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Due to the globalization, mycotoxins have been considered a major risk to human health being the main con
taminants of foodstuffs. Among them, AFB1 and OTA are the most toxic and studied. Therefore, the goal of this
review is to deepen the knowledge about the toxicological effects that AFB1 and OTA can induce on human
health by using flow cytometry and immunofluorescence techniques in vitro and in vivo models. The examination
of the selected reports shows that the majority of them are focused on immunotoxicity while the rest are con
cerned about nephrotoxicity, hepatotoxicity, gastrointestinal toxicity, neurotoxicity, embryotoxicity, reproduc
tive system, breast, esophageal and lung toxicity. In relation to immunofluorescence analysis, biological
processes related to AFB1- and OTA-toxicity were evaluated such as inflammation, neuronal differentiation, DNA
damage, oxidative stress and cell death. In flow cytometry analysis, a wide range of assays have been performed
across the reviewed studies being apoptosis assay, cell cycle analysis and intracellular ROS measurement the
most employed.
Although, the toxic effects of AFB1 and OTA have been reported, further research is needed to clarify AFB1
and OTA-mechanism of action on human health.
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1. Introduction
Mycotoxins are toxic secondary compounds synthesized under spe
cific conditions by certain fungal species capable of growing in a wide
variety of foodstuffs (Luo et al., 2018). Although more than 400 fungal
metabolites with toxigenic potential have been reported, the most
common and studied mycotoxins are aflatoxins (AFs), among them
aflatoxin B1 (AFB1); ochratoxin A (OTA); citrinin; patulin; trichothe
cenes: deoxynivalenol (DON), T2 and HT2 toxin; fumonisins; zear
alenone (ZEA) and emerging mycotoxins: fusaproliferin, moniliformin,
beauvericin and enniatins (Khaneghah et al., 2019). These metabolites
are mainly produced by fungi of the genera Aspergillus, Fusarium, Peni
cillium and Alternaria (Anfossi et al., 2016; Topi et al., 2021).
The growth of toxigenic fungi and mycotoxin production are widely
dependent on environmental factors such as microbial competition,
water activity (aw), pH and oxygen concentration, temperature and
relative humidity, which represent the driving force of fungal

colonization (Mshelia et al., 2020). The Food and Agriculture Organi
zation (FAO) estimates that approximately 25% of cereals produced in
the world are contaminated by mycotoxins (FAO, 2013). However, other
authors reported that 72–79% of feed samples from different part of the
world contained mycotoxins, confirming a worldwide spreading (Streit
et al., 2013; Kovalsky et al., 2016; Eskola et al., 2020). These toxic
chemical compounds can be commonly found in processed and unpro
cessed foods: cereals, fruits, spices, coffee, milk, cheese, beer, wine,
bread, chocolate and baby foods (Ayofemi Olalekan Adeyeye, 2020;
Sarmast et al., 2020).
Due to their toxicological effects, mycotoxins can induce adverse
effects on human and animal health even at low concentrations (Bryła
et al., 2018). Once ingested, mycotoxins may cause acute or chronic
disease: a) acute episodes are characterized by a rapid onset with an
obvious toxic response including abdominal pain, coma, convulsions,
pulmonary and cerebral edema and death; b) low-dose chronic expo
sures to mycotoxins over a long period of time reported toxic responses,
including cancer, hepatic diseases, immune and neurological disorders
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Abbreviations

HK-2
Human renal proximal tubule epithelial cell line
HKC cells Human proximal tubular epithelial cell line
HO-1
Heme oxygenase
Iba1
Ionized calcium binding adaptor molecule 1
iNOS
Inducible Nitric Oxide Synthase
IPECJ2 Intestinal Porcine Epithelial cell line-J2
ITGB1
Integrin beta 1
Kim-1
Kidney injury molecule-1
L02
Human fetal hepatocyte
LX-2
Human hepatic stellate cell line
MAP2-AP18/M13 Microtubule-Associated Protein 2 clone AP18
and M13
MDCCs monocyte-derived dendritic cells
MDCK cells Madin-Darby Canine Kidney cell line
mGalc
Galactocerebroside
MPO
Myeloperoxidase
NAC
N-acetylcysteine
NADP
Nicotinamide adenine dinucleotide phosphate
NeuN
Neuronal nuclei
NF-kB
Nuclear factor kappa-light-chain-enhancer of activated B
cells
NLRP3 NLR family pyrin domain containing protein 3
NP
Nucleoprotein
NRF2
The nuclear factor erythroid 2-related factor 2
NRK-52E Normal rat kidney cells clone 52E
p65
Nuclear factor NF-kappa-B p65 subunit
PCNA
Proliferating cell nuclear antigen
PI
propidium iodide
PI3K
Phosphatidyl-Inositol 3-Kinase
PK15
Porcine kidney 15 cell line
PTEN
Phosphatase and tensin homolog
Rad51
DNA repair protein RAD51 homolog 1
RAW 264.7 Mouse leukemic monocyte-macrophage cell line
RIP3
Receptor-interacting serine/threonine-protein kinase 3
RNA
Ribonucleic acid
SOD
Superoxide dismutase
TM3-TM4 cell line Mouse Leydig and Sertoli cell line
TNF
Tumor Necrosis Factor
t-RNA
RNA transfer
TOM20 Mitochondrial import receptor subunit TOM20 homolog
Zo1
Tight junction protein-1
γH2A
Trypanosomal histone γH2A

α-SMA

Alpha Smooth Muscle Actin
3D4/21 Continuous porcine cell lines from alveolar macrophages
8OHdG 8-hydroxiguanosine: 8-oxyguanine: 8-oxoG
A459
Adeno-carcinomic human alveolar basal epithelial cell line
AKT
Protein-kinase B
Arg-1
Arginase 1
ATP
Adenosine triphosphate
ATR
ataxia telangiectasia and Rad3-related
aw
water activity
BRCA1 Breast cancer 1 susceptibility protein
BRL
Buffalo rat liver cell line
Caco-2 Human colorectal adenocarcinoma cell line
CD20
Cluster differentiation 20
CD45
Cluster differentiation 45
CMT93-II Mouse rectum carcinoma cell line
CRM1
Chromosomal Maintenance 1
Dcx
Doublecortin
DNA
Deoxyribonucleic acid
DNMT1 DNA Methyltransferase 1
EBNA-2 The Epstein-Barr virus nuclear antigen 2
eDNA
Extracellular DNA
ER
Endoplasmic Reticulum
ET
Extracellular Traps
ERK1/2 Extracellular signal-regulated protein kinases 1 and 2
F2R
Coagulation factor II thrombin receptor
GC-2
Germ cell line
Ges-1
Human gastric epithelial cell line
GFAP
Glial Fibrillary acidic protein
Gpx
Glutathione peroxidase
GSDMD Gasdermin D
H3K9ac Recombinant Histone H3 acetyl Lys9
H3K9me3 Recombinant Histone H3 trimethyl Lys9
H9-T
Human cutaneous CD4+ T lymphoma cell line
HCT-116 Human colon carcinoma cell line
HCT-8
Human ileocecal adenocarcinoma cell line
HEK293T Human embryonic kidney 293 cell line
HepaRG Differentiated hepatic cell line
HepG2 Human liver cancer cell line
HET-1A Human esophageal epithelial cell line
HIF-1α Hypoxia inducible Factor 1

(Alshannaq and Yu, 2017). It should be emphasized that not all myco
toxins exhibit the same toxicity as their detrimental effects depend on
the characteristics (age, nutrition, metabolism and other factors as well)
of humans and animals affected (Bertero et al., 2018; Cimbalo et al.,
2020).
Consequently, the International Agency for Research on Cancer
(IARC) has classified mycotoxins into five groups (Group 1, 2A, 2B, 3
and 4) according to their carcinogenicity (IARC, 2012). Nevertheless,
due to their widespread occurrence and well-known toxicity, AFB1 and
OTA are to be considered with a major caution (Kutsanedzie et al.,
2020). Table 1 shows their fungal producing species, maximum toler
able levels, contaminated foods, affected organs, toxicological mecha
nisms and damages.

production are temperature and aw. In particular, optimum temperature
and aw values are ranged between 16 and 31 ◦ C and 0.82–0.99 aw
(Bernáldez et al., 2017; Sarma et al., 2017). AFs production occurs in a
wide range of food commodities: cereals, spices, tree nuts, milk and
dried fruits (Umesha et al., 2017).
Several studies have shown that AFs contamination induce muta
genicity, hepatotoxicity, immunotoxicity and carcinogenicity (Ostry
et al., 2017; Rushing and Selim, 2019). Therefore, they are classified by
IARC in group 1 as carcinogenic to humans (IARC, 2012). In order to
protect human health, it is essential to keep these food contaminants at
toxicologically acceptable levels. The European Union (EU) sets the
maximum tolerable limits of AFB1 at 2–5 μg/kg in cereals, 2–8 μg/kg in
dried fruits, 5 μg/kg in spices, 6 μg/kg in dietary foods for medical
purpose and 0.1 μg/kg in foods for infants and young children (EC Eu
ropean Commission, 2006).
Mechanistically, AFB1-exo isomer 8,9-epoxide (AFBO), formed in
the first step of AFB1 metabolism, has been considered as the major
responsible for their genotoxicity. AFBO reacts with DNA, RNA and
proteins forming the toxic adduct 8,9-dihydro-8(N7-guanyl)-9-hydroxyAFB1 (AFB1–N7-Gua), which confers mutagenic properties (Dai et al.,

1.1. Aflatoxins
AFs are the most toxic mycotoxins for human health (Singh et al.,
2021). They are polypeptide compounds produced by many species of
Aspergillus, mainly by Aspergillus flavus and Aspergillus parasiticus (Kumar
et al., 2017). The most important factors in fungi colonization and toxin
2
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Table 1
AFB1 and OTA fungi producers, maximum tolerable levels, foodstuffs, organ affected, toxicological mechanism, damage and references.
MYCOTOXINS

FUNGI PRODUCERS

MAXIMUM
TOLERABLE
LEVELS

FOODSTUFFS

ORGAN
AFFECTED

TOXICOLOGICAL
MECHANISM

DAMAGE

REFERENCES

Aflatoxin B1

Aspergillus (Flavius and
parasiticus).

Dried fruits 2–8
μg/kg, cereals
2–5 μg/kg,
spices 5 μg/kg,
baby foods 0.1
μg/kg.

Cereals, oil seeds,
spices, tree nuts,
milk, meat and dried
fruits.

Liver,
Immune
system

Adducts formation
with DNA and
proteins.
Lipid peroxidation,
oxidative stress and
apoptosis.

Mutagenicity,
hepatotoxicity,
immunotoxicity,
carcinogenicity,
neurotoxicity.

Ochratoxin A

Aspergillus (alliaceus,
auricomus, carbonarius,
cretensis, flocculosus, glaucus,
lacticoffeatus, meleus, niger,
ochraceus, pseudoelegans,
roseoglobulosum,
sclerotioniger)
Penicillium (nordicum,
verrucosum).

Soluble coffee
10 μg/kg,
unprocessed
cereals 5 μg/kg,
fruit juice and
wine 2 μg/kg,
spices 15 μg/kg,
dietary and baby
foods 0.5 μg/kg.

Cereals, wine, tea,
coffee, milk, cheese,
meat, fish, eggs,
fruits, dried fruits,
spices and
vegetables.

Liver,
kidney.

Inhibition of ATP
production.
Lipid peroxidation
and ROS generation
and apoptosis.

Nephrotoxicity,
hepatotoxicity,
immunotoxicity,
neurotoxicity.

Ráduly et al.
(2020)
Rushing &
Selim (2019)
Niaz et al.
(2020)
EC
Commission
(2006)
Zhao et al.
(2017)
Chen et al.
(2018)
Ráduly et al.
(2020)
EC
Commission
(2006)

2017; Benkerroum, 2020).
In view of this, AFB1-exposure may induce severe implications on
the immune system, liver, epididymis, kidney and heart (Xu et al.,
2020). Likewise, the high lipid solubility of AFB1 and its existence in the
post mortem brain tissue (Bahey et al., 2015) suggest its ability to cross
the blood brain barrier (BBB), thus affecting its integrity (Qureshi et al.,
2015). In the central nervous system (CNS), AFB1 may disturb neural
cell functions by forming DNA and protein adducts and by inducing
oxidative stress, apoptosis and the inhibition of macromolecules syn
thesis (Alsayyah et al., 2019).

accumulates in cerebellum, ventral mesencephalon, striatum, pons and
cerebral cortex (Niaz et al., 2020). High doses of OTA have been also
found in hippocampus, the primary site of neurodegeneration in Alz
heimer disease (Bhat et al., 2016). In brain, OTA triggers reactive oxy
gen species (ROS) generation, alterations in cell cycle and proteome
profiles, caspase activation and disruption of mitochondrial membrane
potential (MMP) (Park et al., 2019; Babayan et al., 2020).
Nowadays, several molecular techniques can be employed to deter
minate the toxicological mode of action (MOA) of mycotoxins in or
ganisms. Naturally, the main tool used are -omics techniques, which
allow to analyze both in vivo and in vitro systemic changes induced by
harmful compounds (Soler and Oswald, 2018; Cimbalo et al., 2020). In
addition, flow cytometry (FCM) and microscopy can be excellent tools
for studying mycotoxin toxicity. FCM is an automated and high
throughput method which allows a very rapid analysis of multiple
chemical and physical characteristics of single cells. It is an extremely
useful technology which has been used for decades with filamentous
fungi (Bleichrodt and Read, 2019). Furthermore, FCM provides an
excellent interpretation of cellular processes such as redox balance,
proliferation and apoptosis (Zhou et al., 2020; Broemsen et al., 2021).
Whilst, microscopy, which is a rapid, cheap and simple technic, allows
to investigate and examine histological changes on tissues induced by
mycotoxins and through specific antibodies and fluorescence kits it
enables to analyze their specific MOA (Nguyen et al., 2019; Gémes et al.,
2021).
Therefore, the goal of this review is to deepen the knowledge about
AFB1 and OTA toxicity in vitro and in vivo models by using FCM and
immunofluorescence (IF) techniques.

1.2. Ochratoxins
Ochratoxins are the most common mycotoxins detected in foodstuffs
(Malir et al., 2016). There are 3 groups: Ochratoxin A (OTA), B (OTB), C
(OTC), which are produced by different species of Aspergillus and Peni
cillium (Heussner and Bingle, 2015). Among these, OTA, an organic toxin
with low molecular weight, is the most abundant and detrimental
(Kőszegi and Poór, 2016). Optimum temperature and aw values for
mycotoxin production are ranged between 15 and 25 ◦ C and 0.90–0.99
aw (Sánchez-Montero et al., 2019). Typical contaminated foods are ce
reals (maize, wheat, rice, sorghum, barley, oats) cereal-based products
(bread, flour, and pasta), wine, tea, coffee, milk, cheese, dried fruits,
spices and vegetables (Chen et al., 2018).
OTA has been classified by IARC in group 2B as possible carcinogen
for human (IARC, 2012). The EU sets the maximum permissible levels of
OTA in unprocessed cereals at 5 μg/kg, 8 μg/kg in wheat gluten, in
roasted coffee beans at 5 μg/kg and 10 μg/kg in soluble coffee, 15 μg/kg
in spices, 2 μg/kg in grape juice and wine, in liquorice between 20 and
80 μg/kg, in baby foods and dietary foods for medical purpose at 0.5
μg/kg (EC European Commission, 2006).
Mechanistically, OTA exerts its toxicity by increasing NADPH and
P450 enzyme activity, or by promoting caspase signaling pathway and
apoptosis. In addition, OTA may elicit oxidative stress in mitochondria
and alter cell cycle, lipid and nucleotide metabolism (Zhu et al., 2017;
Tao et al., 2018).
Consequently, OTA-exposure determinate various toxicological ef
fects, including the disruption of gut microbiota homeostasis, hepato
toxicity, genotoxicity, immunotoxicity, embryotoxicity, neurotoxicity,
testicular toxicity and nephrotoxicity (Luz et al., 2018; Leitão, 2019).
Despite limited evidences, the association between OTA-exposure with
Balkan Endemic Nephropathy, Chronic Interstitial Nephropathy and
other kidney diseases has been demonstrated (Zhao et al., 2017).
Furthermore, in vivo studies suggest that OTA crosses the BBB and

2. Material and methods
An extensive bibliographic research was conducted using four
different scientific databases: PubMed, Web of science, Scopus and
Google scholar by selecting articles in the last six years (2015–2021).
The research was carried out by using the following keywords: AFB1,
OTA, microscopy and flow cytometry. To facilitate the screening in
google scholar, which covers the same importance of other scientific
databases in bibliographic research but includes a less quality publica
tions from some websites (Kousha and Thelwall, 2008; Martín-Martín
et al., 2021), the research was refined by using the terms: immunoflu
orescence, in vivo, in vitro, mycotoxins, mechanism, toxicity, biological
effects and toxicological damage. A number of 733 articles, which met
the criteria to be included into the study, were analyzed. Reports ob
tained were assessed by screening abstract to discard unnecessary,
3
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Fig. 1. Graphic representation of total number of articles screened throughout the bibliographic research.

incomplete or irrelevant literature. Finally, a total of 98 articles were
analyzed in full text and classified based on: type of mycotoxin, tech
nique used, analysis model (in vitro or in vivo), dose administration,
exposure time, antibodies implemented or FCM assays and toxicological
mechanism (Fig. 1).

3. Results
3.1. Aflatoxin B1
AFB1 is the best known and most studied mycotoxin. In this review,
its toxicity was elucidated through IF and FCM techniques. Regarding IF
analysis, antibodies varied depending on the specific mechanism or
4
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Fig. 2. Percentage of total publications (n = 25) according to the main toxicological effects of AFB1 in vitro.

Fig. 3. Percentage of total publications (n = 20) according to the main toxicological effects of AFB1 in vivo.

Fig. 4. Percentage of publications (n = 10) according to cell lines used in AFB1-IF in vitro studies.
5
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Table 2
AFB1-IF studies: In vitro and in vivo model, dose and exposure time, antibodies implemented, mechanism and references.
In vitro/in vivo
model

Dose administration

Exposure
time

Antibodies used

Mechanism

References

RAW264.7 cells

0.62 μg/ml

2h

Induction of ROS-Mediated Autophagy and
Extracellular Trap Formation.

An et al.
(2017)

3D4/21 cells

1 × 10− 2, 2 × 10− 2, 4 × 10− 2 μg/
ml
2 × 10− 2, 4 × 10− 2, 8 × 10− 2,
0.16 μg/ml
0.16 μg/mL + NAC (652 μg/ml)

24 h

Anti-iNOS, anti-Arg-1, antiMPO, anti-elastase, antieDNA, anti-histone H3
Anti-NP

Promotion of Swine influenza virus.

48 h

Anti-γH2AX

48 h

Anti-p65, anti-NF-kB

Apoptosis, ROS generation and DNA damage with
epigenetic modifications.
Activation of NF-κB pathway and promotion of
apoptosis, inflammation and oxidative stress.

Sun et al.
(2018)
Zhou et al.
(2019)
Hou et al.
(2018)

10 μg/mL + ZnSO4 (8.1 μg/ml)
or ZnSO4 (4 μg/ml) + GZn (11.4
μg/mL)
0.31 μg/ml

24 h

Anti-AFB1

24 h

Anti-GSDMD

0.31 μg//ml

48–72 h

Anti-TOM20, anti-RIP3

3.12 μg//ml

8h

1, 2, 6 μg/ml

In vitro
Immunotoxicity

3D4/21 cells
3D4/21 cells
Hepatotoxicity
HepG2 cells
HepaRG cells
HepG2 cells
HepaRG cells

Promotion of ROS generation, cell cycle arrest and
apoptotic bodies formation. Induction of DNA strand
breaks and epigenetic changes.
Promotion of hepatocytes pyroptosis and activation of
Kupffer cells with liver inflammatory.
Induction of Hepatitis B virus infection, hepatic
steatosis and mitochondrial disorders.

Yang et al.
(2016)
Zhang et al.
(2019)
Chen et al.
(2019)

Anti-yH2AX, anti-p53BP1

Enhancement of cell death and DNA damage-mediated
cell cycle arrest through the ATR-Chk1 axis.

Gauthier
et al. (2020)

24 h

Anti-CRM1

Cell cycle arrest.

Huang et al.
(2019)

1 week

Anti-LC3, anti-cytochrome C,
anti-53BP1, anti-γH2AX, antiBECLIN1

Disturbance of embryonic development, production of
ROS and DNA damage. Induction of apoptosis and
autophagy with a reduction of cell proliferation.

Shin et al.
(2018)

0.016 mg/kg/orally

8 weeks

Anti-NeuN, anti-GFAP

Structural alterations in rat brain with an increase of
astrocyte distribution and a reduction of neuronal
cells.

Bahey et al.
(2015)

0.05–0.07 mg/kg/
intraperitoneally

8–10
weeks

Anti-EBNA2, anti-CD20

Promotion of EBV carcinogenesis.

Accardi et al.
(2015)

Gastrointestinal
toxicity
HCT116 cells Caco2 cells
Nephrotoxicity
HEK293T cells
Embryotoxicity
Porcine embryos

3.12 × 10−

4

μg/ml

In vivo
Neurotoxicity
Rats brain

Immunotoxicity
Mice spleen

metabolic route searched by authors. FCM was mainly used to detect
alterations in cell cycle, mitochondrial balance, ROS generation and
apoptosis/necrosis induction. Interestingly, FCM was also employed to
quantify and identify particular markers, apoptotic DNA and cell sub
sets. Furthermore, several natural compounds, food components and
non-pathogenic bacteria have been employed to ameliorate AFB1toxicity such as: β-1,3-glucan, zinc sulfate (ZnSO4) gluconate (GZn)
and bentonite (Zn-Bent1), L-proline, selenium (Se), palm kernel cake
(PKC), gallic acid, N-acetylcysteine (NAC), Lactobacillus paracasei (LP)
BEJ01, montmorillonite clay (MT), egg yolk immunoglobulin (IgY) and
lactic acid bacteria (LAB).
For each technique, the selected AFB1-studies were organized ac
cording to the model used (in vitro and in vivo), showing that the main
AFB1-toxicological effects in vitro are hepatotoxicity, immunotoxicity,
gastrointestinal toxicity, nephrotoxicity, neurotoxicity, embryotoxicity
and breast toxicity (Fig. 2). Whilst, immunotoxicity, gastrointestinal
toxicity, hepatotoxicity, nephrotoxicity and neurotoxicity were mainly
observed in vivo (Fig. 3). The summary of the studies found for AFB1 are
shown below. Tables were divided according to the technique, model
used and type of toxicity, and were ordered by the exposure time, from
the shortest to the longest.

3.1.1. Immunofluorescence
3.1.1.1. In vitro toxicity. In vitro AFB1-IF studies show exposure times
between 2 h and 7 days and concentrations of 3.12 × 10− 4-10 μg AFB1/
ml. As shown in Fig. 4, the most used cell line was 3D4/21. The natural
compounds implemented to reduce AFB1-damages were zinc, sulfate
and gluconate, and NAC.
3.1.1.1.1. Immunotoxicity. In the shortest exposure, AFB1 triggered
an immune and pro-inflammatory response in macrophages through
ROS-mediated autophagy and extracellular traps (ETs) production. The
major components of ETs, elastase, myeloperoxidase, and histone H3,
were disrupted by toxin exposure. In addition, by the analysis of typical
markers of macrophage polarization, it has been observed a M1 polar
ization of macrophages, which acquired pro-inflammatory properties
(An et al., 2017).
Furthermore, acute exposure to AFB1 exacerbated swine influenza
virus (SIV) infection, inflammation and lung damage by activating
TLR4-NFκB signaling pathway. In contrast, TAK242 and TLR4 knockout,
TLR4-specific antagonist, alleviated the AFB1-promoted SIV replication,
inflammation and lung damage (Sun et al., 2018). In a similar duration
study, AFB1 induced oxidative stress, cell death and the production of
pro-inflammatory cytokines. It also caused genomic damages, identified
by γH2AX fluorescent analysis, a specific histone wrapping around DNA.
6
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Table 3
AFB1-FCM studies: In vitro model, dose and exposure time, FCM assay, mechanism and references.
In vitro model

Dose administration

Exposure
time

FCM assay

Mechanism

References

1.5 h

Induction of ROS-Mediated Autophagy and
Extracellular Trap Formation.
Impairment of cell phagocytosis activity and
function. Increase of cell death.
Depletion of intracellular ATP and apoptosis.

An et al. (2017)

Promotion of oxidative stress by inducing lipid
peroxidation.
Promotion of Swine influenza virus.

Immunotoxicity
2

RAW264.7 cells

7.7 × 10−

MDDCs cells

1 × 10−

2

μg/ml

2–12 h

Human, dog and
cattle leukocytes
Human lymphocytes

1 × 10−

2

μg/ml

24 h

Macrophages subset
analysis
Apoptosis assay
Phagocytosis assay
Apoptosis assay

0.2, 2, 20 μg/ml

24 h

DNA damage analysis

3D4/21 cells

2 × 10− 2, 4 × 10− 2, 8 × 10− 2,
0.16 μg/ml

48 h

3D4/21 cells

2 × 10− 2, 4 × 10− 2, 8 × 10− 2,
0.16 μg/ml
0.16 μg/ml

48 h

Analysis of immune
cells subset
Apoptosis assay
Apoptosis assay

3D4/21 cells

- 0.62 μg/ml

48 h

Apoptosis assay
Intracellular ROS
measurement
Apoptosis assay
Measurement of
mitochondrial membrane
potential
Cell cycle analysis
AFB1-DNA adduct
formation
Cell cycle analysis

Apoptosis, ROS generation and DNA damage with
epigenetic modifications.
Activation of NF-κB pathway and promotion of
apoptosis, inflammation and oxidative stress.

Mehrzad et al.
(2018)
Mehrzad et al.
(2020)
Su et al. (2017)
Sun et al. (2018)
Zhou et al. (2019)
Hou et al. (2018)

Hepatotoxicity
Broiler hepatocytes

0.15, 0.31, 0.77, 1.56 μg/ml

6h

HepG2 cells

10 μg/mL + ZnSO4 (8.1 μg/
ml) or ZnSO4 (4 μg/ml) +
GZn (11.4 μg/ml)
0.62 μg/ml

24 h

HepG2 cells

− 3

24 h

Impairment of mitochondrial functions, ROS
generation and induction of apoptosis.

Liu et al. (2016)

Promotion of ROS generation, cell cycle arrest
and apoptotic bodies formation. Induction of
DNA damages and epigenetic changes.
Pathological impairment and cell cycle
alteration.
Disturbance in cell cycle, promotion of
apoptosis and ROS through mitochondrial
impairments.

Yang et al. (2016)

Induction of lipid peroxidation and apoptosis.

(Oskoueian et al.,
2015)

Promotion of hepatocellular carcinoma.

Ju et al. (2016)

Apoptotic bodies formation and DNA strand
breaks, with G2/M phase cell cycle arrest. High
ROS production with MPP disturbance.

Qiu et al. (2018)

Promotion of DNA damage and cell cycle
alteration via p53 activation. Possible crosstalk between AFB1 and OTA.
Promotion of necrosis.

Kim et al. (2016)

(K. Chen et al.,
2016)
Du et al. (2017)

HepG2 cells

3.12 × 10 , 1.88, 3.12 μg/
ml

24, 48 h

Chicken hepatocytes

1.56 μg/ml + Palm kernel
cake (5, 10, 20, 40 μg/ml) +
Acid gallic (1.7 μg/ml)
1.56, 3.12, 6.24 μg/ml

48 h

31.2 μg/ml + IgY (9 × 10− 2,
4.7 × 10− 2, 2.3 × 10− 2 μg/
ml)

48 h

HCT-8 cells

3.12 μg/ml

24 h

DNA apoptotic analysis

Caco-2 cells

9.3 μg/mL + Zn-Bent1 (600
μg/ml)

48 h

Apoptosis assay

7.8 × 10− 2, 0.31,1.56, 3.12,
6.24 μg/ml

48 h

Apoptosis assay Cell cycle
analysis
Intracellular ROS
measurement

Enhancement of cell death and DNA damagemediated cell cycle arrest through ATR-Chk1
axis.

Gauthier et al.
(2020)

100 μg/ml + L-proline (1000
μg/ml)
1, 2, 6 μg/ml

24 h

Apoptosis assay

Disturbance in cell vitality.

Li et al. (2019)

24,48 h

Cell cycle analysis

Cell cycle arrest.

Huang et al. (2019)

Apoptosis in a time dependent manner with
intracellular ATP depletion and caspases 3–7
activation.
Apoptosis with intracellular ATP depletion and
caspases 3–7 activation.

Vahidi-Ferdowsi
et al. (2018)

Promotion of epigenetic modification in RNAmethylation. Impairment in cell cycle,
proliferation and apoptosis.

Wu et al. (2021)

HepG2 cells
L02 cells

48 h

Cell cycle analysis
Apoptosis assay
Measurement of
mitochondrial membrane
potential
Apoptosis assay
Quantitative determination
of hepatocellular cancer
stem cells
Cell cycle analysis
Apoptosis assay
AFB1-DNA adduct
formation
Intracellular ROS
measurement

Gastrointestinal toxicity

HCT116 cells Caco-2
cells

Nones et al. (2017)

Nephrotoxicity
HEK293T cells
HEK293T cells
Neurotoxicity
Mouse astrocytes

1 × 10−

1

μg/ml

24,48,72 h

Apoptosis assay

Human microglia cells

2 × 10−

2

μg/ml

48 h

Apoptosis assay

24 h

Cell cycle analysis
Apoptosis assay
Intracellular ROS
measurement

Mehrzad et al.
(2018)

Breast toxicity
BME cells

2 μg/ml
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Fig. 5. Percentage of publications (n = 23) according to the cell lines used in AFB1-FCM in vitro studies.

Authors associated AFB1-immunotoxicity with JAK2/STAT3 pathway
activation and the alteration of gene and protein expression of DNA
methyl transferases 1 and 3a (Zhou et al., 2019).
In the 48 h study, AFB1 alone or in combination with OTA could
aggravate immunotoxicity through the degradation of nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor alpha (IκBa),
the phosphorylation of nuclear factor kappa B, and its translocation into
nuclei. Owing to AFB1-exposure, the expression of pro-inflammatory
cytokines and ROS production were significantly increased. However,
high doses of NAC and BAY11-7082, a specific inhibitor of NF-κB, sup
pressed oxidative stress, inflammation and immunotoxicity of both
mycotoxins (Hou et al., 2018).
3.1.1.1.2. Hepatoxicity. As regards hepatotoxicity, AFB1 promoted
nuclear changes with chromatin fracture-induced DNA double strand
breaks (DSB) and oxidative DNA damage. However, ZnSO4 and GZn
reversed AFB1-promoted epigenetic changes and ameliorated cell sur
vival, DNA integrity and the genome wide methylation (Yang et al.,
2016). Zhang et al. (2019) demonstrated that exposure to toxin pro
moted the pyroptosis of hepatocytes via COX-2, inducing both NLRP3
and caspase 1 activation with IL-1β release. The fluorescent quantifi
cation of Gasdermin D, a novel regulator of caspase 1-mediated pyrop
tosis, confirmed its involvement in liver inflammation.
In the longest exposure, AFB1 enhanced Hepatitis B virus (HBx)
infection in mutated liver cells. The combination of HBx and AFB1
exacerbated hepatic steatosis via COX-2 up-regulation and increased the
expression of RIP3, a component of TNF receptor and strong inducer of
apoptosis and inflammation. Additionally, AFB1 promoted mitochon
drial disorders by altering TOMM20 expression, a central component in
the recognition and translocation of mitochondrial proteins (Chen et al.,
2019).
3.1.1.1.3. Gastrointestinal toxicity. As shown in Table 2, only one
study about gastrointestinal toxicity was reported. In Caco-2 and
HCT116 cells, AFB1 triggered cell death and DNA damage through ATRChk1 specific axis. The IF-analysis performed on γH2AX and p53,
showed that ATR-axis was activated by replicative stress, a molecular
and early response to AFB1, which subsequently led to DNA-DSB for
mation. In addition, an aberrant intracellular ROS generation (2-fold
higher in comparison to the control) has been observed (Gauthier et al.,
2020).
3.1.1.1.4. Nephrotoxicity. In kidney, the immunostaining of expor
tin 1, also known as CRM-1, showed that AFB1 increased significantly
the nuclear volume inducing abnormal changes in DNA, such as

polyploidy. CRM-1 mediates the nuclear proteins export playing a
crucial role in cell cycle regulation, centrosome duplication and spindle
assembly. Consequently, alterations in CRM-1 expression were closely
related to cell cycle arrest and DNA damage (Huang et al., 2019).
3.1.1.1.5. Embryotoxicity. Toxicological damages were also detec
ted in porcine embryos. In the longest exposure, 1 week, the lowest
concentration of AFB1 reported (3.12 × 10− 4μg/ml) compromised em
bryonic development by the induction of oxidative stress and DNA
damage, revealed by γH2AX fluorescence analysis. Moreover, AFB1
disrupted DNA damage mechanism repair through the dysregulation of
p53 binding protein 1 and triggered autophagy, as shown by an overexpression of its typical markers, Beclin-1 and LC3. At the same time,
the presence of AFB1 significantly impaired cell proliferation, endpoint
for blastocyst quality and growth (Shin et al., 2018).
In summary, 24 h and anti-γH2AX were the most common exposure
time and antibody used. The induction of oxidative stress and apoptosis
were the main toxicological effects related to AFB1-contamination.
3.1.1.2. In vivo toxicity. In vivo AFB1-IF studies were performed
exposing rats and mice between 8 and 10 weeks to concentrations
ranging 0.016–0.07 mg AFB1/kg administered intraperitoneally and
orally. No natural compounds against AFB1-toxicity have been tested.
3.1.1.2.1. Neurotoxicity. As shown in Table 2, the only neurotoxicity
study was sub chronic (8 weeks) and performed through a microscopic
analysis, assessing the effect of AFB1 on different brain sections. The
fluorescent quantification of neuronal and astrocyte biomarker, NeuN
and GFAP proteins, demonstrated that a low concentration of AFB1
decreased the vitality of neuronal cells in rat hippocampus. Moreover,
AFB1 altered the distribution of astrocytes in brain, causing astrogliosis
with inflammation and neuronal cell death. Nevertheless, AFB1withdrawal reversed changes in cerebral cortex and hippocampus
(Bahey et al., 2015).
3.1.1.2.2. Immunotoxicity. In the longest exposure (8–10 weeks),
AFB1 promoted the diffusion of Epstein–Barr virus (EBV), which
markedly increased the incidence of Burkitt lymphoma. In addition,
AFB1 induced EBV-driven cellular transformation in humanized animal
model. Owing to the activation of EBV lytic cycle, the expression of EBnuclear antigen and EBV replicative load was significantly increased. In
view of this, AFB1 can be considered a co-factor of EBV mediatedcarcinogenesis and immunotoxicity (Accardi et al., 2015).
To sum up, a similar exposure time (8 weeks) in both analyzed
studies was observed.
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3.1.2. Flow cytometry

significant decrease of MMP in a dose-dependent manner. A significant
increase of oxidative stress might contribute to cell apoptosis by dis
rupting the mitochondria, leading to the release of cytochrome c (cyt c),
and activating caspase cascade. Additionally, the cell cycle arrest at
phase S was associated with the reduced DNA content in AFB1-treated
cells (Du et al., 2017).
Oskoueian et al. (2015) demonstrated that PKC and acid gallic
played an important cytoprotective effect on chicken hepatocytes by
inhibiting the lipid peroxidation and cell death induced by AFB1. Phe
nolics compounds (PEF) improved the antioxidant cell system, through
the production of SOD, catalase (CAT) and glutathione reductase (GR).
As an excessive amount of ROS promoted the NF-kB up-regulation and
NRF2 down-regulation and induced the expression of several
pro-inflammatory mediators (IL-6, TNF-α), PEF may attenuate cell
inflammation due to the direct inhibition of oxidative stress.
In HepG2 cells, the identification and quantification by FCM analysis
of three different and typical markers of cancer stem cells, CD133, CD44,
and aldehyde dehydrogenase1 upon AFB1-exposure demonstrated its
capacity to promote hepato-cellular carcinoma development (Ju et al.,
2016).
A similar duration study revealed that high concentrations of AFB1
triggered apoptotic bodies formation and DNA damage with cell cycle
arrest at G2/M phase. The aberrant ROS production (1.5-fold higher
than control) with MMP disturbance has been also observed. Never
theless, low doses of IgY showed protective effects against oxidative
stress, apoptosis and cell cycle arrest associated with AFB1-treatment
(Qiu et al., 2018).
3.1.2.1.3. Gastrointestinal toxicity. In relation to gastrointestinal
toxicity, the molecular explanation on the risks of cross-talk between
AFB1 and OTA was provided in intestinal cancer cells by Kim et al.
(2016). DNA fluorescence analysis performed by fluorescence-activated
cell sorting (FACS) technique revealed that AFB1 was capable to trigger
genomic damages, apoptosis and cell cycle arrest at phase S via p53
dysregulation. These mutagenic effects were strongly antagonized by
OTA-treatment which may contribute to cancer cells survival by
increasing the risk of carcinogenesis.
Nones et al. (2017) demonstrated the cytoprotective effect of
Zn-Bent1 against fungal compounds. Low doses of Zn-Bent1 reversed the
elevated percentage of apoptotic nuclei and necrotic cells promoted by
AFB1 (15% more than control). Likewise, in Caco-2, AFB1 triggered a
steady state level of permeabilized PI positive cells indicating necrosi
s/late apoptosis, whereas in HCT116 cells, AFB1 caused apoptosis in a
dose-dependent manner with a significant arrest of cell cycle at G2/M
phase (Gauthier et al., 2020).
3.1.2.1.4. Nephrotoxicity. One of the main organs affected by AFB1toxicity is undoubtedly the kidney. Regarding the most severe exposure
reported, AFB1 (100 μg/ml) activated oxidative stress-related pathways
and caused kidney injury with a high rate of apoptotic cells (70% more
in comparison to the control). However, L-proline preserved kidney
integrity alleviating oxidative damage and decreasing downstream
apoptosis by regulating proline dehydrogenase levels and pro-apoptotic
proteins expression (Li et al., 2019). Furthermore, acute exposure to
AFB1 has promoted the alteration of p21 and its specific regulators,
PLK1, PLD1 and MYC, thus causing a significant arrest of cell cycle at
phase S in a dose-dependent manner. Since p21 is the most important
regulator of G1/S and S/G2 cell cycle transition, DNA replication and
genomic stability, the alteration of cell cycle has been considered as the
main cytotoxic effect of AFB1 in kidney cells (Huang et al., 2019).
3.1.2.1.5. Neurotoxicity. Although different studies have suggested
AFB1-ability to cross the BBB and disrupt its integrity, the effects on
brain are not well reported. In mouse astrocytes, AFB1 led to an aberrant
cell death (16.55% higher than control) in a time-dependent manner
with ATP depletion and caspases 3/7 activation. Significant cyt c release
confirmed the association between apoptosis and mitochondrial
impairment (Vahidi-Ferdowsi et al., 2018). In a similar way, AFB1 may
provoke microglial cell death due to the intracellular ATP depletion and

3.1.2.1. In vitro toxicity. In vitro AFB1-FCM studies exposed cells be
tween 2 h and 72 h to doses of 3.12 × 10− 3-100 μg/ml (Table 3). As
shown in Fig. 5, HepG2 was the most used cell line. The protective role
of different compounds (GZn, ZnSO4, Zn-Bent1, PKC, acid gallic, IgY, LProline) was also investigated.
3.1.2.1.1. Immunotoxicity. As reported above, AFB1 induced a
complete autophagic process in macrophages with ETs generation in a
dose-dependent manner (Table 3). FCM analysis revealed AFB1-capacity
to exacerbate immunotoxicity by switching macrophages polarization to
pro-inflammatory M1 phenotype (An et al., 2017).
Mehrzad et al. (2018) evaluated the effect of AFB1 in MDCCs cells.
AFB1 impaired the phagocytosis capacity of MDDCs, promoted cell
death and dysregulated the function of key cytokines. Similar results
were obtained by the same authors by treating human, canine and
bovine leukocytes with low doses of AFB1. As expected, an aberrant
activation of caspase 3/7 and a significant decrease of ATP content was
observed. FCM-analysis showed a slightly increase of necrotic neutro
phils, lymphocytes, and monocytes in all studied models (Mehrzad et al.,
2020).
In human lymphocytes, the induction of oxidative stress, lipid per
oxidation, with the suppression of superoxide dismutase (SOD) activity
were obtained upon AFB1-exposure. Interestingly, FCM was used to
detect the 8-oxyguanine (8-oxoG), a typical marker of DNA/RNA
oxidative damage. The presence of 8-oxoG may promote mismatches
during DNA replication and miscoding in transcriptomic process, thus
inducing genetic mutations. The content of 8-oxoG in samples increased
in an AFB1-dose-dependent manner (Su et al., 2017).
Sun et al. (2018) confirmed that exposure to toxin promoted the
switch of macrophages and SIV-infection, as demonstrated by the in
crease of viral titers and NP expression. Moreover, the promotion of
inflammation and cell death in a concentration-dependent manner was
observed.
In the same cell line, exposure to the same AFB1-doses elicited cell
death in a dose-dependent manner via mitochondrial pathway. In
comparison to the control, nuclei changes with chromatin condensation,
marginalization and fragmentation were observed in AFB1-treated cells.
Another important immune index for macrophages is the phagocytic
activity, which was significantly decreased. The promotion of oxidative
stress with ROS generation and a decreased glutathione (GSH) activity
was also detected (Zhou et al., 2019). Similar results were obtained by
Hou et al. (2018) who showed that the combined action of AFB1 and
OTA exacerbated immunotoxicity due to the marginalization, conden
sation and fragmentation of chromatin with apoptotic bodies formation.
Moreover, the expression of pro-inflammatory cytokines (TNF-α and IL6) significantly increased while the release of lactate dehydrogenase and
phagocytic index decreased. Mycotoxin-exposure also stimulated the
production of free radicals with a significant decrease of GSH activity.
3.1.2.1.2. Hepatotoxicity. After a short exposure, AFB1 sparked
mitochondrial-ROS generation, decreased MMP and induced apoptosis
via Nrf2-signal pathway activation. Moreover, the altered expression of
caspase 3/9, NADPH quinine oxidoreductase 1, SOD and HO-1 has been
observed (Liu and Wang, 2016). Similarly, 24 h exposure to toxin caused
apoptotic bodies formation and arrested the cell cycle at phase S with
marked genomic alterations. AFB1 inhibited the global DNA hypo
methylation and induced intracellular ROS generation with mitochon
drial dysfunctions (Yang et al., 2016). Interestingly, AFB1-exposure
could enhance the migration of hepatocellular carcinoma cells to
other tissues. A decreased cell ratio at G0/G1 phase and an increased cell
distribution at G2/M stage confirmed the aberrant growth and the sub
sequent extra-tissue expansion of cancer cells (K. Chen et al., 2016).
Furthermore, AFB1 alone or in combination with Fumonisin B1
(FB1) increased both the production of ROS and the percentage of
apoptotic cells (10–30% more in comparison to the control) with a
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protective effects of these compounds could be explained by their ability
to bind the toxin in the gastrointestinal tract, thereby reducing its
bioavailability. Otherwise, exposure to AFB1 caused inflammation and
oxidative stress with a marked reduction of immunoglobulins, B and
T-lymphocytes, and natural killer cells (Ben Salah-Abbes et al., 2016).
Noteworthy in Table 4, the presence of several studies with similar
experimental conditions, in which AFB1-toxicity and the possible pro
tective role of selenium on chickens and broilers immune organs were
investigated. Histopathology and FCM analysis demonstrated the
negative effect of AFB1-dietary exposure (0.6 mg/kg) in chickens bursa
of Fabricius (BF). AFB1 arrested the cell cycle in G2/M phase at 7 days
and in phase G0/G1 at 14 and 21 days. The arrest of cell cycle was related
to alterations in Cyclin D1 signaling pathway (Hou et al., 2018a). These
toxicological damages were restored by the dietary supplementation of
Se (0.4 mg/kg), which also alleviated histological lesions and oxidative
damage induced by AFB1-administration (Hu et al., 2018b). Chickens
treated with AFB1 for 21 days have shown a clear splenocytes death
(10–15% higher than control group) due to the impairment of death
receptors (FAS, FASL, TNF-α, TNF-R1) and ER molecules expression
(Grp78 and Grp94) (Zhu et al., 2017). Fang et al. (2019) demonstrated
that these molecular alterations could be reversed by
Se-supplementation (0.4 mg/kg) in contaminated feed.
In broilers thymocytes, Se could alleviate AFB1-induced cell death
and histological lesions and may reversed the G0/G1 cell cycle arrest by
modulating p21/p27-CyclinE/Cdk2 and p15-CyclinD1/Cdk6 signaling
pathways (Guan et al., 2019). In a similar duration exposure (3 weeks),
AFB1 (0.15, 0.3, 0.6 mg/kg) induced apoptosis by altering caspase-3,
Bax, Bcl-2 expression in broilers thymus and BF (Peng et al., 2016).
Furthermore, consumption of AFB1-contamined feed was associated
with immunosuppression in broilers spleen. In particular, ROS-induced
apoptosis, DNA damage and mitochondrial impairment have been
observed (J. Chen et al., 2016). In a 21 days study, AFB1 compromised
the rate of cell-mediated immunity in broilers cecal tonsil. Authors ob
tained a clear reduction in cytokines (IL-2, IL-4, IL-6, IL-10, IL-17, IFN-γ,
TNF-α) expression and a reduced percentage of T-cells subset (CD3+,
CD3+CD4+,CD3+CD8+) (Liu et al., 2016). Whilst, in broilers spleen,
thymus and BF the ingestion of AFB1-contaminated feed during 42 days
caused histopathological lesions with lymphocytes depletion. In this
case, AFB1-MOA was associated with alterations in mitochondrial and
ER compartments (Peng et al., 2015).
Finally, the different sensitivity of broilers BF and thymus to
mycotoxin-exposure in contaminated feed during 42 days was evalu
ated. Histopathological lesions and pathological impairment were
evident to a greater extent in BF than thymus with higher lymphocyte
depletion. At 21 days, both thymocytes and BF cells showed a cell cycle
arrest at phase G2/M. Whilst, at 42 days, cell cycle perturbations at
phase G0/G1 in thymocytes and at G2/M phase in BF cells was observed.
However, a similar apoptotic rate was obtained (Peng et al., 2017).
3.1.2.2.2. Hepatotoxicity. Table 4 shows that the ingestion of AFB1contamined feed (0.6 mg/ml) during 21 days caused degenerative his
tological lesions in broilers liver with high percentages of apoptotic cells
(2-5-fold higher than control group) and intracellular ROS production.
Se-treatment (0.4 mg/ml) could mitigate oxidative stress and relieve
AFB1-induced apoptosis through the molecular regulation of death re
ceptors (Wu et al., 2019).
3.1.2.2.3. Gastrointestinal toxicity. To evaluate the effects of AFB1
on the gastrointestinal tract, chickens and broilers were exposed to a
sub-acute contamination. It has been observed marked morphological
changes in chickens jejunum with a reduction of villus height and area.
In this case, the apoptosis of jejunal cells was associated with the altered
expression of death receptors and ER molecules (Zheng et al., 2017).
Fang et al. (2018) observed the protective role of Se against
AFB1-toxicological damages by modulating the ataxia telangiectasia
mutated (ATM) pathway and by reversing G2/M cell cycle arrest.
In broilers jejunal cells, Yin et al. (2016) demonstrated that ATM
kinase and its downstream molecules, the checkpoint kinase Chk2 and

Fig. 6. Percentage of publications (n = 18) according to animal models used in
AFB1-FCM in vivo studies.

caspase 3/7 activation. Additionally, toxin could trigger an inflamma
tory reaction in neuronal cells by the dysregulation of many
pro-inflammatory cytokines such as TRLs, NF-κB and myeloid differen
tiation primary response 88 (MyD88). In view of this, AFB1 could in
crease the susceptibility to neurodegenerative diseases, inducing
neuroinflammation and altering the homeostasis of human CNS
(Mehrzad et al., 2018a,b).
3.1.2.1.6. Breast toxicity. Finally, the harmful effects of AFB1 have
also been studied in BME cells. Wu et al. (2021) observed the cell cycle
arrest, inhibition of cell proliferation and apoptosis upon
AFB1-exposure. The cytotoxicity was related to epigenetic modifica
tions; in particular, a marked decrease of RNA methylation was
detected.
In summary, 24 h and 48 h were the most common exposure times in
FCM assay while the apoptosis assay was the main analysis performed.
The enhancement of apoptosis and cell cycle arrest were the main
toxicological effects observed owing to AFB1-treatment.
3.1.2.2. In vivo toxicity. In vivo AFB1 FCM-studies, the exposure time
ranged between 1 and 6 weeks with concentrations of 0.016–1.25 mg/
kg administered orally, by gavage or in contaminated feed in broilers,
chickens, mice and rats (Fig. 6). The activity of non-pathogenic bacteria
(LAB, LP) and natural compounds (MT, Se, β-1,3-glucan) was
investigated.
3.1.2.2.1. Immunotoxicity. In a sub-acute immunotoxicity study,
AFB1 markedly decreased the percentages of lymphocytes subsets,
Foxp3+ T cells, and reduced IL-2, TNF-α, IL-17 and IFN-γ production.
Also, it has been demonstrated that AFB1 led to a general immune
suppression by the down-regulation of Th1,Th2,Th17 and Treg genes
related to immune responses. However, β-1,3-Glucan improved the re
sponses of lymphocyte subsets, including cytokines production, thus
counteracting AFB1-immunotoxicity in spleen (Bakheet et al., 2016).
Similarly, AFB1, alone or in combination with FB1, promoted
DNA-damage and oxidative stress by increasing caspase-3 activity and
IL-4, IL-10 expression. The activity of antioxidant enzymes (Gpx and
SOD) was clearly reduced. However, LAB-administration induced pro
tective effects against oxidative stress and immunotoxicity of both my
cotoxins (Abbès et al., 2016). Likewise, the pre-treatment with LP BEJ01
and MT prevented the effects of AFB1 on immune response in rats. The
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Table 4
AFB1-FCM studies: In vivo model, dose and exposure time, FCM assay, mechanism and references.
In vivo model

Dose administration

Exposure
time

FCM assay

Mechanism

References

Mice spleen

1.25 mg/kg + β-1,3-Glucan (150 mg/kg)/
orally

1 week

Reduction of T-cells subset and cytokines
production.

Bakheet et al.
(2016)

Mice thymus

0.08 mg/kg + LAB (2 mg/kg)/orally

2 weeks

Measurement of IL-2, TNF-α,
IL-17, IFN-γ
Assessment of intracellular
Foxp3
Assessment of cell surface
markers
Apoptotic DNA analysis

(Abbès et al.,
2016)

Rats plasma

0.08 mg/kg + Lactobacillus paracasei
BEJ01 (2 mg/kg) + montmorillonite clay
(0.5 mg/kg)/gavage administration
0.6 mg/kg/contaminated diet

2 weeks
3 weeks

Measurement of total white
and red blood cells and
lymphocyte subtypes
Cell cycle analysis

Increase of intracellular ROS production,
high level of apoptotic DNA and cell
death.
Enhancement of oxidative stress with a
reduction of B-lymphocytes, Tlymphocytes, NK cells subset.
Cell cycle arrest.

0.6 mg/kg + Se (0.4 mg/kg)/
contaminated diet
0.6 mg/kg/contaminated diet

3 weeks

Cell cycle analysis

Tissue damage and cell cycle arrest.

3 weeks

Apoptosis assay

0.6 mg/kg + Se (0.4 mg/kg)/
contaminated diet
0.6 mg/kg + Se (0.4 mg/kg)/
contaminated diet
0.15, 0.30, 0.60 mg/kg/contaminated
diet
0.15, 0.30, 0.60 mg/kg/contaminated
diet
0.6 mg/kg/contaminated diet

3 weeks

Apoptosis assay

Induction of apoptosis with the
expression of death receptor and
endoplasmic reticulum molecules.
Aberrant apoptotic rate.

3 weeks

Cell cycle analysis

Alterations in cell cycle.

3 weeks

Apoptosis assay

Promotion of apoptosis.

3 weeks

Apoptosis assay

3 weeks

T cells identification

Broilers immune
organs

0.082, 0.134 mg/kg/contaminated diet

6 weeks

Apoptosis assay

Broilers thymus and
bursa of Fabricius

0.016, 0.134 mg/kg/contaminated diet

6 weeks

Cell cycle analysis Apoptosis
assay

Induction of oxidative stress, splenocytes
apoptosis and immunodepression.
Reduction of T cell subsets and cytokines
production.
Promotion of apoptosis, histopathological
lesions with lymphocytic and splenic
plasmacytes depletion.
Cell cycle arrest and pathological
impairment.

0.6 mg/kg + Se (0.4 mg/kg)/
contaminated diet

3 weeks

Apoptosis assay

Induction of apoptosis and ROS
generation.

Wu et al.
(2019)

Chickens jejunum

0.6 mg/kg/contaminated diet

3 weeks

Apoptosis assay

Zheng et al.
(2017)

Chickens jejunum

0.6 mg/kg + Se (0.4 mg/kg)/
contaminated diet
0.6 mg/kg/contaminated diet

3 weeks

Cell cycle analysis

3 weeks

Cell cycle analysis

Induction of apoptosis with the altered
expression of death receptor and
endoplasmic reticulum molecules.
Pathological impairments and cell cycle
alteration.
Cell cycle arrest.

0.3 mg/kg + Se (0.4 mg/kg)/
contaminated diet

3 weeks

Apoptosis assay
Cell cycle analysis

Reduction of cell proliferation and arrest
of cell cycle in G0/G1 phase.

Yu et al. (2015)

Immunotoxicity

Chickens bursa of
Fabricius
Chickens bursa of
Fabricius
Chickens spleen
Chickens spleen
Broilers thymus
Broilers thymus and
bursa of Fabricius
Broilers spleen
Broilers cecal tonsil

Ben-Salah
Abbes et al.
(2016)
(Hou et al.,
2018a)
Hu et al.
(2018b)
Zhu et al.
(2017)
Fang et al.
(2019)
(Guan et al.,
2019)
Peng et al.
(2016)
(J.Chen et al.,
2016)
Liu et al.
(2016)
Peng et al.
(2015)
Peng et al.
(2017)

Hepatotoxicity
Broilers liver
Gastrointestinal
toxicity

Broilers jejunum

Fang et al.
(2018)
Yin et al.
(2016)

Nephrotoxicity
Broilers kidney

the increased expression of p53 and p21, likely contribute to the
AFB1-induced G2/M cell cycle arrest.
3.1.2.2.4. Nephrotoxicity. In the only study found on nephrotoxicity,
Yu et al. (2015) demonstrated that the ingestion of AFB1 (0.3 mg/kg) in
contaminated feed during 21 days resulted in apoptosis with altered
caspase-3 and Bax expression. A significant reduction of cell prolifera
tion with cell cycle arrest at phase G0/G1 was also revealed. However, Se
supplied in diet mitigated apoptosis, cell proliferation and kidney
damages.
In summary, 3 weeks was the most used exposure time while the
apoptosis assay was the main analysis performed. The most used con
centrations were 0.6 mg/kg for AFB1 and 0.4 mg/kg for Se in contam
inated feed. The induction of apoptosis, cell cycle arrest and
immunosuppression were the main damages related to AFB1administration.

3.2. Ochratoxin A
The toxicity of OTA, the other mycotoxin analyzed in this review,
was also investigated using the techniques mentioned above. In relation
to IF analysis, antibodies used varied according to the specific pathway
studied by authors while the FCM was mainly performed to detect
apoptosis, ROS generation, alterations in cell cycle, mitochondrial and
redox balance. Furthermore, several natural compounds have been used
to mitigate OTA-toxicity, such as luteolin (LUT), selenomethionine
(SeMet), taurine (TAU), melatonin, NAC, resveratrol (RSV), zinc, Nacetyl-tryptophan (NAT), glycyrrhizin (CAG), gluconolactone (GA), Larginine (L-Arg), silymarin (Sil) and astragalus polysaccharide (APS).
For each technique, the selected OTA-studies were organized ac
cording to the model used showing that the main toxicological effects in
vitro are nephrotoxicity, gastrointestinal toxicity, hepatotoxicity,
immunotoxicity, embryotoxicity, reproductive toxicity, neurotoxicity,
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Fig. 7. Percentage of publications (n = 50) according to the main toxicological effects of OTA in vitro.

Fig. 8. Percentage of publications (n = 3) according to the main toxicological effects of OTA in vivo.

lung and esophageal toxicity (Fig. 7). Whilst, only three in vivo toxicity
studies have been selected, which confirmed OTA-nephrotoxicity and
neurotoxicity (Fig. 8). The summary of the articles found for OTA are
shown below. Tables were divided depending on the technique, model
used and type of toxicity, and were ordered by the exposure time, from
the shortest to the longest.

PXR-antagonists, reducing liver cytotoxicity.
3.2.1.1.3. Gastrointestinal toxicity. The gastrointestinal tract is one
of the main sites affected by OTA-toxicity (Ricci et al., 2021). After a
short exposure, this mycotoxin not only promoted cytotoxicity but also
the phosphorylation and nuclear translocation of ERK1/2, which in turn
mediated the autophagy, reduced mitochondrial ROS production and
caspase-3 activation and mitigated OTA-detrimental effects. Therefore,
OTA may have a bivalent effect on IPEC-J2 cells whereas
ERK1/2-mediated autophagy could be considered as one of the main
protective mechanisms in maintaining the integrity of intestinal barrier
(Wang et al., 2018).
In GES-1 cells, Li et al. (2019) demonstrated that an over-activation
of autophagy may produce opposite results. Indeed, OTA-exposure
promoted the conversion of LC3B-I to LC3B-II, a typical autophagy
marker, indicating that autophagic-cell death was triggered. Moreover,
it has been detected an excessive production of autophagic vacuoles,
which engulfed the damaged mitochondria and induced the occurrence
of mitophagy. In this case, mitophagy was positively related to cell
death. Authors concluded that OTA-effects on mitochondria in GES-1
cells are complex as it not only promoted apoptosis via mitochondrial
pathway but also enhanced mitochondria biogenesis via
AMPK/PGC-1α/TFAM pathway, increasing cell survival.
In similar duration exposure, OTA alone or in combination with
DON, compromised the intestinal barrier integrity, with a decreased
transepithelial electrical resistance (TEER) value (50% less than control
cells) and an increased paracellular permeability (2-fold higher in
comparison to the control). In addition, the fluorescent analysis of
claudin-3 and 4 tight junction and p65 factor demonstrated that OTA
was capable to exacerbate DON-induced intestinal barrier dysfunction,
inflammation and pro-inflammatory cytokines production (Ying et al.,
2019). Interestingly, the analysis conducted by Nakayama et al. (2018)

3.2.1. Immunofluorescence
3.2.1.1. In vitro toxicity. Exposure times chosen for in vitro OTA-IF
studies ranged between 2 h and 40 weeks with concentrations of 1 ×
10− 2- 40 μg/ml (Table 5). Fig. 9 shows that PK-15 was the most used cell
line. LUT, SeMet, NAC, TAU and melatonin were employed to alleviate
OTA-toxicity.
3.2.1.1.1. Immunotoxicity. In the only study reported, OTA impaired
the phagocytosis function of heterophils and enhanced the release of
their ETs. The IF analysis of ETs main constituents, histone H3 and
elastase, proved their dose-dependent release. In addition, ETs forma
tion was associated with the activation of NADPH oxidase, ERK1/2, and
p38/MAPK signaling pathways, which led to intracellular ROS genera
tion (Han et al., 2019).
3.2.1.1.2. Hepatotoxicity. As shown in Table 5, the only study
reviewed was conducted by Shen et al. (2020). It has been proved that
OTA-dichlorination (OTA Cl/M) and demethylation (OTA M) triggered
the downregulation of pregnane X receptor (PXR), whose excessive
activation is related to lipid retention, metabolic diseases and toxico
logical bioactivation of drugs. The fluorescence staining of FLAG, which
is widely used as an epitope tag for selective protein detection, showed
that OTA and its derivatives interacted with different residues of PXR,
providing the molecular basis for a selectivity. In view of this,
OTA-derivatives (C1/M and M) may be considered novel
12
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Table 5
OTA-IF studies: In vitro and in vivo model, dose and exposure time, antibodies implemented, mechanism and references.
In vitro/in vivo model

Dose administration

Exposure
time

Antibodies used

Mechanism

References

2,4,8 μg/ml

2h

Anti-NE, anti-histone H3

Disruption of ETs formation and
intracellular ROS generation.

Han et al.
(2019)

0.40 μg/ml

24 h

Anti-FLAG

Cytotoxicity.

Shen et al.
(2020)

IPEC-J2 cells

0.80 μg/ml

12 h

Anti-ERK1/2

Wang et al.
(2018)

GES-1 cells

4 μg/ml

24 h

Anti- LC3B, anti α-tubulin

IPEC-J2

1.6 μg/ml

24 h

Anti-p65, anti-claudin-3, anti-claudin-4

CMT93-II cells

16 μg/ml

36 h

Caco-2 cells

8 × 10− 2, 8 μg/ml

48 h

GES-1 cells

1 μg/ml

72 h for (40
weeks)

Anti-claudin-2, anti-claudin-4, anticlaudin-6
Anti-claudin-3, anti-claudin-4, antioccludin, anti-ZO1
Anti-β-catenin

Induction of autophagy, apoptosis and
ROS generation.
Disruption of intestinal barrier.
Mitochondrial dysfunction with
autophagy, cell death and oxidative
stress promotion.
Intestinal barrier dysfunction and
inflammatory response.
Disruption of intestinal barrier.

NRK-52E cells

20 μg/ml + LUT (28.6 μg/ml)

24 h

Anti-Nrf2, anti-HIF- 1α

HKC cells

2,4,8,16 μg/ml

24 h

Anti-DNMT1

HKC cells

4 μg/ml

24 h

MDCK cells

0.5, 1.0, 2.0 μg/ml

24 h

Anti-Grp75, Anti-α SMA, anti 8hydroxyguanosine
Anti-NLRP3

HMC cells

0.80, 1.60, 3.20 μg/ml

48 h

Anti-vimentin, anti-p65

48 h

Anti-PCV2

0.01, 0.05, 0.1, 0.5,1 μg/ml +
NAC (652 μg/ml)
4 × 10− 2 μg/ml + SeMet
(0.156, 0.312, 0.468 μg/ml)
4 × 10− 2 μg/ml + TAU (1250,
2500, 5000 μg/ml)

48 h

Anti-PCV2

48 h

Anti-PCV2

60 h

Anti-PCV2

1 × 10− 2, 0.1, 1, 10, 100 μg/
ml

5 days

Anti-GFAP, anti-DCX

2 × 10− 2, 8 × 10− 2, 0.40, 2

7 days

Anti-MAP2 clone M13, Anti-MAP2 clone
AP18, Anti- Doublecortin, Anti-GFAP,
Anti-Nestin, Anti-A2B5, Anti-mGalc

Mouse oocytes

3 μg/ml

16 h

Anti-Gpx, anti-α-tubulin, anti-H3K9ac,
anti-H3K9me3

Porcine ovarian
granulosa cells
Porcine ovarian
granulosa cells
Porcine oocytes

8,16 μg/ml

24 h

8,16 μg/ml

24 h

3.20 μg/ml + Melatonin (2.30
× 10− 4, 2.30 × 10− 2, 2.30,
230 μg/ml)

27–52 h

Anti-BAX, anti-BCL-2, Anti-ITGB1, antiF2R
Anti-ATR, anti-γ-H2AX, anti- Rad51, antiBrca1
Anti-α-tubulin, anti-LC3A

0.80, 2 μg/ml

24 h

Anti-PCNA

In vitro
Immunotoxicity
Chicken heterophils
Hepatotoxicity
hPXR-HRE cells
Gastrointestinal
toxicity

Disruption of epithelial barrier
permeability.
Promotion of cell malignant
transformations via intracellular ROS
generation.

Li et al.
(2019)
Ying et al.
(2019)
Nakayama
et al. (2018)
(Gao et al.,
2018)
Jia et al.
(2016)

Nephrotoxicity

PK-15 cells
PK-15 cells
PK-15 cells
PK-15 cells

4 × 10−

μg/ml)

2

μg/ml + NAC (815

Promotion of oxidative stress, lipid
peroxidation and mitochondrial
dysfunction.
Cell cycle alteration and epigenetic
modifications.
DNA damage, oxidative stress and
disruption of mitochondrial metabolism.
Promotion of cell death, inflammation
and kidney fibrosis.
Induction of cell morphologic changes,
fibrosis, DNA damage and ROS
production.
Enhancement of autophagy and porcine
circovirus type 2 replication.
Promotion of porcine circovirus type 2
replication and oxidative stress.
Induction of autophagy of porcine
circovirus type 2 replication.
Promotion of autophagy and porcine
circovirus type 2 replication.

Liu et al.
(2020)
Zhang et al.
(2020)
Yang et al.
(2019)
Li et al.
(2021)
Le et al.
(2020)
Qian et al.
(2017)
Gan et al.
(2015a)
Qian et al.
(2018)
Zhai et al.
(2018)

Neurotoxicity
Neural stem cells
Neural stem cells

μg/ml

Reduction of cell proliferation and
differentiation rates with a significant
decrease in neuroblasts and glial cells.
Impairment of neural differentiation.

Paradells
et al. (2015)
Gill & Kumara
(2019)

Embryotoxicity
Induction of oxidative stress, cell
apoptosis, epigenetic modifications and
meiotic failure.
High ROS levels and apoptosis.
DNA damage and alterations in cell
proliferation.
Mitochondrial impairment, promotion of
oxidative stress, early apoptosis and
autophagy.

Jia et al.
(2020)
Zhang et al.
(2019)
Zhang et al.
(2020)
Lan et al.
(2020)

Reproductive
toxicity
TM3-TM4 cells

(continued on next page)
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Table 5 (continued )
In vitro/in vivo model

Sperm cells

Dose administration

Exposure
time

Antibodies used

Mechanism

References
Park et al.
(2020)

4, 40 μg/ml

24 h

Anti-PTEN, Anti-PI3K, Anti-AKT, Anti-pAKT

Suppression of Sertoli and Leydig cell
proliferation. Failure of
spermatogenesis.
ROS production and cell death with a
reduction of sperm motility.

2.50 mg/kg/intraperitoneally

3 weeks

Anti-vimentin, anti-collagen I, anti-p53,
anti-caspase 3, anti-CD45, anti-HO-1

Promotion of inflammation, apoptosis,
oxidative stress.

Loboda et al.
(2017)

3.50 mg/kg/intraperitoneally

6 weeks

Anti-GFAP, anti-Iba1, anti-beta III Tubulin,
anti-Dcx, anti-calretinin.

Impairment of neurogenesis and brain
development.

Paradells
et al. (2015)

Zhang et al.
(2018)

In vivo
Nephrotoxicity
Mice kidney
Neurotoxicity
Mice brain

Fig. 9. Percentage of publications (n = 25) according to cell lines used in OTA-IF in vitro studies.

on claudin-2, a specific tight junction localized and expressed only in the
deep crypt of the intestine. In CMT93-II cells, which exhibit typical
features of deep crypt cells, OTA reduced claudin-2 expression and
altered the TEER, by disrupting the intestinal barrier integrity. A
reduced expression of claudin 4 and 6 has been detected as well. Simi
larly, in differentiated Caco-2 cells, the epithelial integrity was disor
dered due to an increased paracellular permeability and a decreased
TEER value. Microscopic analysis, performed on claudin 3 and 4,
occludin and ZO-1, revealed their altered expression and structure. A
partial involvement of p44/42 mitogen-activated protein kinase (MAPK)
in OTA-mediated intestinal barrier disruption has been observed (Gao
et al., 2018).
Finally, chronic exposure to OTA (3 days of mycotoxin-exposure
each week during 40 weeks) increased the proliferation, migration,
and invasion capacity of GES-1 cells. Authors demonstrated that ma
lignant transformations of GES-1 cells can be attributed to Wnt/β-cat
enin signaling pathway. Indeed, aberrant de-regulation of Wnt/
β-catenin pathway has been closely related to various types of tumors,
including gastric cancer. In addition, inoculation of OTA-treated GES-1
cells in mice triggered the formation of tumor xenografts, confirming
OTA-carcinogenicity in vivo. The pre-treatment with a high concentra
tion of NAC could mitigate the long-term OTA-toxicity via Wnt/β-cat
enin pathway inhibition (Jia et al., 2016).
3.2.1.1.4. Nephrotoxicity. According to the main target organ
related to OTA-toxicity, which is the kidney, the majority of the

reviewed studies were focused on nephrotoxicity (Table 5). In NRK-52 E
cells, the cytoprotective role of LUT was demonstrated. This compound
alleviated OTA-induced oxidative stress by reducing ROS generation
and improving the efficiency of antioxidant enzymes (SOD and GSH).
Microscopic analysis showed that LUT increased cell antioxidant de
fenses by activating Nrf2 signaling pathway. At the same time, by
modulating HIF-1α pathway, LUT mediated repair and regeneration
process, and promoted angiogenesis and endothelial survival (Liu et al.,
2020).
In HKC cells, 24 h exposure to toxin suppressed Notch and Ras/
MAPK/CREB pathways and impaired cell growth and proliferation.
Fluorescence analysis of DNMT1 showed alterations in global DNA
methylation, thus correlating OTA-nephrotoxicity with epigenetic
changes. The genome-wide hypermethylation may contribute to OTAmediated the inhibition of cell cycle progression (Zhang et al., 2020).
Interestingly, the analysis carried out by Yang et al. (2019) on 75 kD
glucose-regulated protein (Grp75) and mitochondrial factors, involved
in cell protection against OTA-activity. Grp75 is a Heat Shock Protein,
which regulates the transfer of calcium from ER stores into the mito
chondrial matrix. The IF analysis showed a slightly reduction of Grp75
expression and activity, probably related to OTA-contamination, which
mediated the inhibition of mitochondrial metabolism. Exposure to toxin
was also linked to Lonp1 suppression, a typical marker involved in
reducing oxidative stress and in maintaining mitochondrial DNA sta
bility. Fluorescence quantification of 8-OHdG and Kim-1 showed the
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tendency of OTA to promote DNA oxidative damage and kidney injury in
the examined in vitro model.
In the 24 h study, OTA may induce kidney fibrosis by altering α-SMA,
vimentin and TNF-β expression in a concentration-dependent manner.
At the same time, this mycotoxin enhanced the activation of NLRP3
inflammasome, as detected by the fluorescent quantification of caspase
1-dependent pyroptosis. Also, OTA may promote an inflammatory status
by modulating the expression of pro-inflammatory mediators (IL-6, TNFα) and pyroptosis-related genes (GSDMD, IL-1β, IL-18). These harmful
effects were significantly abrogated by MCC950 pre-treatment, a spe
cific NLRP3 inhibitor, and by caspase-1 knockdown (Li et al., 2021).
In a similar study, the fluorescent quantification of vimentin revealed
that OTA-administration caused morphological cell changes via ERK1/2
pathway activation. In addition, fluorescence staining of p65 showed its
translocation into the nucleus upon IκB-α degradation with the subse
quent activation of NF-kB signaling pathway. The pre-treatment with
FR180240 and BAY 11–7082, specific inhibitors of ERK1/2 and NF-kB
pathways, could withdraw OTA-nephrotoxicity (Le et al., 2020).
As shown in Table 5, several studies with similar experimental
conditions, in which OTA-induced autophagy, apoptosis and porcine
circovirus 2 (PCV2) replication, were reported. The possible protective
role of Se, NAC and taurine was also examined. Qian et al. (2017)
observed the increased expression of cap protein and the aberrant viral
DNA synthesis upon OTA-administration. However, OTA-induced
PCV2-replication was antagonized by NAC-administration. Similar re
sults were obtained by Gan et al. (2015a). In this study, the promotion of
PCV-2 replication was associated with p38/ERK1/2 MAPK signaling
pathway activation. The cytoprotective role of NAC was also confirmed.
Likewise, the pre-treatment with SeMet attenuated OTA-promoted
ROS-dependent autophagy and PCV-2 replication by inhibiting
AMPK/mTOR signaling pathway (Qian et al., 2018). The same
biochemical pathway was modulated by high concentrations of taurine,
which could be considered an effective strategy against autophagy,
oxidative stress and PCV2 infection (Zhai et al., 2018).
3.2.1.1.5. Neurotoxicity. As shown in Table 5, only two neurotox
icity studies were reviewed. In rat neural stem cells (rNSC), 5 daysexposure to OTA induced morphologic changes, affected cell viability
in a concentration-dependent manner and inhibited cell proliferation

and neutrospheres formation. Also, the immunostaining of GFAP and
Dcx, astrocytes and neurons markers, showed that low doses of toxin
significantly decreased neurons maturation and astrocytes density.
These results confirmed OTA-negative effects on neural differentiation
(Paradells et al., 2015). In vitro differentiation of rat NSC into astrocytes,
neurons, and oligodendrocytes was also monitored by Gill and Kumara
(2019). Using cell-specific IF staining for undifferentiated rNSC (nestin),
neutrospheres (nestin and A2B5), neurons (MAP2 clone M13, MAP2
clone AP18, and Dcx), astrocytes (GFAP), and oligodendrocytes (A2B5
and mGalc), OTA-neurotoxicity was confirmed. Indeed, a non-cytotoxic
concentration of OTA (0.08 μg/ml) markedly reduced the differentiation
degree of rNSC into mature astrocytes, neurons and oligodendrocytes,
thereby affecting the normal brain development.
3.2.1.1.6. Embryotoxicity. After 12 h exposure, OTA worsened
oocyte quality by impairing meiotic maturation and by disrupting
spindle formation and chromosome alignment. Additionally, OTA eli
cited intracellular ROS production and reduced Gpx activity. The fluo
rescent quantification of H3K9ac, H3K9me3 revealed the presence of
epigenetic alterations in oocytes genome (Jia et al., 2020).
Similarly, microscopic analysis conducted in granulosa cells (GCs)
confirmed OTA-ability to activate surface receptors and to promote
oxidative stress by decreasing the expression of ITGB 1, a heterodimeric
cell-surface receptor involved in different cell functions, and F2R re
ceptor, a G-protein coupled receptor involved in the regulation of GC
response. At the same time, fluorescence analysis of Bax and Bcl-2
indicated the positive correlation between OTA-treatment and cell
death (Zhang et al., 2019). In the same in vitro model, OTA may exert
deleterious effects by inducing DNA damage, disrupting DNA
repair-related processes and arresting the cell cycle at phase G2/M. DNA
damage was detected by the over-expression of DSB gene, γ-H2AX, and
DNA repair-related genes, BRCA1 and RAD51 (Zhang et al., 2020).
In porcine oocytes, Lan et al. (2020) observed disturbances in oo
cytes maturation owing to the delay of Cdc2-mediated cell cycle pro
gression. The disruption of meiotic spindle formation was also related to
fungal exposure. Moreover, IF analysis showed that OTA triggered
aberrant mitochondria dysfunctions in oxidative phosphorylation with
the promotion of oxidative stress, apoptosis and autophagy. However,
the pre-incubation with elevated concentrations of melatonin

Fig. 10. Percentage of publications (n = 36) according to the cell lines used in OTA-FCM in vitro studies.
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Table 6
OTA-FCM studies: In vitro and in vivo model, dose and exposure time, FCM assay, mechanism and references.
In vitro/In vivo model

Dose administration

Exposure time

FCM assay

Mechanism

References

H9 T cells

0.40, 2, 4, 8 μg/ml

3, 6, 12, 18,
24 h

0–120 μg/ml

4–20 h

Marked changes in cell morphology and
DNA fragmentation with high apoptotic
rate.
Promotion of neutrophils oxidative burst,
apoptosis, ATP depletion and MMP
disruption.

Darif et al.
(2016)

Human neutrophils

3D4/21 cells

1.5 μg/ml + APS (10, 20, 30 μg/
ml)
0.1, 0.5, 1, 1.5, 2 μg/ml + NAC
(652 μg/ml)
1 × 10− 3– 5 × 10− 2 μg/ml

48 h

Cell viability
Apoptosis assay
Detection of caspase-3
Apoptosis assay Mitochondrial
membrane potential
measurement
Intracellular Ca2+ measurement
Apoptosis assays

Liu et al. (2018)

48 h

Induction of pro-inflammatory cytokines
expression and cell death.
Enhancement of ROS generation, apoptosis
and inflammation.
Promotion of a pro-inflammatory status
and RA development.

HepG2 cells

2, 5, 8, 20 μg/ml

24 h

Apoptosis assays

Chicken hepatocytes

1 μg/ml + CAG, L-Arg, Sil, GA
(1 μg/ml)

24 h

Apoptosis assay

HepG2 cells
BRL cells

4,8,12 μg/ml
6.8, 7.6, 8.4 μg/ml

24 h
48 h

Apoptosis assay
Apoptosis assay

Promotion of apoptosis, ATP depletion and
intracellular structure disruption.
Induction of ROS generation, lipid
peroxidation and reduction of antioxidant
enzymes activity.
Induction of cell death.
Induction of cell death.

HepG2 cells

1.25, 2.5, 5, 10 μg/ml

48 h

Cell cycle analysis

Arrest of cell cycle with DNA damage.

IPEC-J2 cells

0.80 μg/ml

6,12,24 h

Apoptosis assay

Wang et al.
(2018)

IPECJ-J2 cells

0.80, 1.60, 3.20 μg/ml

12 h

Apoptosis assay

GES-1 cells

2,4,8 μg/ml

24 h

Caco-2 cells

5 × 10− 4, 5 × 10− 3, 4 μg/ml

48 h

Apoptosis assay Intracellular
ROS measurement
Mitochondrial membrane
potential measurement
Mitochondrial mass
determination
Apoptosis assay

Induction of autophagy, apoptosis and ROS
generation.
Disruption of intestinal barrier.
Promotion of apoptosis and ROS generation
with impairment in mitochondrial
permeability.
Mitochondrial dysfunction with autophagy,
cell death and oxidative stress promotion.

GES-1 cells

1 μg/mL + NAC (652 μg/ml)

72 h for 40
weeks

Cell cycle analysis
Intracellular ROS measurement

Impairment of intestinal function and
apoptosis.
Promotion of cell malignant transformation
via intracellular ROS generation.

Yang et al.
(2019)
Jia et al. (2016)

HEK293T cells

1–10 μg/ml + NAT (2.5 μg/ml)

0.5,1, 4, 24,
48 h

Induction of mitochondrial membrane destabilization and oxidative stress.

Agarwal et al.
(2020)

NRK-52E cells

20 μg/ml + LUT (28.6 μg/ml)

1,3,6,12,24 h

Intracellular ROS measurement
Apoptosis assay Cell cycle
analysis
Intracellular ROS measurement

Liu et al. (2020)

HEK293T cells

8 μg/ml

1, 24 h

Intracellular ROS measurement

HKC cells

4,8,12,16 μg/ml

24 h

Cell cycle analysis

LX2 and HEK293T
cells
NRK-52E cells

20 μg/ml

24 h

Apoptosis assay

Promotion of oxidative stress, lipid
peroxidation and mitochondrial
dysfunction.
Enhancement of ROS generation, cell
apoptosis and mitochondrial impairment.
Cell cycle alteration and epigenetic
modifications.
Induction of apoptosis.

8, 20 μg/ml

24 h

MDCK cells

0.5, 1.0, 2.0 μg/ml

24 h

Intracellular ROS measurement
Apoptosis assay
Determination of Caspase-1

MDCK cells
HEK293T cells

1 μg/ml + Zn (6.5 μg/ml)
0.60, 3.76 μg/ml + RSV (5.7
μg/ml)
6.4 μg/ml

24 h
24, 48 h

Apoptosis assay
Intracellular ROS measurement

48 h

Cell cycle analysis

48 h

Cell cycle analysis

48 h

Intracellular oxidants assay
Intracellular ROS measurement
Intracellular ROS measurement

In vitro
Immunotoxicity

3D4/21 cells
Human lymphocytes

72 h

Apoptosis assay Intracellular
ROS measurement
Analysis Th1/Th17 cell
differentiation

Kupski et al.
(2016)

Xu et al. (2017)
(Jahreis et al.,
2017)

Hepatotoxicity
Sali et al. (2016)
Yu et al. (2018)
Zhu et al. (2016)
Wang et al.
(2020)
(Juan-García
et al., 2019)

Gastrointestinal
toxicity

Wang et al.
(2017)
Li et al. (2019)

Nephrotoxicity

HEK293T cells

− 3

− 2

HK-2 cells

4 × 10 , 4 × 10

PK-15 cells

0.01, 0.05, 0.1, 0.5 μg/ml +
NAC (652 μg/ml)

PK-15 cells

μg/ml.

48 h

Alteration in OCT1,2,3 expression with
oxidative stress and DNA damage.
Promotion of cell death, inflammation and
kidney fibrosis.
ROS generation and apoptosis.
Promotion of oxidative stress and ROS
generation.
Promotion of cell apoptosis, ROS
generation and DNA damage.
Oxidative stress induction and cell cycle
alteration.
Promotion of porcine circovirus type 2
replication and oxidative stress.

Liang et al.
(2015)
Zhang et al.
(2020)
Azam et al.
(2019)
Qi et al. (2018)
Li et al. (2021)
Li et al. (2019)
Raghubeer et al.
(2015)
Gong et al.
(2019)
Dubourg et al.
(2020)
Gan et al.
(2015a)

(continued on next page)
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Table 6 (continued )
In vitro/In vivo model

FCM assay

Mechanism

References

48 h

Apoptosis assay

Enhancement of autophagy and porcine
circovirus type 2 replication.
Induction of apoptosis.

Qian et al.
(2017)
Liu et al. (2020)

48 h

Apoptosis assay
Intracellular ROS measurement

Cell death and oxidative stress promotion.

Gan et al.
(2015b)

8,16 μg/ml

24 h

Apoptosis assay

High ROS levels and apoptosis.

8,16 μg/ml

24 h

Cell cycle analysis

DNA damage and alterations in cell
proliferation.

Zhang et al.
(2019)
Zhang et al.
(2020)

TM3-TM4 cells

0.20, 0.40, 1 μg/ml

24 h

Suppression of Sertoli and Leydig cell
proliferation. Failure of spermatogenesis.

Park et al. (2020)

Sperm cells

4,40 μg/ml

24 h

Cell cycle analysis Intracellular
ROS measurement
Mitochondrial Ca2+
concentration
Apoptosis assay

GC-2 cells

2, 4, 6, 8, 12 μg/ml

24 h

Apoptosis assay

ROS production and cell death with a
reduction of sperm motility.
Alteration in miRNAs synthesis and
processing.

Zhang et al.
(2018)
Chen et al.
(2015)

Het-1A cells

1, 2, 4, 8 μg/ml

24 h

Apoptosis assay
Cell cycle analysis

Liu et al. (2015)

A549 cells

2, 5, 8 μg/ml

24 h

Apoptosis assay

Induction of DNA strand breaks and
chromosome aberrations. Cell cycle arrest
and apoptosis.
Induction of apoptosis.

0.5, 1, 2, 10, 15, 40 mg/kg/
contaminated diet

26 weeks

Lymphocyte subset analyses

Induction of apoptosis, karyomegaly and
tubular degeneration in a dose-dependent
manner.

Bondy et al.
(2015)

PK-15 cells
PK15 cells

Dose administration
4 × 10− 2 μg/ml + NAC (815 μg/
ml)
0.40, 0.80, 1.60, 2.40 μg/ml +
TAU (625 μg/ml)
2.5 μg/ml + SeMet (3.9 × 10− 2,
7.8 × 10− 2, 0.156, 0.312 μg/ml)

Exposure time

Embryotoxicity
Porcine ovarian
granulosa cells
Porcine ovarian
granulosa cells
Reproductive toxicity

Other toxicity

Csepregi et al.
(2018)

In vivo
Nephrotoxicity
Mice kidney

significantly ameliorated oxidative stress, apoptosis and prevented the
cell cycle arrest.
3.2.1.1.7. Reproductive toxicity. In this review, OTA-toxicity was
also observed in the reproductive system. In testicular cells, TM3 and
TM4, a marked decrease in cell proliferation and growth was detected.
The down-regulation of PCNA, a typical cell proliferation marker, may
explain the significant inhibition of cell cycle progression. In addition,
authors obtained the loss of normal physiological functions, failure of
spermatogenesis and male infertility due to the marked reduction of
calcium concentration in cytosol and mitochondria (Park et al., 2020).
Zhang et al. (2018) investigated the correlation between
OTA-exposure and PI3K/PTEN/AMPK signaling pathway activation.
Microscopic analysis showed that high doses of OTA significantly
increased the expression of PTEN/PI3K, thereby inducing apoptosis and
oxidative stress. Whereas, a reduced AKT fluorescent expression can be
associated with a reduced motility of spermatozoa in vitro.
In summary, anti-PCV2 and 24 h were the most common antibody
and exposure time used in IF analysis. The induction of oxidative stress
with ROS generation was the main effect related to OTA-administration.

additional enhancement in OTA-induced kidney damage. Accordingly,
the reduced Nrf2-expression and pro-inflammatory cytokines produc
tion, along with HO-1 inhibition, might be considered potential mech
anisms involved in OTA-nephrotoxicity.
3.2.1.2.2. Neurotoxicity. As shown in Table 5, fluorescent quantifi
cation of astrocytes (GFAP), microglia (Iba) and immature neurons (βIIITubulin, Dcx, calretinin) typical markers, revealed both the lack of
neuronal differentiation and the reduced presence of astrocytes,
microglia and young neurons in the subventricular zone of mice brain. In
view of this, OTA-exposure during 6 weeks could affect brain develop
ment and neurogenesis, by inducing its neurodegeneration in in vivo
models (Paradells et al., 2015).
In both in vivo studies, a similar dose administration, intraperitone
ally, was evidenced.
3.2.2. Flow cytometry
3.2.2.1. In vitro toxicity. In vitro OTA FCM-studies were performed
using exposure times between 30 min and 40 weeks and doses of 5 ×
10− 4 – 40 μg/ml. As shown in Fig. 10, the most used cell line was
HEK293T. Table 6 points out that various compounds (LUT, SeMet,
NAC, TAU, RSV, Zn, CAG, GA, L-Arg, Sil and APS) were implemented to
alleviate OTA-toxicity.
3.2.2.1.1. Immunotoxicity. In a time-dependent manner, OTA pro
moted apoptosis by mitochondria dependent and independent path
ways. FCM analysis demonstrated the impairment of cell viability, high
percentage of apoptotic necrotic cells (2–20% higher than control cells)
and caspase-3 activation. Marked changes in cell morphology and DNA
fragmentation were also observed. In addition, OTA triggered the sig
nificant modulation of survivin, IL-2 and enhanced the autocrine proapoptotic effect of TNF-α (Darif et al., 2016).
In human neutrophils, OTA mediated the release of calcium from

3.2.1.2. In vivo toxicity. Only two in vivo OTA-IF studies were found and
reviewed. The exposure time ranged between 3 and 6 weeks while doses
of 2.50 and 3.50 mg/kg were administered in mice intraperitoneally. No
microorganism or natural compounds were tested.
3.2.1.2.1. Nephrotoxicity. With regard to nephrotoxicity in vivo,
Loboda et al. (2017) demonstrated through the immunostaining of
α-SMA, vimentin and collagen I, OTA pro-fibrotic effects while by the
fluorescent analysis of caspase 3 and p53, authors confirmed OTA
pro-apoptotic activity. Moreover, the immunofluorescent detection of
CD45-positive cells indicated higher infiltration of leukocytes and
inflammation in mice kidney. Whilst, the reduced fluorescent quantifi
cation of HO-1 activity, a cytoprotective enzyme, could promote an
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internal stores, causing oxidative burst, ATP depletion and MMP
disturbance. As mitochondria play a key role in cell vitality, their
disruption led to apoptosis in a dose and time depended manner. At the
same time, the biodegradation of OTA into its metabolite, OTA-α, by
gastrointestinal microorganisms, could be a promising strategy to alle
viate OTA-immunotoxicity (Kupski et al., 2016). In alveolar macro
phages, OTA-administration promoted both nuclear condensation and
apoptotic bodies formation with alterations in caspase 3/9 expression
and cytokines production. In contrast, high doses of APS could attenuate
the immune stress induced by OTA via AMPK/SIRT-1 signaling pathway
(Liu et al., 2018). In the same in vitro model, 48 h exposure to toxin
significantly caused cell death and intracellular ROS generation in a
dose-dependent manner. Also, OTA may enhance the phosphorylation of
ERK1/2, p38, and NF-κB p65 pathways, thereby increasing the pro
duction of pro-inflammatory cytokines. However, high doses of NAC
reversed OTA-induced apoptosis, oxidative stress and inflammation (Xu
et al., 2017).
Regarding long lasting exposure, the association between OTA and
autoimmune diseases such as rheumatoid arthritis (RA) was analyzed.
The release of pro-inflammatory cytokines, IL-1β, IL-6 and TNF-α, in
macrophages was markedly observed after low levels of OTA-exposure.
In addition, this mycotoxin increased the susceptibility to develop RA
via Th1/Th17 cell differentiation and STAT signaling pathway activa
tion (Jahreis et al., 2017).
3.2.2.1.2. Hepatotoxicity. In HepG2 cells, exposure to different
concentrations of OTA reduced both protein synthesis and intracellular
ATP content in a dose-dependent manner. Moreover, it induced cell
death with a marked disorganization of intracellular structures, espe
cially in actin filaments of cytoskeleton (Sali et al., 2016).
As shown in Table 6, in chicken hepatocytes, the promotion of
oxidative stress, lipid peroxidation with suppressed SOD and GSH ac
tivities were detected upon 24 h OTA-contamination. It also increased
cell death and caspase-3 activity, suggesting the association between
apoptosis and mitochondrial dysfunctions. The pre-treatment with CAG,
L-Arg, Sil and GA could protect the liver by alleviating OTA-induced
oxidative stress and apoptosis (Yu et al., 2018).
Zhu et al. (2016) suggested that cell death is the primary MOA in
OTA-induced hepatotoxicity while miR-122 is the primary effector of
apoptosis via CCNG1/p53 and Bcl/caspase-3 pathways activation. As
confirmation of this hypothesis, the treatment with hsa-miR-122 in
hibitor significatively reversed OTA-toxic effects. In rat liver cells, FCM
analysis demonstrated the positive association between cell death and
OTA-exposure. In this case, the expression of typical apoptotic proteins
was significantly altered (Wang et al., 2020). In HepG2 cells, Juan-
García et al. (2019) observed by FCM analysis the G0/G1 cell cycle arrest
with DNA damage upon 48 h OTA-contamination.
3.2.2.1.3. Gastrointestinal toxicity. In IPEC-J2 cells, OTA-exposure
caused typical apoptotic changes in the nucleus and promoted cell
death in a time-dependent manner. Also, it triggered mitochondrial
dysfunctions with ROS production, cyt-c release and caspase-3 activa
tion. However, ERK1/2 pathway activation alleviated OTA-damage, by
protecting the integrity of intestinal barrier (Wang et al., 2018). Simi
larly, in the same cell line, mitochondrial ROS generation, cyt-c release
and caspase-3 activation were observed upon 12 h toxin-exposure.
Nevertheless, Mito-TEMPO, a mitochondria-targeted ROS-scavenger,
played a protective role against oxidative stress and mitochondrial
dysfunctions (Wang et al., 2017).
Li et al. (2019), in GES-1 cells, analyzed the involvement of mito
chondria in OTA-MOA. Authors detected the promotion of oxidative
stress, apoptosis and mitochondrial disturbances with MMP loss and
ATP depletion. At the same time, OTA enhanced AMPK activation and
up-regulated PGC-1α, NRF-1 and TFAM factors, by stimulating the
biogenesis of new mitochondria, which might be a cellular response to
damaging agents.
Interestingly, Yang et al. (2019) suggested that the impairment of
small intestine, the main site of OTA-absorption, might be partly

attributed to apoptosis, which was associated in turn with the loop
interaction between MDM2 and p53 signaling pathway. OTA suppressed
MDM2 expression and led to cell death through CASP3 activation and its
downstream pattern.
In gastric cells, chronic exposure to OTA (3 days of toxin-exposure
each week during 40 weeks) caused malignant transformations via
Wnt/β-catenin pathway activation. FCM analysis confirmed the
increased rate of cells in the proliferative stage (phases G2/M and S) and
the intracellular ROS generation. High concentration of NAC could
mitigate the long-term OTA-toxicity confirming its excellent antioxidant
capacity (Jia et al., 2016).
3.2.2.1.4. Nephrotoxicity. FCM-analysis conducted by Agarwal et al.
(2020) revealed that OTA triggered intracellular ROS generation and
cell cycle arrest at phase S and G0 in a time linked spiral response. In
addition, the promotion of cell death and mitochondrial impairment
with MMP loss was significantly observed. In contrast, NAT largely
ameliorated OTA-mediated oxidative stress, cell cycle dysregulation,
MMP destabilization and cell death. It has been demonstrated
NAT-capacity to compete with OTA binding-pocket on phenylalanyl
t-RNA synthetase, by preventing eventual alterations in protein
synthesis.
In NRK-52 E cells, exposure to toxin increased intracellular ROS
production, lipid peroxidation with a reduced activity of antioxidant
enzymes (SOD and GSH). Pre-treatment with LUT effectively neutralized
ROS production and oxidative stress owing to its ROS-scavenging ca
pacities (Liu et al., 2020).
Furthermore, OTA-nephrotoxicity might be promoted by apoptosis
signal-regulating kinase 1 (ASK1) activation. ASK-1, a mitogenactivated protein kinase kinase kinase (MAPKKK, MAP3K), is activated
by OTA and promoted ROS generation, apoptosis and mitochondrial
dysfunctions. Nevertheless, these toxicological effects could be reversed
by ASK-1 knockdown, indicating its clear involvement in OTA-induced
kidney injury (Liang et al., 2015).
As shown in Table 6, OTA may induce a global alteration of DNA
methylation, leading to a hypermethylation of essential genes associated
with G1/S phase transition, G1/DNA damage checkpoints signal trans
duction and anaphase-promoting complex/cyclosome protein. Conse
quently, OTA-triggered G0/G1 cell cycle arrest was observed (Zhang
et al., 2020).
Exposure to OTA, alone or in combination with ZEA, promoted cell
death by altering Bax, Bcl-2, and caspase-3 expression. However, a novel
mode to suppress toxins activity has been proposed. A recombinant
fusion enzyme (ZHDCP), by combining two single genes, zearalenone
hydrolase and carboxypeptidase, suppressed OTA and ZEA-cytotoxicity,
degrading them with 100% efficiency (Azam et al., 2019).
In the 24 h study, OTA impaired the expression of organic cation
transport 1, 2, 3 (OCT1, OCT2 and OCT3) and induced cell death via
mitochondrial pathway. Additionally, ROS generation and DNA damage
were detected. However, OCT-2 knockout and TEA-treatment, a specific
OCT-2 inhibitor, significantly improved OTA-mediated cell death,
oxidative stress and DNA damage in vitro (Qi et al., 2018). Another
toxicological mechanism whereby OTA induced kidney toxicity was the
induction of pyroptosis, a novel mechanism of programmed cell death.
Indeed, OTA promoted the activation of NLRP3 inflammasome complex,
which in turn activated caspase 1. This enzyme cleaved the precursors of
inflammatory cytokines, IL-18 and IL-1β, by inducing the inflammatory
response in neighboring cells (Li et al., 2021).
In MDCK cells, OTA induced apoptosis and oxidative stress by
altering the expression of metallothionein-1 (MT-1) and
metallothionein-2 (MT-2). Nevertheless, MTs, a group of small cysteinerich proteins known for its strong free scavenging and antioxidant ca
pacity, were up-regulated by zinc supplementation, thereby reversing
intracellular ROS production and cell death (Li et al., 2019). Similarly,
RSV confirmed its potential anti-oxidant and chemo-preventive pro
prieties by suppressing oxidative stress and DNA damage induced by
OTA-administration (Raghubeer et al., 2015).
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Fig. 11. Percentage of studies according to the main cell lines employed.

Gong et al. (2019) showed the involvement of microRNAs (miRNAs)
in OTA-promoted nephrotoxicity. Indeed, hsa-miR-1-3p and
hsa-miR-122–5p played an important role in the induction of apoptosis
and cell cycle arrest by regulating the expression of their target genes,
programmed cell death 10 and cyclin G1, respectively.
In HK-2 cell line, the cell cycle arrest was related to cyclin-dependent
kinase 2 (CDK2). This kinase was downregulated by OTA exposure while
its overexpression partially blocked OTA-mediated G1 cell cycle arrest.
In view of this, CDK2 can be considered one of the key regulators of G1
cell cycle arrest promoted by low concentrations of OTA (Dubourg et al.,
2020).
In relation to PK15 cell line, 48 h exposure to OTA significantly
promoted cell death and oxidative stress with a reduction of GSH con
tent (20% less than control cells) and an increase ROS and oxidants
production. NAC-treatment significantly abrogated ROS production and
oxidative stress by improving cell antioxidant defenses (Gan et al.,
2015a; Qian et al., 2017). Furthermore, Liu et al. (2020) associated the
high apoptotic rate with the altered expression of Bax, caspase-3 and
Bcl-2. In this study, taurine-supplementation alleviated cell death by
restoring the expression of apoptosis-related proteins to the control
level. In a similar way, SeMet could alleviate OTA-induced kidney
damage, apoptosis and oxidative stress by improving selenoenzyme
expression and by restoring Gpx activity (Gan et al., 2015b).
3.2.2.1.5. Embryotoxicity. As reported in Table 6, only two studies
were reviewed. Zhang et al. (2019) observed that OTA-exposure
compromised ovarian GCs viability in a concentration-dependent
manner, by inducing late apoptosis/necrosis with oxidative stress and
ROS generation. In addition, a positive correlation between cell death
and PI3K/AKT signaling pathway was observed. By reducing the ratio of
p-AKT/AKT, OTA led to a dysregulation of apoptosis-related genes, Bax
and caspase 9, and consequently a high percentage of apoptotic cells.
Zhang et al. (2020) observed the clear arrest of cell cycle at G2/M
stage with the reduction of DNA content in a dose-dependent manner.
These findings were closely associated with DNA damage and dysregu
lation of DNA-repair processes promoted by OTA-administration.
3.2.2.1.6. Reproductive toxicity. As mentioned above, Park et al.
(2020) revealed that OTA was capable to promote a significant decrease
in the proliferative rate of TM3 and TM4 cell lines. Also, toxin reduced
the concentration of calcium ions in the cytosol and mitochondria, by
disrupting both cellular homeostasis and physiological functions. FCM

analysis showed a high percentage of cells in the sub-G1 stage, indicating
a cell cycle arrest at phase G0/G1. The antiproliferative effects of OTA
were related to PI3K and MAPK signaling pathways.
As shown in Table 6, high doses of OTA significantly decreased
sperm motility in vitro via PTEN/AMPK pathway activation. As ex
pected, OTA increased intracellular ROS generation and triggered cell
death by altering p53 and Bax expression. Nevertheless, neither the vi
tality nor mitochondrial functions were altered by OTA-exposure (Zhang
et al., 2018). Finally, the role of miRNAs in OTA-reproductive toxicity
was examined. In germ cells, it has been demonstrated that several
pathways involved in cell proliferation and differentiation were dysre
gulated. Moreover, the high percentage of apoptotic cells, associated
with p53 and caspase-3 pathways, was partly mediated by miR-122
activation (Chen et al., 2015).
3.2.2.1.7. Other toxicity. Finally, OTA-detrimental effects have been
also studied in esophageal and lung cells. In a 24 h study, exposure to
toxin caused DNA damage and chromosome aberrations in Het-1A cells.
DNA damage was followed by G2 cell cycle arrest, with the downregulation of Cdc2 and cyclin B1 expression. In this study, the cell
death was related to mitochondrial dysfunctions (Liu et al., 2015).
Whereas, in A549 cells, it has been confirmed that apoptosis is one of the
main OTA-MOA to induce lung toxicity (Csepregi et al., 2018).
To sum up, 24 h and apoptosis assay were the most common expo
sure time and assay used. The promotion of apoptosis and ROS gener
ation were the main toxicological effects obtained upon OTAadministration.
3.2.2.2. In vivo toxicity. As regards in vivo toxicity, only one study was
reported. It was performed during 26 weeks on mice with concentrations
ranged between 0.5 and 40 mg/kg administered in contaminated diet.
No natural compounds were tested to counteract OTA-effects (Table 6).
3.2.2.2.1. Nephrotoxicity. In kidney, the transcriptional regulator
p53 triggers DNA damage repair processes and reverses cell cycle arrest
due to the activation of cell-cycle checkpoints. Chronic exposure to OTA
in p53 heterozygous (p53+/− ) and homozygous (p53+/+) mice, pro
voked kidney injury with alterations in cell proliferation, apoptosis and
tubular degeneration in a dose-dependent manner (Bondy et al., 2015).
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Fig. 12. A. Percentage of studies according to the animal species. B. Percentage of studies according to the organ studied.

4. Discussion

and rats (8%) (Fig. 12A). The main targeted organs used were thymus,
BF and spleen (20%), followed by jejunum and kidney (12%). A smaller
percentage included the use of brain (7%), tonsil, liver and blood/
plasma analysis (3%) (Fig. 12B).
As shown in Fig. 13, the most common purpose of the studies was
immunotoxicity (29%), followed by nephrotoxicity (24%), hepatotox
icity (16%), gastrointestinal toxicity (14%). Less frequent were the
studies of neurotoxicity (6%), embryotoxicity (5%), reproductive system
(2%), breast, esophageal and lung toxicity (1%).
In relation to IF staining, the antibodies were selected depending on
the specific route or biological processes searched by authors, in order to
clarify AFB1 and OTA-MOA. Therefore, anti-γH2AX (40%), anti-8OHdG,
anti-ATR, anti-CRM1, anti-PCNA, anti-Rad51 and anti-Brca1 (10%)
were implemented to reveal DNA damage (Fig. 14A). To assess AFB1

Analyzing all the studies reviewed in this work, it emerges that the
most used cell lines were HepG2 (10%), HEK-293T (9%), PK15 (8%),
3D4/21 (6%), Caco-2 (5%), hepatocytes and IPEC-J2 cell line (4%). A
similar percentage is constituted by HepaRG, human lymphocytes, GES1, MDCK, NRK-52E, HKC, neural stem and porcine ovarian granulosa
cells (3%). The less frequent were astrocytes, microglia, porcine em
bryos, BME cells, heterophils, neutrophils, H9-T, GC-2, hPXR-HRE, BRL,
CMT93-II, HMC, HK-2,LX2, A549, Het-1A, sperm and TM3-TM4 cells,
porcine and mouse oocytes, L02, HCT-8, HCT116, RAW264.7, MDDCs
cells and leukocytes (1%) (Fig. 11).
Regarding the use of laboratory animals in the studies, the main
specie used was broilers (42%), followed by mice (25%), chickens (25%)
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Fig. 13. Percentage of articles (n = 98) according to the main purpose of the study.

and OTA ability to promote viral replication, anti-PCV2 (60%), antiEBNA-2 and anti-NP (20%) were employed (Fig. 14B). Whilst, inflam
mation was detected through anti-p65 (34%), anti-CD45 (14%), antiCD20, anti-RIP3, anti-NF-kB and anti-NLRP3 (13%) (Fig. 14C). More
over, anti-elastase and anti-histone H3 (34%) anti-eDNA and anti-MPO
(16%) were used to identified ETs formation (Fig. 14D) while antiDNMT1, anti-H3K9ac and anti-H3K9me3 (33%) to confirm epigenetic
modifications (Fig. 14E). Several antibodies were also utilized to eval
uate neural differentiation: anti-GFAP (19%), anti-Dcx (11%), antimGalc, anti-calretinin, anti-Iba1, anti-NeuN, anti-MAP2-AP18/M13,
anti-βIII- Tubulin, anti-Nestin and anti-A2B5 (8%) (Fig. 14F). Further
more, anti-α tubulin (41%), anti-vimentin (25%) anti-collagen I and
anti-α SMA (17%) were used to assess fibrosis and cell integrity
(Fig. 14G) whereas anti-claudin-4 (28%), anti-claudin-3 (17%), antioccludin, anti-ZO1, anti-β-catenin, anti-claudin-6, anti-claudin-2
(11%) to investigate intestinal barrier integrity (Fig. 14H). Metabolic
routes involved in AFB1 and OTA-MOA were detected by anti-ERK1/2,
anti-AKT, anti-PTEN and anti-PI3K (25%) (Fig. 14I). Regarding the
oxidative stress and hypoxia, anti-Arg1, anti-iNOS, anti-HIF-1α, antiNRF2, anti-HO-1 and anti-Gpx (14%) were employed (Fig. 14L).
Whilst, anti-p53BP1 (34%), anti-Bax, anti-Bcl-2, anti-caspase-3, anti-cyt
C and anti-GSDMD (13%) were used to reveal cell death (Fig. 14M).
Moreover, Beclin-1 (33%) and LC3 (67%) were implemented to detect
autophagy while Kim-1 and Grp75 (50%) to identify kidney injury.
Finally, embryogenesis (anti-ITGB1), thrombosis (anti-F2R), specific
epitope identification (anti-FLAG), AFB1-DNA adduct formation (antiAFB1) and mitochondrial import process (anti-TOM20) were also
investigated.
As regard FCM technique, the most common analysis was apoptosis
assay (41%), followed by cell cycle analysis (21%) and ROS measure
ment (15%). A smaller percentage was constituted by immune cell
subset analysis and MMP measurement (4%) and DNA damage analysis
(3%), T cells identification, intracellular/mitochondrial calcium deter
mination and AFB1-DNA adduct formation (2%). The less used were
TH1/TH17 analysis, Caspase 1/3 detection, intracellular oxidants assay,
cell viability assay, immune markers and cytokine evaluation, FOXP3
determination, cancer cells quantification, phagocytes assay and mito
chondrial mass determination (1%) (Fig. 15).
With regard to AFB1, in vitro IF-studies showed that 24 h and antiγH2AX were the most common exposure time and antibody used. The
induction of oxidative stress with ROS generation and apoptosis were
the main toxicological effects detected. For in vivo studies, a similar
exposure time (8 weeks) was observed. As regards in vitro AFB1-FCM
studies, 24 h and 48 h were the most common exposure times while
the apoptosis assay was the main analysis performed. The promotion of
apoptosis and cell cycle arrest were the main toxicological damages
observed. In vivo studies, 3 weeks was the main exposure time while the

apoptosis assay was mostly performed. The enhancement of apoptosis,
cell cycle arrest and immunosuppression were mainly detected.
In relation to OTA, in vitro IF-studies evidenced that anti-PCV2 and
24 h were the most common antibody and exposure time used. The in
duction of oxidative stress was the main effect related to OTAadministration. In vivo studies showed a similar dose administration
(intraperitoneally). As regards in vitro OTA-FCM studies, 24 h and
apoptosis assay were the most common exposure time and assay
employed. As expected, the promotion of apoptosis and ROS generation
were the main toxicological damages detected. Whilst, in vivo, only one
study was screened. It has been performed during 26 weeks in mice with
high doses of OTA, which were supplied in contaminated feed.
5. Conclusions
In the last six years, in the study of AFB1- and OTA-toxicity by IF and
FCM techniques, the most used cell line was HepG2, followed by HEK293T, PK15, 3D4/21, Caco-2, hepatocytes, IPEC-J2, HepaRG, human
lymphocytes, GES-1, MDCK, NRK-52E, HKC, neural stem and porcine
ovarian granulosa cells. In in vivo studies, the predominant laboratory
animals employed were broilers followed by mice, chickens and rats
while the main targeted organs used were thymus, BF, and spleen. The
main purpose of the researches was immunotoxicity, followed by
nephrotoxicity, hepatotoxicity, gastrointestinal toxicity, neurotoxicity,
embryotoxicity, reproductive system, breast, esophageal and lung
toxicity. The effect of several compounds to counteract AFB1- and OTAtoxicological damages was also investigated.
Regarding the IF analysis, different antibodies were employed to
elucidate alterations in various biological process related to AFB1- and
OTA-toxicity such as: DNA, cell and intestinal integrity, inflammation,
neural differentiation, oxidative stress and cell death. Whilst, in FCM
analysis, several assays were performed. The predominant were the
apoptosis assay, cell cycle analysis and intracellular ROS measurement.
In conclusion, the present work confirms the toxicity of AFB1 and
OTA and their potential harmful effects on in vitro and in vivo models.
Nevertheless, the high number of in vitro studies and the scarceness of in
vivo researches can be clearly discerned. In relation to OTA, only two
studies were reviewed, indicating the lack of information obtained by
FCM and IF in the last six years. Regarding AFB1, very scarce sources
were found for neurotoxicity, nephrotoxicity and hepatotoxicity.
In view of this, more in vivo trials are needed to provide a more
extensive and precise overview on AFB1- and OTA-toxicity and their
MOA on human health.
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Fig. 14. Pie charts of antibodies used in the reviewed studies. A. Pie chart of antibodies related to DNA damage in the revised papers. B. Pie chart of antibodies
related to viral replication in the revised articles. C. Pie chart of antibodies related to inflammation in the revised publications. D. Pie chart of antibodies related to
extracellular traps in the revised papers. E. Pie chart of antibodies related to epigenetic modifications in the revised articles. F. Pie chart of antibodies related to
neural differentiation in the revised publications. G. Pie chart of antibodies related to cell integrity in the revised papers. H. Pie chart of antibodies related to in
testinal barrier integrity in the revised articles. I. Pie chart of antibodies used to detect metabolic route in the revised publications. L. Pie chart of antibodies related to
oxidative stress and hypoxia in the revised papers. M. Pie chart of antibodies related to cell death in the revised articles.
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Fig. 15. Percentage of FCM assays employed in the reviewed studies.
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