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Abstract

Some epidemiological studies with different levels evidence have pointed to a higher risk of
Parkinson’s disease (PD) after exposure to enviestiah toxicants. A practically unexplored potential
etiological factor is a group of naturally-occugifungal secondary metabolites called mycotoxidse T
mycotoxin ochratoxin A (OTA) has been reported &reurotoxic in mice. To further identify if OTA
exposure could have a role in PD pathology, Bathite were orally treated with OTA (0.21, 0.5 mg/kg
bw) four weeksand left for six months under normal diet. EffecfSOTA on the onset, progression of
alpha-synuclein pathology and development of mdtdicits were evaluated. Immunohistochemical and
biochemical analyses showed that oral subchroni@ ®@&atment induced loss of striatal dopaminergic
innervation and dopaminergic cell dysfunction respble for motor impairments. Phosphorylated alpha-
synuclein levels were increased in gut and bra®iMP-2A protein was decreased in tissues showing
alpha-synuclein pathology. Cell cultures exposedO®A exhibited decreased LAMP-2A protein,
impairment of chaperone-mediated autophagy andedeed alpha-synuclein turnover which was linked
to miRNAs deregulation, all reminiscent of PD. Téessults support the hypothesis that oral expdasure

low OTA doses in mice can lead to biochemical aatth@logical changes reported in PD.

Keywords. Parkinson’s disease, alpha-synuclein, Ochratoxjng-brain axis, chaperone-mediated

autophagy, LAMP-2A
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Abstract

Some epidemiological studies with different levelsf evidence have pointed to a higher risk of Parkison’s
disease (PD) after exposure to environmental toxints. A practically unexplored potential etiologicalfactor is
a group of naturally-occuning fungal secondary meabolites called mycotoxins. The mycotoxin ochratori A
(OTA) has been reported to be neurotoxic in mice. @ further identify if OTA exposure could have a rok in PD
pathology, Balb/c mice were orally treated with OTA(0.21, 0.5 mg/kg bw) four weekand left for six months
under normal diet. Effects of OT A on the onset, progression of alpha-synuclein pathology and development of
motor deficits were evaluated. |mmunohistochemical and biochemical analyses showed that oral subchronic
OTA treatment induced loss of striatal dopaminergic innervation and dopaminergic cell dysfunction
responsible for motor impairments. Phosphorylated alpha-synuclein levels were increased in gut and brain.
LAMP-2A protein was decreased in tissues showing alpha-synuclein pathology. Cell cultures exposed to OTA
exhibited decreased LAMP-2A protein, impairment of chaperone-mediated autophagy and decreased alpha-
synuclein turnover which was linked to miRNAs deregulation, all reminiscent of PD. These results support the
hypothesis that oral exposure to low OTA doses in mice can lead to biochemical and pathological changes

reported in PD.

Keywords: Parkinson’s disease, alpha-synuclein, Odioxin A, gut-brain axis, chaperone-mediated

autophagy, LAMP-2A
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Main text
1. Introduction

Parkinson’s disease (PD) is a neurodegenerative dider pathologically characterized by the loss of
dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc) and the presence of L ewy bodies (LB)
aggregates, which contain phosphorylated alpha-synuclein (Fearnley et al., 1991; Simoén-Sanchez et al., 2009).
While LB are predominantly found within the brain, they are also found in the periphery including the
peripheral nervous system (Comi et al., 2014). The factors initiating or contributing to the pathogenesis of PD
are still largely unclear for the majority of patients; however, recent findings of genetic causes and
environmental risk factors are beginning to highlight important pathogenic pathways (Johnson et al., 2018).
The preclinical stage of PD is associated with impairment in olfaction and gastrointestinal dysfunction, two
non-motor symptoms that can manifest even decades before the onset of the motor abnormalities (Schapira et
al.,, 2017). Affecting up to 80% of PD patients, constipation represents the most frequent gastrointestinal
dysfunction in PD (Cersosimo et al., 2013) and patients with a previous diagnosis of constipation have an
increased risk of developing PD (Stirpe et al., 2016). T his early non-motor symptom affects the gut, an organ
exposed to the environment, and could link to exposure of factors that initiate PD pathogenesis. This hypothesis
is reinforced by data suggesting that LB pathology can be found in the large intestine in PD patients up to 20
years before the diagnosis of PD (Stockholm et al., 2016). The link to LB pathology in the brain has been
suggested to involve the spread of pathological alpha-synuclein from the enteric nervous system (ENS), via
axonal transport through the vagal nerve, to the lower brainstem, a process that precedes DA neurons
degeneration (Braak et al., 2003). This caudal-rostro, prion-like, cell-to-cell progression of alpha-synuclein
pathology is also known as Braak’s hypothesis (Braak et al., 2003; Hawkes et al., 2007) and has also been
supported in experimental models (Kim et al., 2019; Anselmi et al., 2018). This mechanism in PD has been
recently supported by a study showing a decreased risk of PD in patients who underwent truncal vagotomy

(Svensson et al., 2015).

Although olfactory and gastrointestinal symptoms have been documented in pesticide-based animal models of
PD (Sasajima et al., 2015; Johnson et al., 2018), human empirical evidence is sparse and indirect. One study in
North Carolina found that non-farming laborers were able to detect odors at significantly lower concentrations
than farmworkers (Quandt et al., 2016), however the study could not directly attribute this observation to

pesticide use or toxin exposure. Some epidemiological studies with different levels of evidence have pointed to



28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

a higher risk of PD after exposure to environmetdalcants (for extensive reviews, check Goldmabil 4,
Marras et al., 2019). Indeed, people living in hageas have been described to have a significamtheased
risk of suffering PD, which may be related to expesto potential neurotoxins present in crops, ipests,
well water or spring water (Gorell et al., 1998iyRdarshi et al., 2001). The most consistent epidiagical
evidence comes from studies that specifically fedusn pesticides (Van der Mark et al., 2012) algfothe

specific pesticides or classes responsible forabsociation have yet to be identified (Hatchexl.e2008).

Some of these environmental toxicants have als@iafigrreproduced the characteristics of PD in aalim
models. Indeed some of them are widely used famahimodels for PD, such as rotenone (Betarbet.gt al
2000), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrididPTP) (Langston and Ballard, 1983), paraquat (Bso

et al., 1999) and maneb (Zhang et al., 2003). #dké toxins produce oxidative stress, neuroinflatiemand
dopaminergic cell death but do not mimic other Kegtures of PD including the development of alpha-
synuclein aggregates throughout the brain and tbgression of the pathology. Therefore, the expenitl

evidence that these toxins can trigger PD in hurs@ihisemains unclear.

Another highly relevant group of naturally-occugiagricultural toxins, present in the environmemig before
pesticides, are mycotoxins to which humans are lywielgposed mainly through diet (BIOMIN, 2018) bls@a

by inhalation (Niculita-Hirzel et al., 2016; Viegatal., 2018). Indeed, in the last report of thedpean Rapid
Alert System for Food and Feed (RASFF), “mycotoXifaflatoxins and ochratoxin A) was among the t@p 1
most frequently hazard notified at EU level and wees most reported type of hazard for food prodircis

non EU countries (RASFF, 2019). They are knownnuce important adverse health effects in humans
(Marin et al., 2013; Janik et al., 2020), includiogg-term diseases such as cancer (Vettoraz4i,e2¢L6).
Nowadays the toxicological evaluation of cocktaifanycotoxins is a big challenge in the field obfbsafety
evaluation (Dellafiora and Dall’Asta, 2017). It hbsen recently estimated that the worldwide prencdeof
mycotoxins is up to 60-80 % (Eskola et al., 20E@)wever, although the literature about mycotoxssdh in
reports investigating cellular mechanisms, cellttedcity, associated pathology and animal toxi¢fyr recent
reviews check Adaku Chilaka et al., 2020; Marinakt 2013; Janik et al., 2020), these toxins hagenb
practically unexplored as etiological agents of rodaegenerative diseases. One of the most important
mycotoxins in terms of toxicity and exposure ismtbxin A (OTA). Indeed, OTA is one of the most\akent
mycotoxins worldwide (BIOMIN, 2018) and human exps is continuous (Arce-Lopez B et al., 2020)
although at low levels. Due to its nephrotoxicitydapotential carcinogenicity (EFSA, 2006; EFSA 2020

maximum limits (from 0.5 to 80 pg/kg) have beewlldown for certain food commodities (EC, 2006).
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This mycotoxin is a potent renal carcinogen in rodents (Lock and Hard, 2004) and has been classified as
“probably carcinogenic to humans” (Group 2A) by the International Agency for Research on Cancer (IARC,
1993) as well as “reasonably anticipated to be a human carcinogen” by the National T oxicology Program of the
USA (NTP, 2016). Although the mode of action (MoA) of OTA toxicity and carcinogenicity remains unclear
(EFSA, 2006, WHO, 2008), some mechanisms have been hypothesized to totally or partially explain its MoA
as a carcinogen (WHO, 2008). Some of them like mitochondrial dysfunction, oxidative stress production and
alterations of calcium homeostasis might also be relevant for neurodegenerative diseases. Indeed, 2 uM of OTA
has been shown to exert neurotoxicity in human astrocytes through mitochondria-dependent apoptosis and
intracellular calcium overload (Park et al., 2019). Regarding OTA specific neurotoxic effects, it has shown to
increase the expression of genes involved in the brain inflammatory system and to reduce the expression of
glial fribrillary acidic protein in brain cells in vitro in range of 10-20 nM (Zurich et al., 2005). OTA has also
reduced cell viability, induced the transcription factor activator (AP-1) and nuclear factor kappa B (NF-kB) at
0.5 and 1 ug/mL and inhibited neurite outgrowth at higher concentrations in rat embryonic midbrain cells
(Hong et al., 2002). In vivo, OTA induced behavioural alterations in zebrafish (K hezri et al., 2018), reached the
brain after oral administration in rats (Belmadani et al., 1998a) and was also reported to be neurotoxic to adult
male rats orally treated with OTA for 8 days (289 ug/kg b.w.) (Belmadani et al., 1998b). In respect to
pathological features associated with PD, a single intraperitoneal administration of a high dose of OTA (3.5
mg/kg body weight (bw)) caused striatal dopamine depletion and decreased tyrosine hydroxylase (TH)
immunoreactivity (Sava et al., 2006a). Moreover, the depletion in the striatal levels of dopamine was also
observed after continuous subcutaneous administration of high doses of OTA (4-12 mg/kg bw) for two weeks
(Sava et al., 2006b). The OTA induced dopaminergic striatal dysfunction was associated with motor

abnormalities that were reversed by L -dopa administration (B hat et al., 2018).

To gain insights into the role of OTA exposure on the features associated with PD, we studied the long-term
effects of oral exposure to low doses of OTA on the changes in dopaminergic neurons, onset and progression of
alpha-synuclein pathology and on the development of motor deficits in wild type (WT) Balb/c mice. Male mice
were administered with OTA (0.21 or 0.5 mg/kg bw) by oral gavage daily for 28 days and left for 6 months
under normal diet. The exposure conditions selected (0.21 or 0.5 mg/kg bw by gavage for 4 weeks) are
considered as very low doses for mice, as the lowest observed effect level for kidney tumors was 4.4 mg/kg bw
(administered in diet) in 2 years bioassay (EFSA, 2006). Our results showed that oral subchronic treatment with

low-doses of OTA induced alpha-synuclein accumulation in the gut and thereby induces PD-like pathological
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progression to central nervous system (CNS). We dé&monstrated that OTA exposure causes significant
motor deficits 6 months after the end of the treattnassociated with a loss of DA innervation adri2uron
dysfunction in the SNc. Using cell models we canfid that OTA exposure caused a decrease in LAMP-2A
protein associated with the dysregulation of miRN#&ss in turn leads to decreased chaperone-mediate
autophagy (CMA) activity and increased alpha-syaincllevels.The influence of pathological changes in
alpha-synuclein upon LAMP-2A protein was confirmiedthe alpha-synuclein PFF mouse model. All these
factors have been previously described in PD iniigethat short term oral exposure to low dose®®dA can

replicate the mechanistic features observed in PD.

2. Material and Methods

2.1 Animals

Eight-to nine-week-old male Balb/c mice (n=70) ol A studies and C57BL6/C3H F1 mice (n=24) of the
same age and sex for the PFF model were purchased Charles River. All animals were randomly
distributed to the cages and before any procedinescages were selected randomly and randomizeddio
group by a person not involved in the study. Anenadere housed in individual polycarbonate cages wit
stainless steel covers, with a maximum of five npee cage. All mice were allowed to ad libitum ax¢o
standard pellet diet (Special Diet Service, UK) amtmal tap water and were maintained in constant
environmental conditions of humidity (55 + 10%) atednperature (22 + 2°C) on a 12-h light/dark cyéii.

the in vivo experiments were blinded and the ingasbrs responsible for data collection and analygére
blinded. These studies was approved by the Ethararittee on Animal Experimentation of the Center of
Biomedical Research of La Rioja (CIBIR, permit nianhAE-02, LAE-04) and was conducted according to

the National Institute of Health (NIH) Guide fortiCare and Use of Laboratory.
2.2.0TA

OTA (Lot 14181021-059M4100V) was purchased in pawftem Sigma and was dissolved in 0.10 M
NaHCQO3 (pH 7.4) for animal and cell culture treatmentsg & methanol 99.9% (Panreac) in order to prepare
the stock solutions needed for chromatographicyarsal Then, OTA-solutions were aliquoted and mairetc

at -20°C until use.

2.3. Study design

Two different mouse strains were used in this neteaBalb/c mice and C57BL6/C3H F1 mice. Balb/ais

mouse strain widely used for general experimentaldiss in toxicology and is the strain used in



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

immunotoxicological OTA studies (Thuvander et 4B95) and has been shown to be a suitable straiorig
term toxicity studies with OTA (Stoev, 2020). Moxer, this strain was also selected based on tidHat it
is less sensitive to more immediate neurotoxicatffeaused by DA toxicants as MPTP (lto et al., 3301

C57BL6/C3H F1 is a hybrid mouse strain used foraipha-synuclein PFF model (Luck et al., 2012).

First, a preliminary study was carried out to Sel€TA doses. Balb/c mice received repeated OTA
administrations (0.21, 0.5, 1.5 and 4.5 mg/kg biwehicle (NaHCO3) daily for 28 days by oral gavdge9,
except the group treated with OTA 4.5 mg/kg n=4)e Volume of the administration was 5 mL/kg, theref
the animals were weighed daily in order to adjbst\tolume and the dose administrated to the anwvaaght.
Mice were sacrificed by overdose of inhaled isoff® 1 day after the end of the OTA treatment doddb
was collected by cardiac puncture at sacrifice. Bfans were rapidly removed and sectioned longilty.
The right hemispheres were dissected, immediatelefi on liquid nitrogen and stored at -80 °C utgiuse
for biochemical analysis, while the left hemisplseneere fixed in 4% paraformaldehyde at 4 °C, crgtguted

in 30% sucrose, frozen and stored at -80 °C ustilse for immunohistochemical analysis.

For long-term effect OTA study, Balb/c mice wereadamly distributed into 3 groups of 10 mice perugo
After one week of acclimatization, the animals reed repeated OTA administrations (0.21 or 0.5 gyt
vehicle (NaHCQ) daily for 28 days by oral gavage. The volumeha administration was 5 mL/kg, therefore
the animals were weighed daily in order to adjbstwolume and the dose administrated to the anivagght.
Mice were sacrificed by overdose of inhaled isoftu® 27 weeks after the end of the OTA treatmdabd
was collected by cardiac puncture and the brainsdistal intestines were rapidly removed. The lwairre
sectioned longitudinally and right and left hemispms processed as described in the preliminary sidtal
intestines were divided in two pieces, one piece wanediately frozen for biochemical analysis amel dther

one was fixed, cryoprotected and frozen for higimal analysis.

For the PFF model, C57BL6/C3H F1 mice (n=6 per gramd timepoint) were deeply anesthetized with
isoflurane and received two 2ub4njections of sonicated murine alpha-synucleirFRB pug) or PBS into the
dorsal right striatum (@l total; coordinates: AP +0.2, ML -2.0, DV -3.4 af#16 from the skull) as previously
described (Luck et al. 2012). Injections were penied using a 1QL syringe (Hamilton) at a rate of 0.2&

per min with the needle in place at each site jgfcition for 5 min after injection to prevent baakfl. Control
animals were injected with an equal volume of EdPBS. Mice were sacrificed at various time poiths 30
and 90 days post injection (dpi) by overdose wstiflurane, brains were dissected into differentrbragions

and immediately frozen and stored at -80 °C ustidufor biochemical analyses.
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For the in vitro assays, an established human SHYSiYeuroblastoma cell line clone over-expressint fu
length WT human alpha-synuclein with a C-termina¢fmagglutinin (HA) tag was culture in 1:1 mixture o
Dulbecco's modified Eagle's medium and Ham's F1diune supplemented with 10% fetal bovine serum, 0.01
uM nonessential amino acid and penicillin/streptomy@lvarez-Erviti et al., 2013). A Caco-2 cell ér(a cell
line derived from a human colorectal adenocarcinoma usede models of the intestinal epithelium (Costa
and Ahluwalia, 2019) was culture of Dulbecco's modified Eagle's medium supplememt@t 10% fetal
bovine serum and penicillin/streptomycin and wamsiently tranfected with a plasmid to over-expriedls
length WT human alpha-synuclein with a C-termin& tdg. Both cell lines were treated for i 2vith OTA
(50, 100 and 208M), which is the optimal timepoint to detect alghauclein accumulation in these cell

models.

2.4.Clinical examinations and body weights

All animals were observed weekly for detecting gngss abnormalities or changes in clinical condgidike
poorly groomed fur, bald patches in the coat orembs of whiskers, labored breathing or other easily
observable symptoms which can lead to unusual hoage behavior, with standard arena observations.
Additionally, the body weight was recorded dailyridg OTA treatment and weekly thereafter until daaa.

Postmortem examination was carried out to detectosaopic changes of tissues and organs.
2.5. Behavioural Assessments

To evaluate the motor function, mice were testedvsa hang and negative geotaxis tests beforentresat, at
30 day intervals during the study and prior to imer Both tests were performed on the same armsinzal
tests were conducted between 09:00-13:00 in tHatslign cycle to eliminate time of day differences i
behaviour and mice were allowed to rest in 30 netwieen tests. Mice were habituated to testing réom

before tests and the apparatus were cleaned withetBanol in between animals to minimize odor cues.

2.5.1. Wire Hang Test

To assess neuromuscular strength and motor cotimiinghe wire hang test was performed. Each mouwse
placed on a wire lid of a conventional housing cafjee lid was lightly agitated to encourage themeais
gripping of the bars and then was turned upsidendoWhe latency of mice to fall off the wire grid sva
measured and averaged over two trials (15 min aparals were stopped if the mouse remained orithfor

over 15 min.

2.5.2. Negative geotaxis



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

Motor coordination was assessed in an inclinedepl&ach mouse was placed with its head facing da@asehw
on a wire grid that was set at a 45° angle to thaep The behaviour of the animal was observedhduso
seconds and scored as follows: 0= turns and clidwisirns and freezes, 2=moves, but fails to turtlogs not
move (Susick et al., 2014). The latency to turn®l®0an upright position and initiate climbing wasorded
for all animals that received a score of 0. If theuse was unable to turn, the default value of B@staken as

maximal severity of impairment.
2.6. Plasma collection

Blood collection was carried out at sacrifice whetiee were deeply anesthetized with an overdosehafied
isofluorane and bled by cardiac puncture. Blood @as (1 mL) were collected into EDTA-coated vials
(Multivette® 600 K3E, Sarstedt) and were centrifuged at 20@Dfar 10 minutes at 4 °C to obtain plasma

fraction, which were stored at -80 °C until its imeOTA determination.

2.7. Chromatographic determination of OTA in braid plasma samples

For OTA quantification, a previously validated madhfor this toxin analysis in rat biological sangple
(Vettorazzi et al., 2008) was revalidated for missues. Briefly, OTA was quantified by HPLC-FLD &m
1100 series LC (Agilent Technologies, Germany) wiltlorescence detection. (excitation 225 nm and
emission 461 nm). The chromatographic system wamppgd with a Tracer Extrasil ODS column (25 cm4&« 0
cm, 5um particle size) from Teknokroma (Spain) and wogket 40°C. The mobile phase, pumped at 1
mL/min, was a mixture of acetonitrile and an aquesolution of formic acid (0.4%) (50:50) in isodcat

conditions. Acetonitrile and formic acid were fraverck (Germany).

Brain samples were weighted and mixed with a sodiiinydrogen phosphate buffer solution at pH 6.5 by
vortexing (4 uL per mg of brain). Then the mixtwas sonicated during 30 min and frozen at -80 %Ghd24

h. Extraction of OTA form the buffer solution oragima was made using acetonitrile acidified witimicracid
(0.4%). Calibrators were prepared in mobile phamkthe ranges studied were 2-20 ng/mL and 20-20@1Ing
Both calibration curves met the previously staldisiperformance criteria. Recovery was assesseg@iking
brain or plasma blank samples with OTA at threeceotration levels and in intermediate conditionsc&ery

was evaluated as the relation between mean OTA gexkin brain or plasma samples and mean OTA peak
area in calibrators for each concentration levlk ®btained recovery values were 97.9% from plesanaples

and 65.9% from brain samples. These values have tiagen into account in the quantification. Theitgmof

guantification (LOQ) were 0.02 ng/mg and 2 ng/mlbmain and plasma samples, respectively.
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2.8.Immunohistochemistry

30um-thick coronal brain and gm-thick transversal distal intestine sections wanepared using a cryostat.
Slices were washed with PBS and were incubated 8fthhydrogen peroxidase in PBS to inactivate the
endogenous peroxidase. The slices were washed $haPB were incubated with a blocking solution (0.1
PBS containing 5% NGS 0.04% Triton X-100) for 1Slices were incubated 24 h at 4°C with the primary
antibodies: anti-TH (Abcam) or phospho S129 anghatsynuclein (Abcam). Slices were washed with PBS
and were then incubated with biotinylated secondamtibody polyclonal goat anti-rabbit biotinylatéidako).

All the samples were processed simultaneously tailsimilar staining intensity.

The total number of dopaminergic (TH-positive) rang in the SNc was assessed by stereology with the
optical fractionator method in regularly spaceduB®thick sections (every forth) with a total of 8-4&ctions

per animal spanning the entire rostro-caudal akithe SNc (Kett et al., 2015; Brichta et al., 2015his
method was carried out by using a computer-assistedje analysis system consisting of a microscope
(Olympus BX3) equipped with a computer controlledtonized stage, a camera, and the Stereolnvestigato
software (Stereo Investigator 2017; MicroBrightBieVT, USA). The identification of the SNc region be
counted on each section was outlined at 4x maguific and immunolabelled cells were counted wittD8x

oil immersion objective (counting frame, 8®0 pm; sampling grid, 12% 100 um). The first section was
randomly selected. Cells exhibiting neuronal phgpet with a clear nuclear membrane, distinct ndakgaand
TH-immunoreactivity in the cytoplasm, were countktbugh the entire thickness of the tissue by aaeher
‘blinded’ to the treatment regimen of each experitabanimal assessed. After counting was finiskteel total
number of neurons was automatically calculatedHey doftware using the formula described by Westl et
(West, 1993). Animals with less than 8 consecusigetions containing TH positive neurons were exatud

from the analysis.

Striatal optical density (OD) of TH immunostainingas used as an index of the density of striatal
dopaminergic innervation. This was determined bygm analysis using the Image J program (National
Institutes of Health, USA). All samples were praasb at the same time and digital images were aagptur
under the same exposure settings for all expermhesmialyses. Briefly, six representative rostroezdu
sections (at three levels of the striatum) werengérad for each animal and regions of interest exgtriatum
were delineated and pixel densities were estimatadg ImageJ. Background staining was quantified by

measurement of pixel intensities in the white miated subtracted from striatal regions for nornzion.
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For assessment of pathologic alpha-synuclein agtgegin the SNc, 4 coronal sections throughout the
rostrocaudal extent of the SNc (240 um intervalsvben sections, 1/8 series) for each animal werellkd
using antibody against S129 phospho-alpha-synucidia SNc region was defined with the 5x objectiseng
both the Paxinos and Franklin Mouse Brain Atlas tiedareas occupied by TH positive neurons in énials
TH-stained sections covering the entire extenhef$Nc destined for stereological estimation ofesinergic
neurons. Numbers of S129 phospho-alpha-synuclaitudions present in the defined SNc region were
manually counted at 20x magnification. The dataesgnt the total number of aggregates per secti@GNa
region. In intestine sections, estimation of thecpetage of immunostained area occupied by S128pbiwe
alpha-synuclein inclusions was carried out usingdet software (NIH). In some analysis, fewer sammlere

analysed as there was no enough sample
2.9.Western blot

Frozen midbrain, brainstem and cerebral cortex $ssnm=10 per group of OTA treated mice and n=6 per
group from, the PFF model. In some analysis, fesegnples were analysed as there was no enough $ample
distal intestine tissue (n=5 per group) or cell pbe® (n=4 independent experiments) were homogeiisad 0

mM Tris/HCI (pH 7.4) buffer containing 0.1% sodiudodecylsulfate, a protease inhibitor mixture (Halt
protease inhibitor cocktail, Thermo Scientific),gsphatase inhibitor (Halt phosphatase inhibitorktait
Thermo Scientific) and DNAse (RQ1 DNase, Promegadteins levels were determined by the Pierce BCA
protein assay (Pierce BCA protein assay kit, TheBui@ntific) using bovine serum albumin as the déad.
Samples (2Qug of protein) were solubilised in LDS buffer (linagen) and reducing agent (Invitrogen) and
separated on NUPAGE Novex 4-12 % Bis-Tris Gelsi(logen), transferred to PVDF membrane and analysed
by Western blot as previously described (Alvarexiicet al., 2013) using the following primary dntidies:

anti phospho S129 alpha-synuclein (Abcam), anthalgynuclein (Abcam), anti LAMP-2A (Abcam), anti
hsc70 (Abcam) and anti beta-actin (Abcam) antibmdi®embranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (Palgtlgoat anti mouse Ig HRP and Polyclonal goat anti
rabbit I|g HRP, Dako) which were detected using B@&stern Blot Substrate (Pierce ECL Western blotting
substrate, Thermo Scientific) and Hyperfiim ECL (Glealthcare). The membranes were reproved for beta-
actin. Films were scanned, alternatively LAMP-2Adarsc70 signals were detected using the ChemiDoc MP
Imaging System (Bio-Rad). Signals in the lineargamwere quantified using Image J and normalizeleta-

actin levels.

2.10. Study of alpha-synuclein half-life
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Alpha-synuclein turnover was assessed using a standard cycloheximide procedure (25pg/mL) (Alvarez-Erviti
et al., 2010).SH-SY 5Y cells were treated with cycloheximide to inhibit protein synthesis and the cell samples
removed at 12-h intervals up to 48 h. Sample loadings from equal cell numbers were calculated using the
fluorescent DAPI assay of DNA content. Alpha-synuclein was detected by Western blots and were analyzed
using Image J. Half-life was calculated using linear regression model; average half-life was calculated from

regression lines drawn for each individual experiments using Excel.

2.11. Quantitative PCR

Total RNA was isolated from cell samples (n=4) and midbrain samples from PFF mice (n =5) using the
RNeasy Mini kit (Qiagen) as per manufacturer's protocol. Reverse transcription (RT) was performed with
Precision nanoScript2 RT kit (Z-RT-nanoScript2, Primer Design) as per manufacturer's instruction. T ranscripts
obtained from the reverse transcriptase reaction were analyzed for lamp-2a and hsc70 quantification by
quantitative real-time PCR. qPCR experiments were performed on a StepOneTM Real-Time PCR system
(Applied Biosystems) using NZY Speedy qPCR master mix (NZY tech). Values were calculated using the

standard AACt method relative to actin. The primer sequences for lamp-2a (forward: 5'-

12



292 database with Bowtiel (http://ccb.jhu.edu/softwa@iat/index.shtml)The expression of miRNAs in treated

293 and control libraries was compared by using theBdgackage, integrated into miARma-Seq tool.

294 2.13. miRNA luciferase assay

295 For the miRNA luciferase analysis SH-SY5Y cells av¢ransfected with {ig of luciferase-3JTR lamp-2a
296 plasmid (Alvarez-Erviti et al., 2013) andull of X-tremeGENE HP transfection reagent (Roche)as the
297 manufacturer’s instructions in 24-well plates withs cells per well. At 4 after transfection, cells were treated
298  with 100 nM hsa-miR-193a-3p. Luciferase activitysnameasure after 48 with Dual-Glo Luciferase Assay

299 System (Promega) using a luminometer.

300 2.14. Statistical Analysis

301 Homogeneity of variance was assessed using Leveests Statistical analyses of the data were pedadr
302 using SPSS program (version 25.0) using the noarpetric Kruskall-Wallis and Mann-Whitney U test far

303  vitro assays and parametric one-way ANOVA follovisdthe Tukey HSD test for in vivo analysis. Behaalo
304  test were analyzed by two way Anova repeated tesysis performed using GraphPad Prism 6. A prdipabi

305 level of 0.05 or less was considered to be staditiyi significant. *p<0.05, **p<0.01, ***p<0.001.

306 3. Results

307 A preliminary study aimed to select OTA doses wafgrmed, in this study Balb/c mice received aydaiial
308 gavage of OTA (0.21, 0.5, 1.5 and 4.5 mg/kg bwyedricle every day for 4 weeks and were sacrifitedday
309 after the last dose of OTA. No clinical signs ofitity were observed during the study in the ansratated
310 with 0.21, 0.5, 1.5 mg/kg OTA, but the body weiglfftthe 1.5 mg/kg OTA group showed a lower increase
311 (Supp Fig 1a). A clear toxicity associated withi@portant decrease in body weight was observeldargtoup

312 treated with 4.5 mg/kg OTA (Supp Fig 1a) and onienahwas sacrificed due to the toxicity.

313 OTA was detectable in plasma samples in all thatéce groups (Supp table 1). The increase of OTA
314  concentration in plasma was dose dependent (Supfdji Brain OTA concentrations in mice treatedhwit
315 0.21 and 0.5 mg/kg OTA were under the LOQ in mases, and low concentrations of OTA were measured i
316  the groups treated with 1.5 and 4.5 mg/kg OTA (SUmble 1). The effect of OTA treatment in the
317 nigrostriatal DA pathway was assessed. There wermdifferences in the DA innervation in striatum Pu-ig
318 1c) and in the number of TH+ DA neurons (Supp Fgd) in SNc in OTA-treated mice compared to cdntro

319 mice.
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On the basis of these results the two lower do8eXl (and 0.5 mg/kg) were selected for the studgssess

long-term effects study.

3.1. Clinical examinations, body weights and OTxels

To investigate if subchronic treatment with low éef OTA induces PD-related pathology, Balb/c mice
received a daily oral gavage of OTA (0.21 or 0.5kggb.w.) or vehicle every day for 4 weeks and were
monitored for another 6 months. One control waduebad from the study due to a pathological abnoitgnad

the brain unrelated with the treatment, this fimggi® present in a low percentage of WT mice. Nnicél signs

of toxicity were observed during the study and Off@datment did not affect body weight (Supp FigQTA
was undetectable (< LOQ) in plasma and brain tissumples 6 months after the last administratiota(dat

shown).

3.2. Effect of subchronic oral OTA treatment in motondtion

Motor performance was evaluated every week durifigA @Qreatment and then monthly. The behavioral
evaluation at the end of the study demonstrateiradfisant decrease in motor performance in mieated

with both doses of OTA as detected by the wire h@umtrol vs OTA 0.21 p=0.039; control vs OTA 0.5
p=0.018) (Fig 1a) and the negative geotaxis tests (consdDTA 0.21 p=0.048; control vs OTA 0.5 p=0.024)

(Fig 1b).

3.3. DA dysfunction induced by OTA treatment

Behavioral changes were associated witloss of DA innervation reflected by a significalgcrease in TH
staining in the anterior (control vs OTA 0.21: 1%®.@lecrease, p=0.011; control vs OTA 0.5: 17.7% ehexs,
p=0.016), medium (control vs OTA 0.21: 18.3% decrease, .p58; control vs OTA 0.5: 26.8% decrease,
p=0.005) and posterior striatum (control vs OTA 0.21: P@.decrease, p=0.023; control vs OTA 0.5: 31.8%
decrease, p=0.000) in both groups, a dose-respeffset in the TH denervation was observed in a#l th
striatum levels (Fig 2&upp Fig 3). Although no volume alteration in thillnain was observed, there was a
significant 26 % decrease in the number of TH+ Bsinons in the SNc in the group treated with 0.21kmg
OTA (Fig 2b), although this was not significantlffezted in the group treated with 0.5 mg/kg OTAgRb)

(control vs OTA 0.21 p=0.048; control vs OTA 0.5(848).

3.4. Changes in alpha-synuclein and chaperone-mediataxplzagy (CMA) protein levels related to OTA

treatment.
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348 In order to investigate if the DA pathology wasaxsated with changes in alpha-synuclein proteinaagessed
349 the level of alpha-synuclein protein by western loloareas affected by alpha-synuclein pathologgtifferent
350 stages of PD (Braak staging). In the midbrain ds¢@ge 3, clinical debut of PD) there was a sigaift 50%
351 and a 10% (non-significant) increase respectivelyhe level of alpha-synuclein protein in mice teghwith
352 0.21 and 0.5 mg/kg OTA (control vs OTA 0.p£0.027; control vs OTA 0.5=1) (Fig 3a). The increase in
353 total levels of alpha-synuclein in midbrain was casated with a 20% increase in the levels of S129
354 phosphorylated alpha-synuclein, although this iaseedid not reach statistical significance (coniIOTA
355 0.21p=0.145; control vs OTA 0.5=0.945) (Fig 3a), and the presence of phospho-alpha-$gimuaggregates
356 in the SNc (Fig 3b) (OTA 0.21: 1.5 aggregates atien, p=0.001 vs control; OTA 0.5: 2.5 aggregates per
357  section,p=0.000 vs control). The level of alpha-synuclein proteinthe brainstem (stage 2, pre-clinical PD)
358 (control vs OTA 0.2=1; control vs OTA 0.5=1) and cortex (stages 4-6) (control vs OTA 0p211; control
359 vs OTA 0.5p=1) was not significantly increased in the grougsted with OTA (Supp Fig 4). Since the main
360 pathway for alpha-synuclein degradation is CMA, assessed the levels of 2 key proteins in the CMA
361 pathway, LAMP-2A and hsc70, in midbrain. Our resalemonstrated a dose-dependent decrease in LAMP-2A
362 levels in the midbrain (OTA 0.21 20% decreape0.251; OTA 0.5 50% decreasg=0.009) (Fig 3c).
363 However, hsc70 protein levels were not significaaitered in midbrain at either OTA doses (Fig @ntrol

364  vs OTA 0.21p=0.347; control vs OTA 0.5=0.056).

365 3.5. Alpha-synuclein and CMA-related changes induzg OTA in intestinal tissue

366 In the gut there were increased levels of phospatay alpha-synuclein deposits in the myenteribjaucosal
367 plexus and muscular layers (Fig 4a), which covesigphificant larger area than in control mice (Fib) 4
368 (control vs OTA 0.21p=0.002; control vs OTA 0.5=0.049). There were also significantly increased total
369 levels of alpha-synuclein protein in distal intestiFig 4c)control vs OTA 0.23=0.048; control vs OTA 0.5
370 p=0.027) and a dose-dependent decrease in LAMP-2A level21l( 33% decreasg=0.010; 0.5: 32%
371 decreasep=0.018) (Fig 4d). hsc70 protein levels were unalteredlistal intestine (Fig 4d) (control vs OTA

372 0.21p=0.873; control vs OTA 0.5=0.873).

373 3.6. OTA induced CMA dysfunction in cell models

374  We established an intestinal epithelium (Caco-2) aauronal (SH-SY5Y over-expressing alpha-synuglein
375 cell models to study the mechanism involved in@¥A induced alpha-synuclein and dopaminergic change

376 Initially we assessed the range of subtoxic comaeéinh of OTA (Fig 5a, b) and a range of doses fizbro
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200 nM OTA were selected for the subsequent expsrisn Doses between 80 to 200 nM increased
significantly the intracellular alpha-synuclein & in both cell models (Fig 5c, d). In order tvastigate the
mechanism responsible for alpha-synuclein accumonlatve assessed alpha-synuclein turn-over as tkere
increasing evidence that alpha-synuclein degradataihways may be compromised in PD (Alvarez-Eamtfiti
al., 2010). Under control conditions alpha-synuclealf-life was 40.1 h; however, OTA treatment &ased
significantly alpha-synuclein half-life to 50.7 Indreased by 26%p=0.043) (Fig 6a, Supp Fig 5).. The
decreased alpha-synuclein turn-over was relate wisignificant 45% decrease (control vs OTA 100nM
p=0.014; control vs OTA 200nMp=0.014) in LAMP-2A protein levels (Fig 6b), and a sigadint 48%
decrease in lamp-2a mRNA levels with the 200 nM QE€éntrol vs OTA 100nMp=0.487; control vs OTA
200nM p=0.0.37) (Fig 6c). None of the OTA concentrations sigrafitly affected hsc70 protein (control vs
OTA 100nM p=0.219; control vs OTA 200nMp=0.219) (Fig 6b) or mRNA levels (control vs OTA 100nM

p=0.100; control vs OTA 200nM=0.487) (Fig 6¢).
3.7. OTA influences on miRNA levels and the effeafthisa-miR-193a-3p up-regulation on LAMP-2A levels

As a previous report showed that miRNA dysregutatiead to the reported downregulation of LAMP-2A
levels and compromised alpha-synuclein degradgidwarez-Erviti et al., 2013), the miRNA levels veer
analyzed in SH-SY5Y cells after exposure to OTAx BiiRNAs were significantly upregulated (hsa-miR-
4792, hsa-miR-3196, hsa-miR-193a-3p, hsa-miR-6B8&;miR-24-2-5p, hsa-miR-513c-3p) and the levet of
miRNAs (hsa-miR-1271-5p, hsa-miR-3607-5p, hsa-m#R-9p, hsa-miR-501-3p) were significantly
downregulated (Fig 6d, Supp Fig 6, 7). A miRNA &r@nalysis using 5 target prediction tools (Didna
miRanda / miRBridge / PicTar / miRWalk) predictezhimiR-193a-3p to targtmp-2a mRNA. To determine
the ability of hsa-miR-193a-3p to target tHEFBR sequence damp-2a, we transfected SH-SY5Y cells with a
luciferase reporter constructs with themp-2a 3UTR sequence (Alvarez-Erviti et al., 2013). AfteBh4
100nM of hsa-miR-193a-3p caused39% decreas@<£0.0.37) in luciferase activity linked ttamp-2a 3UTR

sequence (Fig 6e)

3.8. Influence of changes in alpha-synuclein patipplon LAMP-2A

To determine if the changes in LAMP-2A levels ebble secondary to the alpha-synuclein pathology, w
analyzed the in vivo alpha-synuclein PFF mouse madeViP-2A and hsc70 protein levels in midbrain wer
evaluated at 3 time points, 15 dpi, 30 dpi and 0 which represent different stages of the alpjrauslein

pathology from the initial aggregation to the nenadocell death. LAMP-2A protein levels were sigoétly
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decreased by 29%, 23% and 39% relative to actineaB time points respectively (control vs 15 gpD.012;
control vs 30 dpp=0.012; control vs 90 dpp=0.012) (Fig 7a) but no significant changeslamp-2a mRNA
levels were observed (control vs 15 @pi0.347; control vs 30 dpp=0.823; control vs 90 dpp=1) (Fig 7b).
The levels of hsc70 protein (control vs 15 gp0.140; control vs 30 dpp=1; control vs 90 dpp=1) (Fig 7a)
and mRNA (control vs 15 dgi=1; control vs 30 dpp=1; control vs 90 dpp=1) (Fig 7b) were unaltered in

midbrain at the 3 time points.

4. Discussion

The factors initiating or contributing to the pagemesis of PD are a continuing source of contrgyerany
genetic factors have been identified and envirorialdactors have long been suspected to be impoataah
continue to be key factors associated with PD mahesis (Chen and Ritz, 2018; Pan-Montojo et all2p
Our study is the first to investigate the long texomsequences of low dose of OTA exposure in tlsetoand
progression of alpha-synuclein pathology and indbeelopment of motor deficits in Balb/c WT miceher
exposure conditions selected (0.21 or 0.5 mg/kgppwavage for 4 weeks) are considered as very loses
for mice, as the lowest observed effect level fioinky tumors was 4.4 mg/kg bw (administered in)diet2
years bioassay (EFSA, 2006). Moreover, in our stuglglinical signs of toxicity were observed atdbaloses
either after the 28 days of exposure (prelimindaudsg) in which OTA levels were detectable in plasamal
brain, or during the 6 months in which animals wiefé under normal diet. Thus, observing any sigaifit

brain pathological changes in this study was npeeted.

However, the results obtained in this study dematestthat oral subchronic doses of OTA reprodueekgy
pathological features of PD, including motor deficdecrease in the number of TH+ DA neurons inSNe

and DA innervations in the striatum and the accatih of phosphorylated alpha-synuclein within @S

six months after the end of the OTA treatment. previous reports have investigated the neurotdféces of

oral exposure to OTA in rodents. Belmadani et H898) reported neurotoxic effects in striatum, bigggmpus
and ventral mesencephalon of adult male rats suimdatally treated with OTA (289g/kg per 24h) by gastric
intubation for 8 days (Belmadani et al., 1998a, &#)d Sava et al. (2006) observed that continuous
subcutaneous administration of low doses of OTAraveperiod of two weeks in mice causes significant
depletion of striatal dopamine (Sava et al., 200®jese authors argued that the neurotoxic effelctSTA
could be a result of a direct effect of the toxinthe brain. However, our findings would suggestiferent

mechanism as the dopaminergic changes occurredipftav doses of OTA administration for 28 daysith
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reached systemic circulation and the brain andhihnths after the end of OTA treatment without diziiele
levels of OTA in plasma or brain.

In contrast to previous studies that used highsesimf OTA and evaluated the acute neurotoxic &sffeee
evaluated the pathological effects six months afterend of the low dose OTA treatment, when OTvele
were not anymore detectable in plasma and braia.development of motor dysfunction months afterethd
of the treatment argues against a systemic or td@#ect of OTA as causative factor but in turnrsito a

cascade of events that might be triggered by alsohi exposure to OTA.

In this study we observed DA cell dysfunction rethto increase in alpha-synuclein levels and paser
alpha-synuclein aggregation in the SNc. A dose-dépet reduction in the density of dopaminergic
innervation was observed in the striatum, suggestiiA cell dysfunction. In the SNc, this reductionTH
positive cells appeared to be significant only s tow dose, however in this case the variabiliggween
animals was also higher than in the case of thetstn. This effect might be related with the finglsnobserved

in a recent study that suggested that the impairmérierminals may precede the death of DA neurons
(Matheoud et al., 2019). Thus, it could be possibét the time point selected for this study istieely early
regarding DA cell loss, and longer times after Off@atment could be necessary to observe higher DA
neuronal death in the SNc. In any case, the DAuwhfon is responsible for the motor impairmentsestied

in the mice. All these alterations in DA system andtor function associated to alpha-synuclein patho
have been described previously in other animal oflé®D based in the intrastriatal injection of ledp

synuclein PFF (Luck et al., 2012).

The Braak’s hypothesis originally proposed thatg@ihology may start in the ENS (or olfactory bullecades
before spreading to the brain (Braak et al., 20@8)tr results support this idea since an increasalpgha-
synuclein levels was observed in the ENS and inoamaally connected brain regions, associated with
presence of some phospho-alpha-synuclein aggregatee SNc. It should be noted that the slighdwér
levels of alpha-synuclein expression detected &inband intestine of samples from the 0.5 mg/kg Qibae
compared to the 0.21 mg/kg OTA dose could be relatéh the presence of higher levels of insoluble
(aggregated) alpha-synuclein at the higher dos¢,ntfight difficult its extraction for the westertobanalysis.
Nevertheless, further truncal vagotomy studies ddwmt fundamental to confirm the spreading of alpha-
synuclein from the gut to the brain through vagaive in mice orally exposed to low doses of OTAadk

hypothesis is supported by the presence of alphaesgin pathology in the large intestine of PD @at$ years

before diagnosi§Stockholm et al., 2016) and the fact that PD pé&iemrperience ENS dysfunction before the
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onset of motor symptoms (Cersosimo et al., 2018)alpha-synuclein transgenic mice, alpha-synuclein
aggregates have been detected in the ENS priamt@athogenic changes in the CNS (Kuo et al., 2@ha)
intragastric administration of rotenone, a peséicidell known to induce key pathological hallmarksP®d
(Betarbet et al., 2003; Sherer et al., 2003), Ies lzeen demonstrated to induce alpha-synucleinnagiation
in the ENS (Drolet et al., 2009; Pan-Montojo et aD10). We observed alpha-synuclein accumulatiotihé
myenteric and submucosal plexus and muscular lafy#re large intestine in mice orally exposed to ioses
of OTA. Our results suggest that the changes imakynuclein in the gut wall are a result of thefOT
exposure and link with the changes to alpha-syicéported in the gut wall of PD patients (Stodkhet al.,
2016). Indeed, OTA has been described able to mtishe epithelial barrier (Robert et al., 2017)thélugh
further studies are required to investigate theat$f of OTA on gastrointestinal function and patlgl the
results of our study indicate that exposure to ttmses of OTA recapitulate the some pathologicditzak of
PD in the ENS. However, it cannot be excluded #iaiilar changes to those observed in intestineccbel

found in other organs, such us kidney.

Modeling the OTA treatment in cells we demonstrateat exposure to subtoxic OTA levels induces alpha
synuclein accumulation in Caco-2 and SH-SY5Y célis, increase in alpha-synuclein observed was dwe t
decrease in the CMA protein LAMP-2A. Several pudticns reported LAMP-2A decrease in PD brains
(Alvarez-Erviti et al., 2010; Murphy et al., 201&)d decrease LAMP-2A protein levels in cell culttesulted

in significant alpha-synuclein intracellular acclation (Alvarez-Erviti et al., 2010). We have prewsly
proved that mitochondrial dysfunction, oxidativeess and increased alpha-synuclein levels did eoctedse
LAMP-2A protein levels (Alvarez-Erviti et al., 20L.3However, several miRNAs increased in PD braissew
experimentally shown to decrease LAMP-2A proteicéfi models and resulted in significant alpha-syem
accumulation (Alvarez-Erviti et al., 2013). OTA wadated with miRNA dysfunction (Zhao et al., 205A1d
we confirmed that exposure to subtoxic doses of @ffécted the expression of several miRNAs in SFb8Y
cells. A miRNA significantly increased after OTAe&tment, miRNA 193a-3p, was predicted to target the
3'UTR of lamp-2a. The luciferase reporter constructs confirmed tm&RNA 193a-3p effectively targeted
lamp-2a 3UTRs, suggesting that could underpin the decraas®MP-2A reported in cells. As in the case of
the in vivo study, the mechanistic hypothesis relevant for RIph@-synuclein, LAMP-2A and miRNA
dysfunction) has been demonstrated at non-cytotdgies, pointing again to an early toxic endpdirt t
occurs before any cytotoxic damage to cells. Thesential involvement of LAMP-2A protein in OTA

pathological mechanisms was reinforced by the wo @tudy, our results demonstrates that LAMP-2Atgiro
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expression was significantly reduced in the disitdstine and midbrain sites of alpha-synucleirhplaigy in
OTA treated mice. Although we cannot exclude adlieffect of OTA upon LAMP-2A levels, the decrease
LAMP-2A protein in midbrain observed in the alphaysclein PFF model point to the abnormal patholalgic

alpha-synuclein as the main cause of LAMP-2A deszréa OTA treated mice.

All these data pointed to a mechanism related topdnagy dysfunction common in mice exposed to lowed
of OTA and PD patients and reinforce the hypoth#sis links environmental factors exposure to maidmas

underlying the onset of PD.

These results are especially relevant in termsuafdn exposure, as humans are normally exposedydose
doses of OTA over their lifetime (EFSA, 2006 an@@p On the other hand the current most sensifffexte
considered for OTA risk assessment is its effectskimineys in rats and pigs. In the most recent EFSA
evaluation, in which a margin of exposure approaels used, the characterization of non-neoplasfectsf
was based on a BMDO} of 4.73pg/kg bw per day calculated from kidney lesions obse in the pig study;
while for neoplastic effects, a BMR§.of 14.5ug/kg bw per day was calculated from kidney tumeensin the

rat study (EFSA, 2020). Thus taking into accouat thice are less sensitive to OTA than rats (EF8@62and
2020) and that in our experiment animals were tnglgted for 28 days, our results might be pointing more
sensitive or early toxic endpoint than the one deethe current human health risk assessment &.0OT
Regarding neurotoxicity, in the first EFSA risk @assment (EFSA, 2006) this endpoint was also asbéssed

on effects reported at oral doses of 0.05-0.07 Mg/&g bw per day in rats (Wangikar et al., 2004;rfaat et

al., 2001) and rabbits (Wangikar et al., 2005) witth 3 mg OTA/kg bw per day in mice (Sava et aD0@).
The conclusion (EFSA, 2006) was that the lowestratedic dose of OTA (50 pg/kg) was about six times
higher than the dose leading to minimal renal ckangbserved in the pivotal studies for nephrotoxici
(EFSA, 2006). However, it should be mentioned tthegt studies available were not designed to evaluate
neurodegenerative endpoints. In the most receti@ivan, EFSA (2020) also pointed to the nervousgesy as

another potential toxicological endpoint, togetivh the immune, the intestinal and endocrine syste

5. Conclusions

In conclusion, we demonstrated that oral exposuiew doses of OTA causes alterations in motor tiong
DA system and alpha-synuclein pathology severalthwafter the end of the treatment. We proposetheat
initiation of this Parkinson-like pathology is dtea decrease in LAMP-2A protein levels in the gatised by

the OTA induced miRNA dysregulation and propagatibthe alpha-synuclein pathology involves a priite-
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524 mechanism. All these features have been previaetdyed and described in PD. This supports the tmgsis
525 that environmental factors could play a key rold’D, adding a further dimension to the pathogenafsizD

526 and LB formation.
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Figure captions

Fig 1. Motor performance in mice exposed to oral sachronic doses of OTA.a) Wire hang performance of
control and OTA treated Balb/c mice. b) Time tmtaround and move up toward the top of the platfiorthe
negative geotaxis test, if the mouse was unablertg the default value of 30 s was taken as malxaenerity

of impairment. Data are expressed as mean + SENM ¢@ontrol mice, n=10 OTA-treated mice). Statistical

significance was determined with two-way ANOVA tesmpared to control mice, *p<0.05.

Fig 2. Nigrostriatal dopaminergic dysfunction after 31 weeks in mice exposed to oral subchronic dos&s
OTA. a) Striatal TH innervation was quantified by optidensity at 3 rostrocaudal levels (n=9 for control
mice; n=9 for OTA 0.21; n=10 for OTA 0.5). Images TH staining in posterior striatum of control a®d@ A
Balb/c mice are shown. b) Unbiased stereologicahtjfication of TH-immunoreactive neurons in the <SHf
Balb/c mice treated with 0.21 mg/kg (n=8) and Og/kg (n=8) doses of OTA or Control (n=9). Repreatne
images of TH staining of dopaminergic neurons inonal sections of the midbrain are shown. Scale bar
represents 100m. Data are expressed as mean + SElslck dots correspond to individual animals, sasiple
from animals not compiling with the quality criterfor the technique were not analyzed. One-way Arest,

statistical analyses compared to control mice, *9§0**p<0.01, ***p<0.001.

Fig 3. Alpha-synuclein pathology in the midbrain at31 weeks.a) Quantification of total (Syn) and
phosphorylated alpha-synuclein (P-Syn) proteinlkemermalized to beta-actin in the midbrain (MB)cohtrol
and Balb/c mice orally treated with 0.21 mg/kg @n8 mg/kg doses of OTA (n=9 for all groups). Typica
Western blots are shown. b) Quantification of SpR8spho-alpha-synuclein positive aggregates irStiie of
control and OTA treated Balb/c mice. Representaiivages of intraneuronal phospho-alpha-synuclein
inclusions in the SNc of mice orally treated wit2 D mg/kg and 0.5 mg/kg doses of OTA are shown (o8
all groups). Scale bars representut@. c) Protein levels of LAMP-2A and hsc70 normatize beta-actin were
qguantified in the midbraiof Balb/c mice orally treated with 0.21 mg/kg an& ®ng/kg doses of OTA and
controls (n=5 for all grupos). Data expressed aama&SEM, black dots correspond to individual animals. In
some experiments, there was not enough tissueahlaifrom all the animals. One-way Anova test,istiagl

analyses compared with control mice, *p<0.05, *©B&) ***p<0.001.

Fig 4. Oral subchronic doses of OTA result in alphaynuclein deposits in distal intestine at 31 weeks
after OTA treatment. a) Representative images of distal intestine sestimmunostained for S129-phospho-

alpha-synuclein (P-Syn) in control and 0.21 mg/kgl 8.5 mg/kg OTA treated Balb/c mice 31 weeks after
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OTA treatment. Scale bar = 10n. b) Quantification of the percentage of area ptul by phosphorilated
alpha-synuclein deposits in the distal intestineadftrol and OTA treated Balb/c mice (n=8 for albgps). c)
Analyses of alpha-synuclein protein levels nornslizo beta-actin in the distal intestine (n=5 fibigeoups).
Typical Western blot is shown. d) Protein levels L&§MP-2A and hsc70 normalized to beta-actin were
quantified in the distal intestired Balb/c mice orally treated with 0.21 mg/kg an8l thg/kg doses of OTA and
controls (n=5 for all groups). Data are expressethaan + SEMblack dots correspond to individual animals.

One-way Anova test, statistical analyses compaiiddagntrol mice, *p<0.05.

Fig 5. Effect of OTA in cell models.Percentage of cell death in Caco-2 (a) and SH-S#HYcells treated

with OTA (0.06 to 25uM) 72 h (n=3). Quantification of alpha-synucleinden control conditions and in the
presence of OTA was determined in (c) Caco-2 (8041 OTA, n=3) and (d) SH-SY5Y (25-200 nM OTA,
n=4) cells by Western blot. Typical Western bla ahown. Data are expressed as mean * SD. Non-pai@m

Kruskal-Wallis test, statistical analyses comparétth untreated control group,*p<0.05.

Fig 6. Influence of OTA upon CMA and alpha-synuclei in cell cultures. a) Alpha-synuclein half-life was
determined in SH-SY5Y cells by Western blot undamtml conditions and in the presence of OTA (180.n
Typical Western blot are shown and OTA caused aifsignt decrease in alpha-synuclein turnover (n$J)
Steady state levels of alpha-synuclein, LAMP-2A &isc70 relative to actin were detected by Wedddoh
analyses in WT alpha-synuclein over-expressingsc&ll h after OTA treatment (100, 200 nM) and unéea
cells (n=4). Typical Western blot are shown andngifiad relative to actin. ¢) hsc70 and lamp-2a RN
levels were quantified by qPCR in cells treatechv@tTA (100 nM) and controls and quantified relattee
actin (n=4). d) miRNA levels were quantified in Isefreated with 100 nM OTA (group 2) or 200 nM OTA
(group 3) relative to control cells (group 1) aradadexpressed as log FC change in miRNA levelsieiférase
reporter assay in SHSY5Y cells expressing th#T8 of lamp-2a Renilla luciferase construct andulmeted
with 100 nM of has-miR-193a-3p or control (n=3).ni¥a luciferase activity is expressed normalized t
untreated cells. Data expressed as @D, black dots correspond to independent expersnéin-

parametric Kruskal-Wallis test, statistical ana/sempared with untreated control group, *p<0.05.

Fig 7. CMA protein level in alpha-synuclein PFFs ifected C57BL6/C3H F1 mice.(a) Quantification of
LAMP-2A and hsc70 protein levels normalized to katéin in the midbrairin Control (PBS) and alpha-
synuclein PFF injecte€57BL6/C3H F1 mice 15, 30 and 90 dpi (n=6). Typid&kstern blot are shown. b)

hsc70 and lamp-2a mRNA levéls Control (PBS) and alpha-synuclein PFF injecté&xs¥ B 6/C3H F1 mice
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15, 30 and 90 dpi (n=6). Data expressed as m&#M, black dots correspond to individual animalae@vay

Anova test, statistical analyses compared withrobntice, *p<0.05, **p<0.01.
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- Ochratoxin A altered motor function and dopamgiesystem 6 months after exposure

- Phosphorylated alpha-synuclein levels were irsddn gut and brain of mice

- LAMP-2A protein was decreased in tissues showipfa-synuclein pathology

- LAMP-2A and alpha-synuclein turnover decreasedtio due to miRNA dysregulation

- All these features have been previously descrbdéthrkinson’s Disease
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