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Abstract
Aflatoxin M1 (AFM1) is a mycotoxin that is commonly found as a milk contaminant, and its presence in
milk has been linked to cytotoxicity. The present study aimed to evaluate the acute cytotoxic effects of
AFM1 on intestinal CaCo2 cells. Initially, we checked the morphology and viability of CaCo2 cells after
treatment with different concentrations of AFM1 (5ng/L, 50ng/L, 250ng/L, 500ng/L, 1000ng/L, and
2000ng/L) for different time intervals (6hrs, 12hrs, and 24hrs). It was found that AFM1 didn’t show any
effect on cell morphology and viability. Further, DCFDA assay showed increased ROS production after
6hrs treatments. qPCR analysis showed an increased expression of epithelial specific cytoskeleton
markers Cytokeratin, Villin, Vimentin, and JAM1, and a decreased expression of tight junction proteins,
Claudin, Occludin, and ZO1. Similarly, we found an increased expression of Cyp1a1 transcript with an
increasing AFM1 concentration and incubation time. This gene expression analysis showed AFM1 can
causes disruption of gap junctions between intestinal cells, which was further confirmed by a transwell
experiment. In conclusion, consumption of AFM1-contaminated milk doesn’t show any effect on cells
morphology and viability but decreases the expression of intestinal barrier transcripts that may leads to
the disruption of intestinal barrier function and leaky gut.

Introduction
For better health, maintaining food quality and safety are important challenges. Thus, there is a need for
continuous exploration of food contaminants and to study their cytotoxic effects. One such ubiquitous
contaminant is mycotoxin. Mycotoxins are low molecular weight, naturally occurring secondary
metabolites produced by certain genera of fungi such as Aspergillus, Fusarium, Penicillium and many
more (Mary et al., 2015; Kensler et al., 2011). Several studies suggested that the mycotoxins cause
various detrimental health effects, such as cancer, hepatic disease, nephropathy, etc. and can also give
rise to mutations in humans and animals (Claeys et al., 2020; Ahmed Adam et al., 2017; da Rocha et al.,
2014; Sun et al., 2011; Abbès et al., 2010; Stoev et al., 2010; Theumer et al., 2010; Wild et al., 2010).

Aflatoxins, a type of mycotoxin are mainly produced by certain fungal genera like Aspergillus and
Penicillium. It is one of the commonest mycotoxins detected in different foodstuffs, feed and fodder
(Zhang et al., 2015; Caloni et al., 2006). The animals may consume feed and fodder contaminated with
fungal growth and there is a high chance that the animals might get exposed to aflatoxins (Streit et al.,
2012; Monbaliu et al., 2010; Gonzalez et al., 2008; Zinedine et al., 2007; Sangare-Tigori et al., 2006). To
date, more than 20 types of aflatoxins are known, but the common ones are Aflatoxin B1 (AFB1),
Aflatoxin B2, Aflatoxin M1, Aflatoxin M2, Aflatoxin G1 and Aflatoxin G2 (Moss, 2002) and amongst them,
AFB1 is the most toxic aflatoxin which causes hepatocarcinogenesis in humans and animals. The liver is
the key organ where AFB1 is metabolized into its hydroxylated metabolite, aflatoxin M1 (AFM1), by the
Cytochrome P450-associated enzymes; consequently, AFM1 drains into the milk and dairy products
(Battacone et al., 2003). For addressing these issues, current research work was designed to assess the
cytotoxicity of the most frequently detected mycotoxin, AFM1.



Page 3/27

Studies have reported AFM1 as a potent carcinogen in humans, but its carcinogenicity is approximately
10% of that of AFB1. The toxic effects of AFM1 include DNA damage, gene mutation and cell
transformation in mammalian cells, insects, dairy animals etc (Prandini et al., 2009; Creepy, 2002; Govaris
et al., 2002).

Milk is considered a complete food and is among the most consumed food by humans around the world.
Due to its high prevalence in milk, various food regulatory authorities across the world have
predetermined a maximum residual limit (MRL) of aflatoxins in milk. The MRL of AFM1 in milk,
established by EU and CODEX, is 0.05 µg/kg and 0.5 µg/kg, respectively (Prandini et al., 2009). As AFM1
is stable at higher temperatures, it might be present in pasteurized market milk and dairy products.

India is one of the largest producers and consumers of milk in the world. Food Safety and Standards
Authority of India (FSSAI) has reported AFM1 as the predominant milk contamination. Due to the high
occurrence of AFM1 in milk, it is necessary to study its cytotoxic effect on human health.

Following the accidental ingestion of food contaminated with aflatoxins especially AFM1, it passes
through the gastrointestinal tract (GIT). As the intestinal epithelial cells act as a primary barrier against
contaminants they prevent the entry of toxins into the body circulation. A recent In-vitro digestion study
suggests that AFM1 digestion is possible at intestinal phase (Kumar et al., 2022). The intestinal
epithelium has different types of proteins, resembling a barrier-like structure which helps in maintaining
cobblestone morphology of epithelial cells as well as cell-to-cell interaction and performs the function of
a barrier. Considering the importance of these protein markers, they may be evaluated further in order to
determine the cytotoxicity of different food toxicants.

To understand the cytotoxic effects of food contaminants on intestinal cells, there is a need for an
intestinal model system. Among all the available models, cell lines are widely used to study TJ barrier
function. As recommended by FDA, Caco-2 cells lines, (Alassane-Kpembi et al., 2015; 2013; Sambuy et al.,
2005; Delie and Rubas, 1997), are ideal for studying Tight Junction (TJ) proteins functions and
evaluating the effects of drugs and toxins on intestinal barrier function.

Studies have been done on the effect of AFM1 on intestinal cells at higher dose and higher exposure time
but none of the study till date reported the acute toxicity effect of AFM1 on intestinal cells at
recommended AFM1 MRL. In the present study, the human colon derived cell line, Caco-2 cells, were used
as an in vitro model for studying toxicity effects of AFM1. Hence, the current study was designed in order
to assess the acute cytotoxicity effect of AFM1 in differentiated CaCo2 cell line model system and to
understand the effects of AFM1 on CaCo2 cells’ morphology, ROS production viability and intestinal
specific transcript marker.

Materials and methods

2.1. Chemicals
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AFM1, Dulbecco's modified Eagle's medium (DMEM), Nonessential amino acid (NEAA), 3-(4, 5- dimethyl-
thiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT), and dichlorfluorescein diacetate (DCFH-DA) were
purchased from Sigma Aldrich (St. Louis, MO, USA). Antibiotics and fetal bovine serum (FBS) solution
were purchased from Gibco (Thermo-Fisher scientific).

2.2 Caco-2 cell culture
The human adenocarcinoma cell line, Caco-2 cell line having passages no. 25–30 was obtained from
National Centre for Cell Science (Pune), India. The Caco-2 cells were cultured in DMEM with higher
glucose concentration along with 10% FBS (Gibco), 2 mM glutamine, non-essential amino acids, and
antibiotics (100 U/ml of penicillin, 10mg/ml of streptomycin, and 5 mg/ml of amphotericin).

2.3 AFM1 stock solution preparation
The AFM1 toxin was procured from Sigma, and the stock solutions of AFM1 (5µg/mL) were prepared
according to the manufacturer’s instructions and were stored at − 20°C. AFM1 toxins were dissolved in
the DMEM media without FBS, which was added prior to culturing the cells.

2.4 Evaluation of cell viability by MTT assay
The effects of AFM1 on Caco-2 cells’ proliferation and viability were evaluated by a dye, tetrazolium salt
3- (4, 5-dimethylthiazol-2-yl)-2,5-di-phenyltetrazolium bromide (MTT). Firstly, CaCo2 cells were seeded in
96 well cell culture plates (25,000 cells/well) and incubated for 48hrs for cells adherence. Once the cells
reach 70% confluency, they were treated with different concentrations of AFM1 (5ng/L, 50ng/L, 250ng/L,
500ng/L, 1000ng/L and 2000ng/L) for 6hours, 12hours, 24hours. After completing the incubation time,
the culture medium was discarded, and the cell monolayer was washed twice with PBS. Cells were then
incubated with 180 µl DMEM and MTT (20µL per well at a concentration of 0.5 mg/ml) for 4hrs at 37°C
in a CO2 incubator. After incubating the cells, the supernatant was discarded, and then formazan
dissolved in 100 µl of DMSO was added. Plates were gently mixed for 5 min in a shaker, and precautions
were taken so that no air bubbles remained present in the plate. The absorbance was measured at 570
nm with a reference wavelength of 630 nm using a 96-well ELISA plate reader. The cells’ viability was
calculated as viability (%) = (absorbance of treated cells/ (absorbance of control) X 100.

2.5 Cells staining
Caco-2 cells were seeded in 96 well plates at a density of 25,000 cells/well and were allowed to grow for
48 hrs in a cell culture medium. Then the cells were exposed to AFM1 (5ng/L, 50ng/L, 250ng/L, 500ng/L,
1000ng/L and 2000ng/L) for 24 h, and cell morphology was examined using Hematoxylin & Eosin stain
(HE stain). After the incubation period, growth media was discarded and washed with PBS two times.
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Cells were fixed in cold methanol (100%) and then washed with distilled water. For staining, 1%-
hematoxylin was applied and incubated for 15 min at room temperature, then washed with distilled water.
After that, eosin was applied and incubated at room temperature for 5 min followed by washing with
distilled water. The culture plate was kept for air drying, and the stained cells were observed under a
phase-contrast inverted microscope at 20X magnification.

2.6 Intracellular ROS measurement
Intracellular ROS was measured using 2, 7-dichlorodihydrofluorescein diacetate (H2-DCFDA). Cells were
seeded in 96-well black cells culture plate with a cell density of 25,000 cells/well (Ilboudo et al., 2014).
CaCo2 cells were allowed to grow for 48hrs in the DMEM with 10% FBS and without supplementation of
phenol red. Then cells were washed three times with PBS. A solution having AFM1 toxin was prepared in
media containing H2-DCFDA 5µM, and afterwards, cells were treated with different concentrations of
AFM1 (5ng/L, 50ng/L, 250ng/L, 500ng/L, 1000ng/L and 2000ng/L) for a particular incubation time of 6
h, 12 h and 24 h. After the incubation period, the medium was removed, and the cells were washed twice
with PBS. The fluorescence intensity was measured with a Tecan® microplate reader at the excitation
and emission wavelength of 485nm and 530nm, respectively.

2.7 Gene expression study of AFM1 treated CaCo2 cell
Caco-2 cells (1.5 lakh cells/well) were cultured on a 24 well cell plate, and cells were treated as mentioned
above in the viability experiment. According to the manufacturer's instructions, total cellular RNA was
extracted using Tri reagent (Sigma-Aldrich, USA). After extraction, the RNA sample was treated with
RNase-free DNase I (Takara Bio, Japan) for removing residual DNA contamination. The RNA purity was
assessed with NanoDropTM 2000/2000c Spectrophotometers (CAT#ND-2000) and agarose gel
electrophoresis. The RNA samples, having a purity range of less than 2.0, were used for further gene
expression study. RNA samples were used as a template for cDNA preparation; that is, for the synthesis
of cDNA. RevertAid First Strand cDNA Synthesis Kit (CAT#K1622) method was followed for cDNA
synthesis. The prepared cDNA was stored at -20ºC till use. Before using real-time PCR, the cDNA was
diluted to 1:10 with nuclease-free water. A total of 12 µL of the reaction mixture was prepared for each
reaction, and an individual sample was used in duplicate. The qPCR reaction mixture contained 6µL of
LightCycler® 480 SYBR Green master mix 2X (Roche Diagnostics, Mannheim, Germany), 0.5µL of 5µM
forward primer and reverse primer and 5µL of diluted cDNA. Similarly, for non-template control instead of
cDNA, Nuclease free water was used. The β-Actin gene was used as a housekeeping gene. A light
thermocycler real-time PCR (Applied Biosystem 7500 Fast) was used for amplification and quantification
of genes under the following cyclic conditions: - Pre-incubation at 95°C for 5 min, followed by 40
consecutive thermal cycles, with each cycle containing 3 discrete temperature steps, which includes
denaturation at 95°C for 20 sec, annealing for 15sec and final extension at 72°C for 15sec. After
amplification, Ct values were obtained and analyzed using the Livak ΔΔCt method (Livak and
Schmittgen, 2001).
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2.8 Heat Map
To understand the collective role of the AFM1 treated Intestinal epithelial cells specific transcript markers
(Claudin, Occludin, Villin, Vimentin, Cytokeratin, JAM1, ZO-1, and Cyp1A1) involved in the disruption of
gap junctions between intestinal cells. A hierarchical clustering approach was used by the online
webserver heatmapper (http://www.heatmapper.ca/expression/). The quantified mRNA expressions of
AFM1 treated Intestinal epithelial cells at different time intervals were utilized as per the given
instructions on the heatmapper webserver. Afterwards, heatmap cluster of the transcripts was visualized
by the Heatmapper.

2.9 AFM1 trans-epithelial transport experiment
Caco-2 cells were seeded in a sterile polyester membrane insert with a pore size of 0.4 mm (Himedia,
Cat#TCP084-2x6no) with a 1X105 cells/well density. This experiment was performed post 21 days
culture of Caco-2 cells to allow the formation of a differentiated confluent monolayer. Firstly, the cells
were seeded on the lid (Apical side) insert, and cells were cultured in the media (DMEM with phenol red)
containing 10% FBS and on the basal side media (without phenol red) or PBS was added. Before AFM1
treatment, cells’ permeability or integrity was checked, and it was confirmed that the cells’ permeability
was less than 5%. After that, cells were exposed to AFM1 with different concentrations of 5ng/L, 50ng/L,
500ng/L and 2000ng/L for 24hrs. At last, the effect of AFM1 on the permeability of Caco2 cells was
checked by phenol red assay. The phenol red assay method was performed as described previously (Rani
et al., 2017). Both apical and basolateral chambers were washed with PBS three times, and 300 µL of
DMEM containing phenol red and 500 µL of PBS were added in the upper and basal chamber,
respectively. The cell culture plate was kept in an incubator for 60 minutes, and after incubation, 100 µL
of solution from apical and basal chambers were transferred into a 96 well plate. After that, it was tested
for phenol red absorbance at 560 nm and accordingly, the percentage of diffusion was calculated.

2.10 Statistical analysis
Values are representative of the Means ± SEM (standard error of the mean) of three independent
experiments performed at least in triplicate. The gene expression data were analyzed using a one-way
analysis of variance (ANOVA) with a posthoc Tukey’s test. Statistical significance was considered at a P
value < 0.05.

Results

3.1 CaCo2 Cells Morphology by AFM1 treatment
For morphology study, CaCo2 cells were treated with AFM1 at different concentration for 24hrs (Fig. 1).
Initially, the AFM1 treated Caco2 cells were observed directly under the microscope, and no changes in the
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cellular morphology were found, even at higher AFM1 concentrations. Later, the cell morphology after
AFM1 treatment was observed after staining with Hematoxylin and Eosin stain (Fig. 2). Similarly, no
change was found in the cellular morphology of AFM1 treated CaCo2 cells compared to the untreated
cells. Hence, the cells morphology result revealed that AFM1 did not affect the cellular morphology of
Caco2 cells.

3.2 Effect of AFM1 on CaCo2 cell viability by MTT assay
MTT assay was used to determine the viability of AFM1-treated Caco2 cells. The MTT assay results
showed that AFM1 had no effect on the viability of CaCo2 cells after 6 and 12 hrs of treatment. However,
after 24 hrs of treatment, the viability of Caco2 cells was reduced by 10% at 2000ng/L AFM1 dose
(Fig. 1S).

3.3 Effect of AFM1 on Reactive Oxygen Species (ROS) production
The DCFDA assay was used to examine the ROS production of AFM1-treated caco2 cells. The ROS
production was increased with an increased dose of AFM1 after 6hrs of treatment (Fig. 3) and decreased
ROS production at 12hrs and 24hrs exposure time.

3.4 Effect of AFM1 on intestinal specific Caco2 cells transcript
markers
Initially, epithelial-specific transcript markers such as cytokeratin, villin, and fibroblast specific marker
vimentin were checked. These transcript markers are component of intermediate filaments, which
maintains the structural integrity and shape of the epithelial cells. Expression of cytokeratin was checked
after 6hrs, 12hrs and 24hrs of treatment. We observed a slight elevation in the expression of the
cytokeratin gene at higher concentrations of AFM1 after 6hrs of its treatment. However, the expression of
cytokeratin was significantly higher after 12hrs and 24hrs of treatment with 2000ng/L AFM1 in
comparison to the control group (Fig. 4a-4c). Likewise, the expression of another epithelial-specific
transcript marker gene 'Villin' was checked. Villin is a tissue-specific actin-binding protein associated with
the actin core bundle of the intestinal brush border cells. Villin is mainly produced in epithelial cells that
develop brush borders, responsible for nutrient uptake. The Villin expression was significantly higher in
1000ng/L and 2000ng/L of AFM1 treatment groups than in other groups after 6hrs and 24hrs of
treatment (Fig. 4d-4f).

Another fibroblast specific transcript marker, 'Vimentin' expression, was checked after 6hrs, 12hrs and
24hrs of treatment. Vimentin is an Intermediate filament (IF) structural protein and a marker of
mesenchymal-derived cells. It provides mechanical support to the cell and its cytoplasmic constituents.
There was an escalation in the Vimentin gene expression with an increased concentration of AFM1
treatment after 24hrs (Fig. 4g-4i). Overall, the expression of epithelial-specific transcript markers was
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confirmed by morphological analysis, indicating that AFM1 had no effect on the morphology of Caco2
cells.

Expression of intestinal tight junction specific transcript markers which are involved in the intestinal cells'
function and maintaining intestinal cells' structural integrity (e.g., Occludin, Claudin, Junctional Adhesion
Molecules (JAM) and Zonula Occludens (ZO1)) were also checked. These molecules play a role in cell-to-
cell interaction and provide a barrier function. A hike was observed in the occludin gene expression in
Caco2 cells along with the increased concentrations of AFM1 treatment after 6hr; however, the expression
of occluding gene was significantly higher than the control after 12 hrs treatments with 2000ng/L AFM1.
Interestingly, an increase in the Occludin gene expression was significantly decreased compared to
control after 24hrs treatment with 1000 ng/L and 2000 ng/L AFM1 (Fig. 5a-5c).

Likewise, the expression of one more intestinal transcript marker, “Claudin”, was also checked. There was
a decline in the Claudin gene expression in Caco2 cells after 6hrs treatment as the concentration of the
AFM1 increased. The decrease became very significant after 12 hrs of treatment with 2000ng/L of AFM1.
Later, the claudin expression was reduced significantly after 24 hrs of treatment with all the selected
AFM1 concentrations (5-2000ng/L) (Fig. 5d-5f).

The expression of another transcript marker, JAM, was also checked and was found to have a higher
expression in CaCo2 cells treated by AFM1. After 6hrs and 12hrs treatments, the JAM gene expression
was significantly higher at a concentration of 2000ng/L AFM1 than in the control or untreated sample.
After 24hrs of treatment at the dosage of 500ng/L, 1000ng/L and 2000ng/L concentration of AFM1, the
JAM gene expression was also significantly higher (> 2-fold) as compared to the control sample (Fig. 5g-
5i).

The gene expression of an intra-cytoplasmic tight junction protein such as ZO1 showed a significant
increase in the expression in Caco2 cells after 6hrs treatments with 2000ng/L of AFM1 compared to
control. Similarly, an increase in the expression of the ZO1 transcript was observed after 12hrs treatment
with 1000ng/L and 2000ng/L of AFM1 than the control and other treatments of AFM1. However, after
24hrs of the treatment, the gene expression was decreased in the treatment group of 50ng/L to 2000ng/L
AFM1. The gene expression was significantly lower in the treatment group, having an AFM1 dose of
500ng/L to 2000ng/L compared to the control sample (Fig. 6a-6c).

Along with these transcript markers, we also checked the gene expression of a xenobiotic metabolism
enzyme such as Cyp1A1. After 6hrs treatments of AFM1, the Cyp1A1 gene expression was found to be
higher as the AFM1 concentration was increased. At the AFM1 dose of 1000ng/L and 2000ng/L, the
Cyp1A1 gene expression was significantly higher than control at 6hrs, 12hrs and 24hrs treatments
(Fig. 6d-6f). Overall, heat map illustrated an increased expression of epithelial specific cytoskeleton
markers Cytokeratin, Villin, Vimentin, and JAM1, and a decreased expression of tight junction proteins,
Claudin, Occludin, and ZO1. Similarly, we found an increased expression of Cyp1a1 transcript with an
increasing AFM1 concentration and incubation time (Fig. 7).



Page 9/27

3.6 Effect of AFM1 on Cell membrane permeability
To validate the tight junction gene expression results, intestinal permeability experiment was conducted
using trans-well experiment. Caco2 cells were treated with AFM1 for a particular incubation time (24hrs.).
The intestinal permeability was assessed by phenol red assay. After performing phenol red assay, we
found that the intestinal permeability was significantly increased (approx. 30%) at 2000ng/L AFM1
concentration in comparison to the untreated cells. Similarly, a slight increase in intestinal permeability
was also found at 500 ng/L AFM1 concentrations (Fig. 8).

Discussion
The gastrointestinal tract (GIT) serves as a primary tissue barrier to foreign materials like food products
and contaminants such as mycotoxin, toxins, xenobiotics, and so on. As a result, if the food is
contaminated with toxic elements, the intestinal tract, particularly the duodenum and jejunum, will be the
most vulnerable to toxicity, and will be exposed to the toxicants at higher amounts than other tissues of
the body (Smith et al., 2016). Claudin, Occludin, JAM, and ZO1 are intercellular and intracellular tight
junction (TJ) proteins found in the GIT, particularly the intestine. These intercellular proteins help to
selectively transport large molecules, ions, solutes, and water (Qasim et al., 2014; Suzuki, 2013). Zonula
occludens (ZO)-1, ZO-2, and ZO-3 are cytoplasmic scaffolding proteins that help to stabilise intercellular
connections (González-Mariscal et al., 2000; Martin-Padura et al., 1998; Mitic and Anderson et al., 1998;
Furuse et al., 1993). Toxins may thus cause defects in the structure and function of the intestinal
epithelial barrier, particularly the disruption of TJ protein integrity, resulting in intestinal dysfunction or
leaky gut.

In-vitro methods are commonly used to assess a toxicant's cytotoxicity. The in-vivo approach has several
disadvantages, including the use of live animals for testing, the high cost, the time required, the need to
scarify the animals, and so on. In-vitro methods are the best options for understanding cytotoxicity and
minimizing these issues. In our study, the Caco-2 cell line was used as an in vitro model to assess the
cytotoxicity, cell morphology, cellular absorption, and functional characteristics of intestinal cells after
exposure to AFM1 on the intestine.

After exposing Caco2 cells to AFM1, a cellular morphology study was performed first. The primary goal of
this experiment was to better understand the morphological changes caused by AFM1 in Caco-2 cells.
There has been no research published that shows the effect of AFM1 on the cellular morphology of
intestinal cells. Caco2 cells exposed to different AFM1 doses (5ng/L, 50ng/L, 250ng/L, 500ng/L,
1000ng/L, and 2000ng/L) for 6hrs, 12hrs, and 24hrs showed no change in morphology. CaCo2 cells are
susceptible to morphological changes, but the current study found no change in CaCo2 cell shape. Caloni
(2012) supported this observation by claiming that the cellular morphology of cells treated with AFM1
remains unchanged. The reason for these results could be a shorter AFM1 exposure time, as well as the
concentration of toxins used in the experiment being insufficient to cause any change in cellular
morphology. Similarly, cellular morphology was observed in treated renal epithelial cells using different
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mycotoxins such as ochratoxin A (OTA) or citrinin (CIT), and it was discovered that when both
mycotoxins were added in combination and incubated for 48 hours, there was a change in cellular
morphology (Schulz et al., 2018).

The current study found that exposing cells to a higher concentration of AFM1 (2000ng/L) for 24 hours
reduced cell viability slightly. The recommended mechanisms for AFM1-mediated cytotoxicity on cell
viability are oxidative DNA damage (Gao et al., 2017; Gao et al., 2016; Zhang et al., 2015; Tavares et al.,
2013; Wild and Turner, 2002) and disruption of cell cycle regulatory protein expression (Bao et al., 2019).
Notably, Bao et al. (2019) proposed that AFM1 affects cell proliferation by modulating specific proteins
such as CDK1, SOS1/Akt, and AMPK signaling molecules, resulting in cell cycle arrest and decreased cell
viability. Previous research has shown that among all mycotoxins, AFM1 is the least toxic in terms of
affecting cell viability (Tatay et al., 2014; Wang et al., 2014; Tavares et al., 2013; Behm et al., 2012), which
is consistent with our findings. Finally, the viability results of our study showed that at the concentration
level of AFM1 used in this study, it only caused minor cell damage, which was insufficient to affect
CaCo2 cell proliferation.

We examined the effect of AFM1 on intestinal epithelial-specific transcript markers to determine whether
AFM1 causes any damage to the morphology of intestinal cells. Cytokeratins are intermediate filament
protein family members that are expressed as a network radiating from the nucleus to the plasma
membrane. Cytokeratins are intracytoplasmic cytoskeleton proteins that are commonly used to identify
(Giotakis et al., 2021; Chaudhary et al., 2018; Coch and Leube, 2016). Cytokeratins play an important role
in protecting epithelial cells from mechanical and non-mechanical stressors (Karantza, 2011). There have
been a few studies that show the effect of AFM1 on epithelial-specific gene expression. To understand
AFB1 induced cytokeratin expression on epithelial cells a normal rat liver-derived cell line BL8L showed
that AFB1 had a similar effect on cytokeratin expression as AFM1 (Green et al. 1990). Reisinger et al.
(2019) also used mycotoxins to treat intestinal cells, including deoxynivalenol, nivalenol, fumonisin B1,
and enniatin B. Cytokeratins were found to be expressed as a network radiating from the nucleus to the
cytoplasm. This result suggested that mycotoxin may cause increased cytokeratin expression, which is
consistent with the findings of our expression study. AFM1 was identified as a stressor in the current
study. As a result, during stressful conditions, cells must maintain their stability, and our findings revealed
increased expression of the cytokeratin gene.

The expression of an epithelial-specific gene, such as Villin, was also examined in the AFM1 treated
CaCo2 cells. Villin is an actin-binding protein found in the brush border of the intestinal epithelium. Villin
is primarily produced by epithelial cells, which form a brush border to facilitate nutrient uptake. In our
study, we found that villin has an increased expression pattern, implying that it aids in the assembly of
the actin core bundle of microvilli and maintains the structural integrity of the cells. Another study
suggested that villin may play a role in cancer, and it discovered that its expression in intestinal cells is
consistently maintained in their corresponding carcinomas, even when the organised brush-border
structure is lost. The presence or absence of villin aids in determining the type and location of the primary
tumors. Other mycotoxins, such as deoxynivalenol, were studied to see how they affected the intestine of
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chickens. The chicken was fed 4000 g/kg of deoxynivalenol (DON) in this experiment, and its intestinal
integrity was examined. The study found that the expression of VIL1 was significantly lower in the
exposed sample compared to the control sample (Santos et al., 2021). Because they used a higher
concentration of mycotoxins to test the toxicity in chicken, their findings were the polar opposite of ours.
Arango et al. (2012) previously proposed that villin expression appears to be lost during the formation of
compact tumor cells. Using this knowledge and the current study results, which showed an increase in
villin expression, we concluded that AFM1 may be less likely to cause intestinal carcinoma.

In the AFM1-treated Caco2 cell line, we also looked at the gene expression of another intermediate
filament protein called Vimentin. Vimentin is a structural protein that provides mechanical support to the
cell and its cytoplasmic constituents. It is also a marker of the epithelial-mesenchyme transition.
Vimentin expression was found to be higher in the current study. A similar observation was made when
lung cells were treated with aflatoxin G1, which increases vimentin gene expression via the TNF-/NF-B
pathway (Yi et al., 2017). In AFM1-treated cells, a similar mechanism of increased TNF-/NF-B pathway
expression was observed (Gao et al., 2020). Another study suggested that AFM1 treatment may increase
vimentin expression by activating the MAP kinase signaling pathway (Gao et al., 2020). As a result, the
increased expression of Vimentin in Caco2 cells exposed to AFM1 in the current study could be attributed
to the TNF-/NF-B or MAP kinase signaling pathways. Other mycotoxins, such as ochratoxin A (OTA) or
citrinin (CIT), also increased Vimentin expression in human proximal tubule-derived epithelial cells (HK-2)
(Schulz et al., 2018). Taken together, epithelial-specific gene expression data supported our cell
morphology study findings that AFM1 treatment had no effect on the cell.

The current study's second goal was to determine the effect of AFM1 on the gene expression of intestinal-
specific genes such as claudin, occludin, JAM, and ZO1, which aid in the maintenance of the intestinal
barrier function. AFM1 has been linked to an increase in the expression of the MAPK singling pathway
(Gao et al., 2020), and other studies have linked MAPK (p38/ERK) protein to the suppression of intestinal
specific barrier proteins such as claudin (Carrozzino et al., 2009). We hypothesized that the decreased
expression of the claudin gene in AFM1-treated cells after 24 hours was due to increased expression of
the MAPK protein. A similar result in AFM1-treated caco2 cells for claudin protein level confirmed our
qPCR-based gene expression study (Gao et al., 2017). An in-vivo study with AFB1 and AFM1 exposure
backed up our findings (Gao et al., 2021).

We also looked at the expression of another intestinal barrier protein, occludin, and found that it had a
similar pattern to claudin. Wu et al. (2013) demonstrated the involvement of the p38 MAPK signaling
pathway in the reduction of TJ proteins like occludin and ZO-1, as well as the functional comptonization
of the intestinal barrier in human gastric epithelial cells. Furthermore, Gao et al. (2017) examined the
effect of AFM1 on occludin-silenced cells and discovered that the TEER value was significantly lower (p < 
0.05) than in control and NC-silenced cells. This report suggests that occludin is important for TJ integrity
and contributes to epithelial permeability maintenance. Aside from AFM1, other mycotoxins that affect
CaCo2 cells include Aflatoxin B1 (AFB1), fumonisin B1 (FB1), ochratoxin A (OTA), and T-2 toxin (T2).
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These toxins reduce the expression levels of tight junction protein components such as claudin-3,
claudin-4, and occludin (Romero et al., 2016).

Junctional adhesion molecules-1 (JAM1), which regulates junctional integrity, morphology, permeability,
and polarity, was also studied in this study. JAM-A has been shown to play a variety of roles in intestinal
homeostasis by regulating epithelial permeability, inflammation, and proliferation (Kang et al., 2007;
Mandell et al., 2005). After AFM1 treatment, we saw an increased JAM-A expression, which is involved in
maintaining intestinal homeostasis and preserving epithelial morphology. This could explain the
increased expression of the JAM1 gene, which is required for maintaining epithelial shape after AFM1
treatment.

The ZO-1 is an intracellular epithelial marker that connects tight junction proteins to the actin
cytoskeleton, which is in charge of maintaining the structure and function of the intestinal barrier.
Numerous intestinal-specific diseases are caused by defects in intestinal barrier integrity. AFM1 and OTA
cause increased intestinal permeability due to decreased expression of tight junction proteins claudin-3,
claudin-4, occludin, and ZO-1 (Wu et al., 2013). The activation of the p38 MAPK pathway may be
responsible for the decreased expression of tight junction proteins such as occludin and ZO-1 in intestinal
epithelial cells (Gao et al., 2018).

Finally, our intestinal junction gene expression study indicates that AFM1 exposure compromises
intestinal barrier integrity. The disruption of the intestinal barrier allows for greater penetration of luminal
substances that are normally excluded and may promote intestinal disorders. Many studies have found
that the expression of claudin and occludin is reduced in Crohn's disease (CD). As a result, more research
is needed to understand the mechanisms underlying this AFM1-induced decrease in TJ permeability.

Finally, our intestinal junction gene expression study indicates that AFM1 exposure compromises
intestinal barrier integrity. The disruption of the intestinal barrier allows for greater penetration of luminal
substances that are normally excluded and may promote intestinal disorders. Many studies have found
that the expression of claudin and occludin is reduced in Crohn's disease (CD). As a result, more research
is needed to understand the mechanisms underlying this AFM1-induced decrease in TJ permeability. The
possible molecular mechanism underlying Cyp1a1 expression is the activation of AHR agonist molecules
such as extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) (Mary et al., 2012;
Chen et al., 2009; Rumora et al., 2007), which induces the stimulation of AHR expression (Tan et al., 2004;
Yim et al., 2004). According to one study, both the CYP1A and CYP3A isoforms oxidise AFB1 and convert
it to a less potent carcinogen (Ayed-Boussema et al., 2012). Because AFM1 is a metabolic product of
AFB1, we expect that increased expression of CYP1A in CaCo2 cells in this study may be involved in the
biotransformation of AFM1 into a different metabolite, which needs to be investigated further.

The current study suggests that AFM1 reduces the expression of tight junction proteins, implying that
reducing cell-to-cell interaction leads to repression of the intestinal barrier's function. A transwell assay
was used to confirm this, and it was discovered that the permeability of the intestinal cells increased by
up to 30% after 24 hours of treatment with 2000ng/L AFM1. This finding supported previous research
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(Gao et al., 2018; Gao et al., 2017; Caloni et al., 2012), which found a dose-dependent decrease in TEER
and an increase in Caco-2 cell paracellular permeability after 48 hours of AFM1 and/or OTA treatment.
However, previous findings suggested an increase in paracellular transport after 48 hours of treatment,
despite the fact that the toxicant used was of a higher concentration, whereas our findings suggested an
increase in paracellular transport after 24 hours of treatment. As a result, the current study's transwell
experiment results support the gene expression observation.

Finally, we investigated ROS production following AFM1 treatment. After 6 hours of treatment, we noticed
an increase in ROS production. However, the level of ROS decreased after 12 and 24 hours of incubation.
It is well understood that free radicals directly cause injury to the cell membrane by oxidizing unsaturated
fatty acids within the cell membrane's phospholipids, altering membrane resistance or permeability
(Ilboudo et al., 2014). According to Mary et al. (2012), AFB1 may also be involved in the activation of
phospholipase A2, an enzyme involved in the production of arachidonic acid, which then produces
hydroperoxide free radicals. In a similar experiment, Zhang et al. (2015) found that increasing the
concentrations of AFB1 and AFM1 caused a significant (p < 0.05) increase in cellular ROS accumulation
in a dose-dependent manner compared to the control. ROS levels were measured after 24 hours, 48 hours,
and 72 hours in this study. However, in our study, we measured ROS levels after 6 hours, 12 hours, and 24
hours of incubation, and our findings contradict the previous study. In the experiment, we discovered high
ROS levels after 6 hours, but ROS levels began to decline as the time increased up to 24 hours. The cause
could be an initial oxidative burst, but the cells may have developed a defense mechanism to neutralize
the ROS level later on. Finally, the ROS production study conducted in the experiment revealed that AFM1
increased ROS production in CaCo2 cells in a shorter incubation time.

Conclusion
The present study revealed that consumption of AFM1 contaminated milk doesn’t show any effect on
cells morphology, viability. Similarly, we found that AFM1 at 2000ng/L significantly increased the free
radical generation after 6 hours of treatment. In addition to that, gene expression study showed an
increased expression of epithelial specific cytoskeleton markers such as cytokeratin, villin and vimentin,
Cyp1A1 and a junctional adhesion marker, JAM1, and a decreased expression of tight junction proteins,
Claudin, Occludin, and ZO1 with the increasing AFM1 concentration and incubation time. The gene
expression results showed that AFM1 causes disruption of gap junctions between the intestinal cells,
which was further confirmed by a tranwell experiment. On the basis of these observations we concluded
that consumption of AFM1 contaminated milk doesn’t show any effect on cells morphology and viability
but decreases the gene expression of intestinal barrier transcripts that leads to the disruption of intestinal
barrier function and thereby causes leaky gut.

Declarations
1.         The authors are very thankful to the Director, ICAR-NDRI, for providing the infrastructure and
Scholar Fellowships to carry out the present study.



Page 14/27

2.      We are incredibly appreciative to the Department of Biotechnology, Ministry of Science and
Technology, India (Grant No. 102/IFD/SAN/3670/2014–15) and the Indian Council of Agricultural
Research-National Agricultural Science Fund (NASF) project (File No. NASF/ABA-7006/2018-19/199) for
providing financial support to conduct this work.

3.       The authors are very grateful to the Indian Council of Medical Research (ICMR) for awarding the
Senior Research Fellow scholarship to the Lal Krishan Kumar (Project file No. 45/23/2019-Toxi/BMS) and
Surya Kant Verma (Project file No. RBMH/FW/2020/23).

Author Contributions

Dr. Suneel Kumar Onteru, Dr. Dheer Singh, and Dr. Rajni Kumar Paul conceived the idea and organized the
present study. Lal Krishan Kumar, Surya Kant Verma, Rajeev Chandel and Meet Thumar conducted
experiments. Lal Krishan Kumar and Surya Kant Verma performed data analysis and wrote the
manuscript. Suneel Kumar Onteru corrected, Rajni Kumar Paul Surya Kant Verma and Meet Thumar
edited the manuscript.

Declarations/Conflict of interest 

The authors declare no competing interests.

References
1. Abbès, S., Salah-Abbès, J.B., Abdel-Wahhab, M.A. and Ouslati, R., 2010. Immunotoxicological and

biochemical effects of aflatoxins in rats prevented by Tunisian montmorillonite with reference to
HSCAS. Immunopharmacology and Immunotoxicology, 32(3), pp.514-522.
https://doi.org/10.3109/08923970903440176.

2. Ahmed Adam, M.A., Tabana, Y.M., Musa, K.B. and Sandai, D.A., 2017. Effects of different mycotoxins
on humans, cell genome and their involvement in cancer. Oncology Reports, 37(3), pp.1321-1336.
https://doi.org/10.3892/or.2017.5424.

3. Alassane-Kpembi, I., Kolf-Clauw, M., Gauthier, T., Abrami, R., Abiola, F.A., Oswald, I.P. and Puel, O.,
2013. New insights into mycotoxin mixtures: The toxicity of low doses of Type B trichothecenes on
intestinal epithelial cells is synergistic. Toxicology and applied pharmacology, 272(1), pp.191-198.
https://doi.org/10.1016/j.taap.2013.05.023.

4. Alassane-Kpembi, I., Puel, O. and Oswald, I.P., 2015. Toxicological interactions between the
mycotoxins deoxynivalenol, nivalenol and their acetylated derivatives in intestinal epithelial cells.
Archives of toxicology, 89(8), pp.1337-1346. https://doi.org/10.1007/s00204-014-1309-4.

5. Arango, D., Al-Obaidi, S., Williams, D.S., Dopeso, H., Mazzolini, R., Corner, G., Byun, D.S., Carr, A.A.,
Murone, C., Tögel, L. and Zeps, N., 2012. Villin expression is frequently lost in poorly differentiated
colon cancer. The American journal of pathology, 180(4), pp.1509-1521.
https://doi.org/10.1016/j.ajpath.2012.01.006.



Page 15/27

6. Ayed-Boussema, I., Pascussi, J.M., Maurel, P., Bacha, H. and Hassen, W., 2012. Effect of aflatoxin B1
on nuclear receptors PXR, CAR, and AhR and their target cytochromes P450 mRNA expression in
primary cultures of human hepatocytes. International Journal of Toxicology, 31(1), pp.86-93.
https://doi.org/10.1177/1091581811422453.

7. Bao, X.Y., Li, S.L., Gao, Y.N., Wang, J.Q. and Zheng, N., 2019. Transcriptome analysis revealed that
aflatoxin M1 could cause cell cycle arrest in differentiated Caco-2 cells. Toxicology in Vitro, 59, pp.35-
43. https://doi.org/10.1016/j.tiv.2019.03.035.

8. Battacone, G., Nudda, A., Cannas, A., Borlino, A.C., Bomboi, G. and Pulina, G., 2003. Excretion of
aflatoxin M1 in milk of dairy ewes treated with different doses of aflatoxin B1. Journal of Dairy
Science, 86(8), pp.2667-2675. https://doi.org/10.3168/jds.S0022-0302(03)73862-4.

9. Behm, C., Föllmann, W. and Degen, G.H., 2012. Cytotoxic potency of mycotoxins in cultures of V79
lung fibroblast cells. Journal of Toxicology and Environmental Health, Part A, 75(19-20), pp.1226-
1231. https://doi.org/10.1080/15287394.2012.709170.

10. Caloni, F., Cortinovis, C., Pizzo, F. and De Angelis, I., 2012. Transport of aflatoxin M1 in human
intestinal Caco-2/TC7 cells. Frontiers in pharmacology, 3, p.111.
https://doi.org/10.3389/fphar.2012.00111.

11. Caloni, F., Stammati, A., Friggè, G. and De Angelis, I., 2006. Aflatoxin M1 absorption and cytotoxicity
on human intestinal in vitro model. Toxicon, 47(4), pp.409-415.
https://doi.org/10.1016/j.toxicon.2005.12.003.

12. Carrozzino, F., Pugnale, P., Féraille, E. and Montesano, R., 2009. Inhibition of basal p38 or JNK activity
enhances epithelial barrier function through differential modulation of claudin expression. American
Journal of Physiology-Cell Physiology, 297(3), pp.C775-C787.
https://doi.org/10.1152/ajpcell.00084.2009.

13. Chaudhary, N., Agrawal, H., Pandey, M., Onteru, S. and Singh, D., 2018. Development and
characterization of 2-dimensional culture for buffalo intestinal cells. Cytotechnology, 70, pp.361-373.
https://doi.org/10.1007/s10616-017-0151-y.

14. Chen, F., Beezhold, K. and Castranova, V., 2009. JNK1, a potential therapeutic target for hepatocellular
carcinoma. Biochimica et Biophysica Acta (BBA)-Reviews on Cancer, 1796(2), pp.242-251.
https://doi.org/10.1016/j.bbcan.2009.06.005.

15. Claeys, L., Romano, C., De Ruyck, K., Wilson, H., Fervers, B., Korenjak, M., Zavadil, J., Gunter, M.J., De
Saeger, S., De Boevre, M. and Huybrechts, I., 2020. Mycotoxin exposure and human cancer risk: A
systematic review of epidemiological studies. Comprehensive Reviews in Food Science and Food
Safety, 19(4), pp.1449-1464. https://doi.org/10.1111/1541-4337.12567.

16. Coch, R.A. and Leube, R.E., 2016. Intermediate filaments and polarization in the intestinal epithelium.
Cells, 5(3), p.32. https://doi.org/10.3390/cells5030032.

17. Creppy, E.E., 2002. Update of survey, regulation and toxic effects of mycotoxins in Europe. Toxicology
letters, 127(1-3), pp.19-28. https://doi.org/10.1016/S0378-4274(01)00479-9.



Page 16/27

18. da Rocha, M.E.B., Freire, F.D.C.O., Maia, F.E.F., Guedes, M.I.F. and Rondina, D., 2014. Mycotoxins and
their effects on human and animal health. Food control, 36(1), pp.159-165.
https://doi.org/10.1016/j.foodcont.2013.08.021.

19. Delie, F. and Rubas, W., 1997. A human colonic cell line sharing similarities with enterocytes as a
model to examine oral absorption: advantages and limitations of the Caco-2 model. Critical
Reviews™ in Therapeutic Drug Carrier Systems, 14(3).
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.v14.i3.20.

20. Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., Tsukita, S. and Tsukita, S., 1993. Occludin:
a novel integral membrane protein localizing at tight junctions. The Journal of cell biology, 123(6),
pp.1777-1788. https://doi.org/10.1083/jcb.123.6.1777.

21. Gao, Y., Bao, X., Meng, L., Liu, H., Wang, J. and Zheng, N., 2021. Aflatoxin B1 and aflatoxin M1 induce
compromised intestinal integrity through clathrin-mediated endocytosis. Toxins, 13(3), p.184.
https://doi.org/10.3390/toxins13030184.

22. Gao, Y., Li, S., Bao, X., Luo, C., Yang, H., Wang, J., Zhao, S. and Zheng, N., 2018. Transcriptional and
proteomic analysis revealed a synergistic effect of aflatoxin M1 and ochratoxin A mycotoxins on the
intestinal epithelial integrity of differentiated human Caco-2 cells. Journal of proteome research,
17(9), pp.3128-3142. https://doi.org/10.1021/acs.jproteome.8b00241.

23. Gao, Y., Li, S., Wang, J., Luo, C., Zhao, S. and Zheng, N., 2017. Modulation of intestinal epithelial
permeability in differentiated Caco-2 cells exposed to aflatoxin M1 and ochratoxin A individually or
collectively. Toxins, 10(1), p.13. https://doi.org/10.3390/toxins10010013.

24. Gao, Y., Meng, L., Liu, H., Wang, J. and Zheng, N., 2020. The compromised intestinal barrier induced
by mycotoxins. Toxins, 12(10), p.619. https://doi.org/10.3390/toxins12100619.

25. Gao, Y.N., Wang, J.Q., Li, S.L., Zhang, Y.D. and Zheng, N., 2016. Aflatoxin M1 cytotoxicity against
human intestinal Caco-2 cells is enhanced in the presence of other mycotoxins. Food and Chemical
Toxicology, 96, pp.79-89. https://doi.org/10.1016/j.fct.2016.07.019.

26. Giotakis, A.I., Dudas, J., Glueckert, R., Dejaco, D., Ingruber, J., Fleischer, F., Innerhofer, V., Pinggera, L.,
Bektic-Tadic, L., Gabriel, S.A. and Riechelmann, H., 2021. Characterization of epithelial cells,
connective tissue cells and immune cells in human upper airway mucosa by immunofluorescence
multichannel image cytometry: a pilot study. Histochemistry and Cell Biology, 155, pp.405-421.
https://doi.org/10.1007/s00418-020-01945-y.

27. González Pereyra, M.L., Pereyra, C.M., Ramirez, M.L., Rosa, C.D.R., Dalcero, A.M. and Cavaglieri, L.R.,
2008. Determination of mycobiota and mycotoxins in pig feed in central Argentina. Letters in applied
microbiology, 46(5), pp.555-561. https://doi.org/10.1111/j.1472-765X.2008.02347.x.

28. Gonzalez-Mariscal, L., Namorado, M.C., Martin, D., Luna, J., Alarcon, L., Islas, S., Valencia, L., Muriel,
P., Ponce, L. and Reyes, J.L., 2000. Tight junction proteins ZO-1, ZO-2, and occludin along isolated
renal tubules. Kidney international, 57(6), pp.2386-2402. https://doi.org/10.1046/j.1523-
1755.2000.00098.x.



Page 17/27

29. Govaris, A., Roussi, V., Koidis, P.A. and Botsoglou, N.A., 2002. Distribution and stability of aflatoxin
M1 during production and storage of yoghurt. Food Additives & Contaminants, 19(11), pp.1043-
1050. https://doi.org/10.1080/0265203021000007831.

30. Green, J.A., Carthew, P., Heuillet, E., Simpson, J.L. and Manson, M.M., 1990. Cytokeratin expression
during AFB1-induced carcinogenesis. Carcinogenesis, 11(7), pp.1175-1182.
https://doi.org/10.1093/carcin/11.7.1175.

31. Ilboudo, S., Fouche, E., Rizzati, V., Toé, A.M., Gamet-Payrastre, L. and Guissou, P.I., 2014. In vitro
impact of five pesticides alone or in combination on human intestinal cell line Caco-2. Toxicology
reports, 1, pp.474-489. https://doi.org/10.1016/j.toxrep.2014.07.008.

32. Kang, L.I., Wang, Y., Suckow, A.T., Czymmek, K.J., Cooke, V.G., Naik, U.P. and Duncan, M.K., 2007.
Deletion of JAM-A causes morphological defects in the corneal epithelium. The international journal
of biochemistry & cell biology, 39(3), pp.576-585. https://doi.org/10.1016/j.biocel.2006.10.016.

33. Karantza, V., 2011. Keratins in health and cancer: more than mere epithelial cell markers. Oncogene,
30(2), pp.127-138. https://doi.org/10.1038/onc.2010.456.

34. Kensler, T.W., Roebuck, B.D., Wogan, G.N. and Groopman, J.D., 2011. Aflatoxin: a 50-year odyssey of
mechanistic and translational toxicology. Toxicological sciences, 120(suppl_1), pp.S28-S48.
https://doi.org/10.1093/toxsci/kfq283.

35. Livak, K.J. and Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2− ΔΔCT method. methods, 25(4), pp.402-408.
https://doi.org/10.1006/meth.2001.1262.

36. Mandell, K.J., Babbin, B.A., Nusrat, A. and Parkos, C.A., 2005. Junctional adhesion molecule 1
regulates epithelial cell morphology through effects on β1 integrins and Rap1 activity. Journal of
Biological Chemistry, 280(12), pp.11665-11674. https://doi.org/10.1074/jbc.M412650200.

37. Martìn-Padura, I., Lostaglio, S., Schneemann, M., Williams, L., Romano, M., Fruscella, P., Panzeri, C.,
Stoppacciaro, A., Ruco, L., Villa, A. and Simmons, D., 1998. Junctional adhesion molecule, a novel
member of the immunoglobulin superfamily that distributes at intercellular junctions and modulates
monocyte transmigration. The Journal of cell biology, 142(1), pp.117-127.
https://doi.org/10.1083/jcb.142.1.117.

38. Mary, V.S., Theumer, M.G., Arias, S.L. and Rubinstein, H.R., 2012. Reactive oxygen species sources
and biomolecular oxidative damage induced by aflatoxin B1 and fumonisin B1 in rat spleen
mononuclear cells. Toxicology, 302(2-3), pp.299-307. https://doi.org/10.1016/j.tox.2012.08.012.

39. Mary, V.S., Valdehita, A., Navas, J.M., Rubinstein, H.R. and Fernández-Cruz, M.L., 2015. Effects of
aflatoxin B1, fumonisin B1 and their mixture on the aryl hydrocarbon receptor and cytochrome P450
1A induction. Food and Chemical Toxicology, 75, pp.104-111.
https://doi.org/10.1016/j.fct.2014.10.030.

40. Mitic, L.L. and Anderson, J.M., 1998. Molecular architecture of tight junctions. Annual review of
physiology, 60(1), pp.121-142. https://doi.org/10.1146/annurev.physiol.60.1.121.



Page 18/27

41. Monbaliu, S., Van Poucke, C., Detavernier, C.L., Dumoulin, F., Van De Velde, M., Schoeters, E., Van
Dyck, S., Averkieva, O., Van Peteghem, C. and De Saeger, S., 2010. Occurrence of mycotoxins in feed
as analyzed by a multi-mycotoxin LC-MS/MS method. Journal of Agricultural and Food chemistry,
58(1), pp.66-71. https://doi.org/10.1021/jf903859z.

42. Moss, M.O., 2002. Risk assessment for aflatoxins in foodstuffs. International Biodeterioration &
Biodegradation, 50(3-4), pp.137-142. https://doi.org/10.1016/S0964-8305(02)00078-1.

43. Prandini, A., Tansini, G.I.N.O., Sigolo, S., Filippi, L.A.U.R.A., Laporta, M. and Piva, G., 2009. On the
occurrence of aflatoxin M1 in milk and dairy products. Food and chemical toxicology, 47(5), pp.984-
991. https://doi.org/10.1016/j.foodcont.2011.05.013.

44. Qasim, M., Rahman, H., Ahmed, R., Oellerich, M. and Asif, A.R., 2014. Mycophenolic acid mediated
disruption of the intestinal epithelial tight junctions. Experimental cell research, 322(2), pp.277-289.
https://doi.org/10.1016/j.yexcr.2014.01.021.

45. Rani, P., Vashisht, M., Golla, N., Shandilya, S., Onteru, S.K. and Singh, D., 2017. Milk miRNAs
encapsulated in exosomes are stable to human digestion and permeable to intestinal barrier in vitro.
Journal of Functional Foods, 34, pp.431-439. https://doi.org/10.1016/j.jff.2017.05.009.

46. Reisinger, N., Schürer-Waldheim, S., Mayer, E., Debevere, S., Antonissen, G., Sulyok, M. and Nagl, V.,
2019. Mycotoxin occurrence in maize silage—A neglected risk for bovine gut health?. Toxins, 11(10),
p.577. https://doi.org/10.3390/toxins11100577.

47. Romero, A., Ares, I., Ramos, E., Castellano, V., Martínez, M., Martínez-Larrañaga, M.R., Anadón, A. and
Martínez, M.A., 2016. Mycotoxins modify the barrier function of Caco-2 cells through differential
gene expression of specific claudin isoforms: Protective effect of illite mineral clay. Toxicology, 353,
pp.21-33. https://doi.org/10.1016/j.tox.2016.05.003.

48. Rumora, L., Domijan, A.M., Grubišić, T.Ž. and Peraica, M., 2007. Mycotoxin fumonisin B1 alters
cellular redox balance and signalling pathways in rat liver and kidney. Toxicology, 242(1-3), pp.31-38.
https://doi.org/10.1016/j.tox.2007.09.006.

49. Sambuy, Y., De Angelis, I., Ranaldi, G., Scarino, M.L., Stammati, A. and Zucco, F., 2005. The Caco-2 cell
line as a model of the intestinal barrier: influence of cell and culture-related factors on Caco-2 cell
functional characteristics. Cell biology and toxicology, 21, pp.1-26. https://doi.org/10.1007/s10565-
005-0085-6.

50. Sangare-Tigori, B., Moukha, S., Kouadio, H.J., Betbeder, A.M., Dano, D.S. and Creppy, E.E., 2006. Co-
occurrence of aflatoxin B1, fumonisin B1, ochratoxin A and zearalenone in cereals and peanuts from
Côte d’Ivoire. Food additives and contaminants, 23(10), pp.1000-1007.
https://doi.org/10.1080/02652030500415686.

51. Santos, R.R., Oosterveer-van der Doelen, M.A., Tersteeg-Zijderveld, M.H., Molist, F., Mézes, M. and
Gehring, R., 2021. Susceptibility of broiler chickens to deoxynivalenol exposure via artificial or natural
dietary contamination. Animals, 11(4), p.989. https://doi.org/10.3390/ani11040989.

52. Schulz, M.C., Schumann, L., Rottkord, U., Humpf, H.U., Gekle, M. and Schwerdt, G., 2018. Synergistic
action of the nephrotoxic mycotoxins ochratoxin A and citrinin at nanomolar concentrations in



Page 19/27

human proximal tubule-derived cells. Toxicology Letters, 291, pp.149-157.
https://doi.org/10.1016/j.toxlet.2018.04.014.

53. Smith, M.C., Madec, S., Coton, E. and Hymery, N., 2016. Natural co-occurrence of mycotoxins in foods
and feeds and their in vitro combined toxicological effects. Toxins, 8(4), p.94.
https://doi.org/10.3390/toxins8040094.

54. Stoev, S.D., Dutton, M.F., Njobeh, P.B., Mosonik, J.S. and Steenkamp, P.A., 2010. Mycotoxic
nephropathy in Bulgarian pigs and chickens: complex aetiology and similarity to Balkan Endemic
Nephropathy. Food Additives and Contaminants, 27(1), pp.72-88.
https://doi.org/10.1080/02652030903207227.

55. Streit, E., Schatzmayr, G., Tassis, P., Tzika, E., Marin, D., Taranu, I., Tabuc, C., Nicolau, A., Aprodu, I.,
Puel, O. and Oswald, I.P., 2012. Current situation of mycotoxin contamination and co-occurrence in
animal feed—Focus on Europe. Toxins, 4(10), pp.788-809. https://doi.org/10.3390/toxins4100788.

56. Sun, G., Wang, S., Hu, X., Su, J., Zhang, Y., Xie, Y., Zhang, H., Tang, L. and Wang, J.S., 2011. Co-
contamination of aflatoxin B1 and fumonisin B1 in food and human dietary exposure in three areas
of China. Food additives and contaminants, 28(4), pp.461-470.
https://doi.org/10.1080/19440049.2010.544678.

57. Suzuki, T., 2013. Regulation of intestinal epithelial permeability by tight junctions. Cellular and
molecular life sciences, 70, pp.631-659. https://doi.org/10.1007/s00018-012-1070-x.

58. Tan, Z., Huang, M., Puga, A. and Xia, Y., 2004. A critical role for MAP kinases in the control of Ah
receptor complex activity. Toxicological Sciences, 82(1), pp.80-87.
https://doi.org/10.1093/toxsci/kfh228.

59. Tatay, E., Meca, G., Font, G. and Ruiz, M.J., 2014. Interactive effects of zearalenone and its
metabolites on cytotoxicity and metabolization in ovarian CHO-K1 cells. Toxicology in Vitro, 28(1),
pp.95-103. https://doi.org/10.1016/j.tiv.2013.06.025.

60. Tavares, A.M., Alvito, P., Loureiro, S., Louro, H. and Silva, M.J., 2013. Multi-mycotoxin determination in
baby foods and in vitro combined cytotoxic effects of aflatoxin M1 and ochratoxin A. World
Mycotoxin Journal, 6(4), pp.375-388. https://doi.org/10.3920/WMJ2013.1554.

61. Theumer, M.G., Cánepa, M.C., López, A.G., Mary, V.S., Dambolena, J.S. and Rubinstein, H.R., 2010.
Subchronic mycotoxicoses in Wistar rats: Assessment of the in vivo and in vitro genotoxicity induced
by fumonisins and aflatoxin B1, and oxidative stress biomarkers status. Toxicology, 268(1-2),
pp.104-110. https://doi.org/10.1016/j.tox.2009.12.007.

62. Wang, H.W., Wang, J.Q., Zheng, B.Q., Li, S.L., Zhang, Y.D., Li, F.D. and Zheng, N., 2014. Cytotoxicity
induced by ochratoxin A, zearalenone, and α-zearalenol: Effects of individual and combined
treatment. Food and chemical toxicology, 71, pp.217-224. https://doi.org/10.1016/j.fct.2014.05.032.

63. Wild, C.P. and Gong, Y.Y., 2010. Mycotoxins and human disease: a largely ignored global health issue.
Carcinogenesis, 31(1), pp.71-82. https://doi.org/10.1093/carcin/bgp264.

64. Wild, C.P. and Turner, P.C., 2002. The toxicology of aflatoxins as a basis for public health decisions.
Mutagenesis, 17(6), pp.471-481. https://doi.org/10.1093/mutage/17.6.471.



Page 20/27

65. Wu, H.L., Duan, Z.T., Jiang, Z.D., Cao, W.J., Wang, Z.B., Hu, K.W., Gao, X., Wang, S.K., He, B.S., Zhang,
Z.Y. and Xie, H.G., 2013. Increased endoplasmic reticulum stress response is involved in clopidogrel-
induced apoptosis of gastric epithelial cells. PLoS One, 8(9), p.e74381.
https://doi.org/10.1371/journal.pone.0074381.

66. Yi, L., Shen, H., Zhao, M., Shao, P., Liu, C., Cui, J., Wang, J., Wang, C., Guo, N., Kang, L. and Lv, P., 2017.
Inflammation-mediated SOD-2 upregulation contributes to epithelial-mesenchymal transition and
migration of tumor cells in aflatoxin G1-induced lung adenocarcinoma. Scientific Reports, 7(1),
p.7953. https://doi.org/10.1038/s41598-017-08537-2.

67. Yim, S., Oh, M., Choi, S.M. and Park, H., 2004. Inhibition of the MEK-1/P42 MAP kinase reduces aryl
hydrocarbon receptor–DNA interactions. Biochemical and biophysical research communications,
322(1), pp.9-16. https://doi.org/10.1016/j.bbrc.2004.07.072.

68. Zhang, J., Zheng, N., Liu, J., Li, F.D., Li, S.L. and Wang, J.Q., 2015. Aflatoxin B1 and aflatoxin M1
induced cytotoxicity and DNA damage in differentiated and undifferentiated Caco-2 cells. Food and
Chemical Toxicology, 83, pp.54-60. https://doi.org/10.1016/j.fct.2015.05.020.

69. Zinedine, A., Soriano, J.M., Molto, J.C. and Manes, J., 2007. Review on the toxicity, occurrence,
metabolism, detoxification, regulations and intake of zearalenone: an oestrogenic mycotoxin. Food
and chemical toxicology, 45(1), pp.1-18. https://doi.org/10.1016/j.fct.2006.07.030.

Figures

Figure 1



Page 21/27

AFM1 induced morphological changes in Caco-2 cells. Caco-2 cells were seeded in 96-well plates and
allowed to grow for 48hrs. Thereafter, cells were exposed to AFM1 for 24hrs and morphological changes
were observed by using Nikkon inverted microscope. Selected Images are representative of three
independent experiments. Images were observed with a magnification of 20X.

Figure 2

AFM1 induced morphological changes in Caco-2 cells by HE stain.Caco-2 cells were seeded in 96-well
plates and allowed to grow for 48hrs. Thereafter, cells were exposed to AFM1 for 24hrs followed by cells
were stained with Hematoxylin & Eosin stain and morphological changes are observed by using Nikkon
inverted microscope. Selected Images are representative of three independent experiments. Images were
observed with a magnification of 20X.
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Figure 3

DCFDA dye working principle and ROS generation in Caco2 cells treated with AFM1 at different doses
and time periods, 6hrs, 12hrs and 24hrs treatment with AFM1. The DCFDA dye was used for ROS study.
Results are expressed as mean ± SEM (n= 3). *p < 0.05 - p < 0.005 indicate significant difference between
the control cells and AFM1 treated cells at different concentrations.
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Figure 4

Cytokeratin, Villin and Vimentin gene expression in Caco2 cells treated with AFM1 at different doses and
time, 6Hrs 12Hrs and 24Hrs treatment with AFM1. (a-i) Real time PCR analysis of Cytokeratin gene
expression in the Caco2 cells are expressed as mean ± SEM (n= 3). *p < 0.05 - p < 0.005 indicate
significant difference between control cells and AFM1 treated cells at different concentrations. (d-f) Real
time PCR analysis of Villin gene expression in the Caco2 cells are expressed as mean ± SEM (n= 3). *p <
0.05 - p < 0.005 indicate significant difference between control cells and AFM1 treated cells at different
concentrations. (g-i) Real time PCR analysis of Vimentin gene expression in the Caco2 cells are expressed
as mean ± SEM (n= 3). *p < 0.05 - p < 0.005 indicate significant difference between control cells and
AFM1 treated cells at different concentrations.
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Figure 5

Occludin, Claudin and JAM gene expression in Caco2 cells treated with AFM1 at different doses and time,
6hrs 12hrs and 24hrs treatment with AFM1. (a-c) Real time PCR analysis of Occludin gene expression in
the Caco2 cells are expressed as mean ± SEM (n= 5). *p<0.05 - p<0.005, significantly different from
control cells to AFM1 treated differentiated and undifferentiated cells with the same toxin in different
concentration. (d-f) Real time PCR analysis of Claudin gene expression in the Caco2 cells are expressed
as mean ± SEM (n= 5). *p< 0.05-p<0.005, significantly different from control cells to AFM1 treated
differentiated and undifferentiated cells with the same toxin in different concentration. (g-i) Real time
PCR analysis of JAM gene expression in the Caco2 cells are expressed as mean ± SEM (n= 3). *p<0.05-
p<0.005, significantly different from control cells to AFM1 treated differentiated and undifferentiated cells
with the same toxin in different concentration.
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Figure 6

ZO-1 and Cyp1A1 gene expression in Caco2 cells treated with AFM1 at different doses and time, 6hrs
12hrs and 24hrs treatment with AFM1. (a-c) Real time PCR analysis of ZO-1 gene expression in the Caco2
cells are expressed as mean ± SEM (n= 5). *p<0.05-p<0.005, significantly different from control cells to
AFM1 treated differentiated and undifferentiated cells with the same toxin in different concentration. (d-f)
Real time PCR analysis of ZO-1 gene expression in the Caco2 cells are expressed as mean ± SEM (n= 5).
*p<0.05-p<0.005, significantly different from control cells to AFM1 treated differentiated and
undifferentiated cells with the same toxin in different concentration.
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Figure 7

Heat map of the AFM1 treated Intestinal epithelial cells specific transcript markers. Hierarchical clustering
of the mRNA expression pattern of the Claudin, Occludin, Villin, Vimentin, Cytokeratin, JAM1, ZO-1, and
CYP1A1 genes at different doses as Control, 5, 50, 250, 500, 1000 and 2000ng/L and at different time
intervals 6hrs, 12hrs and 24 hrs. Colors showed Bright green, relatively high expression; Black, relatively
average expression; and Brown, relatively low expression.
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Figure 8

Trans-well based permeability study of Caco2 treated with AFM1 at different dose for 24hrs incubation
time. Permeability was observed by Phenol red assay Results are expressed as mean ± SEM (n= 3). *p <
0.005, significantly different from control cells to AFM1 treated differentiated and undifferentiated cells
with the same toxin in different concentration.
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