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Abstract
Deoxynivalenol (DON), one of the most abundant mycotoxins in cereal products, was recently detected with other mycotoxins 
and the emetic bacterial toxin cereulide (CER) in maize porridge. Within a cereal-based diet, co-exposure to these toxins 
is likely, hence raising the question of combinatory toxicological effects. While the toxicological evaluation of DON has 
quite progressed, consequences of chronic, low-dose CER exposure are still insufficiently explored. Information about the 
combinatory toxicological effects of these toxins is lacking. In the present study, we investigated how CER (0.1–100 ng/mL) 
and DON (0.01–10 µg/mL) alone and in a constant ratio of 1:100 (CER:DON) affect the cytotoxicity and immune response 
of differentiated human intestinal Caco-2 cells. While DON alone reduced cell viability only in the highest concentration 
(10 µg/mL), CER caused severe cytotoxicity upon prolonged incubation (starting from 10 ng/mL after 24 h and 48 h, 2.5 ng/
mL and higher after 72 h). After 72 h, synergistic effects were observed at 2.5 ng/mL CER and 0.25 µg/mL DON. Different 
endpoints of inflammation were investigated in interleukin-1β-stimulated Caco-2 cells. Notably, DON-induced interleukin-8 
transcription and secretion were diminished by the presence of 10 and 25 ng/mL CER after short-term (5 h) incubation, indi-
cating immunosuppressive properties. We hypothesise that habitual consumption of cereal-based foods co-contaminated with 
CER and DON may cause synergistic cytotoxic effects and an altered immune response in the human intestine. Therefore, 
further research concerning effects of co-occurring bacterial toxins and mycotoxins on the impairment of intestinal barrier 
integrity, intestinal inflammation and the promotion of malnutrition is needed.
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Introduction

The co-occurrence of several mycotoxins and bacterial tox-
ins was recently reported in homemade Cameroonian maize 
fufu, a maize porridge dish frequently consumed in West 
and Central Africa (Abia et al. 2017). Among others, cere-
ulide (CER; Fig. 1a), a bacterial toxin produced by some 
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Bacillus cereus strains with specific genotypic characteris-
tics (Ehling-Schulz et al. 2005) as well as deoxynivalenol 
(DON; Fig. 1b), a mycotoxin produced by Fusarium species, 
were detected in all analysed food samples (n = 50) (Abia 
et al. 2017). As Cameroon is a country with a high stunting 
prevalence of 32% of children under the age of 5 (European 
Commission 2018), effects of toxins on promoting factors of 
stunting are attracting notice. Causes of childhood stunting 
are multifactorial and include, for example, high mycotoxin 
exposure, diarrhoeal diseases and intestinal inflammation 
(Stewart et al. 2013). An association between poor child 
growth and impaired intestinal integrity as well as inflam-
matory stimulation was already suggested by Campbell et al. 
(2003). Furthermore, insufficient nutrient absorption and 
growth retardation cannot be excluded to occur due to DON 
exposure (Smith et al. 2012). Both toxins, CER and DON, 
cause emesis, whereas the induction of intestinal lesions 
(Pinton et al. 2009) and alterations of the immune response 
(Maresca et al. 2008) have been additionally reported for 
DON.

DON is also called “vomitoxin” due to its characteris-
tic symptom of acute intoxication, but also causes symp-
toms such as nausea, diarrhoea, growth retardation and 
immune dysregulation (Ueno 1977). Inhibition of protein 
biosynthesis is considered the main mechanism of action 
of DON (Pinton and Oswald 2014). Mishra et al. (2019) 
recently reviewed the worldwide occurrence of DON in 
foodstuffs and concluded that DON was present in a wide 
concentration range in grains like wheat, maize or oats and 
cereal-based products as well as infant food. Consequently, 
humans are generally exposed to at least low doses of this 
toxin through their diet, with the gastrointestinal tract being 
first affected by foodborne toxins. In the human intestinal 
adenocarcinoma cell line Caco-2, DON caused a reduction 
of cell viability in undifferentiated cells at concentrations 
of 1–30 µM (Cano-Sancho et al. 2015; Vejdovszky et al. 
2016). However, in a differentiated state, cells seemed to be 
less sensitive to DON, as no cytotoxicity was reported after 

24 h for concentrations up to 10 µM. (Bony et al. 2006; Van 
De Walle et al. 2010a). Furthermore, DON decreased the 
transepithelial electrical resistance (TEER) in differentiated 
Caco-2 cells, increased paracellular permeability and altered 
some tight junction proteins (Ling et al. 2016; Pinton et al. 
2009), indicating an impairment of intestinal integrity. In 
differentiated Caco-2 cells, DON was described to modify 
the immune response leading to elevated interleukin-8 (IL-8) 
secretion (Maresca et al. 2008) and increased activation of 
the NF-κB pathway (Van De Walle et al. 2008). Addition-
ally, DON induced the gene expression of the pro-inflam-
matory cytokines IL-8, tumour necrosis factor-α (TNF-α), 
IL-1α and IL-1β in IPEC-1 intestinal porcine epithelial cells 
(Cano et al. 2013).

The cyclic dodecadepsipeptide ([d-O-Leu-d-Ala-l-O-
Val-l-Val]3) toxin CER is produced by the non-ribosomal 
peptide synthase cesNRPS (Ehling-Schulz et al. 2006) and 
is highly heat and pH resistant (Rajkovic et al. 2008). Once it 
is pre-formed in food, it cannot be removed by normal food 
hygienic measures (Rouzeau-Szynalski et al. 2020). The 
main symptoms of acute CER poisoning include nausea and 
emesis (Ehling-Schulz et al. 2004, 2019; Schoeni and Wong 
2005) with an estimated toxic dose of 8 µg/kg bodyweight 
(Jaaskelainen et al. 2003). Furthermore, some fatal cases of 
CER intoxication are known that led to adverse effects, such 
as liver failure due to micro-vesicular steatosis and impaired 
β-oxidation in liver mitochondria (Mahler et al. 1997) or 
necrosis of colon mucosa (Naranjo et al. 2011). Further-
more, cytotoxic effects of CER have been described in undif-
ferentiated Caco-2 monolayers (Jaaskelainen et al. 2003) and 
fully differentiated Caco-2 cells (Rajkovic et al. 2014), at 
concentrations of 2 ng/mL and 0.125 ng/mL CER, respec-
tively. With respect to modulation of the immune response, 
the effect of CER on natural killer (NK) cells has been inves-
tigated by Paananen et al. (2002). They observed induction 
of apoptosis and inhibition of interferon-γ (INF-γ) produc-
tion. Furthermore, the effects of CER on mitochondria are 
quite pronounced and include swelling and disruption of 
the inner membrane (Mikkola et al. 1999; Vangoitsenhoven 
et al. 2014). The impact on mitochondria is suggested to 
arise from potassium leakage due to the ionophoretic proper-
ties of CER (Mikkola et al. 1999).

The toxic effects of many single compounds have been 
extensively studied, hence, several mycotoxins such as 
aflatoxin  B1, fumonisins and DON have been discussed 
in the context of reduced weight gain and growth (Smith 
et al. 2012). On the other hand, information on the con-
sequences of chronic low-dose exposure to CER is still 
lacking. In recent years, combinatory effects of numer-
ous substances such as mycotoxin mixtures (Vejdovszky 
et al. 2016) or combinations of mycotoxins with polyphe-
nols (Aichinger et al. 2017, 2018a; Cano-Sancho et al. 
2015) are attracting attention due to their co-occurrence 

Fig. 1  Chemical structures of cereulide (a) and deoxynivalenol (b)
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or simultaneous ingestion. However, data on many other 
mycotoxins or bacterial toxins as well as data on the com-
binations of CER and DON or any other mycotoxin are 
still lacking. Furthermore, the impact of chronic exposure 
to sub-emetic doses of CER and DON on the intestinal epi-
thelium is largely unknown. Therefore, this study focused 
on the effects of CER and DON alone and in combinatory 
mixtures on cell viability and alterations of the inflamma-
tory response of differentiated intestinal Caco-2 cells in 
physiologically relevant concentrations.

Materials and methods

Chemicals and consumables

DON was purchased from Romer Labs (Tulln, Austria); 
CER was purified according to Bauer et al. (2018). Neutral 
Red dye and lipopolysaccharide (LPS) were obtained from 
Sigma-Aldrich (Taufkirchen, Germany) and alamarBlue™ 
from Invitrogen (Carlsbad, USA). Cell culture media, 
supplements and Dulbecco’s phosphate-buffered saline 
(DPBS) were purchased from  Gibco® Life Technologies 
(Karlsruhe, Germany). Heat-killed Listeria monocytogenes 
(HKLM) and recombinant human interleukin-1β (IL-1β) 
were obtained from InvivoGen (Toulouse, France). Etha-
nol (absolute) and glacial acetic acid were purchased from 
Fisher Chemical (Loughborough, UK).

Caco‑2 (C2BBe1) cells

The Caco-2 clone C2BBe1 (ATCC-CRL-2102), a cell line 
originally established from a colorectal adenocarcinoma, 
able to differentiate into a polarised monolayer with an 
apical brush boarder, was acquired from the American 
Type Culture Collection (ATCC; Manassas, VA, USA). 
Cells were cultivated under humidified conditions (37 °C, 
5%  CO2, 95% humidity) in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10%  (v/v) fetal 
calf serum (FCS), 1% (v/v) penicillin/streptomycin (P/S; 
100 U/mL/100 µg/mL), 1% (v/v) potassium pyruvate and 
0.01 mg/mL transferrin. Cells were sub-cultivated twice 
a week at a confluency of 80%, seeded for experiments in 
96-well or 24-well tissue culture plates (Cell+, Sarstedt, 
Nümbrecht, Germany) at a density of 85,000 cells/cm2 
and allowed to grow for 7 days prior to experiments to 
receive a partially differentiated, tight monolayer as pre-
viously reported by Schmutz et al. (2019). The used pas-
sage numbers were below 40. Medium was renewed every 
2–3 days. Cells were routinely checked for mycoplasma 
contamination.

THP1‑Lucia™ NF‑κB cells

NF-κB Lucia™ Reporter Monocytes, originating from 
THP-1 cells that were integrated with a stable NF-κB induc-
ible Lucia™ reporter construct, were purchased from Invivo-
Gen (Toulouse, France). Cells were cultivated following the 
provider’s instructions. (InvivoGen 2017) Briefly, cells were 
cultivated in Roswell Park Memorial Institute (RPMI)-1640 
medium containing 2 mM l-glutamine and 25 mM HEPES 
supplemented with 10% (v/v) FCS and 1% (v/v) P/S (100 U/
mL/ 100 µg/mL). In order not to exceed a maximum cell 
number of 2 × 106 cells/mL, cells were sub-cultivated twice 
a week by transferring 375,000–450,000 cells into a new 
flask. The selective antibiotic Zeocin™ and Normocin™ 
were added to the culture every other passage to maintain 
selection pressure and prevent bacterial contamination, 
respectively. Cells were routinely checked for mycoplasma 
contamination.

Incubation conditions and justification of exposure

DON stock solutions were prepared in water, CER stock 
solutions in DMSO. Cells were treated with 0–100 ng/mL 
CER and/or 0–10 µg/mL DON with a final solvent concen-
tration of 1% DMSO and 1%  H2O in all incubation solutions. 
In all experiments, medium containing 1% DMSO and 1% 
 H2O was used as solvent control. To mimic inflammatory 
conditions, cells were stimulated with 25 ng/mL IL-1β as 
previously described for Caco-2 monolayers (Van De Walle 
et al. 2008, 2010b;). Exposure levels are based on occur-
rence data (Abia et al. 2017; Mishra et al. 2019; Schothorst 
and van Egmond 2004) and are described in detail in the 
discussion section. All experiments were performed with at 
least three biological replicates.

Cell viability: neutral red (NR) assay

As a measure for cell viability, the neutral red assay was 
performed as previously described (Repetto et al. 2008). 
Briefly, Caco-2 cells were seeded in 96-well plates, grown 
for 7 days, treated with the respective incubation media 
in triplicates and incubated for 5 h (with or without IL-1β 
stimulus for the last 3 h), 24 h, 48 h or 72 h. The NR staining 
medium was prepared by diluting a 40 mg/mL NR solu-
tion 1:100 with cell culture medium. After incubating the 
staining solution over night at 37 °C, it was centrifuged for 
10 min at 600×g to remove precipitated dye. At the end of 
the cell incubation, the medium was replaced by 100 µL of 
NR staining solution and incubated for 3 h prior to wash-
ing with 150 µL pre-warmed DPBS. Subsequently, the cells 
were treated with 150 µL of freshly prepared destain solution 
(50:50:1 ethanol absolute,  dH2O, glacial acetic acid) and 
shaken for 10 min at 500 rpm. Subsequently, 130 µL of the 
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destain solution was transferred to a fresh 96-well plate to 
measure absorbance at 540 nm with the Cytation3 imaging 
reader (BioTek, USA). Results are related to the respective 
solvent control (test/control [%]).

NF‑κB reporter gene assay

To monitor the potential induction or suppression of the 
NF-κB signal transduction pathway by the test substances, 
the NF-κB reporter gene assay was performed with THP1-
Lucia™ NF-κB cells following the provider’s sugges-
tion (InvivoGen 2017) with some modifications. Through 
expression of the integrated Luciferase reporter construct, 
modifications in the activation of the NF-κB pathway can 
be monitored. After sub-cultivating the cells, the remain-
ing cell suspension was centrifuged (4 min, 200×g), the 
supernatant was discarded and the cells were resuspended 
in fresh medium. Subsequently, 100,000 cells/100 µL/well 
were seeded into a 96-well plate and incubated with the 
respective substances in triplicates for 20 h. After 2 h of 
incubation, cells were stimulated with 1 µL of a 1 µg/mL 
LPS solution to mimic inflammatory conditions. A solvent 
control incubated with LPS for 18 h served as the positive 
control. Additionally, another positive control containing 
200 × 106 heat-killed Listeria monocytogenes (HKLM) 
per µL was measured. At the end of the incubation period, 
the plate was centrifuged (2 min, 200×g) and 10 µL of the 
supernatant was transferred into an opaque 96-well plate to 
determine luciferase activity. Luminescence was detected 
with the Cytation3 imaging reader (BioTek, USA) after the 
injection of 50 µL of QUANTI-Luc™.

alamarBlue™ cell viability assay

To ensure that effects on the NF-κB pathway are not an 
artefact because of cytotoxicity, the alamarBlue™ viability 
assay was performed directly after incubation of the THP1-
Lucia™ NF-κB cells for the reporter gene assay. Briefly, 
10 µL of alamarBlue™ was added to the cell suspension 
and incubated at 37 °C for 2 h. The plate was centrifuged 
as described above, 50 µL/well was transferred into a black 
96-well plate and fluorescence was measured with a Cyta-
tion3 imaging reader (BioTek, USA) using an excitation 
wavelength of 530  nm and an emission wavelength of 
560 nm.

Gene transcription analysis (quantitative real‑time 
PCR)

The impact of DON, CER or a combination of both on the 
transcript level of selected cytokines was assessed using 
quantitative real-time PCR (qPCR). After the respective 
incubation period of 5 h (2 h pre-incubation with CER, 

DON or mixture and 3 h co-incubation with 25 ng/mL 
of IL-1β) total RNA was extracted with the  Maxwell® 16 
LEV simplyRNA Cells Kit (Promega, Madison, WI, USA) 
and reverse transcribed into complementary DNA (cDNA; 
 QuantiTect® Reverse Transcription Kit, Qiagen, Hilden, 
Germany) following the suppliers’ protocols. Amplifica-
tion of gene-specific DNA was performed in the presence 
of  QuantiTect®  SYBR® Green Master Mix (Qiagen) and 
sequence-specific primers  (QuantiTect® Primer Assays, Qia-
gen) with the StepOnePlus™ System (Applied Biosystems). 
The following primer assays were used: tubulin, beta poly-
peptide (TUBB; Hs_TUBB_1_SG, QT00089775), hypoxan-
thine phosphoribosyltransferase 1 (HPRT1; Hs_HPRT1_1_
SG, QT00059066), interleukin-8 (IL-8; Hs_CXCL8_1_SG, 
QT00000322), interleukin-1β (IL-1β; Hs_IL1B_1_SG, 
QT00021385), and tumour necrosis factor-α (TNF-α; Hs_
TNF_1_SG, QT00029162). A universal PCR protocol was 
used for amplification (enzyme activation: 15 min at 95 °C; 
45 cycles of 15 s at 94 °C, 30 s at 55 °C and 30 s at 72 °C, 
followed by melting curve analysis: 15 s at 95 °C, 1 min 
at 60 °C, in 0.5 °C steps to 94 °C for 15 s) and analysed 
with the  StepOnePlus® software v2.1. Data were normalised 
to the mean of transcript levels of two endogenous control 
genes, TUBB and HPRT1, and quantified with the  2−ΔΔCt 
method (Livak and Schmittgen 2001), as similar PCR effi-
ciency was ensured according to Schmittgen and Livak 
(2008). Data are presented as fold-changes in comparison 
to the IL-1β stimulated control sample, which was set to 1.

Cytokine secretion: multiplex assay

Secreted protein concentrations of IL-8 and TNF-α were 
assessed in cell culture supernatants with a Human Magnetic 
 Luminex® Assay (R&D Systems, Inc., USA). The secre-
tion of IL-1β could not be determined due to the stimulation 
of the cells therewith resulting in an excess amount in the 
supernatant. Cells were incubated as described for qPCR, 
though only the most promising concentrations, namely the 
two with the strongest induction of gene expression, were 
chosen. The assay was performed according to the manu-
facturer’s recommendation. Briefly, diluted supernatants 
and standards were incubated with magnetic microparticles 
coated with analyte-specific antibodies. Consecutively, the 
particles were incubated with a specific biotinylated anti-
body cocktail as well as streptavidin–phycoerythrin conju-
gate. Samples were then analysed in duplicates with the Bio-
Rad Bio-Plex® 200 System. Concentrations were calculated 
by applying a five-parameter logistic (5-PL) curve fit with 
Bio-Plex Manager™ 6.1.
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Statistical analysis

Statistical and graphical analyses were performed using 
OriginPro 2018G. To ensure normal distribution of the data, 
all datasets were analysed with Shapiro–Wilk normality test. 
The Nalimov outlier test was applied to eliminate outliers. 
To assess interactions between the test compounds, a math-
ematical model, the “Independent Joint Action” by Webb 
(1963), was used whenever possible as previously published 
(Aichinger et al. 2016, 2018b). An expected combined effect 
was calculated with the equation fab= f a + fb − fafb and com-
pared to the measured combined effect using two-sample 
Student’s t test. To analyse significant differences between 
different concentrations of the same substances, one-way 
ANOVA was performed using Bonferroni post hoc test. To 
compare two different conditions, e.g. DON with the respec-
tive mixture, a two-sample Student’s t test was performed. 
In all statistical analyses, following p values were applied: 
*p < 0.05; **p < 0.01; ***p < 0.001.

Results

Impairment of cell viability

To investigate the effects of CER and DON on cell viabil-
ity and to prevent artefacts in data interpretation, the NR 
assay measuring the amount of dye bound in the lysosomes 
of viable cells was performed. After an incubation period 
of 5 h, DON and CER did not significantly affect the via-
bility of differentiated Caco-2 cells (Fig. 2a).

In contrast, after 24 h incubation, CER mediated a sig-
nificant decrease of NR absorbance at 10 ng/mL and 100 ng/
mL to 81.4 ± 10.0% and 77.8 ± 4.1%, respectively (Fig. 2b). 
DON showed a dose-dependent trend resulting in a signifi-
cant reduction of NR absorbance to 78.9 ± 3.0% at the high-
est dose of 10 µg/mL DON, indicating cytotoxic effects. 
Comparing the measured combined effects to the calculated 
combined effect, according to Webb (1963), a significant 
antagonistic effect is evident at concentrations of 100 ng/
mL CER+ 10 µg/mL DON, meaning that the measured cell 
viability, namely 82.4 ± 9.2%, is significantly higher than the 
mathematically expected viability of 62.3 ± 6.1%, calculated 
on the basis of the single compounds.

After 48 h of incubation, viability of Caco-2 cells was 
potently decreased by CER starting from 10 ng/mL (Fig. 2c). 
In contrast, DON induced only a minor reduction of viability 
with a maximum of 74.8 ± 10.0% at 10 µg/mL. The mixture 
of both toxins reduced cell viability as well, starting at 10 ng/
mL CER+ 1 µg/mL DON. Comparison of measured and 
calculated effects of the toxin combination revealed signifi-
cant antagonistic effects on cell viability at the lowest con-
centrations (0.1 ng/mL CER + 0.01 µg/mL DON, 1 ng/mL 

CER + 0.1 µg/mL DON). Of note, at higher concentrations 
(25 ng/mL CER + 2.5 µg/mL DON), the measured absorb-
ance of only 18.3 ± 12.5% in comparison to the solvent 
control was in clear contrast to the calculated 43.2 ± 19.5%, 
suggesting a synergistic effect of the toxin mixture (Fig. 2c). 
Furthermore, in the other concentrations, no significant dif-
ferences between the measured and the calculated combined 
effect became apparent indicating additive effects.

Prolonged incubation (72 h), mimicking chronic expo-
sure, caused even more pronounced reduction of Caco-2 
cell viability (Fig. 2d), resulting in a significant decrease 
for the toxin combination already at 2 ng/mL CER+ 0.2 µg/
mL DON. CER as a single substance induced a significant 
reduction of NR absorbance at 2.5 ng/mL (67.1 ± 17.8%) 
and substantially decreased it to 4.5 ± 3.3% and 1.2 ± 1.8% 
at concentrations of 3 ng/mL and 5 ng/mL CER, respec-
tively. Compared to the other exposure time points, DON 
again had no significant impact on cell viability in lower 
concentrations (0.01–0.5 µg/mL). Incubations with more 
than 5 ng/mL CER, alone or in combination with DON, led 
to a complete loss of cell viability. Thus, other concentra-
tions (at sub-emetic doses) than those used for short-time 
incubation of 5–48 h had to be chosen. The synergistic effect 
of CER and DON was even more pronounced after 72 h. For 
example, the measured absorbance of the CER/DON mix-
ture (2.5 ng/mL CER + 0.25 µg/mL DON) of 16.9 ± 21.3% 
compared to the solvent control is in pronounced contrast to 
the calculated value of 66.2 ± 18.1% even though this potent 
synergistic effect vanishes with increased concentrations and 
thus cell death.

Effects on NF‑κB activity

The question whether and how mixtures of toxins affect 
the immune response differently than the single toxins was 
addressed amongst others by investigating the impact on 
NF-κB activity as recently reported by Kollarova et al. 
(2018). A good test model for studies regarding the induc-
ibility of the NF-κB pathway is THP1-Lucia™ NF-κB 
monocytes (InvivoGen 2017). These cells comprise an 
inducible NF-κB promotor leading to the expression of 
luciferase after activation. To avoid potential artefacts 
due to cytotoxic effects, the alamarBlue™ assay was per-
formed with THP1-Lucia™ NF-κB monocytes first. Cell 
viability was significantly decreased by DON alone in 
concentrations of 0.5 µg/mL and 1 µg/mL as well as in the 
respective combinations with 5 ng/mL and 10 ng/mL CER 
(Fig. 3a). The NF-κB pathway was not significantly acti-
vated by the test substances even though a dose-dependent 
trend may be present for DON (Fig. 3b). However, co-
incubation of CER+DON resulted in a significant suppres-
sion of the activation mediated by DON at concentrations 
of 0.1 ng/mL CER+ 0.01 µg/mL DON. The same trend, 
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even though not significant, was observed in other concen-
trations. Despite commencing cytotoxicity this effect per-
sists at the combination of 10 ng/mL CER+ 1 µg/mL DON.

Modulatory effects on transcript levels of IL‑8 
(CXCL8), TNF‑α (TNF) and IL‑1β (IL1B)

As the NF-κB Reporter Gene Assay is quite unspecific, gene 
transcription of the pro-inflammatory cytokines IL-8, TNF-α 
and IL-1β was investigated (Fig. 4). Cell viability of IL-1β-
stimulated cells was monitored with the NR assay (Online 
Resource 1). CER alone had no measurable effect on CXCL8 

transcription, whereas DON led to an increase thereof up 
to 66.8 ± 21.7-fold compared to the IL-1β-stimulated con-
trol in the highest tested concentration. The toxin combina-
tion on the other hand significantly counteracted the effect 
of DON over the entire concentration range leading to a 
still upregulated CXCL8 transcription in the combination 
of 10 and 25 ng/mL CER with 1 and 2.5 µg/mL DON, 
respectively. In contrast to CXCL8, mRNA levels of IL1B 
are diminished by incubation with CER to 0.2 ± 0.03-fold, 
while DON induced the gene transcription to 5.4 ± 2.0-fold 
and 4.4 ± 2.9-fold at concentrations of 1 µg/mL and 2.5 µg/
mL DON. In addition, the combination with DON and CER 

Fig. 2  Cell viability of differentiated Caco-2 cells after incubation 
with CER (dark grey), DON (grey), a combination of both toxins 
(light grey, dashed) and a calculated combination (white, dashed) 
measured by Neutral Red assay after 5 h (a), 24 h (b), 48 h (c) and 
72  h (d) of incubation. Results are presented as means + standard 
deviations, normalised to the solvent control (1% v/v DMSO, 1% 
v/v  H2O; dashed line) (n ≥ 4). The calculated measured effects were 

determined by independent joint action (Webb 1963). Significant dif-
ferences to the respective no-effect concentration were calculated by 
one-way ANOVA (p < 0.05) followed by Bonferroni post hoc test and 
are indicated as “a” (CER), “b” (DON) and “c” (measured combined 
effect). Significant differences between the measured and the calcu-
lated combined effect were determined by Student’s t test and are 
indicated with “*” (p < 0.05) and “***” (p < 0.001)
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led to a significant reduction of the amount of mRNA in the 
highest tested concentration. Concerning TNF, both CER 
and DON enhanced the transcript levels to 7.5 ± 5.7- and 
105.4 ± 49.5-fold, respectively. However, in the combina-
tion of 10 ng/mL CER+ 1 µg/mL DON, gene transcription 
was significantly increased to 81.7 ± 12.7-fold, an effect that 
does not persist in higher concentrations. Threshold cycles 
(Ct values) of housekeeping and target cytokine mRNA are 
displayed in Online Resource 2.

Cytokine secretion

To study whether the gene transcription levels are reflected 
in the cytokine secretion of the cells, IL-8 and TNF-α were 
analysed in the cell culture supernatants by a multiplex 
assay. Based on the qPCR results, the concentrations appear-
ing to be the most prominent due to their strongest induc-
tion of gene expression were chosen. TNF-α concentrations 
were too low for valid quantification (data not shown). In 
the IL-1β-stimulated control, 178.3 ± 14.2 pg/mL IL-8 were 
detected (Fig. 5). 25 ng/mL CER led to a significant reduc-
tion of the IL-8 concentration to 121.7 ± 11.5 pg/mL com-
pared to the stimulated samples. Supernatants treated with 
1 and 2.5 µg/mL DON on the other hand showed elevated 
levels of IL-8 up to 711.3 ± 98.0 and 389.6 ± 75.1 pg/mL, 
respectively. Remarkably, in the combinations of 10 ng/mL 
CER + 1 µg/mL DON as well as 25 ng/mL CER + 2.5 µg/
mL DON, IL-8 concentrations in the cell culture super-
natants were significantly reduced to 367.5 ± 144.9 and 
105.7 ± 14.4  pg/mL compared to the respective DON 

concentrations. Furthermore, the highest combination 
reduced the IL-8 amount significantly compared to IL-1β-
treated cells. Solvent control samples (1% DMSO, 1% H2O) 
were below the limit of quantification and could therefore 
not be statistically analysed.

Discussion

Exposure to secondary fungal and bacterial metabolites 
might frequently occur simultaneously through our diet, not 
only in Africa (Abia et al. 2017) but also in Europe (Mes-
selhausser et al. 2014). Currently, toxicity of complex toxin 
mixtures is an emerging field of research, but combinatory 
effects are often considered in only one class of contami-
nants, for example mycotoxins (Cano-Sancho et al. 2015; 
Vejdovszky et al. 2016). Hence, this study addressed the 
question how mixtures of bacterial toxins and mycotoxins 
and their potential interactions may impact on toxicologi-
cal outcomes. Nonetheless, potential combinatory effects 
are still hard to predict and might change depending on the 
respective concentration range and the ratio of the compo-
nents. However, identification of interactions between toxic 
secondary metabolites of different origins could contribute 
to the elucidation of potential mechanisms of action and 
hazard characterization.

To properly assess the risk of the substances and combi-
nations, both hazard and exposure have to be considered. In 
the case of cereulide, data on both of these factors are scarce. 
However, Delbrassinne et al. (2012) reported the presence 

Fig. 3  Cell viability (a) and luciferase activity (b) of LPS stimulated 
THP1-Lucia™ NF-κB cells. Cells were incubated with CER (dark 
grey), DON (grey) and a combination of both toxins (light grey, 
dashed) for 20 h and stimulated with LPS for the last 18 h. Results are 
presented as means + standard deviations, normalised to the solvent 
control (1% v/v DMSO, 1% v/v  H2O; dashed line) (n ≥ 7). Significant 

differences to the respective no-effect concentration were calculated 
by one-way ANOVA (p < 0.05) followed by Bonferroni post hoc test 
and are indicated as “b” (DON) and “c” (measured combined effect). 
Significant differences between the measured and the calculated com-
bined effect were determined by Student’s t test and are indicated 
with “*” (p < 0.05) and “**” (p < 0.01)
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of CER in approximately 7–13% of rice samples collected 
from Asian-style restaurants in Belgium. Therefore, it can-
not be excluded that consumers of rice dishes are frequently 
exposed to CER. Consequently, it is possible that some pop-
ulations of consumers have a higher burden of CER expo-
sure. To lower the amount or avoid CER formation in foods, 
proper storage, especially cooling, is essential (Delbrassinne 
et al. 2012). Furthermore, DON is a known global food con-
taminant (Mishra et al. 2019) and the co-occurrence of DON 
and CER was recently observed in Cameroonian maize fufu 
(Abia et al. 2017). For evaluation of the risk assessment, 
further investigations are needed. To our knowledge, this is 
the first study focusing on the combination of a mycotoxin 
with a frequently co-occurring bacterial toxin.

In this study, differentiated Caco-2 cells were used as a 
model of the gastrointestinal tract, as the intestine is one 
of the first organs that might be affected by orally ingested 
toxins. Applying the Neutral Red assay, we identified syn-
ergistic interactions in cytotoxicity after prolonged incuba-
tion of 48 h and 72 h with the toxin mixture of the bacte-
rial toxin CER and the fungal toxin DON. For CER alone, 
the availability of cytotoxicity data in differentiated Caco-2 
cells is still scarce. In differentiated and undifferentiated 
Caco-2 cells, concentrations of 1 ng/mL and approximately 
0.3 ng/mL, respectively, reduced reported cell viabilities 
to 60–70% when measured in the sulforhodamine B (SRB) 
assay (Decleer et al. 2018; Rajkovic et al. 2014). Contrary 
to literature, the presented data show an enhanced cytotoxic-
ity resulting in almost complete loss of viable cells in low 
concentrations of only 3 ng/mL CER after 72 h exposure. 
A possible reason for the apparent discrepancy might arise 
from technical issues, namely the fixation of the cells in 
the SRB assay by trichloroacetic acid (Skehan et al. 1990). 
Caco-2 cells have been reported to possess rigid tight junc-
tions leading to high TEER values of above 400 Ω × cm2 
(Schmutz et al. 2019). Therefore, dead cells that are still 
integrated in the monolayer might be measured as an artefact 
in total protein content. Preliminary data from our group 
showed that even though cells appeared to be dead in micro-
scopic monitoring, the signal in the SRB assay reached a 

concentration-independent plateau at around 75% cell via-
bility (data not shown). Differentiated Caco-2 cells have 
already been reported to be less sensitive to DON treatment 
than undifferentiated ones (Bony et al. 2006; Vejdovszky 
et al. 2016), which could also be reproduced in the presented 
Neutral Red assay.

Fig. 4  Relative quantities of mRNA transcript levels of CXCL8 (a), 
IL1B (b) and TNF (c) after 5 h of incubation with CER, DON and the 
respective combinations and 3 h of IL-1β stimulus. Relative mRNA 
levels were measured by qRT-PCR, calculated by the  2−ΔΔCt method 
(Livak and Schmittgen 2001) and related to the IL-1β-stimulated 
positive control (dashed line) as fold-change. All target genes were 
normalised to the housekeeping genes TUBB and HPRT1. Results 
are presented as means + standard deviations of at least four biologi-
cal replicates. Significant differences to the positive control (IL-1β) 
were calculated by one-way ANOVA (p < 0.05) followed by Bonfer-
roni post hoc test and are indicated as “a” (CER), “b” (DON) and “c” 
(measured combined effect). Significant differences between  DON 
and the measured combined effect were determined by Student’s t test 
and are indicated with “*” (p < 0.05) and “**” (p < 0.01)

▸



841Archives of Toxicology (2020) 94:833–844 

1 3

The applied toxin concentrations were chosen based on 
occurrence data (Abia et al. 2017; Bauer et al. 2018; Del-
brassinne et al. 2012; Mishra et al. 2019; Schothorst and van 
Egmond 2004) and under the previously reported assump-
tion that the substances are diluted in the intestine in 1 L 
gastric fluid and are fully bio-accessible (Ling et al. 2016; 
Sergent et al. 2006). Doses up to 10 µg/mL DON have previ-
ously been considered realistic (Van De Walle et al. 2008). 
Preliminary experiments were performed with the single 
substances to evaluate their dose–response curves. Hence, 
the 1:100 ratio of CER:DON was chosen for the experiments 
due to their similar cytotoxic potential after 24 h of exposure 
(Fig. 2b) The four chosen time points represent a broad time 
range justified by the colon transit time that can highly vary 
inter-individually between 3 and 71 h (Miller et al. 2017; 
Song et al. 2012; Southwell et al. 2009).

While after 24 h of incubation the CER and DON combi-
nation led to an antagonism, synergism manifests after 48 h 
and 72 h. As DON had no effect on cell viability in the tested 
concentrations after 3 days, a clear synergism becomes 
apparent. Thus, it might be speculated that at higher con-
centrations the antagonistic effect of the combined toxins 
reverses into a synergistic interaction. Therefore, different 
ratios of CER and DON might be investigated in the future 
for better understanding of dose response and the type of 
interaction between substances.

First insights into the bioavailability of CER have been 
provided by a recent study of Bauer et al. (2018). Using a 
porcine model, it was shown that CER could accumulate 

in the gastrointestinal tract. As low amounts were found in 
blood and brain samples, it was suggested that CER is taken 
up into the body. Most strikingly, 50% of administered CER 
was found in faeces and accumulated in tissue, especially 
the intestine reaching concentrations of 3.11 ± 1.95 ng/g tis-
sue in the small intestine after 7 days of exposure to 10 ng/
kg bodyweight (Bauer et al. 2018). These findings stress 
the necessity of studies on chronic low-dose effects of CER 
alone and in combination as the intestinal integrity might be 
impaired due to cytotoxic effects.

Beyond cytotoxicity, DON is well known to possess 
immunomodulatory properties. Therefore, our current 
study focused on differentially expressed and secreted pro-
inflammatory cytokines. For this purpose, the cell model 
was slightly modified to imitate inflamed conditions in the 
intestine by applying IL-1β as previously described by Van 
De Walle et al. (2008). In this test system, the presence of 
CER suppressed the transcription and secretion of IL-8 com-
pared to DON alone suggesting immunosuppressive proper-
ties after a short incubation period of only 5 h. Furthermore, 
the presented results show decreased NF-κB activation by 
the mixture compared to DON alone, leading to the hypoth-
esis that CER might interfere with the NF-κB signalling 
pathway. Even though, according to literature, DON may 
trigger or modify intestinal inflammation due to increased 
IL-8 secretion in Caco-2 cells (Maresca et al. 2008; Van 
De Walle et al. 2010a), the modification of the inflamma-
tory response by mixtures of secondary fungal and bacterial 
metabolites has, to our knowledge, not been investigated yet. 
However, 100 ng/mL CER has been reported to partially 
inhibit the production of interferon-γ in natural killer cells 
(Paananen et al. 2002), indicating an immunomodulatory 
potential.

In the present study, CER and DON show great differ-
ences in their immunomodulatory activity. The effect of 
CER as a single substance is dominated by the enhanced 
transcription of TNF. In the combination with DON on the 
other hand, CER leads to the attenuated transcription and 
secretion of IL-8. Even though the NF-κB pathway activa-
tion seems to be involved to some extent, these opposing 
effects cannot be fully explained thereby. Moon et al. (2007) 
reported on the involvement of the mitogen-activated pro-
tein kinase (MAPK) pathway, more precisely of extracellular 
signal-regulated kinases 1/2 (ERK1/2) in the expression of 
IL-8 in human epithelial intestine 407 cells. By inhibition 
of ERK1/2, IL-8 production could be significantly reduced 
(Moon et al. 2007). Hence, it may be speculated that CER 
interferes in a similar way leading to reduced expression 
and secretion of IL-8. The possible involvement of reactive 
oxygen species (ROS), which are well known to impact the 
inflammatory response on several levels (Forrester Steven 
et al. 2018), has been monitored with the dichlorofluorescein 
(DCF) assay. In the present study, no significant changes 

Fig. 5  Concentrations of secreted IL-8 were measured with a Human 
Magnetic  Luminex® Assay after 5 h of incubation with CER, DON 
and the combinations thereof (3 h co-incubation with IL-1β). Results 
are presented as means + standard deviations of three biological rep-
licates. Significant differences to the positive control (IL-1β) as well 
as differences between DON and the measured combined effect were 
calculated by Student’s t test and are indicated as “a” (CER), “b” 
(DON) and “c” (measured combined effect) and “*” (p < 0.05) and 
“**” (p < 0.01), respectively
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in ROS formation could be identified (Online Resource 3). 
Therefore, we hypothesised that other signalling pathways 
are involved in the complex interplay of CER and DON. 
These may include the NACHT, LRR and PYD domains-
containing protein 3 (NLRP3) inflammasome, which plays 
a crucial role in the proteolytic processing of pro-IL-1β 
(Bauernfeind et al. 2009) or furthermore the involvement of 
mitophagy via the connection of NF-κB as a key regulator 
of NLRP3 (Zhong et al. 2016).

In summary, we showed that co-incubation of CER and 
DON can lead to different toxicological outcomes at the 
molecular level depending mostly on exposure time. Short-
term exposure revealed that CER reduced the pro-inflamma-
tory potential of DON in all inflammation-related endpoints, 
namely NF-κB activation, cytokine expression and secretion. 
On the other hand, enhanced cytotoxicity after prolonged 
exposure raises the question whether the epithelial integ-
rity of the intestine might be compromised due to combined 
intake of bacterial toxins and mycotoxins. Recurrent con-
sumption of a toxin-contaminated, cereal-based diet might 
therefore not only facilitate inflammatory bowel diseases, 
but might easily culminate in severe consequences on the 
body, potentially promoting the progression of malnutrition 
and growth retardation, especially in children. Hence, fur-
ther toxicological evaluation concerning potentially involved 
molecular mechanisms is needed to verify our hypotheses. 
Additionally, the occurrence of complex bacterial toxin and 
mycotoxin mixtures raises the question how these might 
interact and lead to yet unknown adverse effects.
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