle (Figure 2). No signif-
icant effect of fumonisins was observed on the concentrations of dihydrosphingomyelins,
sphingomyelins, or glycosylceramides, irrespective of the tissue.
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effects were not significant. SM18:1/20:0 was the only sphingomyelin significantly in-
creased in heart by fumonisins. The effects of the toxins on other sphingomyelins varied 
according to the fatty acid carbon chain length. SM14–16 decreased slightly, whereas a 
weak but not significant increase was observed for SM18–SM26. Concerning glycosylcer-
amides, the levels of Hex18:1/22:0, Hex18:1/24:1, Lac18:1/24:1, Lac18:1/24:0, and ceramide 
sulfatide ST18:1/24:0 were significantly increased by fumonisins. The levels of all other 
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Partial least square-discriminant analysis was conducted to determine whether 
changes in the heart sphingolipidome were sufficient to separate chickens into two groups 
according to their exposure to fumonisins. As shown in Figure 3C, a good separation of 
chickens was observed in this analysis. The values of the R2Y and R2X indices were 0.608 
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Figure 2. Sphinganine:sphingosine (Sa:So) ratios and concentrations of sphingolipid reported as
the total of dihydroceramides (DHCer), ceramides (Cer), dihydrosphingomyelins (DHSM), sphin-
gomyelins (SM), and glycosylceramides (GlyCer) in the heart, gizzard, and breast muscle of chickens
fed the control diet free of mycotoxins (C) and chickens fed 9 days with a diet containing 20.8 mg FB1
+ FB2/kg (FB). * 0.05< p <0.01 and *** p < 0.001.

2.2. Effects of Fumonisins on Sphingolipids in Heart

Being fed a diet containing 20.8 mg FB1 + FB2/kg over a period of 9 days significantly
increased the Sa level in heart (Table 1). A significant increase in 18:1/20:0, 18:1/22.1,
18:1/22:0, 18:1/23:0, 18:1/24:2, and 18:1/26:2 ceramides was also observed. The levels
of most of the other ceramides and dihydroceramides were increased by fumonisins, but
the effects were not significant. SM18:1/20:0 was the only sphingomyelin significantly
increased in heart by fumonisins. The effects of the toxins on other sphingomyelins varied
according to the fatty acid carbon chain length. SM14–16 decreased slightly, whereas
a weak but not significant increase was observed for SM18–SM26. Concerning glyco-
sylceramides, the levels of Hex18:1/22:0, Hex18:1/24:1, Lac18:1/24:1, Lac18:1/24:0, and
ceramide sulfatide ST18:1/24:0 were significantly increased by fumonisins. The levels of all
other hexosylceramides and lactosylceramides were also increased, but the effects were not
significant (Table 1).

Partial least square-discriminant analysis was conducted to determine whether changes
in the heart sphingolipidome were sufficient to separate chickens into two groups according
to their exposure to fumonisins. As shown in Figure 3C, a good separation of chickens
was observed in this analysis. The values of the R2Y and R2X indices were 0.608 and 0.632,
respectively, indicating that the selected sphingolipids could predict the group that the
chickens belonged to. The value of Q2 with the two first components was 0.403, indicating
that the model was of medium quality (Figure 3D). Not surprisingly, sphingolipids that
were important in the projection corresponded to variables that differed significantly in
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chickens fed fumonisins versus the controls. It is also interesting to note that SM18:1/14:0
and SM18:1/16:0 were important in explaining the repartition of chickens into the two
groups (Figure 3A,B), whereas only a very weak difference was noted in the mean concentra-
tion of these analytes in heart compared to the controls (Table 1). Other variables important
in the projection corresponded to sphingolipids that were increased by fumonisins for
which the changes measured were considered not significant by ANOVA.
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Figure 3. PLS-DA of sphingolipids measured in the heart of chickens fed 9 days with a control diet
free of mycotoxins or a diet containing 20.8 mg FB1 + FB2/kg. (A) Scores of the VIP for the first
component, and (B) the second component. (C) Discrimination on the factor axes extracted from the
original explanatory variables. (D) Quality of the model and confusion matrix for the training sample
(variable groups).

Figure 4 shows the correlation observed in heart for So, Sa, and sphingolipids with
14 to 24 carbon fatty acid saturated chain lengths. The numerical values of the Pearson
coefficients of correlation are reported in Table S1.
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Figure 4. Correlation heatmap of So, Sa, and sphingolipids with 14 to 24 carbon fatty acid saturated
chain lengths observed in the heart of chickens fed the control diet (A) and chickens fed 9 days with a
diet containing 20.8 mg FB1 + FB2/kg (B). Numeric values of the Pearson coefficients of correlation
observed among all sphingolipids assayed in this study are reported in Table S1.
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Only weak correlations were observed between Sa and So, among the sphingoid bases
and the other sphingolipids in control chickens (i.e., unexposed to fumonisins) (Figure 4A).
Moreover, the correlations among the different classes of sphingolipids were weak, except
for ceramides and glycosylceramides, which exhibited significant positive correlations,
and ceramides and sphingomyelins, which exhibited significant negative correlations. By
contrast, significant positive correlations were observed within the same class among di-
hydroceramides, ceramides, sphingomyelins, hexosylceramides, and lactosylceramides,
which have similar fatty acid chain lengths. The feeding of fumonisins strongly increased
the positive correlations measured among sphingolipids in the heart (Figure 4B). Notably,
significant positive correlations among the different classes of sphingolipids were observed
in chickens fed fumonisins, which was not the case in the controls. Moreover, the coeffi-
cients of correlation found among the same class of sphingolipids with similar fatty acid
chain lengths were generally increased (Table S1B). The correlations among unsaturated
sphingolipids and other analytes were close to those observed for the corresponding satu-
rated forms. The correlations among C25 and C26 sphingolipids and other analytes were
close to those observed for C24 sphingolipids (Table S1).

All of these results suggest a significant effect of fumonisins on sphingolipids in the
heart. This effect was dominated by an increase in dihydroceramides and ceramides and, to
a lesser extent, an increase in glycosylceramides. This was accompanied by strong positive
correlations between the different classes and subclasses of sphingolipids. The effects of
fumonisins also varied according to the fatty acid chain length. C20–C26 ceramides were
significantly increased by the addition of the toxins to the feed (p = 0.029), whereas C14–C16
ceramides were not (p = 0.112). Additionally, Hex20–Hex26 hexosylceramides, Lac20–Lac26
lactosylceramides, and SM20–SM26 sphingomyelins tended to increase, whereas Hex16,
Lac16, and SM14SM16 were unaffected.

2.3. Effects of Fumonisins on Sphingolipids in Gizzard

As shown in Table 1, the sphinganine concentration in the gizzards of chickens fed a
diet containing 20.8 mg FB1 + FB2/kg over a period of 9 days was significantly increased.
A significant increase in N-acetylsphinganine (d18:0/2:0) was also observed. By contrast,
the levels of most of the dihydroceramides and most of the ceramides assayed were
decreased by fumonisins, and this effect was significant for 18:1/14:0, 18:1/16.0, 18:0/16:0,
18:0/18:0, 18:1/22:2, 18:0/22:0, 18:1/23:0, 18:1/24:2, 18:1/26:2, 18:1/26:1, and 18:1/26:2. No
significant difference between groups was observed in terms of the dihydrosphingomyelin
and sphingomyelin levels in gizzard. Hex18:1/24:1 and Lac18:1/16:0 were significantly
decreased by fumonisins, and most of the other glycosylceramides tended to decrease, but
the effect was not significant (Table 1).

Figure 5 shows the results of the partial least square-discriminant analysis conducted
on the sphingolipids in gizzard. A good separation of the chickens according to the feed
was observed (Figure 5C). The values of the R2Y, R2X, and Q2 indices, which were 0.755,
0.615, and 0.671, respectively, indicated the good predicted appurtenance of the chickens to
the different groups and the good quality of the model. The confusion matrix confirmed the
model was highly sensitive and specific (Figure 5D). The sphingolipids that were important
in the projection mainly corresponded to the dihydroceramides, ceramides, and glycosylce-
ramides that were significantly decreased in chickens fed fumonisins. SM18:1/16:0 and
SM18:1/18:0 also had VIP scores above 1.1 in this analysis (Figure 5A,B), although their
concentrations in gizzards did not differ from the controls (Table 1).
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The correlations measured among the assayed sphingolipids in gizzards in this study
are reported in Figure 6 and Table S2. Strong significant positive correlations were observed
among So and dihydroceramides and among So and ceramides, whereas weak negative
correlations were observed among Sa and dihydroceramides in chickens unexposed to fu-
monisins (Figure 6A). Significant positive correlations were observed among sphingolipids
of the same class with similar fatty acid chain lengths. Additionally, a significant pos-
itive correlation was observed between dihydroceramides and ceramides and between
sphingomyelins and hexosylceramides. Most of the correlations between ceramides and
sphingomyelins, ceramides and hexosylceramides, and between hexosylceramides and
lactosylceramides were weak and not significant. Feeding fumonisins only resulted in weak
effects on the correlations observed among sphingolipids (Figure 6B). The correlations
among unsaturated sphingolipids and other analytes were close to those observed for the
corresponding saturated forms. The correlations among C25 and C26 sphingolipids and
other analytes were close to those observed for C24 sphingolipids (Table S2).
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Figure 6. Correlation heatmap of So, Sa, and sphingolipids with 14 to 24 carbon fatty acid saturated
chain lengths observed in the gizzard of chickens fed the control diet (A) and chickens fed 9 days with
a diet containing 20.8 mg FB1 + FB2/kg (B). Numeric values of the Pearson coefficients of correlation
observed among all sphingolipids assayed in this study are reported in Table S2.
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These results suggest that there was a significant effect of fumonisins on sphingolipids
in gizzards in this study. The effects observed were dominated by a decrease in dihydroce-
ramides and ceramides. Sphingomyelins and glycosylceramides also tended to decrease in
gizzards of chickens fed fumonisins, although the effects were not significant at the class
level and varied with the analyte assayed. The feeding of fumonisins did not profoundly
change the correlations among the sphingolipids in the gizzard.

2.4. Effects of Fumonisins on Sphingolipids in Breast Muscle

The concentrations of sphingolipids measured in breast muscle of chickens fed a
control diet free of mycotoxins and chickens fed 9 days with a diet containing 20.8 mg
FB1 + FB2/kg are reported in Table 1. Sphingosine was the only sphingolipid assayed for
which the concentration in gizzard was significantly affected by fumonisins, and its concen-
tration increased. There were only weak non-significant changes in the concentrations of
dihydroceramides, ceramides, sphingomyelins, hexosylceramides, and lactosylceramides.

Partial least square-discriminant analysis was conducted to determine whether this
analysis would be able to discriminate chickens according to the diet that they had been fed
(Figure S1). As shown in Figure S1C, there was a good separation of chickens. The values
of the R2Y and the R2X indices were satisfactory, and the confusion matrix revealed the
model was highly sensitive and specific (Figure S1D). However, the value of Q2 obtained
with the two first components was only 0.185, indicating that the model can vary greatly
depending on the sphingolipids selected for the modeling. Additionally, the standard
deviations observed for the score of the variables important in the projection (VIP) were
high in breast muscle (Figure S1A,B), confirming high variability in the modeling.

Finally, all together, the total amount of sphingolipids (Figure 2), the concentration of
the various analytes assayed (Table 1), and the comparison of the repartition of the chickens
into groups according to the diet that they had been fed using PLS-DA (Figure S1) revealed
that the presence of fumonisins in the feed only had a minor effect on the sphingolipids in
breast muscle in this study.

3. Discussion

Feeding 20.8 mg FB1 + FB2/kg over a period of 9 days did not lead to significant
differences in the performances or the biochemistry in the chickens in this study [43]. This
observation is consistent with the regulatory guidelines, which define a maximum tolerable
level of fumonisins in feed of 20 mg FB1 + FB2/kg [1,4], whereas feeding 2.5 mg FB1 +
FB2/kg of feed was reported to alter the length of intestinal crypts in chickens after 21 days
of exposure, and feeding 5.3 mg FB1 + FB2/kg induced oxidative damage in the liver at
17 days, and histological damage to the liver and lungs at 21 days, effects on growth were
only observed at 21 days [2,44].

Targeted analysis of sphingolipids in heart, gizzard, and breast muscle revealed that
the effects of fumonisins varied greatly with the tissue studied. A significant increase in the
Sa:So ratio was observed in the heart, and this increase was due to an increase in Sa, with a
small increase in So also being observed. The change in sphingoid bases was accompanied
by an increase in ceramides and, to a lesser extent, an increase in glycosylceramides and
sphingomyelins. Most of the effects observed for dihydroceramides and dihydrosphin-
gomyelins in the heart paralleled those found for ceramides and sphingomyelins. The effect
of fumonisins on Sa is consistent with its well-known property of inhibiting CerS (Figure 1),
and de novo synthesis of ceramides [10]. An increase in So concomitant with an increase
in Sa has previously been reported to be the consequence of sphingomyelin hydrolysis
occurring to maintain ceramide concentrations in cells [11], with this mechanism being
known as the salvage synthesis pathway of ceramides (Figure 1). In this study, an increase
rather than a decrease in sphingomyelins was observed, suggesting that sphingomyelin
hydrolysis cannot explain the observed increase in So and ceramides. Moreover, glyco-
sylceramides are derived from ceramides, and because glycosylceramides were increased
in this study, the hypothesis of an increase in ceramides in heart secondary to hydrolysis
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of sphingomyelins appears unlikely (Figure 1). Other mechanisms that could explain an
increase in ceramide concentrations in heart include: (1) change in the availability of the
substrates used for their de novo synthesis [45,46]; (2) activation of de novo synthesis by
different mechanisms linked with an inflammatory response such as Toll-like receptor
(TLR) or tumor necrosis factor alpha (TNFα) activation [47]; and (3) increased delivery
of sphingolipids from plasma, which includes recycling of sphingolipids from the gut
microbiota [46,48].

Irrespective of the mechanism involved, sphingolipid concentrations were increased
in the hearts of chickens in this study that had been fed fumonisins. PLS-DA revealed that
the changes in sphingolipids were enough to distinguish chickens fed the control diet from
chickens fed the fumonisin diet. Analysis of the correlations among sphingolipids also
revealed that nearly all the sphingolipids positively correlated together in chickens fed
fumonisins, which was not the case in the controls, all suggesting that pronounced changes
in sphingolipid homeostasis occurred in the hearts of chickens fed fumonisins. Moreover,
it is interesting to note that the increases in sphingolipids for which the fatty acids had
20–26 carbon chain lengths were more pronounced than for those with 14–16 carbon chain
lengths. This observation is consistent with previous results in liver and kidney suggesting
that fumonisins preferentially inhibit CerS5/6 activity in chickens [13,22]. Thus, it can
be hypothesized that a general increase in sphingolipid synthesis occurred in the hearts
of animals fed fumonisins, with this increase being less pronounced for sphingolipids
for which the fatty acid chain length was 14 or 16 carbons due to partial inhibition in
CerS5/6 activity.

Changes in sphingolipid concentrations in the hearts of chickens fed fumonisins
could have negative consequences on health. Indeed, recent studies have revealed a
prominent role of sphingolipids in cardiovascular diseases and heart failure [31]. Increased
concentrations of ceramides in the myocardium have been reported in a rat model of
ischemic reperfusion injury [49], and measurement of the expression of serine palmitoyl-
transferase in mice suggested an increase in the de novo synthesis of sphingolipids in
the infarct area and in the area at risk [50]. By contrast, sphingosine 1-phosphate has
been reported to have a protective function in the myocardium [31]. Interestingly, a
pronounced increase in So1P was observed in the plasma of chickens fed fumonisins, and a
rapid increase in So1P has been reported in transient ischemia and reperfusion injury in
humans [13,51]. Unfortunately, So1P was only found at trace levels in the myocardium in
this study, and it was hence not possible to quantify its concentration. Only a few studies to
date have reported cardiac alterations in animals fed fumonisins. A reduced heart rate has
been reported to occur in pigs before the development of pulmonary edema and death [27].
Hypertrophy of the heart has been reported in pigs at very high doses of fumonisins
in feed without histopathologic alterations despite an increase in the Sa:So ratio [28].
In contrast, a recent study of low doses of fumonisins revealed no alteration in heart
weight, whereas histopathologic lesions characterized by hemorrhage and lymphocyte
inflammatory infiltrate were observed [30]. Myocardial infiltration by lymphocytes leading
to inflammatory damage is consistent with the hypothesis of activation of de novo synthesis
of sphingolipids by TLR or TNFα [30,47]. Cardiac alterations characterized by macroscopic
thinning of the heart and thinning of cardiomyocytes have been observed in Japanese quails
fed fumonisins [29]. Transmission electron microscopy also revealed that the number of
mitochondria was increased and that the mitochondria appeared swollen and pleomorphic
in fumonisins-fed quails, although the outer membrane remained intact [29]. Alteration
of the heart mitochondria of Japanese quails fed fumonisins is of considerable relevance
because an in vitro study has revealed that ceramides cause mitochondrial dysfunction,
oxidative stress, and cell death in cardiomyocytes [52]. Interestingly, overexpression of
CerS2 induced oxidative stress, mitophagy, and apoptosis, which were prevented by
depletion of CerS2. By contrast overexpression of CerS5 did not affect these processes,
suggesting a chain-length dependent impact of ceramides on mitochondrial function [52].
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A minor decrease in the Sa concentration was observed in the gizzards of chickens
fed fumonisins, whereas fumonisins had no effect on the sphingolipid concentrations in
breast muscle in this study. There are no data to compare the effects of fumonisins on
sphingolipids in gizzard and breast muscle with our present results. Fumonisins have
been reported to induce gizzard ulceration in chickens and have been reported to increase
the relative weights of gizzards in chickens, turkeys, and ducks, but the mechanism
underlying these alterations remains unknown [32–36]. In this study, the decrease in
Sa observed in the gizzards of chickens receiving fumonisins was accompanied by a
small decrease in So, so the Sa:So remained unchanged. Total ceramides in gizzards were
decreased by fumonisins, and all of the ceramides appeared to decrease. The concentrations
of dihydroceramides, sphingomyelins, dihydrosphingomyelins, hexosylceramides, and
lactosylceramides paralleled those of ceramides. Interestingly, the effects of fumonisins
on sphingolipids in gizzards appeared to be independent of the fatty acid carbon chain
length. PLS-DA allowed the chickens to be separated into two groups according to the
presence or absence of fumonisins in the feed, but the correlations measured among the
sphingolipids in gizzards did not differ greatly in fumonisin-fed chickens and in controls.
Finally, the effects of fumonisins on gizzards appeared to be consistent with the hypothesis
of a decrease in the de novo synthesis of ceramides even though there was no accumulation
of Sa. The decrease in sphingolipids in gizzards appeared to be independent of the fatty
acid chain, which is different from what was observed in the liver and kidneys and to a
lesser extent in the heart [22].

Sphingolipids have been shown to have important roles in skeletal muscle in obesity
and aging. Accumulation of C16 ceramide occurs during the development of insulin resis-
tance and CerS6 silencing may be a potential target for the treatment of insulin resistance,
obesity, and type 2 diabetes [37]. C18 ceramide, produced mainly by CerS1, also accu-
mulated in mice fed with a high-fat diet that promotes systemic insulin resistance [38,40].
By contrast, a decrease in C16 and C18 ceramides appears to be important in the skeletal
muscle and myocardium of aged mice and humans [39]. Histological analysis of muscle in
CerS1- and CerS5-deficient mice revealed reduced caliber sizes in slow (type 1) and fast
(type 2) fibers of quadriceps femoris [39]. All of these results suggest that the decrease
in Cer concentrations observed in gizzards could affect its contractility, even though no
clinical consequences were observed.

4. Conclusions

In conclusion, this study revealed for the first time that feeding fumonisins at a
concentration that did not alter performances in chickens nonetheless resulted in several
changes in the sphingolipid composition of muscles that varied according to the type of
muscle. Whereas no effects of fumonisins were noted in breast muscle, an increase in
sphingoid bases, dihydroceramides, ceramides, and glycosylceramides, and to a lesser
extent also sphingomyelins, was observed in the myocardium. These changes were more
pronounced for sphingolipids with fatty acid chains of 20 to 26 carbons than for those with
14–16 carbon chain lengths. By contrast, a decrease in dihydroceramides and ceramides,
and to a lesser extent also sphingomyelins, was observed in the gizzard. The decreases
in sphingolipid levels in the gizzard appeared to be the same irrespective of the fatty
acid chain length. Taken together, these results confirmed that the effects of fumonisins
on sphingolipids at the scale of the organism are complex and probably involve cell- or
metabolite-mediated effects in association with the inhibition of CerS activity. Further
studies are necessary to understand these mechanisms and their consequences on health.

5. Materials and Methods
5.1. Analytes and Reagents

The analytes and reagents used in this study were obtained from Sharlab (Shar-
lab S.L., Sentmenat, Spain) or Sigma (Sigma Aldrich Chimie, Saint-Quentin-Fallavier,
France). The separation of the analytes by UHPLC-MSMS was done with LC-MS grade
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solvents, whereas all other reagents were HPLC grade. The 42 sphingolipids used as stan-
dards were obtained from Sigma or Bertin (Bertin Technologies, Montigny-Le-Bretonneux,
France) and corresponded to: deoxysphingosine (dSo = m18:1); deoxysphinganine (dSa
= m18:0); sphingosine (So = d18:1); sphinganine (Sa = d18:0); sphingosine-1-P (d18:1P);
sphinganine-1-P (d18:0P); glucosylsphingosine (GluSo); lysosphingomyelin (LysoSM); lac-
tosylsphingosine (LacSo); N-acetylsphingosine (18:1/2:0); N-acetylsphinganine (18:0/2:0);
ceramides: 18:1/14:0, 18:1/16:0, 18:1/18:0, 18:1/20:0, 18:1/22:0, 18:1/24:1, and 18:1/24:0;
ceramide-1P: 18:1/16:0P; dihydroceramides: 18:0/16:0, and 18:0/24:0; deoxyceramides:
m18:1/16:0, m18:1/22:0, m18:1/24:1, m18:1/24:0; deoxydihydroceramides: m18:0/22:0,
m18:0/24:1, m18;0/24:0; glucosylceramides: Glu18:1/16:0 and Glu18:1/24:1; lactosylce-
ramides: Lac18:1/16:0 and Lac18:1/24:1; ceramides sulfatides: ST18:1/24:1 and ST18:1/24:0;
sphingomyelins: SM18:1/14:0, SM18:1/16:0, SM18:1/18:0, SM18:1/18:1, SM18:1/20:0,
SM18:1/22:0, SM18:1/24:1, and SM18:1/24:0. The 12 sphingolipids used as IS corre-
sponded to the 10 IS mixture “Ceramide/Sphingoid Internal Standard Mixture I” from
Avanti Polar Lipids, which contains 25 µM C17 sphingosine (d17:1), C17 sphinganine
(d17:0), C17 sphingosine-1-P (d17:1P), C17 sphinganine-1-P (d17:0P), lactosyl (ß) C12
ceramide (Lac18:1/12:0), C12 sphingomyelin (SM18:1/12:0), glucosyl (ß) C12 ceramide
(Glu18:1/12:0), 12:0 ceramide (18:1/12:0), 12:0 ceramide-1-P (18:1/12:0P), and 25:0 ce-
ramide (18:1/25:0) in ethanol solution. This mixture was completed by C12 deoxyceramide
(m18:1/12:0) and C12 ceramide sulfatide (ST18:1/12:0) solubilized in ethanol at a concen-
tration of 25 µM.

5.2. Tissue Samples

Heart, gizzard, and breast muscle were obtained from a Ross chicken study for which
the animal maintenance conditions, feed formulation, and results of the effects of fu-
monisins on health and performance were detailed in [43]. This study was completed at
Cebiphar (Cebiphar, ondettes, France) under number V9152 as a randomized, parallel,
monocenter study under project number 2017062111426641 accepted by the French Min-
istry of Higher Education, Research, and Innovation (Paris, France) on 6 November 2017.
Briefly, the experimental diets were formulated on a corn-soybean basis to best meet the
nutritional needs of the chickens. Corn containing fumonisins was incorporated to a final
concentration of FB1, FB2, and FB3 in the feed of 15.1, 5.6, and 0.9 mg/kg, respectively.
Mycotoxin-free corn was used as the control diet. Mycotoxins in the raw materials and
in the diets were measured by LC-MSMS according to AFNOR V03-110 [53]. Drinking
water and feed were provided ad libitum. A diet containing fumonisins was provided to
10 chickens per group from the day of age 14 to the day of age 21. A control diet free of
mycotoxins was provided to 10 other chickens until the day of age 21. On day 21, the feed
was removed for eight hours before euthanasia and tissue collection. Heart, gizzard, and
breast muscle were stored at −80 ◦C until analysis.

5.3. Sphingolipids in Tissues

The sphingolipids in heart, gizzard, and breast muscle were measured as previously
described in [13] and completed in [22] for the determination of deoxyceramides, deoxydi-
hydroceramides, and ceramides sulfatides. Briefly, 0.5 g of tissue was homogenized with a
Potter grinder in 1.5 mL of phosphate buffer (0.1 M, pH 7.4) and centrifuged for 15 min at
3000× g. A 40 µL aliquot of the supernatant was collected and 120 µL of NaCl 0.9%, 600 µL
of methanol/chloroform (2:1), and 10 µL of a solution containing the IS mixture were
added to obtain a final concentration of each IS equivalent to 6250 pmol/g of tissue. The IS
mixture was composed of the “Ceramide/Sphingoid Internal Standard Mixture I” that was
completed with m18:1/12:0 and ST18:1/12:0. Samples were incubated overnight at 48 ◦C.
After cooling to room temperature, 100 µL of KOH (1 M in methanol) was added and the
samples were incubated for 2 h at 37 ◦C to hydrolyze glycerophospholipids, which could
otherwise interfere with the determination of sphingolipids. A 10 µL aliquot of 50% acetic
acid was added and the samples were centrifuged for 15 min at 4500× g. The supernatant
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was collected, and the residue was extracted again with 600 µL of methanol/chloroform
(2:1). The second supernatant was added to the first and then evaporated to dryness. The
dry residue was solubilized in 200 µL methanol, and a 5 µL aliquot was injected into the
UHPLC-MSMS system comprising a 1260 binary pump, an autosampler, and an Agilent
6410 triple quadrupole spectrometer (Agilent, Santa Clara, CA, USA). The analytes were
separated on a Poroshell 120 column (3.0 × 50 mm, 2.7 µm). The mobile phase was (A)
methanol/acetonitrile/isopropanol (4/1/1) and (B) water, each containing 10 mM ammo-
nium acetate and 0.2% formic acid. The mobile phase was delivered using a gradient of
elution at a flow rate of 0.3 mL/min, as previously described [13]. Sphingolipids were
detected after positive electrospray ionization under the following conditions: temperature
300 ◦C, flow rate of 10 L/min, pressure of 25 psi, capillary voltage 4000 V. Transitions,
fragmentor voltages, and collision energies were reported in [22]. Agilent Mass-Hunter
quantitative analysis software (B.05.00 SP03/Build 5.0.291.7) was used to analyze the chro-
matograms. The precision of the method expressed as a relative standard deviation (RSD)
was considered acceptable for an RSD of 20%. As shown in Table S3, the linearity of the
method of analysis was good over a relatively large range of concentrations, in agreement
with previous results [13,22]. The recovery of the 12 IS in heart, gizzard, and breast muscle
is presented in Table S4. The recovery varied according to the tissue and the analyte. The
lowest recoveries of the IS were measured in breast muscle, whereas the recoveries in
heart and gizzard were similar. A high recovery attributed to a positive matrix effect was
observed for 18:1/12P and to a lesser extent for d17:1P and d17:0P, which is in agreement
with previous results involving other tissues [13,22]. The lowest recovery was measured for
18:1:25:0, which is in agreement with previous results involving other tissues [13,22]. The
repeatability of the method was considered good, with an RSD of 20%. Good repeatability
was observed for all the IS in heart, gizzard, and breast muscle except for 18:1/25:0 in
gizzard, for which an RSD of 25% was found. This value was considered acceptable, with a
high RSD being already found for this analyte in other tissues [13,22].

The sphingolipid concentrations were determined from the calibration curves obtained
with the standards. The final concentrations in tissues were corrected by the recovery
measured for the corresponding IS. No correction was used for 18:1/2:0, 18:0/2:0, GluSo,
LysoSM, and LacSo. The concentrations of sphingolipids not available as standards were
calculated using the calibration curves obtained with standards of the same class with the
closest mass and similar abundance. The final concentrations in tissues were corrected as
carried out for the sphingolipids available as standards.

5.4. Analytes and Reagents

One-way ANOVA was carried out to compare the sphingolipid concentrations in the
controls and in the chickens fed fumonisins after determination of the homogeneity of
variance (Hartley’s test). Significant differences were reported as follows: (*) 0.05 < p <
0.01, (**) 0.01 < p < 0.001, and (***) p < 0.001. Partial least squares-discriminant analysis
(PLS-DA) was carried out to reveal the appurtenance of the chickens to the control and the
fumonisins-fed group and to identify the sphingolipids that were important in the model.
A score above 1.1 was retained to select the variables important in the projection (VIP)
for heart and gizzard, whereas a score above 0.8 was retained for breast muscle. Pearson
coefficients among the sphingolipids assayed in this study were measured and reported in
bold font when significant in Figures S1 and S2. All the statistical analyses were carried out
with XLSTAT Biomed software (Addinsoft, Bordeaux, France).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14120828/s1, Table S1: Pearson coefficients of correlation
among sphingolipids dosed in heart; Table S2: Pearson coefficients of correlation among sphingolipids
dosed in gizzard; Figure S1: Partial least squares discriminant analysis (PLS-DA) of sphingolipids
measured in the breast muscle of chickens fed 9 days with a control diet free of mycotoxins or a diet
containing 20.8 mg FB1 + FB2/kg. (A) Scores of variables important in the projection (VIP) for the
first component. (B) Scores of variables important in the projection (VIP) for the second component.
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(C) Discrimination on the factor axes extracted from the original explanatory variables. (D) Quality of
the model and confusion matrix for the training sample (variable groups); Table S3: Linearity of the
method measured for the sphingolipids available as standards; Table S4: Recovery of the internal
standards of sphingolipids measured in the heart, gizzard, and breast muscle of chickens.
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49. Beresewicz, A.; Dobrzyń, A.; Górski, J. Accumulation of Specific Ceramides in Ischemic/Reperfused Rat Heart; Effect of Ischemic

Preconditioning. J. Physiol. Pharmacol. Off. J. Pol. Physiol. Soc. 2002, 53, 371–382.
50. Reforgiato, M.R.; Milano, G.; Fabriàs, G.; Casas, J.; Gasco, P.; Paroni, R.; Samaja, M.; Ghidoni, R.; Caretti, A.; Signorelli, P. Inhibition

of Ceramide de Novo Synthesis as a Postischemic Strategy to Reduce Myocardial Reperfusion Injury. Basic Res. Cardiol. 2016, 111,
12. [CrossRef]

51. Egom, E.E.; Mamas, M.A.; Chacko, S.; Stringer, S.E.; Charlton-Menys, V.; El-Omar, M.; Chirico, D.; Clarke, B.; Neyses, L.;
Cruickshank, J.K.; et al. Serum Sphingolipids Level as a Novel Potential Marker for Early Detection of Human Myocardial
Ischaemic Injury. Front. Physiol. 2013, 4, 130. [CrossRef]

52. Law, B.A.; Liao, X.; Moore, K.S.; Southard, A.; Roddy, P.; Ji, R.; Szulc, Z.; Bielawska, A.; Schulze, P.C.; Cowart, L.A. Lipotoxic
Very-Long-Chain Ceramides Cause Mitochondrial Dysfunction, Oxidative Stress, and Cell Death in Cardiomyocytes. FASEB J.
Off. Publ. Fed. Am. Soc. Exp. Biol. 2018, 32, 1403–1416. [CrossRef]

53. ANSES_GuideValidation.Pdf. Available online: https://www.anses.fr/fr/system/files/ANSES_GuideValidation.pdf (accessed
on 19 December 2018).

189





Citation: Chen, Y.; Qu, G.; Quan, H.;

Wang, Y.; Wang, C.; Haque, M.A.; He,

C. A Novel Cost-Effective Nanobody

against Fumonisin B1 Contaminations:

Efficacy Test in Dairy Milk and

Chickens. Toxins 2022, 14, 821.

https://doi.org/10.3390/

toxins14120821

Received: 16 September 2022

Accepted: 17 November 2022

Published: 23 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

toxins

Article

A Novel Cost-Effective Nanobody against Fumonisin B1
Contaminations: Efficacy Test in Dairy Milk and Chickens
Yi Chen 1,†, Guanggang Qu 2,†, Hongkun Quan 1, Yihui Wang 1, Changjiang Wang 2, Md Atiqul Haque 1,3

and Cheng He 1,*

1 Key Laboratory of Animal Epidemiology and Zoonoses of Ministry of Agriculture, College of Veterinary Medicine,
China Agricultural University, Beijing 100019, China

2 Shandong Binzhou Animal Science and Veterinary Medicine Academy, Binzhou 256600, China
3 Department of Microbiology, Faculty of Veterinary and Animal Science, Hajee Mohammad Danesh Science

and Technology University, Dinajpur 5200, Bangladesh
* Correspondence: hecheng@cau.edu.cn
† These authors contributed equally to this work.

Abstract: AbstractBackground: Fumonisin B1 (FB1) is a secondary metabolite produced mainly
by Fusarium verticillioides or Fusarium proliferatum. It poses a huge threat to the sustainable animal
industry and human health as well via food chains (egg, meat and milk). Although E. coli-expressed
nanobodies are documented for diagnostic applications, nanobodies remain elusive as FB1 detoxifiers
in feed and food. Results: In the present study, the E. coli-expressed nanobody was assessed to
remove FB1 in fresh milk, embryonated eggs and broilers. Firstly, 2 alpacas received intramuscularly
FB1-adjuvanted BSA 6 times, and then the variable domain of the heavy-chain antibody (VHH) of fb1
genes were amplified to clone into the pCANTAB 5 E vector in order to generate a VHH-FB1 phage
antibody display library, yielding 3.4 × 1010 capacity with 96.7% positivity. Afterwards, 5 anti-FB1
nanobodies were expressed and identified. Furthermore, maximal 43.2% FB1 was removed from milk
by 1:2000 concentration of nanobody 5 (Nb5). Furthermore, SPF-embryonated eggs were inoculated
into albumens with nanobody-treated FB1. The Nb5 group yielded an 83.3% hatching rate, higher
body weight, lower gizzard ulceration and fewer FB1 residuals. In order to warrant the above results,
50 broilers aged 10 days were received orally with 20 ppm of FB1 for 20 days. At the same time, birds
were fed orally with 50 µg of Nb5 or bivalent nanobody 11 (BiNb11). Finally, the Nb5 group showed
a higher relative body weight gain and lower gastric ulcerations and fewer inflammations in the
thymus and bursa. Conclusions: Based on the above evidence, the Nb5 nanobody may be considered
as an additional FB1 detoxifier, contributing to FB1 decontamination.

Keywords: fumonisin B1; nanobody; phage-display technology; detoxification; efficacy test

Key Contribution: 1. Five nanobodies were firstly expressed and bound specifically to FB1 mycotoxin.
2. Monomer nanobody Nb5 is a promising food detoxifier by degrading FB1-contaminated fresh
milk. 3. Engineered nanobody Nb5 is a potential feed detoxifier for poultry industry.

1. Introduction

Mycotoxins are toxic byproducts of fungi that have the ability to cause cancer, muta-
genesis, teratogenicity, cytotoxicity, nephrotoxicity, neurotoxicity, immunotoxicity, dermo-
toxicity, and estrogenic potential. Their pollution has raised worries about the safety of
feed and food throughout the world [1–3]. More than 500 mycotoxins, notably, aflatoxins,
ochratoxins, trichothecenes, fumonisins, zearalenone, patulin, citrinin, and ergot alkaloids,
have been identified in recent years [4]. Fumonisins (FBs) are a group of hydrophilic
mycotoxins produced largely by the fungi Fusarium (verticillioides, proliferatum, moniliforme,
anthophilum, dlamini, globosum, fujikuroi, napiforme, nygamai, oxysporum) and Aspergillus
(awamori, niger) [2,4,5]. They frequently contaminate corn (maize), corn-based foodstuffs,
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asparagus, sorghum, soybeans, rice, pineapple, banana, sugarcane, beer, and animal feed
worldwide, with FB1 being the predominant (>70%) cause of toxicity and posing a potential
threat to human health and animal production [2,5]. FB1 has diverse serious impacts on
various organs (brain, lungs, liver, kidneys, etc.) [6]. For example, it has been linked to
equine leukoencephalomalacia in horse, porcine pulmonary edema syndrome in pigs, liver
cancer in rat, stunted growth, developmental disorder, and neural tube defect in Brown
Tsaiya Duck embryos, negative structural bone modifications in young chickens, and de-
creased hatchability and gizzard ulceration in chicken progenies [5,7,8]. Epidemiological
data revealed that FB1 pollution in the human diet had a certain correlation with the high
incidence of esophageal cancer, primary liver cancer, neural tube defects (NTDs), growth
problem, idiopathic congestive cardiopathy (ICC) and other diseases in humans [5–7,9].
Furthermore, FB1 has been listed as a possible Group 2B human carcinogen by the Interna-
tional Agency for Research on Cancer (IARC) [10], with a tolerable daily intake (TDI) of
2 µg/kg BW/day set by the joint Food and Agricultural Organization (FAO) [11] and World
Health Organization (WHO) [11].

A recent study on female BALB/c mice revealed that FB1 could cause significant
hepatotoxicity, nephrotoxicity, and hematological toxicity, indicating that the foregoing
maximum TDI of FB1did not appear to provide adequate protection [1]. In lower doses,
FB1 triggers cell death in all body parts of plants, both at the cellular and organ levels,
and has similar adverse effects on animals and humans [2]. Confronting high FB1 con-
taminations in food chains, it is still a big challenge for scientists to innovate novel FB1
detoxifier. Therefore, attempts have been made for the discovery of an effective FB1 detoxi-
fication method. Physical, chemical, and biological methods of detoxification are currently
available. Furthermore, both organic and inorganic mycotoxin binders have been used to
limit toxicity in animal feed. Feed and food by-products contaminated with FB1 can be de-
stroyed by heat (>150–200 ◦C) and alkali treatment to reduce FB1 damage to the body [12].
In vitro, tri-octahedral bentonites, an inorganic binder, have been shown to adsorb >90% of
Zearalenon (ZEN) and FB1 [13]. Isothiocyanate (ITC), which contains electrophilic carbon
and can react with the free amino groups of mycotoxins, reduced the levels of FB1 by
53–96%, FB2 by 29–91%, and FB3 by 29–96% through ITC fumigation. These results suggest
that the primary amine group of FB is critical to its toxicity, as the naturally occurring
acetylfumonisin B is not considered toxic. FB can also react with reducing sugars (glucose
or fructose) to block primary amine groups and can undergo the Maillard reaction to form
N-carboxymethyl-FB1, which is less toxic, and detoxify FB1 contamination [14,15]. Tradi-
tional physical and chemical methods can only achieve partial FB reduction while depleting
nutrients and having undesired effects. With the development of modern biotechnology,
metabolic detoxification has gradually supplanted physical and chemical detoxification
as the primary method for mycotoxin reduction. Metabolic detoxification has mild action
and does not reduce the nutritional value or the palatability of feed [4]. Some effective
enzyme preparations and strains can reduce FB1 toxicity in feed. The two genes fumD
and fumI of Sphingopyxis spp. MTA144 were found to produce enzymes that catalyze the
de-esterification and deamination of FB1 in a sequential manner, detoxifying FB1 through
their continuous action. The Pseudomonas genus was identified as a significant FB1 degra-
dation member using 16 SrDNA sequencing and antibiotic-driven selection of a bacterial
consortium (SAAS79) and its crude enzymes with strong FB1 degradation activity (90%)
isolated from waste water mushroom [9]. Moreover, the hydrolase and transferase enzymes
of Serratia marcescens are capable of degrading FB1 at a rate of 37% [15]. Although many
studies have been focused on the degradation of FB, there is still a lack of effective methods
for FB1 degradation in food and feed.

Nanobodies (Nbs), also known as single-domain antibodies, are derived from the
variable domain of heavy-chain antibodies (VHH) in camels and are thought to be the
smallest intact antigen-binding fragment currently available [8,9]. Nbs have many unique
antibody characteristics, including small molecular weight (15 kDa), high solubility, high
specificity, high affinity, strong stability, and easy cloning. Importantly, industrial produc-
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tion of recombinant nanobodies by microorganisms is highly cost-effective, and nanobodies
can be easily utilized as building blocks for multi-domain constructs [16,17]. Nbs have
high stability to organic solvents, which is useful for mycotoxin immunoassays. He et al.
assessed Nbs’ solvent stability against AFB1 and found that it was more stable to methanol,
acetone, and acetonitrile than monoclonal antibody (mAb) [18]. Kunz et al. examined the
thermostabilities of 78 pure nanobody binders and determined that the stability of eight
modified nanobodies varied by a mean of 2.3 ◦C and a maximum of 6.1 ◦C [19]. Alsulami
et al. reported the FNanoBiT assay for the detection of FB1 in the maize extract, and the
relative standard deviation (RSD) observed suggested high stability allowed it to be better
suited for field application [6]. Due to the aforementioned advantages of nanobodies, their
application in the detection of mycotoxins in agricultural products has gained increasingly
attention in recent years. The anti-FB1-idiotypic nanobody and alkaline phosphatase were
fused to express, and a one-step competitive enzyme-linked immunosorbent assay (ELISA)
method was established for detecting FB1 level in grains. Likewise, for FB1 detection, a
noncompetitive idiometric immunoassay using a combination of β-type anti-idiotypic Nb
and phage-displayed α-type anti-idiotypic Nb revealed a 17-fold increase in sensitivity
compared to the competitive ELISA (LOD = 3.41 ng/mL), implying that this approach
has broad utility for checking small molecules in foods [17]. In addition to the ELISA
detection method, the application of an immunosensor for aflatoxin B1 (AFB1) detection
also been established by using an Nb. For instance, an Nb, conjugated by a horseradish
peroxidase, is combined with a hybridization chain reaction signal amplification system to
achieve rapid and ultra-sensitive AFB1 detection. Under ideal conditions, the LOD of the
immunosensor was 68 fg/mL, and the linear range was 0.5–10 ng/mL with a sensitivity of
2.7 µA • (mL/ng) [20]. So far, scarce reports have been published on toxin neutralization
with nanobodies. In 2016, Andersen et al. immunized llamas with toxin B and obtained four
Nbs capable of neutralizing toxin B in an in vitro cell-based assay [21]. Further, the in vivo
protective effect was validated in a hamster model. When challenged with Clostridium
difficile, half of the hamsters survived after being treated with Nbs expressed in Lactobacillus
and showed no damage or only limited inflammation of the intestinal mucosa. In another
investigation, Harmsen et al. showed that oral administration of high doses of nanobodies
against Escherichia coli F4 pili reduced E. coli-induced diarrhea in piglets [22]. However, no
report has been published until now on the detoxifying effect of Nbs on FB1.

In this study, FB1-specific nanobodies were developed by phage-display technology
and expressed in an E. coli expression system. The binding ability of the Nbs was analyzed
by ELISA and their antagonistic effect on FB1 was verified via chicken embryo model
and broiler model. Our results showed that Nb5 was identified to reduce FB1 toxicity on
embryonated eggs and it also improved body weight gain and reduced gizzard ulceration
in broilers, suggesting that the nanobody Nb5 had the effect of antagonizing FB1 and
potential application for human food additive and poultry industry.

2. Results
2.1. Screening and Identification of FB1 Nanobodies

The alpaca was immunized with FB1-adjuvanted-BSA whole antigen. Post the final
inoculation on day 4, the titers of the FB1 nanobody were detected to be 1:5000 in alpaca
sera by an indirect ELISA. The lymphocytes were isolated from a total volume of 200 mL
of alpaca peripheral anticoagulant. After extracting RNA, it was reversely transcribed
into cDNA. The VHH fragment was amplified by nested PCR, and the target band of
approximately 700 bp was recovered in the 1st round and the approximately 400 bp was
produced in the 2nd round. The VHH fragment was inserted into a pCANTAB 5 E vector
and electrically converted to TG1-competent cells to obtain a phage-display library. The
library capacity was roughly 3.4 × 1010 and the positive rate was approximately 96.7%.

After the 3rd round of panning, the enrichment rate was identified to be 16. After the
3rd rounds of panning, the recombinant bacteriophage was infected into logarithmic TG1
cells, LB/AMP-Glu plates were coated, and 60 single colonies were randomly selected. The
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reactivity of the crude extract with FB1-OVA was identified by ELISA assay. Out of the
60 selected monoclonal clones chosen, 58 positive clones were sequenced and analyzed,
where 5 nanobody phages coding different sequences were identified and named as Nb5,
Nb11, Nb12, Nb13, and Nb16 in sequence.

2.2. Prokaryotic Expression and Identification of Anti-FB1 Nanobody

The target fragment was amplified by specific primers and the PCR amplification
produced a roughly 400 bp band, which was compatible with the expected target band size
(Figure 1A). For PCR identification, a single colony was picked and incubated overnight at
37 ◦C. The prokaryotic expression vector of VHH-FB1-PSF was constructed successfully
(Figure 1B). Afterwards, the VHH-FB1-PSF plasmid was transformed into E. coli BL21(DE3)
competent cells, and IPTG was added to a final concentration of 1 mM before incubation
overnight at 37 ◦C. The proteins were expressed as soluble proteins and then identified by
SDS-PAGE (Figure 1C). The recombinant Nbs were confirmed to be approximately 35 KDa
in size. The supernatants were purified with Ni-NTA columns at room temperature and
then identified by SDS-PAGE (Figure 1D).
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Figure 1. Construction of the VHH-FB1 prokaryotic expression vector and expression of VHH
recombinant protein. (A) Cloning VHH-FB1 gene. Lane M, DNA marker (TAKARA); Lane 1,
Negative control of VHH-FB1 gene (400 bp); Lane 2–7, PCR products of VHH-FB1 gene; (B) PCR
colony. (C) Expression of VHH recombinant protein (M. Protein marker; 1. Precipitation of bacteria
of PSF without induction; 2–6. Precipitation of bacteria of Nb1–Nb5 with induction; 7. Supernatants
of bacteria of PSF without induction; 8–10. Supernatants of bacteria of Nb1–Nb5 with induction).
(D) Purification of VHH recombinant protein (1–5. Recombinant protein eluted with 250 mM
imidazole concentration; 6. Supernatant of flow-through; 7. Precipitation of flow-through).

2.3. Nb5 Detoxification on FB1-Contaminated Milk

Serial concentrations of Nb5 were incubated with FB1-contaminated milk sample at
25 ◦C and significant difference of toxin removal was determined post treatment with the
initial solution, 1:2000, or 1:3000, or 1:5000, or 1:10,000, while a dose-dependent manner of
detoxification was 43.3%, 21.98%, 19.62%, and 3.07%, respectively (p < 0.01). Obviously, the
optimal detoxification was determined to be 1:2000 solution and FB1 concentration was
reduced to 27.04 ppb with a degradation rate of 43.26% (Figure 2).
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Figure 2. Detoxification of Nb5 at different concentrations. A dose-dependent manner of decon-
tamination was found among 1:2000, 1:3000, 1:5000 and initial solutions post treatment at 25 ◦C for
2 h. The maximal detoxification was determined to be 1:2000 solution. The data were expressed as
mean ± SD.; ***: p < 0.01.

2.4. Effect of Nanobodies on Growth and Gizzard Ulceration of the Embryonated Eggs

On day 21, the hatchability of the embryonated eggs exposed to 64 µg of FB1 was
significantly lower than that of the control groups or the nanobody-treated groups (p < 0.01).
The hatchability was 83.33% and 80%, respectively, in the Nb5 + FB1 group and the
D-glucose + FB1 group. However, lower hatchability was found in the Nb13 + FB1, the
BiNb11 + FB1, and the BiNb13 + FB1 compared to the Nb5 + FB1 group (Figure 3A).
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Figure 3. Effects of nanobodies on FB1-contaminated chicken embryos. (A): Hatching rate post
inoculation with FB1 or in combination with monomer nanobodies, bivalent nanobodies, and
D-glucose. Lower hatchability was observed in the FB1 control group compared to other groups
(p < 0.01). Both the Nb5 + FB1 group and the D-glucose group yielded higher hatching abilities
than other Nb groups did in the experiment. No statistical difference was determined between the
Nb5 + FB1 group and the D-glucose + FB1 group either (p = 0.795). (B): Hatching body weight
after treatment with monomer nanobodies, bivalent nanobodies, and D-glucose. Slower growth
rate was observed in the FB1 control group compared to the other groups (p < 0.01). However, no
statistical difference of body weight was found among the Nb5 + FB1 group, or the Nb13 + FB1,
or the BiNb11 + FB1 group, or the BiNb13 + FB1 group, or the D-glucose + FB1 group (p > 0.05).
(C): Lesion scores of gizzard ulceration of chicken post FB1 treatment with monomer nanobodies,
bivalent nanobodies, and D-glucose. Postmortem, the FB1 group induced higher lesions of gizzard

195



Toxins 2022, 14, 821

ulcerations compared to the Nb5 + FB1 group, the BiNb11 + FB1 group (p < 0.05), and the control
group (p < 0.01). No significant difference was found in the Nb13 + FB1 group, BiNb13 + FB1
group, and the D-glucose + FB1 group (p > 0.05) and no significant difference was found between
the Nb5 + FB1 group and the D-glucose + FB1 group either (p = 0.255). The data were expressed as
mean ± SD. **: p < 0.05, ***: p < 0.01. Control: PBS; Nb control: Bi-Nb-11 nanobody.

As for body weight of the new-borne chickens, the FB1 group induced slow growth
compared to the control groups and the Nb control group (p < 0.01). However, no statis-
tical difference was found among the Nb5 + FB1 group, or the BiNb11 + FB1 group, the
BiNb13 + FB1 group and the D-glucose + FB1 group (Figure 3B). Postmortem, FB1 induced
a highly gastric ulceration index while lower lesions were determined in the Nb5 + FB1
group (p < 0.05) and all the control groups (p < 0.01). In addition to the Nb5 + FB1 group,
no statistical difference was found among the Nb13+FB1 group, the BiNb11 + FB1 group,
the BiNb13 + FB1 group, and the D-glucose + FB1 group (Figure 3C).

As for FB1 residues in the lungs of hatching chickens, lower FB1 contamination was
determined in the Nb5 + FB1 group and the BiNb13 + FB1 group compared to that of the
FB1 control (p < 0.05). However, no significant difference was found among the Nb13 + FB1
group, the BiNb11 + FB1 group, and the D-glucose + FB1 group (p > 0.05). No residual FB1
was detected in the gizzards of all groups (Figure 4).
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Regarding the body weight of the broilers (Figure 5A), FB1 greatly reduced the body 

weight of broilers on day 7 and day 14 (p < 0.01). Significant increasing body weight was 

determined in the Nb5 + FB1 group and the BiNb11 + FB1 group in the first two weeks (p 
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Figure 4. FB1 residuals in the lungs and gizzard of new-borne chickens. Lower FB1 contamination
was observed in the Nb5 + FB1 group compared to that of the FB1 control (p < 0.05). However, no
significant difference was found among the Nb13 + FB1 group, the BiNb11 + FB1 group, and the
D-glucose + FB1 group (p > 0.05) and no significant difference was found between the Nb5 + FB1
group and the D-glucose + FB1 group either (p = 0.448). No residual FB1 was detected in the gizzards
of all groups. The data were expressed as mean ± SD.**: p < 0.05; ***: p < 0.01. Note: Control: PBS;
Nb control: Bi-Nb-11 nanobody.

2.5. Effect of Nanobodies on Growth, Gizzard Ulceration, and Antibody Levels of the Broilers

Regarding the body weight of the broilers (Figure 5A), FB1 greatly reduced the body
weight of broilers on day 7 and day 14 (p < 0.01). Significant increasing body weight
was determined in the Nb5 + FB1 group and the BiNb11 + FB1 group in the first two
weeks (p < 0.01). However, no significant difference was observed among all the groups
in the final week (p > 0.05). Post-mortem, lesion score index was used to access the
gizzard ulceration. Obviously, FB1 aggravated gizzard lesions in broilers and gastric
ulceration index amounted to 3.0 ± 0.0. On the contrary, lower gizzard ulceration index
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was observed in the Nb5 + FB1 group (p < 0.01), the BiNb11 + FB1 group (p < 0.05), and the
Qinankang + FB1 group (p < 0.01), compared to the FB1 group. However, no significant
difference was found among the Nb5 + FB1 group, the BiNb11 + FB1 group, and the
Qinankang + FB1 group (p > 0.05) (Figure 5B).
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Figure 5. Effects of nanobodies on the FB1-contaminated broiler’s development. (A) Both Nb5 + FB1
and BiNb11 + FB1 improved body weight on day 7 and on day 14 compared to the FB1 control
(p < 0.01). No discernible difference was found among all the groups on day 21 (p > 0.05). (B) Lesion
scores of gizzard ulceration of broiler chickens post treatment with Nb5 and BiNb11. Post mortem
observation, both the Nb5 + FB1 group (p < 0.01) and BiNb11 + FB1 (p < 0.05) group developed lower
lesions of gizzard ulcerations compared to the FB1 control group. However, no statistical difference
was found between the Nb5 + FB1 group and the commercial detoxifier, Qingankang (p > 0.05). The
data were expressed as mean ± SD. **: p < 0.05; ***: p < 0.01.

Post treatment, antibody titers against Newcastle disease virus (NDV), Infectious
bronchitis virus (IBV), and Infectious bursal disease virus (IBDV) were determined from
initial day to day 21. Increasing antibody titers against IBDV were determined in the
Nb5 + FB1 group compared to other groups on day 14 and day 21 (p < 0.05); no significant
difference was found between the Nb5 + FB1 group and the BiNb11 + FB1 group during all
the observation (p > 0.05) (Figure 6A).
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Figure 6. Effects of nanobodies on FB1-contaminated broiler’s humoral responses. (A): On day 14
and 21, the Nb5 + FB1 group induced higher IBDV antibody titers than the Control group or the
Qinankang + FB1 group or the FB1 group (p < 0.05), whereas no significant difference was found
between the Nb5 + FB1 group and the BiNb11 + FB1 group (p > 0.05) throughout the study. (B): On
day 21, both the Nb5 + FB1 and BiNb11 + FB1 groups yielded higher NDV antibody levels than the
FB1 control group, whereas no statistical difference was found on day 14 (p > 0.05). (C): Regarding
the IBV antibody, both the Nb5 + FB1 and BiNb11 + FB1 groups yielded a low antibody compared
to the FB1 control group, whereas no significant difference was determined among all the groups
(p > 0.05). The data were expressed as mean ± SD. **: p < 0.05.
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As for NDV antibody response, the increasing antibody levels were determined both
in the Nb5 + FB1 group and the BiNb11 + FB1 group compared to the FB1 control on day
21, but no statistical difference was found in the study (p > 0.05) (Figure 6B). Regarding
the IBV antibody, on day 21, compared to the FB1 control group, the IBV antibody level
of the Nb5 + FB1, BiNb11 + FB1 and Qinankang groups were lower and moreover, the
Nb5 + FB1 and BiNb11 + FB1 showed a declining trend of antibody level. However, there
is no significant difference of IBV antibodies level among all groups (p > 0.05) (Figure 6C).

3. Discussion

In this study, five FB1 toxin-specific Nbs were obtained post immunization in the
alpaca. Embryonated eggs are recommended as a toxicity bioassay due to FB1 and DON
contaminations [23]. We used the embryonated eggs to test the efficacy of the five obtained
nanobodies against FB1 embryo toxicity. The primary amino group of FB plays an important
role in the toxicity of FB1, because N-acetyl-FB1 was not considered toxic. Lu et al. found
that D- glucose reacted with the primary amino group of FB1 at 60 ◦C and induced its
detoxification [15]. Our results showed that Nb5 not only reduced FB1 in the contaminated
milk at 1:2000 dilution, but also increased egg hatching ability and body weight and reduced
gizzard ulcerations of new-borne chickens. Moreover, the Nb5 and BiNb11 improved the
broiler’s body weight and the Nb5 also reduced gizzard ulceration, which was comparable
to the popular commercial detoxifier, Qiangankang, as the positive control. Our study
revealed that Nb5 exerted decontamination by detoxifying FB1 toxins.

Regarding detoxification of mycotoxin contamination, physical measure and chemical
decontamination techniques may be quite efficient. However, the more sustainable and
restricted use of fungicides require new approaches to control this hazard. Food safety
demands permanent research efforts for exploring new strategies to reduce mycotoxin
contamination. In the present study, Nb5 was identified to remove the FB1 toxin in dairy
milk, with a suggestion of a potential detoxifying agent due to an efficient and robust
method for the generation of antibodies against a wide range of targets with highly specific
binding properties. FB1 was documented to be transmitted from diet into animal milk
and exerted toxic effects on human and animal health. The interaction of different myco-
toxins may be additive or synergetic. Given that milk is a source of nutrients, especially
in childhood, a thorough investigation of the occurrence of mycotoxins as well the adop-
tion of measures to minimize their contamination of milk is urgently needed. Moreover,
FB1 and FB2 in milk samples are stable to pasteurization (62 ◦C/30 min) and storage at
4 ◦C for 11 days [8], and the incidence of these contaminants is a major issue for hu-
man health. The carry-over of fumonisin B1 from contaminated feed into dairy milk also
suggests its carry-over from contaminated food into breast milk in Northern Tanzania;
10.3% had fumonisin B1 levels above the EU limit of 200 ppb for fumonisins in infants’
food that leads to unacceptable exposures in infants [24]. In the present study, a 43.26%
detoxifying rate was determined in fresh milk post treatment with 1:2000 concentration of
Nb5 concentration. Compared to the anti-FB1 monoclonal antibody, a 25% degradation
rate of FB1 was determined post incubation at 25 ◦C for 2 h in our previous study [25].
Regarding cost-effective detoxification, Nb5 might be a promising detoxifier for combating
mycotoxin contamination in the daily milk consumption. The nanobody is the smallest
specific binding entity compared to the monoclonal antibody and polyclonal antibody. In
addition, the nanobody will avoid random chemical conjugation and the use of secondary
antibodies, contributing to mycotoxin removal in the study.

Nanobodies have benefits over standard monoclonal and polyclonal antibodies in
terms of size, stability, and expression level when used as antibodies. There have been
some successful examples regarding the use of Nbs to effectively recognize small molecules,
such as the mycotoxins AFB1, OTA, and 15-acetyl-DON, and some environmental contami-
nants. The isolated anti-idiotypic-Nb was subjected to an ELISA for the detection of FB1
contaminated in cereals and feedstuffs [26]. The developed assay showed an IC50 value
of 0.95 ng/mL, with a limit of detection of 0.15 ng/mL, linear range of 0.27–5.92 ng/mL,
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and low cross-reactivity toward FB2 (4.93%). The sensitivity of anti-idiotypic ELISA was
enhanced approximately 20-fold compared with that of the chemosynthetic FB1-BSA
conjugates-based ELISA (IC50 = 21.14 ng/mL). The established anti-idiotypic ELISA was
validated to be suitable for monitoring the total fumonisin concentration under the current
regulatory limits of fumonisins in most countries [18]. In the present study, we tested the
ELISA titers after the 4th immunization of alpaca; the titer reached only 1:100, which might
be related to the low dose of the FB1 compound. Our phage-display library yielded a ca-
pacity of 3.4 × 1010 after identification, and 46 single colonies were randomly selected, with
a positive rate of 96.7%. The library showed good diversity once the positive monoclonal
antibodies were sequenced. The library was then subjected to rescue, including 3 rounds of
selective panning and enrichment, and 5 nanobodies with different amino acid sequences
were finally screened out.

The detoxification was further verified by embryonated eggs and the broiler model.
A previous study confirmed that FB1 had moderate toxicity in chick embryos, causing
pathological changes, such as hydrocephalus, beak enlargement, neck elongation, as well
as heart, lung, liver, kidney, and small intestine abnormalities [27]. In a prior study, chick
embryos were inoculated with 16 µg FB1 per embryo and examined for the presence of
any serious developmental defects, characterized as severe hemorrhagical inflammations
evident in the head, neck, and chest of the deceased embryo [28]. In a recent study, 24 µg
FB1 was inoculated into 11-day-old chicken embryos, resulting in lung hemorrhage and
gastric ulcer in the new-borne chickens, as well as FB1 residuals in gizzard and lung [8].
In the current study, the average body weight was significantly reduced, indicating that
FB1 had certain effects on the development of chicken embryos. In the present study,
Nb5 not only improved the egg hatching ability and body weight. It also alleviated the
gizzard ulcers, while the D-glucose did not reduce the gizzard ulceration of new-born
chickens. More interestingly, broilers’ gizzards health was improved greatly post Nb5
(p < 0.01) and the BiNb11 (p < 0.05) treatment, without a significant difference comparable
to the treatment of the commercial detoxifier product, the Qingankang group (p > 0.05)
(Figure 5B). In terms of clinical efficacy, Qinankang with 20% protocatechuic acid (PCA) is
commercialized against mycotoxin contamination in the broiler industry, characterized by
fewer gizzard ulcerations and enhanced body weight in the study (Figure 5A). However,
no stimulating IgG responses against IBDV, NDV, and IBV were observed in the Qinankang
group compared to those of the Nb5 + FB1 group. As for material supplying, both PCA
and nanobody are environmentally friendly products using E. coli-engineered strains in
the fermentation process. The nanobody is cheaper to produce for large scale production
than PCA in the manufacturer due to complicated purification. In this sense, the nanobody
might be a low-cost detoxifier in the poultry industry.

FB1 has diverse effects on the immune system, causing both stimulation and suppres-
sion of the response to foreign antigens, and apparently inducing an antigenic response
to FB1 [29]. Our previous study indicated that the combination of FB1 and DON was
associated with a low hatching rate and gizzard ulcerations in chicken progenies [8]. The
previous report confirmed that FB1 was an immunosuppressive to chickens when present
in the diet with a ratio of 200 mg FB1/kg [30]. In the present study, our data confirmed
that limited immune suppression against IBDV was induced in the birds that received
10 mg FB1/kg of diet for 14 days. No significant suppressive impact on NDV and IBV was
observed in the study. However, Nb5, as a monomer nanobody, could enhance the IBDV
humoral response of chickens exposed to daily FB1 diet.

Nanobodies termed as VHH antibody are usually isolated from the library constructed
by primary antibody immunization and eluted with the free antigen. Although the
nanobodies are a particularly useful tool for monitoring mycotoxins in food and feed-
stuffs, as they are easily genetic engineered and have superior stability [31], the potential
removal of mycotoxin has not been fully investigated. Nanobodies are reported to recog-
nize the active site of the antigen, and also serve as a surrogate for the original antigen and
compete with the original antigen for the primary antibody [32]. In the present study, both
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monomer VHH and bivalent VHH were produced in large quantities, excellent solubility,
and resilience to gastric pH value. Post oral administration with Nb5 and BiNb11, nanobod-
ies might bind to FB1 and block the specific site of the toxin, leading to an improvement of
body weight and gastric lesions. Compared to the bivalent VHH of BiNb11, the monomer
Nb5 showed the advantages of chicken health and embryo development, a suggestion
of highly affinity to FB1 and efficient binding activities. Initially, bivalent and monomer
nanobodies were used for toxin quantitative, and our presented data indicated novel detox-
ifiers in poultry industry and diary consumption. Further investigation is needed to verify
the commercial administration. On the other hand, more understanding is needed about
the conversion procedures, the toxicological characteristics of the products obtained by
transformation, the effect of the conversion on the nutrition of feed and on animal safety.
Such feed additive must be harmless and stable in the digestive tract of animals. Therefore,
future work is required to elucidate wide application as feed or food detoxifier.

4. Conclusions

In the present study, 5 nanobodies that specifically bound to FB1 were successfully
screened out using phage-display technology. Based on detoxifying efficacy in fresh milk,
chicken embryos, and broilers, it is the first report in which the monomer nanobody termed
Nb5 has been identified to be a putative novel detoxifier by degrading FB1 mycotoxins in
fresh milk, embryonated chickens and broiler, contributing to sustainable poultry industry
and food safety for human beings.

5. Materials and Methods
5.1. Alpaca Immunization

Two adult male alpaca received subcutaneously 0.2 mL of the FB1-adjuvanted bovine
serum albumin (BSA) 6 times at 14-day intervals. The immunogen complex contained a
total of 1 mg of for each immunization prepared with Freund’s adjuvant in equal volume
(complete Freund’s adjuvant was used only once; subsequent immunizations were done
using incomplete Freund’s adjuvant). Blood was taken before the first injection, and two
week later, after the sixth injection. ELISA assay was used to analyze serum samples
for FB1-adjuvanted-BSA-specific antibody response. Peripheral blood mononuclear cells
(PBMCs) were isolated from blood samples using standardized density gradient technique
(Ficoll–Paque) (Solarbio, Beijing, China).

5.2. Construction of VHH Phage-Display Library

Total RNA was extracted from lymphocytes according to the instructions on the RNA
extraction kit (QIAGEN, Shanghai, China) and reverse-transcribed into cDNA using Oligo
(dT) 20 primers. With two cycles of PCR, the variable domain of heavy chain antibody (VHH)
gene was amplified. The VHH up-forward gene and VHH up-reverse gene were used for
the first round and VHH down-forward gene and VHH down-reverse gene were used for
the second amplification reaction (Table 1) and the target fragments were then cloned into
the pCANTAB 5 E vector and electrically transferred to TG1-competent cells. After three
rounds of acid elutions, the bacteriophages bound to FB1-BSA were enriched successfully. In
addition, the positive clones were screened by phage-ELISA and the titer of output phage
determination was determined. The library diversity and capacity were also identified.

Table 1. Primers for amplifying VHH genes.

Primers Sequences (5′→3′)

VHH-up-F GTCCTGGCTGCTCTTCTACAAGG
VHH-up-R GGTACGTGCTGTTGAACTGTTCC

VHH-down-F TTTCTATTACTAGGCCCAGCCGGCCATGGCTCAGGTGTGGCTCGTGGAGTC
VHH-down-R AAGGAAAAAAGCGGCCGCGCCATAATGGCCTGGTTGTG

pCANTAB5-R1 CCATGATTACGCCAAGCTTTGGAGCC
pCANTAB5-R2 CGATCTAAAGTTTTGTCGTCTTTCC
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5.3. Prokaryotic Expression and Identification of FB1 Nanobody Protein

Based on the target gene sequence, the upstream and downstream primers were
designed using Primer 5.0 software (Table 2). Using the above elutriation, the target
sequence of VHH-FB1-5 was amplified by the VHH up-forward gene and VHH up-reverse
gene, then cloned into a pCold-SUMO vector at Bam HI and Hind III restriction sites
(Solarbio, Beijing, China) and identified by bacterial liquid PCR. Positive plasmids were
extracted by using OMEGA Plasmid DNA Kit (Omega Bio-tek, Shanghai, China), and
the concentration was measured by NanoDrop 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) and then sent for sequencing (Sangong Biotech, Shanghai, China) and stored at
−20 ◦C for further use. The VHH-FB1-PSF-positive plasmid was transferred to E. coli BL21
(DE3) competent cells and induced using 1 M of isopropyl-β-D-thiogalactopyranoside
(IPTG, Merck, Beijing, China) at 25 ◦C for 5 h. The bacterial precipitate was collected
by centrifugation and re-suspended with PBS. After ultrasound, the supernatant and
precipitate were collected, and SDS-PAGE was used to determine the solubility of the
protein. Nanobody 5 (termed Nb5), Nanobody11 (termed Nb11), Nanobody 12 (termed
Nb12), Nanobody (termed Nb13) and Nanobody (termed Nb16) were purified individually
by Ni-NTA (GenScript, Nanjing, China). Further, the titer of the nanobodies was determined
by an indirect ELISA assay. The OD measurement was conducted at OD450 nm.

Table 2. Primer sequences for constructing recombinant FB1 nanobody prokaryotic expression vector.

Primers Sequences (5′→3′)

VHH-up-F CGAGCTCATGGAGGTGCAGCTCCTGGTG
VHH-up-R CGGGATCCCGAGACGGTGACCAGGGTC

5.4. Detoxification of Nb5 on FB1 in Milk

Milk samples were purchased from the local shop and extracted according to the
method previously described [24]. In brief, a skimming process was carried out by cen-
trifugation (4500× g for 10 min at 4 ◦C), and the 9 milk samples were thoroughly vortex
mixed. Afterwards, an aliquot of 2 mL of each sample was added to 6 mL of acetoni-
trile (Aladdin Biochemical Technology Co., Ltd., Shanghai, China), mixed by vortexing for
2 min and processed with ultrasounds for 5 min. The samples were centrifuged to remove
large biomolecules (such as proteins) at 12,000× g for 15 min. The supernatants were then
filtered through 0.22 µm cellulose syringe filters in amber vials until the further HPLC analysis.

Afterwards, FB1 was added to 900 µL of milk to the final concentration of 47.66 ppb and
then incubated with 100 µL of 4 dilutions (1:2000, 1:3000, 1:5000, and 1:10,000 of Nb5) at 25 ◦C
for 2 h. Subsequently, the samples were extracted according to the aforementioned method.

5.5. Antagonistic Effect of FB1-Specific Nanobody against the Chicken Embryotoxicity of FB1

To analyze the antagonistic effect of nanobodies on FB1 detoxification of embryonated
chickens, 64 µg of FB1 was treated separately with a different FB1-specific nanobody
(2 µg/egg) at 25 ◦C, or 0.1 M D-glucose at 70 ◦C for 2 h while PBS, FB1, and Nanobody
were regarded as the control groups.

A total of 48 SPF embryonated chickens, aged 11 days, were purchased from a com-
mercial company (Boehringer Ingelheim Inc, Beijing, China) and divided into 8 groups,
6 embryos per group. The experimental protocols were approved by an Ethical Reviewing
Board at the China Agricultural University (approved code: IACUC 20190802, date of
approval 2 August 2019), based on guidelines from the Institutional Animal Care and Use
Committee of China Agricultural University (IACUC). This follows humane protocols that
minimize pain in the animals. The experimental groups were inoculated into albumen
with 100 µL of the treated mixtures, and then hatched at 37 ◦C until day 21 (Table 3). Upon
hatching day, chickens were euthanized in a CO2 chamber using 100% CO2 at a flow rate
of 10–30% of the chamber volume per minute, and the birds were observed for the absence
of breathing activities and loss of the heartbeat. The CO2 flow lasted for at least 1 min after
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breathing arrest. The body weight and lesions of the lungs and gizzards were observed and
scored. The FB1 concentrations from the lungs and gizzards were determined by HPLC
(SPD-M20A, Shimadzu Corporation, Japan) as previously described [24].

Table 3. Experimental protocol of detoxification in the embryonated eggs.

Groups Treatment Incubation Conditions Eggs

Control PBS 25 ◦C; 2 h 6
FB1 FB1 (64 µg) 25 ◦C; 2 h 6

Nb control 1: 50 Nb 25 ◦C; 2 h 6
Nb5 + FB1 FB1 (64 µg)) + 1: 50 Nb5 25 ◦C; 2 h 6

Nb13 + FB1 FB1 (64 µg) + 1: 50 Nb13 25 ◦C; 2 h 6
BiNb11 + FB1 FB1 (64 µg) + 1: 50 BiNb11 25 ◦C; 2 h 6
BiNb13 + FB1 FB1 (64 µg) + 1: 50 BiNb13 25 ◦C; 2 h 6

D-glucose + FB1 FB1(64 µg) + 0.1 M D-glucose 70 ◦C; 2 h 6

Forty-eight embryonated eggs aged 11 days were randomly divided into 8 groups,
including 5 experimental groups (Nb5, Nb13, BiNb13, BiNb11, and D-glucose groups,
3 replicates per group) and 3 control groups (PBS control, FB1 control, and Nb control,
6 chicken embryos per group). Before inoculation, poorly growing embryonated eggs were
eliminated from the experiment.

5.6. Antagonistic Effect of Nanobody on Growth, Gizzard Ulceration, and Immune Response of Broilers

A total of 50 ten-day-old Elvin broilers were purchased from a commercial company
(Meikeduo Food Group Co. Ltd., Hebei, China). The broilers were randomly divided into
5 groups: 2 experimental groups (Nb5 group and BiNb11 group) and 3 control groups
(Control group, FB1 group, and Qinankang + FB1 group) (Table 4). The experimental
protocols were approved by an Ethical Reviewing Board at China Agricultural University
(Approved code: IACUC 20190803). Qinankang is comprised of 20% protocatechuic acid
and reported to degrade 71.43% FB1 at 80 ◦C for 2 h [26]. It is registered as a commercial
detoxifier (Genten Biotech, Beijing, China) against FB1 toxin in poultry. From day 10
onwards, the control group was fed with basic diet while the other groups were given feed
with corn gluten meal naturally contaminated with 10 mg FB1 per kg. Simultaneously,
broilers orally received 50 µg of Nb5, or 50 µg of BiNb11 and 75 mg/kg of commercial
product of Qiangankang for 21 days, respectively. Before treatment, all the birds received
an oral dose of attenuated vaccines against NDV and IBV on day 10, as well as one dose of
live vaccine against IBDV on day 14. During observation, broilers were weighed weekly
and monitored activities. Sera were collected on days 0, 14, and 21. Subsequently, the
specific antibody levels for IBV or IBDV, and NDV were determined using commercial
ELISA kits (IDEXX Laboratories. Inc, Beijing, China). In addition, lymphocyte proliferation
index was determined on day 21 as previously described [33]. At the end of the experiment,
the chickens were euthanized humanely using cervical dislocation, which caused death
by breaking the blood vessels so that the brains run out of oxygen. Afterwards, gizzard
lesions were determined while immune organs were observed, including spleen, thymus,
and bursa of Fabricius.
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Table 4. Effect of monomer nanobodies and bivalent nanobodies on hatchability and development of
chicken embryos.

Groups Hatchability (%) Body Weight (g)

Control 83.33 40.11 ± 1.29 a

FB1 33.33 28.14 ± 7.70 b

Nb5 + FB1 83.33 37.10 ± 2.74 a

Nb13 + FB1 50 32.87 ± 5.47 b

BiNb11 + FB1 60 36.69 ± 3.17 a

BiNb13 +FB1 50 33.61 ± 10.22 a

D-glucose + FB1 80 34.74 ± 5.27 a

Nb control 100 38.35 ± 2.11 a

a indicated p > 0.05 when compared the body weight of the Nb5 + FB1 group, the BiNb11 + FB1 group, the
BiNb13 +FB1 group, the D-glucose + FB1 group and the Nb control group with that of the control group.
b indicated p < 0.01 when compared the body weight of the FB1 group and the Nb13 + FB1 group with that of the
control group. The data are expressed as the mean ± SD.

Fifty broilers were randomly divided into 5 groups, including two experimental (Nb5
and BiNb11 groups, ten birds per group) and 3 control groups (Control group, FB1 group,
and Qinankang + FB1 group, 10 birds per group). Except for the control group, the other
4 groups received corn gluten meal containing 10 ppm of FB1 per day, and then treated
with 50 µg of Nb5, 50 µg of BiNb11, and 75 mg/kg of commercial detoxifier, Qinankang,
respectively for 21 days.

As the Table 4 showed, the hatchability was 83.33% and 80%, respectively, in the Nb5 + FB1
group and the D-glucose + FB1 group compared to 33.3% in the FB1 group. Moreover, de-
creasing hatchability was observed in the Nb13 + FB1 group, the BiNb11 + FB1 group, and the
BiNb13 + FB1 group compared to the Nb5 + FB1 group. As for body weight, the FB1 group
induced slow growth compared to the control groups and the Nb control group (p < 0.01). No
statistical difference was found among the Nb5 + FB1 group, or the BiNb11 + FB1 group, the
BiNb13 + FB1 group and the D-glucose + FB1 group. Postmortem, FB1 induced a highly gastric
ulceration index while lower lesions were determined in the Nb5 + FB1 group and all the control
groups.No statistical difference was found among the Nb13 + FB1 group, the BiNb11 + FB1
group, the BiNb13 + FB1 group, and the D-glucose + FB1 group.

As for FB1 residuals, lung and gizzard were collected aseptically, the organs were
homogenized, and 1 g of tissue was blended with 5 mL of 80% methanol aqueous solution
containing 0.1% acetic acid. Subsequently, the supernatant solutions were filtered by glass
fiber filter paper, collected and mixed with 5 mL n-hexane. Afterwards, the samples
were centrifugated to discard n-hexane at 12,000 rpm for 5 min. Finally, the samples were
collected and diluted with PBS 5 times and passed in column purification. The FB1 residuals
were analyzed using high-performance liquid chromatography (Agilent Technologies Inc.,
Santa Clara, CA, USA). A ZORBAX SB-C18 Column (150 mm × 4.6 mm) was employed
with a mobile phase of methanol: sodium biphosphate (77:23). The sample was detected at
a flow rate of 1 mL/minute using a 335 nm/440 nm wavelength.

5.7. Data Analysis

FB1 concentrations and lesion scores were statistically analyzed using SPSS 17.0 ver-
sion to perform a one-way ANOVA with the LSD post hoc test on at least three independent
replicates. p-values of <0.05 were considered statistically significant for each test, and when
p < 0.01, the results were highly significant. The hatching rate were statistically analyzed
using SPSS 17.0 version to perform a Chi-square test with a categorical variable. A p-value
of <0.05 was considered to be a significant difference for each test and a p-value of <0.01
was considered to be highly significant.
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