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Abstract

C. maxima (var. Delica)g variety of pumpkinis well known for its high concentration
on carotenoids, possessing dietary benefits andxafnt properties. Aflatoxins and
enniatins are common mycotoxins present in food faed with an extended toxicity
profile in humans and animals. Both types of sulista reach a wide range of tissues
and organs and have the capability to penetrate blbed brain barrier. Since
carotenoids and mycotoxins have been reported tdifynaliverse mitochondrial
processes individually, transcriptional vitro studies on human epithelial cells ECV
304 were conducted to analyze the relative exprassi 13 mitochondria related genes.
ECV 304 cells were differentiated for 9 days arehted for 2h with: a) pumpkin (500
nM); b) aflatoxins (100 nM); c¢) enniatins (100 nMJ) aflatoxins (100 nM) and
pumpkin (500 nM); e) enniatins (100 nM) and pumpk&00 nM). Even at low
concentrations, dietary carotenoids activity onoctibndrial genes expression reported
a beneficial effect and, for most of the genes istlichcross the Electron Transport
Chain (ETC), developed a protective effect when edixwith aflatoxins (AFs) or

enniatins (ENS).

Keywords: qPCR, ECV 304, mycotoxicity, antioxidgnteurodegenerative diseases,

alzheimer.



Introduction

Due to globalization and long-term storage, mycotsare a great issue in food control
and safety. They are common fungal compounds présdaod and feed with a wide
toxicity profile in humans and animals: hepatotgxdgtotoxic, neurotoxic, genotoxic,
estrogenic, nephrotoxic, immunosuppressive, muiagenteratogenic and/or
carcinogenic effects (Eskola et al. 2018; OstraleR017). Many mycotoxins such as
aflatoxins (AFs), deoxynivalenol (DON), enniatirtSNSs), ochratoxin, cause oxidative
stress (Del Regno et al. 2015; Prosperini et d@.320ilani et al. 2012; Da Silva et al.
2018). Mycotoxins induce reactive oxygen specie®SIRcausing DNA, proteins and
lipid damage at a cellular level, while caroteno&ts on oxidable substrates as ROS

scavengers.

-carotene antioxidant activity has been well docue@ up to date, being one of the
most potent dietary ROS scavengers. It has alsp associated with protective effect
against numerous neurodegenerative diseases (Hah 8019; Guerra-Araiza et al.
2013). Studies performed using natural substaniges dnthocyanin, melatonin or
minerals, have reported antioxidant ability to mlatki the oxidative stress caused by
mycotoxins with positive results (Sorrenti et a12; Yenilmez et al. 2010; Shi et al.
2012). For example, a study on cellular bioavaligband cell proliferation performed
by Strasser and colleagues (2013) in murine YAGxahphoma cells confirmed a

protective role off-carotene against DON related oxidative stressifcti



Lutein is a xanthophyll with a certain polar solitpi due to its oxygenated cycles
acting as a direct ROS scavenger because of ity manble bonds in its chemical
structure. Several studies vivo andin vitro have reported lutein protection against
pathologies such as age-related macular and rééiganeration, osteoporosis, ischemia
and chronic degenerative diseases of the braine(Lal. 2018; Cheng et al. 2015;
Kamoshita et al. 2016; Erdman et al. 2015; Brenfiakantorow, 2009). There are
many fruits and vegetables with high contents iotemoids. One particular caseds
maxima (var. Delicg) a pumpkin cultivated in the South Po, Italy, whicas been

identified to possess high levelsfatarotene and lutein (Bergantin et al. 2018).

Focusing on the mitochondria, Complex | (Cl) defimy is the most common genetic
abnormality in mitochondrial energy production,rigeresponsible for approximately a
third of the oxidative phosphorylation (OXPHOS)ateld disorders. Cysteine oxidation
(S-oxidation, S-glutathion and S-nitrosylationjpiso mediated by redox signals, which
has also been reported to regulate ClI activity.réfoee, even minimum defects in ClI
redox signals can generate OXPHOS disruption |gathnoxidative stress and lately,
disease. CI reduced activity has been reportedentr@ Nervous System (CNS) of
patients with Parkinson Disease (PD), which coeltllto ROS misbalance provoking
mitochondrial DNA (mtDNA) damage. Mutations and yrabrphisms in mtDNA have
also been associated to PD development or inciged®in risk (Lin and Beal, 2006).
Complex IV (CIV) binuclear center (CuB-heme a3)dsrno the ubiquinol oxidases like
the mitochondrially encoded cytochrome c oxidagéT-CO1). MT-COL1 is key to
maintain proton pumping and dioxygen reductiornas$ also been associated to diverse
pathologies, including Alzheimer disease (AD) (Huat 2017). Complex V (CV)

activity falls with ageing, and supression of C\ity provokes oxidative damage to



nuclear DNA, which could result in reduced gene regpion with ageing.
Neurodegenerative diseases are thought to be linkeddecreased Adenosine

Triphosphate (ATP) synthesis (Van Bulck et al. 2019

Nuclear codified genes are also important for ntowrial functionality and OXPHOS
balance. Oxidative Stress Induced Growth InhibitofOSGIN1) is regulated by p53
and activated by DNA damage. OSGIN1 codifies andatwe stress response
regulating cell death and apoptosis by causingotytame c release from mitochondria.
Protein loss is linked with uncontrolled cell gréménd tumor formation (Hu et al.
2015). AFB1 has been found to inhibit the Electmansport Chain (ETC) at the
cytochrome oxidase level, precisely between cymtier bl and c, inducing also the
release of different ROS species (Theumer et dl828harma 2018). Also, affinity of
AFB1 for mitochondrial genes is 3 or 4 times higtiem for nuclear DNA. ENs play an
important role in the disruption of redox balana® tby altering the ionophoric
channels, which could provoke the activation ofaltént cell pathways (Prosperini et

al. 2017).

In this work, two different mycotoxin mixtures ant$ analogues were chosen for
treatment due to their different mechanism of actamd their consideration by the
authorities: legislated aflatoxins (AFB1, AFB2, AEGAFG2) and non-legislated
enniatins (EN A, EN Al, EN B, EN B1l). This study ntobutes to a better
understanding of the interaction at transcriptiotalel between mycotoxins and

carotenoids and their possible role in the mitochiah OXPHOS balance.

Material and methods




Reagents

The reagent grade chemicals and cell culture coemsnused, DMEM/F-12 and
DMEM medium (Thermo Fisher, USA), penicillin/streptycin, phosphate buffer
saline (PBS), AFs (AF B1, AF B2, AF G1, AF G2) daNs (EN A, EN A, EN B, EN

B1) were purchased from Sigma Chemical Co. (St. LoM®, USA). Dimethyl

sulfoxide (DMSO) and methanol were obtained froshEr Scientific (Madrid, Spain).
Deionised water (resistivity <18 MV cm) was obtalneising a Milli-Q water

purification system (Millipore, Bedford, MA, USABtock solution of mycotoxins at
1000 ppm was prepared in methanol and maintained2at °C. Evaporation of
mycotoxins was performed using nitrogen flux andtdd in DMSO. Pumpkin extract
(pumpkin) was obtained fronC. maxima (var. Delicg thanks to N. Marchetti
(Department of Chemistry and Pharmaceutical Scendeiversity of Ferrara) and kept
at -80 °C (Bergantin et al. 2018). pumpkin was alissolved in DMSO for cell
treatment. Final concentrations of mycotoxins (b8 and pumpkin (500 nM) in the
assay were achieved by their dilution in the celtunedium. The final DMSO

concentration in the medium was 1% (v/v).

Cdll culture

ECV 304 cells were initially thawed from liquid ragen, plated, grown to confluence,
trypsinized and suspended in culture medium. Th&rewmaintained in DMEM
medium supplemented with 100U/mL penicillin, 100/mb streptomycin and 10%

(v/v) FBS inactivated and amphotericin B 0,1% (®BbY. Absence of mycoplasma



was checked routinely using the Mycoplasma Statn8igma—Aldrich, St. Louis MO,
USA). Culture medium was replaced daily every 2sdfsgm day 4 and the co-culture
was maintained at 37 °C, with a relative humidify96% and the atmosphere of 5%
CO,. ECV 304 has been described as an appropriate -cudtwoe model to assess
permeability in the blood brain barrier (BBB), demstrating tighter barrier function
than other endothelial cell lines. In combinationithw chromatography-mass
spectroscopy analysis, is a fast and successfuhigee to screen bioactive compounds

crossing the BBB (Yang et al. 2018).

Primer design and Quantitative Real-Time PCR assays

Gene-specific primers were designed using PrimeABL (Ye et al. 2012) using
default criterion of the software with amplifiedoplucts ranging from 75 to 150 bp and
Tm at 59 °C. Primer sequences from Escriva e2all§) were used in qPCR analyses.
Standard curve by gPCR was performed for all pripaers and a single amplification
product for each gene was obtained by the melturgecassay. Primer amplification
efficiency was determined from standard curve gateerby serial dilution of cDNA (5
fold each) for each gene in triplicate. Correlationefficients (R values) and
amplification efficiencies (E) for each primer maiwere calculated from slope of
regression line by plotting mean Cqg values agatinstlog cDNA dilution factor in
StepOne software. Realtime amplification reactioese performed in 96 well plates
using SYBR Green detection chemistry and run plicate on 96-wells plates with the
StepOne Plus Real-time PCR machine (Applied Biesys). Reactions were prepared
in a total volume of 1QiL containing: 3uL of 1:5 diluted template, LL of each

amplification primer (5uM) and 5uL of 2x Fast SYBR Green (Applied Biosystems).



Non-template controls (NTC) were also included éach primer pair, replacing the
template by water DNAse and RNAse free from the R&k&action kit (ReliaPrep™
RNA Cell Miniprep System, Promega). The cycling didions were set as default:
initial denaturation step of 95 °C for 5 min to imate the Tag DNA polymerase,
followed by 40 cycles of denaturation at 95 °C I6rs, annealing at 59 °C for 15 s and
elongation at 72 °C for 30 s. The melting curve @waserated by heating the amplicon
from 60 to 90 °C. Baseline, threshold cycles (Gt agraphs were automatically
determined using the StepOne Plus Software vei®r{Applied Biosystems). Three
technical replicates were performed for each coydit Every experiment was
performed according to MIQE (Minimum Informationrf®ublication of Quantitative

Real-Time PCR Experiments) guidelines (Bustin e2@09).

Table 1. Primers used for gPCR analysis.

Gene Sequence 5'-3' Amplicon(bp) | Efficiency (%) Linearity (R%)
oz [FCOTMCCCTICTeCTONe, | % | 1as | osw
wvow [EQACTIOmeiin | | e | o
rou [FCOSCTECTITIRSNT, | s | o | oo
s [EATCCOCCTICOMEMS. | e | wse | oem
oo [FISATTCCERSECTISSe | w0 | | oo
wroos [FCTICORCTONIMCSTSe | m | mss | oem
wrares|ESTASRTCOTIOTOSCST | e | e | oms




F-TCTTTGATGCCCTTCTACGC
OSGINL R:CGACTTCATGTTTCCCCCAA 2 s CReily

F:GGTCTAGGGGAAGAGGTGTT
SRXN1 R:CTTGGTTTTCAGAAGCCCCT 141 LD Q2

F-GTGAAGGTGATGAGATTTCC
TXNIP | R CTCTGACTGATGACAACTTC = 128 e

F-CGGCTACCACATCCAAGGAA
*
S18 R:GCTGGAATTACCGCGGCT 100 101.5 0.994

Gene expression analysis

In order to assess the statistical analysist, (experimental Ct —housekeeping Ct mean)
obtained by gPCR was used. Levene's test was dpplievaluate the equality of group
variances and all the group variances were equatudent was used to evaluate
differences between groups. Statistical analysis pexformed with SPSS 24.0 (IBM
Corp., Armonk, NY, USA). < 0.05 was considered to indicate statistically ificgnt
differences. Pathway assignments were carried sutguPathVisio software with
Hs Derby Ensembl 85 bridge gene dataset (Kutmal. 2015). Adjusted p< 0.05

was used as the threshold to identify the stasibyisignificant pathways.

Results

Differential Expression of Genes (DEG) analysisseteral genes belonging to the

different complexes of the ETC was performed thhmug gPCR reporting statistically

significant results for most of the compared treaita in the genes studied.
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Figure 1. a) Genes involved in the ETC pathway fomd sapiens are shown: in green the down-regulateg¢ge
and in red the up-regulated for all conditions &=ktb) Genes involved in the OXPHOS pathway for ¢deapiens

are shown: in green the down-regulated genes ameddrthe up-regulated for all conditions tested.

Complex |

In this study, MT-ND2 was down-regulated for evepndition, but for AFs-pumpkin,
which reported a similar expression as the conibdls followed the same trend with
more accused differences, finding that ENs-pumgkgmificantly reverted ENs down-
regulation (p< 0.05, data not shown). MT-ND3 and MT-ND4 wereragulated for

every condition, but ENs for MT-ND4. MT-ND4L wasgittly up-regulated for every
condition, but ENs. MT-ND5 was slightly down-regud for every condition, except

for pumpkin (Fig. 1).
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Figure 2. Bar plot showing CI genes relative exprassivhen compared to control (log2RQ = 0) after 2peasure
to the different treatments by qPCR. RQ, relativargjiication. Error bars, log2RQmin and log2RQmé&p.< 0.05;

**p < 0.01; **p < 0.001.

Complex IV

Cytochrome ¢ oxidase (CIV) is a proton-pump form by heme-coopaidases
representing the final step of the energy transfeaymes of the ETC both in mammals
and prokaryotes. MT-CO1 was slightly down-reguldidall treatments, but pumpkin
and ENs, when compared to the Control. Interestingbth AFs and ENs, mixed with
pumpkin, reported significant results compared ks And ENs individually (Fig. 3, a).

a)
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b)

Complex IV
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Figure 3. A. Bar plot showing MT-CO1 and MT-CO3 relative expmssvhen compared to control (log2RQ = 0)
after 2h-exposure to the different treatments bCBPB.Bar plot showing CV genes relative expression when

compared to control. C. Bar plot showing MT-RNR2 tieéa expression when compared to control. RQ, nedat

quantification. Error bars, log2RQmin and log2RQm¥x < 0.05; **p < 0.01; ***p < 0.001.
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Complex V

Mitochondrially encoded ATP synthase membrane swib6n (MT-ATP6) and

Mitochondrially encoded ATP synthase membrane sul@(MT-ATP8) are involved
in the synthesis ofg/a main subunit of CV. DEG analysis for MT-ATP6 slealxdown-

regulation for pumpkin, AFs-pumpkin and ENs andsmgnificative alteration for AFs
and ENs-pumpkin. MT-ATP8 behave differently, besignificantly altered for every

condition, except ENs (Fig. 3, b).

Mitochondrially Encoded 16S rRNA

Mitochondrially Encoded 16S rRNA (MT-RNR2) is a rooding mitochondrial DNA

related to apoptosis and biogenesis of ribosomesikaryotes. DEG analysis of MT-
RNR2 showed no alteration for any of the treatmdmis AFs-pumpkin, suggesting it is
not a target for any of the mycotoxins or carotdsotested, at least at these

concentrations (Fig. 3, c).

Nuclear encoded mitochondrial genes

In eukaryotes, mitochondria function and structaee also mediated by genes

belonging to the nuclear DNA. For the current pthjd important genes were selected:

3 coding antioxidant proteins and 1 coding for sitsme formation.

OSGIN1 was altered for every treatment, but ENgfirBdoxin-1 (SRXN1) only was

significantly down-regulated for AFs-pumpkin and &£Nreatments. Mitochondrial

Ribosomal Protein L12 (MRLP12) was repressed foergvtreatment, but ENSs.

15



Thioredoxin Interacting Protein (TXNIP) was sigodntly up-regulated for pumpkin

and ENs-pumpkin and down-regulated for AFs-pumgkig. 4).

Nuclear codified genes
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Figure 4.Bar plot showing nuclear genes relative expressioerwbompared to control (log2RQ = 0) after 2h-

exposure to the different treatments by qPCR. R@tive quantification. Error bars, l1og2RQmin andg@RQmax.

*p < 0.05; **p < 0.01; **p < 0.001.

Pathvisio analysis

Due to the specificity of the assay, 2 data pomé&eting criterion (r) were overlapped
for all treatments and two pathways were statibyicsignificant for the 5 studied
treatments were the OXPHOS and the ETC, with 28,87@25% affected genes, were
the most altered pathways. Individual analysis wérg treatment also reported two
altered pathways common to every condition: EffemftNitric Oxide pathway and

quercetin and Nf-kB/ AP-1 Induced Cell Apoptosiglfle 2).
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Tabla 2. Pathways overlapped in all conditions byhRésio (p < 0.05).

positive  measured 4
Pathway total % p-value
N (n) Score
Electron Transport Chain 8 8 118 100 2 0,014
Oxidative phosphorylation 7 7 68 100 1,53 003,
Effects of Nitric Oxide 1 1 16 100 0,33 0,004
Quercetin and Nf-kB/ AP-1 Induced Cell
1 1 27 100 0,33 0,003
Apoptosis
Discussion

In vitro experiments on human cells have shown protecfifeete of carotenoids in a
wide spectrum of pathologies due to its antioxideapacity. Gong et al. (2017) used
different concentrations of lutein, lycopene apwdarotene (0.5-2.uM) in retinal
human epithelial cells to test the possible eft#ctmacular carotenoids on the retina
protection, finding that lutein and lycopene inkgoi the growth of human retinal
pigment epithelial cells and protected them agag®dt death induced by oxidative
stress. Nishide et al. (2015) tested the protecéiffect of soy isoflavones ang+
carotene (0.1-1@M) on osteoblast differentiation, resulting in gadifferentiation
induced byp-carotene, which could lead to a positive balarfceome turnover. Lutein
and oxidized lutein has been found to induce a mmimigp double effect, in
hyperglycemic ARPE-19 cells and rat retina, stirtiatamitochondrial activity by up-
regulating MT-ND4 on one side and also reducingassociated ROS increment by up-
regulating SOD1 and SOD2 (Nanjaiah et al. 2019)tHeumore, astaxanthin (3-14M)
has also been found to incred@Seelegandifespan over 20% by disassembly of CllI
and most likely supercomplex I+lll and reducing RS%cies, confirming also the

same effect across species using mitochondria fnage, rat, plants and humans

17



(Hoffman et al. 2019). In our case, pumpkin (500)niMiuced significant alteration for
every gen tested, but MT-RNR2, SRXN1 and TXNIP. MD4 and MT-ND3 were the
most overexpressed genes, which suggests an inaré#fse activity of these two genes

by carotenoids even at low concentrations and silplesprotective effect.

Complex |

Cl deficiency is the most common genetic abnormaiit mitochondrial energy
production, being responsible for approximately hardt of the OXPHOS related
disorders. Therefore, even minimum defects in @bxesignals can generate OXPHOS
disruption leading to oxidative stress and lateljsease (Lin and Beal, 2006).
Fumonisin B has been found to inhibit CI, increasing also R@8&duction in cell
cultures of human neuroblastoma (SH-SY5Y) and rahagry astrocytes, but no cell
death after 24h exposure was described (Domijaal.eR011). Rat renal cortical
mitochondria phosphorylation rate was diminished dfyinin (1 mM) inhibiting
enzymes like NADH oxidase and NADH cytochrome cuetdse and increasing the
activity of succinate oxidase, glutamate dehydrages, malate and succinate
cytochrome c reductase (Chagas et al. 1992a; Chatgals 1992b). EN B was also
found to be involved in CI disruption and ATP dexge by microarray analysis, altering
Cl by downregulating three members of the Ndufs iffaniNdufsl, Ndufs4 and
Ndufs8), although only Ndufs4 was statisticallynsigant (Jonsson et al. 2016). Also,
Cl has been reported as the main target for vesidiry inhibiting energy production in
the mitochondria inin vitro experiments focused on finding therapies for Eripl
negative breast cancer (Thomas et al. 2013). Funthre, previous reports using RNA-
seq and data analysis by ConsensusPathDB and $tatkliowed the mitochondria and

its inner mitochondrial membrane protein complex tlee most affected pathways by

18



EN B which could affect the Oxidative Phosphorgat{OXPHOS) in the mitochondria
(Alonso-garrido et al. 2018). This study showseaeagyal up-regulation for the Cl genes
studied. Interestingly, AFs-pumpkin behave as tbetrol, which could mean that a
balance between these possible dietary compoundscisssary to maintain MT-ND2
normal expression. For the rest of the genes, Afspkin increased the solely
mycotoxin effect, causing more expression that plenpkin alone. ENs-pumpkin
followed the same trend, but for MT-ND3 (Fig. 2)otB effects suggest that an
appropriate combination of mycotoxins and dietaagotenoids could be more effective,

in case of Cl deficiency, than carotenoids alone.

Complex IV

AFB1 mechanism of action implies inhibition of tB&C between CIlIl and CIV with a
wide spectrum causing mutations and other DNA dam@&harma et al. 2018). T-2
mycotoxin was found to reduce activity of mitochaalcomplexes IlI, IV and V. Also,
T-2 activated apoptosis pathway caspase-9 and chandrocytes and mitochondrial
cytochrome c release (Liu et al. 2014). Moreoveevijpus studies developed by our
group reported that treatment with EN B triggerbghs up-regulation of MT-CO1 on
Jurkat T cells (Alonso-Garrido et al. 2018). ECV43€ells, when treated with ENSs,
showed no significative result, although a sliglatwvd-regulation can be observed.
Differences between Jurkat and ECV 304 cells cbeldue to tissue specificities, doses
tested or other intrinsic factors. On the otheesMT-CO3 showed up-regulation for
pumpkin treatment and a reversion of the mycotogfifesct when mixed with pumpkin.
Results suggest independent behavior of both gartee doses tested, with a protective

effect of carotenoids on both mycotoxin treatmdéotsMT-CO3 (Fig. 3a).

19



Complex V

Neurodegenerative diseases are thought to be littkédd P synthesis decreased (Van
Bulck et al. 2019). Interestingly, changes of espien induced by pumpkin, slightly
down-regulated MT-ATP6 and up-regulated MT-ATPS8,ilevhPAFs and ENs down-

regulated both genes expressimterestingly, both mycotoxins effect was mitigatad

pumpkin, inducing a protective effect (Fig. 4). $Hast result is consistent with the
reported results on the ETC by other authors, whiate shown protective effect of
these antioxidants by increasing mitochondrialvétgtiand therefore, ATP production
but not the ROS amount. Nevertheless, this hypaist®uld be confirmed by further

studies.

Nuclear codified genes

Nuclear codified genes are key for mitochondrialicture, functionality and OXPHOS
balance. All antioxidant related genes studied (DEGSRXN1 and TXNIP) reported
slight up-regulation when treated with pumpkin, haligh only OSGIN1 was
statistically significant. pumpkin treatment for GIBI1 reported up-regulation, which
could lead to an increase in cell death and ap@ptog oxidative stress response
(OSGIN1). AFs treatment showed slight fold change@SGIN1, SRXN1 and TXNIP
and surprisingly, its down-regulation was increasedthe case of AFs-pumpkin,
suggesting a more acute toxic effect than using Alesme. On the contrary, ENs
treatment down-regulated all three genes expressidnmixed with pumpkineverted
ENs effect (p< 0.05, data not shown), showing a possible prateaifect of pumpkin

against ENs toxicity (Fig. 4). MRPL12 was slightgwn-regulated for all treatments,
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being more accused for mycotoxin mixtures and pumpkhich could lead to a lack of
expression and synthesis of unit 39S and therefmt@ibosomes, ultimately associated

to development of neurodegenerative disorders (Smet al. 2017).

Conclusion

These results contribute to a better understandigthe underlying molecular
mechanisms triggered by mycotoxins and dietary teamds in the BBB. While
pumpkin increased the expression of one or moregeaem the three mitochondrial
complexes checked, both mycotoxin mixtures assa@dased the ETC CI expression,
but decreased the one of CIV and CV. Dietary camtis activity on mitochondrial
genes expression of ECV 304 differentiated celfored a beneficial effect even at
low concentrations. Moreover, dietary carotenoidfered a protective effect when

mixed with AFs or ENs for most of the genes studiembss the ETC.
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Highlights

- Dietary carotenoids activiy reported beneficial effects even at low
concentrations.

- Aflatoxins and enniatins alteration was mitigated by dietary carotenoids.

- Mycotoxinsincreased Complex | and decreased Complex IV and Complex V
expression.
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