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Some mycotoxins such as beauvericin (BEA), ochratoxin A (OTA), and zearalenone (ZEA) can cross the blood brain
barrier, which is why we tested the anti-inflammatory action of a pumpkin carotenoid extract (from the pulp) against these
mycotoxins and their combinations (OTA+ZEA and OTA+ZEA+BEA) on a blood brain barrier model with co-cultured
ECV304 and C6 cells using an untargeted metabolomic approach. The cells were added with mycotoxins at a concentration
of 100 nmol/L per mycotoxin and pumpkin carotenoid extract at 500 nmol/L. For control we used only vehicle solvent
(cell control) or vehicle solvent with pumpkin extract (extract control). After two hours of exposure, samples were analysed
with HPLC-ESI-QTOF-MS. Metabolites were identified against the Metlin database. The proinflammatory arachidonic
acid metabolite eoxin (14,15-LTE4) showed lower abundance in ZEA and BEA+OTA+ZEA-treated cultures that also
received the pumpkin extract than in cultures that were not treated with the extract. Another marker of inflammation,
prostaglandin D2-glycerol ester, was only found in cultures treated with OTA+ZEA and BEA+OTA+ZEA but not in the
ones that were also treated with the pumpkin extract. Furthermore, the concentration of the pumpkin extract metabolite
dihydromorelloflavone significantly decreased in the presence of mycotoxins. In conclusion, the pumpkin extract showed
protective activity against cellular inflammation triggered by mycotoxins thanks to the properties pertinent to flavonoids

contained in the pulp.
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Several mycotoxins such as beauvericin (BEA),
ochratoxin A (OTA), zearalenone (ZEA), and enniatins
(ENNGs) can cross the blood brain barrier (BBB) and affect
brain function, mostly through oxidative stress (1-3). Their
neurotoxic action can mediate mitochondrial dysfunction
associated with chronic diseases such as Parkinson and
Alzheimer (4-7).

Applying low mycotoxin concentrations and short time
of exposure to an in vitro BBB model we wanted to study
the molecular basis of the early events triggering mycotoxin
toxicity. Considering that carotenoids have been evidenced
to protect genes against oxidative action of mycotoxins
(8-12) and are depleted in Alzheimer’s and Parkison’s
disease (13, 14), the second aim our study was to establish
if pumpkin extract protects against BBB damage induced
by BEA, OTA, and ZEA in differentiated human ECV304
cells applying the metabolomics approach, which provides
an insight into how organisms interact with the environment
(15). It looks into metabolites (intermediates and end
products of cellular processes) that mediate the body’s
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response to contaminants (metabolome), which are
identified and quantified by spectrometry.

MATERIALS AND METHODS

Reagents

Cell culture components including Hanks’ Balanced
Salt Solution (HBSS), Dulbecco’s Modified Eagle Medium
(DMEM) (1X) supplemented with GlutaMAX, DMEM
F-12 nutrient mixture [DMEM/F-12 (1:1) (1X)], phosphate
buffer saline (PBS), foetal bovine serum (FBS), trypsin-
EDTA (0.05 %), streptomycin, and penicillin were all of
the Gibco brand (Fisher Scientific, Loughborough, UK).
Dimethyl sulphoxide (DMSO) (99.7 %) was supplied by
Fisher Bio Reagents (Geel, Belgium) and phenol red by
Sigma-Aldrich (St. Louis, MO, USA).

Mycotoxin standards — ZEA (=99 % purity), OTA
(=98 % purity), and BEA (=97 % purity) — were supplied
by Sigma-Aldrich. Stock solutions at 1 mg/mL of each
mycotoxin were prepared in methanol and stored in
darkness at -20 °C until analysis. They were used at a
working concentration of 100 nmol/L as described
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elsewhere (10). Methanol was evaporated with nitrogen
flux and then the standards diluted in DMSO.

Carotenoid extract from pumpkin pulp was provided
by Nicola Marchetti from the University of Ferrara (16).
The working concentration of 500 nmol/L is based on beta-
carotene as reference carotenoid to simulate a real-life
scenario (17).

Solvents for high-performance liquid chromatography
(HPLC), namely acetonitrile (Optima LC/MS grade) was
acquired from Fisher Scientific, deionised water (resistivity
>18 MQ/cm) was obtained with a Milli-Q SP® Reagent
Water System (Millipore Corporation, Bedford, MA, USA),
and formic acid (reagent grade >95 %) was supplied by
Sigma-Aldrich.

Cell culture

The function of the blood-brain barrier was simulated
with an in vitro model based on human umbilical vein
endothelial (ECV304) and rat glioma (C6) cell lines (18).
C6 cells were maintained in DMEM/F-12 medium
supplemented with 100 U/mL penicillin, 100 mg/mL
streptomycin, 10 % (v/v) FBS, and 2 mmol/L L-glutamine.
ECV304 cells were kept in DMEM supplemented with
100 U/mL penicillin, 100 mg/mL streptomycin, and 10 %
(v/v) FBS. Culture medium was changed every two days.
Incubation conditions were: pH 7.4, 37 °C, atmosphere of
5 % CO, and constant relative humidity of 95 %.

C6 cells were added to a 24-well PET plate (Falcon) at
a density of 5x10* cells/mL and incubated for 2-3 h to
attach. They provide an appropriate environment for
ECV304 cells to differentiate but make no part of the
exposure experiment. Then we placed the Millicell-PET
culture inserts with a polyethylene terephthalate membrane
(0.4 pum pore size, surface 0.3 cm?; Millipore Corporation,
Bedford, MA, USA) into the wells and covered them with
ECV304 cells at a density of 5x10*cells/mL. This ECV304/
C6 co-culture was maintained under incubation conditions
for 9-10 days until the barrier was formed.

Monolayer integrity checks

From day 4 of co-culture, we measured transepithelial/
transendothelial electrical resistance (TEER) across the
ECV304 cell monolayer with epithelial voltohmmeter
(Millicell® ERS-2, Millipore Corporation, Bedford, MA,
USA) to check BBB integrity (18). The cell monolayer had
to be preconditioned for the measurements in HBSS for
30 min by removing the culture medium by aspiration and
replacing it with 200 pL of HBSS in the apical compartment
and with 1300 pL in the basal compartment. After TEER
measurement, HBSS was aspired and replaced with fresh
C6 cell medium. The TEER value was calculated using the
following formula:

TEER=(R,,, R ,,,)*A

where R _ is the resistance of the cell monolayer, R

total control

the resistance of blank or control inserts, and A is the

Millicell insert surface. TEER reached its maximum around
day 9-10 of the experiment. After the exposure, samples
were collected, HBSS added, and TEER measured again
to check for barrier damage. We found none regardless of
treatment.

Monolayer integrity was also verified with phenol red
permeation on three control inserts. The medium was
aspired and the inserts washed three times with PBS and
transferred to a new plate where 1300 puL of PBS were
added to the basal compartment. The apical compartment
received 200 pL of a phenol red solution in PBS at a
concentration of 42 umol/L, and the plate was incubated at
37 °C for one hour. Then we collected the content of the
basal compartment, adjusted pH to 11 with a solution of
NaOH, and measured the amount of phenol red in the basal
compartment with a spectrophotometer at 558 nm. The
finding of <6 % of phenol red in the basal compartment
evidenced the integrity of the cell monolayer.

BBB exposure experiment

After we confirmed ECV304 cell confluence with TEER
around day 9 or 10, we could proceed with exposing the
cells to mycotoxins. Cells were first incubated at 37 °C for
30 min in 800 uL. HBSS added to the basal compartments
in a new 24-well plate by transferring the ECV304 cell
monolayer to this new plate to exclude C6 cells from
exposure (18). This step is important in order to exclude
metabolites not resulting from ECV304 cell exposure. After
this preconditioning, the apical compartments of the inserts
were exposed to a400 uL mixture of HBSS and OTA, ZEA,
or BEA alone or OTA+ZEA (1:1) or OTA+ZEA+BEA
(1:1:1) combinations (100 nmol/L each) with DMSO in the
final concentration of 0.5 %.

All these mycotoxins were also assayed in parallel with
the pumpkin extract at the beta-carotene concentration of
500 nmol/L as reference carotenoid.

In control samples the cells were incubated with 0.5 %
of DMSO in HBSS. In positive control samples the cells
were incubated with 500 nmol/L of beta-carotene in HBSS
diluted with 0.5 % of DMSO. All analyses were done in
triplicate on cell cultures at passages between the P20 and
P30.

After 2-hour exposure at 37 °C simulating mycotoxin
transfer across the BBB, the media of the apical and basal
compartments were collected separately for each insert/
well and kept at -70 °C until metabolite extraction (Figure

).

Metabolite extraction procedure

The basal compartment was selected for metabolite
extraction because it represents the brain in the model.
Extracellular metabolites were extracted from the basal
culture medium according to the Agilent protocol for
preparation and extraction of biological samples for wide
coverage in untargeted metabolomics experiments (19).
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Briefly, samples were defrosted in an ice bath and kept cold
throughout the extraction procedure. Hydrophilic and lipid
metabolites were extracted separately. From each sample,
two aliquots of 320 pL of media each were collected in
low-binding Eppendorf tubes with 800 pL of MeOH and
sonicated in an ice/MeOH bath 35 times for 1 s each time.
After sonication, 400 pL of CHCI, were added and the
Eppendorf tubes vortexed. Then 400 pL of H,0 and 400 uL
of CHCI, were added and vortexed. Finally, the Eppendorf
tubes were centrifuged at 2800 g at 4 °C for 30 min.
Centrifugation serves to separate the aqueous phase
containing hydrophilic metabolites at the top layer from
protein disc in the middle layer and from the organic phase
with lipid metabolites at the bottom layer. The aqueous and
organic phase were collected separately and dried. The
organic phase was dried under the nitrogen stream, and the
aqueous phase was lyophilised. Finally, the dried aqueous
and organic phases were reconstituted in 100 pL of
chromatographic mobile phase A (H,O, 0.1 % formic acid).
At the end of the process we obtained two replicates of
aqueous and two replicates of organic phases per basal
sample. This procedure allows to obtain three biological
replicates and two technical replicates for each extraction
type (organic or aqueous) and statistically analyse sample
data.

Liquid chromatography-electrospray ionisation
quantitative time of flight-mass spectrometry (LC-ESI-
QOTOF-MS)

For chromatographic analysis we used an Agilent 1200-
LC system (Agilent Technologies, Palo Alto, CA, USA)
equipped with a vacuum degasser, autosampler, and binary
pump. For the column we used a Luna Omega Polar C18
(100 mm x 2.1 mm, 3 pm particle size; Phenomenex,
Torrance, CA, USA). Mobile phase A contained 0.1 %
formic acid water, and mobile phase B 0.1 % formic acid
acetonitrile. The injection volume and flow rate were to
10 uL and 0.3 mL/min, respectively. Samples were injected
in both positive and negative electrospray ionisation (ESI)
modes. In the positive mode the injection lasted 20.1 min
and the gradient programme was as follows: 0—3 min, 95 %
A; 3-3.5min, 80 % A; 3.5-6 min, 75 % A; 6-8 min, 35 %
A; 8-14 min, 20 % A; 14-17 min, 0 % A, and finally
17.1-20.1 min, 95 % A to re-equilibrate the column. In the
negative mode, injection lasted 15.5 min, and the gradient
programme was as follows: 0—1 min, 95 % A; 1-3.5 min,
50%A;3.5-8.5min, 15%A; 8.5-9 min, 2 % A; 9—12 min,
0 % A, and 12.5-15.5 min, 95 % A to re-equilibrate the
column.

Spectrometry analysis was done with a 6540 Agilent
Ultra- High-Definition Accurate-Mass QTOF-MS coupled
to the HPLC part equipped with an Agilent Dual Jet Stream
for electrospray ionisation (Dual AJS ESI). In the positive
mode, the following conditions were used: drying gas flow
(N,) 8.0 L/min; nebuliser pressure 40 psi [275.8 kPa]; gas

temperature 300 °C; capillary voltage 4000 V; fragmentor
voltage 100 V, skimmer 65 V; and Oct 1 RF Vpp 750 V.
The scan range was 50-1500 m/z. Automatic MS/MS
experiments were carried out using the following collision
energy values: 10, 20, and 30 eV. In the negative mode the
conditions were as indicated above, but the capillary voltage
was 3500 V. Sample data were acquired using the
MassHunter Workstation software version B.08.00
(Agilent).

Feature extraction and chromatographic alignment

Total ion chromatograms generated with LC-QTOF-MS
were processed with the MassHunter Profinder batch
recursive feature extraction algorithm (Agilent) for small
molecules/peptides , which, combined with chromatographic
alignment across multiple data files allows peak finding and
minimising false positive and negative features.

Statistical analysis

The obtained feature data were then imported to the
Mass Profiler Professional (MPP) software, version 15.0
(Agilent) (Figure 1) for statistical data comparison between
mycotoxin groups, alone or in combination, with or without
the pumpkin extract, and controls. MPP uses the fold change
(FC) as the ratio between the groups, and the log ratios are
calculated for better visualisation of fold changes (Log2FC).
To determine differences in features between mycotoxin
and control samples, we used the unpaired t-test. Differences
in features between mycotoxin groups were tested with the
one-way analysis of variance (ANOVA). Post-hoc Tukey
tests were used to identify features differing between each
mycotoxin group. Two-way ANOVA was used to compare
mycotoxin and pumpkin extract data. The level of
significance was set at p<0.05 for all cases using the
Benjamini-Hochberg multiple testing correction. Finally,
to identify significant features as compounds we relied on
the Metlin database, which contains experimental MS/MS
data for more than 500.000 compounds (20).

Bioinformatics

Once we identified relevant compounds (metabolites),
we could put to use the Reactome Knowledgebase (21) to
establish biological processes likely to occur in humans.
This knowledge base maps molecular features of transport,
signal transduction, metabolism, DNA replication, and other
cellular processes to provide a user-friendly tool for
discovering functional relationships between metabolites.

RESULTS

Differential analysis of metabolite abundances

Metabolomics analysis identified 181 features in the
basal phase, of which 159 were statistically significant
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In vitro blood brain barrier based on differentiated ECV304 and C6 cells.

-

Mycotoxins with and without pumpkin extract exposure using BBB.

B

Extracellular metabolites extraction from the recovered culture media.

-

Samples analysis by LC-ESI-QTOF-MS using ESI + and - modes.

-

Mass Hunter Profinder processing for feature extraction: “Batch

Recursive Feature Extraction !smdl moleculeggﬁde_s! dm'.

Mass Profiler Professional analysis for statistical analysis and features
identification via Metlin.

Figure 1 Workflow used to assess the metabolic profile of the blood-brain barrier model exposed to mycotoxins with and without
pumpkin extract. BBB — blood brain barrier; LC-ESI-QTOF-MS — liquid chromatography-electrospray ionisation quantitative time of

flight-mass spectrometry

compared to control. Among these features, 74 were found
in the samples not treated with the pumpkin extract and 90
in samples with this extract. Twenty-five features were
reported in both the organic and aqueous phase in the same
treatment group. Figure 2 shows the overlapping of
components between the groups.

The total number of metabolites after removing feature
repetitions in both the aqueous and organic phases and in
positive and negative ionisation modes was 46. Of these,
14 were found in samples with and without pumpkin extract
(Table 1). In samples treated with pumpkin extract, only
9-docosene and dihydromorelloflavone were identified
regardless of the mycotoxin used, but only
dihydromorelloflavone was significantly less abundant in
these samples than in positive control (control treated with
pumpkin extract), while it was not found in samples not
exposed to the extract.

Our findings of antifungal and insecticide compounds
including dimethylmaleic acid anhydride, dodemorph,
hexazinone, n-cyclopropylammeline, and nigrifactin (in
samples not treated with pumpkin extract) and spiromesifen,
streptonigrin, tioconazole, chloralose, and octadeca-
1(14),15,17-trien-13-one in samples treated with the extract
point to a prospect of a new line of research and industrial
application.

Reactome findings

Some of the above 46 metabolites are relevant for
human metabolic pathways. One of them is leukotriene
14,15-LTE4, whose abundance was higher than control in
ZEA and BEA+OTA+ZEA samples not treated with the
pumpkin extract. It was also identified in BEA samples
treated with the extract.

Another metabolite is prostaglandin D2-glycerol, found
in supernatant samples treated with OTA+ZEA and
BEA+OTA+ZEA combinations but not with the pumpkin
extract.

Among the fatty acids relevant for human metabolism,
we found oleic acid in BEA and pumpkin extract samples
and oleamide in BEA+OTA+ZEA samples (Table 1).
Phospho-glycerol (PG)(16:0/0:0) was only identified in
control and ZEA samples. Higher xestoaminol C was found
in ZEA samples (compared to control). 12,13-DiHOME-d4
was more abundant in BEA, OTA+ZEA, and
BEA+OTA+ZEA samples. 9-docosene was more abundant
than in control in all samples save for those treated with
BEAand OTA (BEAalone, OTA alone, and BEA+OTA+ZEA
combination).

Mercaptoethanol was found in ZEA and OTA+ZEA
samples without the pumpkin extract and in OTA+ZEA
samples with pumpkin extract (Table 1).



Alonso-Garrido M, et al. The role of pumpkin pulp extract carotenoids against mycotoxin damage in the blood brain barrier in vitro 1 7 7
Arh Hig Rada Toksikol 2021;72:173-181

Table 1 Log2FC values of metabolites with significantly changed quantity (p<0.05) compared to respective controls (control containing
vehicle or vehicle + pumpkin extract) found in the basal media after 2-hour exposure to mycotoxins (100 nmol/L each) with or without
pumpkin extract (500 nmol/L beta-carotene equivalent)

OTA+ZEA BEA+OTA BEA+OTA

Compound BEA BEA+E OTA OTA+E ZEA ZEA+E OTA+ZEA +E +ZEA +ZEA+E

(2R,38,78,108)-2,3,7,10-

tetramethyl dodecahydrocyclo 15.57
penta[b]quinolizin-2-ol
(5E)-(3S)-1alpha,25-
dihydroxy-3-deoxy-3-

thiavitamin D3 3-oxide / (5E)-
(3S)-1alpha,25-dihydroxy-3-
deoxy-3-thiacholecalciferol

3-oxide

12-epi leukotriene B4-d4 18.12
12,13-DiHOME-d4 18.35 18.49 18.34
14,15-LTE4 15.56 15.56 15.56

2-(3-phenylpropyl)pyridine 20.60 19.28 17.84
2-butyl-5-methyl-4-
propyloxazole

2-ethyl-5-methylpyridine 19.36

15.68

15.70 15.49 15.79 15.98 15.88

2-propenal,
3-(1,3-benzodioxol-5-yl)-
2-protocatechoylphloro
glucinolcarboxylate
2,6-dihydroxy-4-
methoxytoluene
3-methylfluoranthene 16.09

-19.15  18.18 -19.15 16.59 17.06 1.96 -19.15 1.87

-16.29 -16.29 -16.29

2.06

3-methylxanthine 16.28

3,4-dichlorophenol -17.93 -17.93 -17.93 -17.93
4-(3-hydroxy-7-phenyl-6-
heptenyl)-1,2-benzenediol
6-hydroxy-4-decanolide 16.77 16.37

6-hydroxykaempferol
7-rutinoside

6'-hydroxy-2,3,4,5,2',3',4'-
heptamethoxychalcone
9-docosene 16.35 16.94 16.63 16.65 16.58 16.33 16.38

Asp-Met-OH 16.18 16.80

(7R)-7,15,17-trihydroxy-11-
methyl-12-oxabicyclo[12.4.0]
octadeca-1(14),15,17-trien-
13-one

Dihydromorelloflavone -16.68 -16.18 -16.18 -16.18 -16.18

Dimethylmaleic acid
anhydride

Dodemorph -16.98 18.23 -16.98 -16.82 -16.98 16.30 16.16

Herbacetin
8-(2",3" 4"-triacetylxyloside)

Hexazinone -18.83 -16.76 -16.76 -18.83
Ketophenylbutazone 17.33 17.17
Mercaptoethanol 16.46 19.32 -19.14

17.37

-16.32 17.04 17.18 -16.32

17.06

-17.71 -17.71 -17.71 -17.71 -1.68

17.61 18.04 16.06 17.80 17.12 2.05 17.75 1.92

15.76

Methylmethionine sulfonium 0.73

N-(2'-(4-benzenesulfonamide)- 2156
ethyl) arachidonoyl amine ’
N-(2'-(4-benzenesulfonamide)-

ethyl) arachidonoyl amine

21.28  19.63 16.46 17.65 21.39

17.29  17.69 18.54
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OTA+ZEA BEA+OTA BEA+OTA

Compound BEA BEA+E OTA OTA+E ZEA ZEA+E OTA+ZEA +E +ZEA AZEALE
Nigrifactin 18.22 18.52

Oleamide 16.96

Oleic acid(d2) 15.34

Peroxyoctanoic acid 1.53

PG(16:0/0:0) -17.39  -17.11 -17.39 -17.11 -17.11 -17.39 -17.11 -17.39 -17.11
grizirela—4, 16-diene-3,11,20- 1712

Propyl levulinate 17.22

:Srtoesrtaglandin D2-1-glyceryl 17.60 18.09
Prostaglandin D2-1-glyceryl

ester

Rhamnetin 3-rhamnoside 16.60 17.31 16.07
Spiromesifen 16.13 16.45

Streptonigrin 16.70 16.51
Tioconazole 19.47

Vestitone 7-glucoside 17.07 17.05

Xestoaminol C -16.08 -16.70 -16.08 16.50 -16.72 -16.70

BEA - beauvericin; E — pumpkin extract; OTA — ochratoxin A; ZEA — zearalenone. Positive values indicate higher and negative values

lower expression compared to control

DISCUSSION

We identified several metabolites involved in
inflammatory response, which confirmed the protective
effect of carotenoids against BBB damage induced by BEA,
OTA, and ZEA. Thanks to the untargeted metabolomics
approach, our findings of N-(2’-(4-benzenesulfonamide)-
ethyl) arachidonoyl amine, 12-epi LTB4-d4, 14,15-LTE4,
and prostaglandin D2-1-glyceryl ester point to a possible
involvement of the arachidonic acid pathway in human
blood-brain barrier response following low mycotoxin
exposure. These metabolites of arachidonic acid oxidation
activate mediators of wound healing and inflammation
(22-25) and increase BBB permeability (26), leukotriene
in particular (27). We believe that cell exposure to ZEA,
BEA, and OTA in our study, alone or combined, is related
to lipid peroxidation, as reported elsewhere (28, 29).

Samples exposed to pumpkin extract in our study, in
turn, had neither leukotriene B4 or prostaglandin D2-1-
glyceryl ester, which points towards flavonoid protection
against mycotoxin-induced damage (Table 1). The main
protective mechanism of flavonoids is related to their potent
free radical scavenging, which lowers the risk of oxidative
damage and consequently of inflammation (30). This anti-
inflammatory action of flavonoids is related to the inhibition
of enzymes involved in arachidonic acid metabolism, such
as cyclooxygenase and 5-lipoxygenase (31).

Interestingly, samples treated with BEA plus pumpkin
extract still showed 14,15-LTE4 in the basal media but not
the rest of the abovementioned metabolites. If an interaction
between BEA’s ionophoric activity, which increases ion
permeability in biological membranes and reactive oxygen

species levels (28, 32), and carotenoid instability is the
reason for increased lipid peroxidation (33) we have not
observed with other mycotoxins, this is something that
deserves to be studied in the future. It is also worth
mentioning that unlike OTA and ZEA, BEA has not been
regulated in terms of limits and is often detected in cereal-
based food around the world (34).

CONCLUSION

The BBB human in vitro model employed in our study
points to the involvement of the arachidonic acid pathway
in mycotoxin action through metabolites like N-(2’-(4-
benzenesulfonamide)-ethyl) arachidonoyl amine, 12-epi
LTB4-D4, 14,15-LTE4, and prostaglandin D2-1-glyceryl
ester, which was confirmed by their drop under the influence
of pumpkin extract. The only exception was concomitant
exposure to BEA and the extract, in which this protective
effect was absent.

The limitation of our study was that it yielded low
metabolite concentrations in the basal samples, which
means that some metabolites released into media in even
smaller concentrations may have been overlooked. Future
research may solve this issue with the use of larger wells
that can take greater volumes of the media and the use of
well inserts with a wider surface. Nevertheless, our
experimental design and statistical analysis, including
multiple testing corrections, yielded reliable results with
the detected metabolites.

Future studies of molecular events triggering a
toxicological pathway after exposure to BEA alone and in
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Figure 2 Venn diagrams of the number of significant metabolites (p<0.05) after 2-hour mycotoxin exposure (100 nmol/L per mycotoxin)

without pumpkin extract (A) and with pumpkin extract (500 nmol/L) (B)

combination with other mycotoxins could reveal a possible
synergy or antagonism with other mycotoxins or dietary
components.

Acknowledgements

This work was supported by the Generalitat Valenciana
(PROMETEO/2018/126) and the Spanish Ministry of
Science and Innovation (PID2019-108070RB-100-ALI).
Co-authors Manuel Alonso-Garrido and Noelia Pallarés
wish to thank the Spanish Ministry of Science and
Innovation and the University of Valéncia for their

respective PhD grants (BES-2017-081328and UV-INV-
PREDOC16F1-384781).

Conflict of interests

None to declare.

REFERENCES

1. Taevernier L, Bracke N, Veryser L, Wynendaele E, Gevaert
B, Peremans K, De Spiegeleer B. Blood-brain barrier
transport kinetics of the cyclic depsipeptide mycotoxins
beauvericin and enniatins. Toxicol Lett 2016;258:175-84.
doi: 10.1016/j.toxlet.2016.06.1741

2. Sava V, Reunova O, Velasquez A, Harbison R, Sanchez-
Ramos J. Acute neurotoxic effects of the fungal metabolite
ochratoxin-A. Neurotoxicology 2006;27:82-92. doi:
10.1016/j.neur0.2005.07.004

3. Ren ZH, Deng HD, Deng YT, Deng JL, Zuo ZC, Yu SM,
Shen LH, Cui HM, Xu ZW, Hu YC. Effect of the Fusarium
toxins, zearalenone and deoxynivalenol, on the mouse brain.
Environ Toxicol Pharma 2016;46:62-70. doi: 10.1016/j.
etap.2016.06.028

4. Islam MT, Mishra SK, Tripathi S, de Alencar MVOB, Sousa
JMDC, Rolim HML, Gragas M, Medeiros F, Ferreira PMP,
Rouf R, Uddin SJ, Mubarak MS, de Carvalho Melo-
Cavalcante AA. Mycotoxin-assisted mitochondrial
dysfunction and cytotoxicity: Unexploited tools against

10.

12.

proliferative disorders. IUBMB life 2018;70:1084-92. doi:
10.1002/iub.1932

Escriva L, Jennen D, Caiment F, Manyes L. Transcriptomic
study of the toxic mechanism triggered by beauvericin in
Jurkat cells. Toxicol lett 2018;284:213-21. doi: 10.1016/j.
toxlet.2017.11.035

Niaz K, Shah SZA, Khan F, Bule M. Ochratoxin A—induced
genotoxic and epigenetic mechanisms lead to Alzheimer
disease: its modulation with strategies. Environ Sci Pollut
2020;27:44673-700. doi: 10.1007/s11356-020-08991-y
Luciani P, Deledda C, Rosati F, Benvenuti S, Cellai I,
Dichiara F, Morello M, Vannelli GB, Danza G, Serio M, Peri
A. Seladin-1 is a fundamental mediator of the neuroprotective
effects of estrogen in human neuroblast long-term cell
cultures. Endocrinology 2008;149:4256—66. doi: 10.1210/
en.2007-1795

Juan-Garcia A, Montesano D, Maiies J, Juan C. Cytoprotective
effects of carotenoids-rich extract from Lycium barbarum L.
on the beauvericin-induced cytotoxicity on Caco-2 cells.
Food Chem Toxicol 2019;133:110798. doi: 10.1016/j.
£ct.2019.110798

Montesano D, Juan-Garcia A, Maines J, Juan C.
Chemoprotective effect of carotenoids from Lycium
barbarum L. on SH-SYS5Y neuroblastoma cells treated with
beauvericin. Food Chem Toxicol 2020;141:111414. doi:
10.1016/j.fct.2020.111414

Alonso-Garrido M, Tedeschi P, Maietti A, Font G, Marchetti
N, Manyes L. Mitochondrial transcriptional study of the
effect of aflatoxins, enniatins and carotenoids in vitro in a
blood brain barrier model. Food Chem Toxicol
2020;137:111077. doi: 10.1016/j.£ct.2019.111077

. McGill CR, Green NR, Meadows MC, Gropper SS. Beta-

carotene supplementation decreases leukocyte superoxide
dismutase activity and serum glutathione peroxidase
concentration in humans. J Nutr Biochem 2003;14:656-62.
doi: 10.1016/j.jnutbio.2003.08.003

Zhang P, Omaye ST. B-Carotene: Interactions with
a-tocopherol and ascorbic acid in microsomal lipid
peroxidation. J Nutr Biochem 2001;12:38-45. doi: 10.1016/
S0955-2863(00)00143-1



180

Alonso-Garrido M, et al. The role of pumpkin pulp extract carotenoids against mycotoxin damage in the blood brain barrier in vitro

Arh Hig Rada Toksikol 2021;72:173-181

14.

15.

18.

19.

20.

21.

22.

. Kim JH, Hwang J, Shim E, Chung EJ, Jang SH, Koh SB.

Association of serum carotenoid, retinol, and tocopherol
concentrations with the progression of Parkinson’s Disease.
Nutr Res Pract 2017;11:114-20. doi: 10.4162/
nrp.2017.11.2.114

Mullan K, Williams MA, Cardwell CR, McGuinness B,
Passmore P, Silvestri G, Woodside JV, McKay GJ. Serum
concentrations of vitamin E and carotenoids are altered in
Alzheimer’s disease: A case-control study. Alzheimers
Dement 2017;3:432-9. doi: 10.1016/j.trci.2017.06.006
Deng P, Li X, Petriello MC, Wang C, Morris AJ, Hennig B.
Application of metabolomics to characterize environmental
pollutant toxicity and disease risks. Rev Environ Health
2019;34:251-9. doi: 10.1515/reveh-2019-0030

Bergantin C, Maietti A, Tedeschi P, Font G, Manyes L,
Marchetti N. HPLC-UV/Vis-APCI-MS/MS determination
of major carotenoids and their bioaccessibility from “Delica”
(Cucurbita maxima) and “Violina” (Cucurbita moschata)
pumpkins as food traceability markers. Molecules
2018;23:2791. doi: 10.3390/molecules23112791

. Stuerenburg HJ, Ganzer S, Muller-Thomsen T. Plasma

betacarotene in Alzheimer’s disease. Association with
cerebrospinal fluid beta-amyloid 1-40, (Abetad0), beta-
amyloid 1-42 (Abeta42) and total Tau. Neuroendocrinol Lett
2005;26:696-8. PMID: 16380679

Yuan J-F, Ji H-H, Qiu Z-J, Wang D-H. ECV304/C6 coculture
model of the BBB coupled with LC-MS analysis for drug
screening from Rhubarb extract. Med Chem Res
2016;25:1935-44. doi: 10.1007/s00044-016-1618-7
Blackwell A, Aja S, Zhou W, Graham D, Ronnett GV. Multi-
Omics Compatible Protocols for Preparation and Extraction
of Biological Samples for Wide Coverage in Untargeted
Metabolomics Experiments. [displayed 24 August 2021].
Available at https://www.agilent.com/cs/library/
technicaloverviews/Public/5991-3528EN.pdf
Montenegro-Burke JR, Guijas C, Siuzdak G. Metlin: A
tandem mass spectral library of standards. In: Li S, editor.
Computational methods and data analysis for metabolomics.
Springer US, 2020. p. 149-63.

Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat
A, Sidiropoulos K, Cook J, Gillespie M, Haw R, Loney F,
May B, Milacic M, Rothfels K, Sevilla C, Shamovsky V,
Shorser S, Varusai T, Weiser J, Wu G, Stein L, Hermjakob
H, D’Eustachio P. The reactome pathway knowledgebase.
Nucleic Acids Res 2020;48:D498-503. doi: 10.1093/nar/
gkz1031

Hoggatt J, Pelus LM. Eicosanoid regulation of hematopoiesis
and hematopoietic stem and progenitor trafficking. Leukemia
2010;24:1993-2002. doi: 10.1038/1eu.2010.216

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Alhouayek M, Masquelier J, Cani PD, Lambert DM,
Muccioli GG. Implication of the anti-inflammatory bioactive
lipid prostaglandin D2-glycerol ester in the control of
macrophage activation and inflammation by ABHD6. PNAS
2013;110:17558-63. doi: 10.1073/pnas.1314017110
Tallima H, El Ridi R. Arachidonic acid: Physiological roles
and potential health benefits — A review. J Advanced Res
2018;11:33-41. doi: 10.1016/j.jare.2017.11.004

Hanna VS, Hafez EAA. Synopsis of arachidonic acid
metabolism: A review. J Adv Res 2018;11:23-32. doi:
10.1016/j.jare.2018.03.005

Sarker MH, Hu D-E, Fraser PA. Acute effects of bradykinin
on cerebral microvascular permeability in the anaesthetized
rat. J Physiology 2000;528:177-87. doi:
10.1111/5.1469-7793.2000.00177.x

Easton AS, Abbott NJ. Bradykinin increases permeability by
calcium and S-lipoxygenase in the ECV304/C6 cell culture
model of the blood-brain barrier. Brain Res 2002;953:157-69.
doi: 10.1016/S0006-8993(02)03281-X

Juan-Garcia A, Carbone S, Ben-Mahmoud M, Sagratini G,
Maiies J. Beauvericin and ochratoxin A mycotoxins
individually and combined in HepG2 cells alter lipid
peroxidation, levels of reactive oxygen species and
glutathione. Food Chem Toxicol 2020;139:111247. doi:
10.1016/.fct.2020.111247

Xiao Y, Xu S, Zhao S, Liu K, Lu Z, Hou Z. Protective effects
of selenium against zearalenone-induced apoptosis in chicken
spleen lymphocyte via an endoplasmic reticulum stress
signaling pathway. Cell Stress Chaperones 2019;24:77-89.
doi: 10.1007/s12192-018-0943-9

Guest J, Grant R. Carotenoids and neurobiological health.
Adv Neurobiol 2016;12:199-228. doi: 10.1007/978-3-319-
28383-8 11

Juca MM, Cysne Filho FMS, de Almeida JC, Mesquita DDS,
Barriga JRM, Dias KCF, Barbosa TM, Vasconcelos LC, Leal
LKAM, Ribeiro JE, Vasconcelos SMM. Flavonoids:
biological activities and therapeutic potential. Nat Prod Res
2020;34:692-705. doi: 10.1080/14786419.2018.1493588
Mallebrera B, Maietti A, Tedeschi P, Font G, Ruiz MJ,
Brandolini V. Antioxidant capacity of trans-resveratrol
dietary supplements alone or combined with the mycotoxin
beauvericin. Food Chem Toxicol 2017;105:315-8. doi:
10.1016/j.fct.2017.04.027

Subagio A, Morita N. Instability of carotenoids is a reason
for their promotion on lipid oxidation. Food Res Int
2001;34:183-8. doi: 10.1016/S0963-9969(00)00150-2
Mallebrera B, Prosperini A, Font G, Ruiz, MJ. In vitro
mechanisms of Beauvericin toxicity: A review. Food Chem
Toxicol 2018;111:537-45. doi: 10.1016/j.fct.2017.11.019



Alonso-Garrido M, et al. The role of pumpkin pulp extract carotenoids against mycotoxin damage in the blood brain barrier in vitro 1 8 1
Arh Hig Rada Toksikol 2021;72:173-181

Uloga karotenoida iz ekstrakta mesa bundeve u zastiti od oSteenja krvno-moZdane barijere uzrokovane
mikotoksinima in vitro

Pojedini mikotoksini poput bovericina (BEA), okratoksina A (OTA) i zearalenona (ZEA) prelaze krvno-mozdanu barijeru,
ato jeirazlog zbog kojega smo istrazili djelovanje ekstrakta karotenoida iz mesa bundeve protiv upalnih procesa izazvanih
ovim mikotoksinima i njihovim kombinacijama (OTA+ZEA i OTA+ZEA+BEA) na modelu krvno-mozdane barijere koji
se sastojao od kultura stanica ECV304 i C6, oslanjajuci se pritom na neciljani metabolomicki pristup. Stanice su tretirane
mikotoksinima u koncentraciji od 100 nmol/L po mikotoksinu odnosno ekstraktom karotenoida u koncentraciji od
500 nmol/L. Za kontrolu smo upotrijebili samo otapalo (stani¢na kontrola) odnosno otapalo s bundevinim ekstraktom
(ekstraktna kontrola). Nakon dva sata tretmana uzorci su analizirani metodom tekué¢inske kromatografije / masene
spektrometrije (HPLC-ESI-QTOF-MS), a dobiveni metaboliti identificirani su usporedbom s bazom podataka Metlin.
Primjena ekstrakta znacajno je smanjila koli¢inu metabolita proupalne arahidonske kiseline eoksina (14,15-LTE4) u
kulturama tretiranima samo zearalenonom odnosno kombinacijom BEA+OTA+ZEA. Drugi upalni biljeg, prostaglandin
D2-glicerol ester, otkriven je samo u kulturama tretiranima kombinacijama OTA+ZEA odnosno BEA+OTA+ZEA, ali ne
i u onima koje su usto tretirane bundevinim ekstraktom. Osim toga, u prisutnosti mikotoksina znacajno je porasla
koncentracija metabolita dihidromoreloflavona iz bundevina ekstrakta. Time je taj ekstrakt iskazao zastitno djelovanje
protiv stani¢ne upale uzrokovane mikotoksinima zahvaljujuéi svojstvima flavonoida koji se nalaze u njezinu mesu.

KLJUCNE RIJECI: bovericin; ECV304; metabolomika; okratoksin A; zearalenon



