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A B S T R A C T   

Enniatins (ENNs) A1 and B1 are non-regulated mycotoxins produced by Fusarium spp. that commonly occur in 
different types of food. These toxins are cytotoxic in several cell lines, but their mechanism of action is unclear. In 
this study, the cytotoxic effects of ENNs A1 and B1 in SH-SY5Y human neuroblastoma cells were analysed. 
Moreover, to better understand their mechanism of action, mitochondrial function, reactive oxygen species 
(ROS) levels and calcium fluxes were monitored. ENNs A1 and B1 reduced cell viability, presenting IC50 values of 
2.0 and 2.7 μM, respectively. Both toxins induced caspase-dependent apoptosis, but only ENN A1 increased ROS 
production. Apoptotic cell death seems to be triggered by the increase in cytosolic calcium produced by both 
ENNs, since the toxins altered Ca2+ homeostasis by depleting intracellular reservoirs. Finally, binary combina-
tions of ENN A1, ENN B1, ENN A and ENN B were tested. All mixtures resulted in an antagonistic effect, with the 
exception of ENN A and ENN B1 combination, which produced an additive effect. The results presented in this 
study provide the first evidence of ENNs A1 and B1 effects on calcium fluxes, providing new insights into the 
mechanism of action of these mycotoxins.   

1. Introduction 

Enniatins (ENNs) are cyclic hexadepsipeptidic mycotoxins mainly 
produced by Fusarium spp. This genus of fungus includes several species 
that affect crop and food contamination worldwide. Each Fusarium 
fungus can synthetize different types of mycotoxins including tricho-
thecenes, fumonisins, zearalenone, beauvericin (BEA) and ENNs, among 
others (Sainz et al., 2018; Tonshin et al., 2010). The first three are 
included in the group of regulated mycotoxins by the European Com-
mission (Commission Regulation (EC) No 1881/2006), so maximum 
limits of these toxins have been stablished in foodstuff. However, even 
though it was pointed out that ENNs are cytotoxic in the micromolar 
range (Prosperini et al., 2014), their concentrations in food are not 
regulated. This is due to the lack of information about the effects of these 
toxins, so they cannot be currently established as a health hazard (EFSA, 
2014). 

There are more than 29 ENNs analogues, being ENNs A, A1, B and B1 

the most frequents ones. ENNs have similar chemical structures that 
consist in alternating a-hydroxy-D-isovaleric and N-methylamino acid 
moieties. ENN A1 is formed by a N-methyl-L valine moiety, two residues 
of N-methyl-L-isoleucine and three parts of a-hydroxy-D-isovaleric acid, 
whilst ENN B1 contains one moiety of N-methyl-L-isoleucine, two of N- 
methyl-L-valine and three of a-hydroxy-D-isovaleric acid (Wätjen et al., 
2009) (Fig. 1). The non-regulated mycotoxin BEA is also a cyclo-
hexadepsipeptide with three N-methyl-L-phenylalanine residues alter-
nated with 2-hydroxy-D-isovaleric acid moieties (Bertero et al., 2020). 

Due to their structural similarities, biological activities of ENNs and 
BEA have been traditionally related (Bertero et al., 2020). In 1973, it 
was proposed that ENN B formed complexes in biological membranes, 
allowing the passage of ions. Since then, ENNs and BEA cytotoxicity has 
been associated with their ionophoric properties (Ivanov et al., 1973; 
Kamyar et al., 2004). However, data about their ionophoric behaviour 
are scarce and most reports are focused on ENN B and BEA activities 
(Bertero et al., 2020; Tonshin et al., 2010). BEA induces apoptosis in 
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several cell lines (Jow et al., 2004; Lu et al., 2016; Pérez-Fuentes et al., 
2021) and its cytotoxicity could be related with calcium homeostasis 
disruption, as the addition of a calcium chelator prevented BEA-induced 
cell death in human leukaemia cells (Jow et al., 2004). With respect to 
ENNs, it has been suggested that the mixture of the four ENNs has se-
lective ionophoric properties for K+ (Tonshin et al., 2010). Additionally, 
ENN B1 was recently reported to permeabilize the lysosomal membrane 
(Oliveira et al., 2020). 

On the other hand, ENNs A, A1, B and B1 cytotoxicity could be 
related with mitochondrial impairment. These mycotoxins affect 
oxidative phosphorylation and mitochondrial volume regulation and 
cause apoptotic death through the production of reactive oxygen species 
(ROS) (Huang et al., 2019; Prosperini et al., 2013; Tonshin et al., 2010). 
Neuronal cells are very sensible to mitochondrial dysfunction and ion 
dysregulation due to their great dependence on oxygen consumption 
(Yin et al., 2014). In fact, ENNs A and B produced 
mitochondrial-mediated cytotoxicity in neuronal cells, and the analysis 
of natural contaminated samples containing the four ENNs revealed 
greater effects on neuronal viability than expected (Pérez-Fuentes et al., 
2021), suggesting that their co-occurrence could suppose a health risk. 
However, neither the single nor the combined effects of ENNs A1 and B1 
have been tested in neuronal cells so far. 

Due to the previous results that point to an involvement of ion 
imbalance and mitochondrial dysfunction in the mechanism of action of 
ENNs, as well as their ability to cross the blood brain barrier (BBB) 
(Alonso-Garrido et al., 2021), ENNs A1 and B1 are expected to affect 
neuronal function and viability. Moreover, the increasing prevalence of 
ENNs contamination in Europe (González-Jartín et al., 2021; Prusova 
et al., 2022; Reinholds et al., 2021), as well as their potential bio-
accumulation (Rodríguez-Carrasco et al., 2020) makes these toxins an 
inherent health hazard. Currently, data about their toxicity and bioac-
tivity are still scarce and the need to elucidate their mechanism of action 
is increasingly evident. The present study examines the effects of ENN 
A1 and ENN B1 on cell viability, mitochondrial function, and calcium 
homeostasis in the human neuroblastoma cell line SH-SY5Y. In addition, 
binary combinations between these mycotoxins and ENNs A and B were 
tested to determine the potential consequences of their co-occurrence. 

2. Materials and methods 

2.1. Chemicals and solutions 

CyQUANT™ lactate dehydrogenase (LDH) Cytotoxicity Assay Kit, 
tetramethyl rhodamine methyl ester (TMRM), 5-(and-6-)-carboxy-2′,7′- 
dichlorodihydrofluerescein diacetate (carboxy-H2DCFDA), Dulbecco’s 
Modified Eagle Medium: F-12 nutrient Mix (DMEM/F-12), glutamax, 

trypsin/EDTA (0.05%) and penicillin-streptomycin (10,000 U/mL) were 
purchased from Thermo Fisher Scientific (Madrid, Spain). ENN B1 
(purity >99%) was bought in Vitro S.A. (Sevilla, Spain). Thapsigargin 
(Tg) was obtained from ENZO Life Sciences (Lausen, Swiss). ENN A, ENN 
A1 and ENN B (purity >95%), Annexin V-FITC Apoptosis Detection Kit, 
3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), 
Z-VAD-FMK, staurosporine (STS), saponin (SAP), and another chemical 
reagent grade were purchased from Merck (Madrid, Spain). ENNs 
standards were diluted in DMSO, and serial dilutions were prepared in 
culture medium. DMSO concentration was kept under 0.05% in all 
experiments. 

The composition of Locke’s buffer was (mM): NaCl 154.0, HEPES 
10.0, KCl 5.6, glucose 5.0, NaHCO3 3.6, CaCl2 1.3 and MgCl2 1.0. The 
composition of Umbreit solution was (mM): NaCl 119.0, NaHCO3 22.85, 
KCl 5.94, Mg(SO)4 1.2, NaH2PO4 1.2, Glucose 0.1% and CaCl2 1.0. The 
pH was adjusted between 7.2 and 7.4 in all the assays. Phosphate 
buffered saline (PBS) was composed of (mM): NaCl 137.0, Na2HPO4 8.2, 
KH2PO4 1.5 and KCl 3.2 (pH 7.4). 

2.2. Cell culture and treatment 

SH-SY5Y human neuroblastoma cells were obtained from American 
Type Culture Collection (ATCC), number CRL2266. Cells were main-
tained in DMEM/F-12 medium supplemented with 10% foetal bovine 
serum (FBS), 10,000 U/mL penicillin-streptomycin and 1% glutamax at 
37 ◦C in a humidified atmosphere of 95% air and 5% CO2. Cells were 
dissociated once a week using 0.05% trypsin/EDTA. 

2.3. Cell viability assay 

The effects of ENNs on SH-SY5Y cells viability was analysed using 
MTT assay as previously described (Kumar et al., 2018; Pérez-Fuentes 
et al., 2021). Cells were seeded at 5 × 104 cells per well in 96-well plates 
and allowed to grow for 24 h. Then, cells were treated with ENN A1 and 
B1 at concentrations ranging from 0.1 to 15 μM for 6 and 24 h. After 
treatment, cells were washed three times with 200 μL/well of Locke’s 
solution. Then, 200 μL of MTT (500 μg/mL) were added to each well and 
the plate was incubated in an orbital shaker for 1 h at 300 rpm and 37 ◦C. 
Afterward, MTT was removed, and cells were lysed by adding 5% so-
dium dodecyl sulphate. The absorbance originated was read at 595 nm 
in a spectrophotometer plate reader. SAP from Quillaja bark (1 mg/mL) 
was used as cell death control and its absorbance was subtracted from 
the other data. 

To determine if ENN A1 and ENN B1 produced caspase-mediated 
apoptosis, SH-SY5Y cells were pre-treated with the caspase inhibitor 
Z-VAD-FMK at 40 μM for 24 h. Then, ENN A1 and ENN B1 at half 

Fig. 1. Chemical structure of enniatins A1 (A) and B1 (B).  
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inhibitory concentrations (IC50) were added for 24 h and MTT assay was 
performed. 

For combination assays, ENNs (A, A1, B and B1) were mixed at 1:1 
ratio, mimicking the proportion found in contaminated samples from 
NW Iberian Peninsula (González-Jartín et al., 2021). For this experi-
ment, cells were seeded in 384-well plates at 2.5 × 104 cells per well. 
Neuroblastoma cells were treated with binary combinations for 24 h and 
MTT assay was carried out as described above. 

All experiments were performed three times by triplicate. 

2.4. Cytotoxicity assay 

To analyse the effects of individual and mixed mycotoxins on cell 
cytotoxicity, CyQUANT™ LDH Cytotoxicity Assay Kit test was used, 
following manufacturer’s instructions (Pérez-Fuentes et al., 2021). SAP 
from Quillaja bark at 1 mg/mL was used as cell death control. Cells were 
treated with ENNs A1 and B1 at concentrations from 0.1 to 15 μM for 6 
and 24 h, whilst binary combinations were performed for 24 h, as 
described above. LDH release was evaluated after transferring 50 μL of 
cell medium to a 96-well flat-bottom. Absorbance was read at 490 and 
680 nm in a plate reader. Finally, the background signal (680 nm 
absorbance value) was subtracted from the 490 nm absorbance value to 
determine LDH release to the medium. Experiments were performed 
three independent times by triplicate. 

2.5. Mitochondrial membrane potential measurement 

TMRM dye was used to analyse mitochondrial membrane potential 
(ΔΨm) (Pérez-Fuentes et al., 2021). Human neuroblastoma cells were 
seeded in 96-well plates at 5 × 104 cells per well and allowed to attach 
for 24 h. Then, cells were treated with ENN A1 and ENN B1 for 6 and 24 
h. After this time, the plate was washed twice with Locke’s solution, 
TMRM 20 μM was added, and the plate was incubated 30 min at 300 rpm 
and 37 ◦C. Then, the dye was removed, cells were dissolved in H2O and 
DMSO (1:1) and fluorescence was read at 535 nm excitation and 590 nm 
emission in a plate reader. Rotenone (Rot) at 1 μM was used as positive 
control. Assays were performed by triplicate three independent times. 

2.6. Measurement of intracellular reactive oxygen species levels 

The fluorescent dye carboxy-H2DCFDA was used to measure the 
levels of ROS produced by neuroblastoma cells as described before 
(Alvariño et al., 2021). After treatment with ENN A1 and ENN B1 for 6 
and 24 h, cells were washed twice with serum-free medium. At that 
point, 20 μM carboxy-H2DCFDA diluted in serum-free medium was 
added, and cells were incubated in an orbital shaker for 1 h at 300 rpm 
and 37 ◦C. Then, PBS was added to every well and the plate was incu-
bated for 30 min at 300 rpm and 37 ◦C. Finally, fluorescence was read at 
495 nm excitation and 527 nm emission in a plate reader. H2O2 150 μM 
was used as positive control. Experiments were performed in triplicate 
three times. 

2.7. Cell death type analysis 

To determine the cell death type produced by the toxins, Annexin V- 
FITC Apoptosis Detection Kit was used, following manufacturer’s in-
structions (Pérez-Fuentes et al., 2021). For this assay, cells were seeded 
in 12-well plates at 5 × 105 cells per well. After 24 h, cells were treated 
with ENN A1 and ENN B1 and incubated another 24 h. STS at 0.1 μM was 
used as positive control. Then, cells were washed with PBS, resuspended 
in Annexin-binding buffer containing Annexin V-FITC and Propidium 
Iodide (PI) and incubated for 15 min at room temperature. Cells were 
resuspended in commercial PBS (pH 7.2) (Thermo Fisher Scientific), 
filtered, and kept on ice. Next, fluorescence was analysed by flow 
cytometry using the ImageStreamMKII instrument (Amnis Corporation, 
Luminex Corp, Austin, TX, USA). IDEAS Application 6.0 software was 

used to determine the fluorescence of 10,000 events (Amnis Corpora-
tion, Luminex Corp). 

2.8. Measurement of cytosolic free calcium 

Cells were seeded in 18-mm glass coverslips at 5 × 105 cells per well 
and incubated for 24 h. For calcium measurement, cells were washed 
twice with Umbreit solution, enriched with 0,1% BSA. SH-SY5Y cells 
were loaded with the fluorescent dye FURA-2 AM (0.5 μM) for 6.5 min at 
300 rpm and 37 ◦C. Then, cells were washed twice with Umbreit solution 
and coverslips were placed in a thermostatic chamber (Life Sciences 
Resources, UK) (Sánchez et al., 2015). Cells were viewed in an inverted 
microscope Nikon Diphot 200, equipped with epifluorescence optics 
(Nikon 40x, immersion UV-fluor objective). Mycotoxin dilution was 
made in Umbreit solution without calcium, and compounds were 
directly added to the incubation chamber. Cytosolic calcium levels as 
FURA-2 ratio were obtained from the images collected by fluorescence 
equipment, consisting in an ultra-high-speed wavelength switcher 
(Lambda-DG4) for excitation and an optical filter changer Lambda 10–2 
for emission (Sutter Instruments Co., USA). The light source was a xenon 
arc bulb and wavelengths used were selected with the filters. Cells were 
excited at 340 and 380 nm, with emission at 505 nm. 

2.9. Statistical analysis 

Data are presented as mean ± SEM of three independent experi-
ments. Differences were evaluated by One-way ANOVA followed by 
Dunnett’s or Tukey’s multiple comparison tests. Statistical significance 
was established at *p < 0.05, **p < 0.01, and ***p < 0.001. IC50 and 
half maximal effective concentration (EC50) values were calculated with 
GraphPad Prism 8 software by fitting the data with a log(inhibitor) vs 
response or a log(agonist) vs response models, respectively. 

The combination index was calculated with Chou & Talalay equation 
(Chou and Talalay, 1983): 

COMBINATION INDEX =
D1

(DX)1
+

D2
(DX)2  

where (DX)1 and (DX)2 are IC50 values of each mycotoxin alone, and D1 
and D2 are IC50 values of each mycotoxin in combination. If the results 
of the equation are <1, =1 and >1, Chou & Talalay method considers 
synergism, additivity, or antagonism, respectively. 

3. Results 

3.1. Evaluation of ENN A1 and B1 effects on viability, mitochondrial 
function, and calcium homeostasis of SH-SY5Y cells 

At first, effects of ENNs A1 and B1 on cell survival were evaluated 
with two assays. MTT dye was used to analyse the effects of ENNs in cell 
viability, whilst cytotoxicity was determined by LDH assay. Dose- 
response treatments were performed (0.1–15 μM) for 6 and 24 h and 
the experiments were carried out. Regarding MTT test, which de-
termines cell viability based on cell metabolism, ENN A1 treatment for 6 
h reduced cell viability between 36.2 and 99.7% at concentrations over 
2.5 μM. After 24 h, cell viability decrease was greater, with a diminution 
of 88.3 ± 6.0% (p < 0.001) at 2.5 μM (Fig. 2 A). In the case of ENN B1, 
this toxin significantly decreased SH-SY5Y cell viability at 2.5, 5, 10 and 
15 μM after 6 h of treatment. At longer incubation times (24 h), cell 
viability was reduced between 44.6 and 100% at doses higher than 2.5 
μM (Fig. 2 B). With the data obtained in MTT assays, IC50 values for each 
toxin were calculated by fitting the data with a log(inhibitor) vs response 
model (Fig. S1 A-B). At 6 h of incubation, ENN A1 and ENN B1 showed 
similar IC50 values, 3.4 μM (CI: 2.8–4.4 μM) and 3.0 μM (CI: 2.4–3.6 μM), 
respectively. After 24 h incubation, IC50 values were lower, being ENN 
A1 (2.0 μM, CI: 1.2–3.3 μM) a little more damaging than ENN B1 (2.7 
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μM, CI: 2.4–3.1 μM). 
As explained before, cytotoxicity was assessed with LDH assay, 

which provides information about cell membrane damage, and therefore 
has lower sensitivity than MTT assay. Results agreed with those ob-
tained with MTT test, observing LDH release at the highest concentra-
tions used (Fig. 2C–D). ENN A1 increased LDH liberation about 58% at 

concentrations above 10 μM after 6 h of treatment. At 24 h, the 
augmentation in LDH levels ranged between 20.2 and 89.9% at con-
centrations higher than 2.5 μM (Fig. 2 C). Finally, ENN B1 showed a 
significant increase in LDH release at doses above 10 μM after 6 h in-
cubation, reaching levels of 88.7 ± 4.4% (p < 0.001) at 15 μM. After 24 
h of exposure, ENN B1 induced a rise in LDH levels among 41.0–98.0% 

Fig. 2. Effects of ENNs A1 and B1 on viability and mitochondrial function of SH-SY5Y cells. Cells were treated with ENNs for 6 and 24 h. (A) Effect of ENN A1 
and (B) ENN B1 on cell viability, assessed by MTT test. (C) Cytotoxicity of ENN A1 and (D) ENN B1, determined by LDH assay. Saponin (SAP) at 1 mg/mL was used as 
cell death control. (E) Mitochondrial membrane potential (ΔΨm) after treatment with ENN A1 and (F) ENN B1, measured using TMRM dye. Rot at 1 μM was used as 
positive control. (G) ROS levels after treatment with ENN A1 and (H) ENN B1, assessed by using carboxy-H2DCFDA dye. 150 μM H2O2 was used as positive control for 
ROS production. Data are mean ± SEM of three independent replicates. Statistical differences determined by One-way ANOVA and Dunnett’s multiple comparison 
test. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001, significantly different from the control. 
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(Fig. 2 D). From these data, EC50 values for each toxin were calculated 
by fitting the data with a log(agonist) vs response model (Fig. S1 C-D). 
ENN B1 presented an EC50 of 7.4 μM (CI: 6.4–8.3 μM) after 6 h of in-
cubation. At longer treatments, EC50 of both toxins were similar, 6.2 μM 
(CI: 4.6–13.6 μM) and 6.7 μM (CI: 5.8–7.8 μM) for ENN A1 and ENN B1, 
respectively. 

In view of the results obtained with MTT and LDH assays, the effects 
of ENNs on mitochondrial function were evaluated. Cells were treated 
with ENNs A1 and B1 for 6 and 24 h at the same concentrations used 
before. Then, ΔΨm and ROS production were analysed. To study how 
compounds affected ΔΨm, the fluorescent dye TMRM was used, and the 
assay was validated with the inhibitor of the electronic transport chain 
Rot at 1 μM. Since ΔΨm is maintained by oxidative phosphorylation, it is 
an indicator of mitochondrial function. As Fig. 2 E-F shows, both ENNs 
depolarized the mitochondrial membrane at the highest dosed used after 
6 and 24 h of treatment. ENN A1 produced significant differences 
compared to control cells at 15 μM (72.4 ± 9.7%, p < 0.05) after 6 h of 
incubation. At 24 h, this toxin affected mitochondrial function at con-
centrations above 5 μM, reducing ΔΨm by 45.2 ± 2.1% (p < 0.01) at 15 
μM (Fig. 2 E). ENN B1 produced a lower effect, depolarizing mito-
chondrial membrane between 35.0 and 37.5% of control cells at 10 and 
15 μM at both times of incubation (Fig. 2 F). These levels were similar to 
those observed after addition of the positive control Rot, which affected 
mitochondrial membrane at both times between 28.4 and 34.8% of 
control cells. 

As mitochondria are the main producers of ROS in cells, effect of 
ENNs on release of these damaging molecules was analysed. ENN A1 
induced an increase in ROS production at several concentrations (Fig. 2 
G). At 6 h, this compound elevated ROS generation at doses between 0.1 
and 0.5 μM about a 50% of control cells. Furthermore, treatment with 

ENN A1 for 24 h also augmented ROS at the lower doses, reaching an 
increase of 169.0 ± 4.9% (p < 0.05) at 2.5 μM. Conversely, ENN B1 did 
not produced ROS release at any concentration (Fig. 2 H). The assay was 
validated with H2O2 at 150 μM, treatment that increased ROS levels up 
to 153.0 ± 3.2 μM (p < 0.05) and 156.7 ± 9.5 μM (p < 0.05) at 6 and 24 
h, respectively. 

Since ENNs A1 and B1 affected cell viability, the type of death pro-
duced by these mycotoxins was evaluated. Cells were treated with ENNs 
for 24 h at IC50 values calculated with MTT test and the apoptosis 
inductor STS at 1 μM was used as positive control. Next, co-staining 
Annexin V-FITC and PI was carried out and fluorescence was analysed 
by flow cytometry (Fig. 3A–B). Percentages of early and late apoptotic 
cells (Annexin V-FITC positive and PI positive or negative) and necrotic 
cells (Annexin V-FITC negative and PI positive) were calculated. ENNs 
A1 and B1 produced a significant increase in apoptotic cells of 39.3 ±
5.1% (p < 0.01) and 36.3 ± 0.5% (p < 0.05), respectively, without any 
change in the percentage of necrotic cells, compared to control. As ex-
pected, the apoptotic inducer STS increased cells in apoptosis (45.2 ±
5.7%, p < 0.01). 

To further confirm that ENNs were producing caspase-dependent 
apoptosis, the caspase inhibitor Z-VAD-FMK was used (Fig. 3 C). Cells 
were pre-treated with Z-VAD-FMK for 24 h, followed by exposure to 
ENNs A1 and B1, and cell viability was assessed. As observed in control 
cells, pre-treatment with the inhibitor did not affect cell viability. 
Regarding ENN A1, a decrease in cell viability of 16.8 ± 3.3% (p < 0.05) 
was observed when cells were pre-treated with Z-VAD-FMK. This 
reduction was significantly smaller (p < 0.05) than the diminution 
produced by the toxin alone (37.6 ± 0.9%, p < 0.001). Similar results 
were obtained with ENN B1, which presented a reduction of 18.5 ±
6.0% (p < 0.05) in cells pre-treated with the caspase inhibitor and a 

Fig. 3. Analysis of cell death type induced by ENNs A1 and B1 in SH-SY5Y cells. (A) Representative scatter plot of flow cytometry analysis. (B) Bar graph of the 
results obtained by flow cytometry. Cells were treated with mycotoxins at IC50 values for 24 h, co-stained with Annexin V-FITC and PI, and the fluorescence of 10000 
cells was monitored. Percentages of viable cells (Annexin V-FITC -/PI -), apoptotic cells including early apoptosis (Annexin V-FITC + /PI –) and late apoptosis 
(Annexin V-FITC + /PI +), and necrotic cells (Annexin V-FITC –/PI+) were calculated. Data are mean ± SEM of three independent experiments, compared to control 
cells by One-way ANOVA followed by Dunnett tests (*p ≤ 0.05 and **p ≤ 0.01). (C) Evaluation of caspases involvement in ENNs-induced apoptosis. Cells were pre- 
treated with 40 μM Z-VAD-FMK for 24 h, followed by addition of ENNs at IC50 values, and cell viability was analysed. STS was used as positive control in these assays. 
Mean ± SEM of three independent experiments, expressed as percentage of control cells. Statistical significance determined by One-way ANOVA and Tukey’s test (*p 
≤ 0.05 and ***p ≤ 0.001, compared to control cells), (#p ≤ 0.05 and ##p ≤ 0.01, compared to their corresponding control). 
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decrease of 40.6 ± 3.1% (p < 0.001) when ENN B1 was added alone. 
These results were significantly different (p < 0.01), confirming that 
caspases are involved in the apoptosis generated by ENN B1. The assay 
was validated with STS (1 μM), which also presented a significant dif-
ference (p < 0.01) between pre-treated and non-pre-treated cells. 

Finally, the effects of ENNs A1 and B1 on cytosolic Ca2+ were 
assessed. Tg at 2 μM was used as positive control. This compound in-
hibits irreversibly the Ca2+-ATPase from the endoplasmic reticulum 
(ER), inducing Ca2+ pools depletion to cytosol and subsequently acti-
vating the entry of this ion through membrane store-operated channels 
(SOC). Tg effects were well documented and previously described in SH- 
SY5Y cells (Sánchez et al., 2015). 

A dose-response assay was first performed with each mycotoxin. 
ENN A1 was tested at 0.5, 1 and 2 μM, while ENN B1 was used at 1, 2 and 
5 μM. As Fig. 4 A-B shows, both ENNs act in a dose-dependent manner. 
However, each ENN seems to act differently. ENN A1 produced an acute 
Ca2+ depletion from intracellular compartments, and significantly 
increased Ca2+ uptake when this ion was added to the bath solution. At 
the highest dose employed (2 μM), Ca2+ uptake after adding the ion to 
the bath solution reached similar levels than Tg (Fig. 4 A). In the case of 
ENN B1, Ca2+ depletion from intracellular pools was smoother than the 
originated by ENN A1. Moreover, this toxin also induces Ca2+ entry 
when the ion was added to the bath solution, but it was smaller than the 
effect produced by ENN A1 (Fig. 4 B). 

As ENN A1 exhibited a similar profile than the produced by Tg, it was 

checked if this mycotoxin was affecting the same reservoirs depleted by 
Tg. With this objective, ENN A1 and Tg and vice versa, were consecu-
tively added to neuroblastoma cells. Fig. 4 C shows that pre-incubation 
with 2 μM ENN A1 did not inhibit Tg-induced Ca2+ depletion from ER. 
Moreover, pre-addition of ENN A1 increased calcium uptake when this 
ion was incorporated to the bath solution in comparison to cells treated 
with Tg alone. When Tg was added in first place, the effects of ENN A1 
were reduced compared to those produced by the mycotoxin alone. 
When Ca2+ was added to the bath solution, the uptake of this ion was 
similar than the produced by ENN A1 and Tg alone (Fig. 4 D). However, 
this influx did not result in Ca2+ levels as high as those produced by 
adding first ENN A1, rather than Tg, to the cells. 

3.2. Evaluation of ENNs binary combinations toxicity 

In order to investigate interactions between ENNs, they were binary 
combined, and their toxic effects were determined. Concentration ratio 
(1:1) was selected based on the most frequent proportions found in 
samples from NW Iberian Peninsula (González-Jartín et al., 2021). As 
ENNs A1 and B1 usually appear in combination with ENN A and B, their 
combined effects were also tested. In this context, ENNs were combined 
as follows: ENN A1 + ENN A, ENN B1+ ENN A, ENN A1 + ENN B, ENN 
B1 + ENN B and ENN A1 + ENN B1. Concentration range (0.1–10 μM) 
and incubation time (24 h) were chosen based on the results obtained in 
the previous experiments. 

Fig. 4. Effects of ENNs A1 and B1 on cytosolic Ca2þ profile of SH-SY5Y cells. (A) ENN A1 dose-response assay. (B) ENN B1 dose-response assay. Tg at 2 μM was 
used as positive control. The first arrow indicates the addition of compounds. The second arrow shows the addition of 1 mM of Ca2+ to the bath solution. (C) Cytosolic 
Ca2+ profile of cells pre-incubated with 2 μM ENN A1 (first arrow) followed by addition of Tg at 2 μM (second arrow). Third arrow indicates the addition of 1 mM of 
Ca2+ to the bath medium. (D) Cytosolic Ca2+ profile of cells pre-treated with Tg at 2 μM (first arrow) followed by 2 μM ENN A1 (second arrow). Third arrow indicates 
the addition of 1 mM of Ca2+ to the bath medium. Mean ± SEM of three independent experiments performed by duplicate. 
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Initially, the effect of binary combinations on cell viability was 
determined with MTT test. The results obtained with ENN A1 + ENN A 
were similar to those observed after treatment with ENN A1 alone. This 
mixture caused a significant decrease on cell viability at concentrations 
above 1.5 μM, reaching a reduction of 96.6 ± 1.2% (p < 0.001) at 10 μM 
(Fig. 5 A). In the case of ENN B1 + ENN A, the results were quite similar 
to the previous mixture, inducing almost a complete decrease at the 
highest concentration used (Fig. 5 B). Regarding ENN A1 + ENN B, 
levels of cell viability ranged between 45.7 and 10.2% at concentrations 
higher than 1.5 μM (Fig. 5 C). On the other hand, the cell damage caused 
by ENN B1 + ENN B was less pronounced than in the previous mixtures, 
reducing cell viability by 86.2 ± 1.2% (Fig. 5 D) at 10 μM. Finally, ENN 
A1 + ENN B1 also injured cells at concentrations above 1 μM (Fig. 5 E). 

With the results obtained in MTT assay, IC50 values for each com-
bination were determined (Table 1, Fig. S2). With single and combined 
IC50 data, and following Chou & Talalay method, combination index was 
calculated (Chou and Talalay, 1983). IC50 values from ENN A and ENN B 
in SH-SY5Y cells after 24 h of incubation had been previously deter-
mined (2.3 and 0.4 μM, respectively) (Pérez-Fuentes et al., 2021). Chou 
& Talalay method establishes that if combination index is higher than 1, 
the toxins mixture produces antagonism, if it is equal to 1, it is an ad-
ditive effect, and if it is lower than 1, it will be due to a synergistic effect. 
Except for ENN B1 + ENN A mixture, all combination indexes were 
higher than 1, indicating an antagonistic effect between the toxins. In 
the case of ENN B1 + ENN A, combination index value was 1.0, denoting 
an additive effect. 

Finally, cytotoxicity of binary mixtures was assessed with LDH assay 
(Fig. 6). All the combinations originated an increase in LDH release at 
concentrations higher than 2.5 μM, but only ENN A1 + ENN A, ENN B1 
+ ENN A and ENN A1 + ENN B1 reached levels similar to the cell death 
control (94.0 ± 10.1%, 78.4 ± 9.8% and 91.1 ± 11.9%, p < 0.001, 
respectively). The other combinations produced a maximum augmen-
tation of LDH levels in cell supernatant about 41%. 

With the results obtained in LDH assay, EC50 values were calculated 
(Fig. S3). Except for ENN B combinations, whose EC50 value could not be 
calculated, the other mixtures showed lower or similar values to those of 
ENNs A1 and B1 alone. EC50 of ENN A1 + ENN A mixture was 4.4 μM 

(CI: 3.9–4.9 μM). ENN B1 + ENN A combination presented an EC50 of 
6.8 μM (CI: 6.0–7.8 μM), whilst ENN A1 + ENN B1 showed a value of 4.3 
μM (CI: 3.6–5.2 μM). 

4. Discussion 

ENNs are non-regulated mycotoxins that commonly occur in grain 
and another foodstuff at concentrations in the micromolar range. In the 
last decades, there have been few studies about ENNs toxicity and their 
mechanism of action is still unclear (Bertero et al., 2020). Most works 
analysed the cytotoxicity produced by ENNs in intestinal or liver cell 
lines because the main route of exposure is through ingestion (Meca 
et al., 2010, 2011). In this study, two of the most frequent ENNs found in 
cereals of Europe, ENN A1 and ENN B1, were chosen to determine how 
they affect SH-SY5Y human neuroblastoma cells (Gautier et al., 2020). 
Experiments were carried out in a neuronal cell line because it has been 
described that ENNs can cross the BBB due to their lipophilic nature 
(Alonso-Garrido et al., 2020). In these cells, ENN A1 and ENN B1 
affected cell viability, presenting IC50 values in the micromolar range at 
both incubation times. These values were lower than those previously 
reported in intestinal or liver cells. SH-SY5Y cells were found to be 5–7 
times more sensitive to ENNs A1 and B1, suggesting that they could be 
neurotoxic at concentrations found in contaminated samples. In fact, 
treatment with a mixture of ENNs and BEA in an in vitro model of BBB 
produced a downregulation in the expression of the complex I of the 
electronic transport chain. This impairment has been related to 

Fig. 5. Effects of ENNs binary combinations in cell viability of SH-SY5Y cells. Human neuroblastoma cells were treated with binary mixtures (1:1) of ENNs A1, 
B1, A, and B for 24 h and their effect on cell viability was assessed with MTT assay. (A) ENN A1 + ENN A, (B) ENN B1 + ENN A, (C) ENN A1 + ENN B, (D) ENN B1 +
ENN B and (E) ENN A1 + ENN B1. Data are mean ± SEM of three independent replicates expressed as percentage of untreated control cells. Statistical differences 
determined by One-way ANOVA and Dunnett’s multiple comparison tests. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001, significantly different from the control. 

Table 1 
IC50 and combination index of enniatins mixtures. ENN A: enniatin A, ENN 
A1: enniatin A1, ENN B: enniatin B and ENN B1: enniatin B1, CI: 95% confidence 
interval.  

Binary combination (1:1) IC50 (μM) Combination index 

ENN A1 + ENN A 1.7 (CI: 1.5–1.9) R2: 0.94 1.7 
ENN B1 + ENN A 1.3 (CI: 0.76–2.3) R2: 0.89 1.0 
ENN A1 + ENN B 1.4 (CI: 1.2–1.6) R2: 0.92 4.2 
ENN B1 + ENN B 1.4 (CI: 1.1–1.8) R2: 0.88 4.1 
ENN A1 + ENN B1 1.5 (CI: 1.2–1.8) R2: 0.94 1.3  
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neurodegenerative diseases, supporting the assumption that ENNs exert 
neurotoxic effects (Alonso-Garrido et al., 2021). 

The results obtained in MTT and LDH assays coincide for both my-
cotoxins, since the reduction of cell viability matches with the increase 
in LDH release. Considering that MTT is mainly metabolised by mito-
chondria (Fotakis and Timbrell, 2006), cytotoxicity produced by ENNs 
in neuroblastoma cells could be related with mitochondria impairment, 
as it was seen in the BBB model mentioned above (Alonso-Garrido et al., 
2021). For this reason, the effects of ENNs A1 and B1 on ΔΨm and ROS 
production were assessed. Surprisingly, both ENNs only affected ΔΨm at 
highest doses used, so this reduction seems to be associated to the 
decrease in cell survival produced by these mycotoxins at those con-
centrations. Their analogues ENN A and ENN B produced mitochondrial 
depolarization at doses between 0.1 and 10 μM under the same condi-
tions, suggesting that the mechanism of action of ENNs A and B is more 
related to mitochondria (Pérez-Fuentes et al., 2021). On the other hand, 
when analysing ROS production, ENN A1 elevated ROS levels in a wide 
range of concentrations while ENN B1 did not affect the release of these 
damaging molecules. In Caco-2 cells, ENN B1 was shown to elevate ROS 
generation, so intestinal cells seem to be more prone to originate ROS 
than neuronal cells after treatment with this toxin (Prosperini et al., 
2013). Since ENN A1 increased ROS release at low doses without 
affecting ΔΨm, it seems that the toxin acts through a different pathway 
such as NADPH oxidase activation (Tarafdar and Pula, 2018). In any 
case, the lack of effect of ENN B1 on ROS release points to a different 
mechanism of action of each ENN. 

Despite these differences, both ENNs A1 and B1 induced apoptotic 
death in human neuroblastoma cells, as did their analogues ENNs A and 
B (Pérez-Fuentes et al., 2021). Moreover, the results obtained with the 
caspase inhibitor suggest that ENNs A1 and B1 induce 
caspase-dependent apoptosis. The involvement of these enzymes in 
cytotoxicity of ENN A1, ENN B1 and ENN B had already been described 
in other cell types (Manyes et al., 2018; Wätjen et al., 2009). It is known 
that Ca2+ is involved in the activation of some caspases and that 
apoptosis could be associated with calcium signalling (Carreras-Sureda 
et al., 2018). Moreover, it has been suggested that ENNs have ionophoric 

properties and form membrane channels that permit the passage of ions 
(Kamyar et al., 2004). Therefore, the effects on calcium homeostasis of 
ENN A1 and B1, which had not been described before, were analysed. 
ENNs A1 and B1 produced Ca2+ depletion from intracellular reservoirs 
and increased Ca2+ uptake in a dose-dependent manner, but the way 
these toxins affected calcium homeostasis seems to be different. ENN A1 
produced a depletion of Ca2+ from intracellular pools similar to the 
response observed when Tg, an inhibitor of the ER Ca2+-ATPase, was 
added. Otherwise, ENN B1 generated a smaller ion depletion, suggesting 
that ENNs A1 and B1 altered ion homeostasis through different path-
ways. As the calcium profile of the ENN A1 resembled the response 
produced by Tg, it was determined if both compounds affected the same 
cell channels. The results obtained suggest that ENN A1 is affecting the 
ER and to other calcium reservoirs in a reversible way. When cells were 
treated with ENN A1 before Tg addition, the response of the latter was 
not altered, so the effects produced by the mycotoxin on ER seem to be 
reversible. Otherwise, when Tg, an irreversible inhibitor of ER 
Ca2+-ATPase, was added before ENN A1, the effect of the toxin on 
intracellular pools depletion was smaller, but it was still a response, 
suggesting that it affects other cell compartments. As mitochondria are 
the second organelles with greater Ca2+ retention capacity, ENN A1 
could be emptying this reservoir (Carreras-Sureda et al., 2018). 

Therefore, the results point to a calcium-mediated apoptosis pro-
duced by ENN A1, in which ROS generation might be involved. Similar 
effects have been seen with the related mycotoxin BEA, whose effects on 
apoptosis were reversed by the addition of a calcium chelator (Chen 
et al., 2006). In the case of ENN B1, its cytotoxic effects on neuronal cells 
also occur through apoptosis. Calcium dysregulation seems to be 
involved in its mechanism of action, but mitochondrial dysfunction and 
oxidative stress are not implicated. With these data, it cannot be clearly 
confirmed if ENN A1 and ENN B1 are ionophores, but these toxins 
display different effects on calcium fluxes. Although ENN A1 and ENN 
B1 are structurally almost identical, dissimilarities in their chemical 
structure seem to lead to a different mechanism of action, a fact that has 
not been described to date. 

Since food and feed samples commonly contain more than one 

Fig. 6. Cytotoxic effects of ENNs binary combinations in human neuroblastoma cells. SH-SY5Y cells were treated with ENNs mixtures (1:1) for 24 h and 
cytotoxicity was determined by LDH assay. (A) ENN A1 + ENN A, (B) ENN B1 + ENN A, (C) ENN A1 + ENN B, (D) ENN B1 + ENN B and (E) ENN A1 + ENN B1. SAP 
(1 mg/mL) was used as cell death control. Data are mean ± SEM of three independent replicates expressed as percentage of cell death control. Statistical differences 
determined by One-way ANOVA and with Dunnett’s multiple comparison test. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001, significantly different from untreated 
control cells. 
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mycotoxin, as indicated by European multi-mycotoxin contamination 
studies (Streit et al., 2012), cytotoxic effects of binary combinations of 
the four ENNs were tested. In order to determine whether the 
co-ocurrence of toxins could enhance their toxicity, an approximation 
was made by combining them at 1:1 ratio. All the binary combinations 
tested resulted in an antagonistic effect, with the exception of ENN B1 
and ENN A mixture, which presented an additive effect. This combina-
tion has been previously reported to produce additive effects in CHO–K1 
and Caco-2 cells (EFSA, 2014). Therefore, co-occurrence of ENN B1 and 
ENN A could suppose a potential health hazard. 

In conclusion, ENNs A1 and B1 alter calcium homeostasis leading to 
apoptotic cell death of SH-SY5Y human neuroblastoma cells. Although 
both ENNs present similar IC50 values, their mechanism of action differs 
since ENN A1 produced greater effects on calcium fluxes and increases 
ROS release. Therefore, the structural differences between ENN A1 and 
ENN B1 lead to dissimilarities in their mechanism of action that should 
be further investigated. These mechanisms of action could point to an 
anticancer effect of ENNs A1 and B1, however their effect in non- 
tumoral neurons should be assessed. 
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