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Abstract: Food and feed safety is an issue of great concern for both animal and human health, due to
the frequent contamination of food and feed with pathogens, such as bacteria, viruses, yeasts, molds,
and parasites. The present paper assumes the possibility that a mycotoxin contamination could occur
at the same time as a bacterial infection and investigates the effects of such co-contamination, in
comparison with the individual effects of bacterial challenge. For this purpose, we have investigated
the effects of simultaneous contamination of swine peripheral blood mononuclear cells (PBMCs)
with lipopolysaccharide (LPS) (as a model for bacterial contamination) and mycotoxins (ochratoxin
or zearalenone) on cell viability, cell cycles, oxydative stress, and inflammation. Our results show
important additive/synergistic effects of co-exposure to fungal and bacterial toxins, and that these
effects are more important when the cells are co-exposed to LPS and ochratoxin (OTA). The exposure
of PBMCs to both OTA and LPS induced an exacerbation of the increase in the inflammation of
concentrations of pro-inflamatory cytokines, compared with that of LPS-challenged cells: IL-1β
(4.1 times increase), TNF-α (3.2 times increase), IL-6 (3.1 times increase). There was also a decrease in
antioxidant defence (i.e., a significant decrease in the total antioxidant capacity and catalase activity)
and a significant increase in the percentage of cells undergoing necrosis (24.3% vs. 15.3% in LPS-
treated cells). The exposure to zearalenone (ZEA) and LPS led to less important effects and concerned
mainly the parameters related to oxidative stress (i.e., a decrease in total antioxidant capacity). The
present study provides important data for risk assessment, as the concomitant contamination with
bacteria and mycotoxins can lead to a higher toxicity than that which results after an individual
infection with Gram-negative bacteria.

Keywords: mycotoxin; bacteria; oxidative stress; inflammation

1. Introduction

Food and feed safety is an issue of great concern for both animal and human health,
due to the frequent contamination of food and feed with pathogens, such as bacteria,
viruses, yeasts, molds, and parasites [1].

There is substantial evidence concerning the frequent contamination of food and
feed with molds, which are considered the principal responsive organisms for cereal
spoilage [2]. Molds are also responsible for the synthesis of secondary metabolites called
mycotoxins, which frequently contaminate crops or raw materials such as cereals, nuts,
spices, fruits, etc. [3]. Mycotoxin consumption leads to decreased animal performances,
hepatotoxicity, nephrotoxicity, reproductive failures, alteration of the nervous and immune
systems, and even death [4].

Ochratoxin (OTA) is a mycotoxin produced by Aspergilus and Penicillium molds [5].
The exposure to this toxin is associated with nephropathy in pigs and poultry, with the
kidney being the main target of OTA [6]. Zearalenone (ZEA) is a mycotoxin produced by
several Fusarium species [7]. Due to a chemical structure that is similar to the estrogen
hormone, ZEA consumption induces severe reproductive problems [8]. The toxic effects of
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both OTA and ZEA are associated with their ability to induce oxydative stress through ROS
generation, increase of lipid peroxidation, decrease the activity of antioxidant enzymes,
and to modulate the immune response through increase in susceptibility to infection,
immunotoxicity, and inflammation, with important consequences for human and animal
health [9–12].

Another potential threat to feed quality is represented by the contamination with
bacterial pathogens, such as Salmonella, Enterobacter, Escherichia, Staphylococcus, Pseudomonas,
and Clostridium [13–15]. Feed contaminated with these bacteria, with origins in different
ecological niches such as the gastrointestinal tract or the soil, are of great concern to
producers and consumers, as it becomes a potential route of transmission of diseases to
both animals and humans [13]. Lipopolysaccharide (LPS), also known as endotoxin, is
considered the principal constituent of the Gram-negative bacteria outer membrane [16].
LPS stimulates the innate immunity and triggers the production of inflammatory mediators,
such as cytokines and chemokines, which provoke multiple organ dysfunction and failure,
leading to septic shock [17,18]. LPS can be found in food and feed even in the absence of
live bacteria. For example, amino acid products used in feed formulations are issued from
fermentation with Gram-negative bacteria, particularly E. coli K-12, and they still contain
LPS [19]. Even the LPS of E. coli K-12 is less potent than most other strains; nevertheless, it
has at least one-quarter of the endotoxin activity of wild-type strains and has the potential
to be hazardous if the LPS passes into feed [20,21].

There is a high probability that food or feed will be contaminated with more than
one contaminant. In the case of co-contamination, the contaminants could synergistically
interact for toxicity, with important consequences for health risks, as was shown in studies
of co-occurence of different mycotoxins [22,23], bacteria, and viruses [24] or mycotoxins
and viruses [25]. Raw materials, such as cereals, oilseeds, fruits, vegetables, and, especially,
complete feed or food as complex matrices, are susceptible to bacterial/fungal-mycotoxin
contamination [1,26]. For example, all the samples of cottonseed cakes for cattle analyzed
in a survey study carried out between 2011 and 2012 in Pakistan had heavy bacterial total
counts and were contaminated with both fungi (Aspergillus, Penicillium, Fusarium, Alternaria
genera) and mycotoxins (aflatoxin, ochratoxin, citrinin, tenuazoic acid, cyclopiazonic
acid) [27]. In addition, poultry feeds produced in Poland in 2010 were characterized by
a higher count of total bacteria and fungi, increased concentration of ergosterol, and a
contamination with mycotoxins belonging mainly to trichothecenes group [28].

To our knowledge, there are no studies investigating the toxic effect of exposure to
both mycotoxins and bacteria, even though the concomitent presence of mycotoxins and
bacteria in cereals and feed was reported by several studies and raises great concern for
feed safety [28,29].

The present paper assumes the possibility that a mycotoxin contamination could
occur at the same time as a bacterial contamination and investigates the effects of the
co-contamination in comparison with the individual effects of bacterial contamination. For
this purpose, we investigated the effect of simultaneous contamination of swine peripheral
blood mononuclear cells (PBMCs) with LPS (as a model for bacterial contamination) and
mycotoxins (OTA or ZEA) on cell viability, cell cycles, oxydative stress, and inflammation.
The swine cell model was chosen because pigs are often exposed to intoxication with both
bacteria and mycotoxins through the consumption of a contaminated diet and because pigs
provide a good model for humans, due to their similar anatomy and physiology.

2. Materials and Methods

Cell cultures. Peripheral blood mononuclear cells (PBMCs) were isolated from blood
samples that were aseptically collected in sodium heparin tubes (Vacutest Kima, Arz-
ergrande, Italy) from the jugular veins of healthy piglets (TOPIG hybrid). The animals
were cared for in accordance with Romanian Law 206/2004 and the EU Council Directive
98/58/EC for the handling and protection of animals used for experimental purposes.
The study protocol was approved by the Ethical Committee of the National Research–
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Development Institute for Animal Nutrition and Biology, Balotes, ti, Romania (Ethical
Committee no. 118/2019). If not otherwise stated, all reagents were purchased from Sigma-
Aldrich (Sigma-Aldrich, Saint Louis, MO, USA). The cells were obtained using density gra-
dient centrifugation on Hystopaque®-1077, as previously described [30]. The PBMCs were
resuspended in complete RPMI-1640 medium supplemented with L-glutamine (2 mM),
penicillin (100 U/mL), streptomycin (100 µg/mL), and fetal calf serum (5 mL/100 mL
RPMI-1640 medium) and cultivated at 37 ◦C in plates of 24 wells in a concentration of
5 × 106 cells/mL. Some cells were treated for 48 h with LPS 10 µg/mL and/or mycotoxins
(OTA or ZEA) in a concentration of 10 µM. The concentration of mycotoxins was chosen on
the basis of previous studies that have shown a low cytotoxic effect of these concentrations
on PBMCs [31,32].

Apoptosis. All flow-cytometry analyses were performed using the Muse Cell Ana-
lyzer system and Muse 1.5 Analysis software (Merck, Darmstadt, Germany). Apoptosis
analysis was performed using a Muse Annexin & Dead Cell Kit (Merck), according to the
manufacturer’s guide. Briefly, 100 µL of cell suspension (5 × 105 cells) was mixed with
100 µL of Muse Annexin V & Dead Cell Kit reagent and incubated at room temperature
in the dark for 20 min before flow cytometry analysis. The number of events for analysis
was set at 2000. The results for apoptosis analysis were presented as a percentage of live,
apoptotic (early or late), or dead cells; the graphs represent the mean of four independent
experiments.

Cell cycle. Cell cycle analysis was performed using Muse Cell Cycle Analysis (Merck)
following the manufacturer’s instructions. Briefly, 8 × 105 cells/mL were fixed in 70%
ethanol for 12 h, then diluted with Muse Cell Cycle reagent and incubated at room tem-
perature in the dark for 30 min prior to analysis. The number of events for analysis was
set at 5000. The results for cell cycle analysis were expressed as a percentage of cells in
different phases of the cell cycle (G0/G1, S, or G2/M); the graphs represent the mean of
four independent experiments.

Reactive oxidative species (ROS). Quantification of the number of cells undergoing
oxidative stress was realized using a Muse Oxidative Stress Kit (Merck), according to the
manufacturer’s guide. Briefly, 10 µL of PBMCs (5 × 106 cells/mL) were mixed with 190 µL
of a Muse Oxidative Stress reagent working solution and incubated at 37 ◦C in the dark for
30 min prior to analysis. The number of events for analysis was set at 3000. The results for
the oxidative stress analyses were expressed as percentage of cells undergoing oxidative
stress-% ROS (+); the graph represents the mean of four independent experiments.

Nitric oxide activity (NO). The assessment of nitric oxide activity was carried out
using a Muse Nitric Oxide Kit (Merck), following the manufacturer’s instructions. Briefly,
for each sample, 10 µL of PBMCs (5 × 106 cells/mL) were incubated at 37 ◦C for 30 min
with 100 µL of a Muse Nitric Oxide solution, followed by the addition of 90 µL of a Muse
7-AAD working solution and analysis via a Muse Cell Analyzer. The number of events for
analysis was set at 3000. The results were expressed as the count and the percentage of
cells exhibiting nitric oxide activity and cell death. The graph represents the mean of four
independent experiments.

Total antioxidant status. The antioxidant capacity assay was performed in cellular
lysates as previously described [32] and inhibition percentages were expressed as µmol
trolox/mL. The results represent the mean of four independent experiments.

Antioxidant enzymes activity. The assessment of the activities of the antioxidant
enzymes was carried out using commercially available assay kits from the Cayman Chem-
ical Company (Ann Arbor, MI, USA). The antioxidant enzymes tested were superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). The analyses of antiox-
idant enzyme activities were performed in cell lysates following the manufacturer’s guide,
as described by Taranu et al. [30]. The results represent the mean of four independent
experiments.

Cytokine synthesis. The concentrations of IL-1β, IL-6, IL-8, and TNF-α were analyzed
in the supernatants of the PBMC cell culture using ELISA kits (anti-swine primary and
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biotinylated secondary antibodies included; R&D Systems, Minneapolis, MN, USA) as
previously described [33]. The results represent the mean of four independent experiments.

3. Results
3.1. The Effect of Co-Exposure to LPS and Mycotoxins on Cell Proliferation, Apoptosis, and
Necrosis

As shown in Figure 1, the LPS stimulation, as well as the exposure to both LPS and
ZEA, did not affect the cell viability as compared with control. However, the simultaneous
exposure to LPS and OTA induced a significant decrease (p = 0.015) in cell viability (17.5%
compared with that of non-treated cells). Treatments had no effect in the early stages of
apoptosis, but the exposure to LPS or to LPS and OTA significantly increased the percentage
of cells in late apoptosis (28.5% and 51.3%, respectively, compared with that of the control
cells). Only the exposure to the combination of LPS and OTA significantly increased
(p = 0.0002) the percentage of dead cells (24.3% vs. 13.7% in the control cells or 15.3% in the
LPS-treated cells), suggesting a higher cytotoxic effect of this treatment, compared with the
untreated cells or PBMCs exposed only to bacterial challenge.

Figure 1. Effect of LPS or of the combination of LPS and mycotoxins on cell viability, apoptosis,
and cell death. PBMCs were treated for 48 h with LPS, OTA, or ZEA and an apoptosis profile was
performed using the Muse Annexin & Dead Cell Kit. The results are displayed as mean ± standard
error (SE) for four independent experiments. a,b,c indicate significant differences between the different
treatments (p < 0.05).

3.2. The Effect of Co-Exposure to LPS and Mycotoxins on Cell Cycle

The main effect of different treatments was observed in the S phase of the cell cycle
(Figure 2). The LPS induced a significant decrease in the number of cells in the S phase
(p = 0.031). The concomitant exposure to both bacteria and mycotoxin resulted in a more
accentuated significant decrease in the S phase for OTA+LPS as compared with both
the control group (p < 0.0001) and the LPS group (p < 0.0001), or for ZEA+LPS, but only
compared with the control group (p = 0.0162). These results suggest that co-exposure to both
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LPS and mycotoxins modify the cell cycle by arresting cell proliferation and progression in
the G2/M phase, the effect being more important than the simple exposure to LPS in the
presence of OTA. The results show a significant increase in the G0/G1 phase induced by
LPS+OTA; however, there was no effect from the treatments in the G2/M phase (Figure 2).

Figure 2. Effect of LPS or of the combination of LPS and mycotoxins on cell cycle. PBMCs were
treated for 48 h with LPS, OTA, or ZEA and the percentage of cells in different phases of the cell cycle
were assessed using the Muse Cell Cycle Kit. The results are displayed as mean ± standard error (SE)
for four independent experiments. a,b,c indicate significant differences between different treatments
(p < 0.05).

3.3. The Effect of Co-Exposure to LPS and Mycotoxins on ROS Production and on the Activity of
the Enzymes Involved in Oxidative Defence

In comparison with the control group, the exposure of cells to LPS and LPS+OTA
tended to increase the ROS concentration, as was the result in flowcytometry studies
(p = 0.0764 and p = 0.0807), while LPS and ZEA treatment significantly increased the ROS
concentration (22.14% ROS positive cells vs. 13.9% in untreated cells, p = 0.0183, or vs.
19.1% in LPS-challenged cells, p = 0.044) (Figure 3), showing a higher capacity of both LPS
and ZEA to induce oxidative stress.

When cells were challenged with LPS, the total antioxidant status tended to decrease
(p = 0.081), while the exposure to both combinations of LPS+OTA and LPS+ZEA induced a
decrease in total antioxidant capacity in PBMCs. This decrease was statistically significant,
compared that for untreated cells (p = 0.003 for LPS+OTA treatment and p = 0.0032 for
LPS+ZEA treatment), but not compared with LPS-stimulated cells (p > 0.05) (Figure 4).
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Figure 3. Effect of LPS or of the combination of LPS and mycotoxins on ROS synthesis. PBMCs were
treated for 48 h with LPS, OTA, or ZEA and the percentage of (+) ROS cells were assessed using
the Muse Oxidative Stress Kit. The results are displayed as mean ± standard error (SE) for four
independent experiments. a,b indicate significant differences between different treatments (p < 0.05).

Figure 4. Effect of LPS or of the combination of LPS and mycotoxins on different parameters of the
oxidative stress. Total antioxidant status (TAC), catalase (CAT), and superoxide dismutase activity
(SOD) were assessed in PBMCs treated for 48 h with LPS, OTA, or ZEA. The results are displayed as
mean ± standard error (SE) for four independent experiments. a,b,c indicate significant differences
between different treatments (p < 0.05).
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Exposure to LPS led to a significant decrease in SOD activity (40.2% from control),
while SOD activity in LPS+OTA cells was not different from control or LPS. In LPS+ZEA
group the SOD activity tended to decrease, compared with both untreated cells (p = 0.051)
or LPS-challenged cells (p = 0.062). LPS exposure had no effect on catalase activity.
However, the co-exposure to both LPS and mycotoxins significantly decreased catalase
activity for LPS+OTA treatment (96.21 vs. 178 nmol/min/mg protein in control cells,
p = 0.0002) or tended to decrease the enzyme activity for LPS+ZEA contamination (137.0 vs.
178 nmol/min/mg protein in control cells, p = 0.059).

3.4. The Effect of Co-Exposure to LPS and Mycotoxins on Nitric Oxide and Inflammatory
Cytokine Synthesis

We next examined the ability of LPS and LPS in combination with mycotoxin to
modulate the synthesis of nitric oxide and of cytokines involved in the inflammatory
response. While no effect on nitric oxide synthesis was observed for all of the treatments
(Figure 5).

Figure 5. Effect of LPS or of the combination of LPS and mycotoxins on nitric oxide profile. PBMCs
were treated for 48 h with LPS, OTA, or ZEA and total nitric oxide (+) cells were measured using the
Muse Nitric Oxide Kit (Merck). The results are displayed as mean ± standard error (SE) for four
independent experiments.

LPS challenge induced a significant increase in inflammatory cytokines IL-1β (13.9 times,
p< 0.0001), TNF-α β (8.2 times, p < 0.0001), IL-8 β (8.7 times, p < 0.0001), and IL-6 (6.06 times,
p = 0.003), compared with the untreated cells (Figure 6).

The exposure to both LPS and OTA induced the highest stimulation of inflammatory
cytokines: IL-1β (57.9 times increase compared with control and 4.1 times increase com-
pared with LPS), TNF-α (26.3 times increase compared with control and 3.2 times increase
compared with LPS), IL-6 (19.1 times increase compared with control and 3.1 times increase
compared with LPS). This suggested that the pro-inflammatory effect of LPS was aug-
mented by the presence of OTA. When LPS+ZEA treatment was administered to PBMCs,
only the IL-1β synthesis was increased, compared with LPS (1.67 times increase, p < 0.0001)
while for TNF-α and IL-6, there were no differences between LPS and LPS+ZEA treatments.
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Similarly, the IL-8 synthesis in the cells treated with both LPS+OTA or LPS+ZEA was not
different when compared with control (p > 0.05).

Figure 6. Effect of LPS or of the combination of LPS and mycotoxins on cytokine synthesis. The
synthesis of proinflammatory cytokines (IL-1β, TNF-α, IL-6) and of IL-8 chemokine were assessed
in PBMCs treated for 48 h with LPS, OTA, or ZEA.The results are displayed as mean ± standard
error (SE) for four independent experiments. a,b,c,d indicate significant differences between different
treatments (p < 0.05).

4. Discussion

Recent studies have shown that co-contamination of food/feed with bacteria and fungi
is the rule rather than an exception, impacting all segments of society, from farmers and
feed producers to the general public, government, industry, and academia [34] Food/feed
may represent a carrier for harmful bacteria, viruses, parasites, or chemical substances that
are responsible for different ranges of diseases, from diarrhoea to cancers [35]. Simulta-
neous exposure to more than one food/feed contaminant can produce a diverse range of
interactions, such as antagonistic, synergistic, commensal, or symbiotic, that are different
than the effect of single contaminant [22]. In this context, we investigated contamination
with a mycotoxin arising at the same time as a bacterial contamination and whether the
effects of the co-contamination were more important than the individual effect of bacterial
contamination.

First, we investigated the effect of exposure to LPS or the co-exposure to both LPS
and mycotoxins (OTA or ZEA) on cell proliferation, apoptosis, and necrosis. Our results
showed that although exposure to LPS was not able to decrease cell viability, the addition
of OTA significantly decrease cell proliferation. Many other studies have shown that OTA
inhibits cell proliferation in different cell lines, such as human embryonic stem cells [36],
neuronal cells [37], and kidney epithelial cells [38], while the cytotoxic effect of ZEA is still
controversial, with the toxin decreasing or increasing cell proliferation depending on the
cell type, the time of exposure, or the concentration [10,39].

Studies have shown that LPS induces apoptosis in cells of different origin, including
immune cells. This process is involved in multiorgan failure during septic shock [40].
Apoptosis is also one of the most important processes involved in cytotoxicity induced by
mycotoxins. OTA or ZEA exposure led to apoptosis through the activation of caspase-9 and
caspase-3 and a decrease in Bcl2 protein accompanied by a loss of mitochondria membrane
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potential [37,41–43]. In our study, LPS alone or in combination with OTA significantly
increased the percentage of cells in late apoptosis. Only the exposure to the combination
of LPS and OTA significantly increased the percentage of dead cells, indicating a higher
toxicity of the exposure to both bacteria and mycotoxin, compared with both untreated or
LPS-challenged cells.

Food/feed contaminants, such as bacteria or mycotoxins, can affect the cell cycle
by interacting with the events through which a cell duplicates its genome, grows, and
divides [44,45]. In our study, exposure to LPS endotoxin was associated with a decrease in
the number of S-phase cells. Other studies have shown that, in contrast to other mitogens,
such as concanavalin A, which induces a high stimulation of the cells, LPS stimulation of
PBMCs can decrease the percentages of S-phase cells in unstimulated cells [45]. We also
showed that the combination of both mycotoxin and LPS induced a significant decrease in
the S phase of the cell cycle, inducing an arrest of cell proliferation and progression in the
G2/M phase. Indeed, OTA was also described as responsible for cell cycle arrest in human
PBMCs, inducing an increase in the proportion of cells in the G1 phase, a decrease in the
S phase, and a decrease in the expression of proteins involved in cell-cycle control, such
as cyclin D1 and cyclin-dependent kinase [46]. Our results showed a correlation between
cell-cycle arrest and apoptosis induced by the exposure to both bacteria and OTA, resulting
in higher toxicity than the single exposure to bacterial endotoxin.

An important role in cell-cycle arrest and apoptosis is attributed to the excessive
formation of free radicals that induce the oxidation of macromolecular structures, such
as polyunsaturated lipids, proteins, and DNA, modifying their biological functions and
causing oxidative stress and cellular damage [47]. In a study using human PBMCs, Liu et al.
established a correlation between the oxidative DNA damage induced by OTA and the
induction of cell-cycle-phase arrest and apoptosis [46]. Exposure to mycotoxins in general
and to OTA and ZEA, in particular, has been found to induce an increase in ROS levels
and oxidative damage in a large diversity of cell lines [11,48]. In addition, increasing ROS
production as a response to LPS challenge helps cells destroy bacteria by oxidative-induced
damage [49]. In our study, the ROS concentration tended to increase in cells exposed only
to LPS or to LPS+OTA and significantly increased after LPS+ZEA treatment, compared
with both control and LPS. The increase in ROS production significantly decreased the
total antioxidant status and the catalase activity in the PBMCs and tended to decrease the
SOD activity in cells exposed to the LPS+OTA and LPS+ZEA mixtures. Except for ROS
production, it appears that the effect of co-exposure to the mycotoxin and LPS combination
had no effect on PBMC antioxidant defence, compared with the exposure to bacterial
endotoxin, and that in the particular case of oxidative stress there were no additive or
synergic effects of the simultaneous exposure to bacteria and mycotoxins.

Inflammation represents a complex response of an organism to harmful stimuli, such
as infections, injuries, and toxins, involving immune cells, blood vessels, and molecular
mediators [50]. After TLR4 activation of human PBMCs, LPS can cause an acute inflam-
matory response by triggering the release of a vast number of inflammatory cytokines,
leading to the activation of the NF-κB pathway [51]. Our results showed a substantial
increase in pro-inflammatory cytokines IL-1β, TNF-α, and IL-6, and chemokine IL-8 after
LPS exposure. Moreover, the exposure to both OTA and bacterial endotoxin led to an
extraordinary increase in pro-inflammatory cytokines, compared with LPS-treated cells,
but not for the IL-8 chemokine. While OTA induced pro-inflammatory effects in target
organs (kidney, liver, gut, etc.) leading to toxicity and cell death [9], the effect of ZEA on in-
flammation is still controversial [10]. Indeed, our results showed that, except for IL-1β, the
exposure to ZEA in addition to LPS did not induce a pro-inflammatory effect higher than
that obtained after bacterial endotoxin challenge. Moreover, the concentration of TNF-α
significantly decreased after LPS+ZEA treatment, compared with LPS. In a previous study,
we demonstrated that the exposure of porcine PBMCs to 10 µM ZEA significantly decreased
the TNF-α synthesis in the supernatant, but were not able to affect the IL-8 synthesis [23].
Considering this, we can assume that ZEA can interfere with the LPS pro-inflammatory
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response, with different effects on inflammation: an antagonist effect for TNF-α, no effect
for IL-6 and IL-8, and an additive/synergic effect for IL-1 beta. These effects are in contrast
with the pro-inflammatory, additive/synergic effect of OTA for both pro-inflammatory
cytokines and chemokine. TNF-α is a major pro-inflammatory mediator but also a critical
regulator of immune responses, cell proliferation, and survival [52]. Disruption of sig-
nalling events stimulated by TNF-α can trigger a switch from inflammatory gene signalling
to cell death via apoptosis or necroptosis, via sequential formation of different signalling
complexes upon the binding of TNF-α to its receptor, TNF-RI [53]. In addition, LPS-induced
apoptosis results mainly through the autocrine secretion of TNF-α [54]. Thus, the important
augmentation in the percentage of cells in late apoptosis and necrosis observed after the
exposure to LPS and OTA can be due to the exceptional increase in TNF-α concentration.

5. Conclusions

Exposure to both bacteria (LPS) and fungal (mycotoxins) toxins is a common trait in
toxin contamination of feed and food. Our results showed important additive/synergistic
effects of the co-exposure to fungal and bacterial toxins on cell viability, the cell cycle,
oxidative stress, and inflammation. These effects were more important when the cells
were co-exposed to LPS and OTA, showing an exacerbation of inflammation accompanied
by a significant increase in the percentage of cells undergoing apoptosis and necrosis,
compared with the simple bacterial challenge. In the case of the co-exposure to ZEA+LPS.
the effects were less important and concerned mainly the parameters related to the oxidative
stress. The present study provides important data for risk assessment, as the concomitant
contamination with bacteria and mycotoxins can lead to a higher toxicity than that which
resulted after an infection with Gram-negative bacteria. Our results suggest that the
synergistic effect of LPS and mycotoxins must be considered during risk assessment studies.
In the near future, a reconsideration of the guidance levels for contaminants is required
for the reduction of the health risk associated with the possible ingestion of food or feed
co-contaminated with both bacteria and mycotoxins.
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