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ABSTRACT

Proteomic analysis of jejunum and ileum in rats exposed to acute or

chronic fluoride dose.

The gastrointestinal tract (GIT) is considered the main route of exposure to
fluoride (F), which is rapidly absorbed from it. Exposure to this ion can generate
considerable changes in the morphology of the intestine, which can affect its functions,
leading to gastrointestinal symptoms that represent the first signs of F toxicity. In
previous studies performed by our research group, it was observed that exposure to F
interferes significantly in the expression of several proteins in the duodenum. Due to
the distinct anatomical, histological and physiological characteristics found among the
different distinct segments of the small intestine, the present study aimed to evaluate
the effect of acute or chronic exposure to F on the proteomic profile of the jejunum and
the ileum of rats. Male 60-day-old Wistar rats were treated for 30 days with chronic
doses of 0 mgF/L, 10 mgF/L or 50 mgF/L. The acute dose of F (25 mg/Kg body weight)
or deionized water (control) was administered once by gastric gavage. After the
experimental periods, the jejunum and the ileum were collected. Proteomic analysis of
both segments was performed using the nanoACQUITY UPLC-Xevo QTof MS system
(Waters, Manchester, UK), in order to better understand the mechanisms involved in
acute or chronic F toxicity, which led to the morphological changes observed in our
previous studies. The difference in expression between the groups was obtained using
the PLGS software, considering p<0.05 and 1-p>0.95 for the for the down and
upregulated proteins, respectively. Under acute exposure to F, most of the proteins
with altered expression were upregulated in the group 25 mg/Kg F vs. Control. Our
results, when analyzed together (jejunum and ileum), suggest that the gastrointestinal
symptoms found in these cases may be related to inhibition of protein synthesis by
exposure to a high dose of F, such as changes in proteins that regulate the
cytoskeleton and energy metabolism, mainly in carbohydrate metabolism. Under
chronic exposure to F, most of the proteins with altered expression were upregulated
in the group 10 mgF/L vs. control and in the comparison 50 mgF/L vs. control. In the

jejunum, there were changes in the abundance of several proteins correlated with







protein synthesis, glucose homeostasis, energy metabolism and neural functions.
Moreover, in the ileum, a decrease in gastrotropin was found, which may be associated
with diarrhea, a common symptom found in cases of F toxicity. In addition, changes in
different myosin isoforms were observed, which might have contributed to the
structural alterations found in the histological analysis previously performed. In
conclusion, acute exposure to F mostly downregulates several proteins, with emphasis
on partners involved in protein synthesis, cytoskeleton and energy metabolism, which
might help explain the gastrointestinal symptons found in cases of acute exposure to
this ion. Distinctly from which was observed for the acute treatment, under chronic
treatment with both F concentrations an increase in the expression of proteins was
observed, which might indicate an adaptation of the body, in attempt to fight the
deleterious effects of this ion.

Key-words: Fluoride. lleum. Jejunum. Proteomic analysis. Chronic exposure. Acute

exposure.







RESUMO

Analise proteémica do jejuno e ileo em ratos expostos a dose aguda ou
cronica de fluoreto.

O trato gastrointestinal (TGI) € considerado a principal via de exposi¢cdo ao
fluoreto (F), que é rapidamente absorvido por ele. A exposi¢céo a esse ion pode gerar
alteracdes consideraveis na morfologia do intestino, o que pode afetar suas fungdes,
levando a sintomas gastrointestinais que representam os primeiros sinais de
toxicidade do F. Em estudos anteriores realizados pelo nosso grupo de pesquisa,
observou-se que a exposigao ao F interfere significativamente na expresséo de varias
proteinas no duodeno. Devido as distintas caracteristicas anatémicas, histologicas e
fisiolégicas encontradas entre os diferentes segmentos do intestino delgado, o
presente estudo teve como objetivo avaliar o efeito da exposicdo aguda ou crénica a
F no perfil protedbmico do jejuno e ileo de ratos. Ratos Wistar machos de 60 dias de
idade foram tratados por 30 dias com doses cronicas de 0 mgF/L, 10 mgF/L ou 50
mgF/L. A dose aguda de F (25 mg/kg de peso corporal) ou agua deionizada (controle),
foram administradas uma unica vez, por gavagem gastrica. Apds os periodos
experimentais, o jejuno e o ileo foram coletados. A analise protedmica de ambos os
segmentos foi realizada com o sistema nanoACQUITY UPLC-Xevo QTof MS (Waters,
Manchester, Reino Unido), a fim de melhor compreender os mecanismos envolvidos
na toxicidade aguda ou crbénica da F, o que levou as alteragbes morfologicas
observadas em nossos estudos anteriores. A diferenga de expressao entre os grupos
foi obtida no software PLGS, considerando p <0.05 e 1-p> 0.95 para as proteinas sub
e supraregulada, respectivamente. Sob exposigao aguda a F, a maioria das proteinas
com expressao alterada foi aumentada no grupo 25 mg/Kg F vs. Controle. Nossos
resultados, quando analisados em conjunto (jejuno e ileo), sugerem que os sintomas
gastrointestinais encontrados nesses casos podem estar relacionados a inibicdo da
sintese de proteinas pela exposi¢cdo a uma alta dose de F, como alteragcbes nas
proteinas que regulam o citoesqueleto e o metabolismo energético, principalmente no
metabolismo de carboidratos. Sob exposicéo crénica a F, a maioria das proteinas com
expressao alterada foi aumentada no grupo 10 mgF/L vs. controle e na comparagéo
50 mgF/L vs. controle. No jejuno, houve altera¢cées na abundancia de varias proteinas
correlacionadas com a sintese de proteinas, homeostase da glicose, metabolismo







energético e fungdes neurais. Além disso, no ileo, foi encontrada uma diminuicdo da
gastrotropina, que pode estar associada a diarreia, sintoma comum encontrado nos
casos de toxicidade por F. Em adig¢ao, foram observadas alteragcdes nas diferentes
isoformas da miosina, o que pode ter contribuido para as alteracbes estruturais
encontradas na analise histologica realizada anteriormente. Em conclusdo, a
exposi¢cao aguda ao F na maioria das vezes regula negativamente varias proteinas,
com énfase nos parceiros envolvidos na sintese de proteinas, no citoesqueleto e no
metabolismo energético, o que pode ajudar a explicar os sintomas gastrointestinais
encontrados nos casos de exposi¢cao aguda a esse ion. Distintamente do que foi
observado no tratamento agudo, no tratamento crénico com ambas as concentragdes
de F foi observado um aumento na expresséo de proteinas, o que pode indicar uma

adaptacgao do corpo, na tentativa de combater os efeitos deletérios desse ion.

Palavras-chave: Fluoreto. ileo. Jejuno. Andlise protedmica. Exposigdo cronica.

Exposi¢ao aguda.
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1 INTRODUCTION

Fluorine is the thirteenth most abundant element in the earth's crust
(SHANTHAKUMARI; SRINIVASALU; SUBRAMANIAN, 2004). It the form of is
negatively charged ion, called fluoride (F), it is important for many physiological cellular
processes in the organism (YAN et al., 2011). F is present in biological fluids and
tissues as a trace element and 99% of the F in the organism is accumulated in the hard
tissues. F can also be artificially added to the drinking water and fluoridated dental
products, which together are the main source of F for human consumption (BUZALAF,
2018; BUZALAF; WHITFORD, 2011).

Because of its widely known ability to control dental caries, since the 1940°s
many cities worldwide have adopted artificial fluoridation of drinking water as a
standard public health policy (IHEOZOR-EJIOFOR et al., 2015). In Brazil, since 1974,
artificial fluoridation of water from public supply is mandatory in cities where there is
water treatment station and this is regulated by law (Brazil, Ministry of Health, Decree
n°76872, 1975; Brazil, Ministry of Health, Federal Law N°. 6050.1974)(BRASIL, 1974;
1976). However, since F is an element naturally found in water, in some cities the
concentration naturally found is above the recommended limits (0.7 — 1.2 mgF/L),
which can cause deleterious effects (WHITFORD, 1996). Among these effects, the
most known is fluorosis, which can be dental (DENBESTEN; LI, 2011) or skeletal
(KRISHNAMACHARI, 1986). A plethora of experimental studies attest that, when F is
administered to animals in high doses, distinct alterations in different tissues affecting
diverse proteins and enzymes are found (ARAUJO et al., 2019; BARBIER; ARREOLA-
MENDOZA; DEL RAZO, 2010; CARVALHO et al., 2013; KOBAYASHI et al., 2014;
KOBAYASHI et al., 2009; LIMA LEITE et al., 2014; LOBO et al., 2015; PEREIRA et
al., 2018; PEREIRA et al., 2016; PEREIRA et al., 2013; STRUNECKA et al., 2007).
Among these tissues, morphological and proteomic changes were found in the jejunum
(DIONIZIO et al., 2018) and duodenum (MELO et al., 2017) of rats. This is expected,
since most of the F is absorbed from the small intestine (NOPAKUN; MESSER, 1990;
NOPAKUN; MESSER; VOLLER, 1989) .

Several researches with different designs (in vitro laboratory studies and in vivo
animal and human studies) have shown that F has a toxic effect, which is related to
the amount and timing of exposure (BARBIER; ARREOLA-MENDOZA; DEL RAZO,
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2010; PEREIRA et al., 2018). This effect can be classified as acute or chronic (for
review see (DENBESTEN; LI, 2011; WHITFORD, 1992; 2011).

Acute toxicity occurs by ingesting a large amount of F at a single time. The signs
and symptoms related to this type of intoxication are vomiting with blood, diarrhea,
bronchospasm, ventricular fibrillation, dilated pupils, hemoptysis, cramps, cardiac
collapse, hypercalcemia, hypocalcemia and impaired renal function. In the literature,
we found both accidental and intentional cases of acute F toxicity (WHITFORD, 1992;
2011).

Chronic toxicity occurs when above-the-optimal F concentrations are ingested
over a certain period of time (DENBESTEN; LI, 2011). The main sources of chronic F
intake are water and dentifrice. Despite daily ingestion of F in the range between 0.05
and 0.07 mg/kg body weight/ day is still recognized as the optimal level of F intake, the
precise level of daily F intake able to control caries and that is not associated with
increased risk of dental fluorosis is not known so far (BUZALAF, 2018).

After ingestion, F can cross the cell membranes mainly by diffusion of its weak
acid (HF) (BUZALAF; WHITFORD, 2011), causing adverse effects by invading soft
tissues such as brain, liver, intestine, heart and lung, with several structural and
metabolic changes being observed after its excessive administration (BARBIER;
ARREOLA-MENDOZA; DEL RAZO, 2010; CHOUHAN; FLORA, 2008)
(INKIELEWICZ-STEPNIAK; CZARNOWSKI, 2010). In general, it is recognized that the
toxic effects of F are due mainly to enzymatic inhibition, destruction of collagen,
paralysis of activities of the immune system and damage to the gastrointestinal tract
(GIT) (CHOUHAN; FLORA, 2008).

Being the main route of F absorption, the GIT can be exposed to high
concentrations of F daily (BUZALAF; WHITFORD, 2011), which and can lead to
considerable changes in the morphology of the intestine, which in turn affects its
functions (CHAUHAN; OJHA; MAHMOOD, 2011; DIONIZIO et al., 2018; MELO et al.,
2017). Moreover, the complex functions of the GIT, which include mixing and
spreading food, providing digestive enzymes, reabsorption and secretion, as well as
maintaining adequate blood flow levels, depend on intense coordination of autonomic
neuronal networks (COOKE, 2000; FURNESS et al., 1995). These networks are
embedded in the walls of the intestine and are formed by the interconnection of
ganglionic and aganglionic plexuses and also over a highly sophisticated network of
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polysynaptic circuits (FURNESS et al., 2004), this large set being called Enteric
Nervous System (ENS) (SCHAFER; VAN GINNEKEN; COPRAY, 2009).

In a recent study, our research group evaluated the effect of acute or chronic
exposure to F, on the general population of enteric neurons and on the subpopulations
that express the main enteric neurotransmitters in the duodenum, jejunum and ileum.
Relevant changes were found (MELO, 2015; MELO et al., 2017). This study also
reported important proteomic alterations in the duodenum of rats treated with F. Among
them are: 1) F, when chronically administered in the dose of 10 mg/L through the
drinking water, altered the expression of 229 proteins, among which most where
upregulated when compared to the control group (deionized water), being the “pyridine
metabolism” the most affected biological process (MELO et al., 2017); 2) F altered the
expression of 284 proteins after chronic exposure to water containing 50 mgF/L when
compared with control, being “protein polymerization” the mostly affected biological
process (MELO et al., 2017); 3) After acute administration of F in the dose of 25 mg/kg
(gastric gavage), F altered the expression of 356 proteins with the vast majority of
these proteins having their expression downregulated and the mostly affected
biological process was “generation of precursors and energy” (MELO, 2015). It is
important to highlight that both under acute and chronic F exposure, the effect of F in
the duodenum was much more pronounced than that observed in proteomic studies
conducted with other organs, such as kidneys (DE CARVALHO et al., 2013;
KOBAYASHI et al., 2009; XU et al., 2005), brain (GE et al., 2011; NIU et al., 2014) and
liver (ARAUJO et al., 2019; DIONIZIO et al., 2019; KHAN et al., 2019; PEREIRA et
al., 2018; PEREIRA et al., 2013), even with similar doses of F. The most probable
reason for the higher susceptibility of the duodenum to the effects of F, when
compared to the other organs, lies on the fact that 70-75% of the absorption of F occurs
in the small intestine (NOPAKUN; MESSER, 1990; NOPAKUN; MESSER; VOLLER,
1989). Consequently, when a certain dose of F is ingested, the cells in the intestinal
wall are exposed to a higher concentration of F than the cells of the other organs, which
will come into contact only with the F that is absorbed (BUZALAF; WHITFORD, 2011).

Due to the distinct anatomical, histological and physiological characteristics
found among the different distinct segments of the small intestine (GUYTON; HALL,
2015) and considering the important changes observed in the general population of
neurons in the jejunum and ileum and in subpopulations that express the main enteric

neurotransmitters in our previous study (MELO, 2015), it is extremely important to




20 Introduction

perform proteomic analysis of these two intestinal segments, in order to obtain
information about the possible mechanisms involved in the alteration of the ENS by
exposure to F, which may explain the gastrointestinal symptoms caused by this

exposure.

1.1 OBJECTIVES

The general aim of this study was to investigate the effect of acute or chronic
exposure to F on the protein expression profile of the jejunum and ileum of rats, using
proteomic analyses. Moreover, protemics findings were associated with the
morphological alterations in the SNE performed in a previous study (Melo et al. 2015),
in order to provide mechanistic rationale to explain the gastrointestinal symptoms

caused by F.
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Abstract

Gastrointestinal symptoms are the first signs of fluoride (F) toxicity. In the
present study, the jejunum of rats chronically exposed to F was evaluated by
proteomics, as well as by morphological analysis. Wistar rats received water containing
0, 10 or 50 mgF/L during 30 days. HuC/D, neuronal Nitric Oxide (nNOS), Vasoactive
Intestinal Peptide (VIP), Calcitonin Gene Related Peptide (CGRP), and Substance P
(SP) were detected in the myenteric plexus of the jejunum by immunofluorescence.
The density of nNOS-IR neurons was significantly decreased (compared to both
control and 10 mgF/L groups), while the VIP-IR varicosities were significantly
increased (compared to control) in the group treated with the highest F concentration.
Significant morphological changes were seen observed in the density of HUC/D-IR
neurons and in the area of SP-IR varicosities for F-treated groups compared to control.
Changes in the abundance of various proteins correlated with relevant biological
processes, such as protein synthesis, glucose homeostasis and energy metabolism

were revealed by proteomics.

Introduction

Fluoride (F) is considered one of the essential elements for the maintenance of
the normal cellular processes in the organism' and is largely employed in dentistry to
control dental caries 2. However, when excessive amounts are ingested, F can induce
oxidative stress and lipid peroxidation, alter intracellular homeostasis and cell cycle,
disrupt communication between cells and signal transduction and induce apoptosis 3.

Nearly 25% of ingested F is absorbed from the stomach as an undissociated
molecule (HF) in a process that is inversely related to pH 4, while the remainder is
absorbed in the ionic form (F-) from the small intestine, in a pH-independent manner °.
Due to its major role in F absorption, the gastrointestinal tract (GIT) is considered the
main route of exposure to F 8. Thus, gastrointestinal symptoms, including nausea,
vomiting, diarrhea and abdominal pain are the first signs of F toxicity 0.

The Enteric Nervous System (ENS) is an interconnected network of neurons
disposed in the walls of the intestine that controls the function of the GIT '*. Due to its
control function, changes in ENS affect the absorption, secretion, permeability and

motility of the GIT 2. Recently, immunofluorescence techniques revealed important
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alterations in the morphology of different types of enteric neurons and proteomic
analysis demonstrated changes in the expression of several proteins of the duodenum
of rats '3 after chronic exposure to F, providing the first insights for the comprehension
of the mechanisms involved in the effects of F on the intestine. However, the effect of
F on the ENS and proteomic profile of the jejunum has never been reported.
Considering that each segment of the small intestine has distinct anatomical,
histological and physiological characteristics with functional implications 4, this study
evaluated the morphology of distinct subtypes of enteric neurons of the jejunum after
chronic exposure to F. Quantitative label-free proteomics tools were employed to
evaluate the changes on the pattern of protein profile of the jejunum, after exposure to
F, in attempt to provide mechanistic explanations for the effects of this ion in the

intestine.

Material and Methods

Animals and treatment. The Ethics Committee for Animal Experiments of Bauru
Dental School, University of Sado Paulo approved all experimental protocols
(#014/2011 and #012/2016). All experimental protocols were approved by. The assays
conformed with the guidelines of the National Research Council. Eighteen adult male
rats (60 days of life - Rattus norvegicus, Wistar type) were randomly assigned to 3
groups (n = 6/group). They remained one by one in metabolic cages, having access to
water and food ad libitum under standard conditions of light and temperature. The
animals received deionized water (0 mgF/L), 10 mgF/L and 50 mgF/L for 30 days as
sodium fluoride (NaF) dissolved in deionized water, in order to simulate chronic
intoxication with F. Since rodents metabolize F 5 times faster than humans, these F
concentrations correspond to ~2 and 10 mg/L in the drinking water of humans'S. After
the experimental period, the animals received an intramuscular injection of anesthetic
and muscle relaxant (ketamine chlorhydrate and xylazine chlorhydrate, respectively).
While the rats were anesthetized, the peritoneal and thoracic cavities were exposed,
and the heart was punctured for blood collection, using a heparinized syringe. Plasma
was obtained by centrifugation at 800 g for 5 minutes for quantification of F, described
in a previous publication'. After blood collection, the jejunum was collected for
histological, immunofluorescence and proteomic analysis. For the collection of the

jejunum, animal chow was removed from the animals 18 hours prior the euthanasia to
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decrease the volume of fecal material inside the small intestine, facilitating the cleaning
process for posterior processing. After laparotomy, to remove the jejunum, initially the
small intestine was localized, and the jejunum proximal limit was identified by the
portion after the duodenojejunal flexure that is attached to the posterior abdominal wall
by the ligament of Treitz. After incisions in the flexure and ligament, 20 centimeters
distally to the incision were despised and then 15 centimeters of the jejunum were
harvested for processing. After harvesting, the jejunum was washed with PBS solution
applied several times with a syringe in the lumen to remove completely any residue of
fecal material.

Histological analysis. This analysis was performed exactly as described by Melo, et al.™.

Myenteric plexus immunofluorescence, morphometric and quantitative analysis.

These analyses were performed exactly as described by Melo, et al.3.

Proteomic analysis. The frozen jejunum was homogenized in a cryogenic mill (model
6770, SPEX, Metuchen, NJ, EUA). Samples from 2 animals were pooled and analyses
were carried out in triplicates. Protein extraction was performed by incubation in lysis
buffer (7 M urea, 2 M thiourea, 40 mM DTT, all diluted in AMBIC solution) under
constant stirring at 4 °C. Samples were centrifuged at 14000 rpm for 30 min at 4 °C
and the supernatant was collected. Protein quantification was performed'®. To 50 uL
of each sample (containing 50 ug protein) 25 yL of 0.2% Rapigest (WATERS
cat#186001861) was added, followed by agitation and then 10 yL 50 mM AMBIC were
added. Samples were incubated for 30 min at 37 °C. Samples were reduced (2.5 yL
100 mM DTT; BIORAD, cat# 161-0611) and alkylated (2.5 pyL 300 mM IAA; GE, cat#
RPN 6302 V) under dark at room temperature for 30 min. Digestion was performed at
37 °C overnight by adding 100 ng trypsin (PROMEGA, cat #V5280). After digestion,
10 pL of 5% TFA were added, incubated for 90 min at 37 °C and sample was
centrifuged (14000 rpm at 6 °C for 30 min). Supernatant was purified using C 18 Spin
columns (PIERCE, cat #89870). Samples were resuspended in 200 uL 3% acetonitrile.

LC-MS/MS and bioinformatics analyses. The peptides identification was done on a
nanoAcquity UPLC-Xevo QTof MS system (WATERS, Manchester, UK), using the
PLGS software, as previously described '’. Difference in abundance among the groups
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was obtained using the Monte-Carlo algorithm in the ProteinLynx Global Server
(PLGS) software and displayed as p < 0.05 for down-regulated proteins and 1 — p >
0.95 for up-regulated proteins. Bioinformatics analysis was done to compare the
treated groups with the control group (Tables S1-S5), as previously reported '7-2°. The
software CYTOSCAPE 3.0.4 (JAVA) was used to build networks of molecular
interaction between the identified proteins, with the aid of ClueGo and ClusterMarker

applications.

Results

Morphological analysis of the jejunum wall thickness. The mean (+SD) thickness
of the jejunum tunica muscularis was significantly higher in the 50 mgF/L (93.0 + 1.4
um2) when compared to control (81.5 + 1.1 ym2) and 10 mgF/L (84.2 + 2.5 ym2)
groups (Bonferroni’s test, p < 0.05). The total thickness of the jejunum wall was
significantly lower in the 50 mgF/L (742.25 + 7.8 ym2) and 10 mgF/L (734.4 + 11.8
pum2) when compared to control (783.15 + 5.8 um2) (Bonferroni’s test, p < 0.05).

Myenteric HuC/D - IR neurons analysis. \When the general population of neuron was
morphometrically analyzed, the cell bodies areas (um2) of the HuC/D-IR neurons were
not significantly different among the groups (p > 0.05). In the semi-quantitative
analyses (neurons/cm2), a significant decrease in the density was observed in the
treated groups when compared with control (p < 0.05) (Table 1).

Myenteric nNOS —IR neurons analysis. The cell bodies areas (um2) of the nNOS-IR
neurons did not present a significant difference among the groups (p > 0.05) in the
morphometric analysis. As for the semi-quantitative analyses, a decrease in the mean
value of the density for the group treated with 50 mgF/L when compared with the other

groups was observed (p < 0.05; Table 1).

Myenteric varicosities VIP-IR, CGRP-IR or SP-IR morphometric analysis. A
significant increase in the VIP-IR varicosity areas (um2) was detected in the group
treated with 50 mgF/L when compared with the control group (p < 0.05). For the CGRP-
IR varicosity areas, the groups did not differ significantly (p > 0.05). However, SP-IP
varicosity areas were significantly increased in the treated groups when compared with
control. In addition, the group treated with 10mgF/L presented an area significantly
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higher than the group treated with 50 mgF/L (Table 1). Typical images of the

immunofluorescences are shown in Figs 1 and 2.

Table 1. Means and standard errors of the values of the cell bodies areas and density of
HUC/D-IR and nNOS-IR neurons and VIP-IR, CGRP-IR, and SP-IR values of myenteric
neurons varicosities areas of the jejunum of rats chronically exposed or not to fluoride in the
drinking water.

ANALYSIS Control 10 mgFlL 50 mgFlL

Cell bodies areas of the HUC/D-IR
neurons (um?)

Density HUC/D-IR neurons (neurons/cm?) 16,968+350%  15,420+392°  15,230+380°

Cell bodies areas of the nNOS-IR
neurons (um?)

Density nNOS-IR neurons (neurons/cm?)  5,725+1232 5,559+1342 5,176+146°

304.9+3.5° 310.7+3.8° 304.8+3.8°

291.4+3.2° 296.6+3.5° 289.6+2.9°

Area VIP-IR varicosities (um?) 3.08+0.52° 3.98+0.03% 4.46+0.04°
Area CGRP-IR varicosities (um?) 3.31+£0.03 3.35+0.042 3.38+0.03%
Area SP-IR varicosities (um?) 2.81+0.012 4.86+0.03° 4.64+0.03°

Means followed by different letters in the same line are significantly different according to
Fisher's test (density HUC/D-IR and nNOS-IR neurons) or Tukey's test (other variables). p
<0.05.n = 6.

Proteomic analysis of the jejunum. The total numbers of proteins identified in the
control, 10 and 50 mgF/L groups were 294, 343 and 322, respectively. These proteins
were present in the 3 pooled samples for each group. Among them, 81 (Table S1), 120
(Table S2) and 99 (Table S3) proteins were uniquely identified in the control, 10 mgF/L
and 50 mgF/L groups, respectively. In the quantitative analysis of the 10 mgF/L vs.
control group, 30 proteins with change in expression were detected (Table S4). As for
the comparison 50 mgF/L vs. control group, 40 proteins with change in expression
were found (Table S5). Most of the proteins with changed expression were upregulated
in the groups treated with F when compared with the control group (21 and 23 proteins
in the groups treated with 10 mgF/L and 50 mgF/L, Tables S4 and S5, respectively).

Figures 3 and 4 show the functional classification according to the biological process
with the most significant term, for the comparisons 10 mgF/L vs. control and 50 mgF/L
vs. control, respectively. The group exposed to the highest F concentration had the
largest alteration, with change in 15 functional categories (Fig. 4). Among them, the
categories with the highest percentage of associated genes were: Cellular respiration
(14.3%), NAD metabolic process (10.2%), Oxygen transport (10.2%), Chromatin
silencing (8.2%) and ER-associated ubiquitin-dependent protein catabolic process
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(8.2%). Exposure to the lowest F concentration influenced 12 functional categories
(Fig. 3). The biological processes with the highest percentage of affected genes were:
Nicotinamide nucleotide metabolic process (25%), Regulation of neuronal synaptic
plasticity (11.4%), NAD metabolic process (15.9%) and Positive regulation of response
to wounding (9.1%). It should be highlighted that Regulation of oxidative stress-
induced intrinsic apoptotic signaling pathway was also identified, with 4.5% of affected
genes (4.5%). Figures 5 and 6 show the subnetworks created by CLUSTERMARK for
the comparisons 10 mgF/L vs. control and 50 mgF/L vs. control, respectively. For the
10 mgF/L group (Fig. 5), most of the proteins with change in expression interacted with
Solute carrier family 2, facilitated glucose transporter member 4 (GLUT4; P19357) and
Small ubiquitin-related modifier 3 (Q5XIF4) (Fig. 5A) or with Polyubiquitin-C (Q63429)
and Elongation factor 2 (P05197) (Fig. 5B). As for the group treated with 50 mgF/L,
most of the proteins with change in expression interacted with GLUT4 (P19357) and
Mitogen-activated protein kinase 3 (MAPK3; P21708) (Fig. 6A) or Polyubiquitin-C
(Q63429) (Fig. 6B).

Discussion

The small intestine is responsible for absorption of around 70-75% of F %21, As
consequence, gastrointestinal symptoms, such as abdominal pain, nausea, vomiting
and diarrhea, are the most common occurrence in cases of excessive ingestion of F
22-25_The mechanisms underlying these changes remain to be determined. Recently,
our group took advantage of immunofluorescence and proteomics techniques to
evaluate changes in the duodenum of rats after chronic exposure to F'3. The group
treated with 50 mgF/L had a significant decrease in the density of nNOS-IR neurons.
Additionally, important morphological changes were seen in HUC/D-IR and nNOS-IR
neurons, as well as in VIP-IR, CGRP-IR, and SP-IR varicosities for the groups treated
with both 10 and 50 mgF/L. Moreover, profound proteomic alterations were observed
in both treated groups. In the group treated with 10 mgF/L, most of the proteins with
altered expression were upregulated. On the other hand, downregulation of several
proteins was found in the group treated with the highest F concentration’.

Many proteins observed in the previous study were correlated with the
neurotransmission process, which is essential for the function of the GIT through ENS
control. For example, the pattern of intestinal smooth muscle contraction can be

modified when the release of neurotransmitters stimulating muscle contraction, such
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as SP? is increased or when the release of neurotransmitters promoting muscle
relaxation, such as NO?, is decreased. In the present study, both conditions might
have occurred, because we found a significance increase and decrease in the mean
values of the SP varicosities area and the density of nNOS-IR neurons, respectively
(Table 1), which is in accordance with our previous findings for the duodenum?3. This
finding can be also associated with the significant decrease in the density of HUC/D-
IR neurons (Table 1), and it could contribute to the intestinal discomfort and symptoms,
such as abdominal pain and diarrhea, observed upon excessive exposure to F.

OmgF/L OmgF/L  HuC/D-nNOS T OmgF/L

L Y

10mgF/L 10mgF/L  HuC/D-nNOS 10mgF/L

ol

50mgF/L 50mgF/L  HuC/D-nNOS 50mgF/L

Figure 1. Photomicrography of myenteric neurons of the rats jejunum stained for HuUC/D
(green), nNOS (red), and double-labeling (HuC/D and nNOS) for the control group (0 mgF/L)
and for the groups treated with 10 and 50 mgF/L. 20x Objective.
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Another important neurotransmitter that also participates in the control of
intestinal motility is VIP. In our study, it was observed a statistically significant increase
in the mean value of the areas of VIP-IR myenteric varicosities in the 50 mgF/L group
when compared with control. This finding is similar to what was observed in our
previous study where duodenum was analyzed'® and confirms that this dose of F can
compromise the vipergic innervation of the small intestine. For the inhibitory control of
motility, the main neurotransmitters involved are NO and VIP%, so basically any
changes in the vipergic innervation can alter the intestinal motility, leading to a
decrease in the tone of the intestinal smooth muscle, which could trigger diarrhea or
even increased susceptibility to intestinal infections by decreased intestinal transit?°.
We can also suggest, in this case, that this increase may mean upregulation in the
expression of the VIP, as a response to F toxicity since other processes such as
axotomy and blocking of axonal transport or hypertrophic alterations promote
upregulation of VIP in enteric neurons3’. This increase can also be related to a
neuroprotective role of VIP, because it acts as a potent anti-inflammatory molecule and
presents an important antioxidant activity3'-33. In addition to this, VIP is one of the most
important elements involved in enteric neuroplasticity®3, which is the ENS ability to
adapt to any change in its microenvironment®*.Due to the morphological changes that
we observed in our study in the vipergic varicosities, we can suggest that F can induce
important neuroplastic changes in the GIT.

Since alterations in the morphology of the intestinal wall infer important
pathophysiological processes, we analyzed the total thickness of the intestinal wall, as
well as the tunica muscularis separately. The group treated with 50 mgF/L presented
a significant decrease in the total thickness of the intestinal wall and an increase in the
thickness of the tunica muscularis, indicating that F can alter morphologically the
jejunum wall. The finding for the tunica muscularis of the jejunum is in-line with our
previous findings for the duodenum'®, despite the total thickness of the duodenum wall
was not altered. Changes in the number and morphology of myenteric cell bodies may
be related to variations of the tunica muscularis thickness, which presents the
structures responsible for the maintenance, development and plasticity of these
neurons®. Similar increase in the thickness of the intestinal wall and tunica muscularis
have been reported in the duodenum and jejunum of rats fed with a high fat diet for 8
weeks, where morphological alterations in the general population of enteric neurons
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and in the nitrergic population were also detected®, emphasizing that intestinal

physiology comprises many interconnected mechanisms.

10mgF/L ' 50mgF/L

10mgF/L 50mgF/L

10mgF/L

Figure 2. Photomicrography of myenteric varicosities of the rats jejunum after F chronic
exposure (0, 10 or 50 mgF/L) for VIP-IR, SP-IR CGRP-IR. 40x Obijective.
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10 mgF/L vs. Control

¥ Golgi to plasma membrane protein transport

m Positive regulation of circadian sleep/wake cycle,
non-REM sleep

= Nicotinamide nucleotide metabolic process

B Regulation of neuronal synaptic plasticity

B Negative regulation of JUN kinase activity

m Regulation of fibrinolysis

m Regulation of cilium assembly

® Regulation of oxidative stress-induced intrinsic
apoptotic signaling pathway

1 Positive regulation of interleukin-6 secretion

® NAD metabolic process

m Positive regulation of response to wounding

u Cristae formation

Figure 3. Functional distribution of proteins identified with differential expression in the jejunum
of rats exposed to the chronic dose of 10 mgF/L vs. Control Group (0 mgF/L). Categories of
proteins based on GO annotation Biological Process. Terms significant (Kappa = 0.04) and
distribution according to percentage of number of genes association. Proteins access number
was provided by UNIPROT. The gene ontology was evaluated according to ClueGo® pluggins
of Cytoscape® software 3.4.0 8%,
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50 mgF/L vs. Control

mRibosomal small subunit assembly

mNAD metabolic process

m Mitochondrial fusion

mRNA secondary structure unwinding

m Oxygen transport

= Axoneme assembly

m Exploration behavior

m [ntermediate filament cytoskeleton organization
u Cellular respiration

® Chromatin silencing

mRegulation of alternative mRNA splicing, via spliceosome
= Establishment of chromosome localization

Negative regulation of cyclic nucleotide metabolic process

Positive regulation of response to wounding

ER-associated ubiquitin-dependent protein catabolic process

Figure 4. Functional distribution of proteins identified with differential expression in the jejunum
of rats exposed to the chronic dose of 50 mgF/L vs. Control Group (0 mgF/L). Categories of
proteins based on GO annotation Biological Process. Terms significant (Kappa = 0.04) and
distribution according to percentage of number of genes association. Proteins access number
was provided by UNIPROT. The gene ontology was evaluated according to ClueGo® plugins
of Cytoscape® software 3.4.089,90.

As in our study F caused morphological alterations in different enteric neuronal

subtypes, which present several neurotransmitters involved in the GIT motility, it is
possible that these alterations affect the GIT function, and promote the important
symptomatology of F toxicity on the GIT, such as abdominal pain and diarrhea.
We also believe that our results are quite relevant regarding the ENS, since
mechanisms of neurodegeneration associated to enteric neuropathies are
characterized basically by alterations, damage or loss of enteric neurons, as observed
in several important pathologies®” and also in our study. Thus, in order to better
investigate these findings involving the enteric innervation, we performed the
proteomic analysis.

The proteomic approach revealed for both F doses that the majority of the
proteins presenting changed expression interacted with Solute carrier family 2,
facilitated glucose transporter member 4 (GLUT4) (P19357) and Polyubiquitin C
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(Q63429). In the network comparing 10 mgF/L vs. control groups, 17 members of the
Ras-related Rab proteins (isoforms 1A, 1B, 3A, 3C, 3D, 4A, 4B, 5A, 8A, 8B, 10, 12,
14, 26, 35, 37, and 43) were uniquely found in the group treated with 10 mgF/L (Table
S2), despite some not being present in the network. The GTPases Rab proteins are
known as key regulators of intracellular membrane trafficking, from the formation of
transport vesicles to their fusion with membranes. Rabs modulate between an inactive
form (GDP-bound) and an active form (GTP-bound). The latter can attract to
membranes distinct downstream effectors that will lead to vesicle formation,
movement, tethering and fusion (UNIPROT). Generally, many studies report Rab
proteins as molecules present in the CNS and their specific roles. Although marked
differences distinguish the neuronal function between the ENS and CNS, their
similarities allow the use of some principles established for the brain environment to
be reapplied in the enteric context 3. Several cellular processes can be altered and
promote the enteric neuronal alterations caused by F effects through mechanisms
involving the Rab proteins, which are considered neuronal regulators involved in the
traffic and signaling of different molecules that promote neurons homeostasis, such as
the neurotrophins family of growth factors. The neurotrophins-receptors complexes
trigger important signaling pathways that promote development, survival and other
neuronal functions through intracellular transport mechanisms mediate by the Rab
proteins®.

Rab 1A is a regulator of specific vesicular trafficking from the ER to Golgi
complex, and in dopaminergic neurons its expression presents a protective effect
enhancing the control of motor function in surviving neurons of hemiparkinsonian
animals*’. From the family of the Rab 3 proteins, 3 members were present in the 10
mgF/L group, Rab 3A, Rab 3C, and Rab 3D. The Rab 3 family is observed in different
cell types with high exocytic function*!, in which they function as exocytosis
regulators*? correlated with neuronal traffic®®, and are present in synaptic vesicles,
modulating the neurotransmitter release*?. Rab 3A is the most abundant isoform in the
brain, where it presents a modulatory function in synaptic membrane fusion through a
Ca?*-dependent manner®. In the peripheral nervous system Rab 3A has increased
expression in sciatic nerve lesion area associated to an increase in the expression of
two other important proteins that contribute to neurotransmission, synaptophysin and
synapsin I*4. Rab 3C is highly expressed in primary hippocampal neurons, mediating
regulated exocytosisss while Rab 3D is present in secretory granules and vesicles of
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other cell types, such as adipocytes, exocrine glands, hematopoietic cells*6, and low
levels of expression were already identified in the duodenum, confirming its presence

in exocrine cells of the GIT#.
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Figure 5. Subnetworks created by ClusterMark® to establish the interaction between proteins
identified with differential expression in the 10 mgF/L group in relation to the control group. The
color of the nodes indicates the differential expression of the respective named protein with its
access code. The dark red and dark green nodes indicate proteins unique to the control and
10 mgF/L groups, respectively. The nodes in gray indicate the interaction proteins that are
offered by CYTOSCAPE®, which were not identified in the present study and the light red and
light green nodes indicate downregulation and upregulation, respectively. In (A), theaccess
numbers in the gray nodes correspond to: Dynein light chain 1, cytoplasmic (P63170), Poly
[ADP-ribose] polymerase 1 (P27008), E3 ubiquitin-protein ligase RNF4 (088846), Small
ubiquitin-related modifier 3 (Q5XIF4), Nischarin (Q4G017), Heterogeneous nuclear
ribonucleoprotein K (P61980), Peroxisomal bifunctional enzyme (P07896), Lethal(2) giant
larvae protein homolog 1 (Q8K4KS5), Rab GDP dissociation inhibitor alpha (P50398) and Solute
carrier family 2, facilitated glucose transporter member 4 (P19357). The access numbers of
the unique proteins of the control (dark red nodes) correspond to: Aconitate hydratase,
mitochondrial (Q9ER34), Cytochrome c oxidase subunit 4 isoform 1, mitochondrial (P10888)
and NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial (P19234). The
accession numbers of the unique 10 mgF/L (dark green nodes) proteins correspond to:
Aspartyl aminopeptidase (Q4V8H5), Ras-related protein Rab-1B (P10536), Vigilin (Q9Z1A6),
Ras-related protein Rab-12 (P35284), Ras-related protein Rab-10 (P35281), Triosephosphate
isomerase (P48500), Annexin A2 (Q07936) and Ras-related protein Rab-14 (P61107). The
access numbers of the downregulated proteins (light red nodes) correspond to: Malate
dehydrogenase, mitochondrial (P04636), Glutathione S-transferase P (P04906) and Histone
H4 (P62804). The accession numbers of the upregulated proteins (light green nodes)
correspond to: L-lactate dehydrogenase A chain (P04642). In (B), the access numbers in the
gray nodes correspond to: Protein Svil (D3ZEZ9), Polyubiquitin-C (Q63429), Apoptosis-
inducing factor 1, mitochondrial (Q9JM53), Protein deglycase DJ-1 (088767), RAC-beta
serine/threonine-protein kinase (P47197), RAC-alpha serine/threonine-protein kinase
(P47196) and Gap junction alpha-1 protein (P08050). The access numbers of the unique
proteins of the control (dark red nodes) correspond to: Vinculin (P85972), Eukaryotic initiation
factor 4A-Il (Q5RKI1), Malate dehydrogenase, cytoplasmic (O88989) and 40 S ribosomal
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protein S10 (P63326). The accession numbers of the single 10 mgF/L (dark green nodes)
proteins correspond to: Elongation factor 2 (P05197) and Sodium- and chloride-dependent
GABA transporter 3 (P31647). The access numbers of the downregulated proteins (light red
nodes) correspond to: Peptidyl-prolyl cis-trans isomerase A (P10111).

The Rabs 4A and 4B were also identified as exclusive for the 10 mgF/L, and
Rab 4 is described as a regulator of early endosomes in the synapses, contributing to
neurotransmitter receptor recycling through endosomes acting associated to other
molecules in the later steps of the endocytic recycling pathway in dendrites, directing
the neuronal membrane receptor trafficking 8. This process is extremely important for
the delivery of neurotransmitter receptors into the synaptic membrane, determining the
synaptic function and plasticity. Rab 5A presents a role in axonal and dendritic
endocytosis, contributing to the biogenesis of synaptic vesicles 4°. Rab 8 presents the
same role as Rab 4, being required to direct into synapses neurotransmitter receptors
as the AMPA-type glutamatergic receptors, presenting an important role in the control
of synaptic function and plasticity at the postsynaptic membrane®.

Rab 10 is required for the secretion of neuropeptides through the release of
dense core vesicles, which is a mechanism that modulates neuronal activity®'. It is also
a regulator of membrane trafficking during dendrite morphogenesis, and loss of RAB
10 decreases proximal dendritic arborization in the multi-dendritic PVD neurons®2.

In the CNS Rab 12 is colocalized with M98K, and overexpression of the latter
induces cell death in retinal glial cells, while knockdown of Rab 12 reduces M98K-
induced cell death in the same cells through the autophagy mechanism %3,

Rab 26 promotes in the brain the formation of clusters of vesicles in neuritis %4,
and the authors suggest a new mechanism for degradation of synaptic vesicles in
which Rab 26 selectively conducts synaptic and secretory vesicles into
preautophagosomal structures. In neuronal immortalized cells, Rab 35 promotes
neurite differentiation and favors axon elongation in rat primary neurons in an activity-

dependent manner *°.
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Figure 6. Subnetworks created by ClusterMark® to establish the interaction between proteins
identified with differential expression in the 50 mgF/L group in relation to the control group. The
color of the nodes indicates the differential expression of the respective named protein with its
access code. The dark red and dark greennodes indicate proteins unique to the control and
50 mgF/L groups, respectively. The nodes in gray indicate the interaction proteins that are
offered by CYTOSCAPE®, which were not identified in the present study and the light red and
light green nodes indicate downregulation and upregulation, respectively. In (A), the access
numbers in the gray nodes correspond to: PTEN induced putative kinase 1 (Predicted)
(D3Z29M9), Mitogenactivated protein kinase 3 (P21708), T-complex protein 1 subunit beta
(@Q5XIM9), Gap junction alpha-1 protein (P08050), Cartilage oligomeric matrix protein
(P35444), Acid ceramidase (Q6P7S1), Integrin alpha-7 (Q63258), Stress-70 protein,
mitochondrial (P48721), Solute carrier family 2, facilitated glucose transporter member 4
(P19357), Histone H3.1 (Q6LEDO), Heterogeneous nuclear ribonucleoprotein K (P61980),
Ankyrin-3 (070511), Plectin (P30427) and Ankyrin-3 (O70511-7). The access numbers of the
unique proteins of the control (dark red nodes) correspond to: Malate dehydrogenase,
cytoplasmic (088989), 40 S ribosomal protein S10 (P63326), Eukaryotic initiation factor 4A-I
(Q5RKI1) and Vinculin (P85972). The accession numbers of the unique 50 mgF/L (dark green
nodes) proteins correspond to: Tektin-2 (Q6AYM2), Mitochondrial fission 1 protein (P84817)

and Paralemmin-1 (Q920Q0). The access numbers of the downregulated proteins (light red
nodes) correspond to: Histone H2A type 2-A (POCCO09) and Histone H2A.Z (POC0S7). The
accession numbers of the upregulated proteins (light green nodes) correspond to: Hemoglobin
subunit beta-1 (P02091) and Hemoglobin subunit alpha-1/2 (P01946). In (B), the access
numbers in the gray nodes correspond to: Polyubiquitin-C (Q63429), Protein Svil (D3ZEZ9) e
Glucocorticoid receptor (P06536). The access numbers of the unique proteins of the control
(dark red nodes) correspond to: Heat shock protein 75 kDa, mitochondrial (Q5XHZO0),
Cytochrome c oxidase subunit 4 isoform 1, mitochondrial (P10888) and NADH dehydrogenase
[ubiquinone] flavoprotein 2, mitochondrial (P19234). The accession numbers of the single 50
mgF/L (dark green nodes) proteins correspond to: Mitogen-activated protein kinase 4
(Q63454), Synaptic vesicle membrane protein VAT-1 homolog (Q3MIE4), ATP-dependent 6-
phosphofructokinase, liver type (P30835), Tissue alpha-L-fucosidase (P17164) and
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Peroxiredoxin-6 (035244). The access numbers of the downregulated proteins (light red
nodes) correspond to: ATP synthase subunit beta, mitochondrial (P10719) and e Histone H2A
type 1-F (Q64598). The accession numbers of the upregulated proteins (light green nodes)
correspond to: Tubulin beta-2A chain (P85108).

The fact that several members of the Rab proteins were expressed exclusively
in the 10 mgF/L group might indicate that this F concentration could affect the neuronal
functions, since different Rab proteins regulate distinct processes in the neuronal
environment. Since the 10 mgF/L concentration caused a decrease in the enteric
neuronal density, which can compromise the enteric neuronal activity, the expression
of several Rab proteins can reflect an attempt to keep the neurotransmission unaltered
in the presence of F. Besides the neuronal activity, other important biological
mechanisms involve the Rab proteins action. In the network comparing 10 mgF/L vs.
control groups, the isoforms 1B, 10, 12 and 14 interact with GLUT4, and especially
Rab 10 and Rab 14, are required in GLUT4 translocation to the plasma membrane®5’.
Their increased expression might help to explain the increased sensitivity to insulin
recently reported to occur in rats with diabetes induced by streptozotocin exposed to
10 mgF/L in the drinking water®®. The increased expression of Rab 10 and Rab 14
might facilitate glucose uptake. Rab 37 and Rab 3A, also present among the proteins
exclusively expressed in the 10 mgF/L group, are involved in the insulin release. Rab
3A has an important role in the hormone release from pancreatic -cells with a
regulatory control on insulin-containing secretion®®. Rab 37, with a high sequence
homology with Rab 3A, has also been reported to participate in regulated secretion in
mammalian cells in the control of insulin exocytosis through a different mechanism of
Rab 3A%. According to the authors, impairment of Rab 37 expression may contribute
to abnormal insulin release in pre-diabetic and diabetic conditions. We can infer that
the expression of both proteins indicates that the insulin release mechanism could be
altered with this F dose. We also observed an increase in L-lactate dehydrogenase A
chain (LDH) (P04642) upon exposure to 10 mgF/L. This enzyme converts pyruvate to
lactate with regeneration of NADH into NAD+. It is an alternative way to supply the lack
of oxygen for aerobic oxidation of pyruvate and NADH produced in glycolysis®'. In fact,
the categories nicotinamide nucleotide metabolic process and NAD metabolic process
were among the ones with the highest percentage of affected genes when the 10
mgF/L group was compared with control. Previous studies have reported increase in
the LDH activity in the serum of infants who consumed water containing more than 2
mgF/L®2. It was also overexpressed in the brain of rats treated with F&3. When pyruvate
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is converted into lactate by LDH, less pyruvate is available to enter into the
mitochondria and form acetyl-CoA, which is consistent with the reduction of Malate
dehydrogenase, mitochondrial (P04636) and of enzymes related to the oxidative
phosphorylation, such as Cytochrome ¢ oxidase subunit 4 isoform 1, mitochondrial
(P10888) and NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial
(P19234). According to Barbier, et al.3, F has an inhibitory effect on the activity of citric
acid cycle enzymes, in agreement with our finding of reduction in Malate
dehydrogenase, mitochondrial. Another protein with altered expression
(downregulation) in the group treated with 10 mgF/L that interacts with GLUT4 was
Glutathione S-transferase P (P04906) that was also found downregulated in the
duodenum of rats treated with the same dose of F'3. This enzyme is involved in the
metabolism and detoxification of xenobiotics®. Many proteins with altered expression
in the network comparing 10 mgF/L vs. control groups interact with Polyubiquitin C
(Q63429), a highly conserved polypeptide that is covalently bound to other cellular
proteins to signal processes such as protein degradation, protein/protein interaction
and protein intracellular trafficking®>. Among them are proteins related to translation,
that were absent in the group treated with 10 mgF/L, such as Eukaryotic initiation factor
4A-11 (Q5RKI1) and 40 S ribosomal protein S10 (P63326). The latter was also reduced
in the group treated with 50 mgF/L both in the present study and in a previous study
where duodenum was analyzed'®. In addition, Peptidyl-prolyl cis-trans isomerase A
(P10111) was reduced in the group treated with 10 mgF/L compared to control, which
might impair protein folding. Also involved in protein synthesis, Elongation factor 2
(P05197) presented altered expression upon exposure to 10 mgF/L. This protein was
present only in the group treated with 10 mgF/L, and catalyzes the GTP-dependent
ribosomal translocation step during translation elongation (UNIPROT). Differences in
expression of all these proteins indicate alterations in distinct steps of protein synthesis
upon exposure to 10 mgF/L. Changes in protein synthesis might help to explain the
alterations in the thickness of the jejunum wall observed in this group. Interestingly,
Elongation factor 2 interacted with two of the 3 isoforms of the protein kinase AKT,
namely RAC-alpha serine/threonine-protein kinase (AKT1; P47196) and RAC-beta
serine/threonine-protein kinase (AKT2; P47197) that mediate protein synthesis and
glucose metabolism®®.

In the network comparing the 50 mgF/L vs. control groups (Fig. 6), some

proteins with relevance for the neuronal homeostasis were expressed uniquely in the
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50 mgF/L, such as Tektin-2 (Q6AYM2), Perforin-1 (Q5FVSS5), and Mitochondrial fission
1 protein (Fis1-P84817). The Tektins family has significant expression in adult brain
and in embryonic stages of the choroid plexus, the forming retina, and olfactory
receptor neurons, and can be considered a molecular target for the comprehension of
neural development®’. Although not present in the subnetwork, Perforin participates in
the CD8+ T cells response, promoting granule cytotoxicity leading to a fast cellular
necrosis of the target cell in minutes® or apoptosis in a period of hours through a
mechanism in which the target cell collaborates with perforin to deliver granzymes into
the cytosol®®. Using these mechanisms perforin-dependent, CD8+ T cells promote
neuronal damage in inflammatory CNS disorders’®.

Mitochondrial fission is implicated in the cell death through a pathway that
involves caspase activation”', and Mitochondrial fission 1 protein (Fis1) is considered
essential for mitochondrial fission”2. Overexpression of Fis1 caused increase of
mitochondrial fragmentation, which conducted to apoptosis or triggered autophagy’>74,
and neuroprotective effects are correlated with inhibition of Fis17°.

The fact that these proteins presented increased expression in relation to the
control group can reflect F neurotoxicity on the ENS with the concentration of 50
mgF/L, and could result in the decrease in the density of the general population of
neurons since these 3 proteins are involved in pathways that conduct to cell death by
distinct mechanisms.

Other proteins with altered expression interacted mainly with GLUT4 (P19357)
and Polyubiquitin C (Q63429), which was also observed for the network comparing the
10 mgF/L vs. control groups (Fig. 5). In addition, Mitogen-activated protein kinase 3
(MAPKS; P21708) was also an interacting partner as in the duodenum of rats treated
with the same concentration of F in the drinking water’. Among the proteins that
interacted with GLUT4, Peroxiredoxin-6 (035244) was present only in the group
treated with 50 mgF/L, when compared with control (Fig. 6). This enzyme, located in
the cytoplasm, protects cells against oxidative stress, in addition to modulating
intracellular signaling pathways. Peroxiredoxins catalyze the reduction of H2O2 and
hydroxyperoxide in water and alcohol76. Thus, changes in these proteins expression
could be linked to fluoride-induced oxidative stress that has been extensively described
in the literature3,”®1. In the group treated with 50 mgF/L, there was a remarkable
downregulation in several isoforms of Histones, in comparison with control (Fig. 6 and

Table S5). The major role described for histones is DNA “packaging”, however, it is
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also well described that these proteins confer variations in chromatin structure to
ensure dynamic processes of transcriptional regulation in eukaryotes®?. Epigenetic
modifications of DNA and histones are fundamental mechanisms by which neurons
adapt their transcriptional response to developmental and environmental factors.
Modifications in the chromatin of neurons contribute dramatically to changes in the
neuronal circuits, and it is possible that histone activity is involved in disorders that
compromise neuronal function®. Thus, changes in the expression of histones might
have contributed to the alterations found in the morphology of enteric neurons in
response to F exposure. In addition, structural muscle proteins such as different
isoforms of actin and myosin were increased or exclusive in the group treated with 50
mgF/L (Tables S3 and S5), which helps to explain the increase in the thickness of the
jejunum tunica muscularis.

Probably the most remarkable finding of the present study was that when the
groups treated with 10 and 50 mgF/L are compared with control, some proteins related
to energetic metabolism presented similar alterations in expression, regardless the
dose of F, such as: Cyfochrome c oxidase subunit 4 isoform 1, mitochondrial (P10888),
NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial (P19234), Malate
dehydrogenase, mitochondrial (P04636), Malate dehydrogenase, cytoplasmic
(088989) and L-lactate dehydrogenase A chain (P04642). The absence of Malate
dehydrogenase, mitochondrial (P04636), Malate dehydrogenase, cytoplasmic
(088989), that form oxaloacetate, absence of NADH dehydrogenase [ubiquinone]
flavoprotein 2, mitochondrial (P19234) that transfers electrons from NADH to
respiratory chain in both groups treated with F, as well as the reduction of ATP
synthase subunit beta, mitochondrial (P10719) (only in the group treated with the
highest F dose), as well as the increase in L-lactate dehydrogenase A chain (P04642)
in both groups treated with F indicate an increase in anaerobic metabolism in attempt
to obtain energy, since aerobic metabolism is impaired in the presence of F. However,
the rate of production of ATP through anaerobic pathways is much lower than that of
aerobic pathways, which is in-line with the reports of reduction in the production of ATP
induced by exposure to high F doses®#4. It is important to highlight that these changes
in the expression of proteins associated to energy metabolism induced by exposure to
10 and 50 mgF/L in the drinking water are more pronounced than those observed
previously in other organs exposed to roughly the same doses of F58638085-88 Thjs
might be due to the fact that the small intestine is responsible for the absorption of
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around 75% of ingested F°, which makes the cells of the intestinal wall exposed to
higher doses of F than the cells from the other organs.

In conclusion, chronic exposure to F, especially to the highest concentration
evaluated, increased the thickness of the tunica muscularis and altered the pattern of
protein expression. Extensive downregulation of several isoforms of histones might
have contributed to the alterations found in the morphology of enteric neurons in
response to F exposure. Additionally, changes in proteins involved in energy
metabolism indicate a shift from aerobic to anaerobic metabolism upon exposure to
the highest F concentration. These findings provide new insights into the mechanisms

involved in F toxicity in the intestine.
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Supplementary Table S1. Proteins identified exclusively in the jejunum of rats of control

group.
2Access Protein name PLGS Score
number
P63326 40S ribosomal protein S10 86.29
Q9ER34 Aconitate hydratase, mitochondrial 56.82
Q68FP8 Adenylate kinase 8 57.06
009178 AMP deaminase 3 63.74
Q7TP90 Arrestin domain-containing protein 4 119.76
Ash2 (Absent, small, or homeotic)-like (Drosophila)
D3ZTV7 (Predicted) 58.22
Q8K1M8 BMP/retinoic acid-inducible neural-specific protein 2 77.73
QB6AXWO Borealin 85.75
Q6MGA9 Bromodomain-containing protein 2 36.96
Clathrin heavy chain linker domain-containing
Q5XIR8 protein 1 45.92
AB6JUQG6 Clavesin-2 125.81
Q6AY97 Coiled-coil domain-containing protein 91 59.96
F1LQCS8 Cyclin-dependent kinase 7 106.02
P51952 Cyclin-dependent kinase 7 (Fragment) 106.02
P00173 Cytochrome b5 110.98
Cytochrome c oxidase subunit 4 isoform 1,
P10888 mitochondrial 95.86
Q5PPJ4 Deoxyhypusine hydroxylase 97.36
Q92173 Epsin-2 77.85
Q5RKI1 Eukaryotic initiation factor 4A-II 82.70
F1LM27 Gamma-aminobutyric acid receptor subunit pi 73.39
F8BWFK6 Glutathione peroxidase 101.68
Golgi autoantigen, golgin subfamily b, macrogolgin
G3V6A8 1, isoform CRA ¢ 34.84
Q5XHZ0 Heat shock protein 75 kDa, mitochondrial 386.33
D3ZMT4 Histidine decarboxylase 60.20
MORCBS8 Histone H3 (Fragment) 61.07
Q4KLJ2 Integral membrane protein 2A 45.35
G3Vv667 Integrin, alpha 6, isoform CRA_a 42.01
Q63679 Lysine-specific demethylase 3A 37.26
088989 Malate dehydrogenase, cytoplasmic 152.62
Q5EB94 Myocardial zonula adherens protein 63.78
NADH dehydrogenase [ubiquinone] flavoprotein 2,
P19234 mitochondrial 85.87
AO0JPJO Nicotinamide nucleotide adenylyltransferase 1 157.53
Q78PB6 Nuclear distribution protein nudE-like 1 64.22
F1LUD2 Olfactory receptor 75.58
G3V7X0 Outer dense fiber of sperm tails 2, isoform CRA_e 52.20
Phosphoribosyl pyrophosphate synthase-associated
Q63468 protein 1 40.67
P20961 Plasminogen activator inhibitor 1 110.43
P30427 Plectin 66.57
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Q99PTO Probable ATP-dependent RNA helicase DDX52 66.23
P10960 Prosaposin 101.41
D4A332 Protein Ankle1 67.55
D3ZUL3 Protein Col6a1 115.75
D4AD15 Protein Eif4g1 39.23
D3ZXM4 Protein Evidl 163.14
D32822 Protein Fam53b 41.90
D3zQlI9 Protein Iffo1 51.19
D4AE58 Protein Kank1 33.30
Q6IFW7 Protein Krt28 46.34
FIMAF7 Protein Krt33b 63.25
D3Z9W1 Protein LOC100271845 93.32
D32JY5 Protein LOC100360905 81.87
D4A609 Protein LOC100361741 53.06
D3ZET2 Protein LOC100910851 39.52
MORC68 Protein LOC100911797 39.52
D3ZMU9 Protein LOC102547078 (Fragment) 92.54
D4A4U8 Protein LOC299277 110.61
D3zZBDO0O Protein Msl1 78.45
F1MOQ9 Protein Pm20d1 (Fragment) 74.24
D4A404 Protein Psd3 91.46
D3Z8R4 Protein Robm25I1 116.19
D3ZW64 Protein RGD1560556 43.61
D3ZH53 Protein RGD1561871 56.93
F1LT36 Protein RGD1564698 86.29
F1LVT5 Protein Rundc1 42.69
D4A4R7 Protein Serpina1f 70.53
MOR5B1 Protein Shisa8 78.09
D4A3B0 Protein TIn2 47.51
D3ZE22 Protein TtlI3 46.14
D4A7FO0 Protein Ubr3 (Fragment) 26.72
P85973 Purine nucleoside phosphorylase 111.91
D3ZXK9 Purine nucleoside phosphorylase (Fragment) 111.91
Q3B7T9 Rab11 family-interacting protein 1 65.46
P49797 Regulator of G-protein signaling 3 58.82
G3VvoQ2 Regulator of G-protein signalling 3, isoform CRA_b 58.82
Q9R095 Sperm flagellar protein 2 51.95
D3ZTA9 Sulfotransferase 59.56
Q4VsI3 Tensin-4 41.40
FALYKG tRNA (guanine(37)-N1)-methyltransferase 60.45
Ubiquinol-cytochrome-c reductase complex
POCD9%4 assembly factor 3 153.05
P85972 Vinculin 96.17
Q5MYW4 Zinc finger protein 667 43.27

Identified proteins are organized according to the alphabetical order of proteins. The ID is
based on protein ID from the UniProt protein database (http://www.uniprot.org/).




52 Articles

Supplementary Table S2. Proteins identified exclusively in the jejunum of rats chronically
exposed to water containing 10 mgF/L.

2Access Protein name PLGS Score

number

Q6AY33 Acrosin-binding protein 56.20

P38918 Aflatoxin B1 aldehyde reductase member 3 153.75

Q6PCU3 Aldoc protein 68.15

Q9JJH9 Alpha-2u globulin 53.82
Ankyrin repeat domain 23 (Predicted), isoform

D3ZVB9 CRA_a 104.93
Ankyrin repeat domain 24 (Predicted), isoform

D3ZCC5 CRA_d 59.06

Q07936 Annexin A2 117.91

Q4V8H5 Aspartyl aminopeptidase 90.11

Q8R4G8 BTB/POZ domain-containing protein KCTD1 60.79

035783 Calumenin 127.44

Q66HAS5 Coiled-coil and C2 domain-containing protein 1A 44.93

Discs, large homolog-associated protein 4

G3Vv927 (Drosophila) 52.25

P97839 Disks large-associated protein 4 54.65

Q63572 Dual specificity testis-specific protein kinase 1 95.42

Ectonucleotide
pyrophosphatase/phosphodiesterase family

Q64610 member 2 85.33
P05197 Elongation factor 2 55.56
MORBF8 Exocyst complex component 4 60.85
P09117 Fructose-bisphosphate aldolase C 95.90
Germ cell-less homolog 1 (Drosophila), isoform
Q51287 CRA_a 60.01
B5DEZ6 Glucosamine-6-phosphate isomerase 97.01
Q04807 Glycosylation-dependent cell adhesion molecule 1 151.29
Q63942 GTP-binding protein Rab-3D 7218
Q3KRF2 High density lipoprotein binding protein (Vigilin) 39.09
G3V6G1 Immunoglobulin joining chain 105.29
KH domain-containing, RNA-binding, signal
Q920F3 transduction-associated protein 2 56.02
Q5U2S4 Leucine rich repeat containing 2 59.37
Q8R5M3 Leucine-rich repeat-containing protein 15 35.57
MOR476 Metabotropic glutamate receptor 1 35.57
P31424 Metabotropic glutamate receptor 5 48.36
F1IMAQ5 Microtubule-associated protein 26.44
P15146 Microtubule-associated protein 2 26.44
P02688 Myelin basic protein 87.34
G3V6P7 Myosin, heavy polypeptide 9, non-muscle 35.64
Q62812 Myosin-9 35.64
P97738 Neuronal pentraxin-2 59.16
Q2YDU6 Nuclear prelamin A recognition factor 61.54
D3ZLY6 Olfactory receptor 121.70
POCAX5 Oligophrenin-1 36.60
P00481 Ornithine carbamoyltransferase, mitochondrial 93.90
F1LRES Oxysterol-binding protein 37.41
D3ZLH5 Plexin-B3 41.08
008628 Procollagen C-endopeptidase enhancer 1 80.57

D4AAT1 Protein Adamts8 60.31
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D372720
F1LN92
D4A7KO
D4ADO05
Q5XI102
D3ZRES8
MORS5H1
D3ZX40
F1LSXO0
Q6IFV5
G3V6HO0
F1LWE4
MOR620
F1IM1G2
D3ZV75
D4AB60
D3ZFU9
MOR915
D3Z8Y9
D4A0G7
F1M8FO
B2RYC3
F7FM32
D3ZYC4
D3ZN86
B5DFL9
D4AC81
FIM2T7
D3ZAF7
B5DFD6
D4AA88
QOEPJ1
F1M8H2
AOA096MIVE
B2RYBO
D4A365
Q5RKJ9
Q62796
Q9z1C8
P35281
P35284
P61107
Q6NYB7
P10536
P51156
Q5U316
P63012
P62824
Q53B90
P05714
P51146
MORC99
P35280
P70550
D4AAM1

Protein Afg3I1
Protein Afg3I2
Protein Tmem242
Protein Crocc

Protein disulfide-isomerase-like protein of the testis

Protein Efcc1
Protein Etl4 (Fragment)
Protein Fam65c¢c
Protein Gzmbl2 (Fragment)
Protein Krt36
Protein LOC100363782
Protein LOC100910977
Protein LOC100912565
Protein Maneal
Protein Mfsd1
Protein Mtbp
Protein Mylk
Protein Naip6
Protein Pnma3
Protein Rab37
Protein Rbom7
Protein RGD1306746
Protein RGD1311345
Protein RGD1563680
Protein RGD1565323
Protein Sestd1
Protein Sic51a
Protein Srrm4
Protein Tbc1d2b
Protein Tie1
Protein Tp73
Protein Twist1
Protein Wars2
Protein Wbscr17
Protein Wdr25I
Protein Zbtb40

RAB10, member RAS oncogene family

RalA-binding protein 1

Rap guanine nucleotide exchange factor 3

Ras-related protein Rab-10
Ras-related protein Rab-12
Ras-related protein Rab-14
Ras-related protein Rab-1A
Ras-related protein Rab-1B
Ras-related protein Rab-26
Ras-related protein Rab-35
Ras-related protein Rab-3A
Ras-related protein Rab-3C
Ras-related protein Rab-43
Ras-related protein Rab-4A
Ras-related protein Rab-4B
Ras-related protein Rab-5A
Ras-related protein Rab-8A
Ras-related protein Rab-8B
RCG48016, isoform CRA ¢

58.65
50.73
144.96
32.25
37.97
70.94
44.63
47.87
83.25
65.67
72.18
72.21
270.84
4713
71.46
38.64
46.23
47.42
88.38
72.18
65.13
53.17
78.42
112.27
147.87
75.09
59.38
49.73
51.81
36.14
50.65
112.96
61.46
54.48
53.51
42.10
72.18
50.87
41.18
72.18
72.18
72.18
72.18
72.18
72.18
72.18
72.18
72.18
72.18
72.18
72.18
84.73
72.18
72.18
395.50
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Q5FVT1 RCG55460, isoform CRA_a 50.87
P81128 Rho GTPase-activating protein 35 69.97
ROPXY2 RIB43A domain with coiled-coils 2, isoform CRA _a 54.87
P20793 Serine/threonine-protein kinase MAK 64.55
P36394 Sex-determining region Y protein (Fragment) 63.97
D3ZED8 Protein Pmel 46.91
Sodium- and chloride-dependent GABA transporter
P31647 3 56.87
035814 Stress-induced-phosphoprotein 1 115.58
G3Vv8l4 Syntaxin 4A (Placental), isoform CRA_a 52.26
Q08850 Syntaxin-4 52.26
Q68FW7 Threonine--tRNA ligase, mitochondrial 51.32
E9PTD9 Toll-like receptor 53.37
008950 Transcription initiation factor [IA subunit 2 126.89
FIM7T6 Translocon-associated protein subunit gamma 154.77
Q03191 Trefoil factor 3 140.71
P48500 Triosephosphate isomerase 87.60
Q7TNKG6 tRNA (guanine(10)-N2)-methyltransferase homolog 68.47
P63149 Ubiquitin-conjugating enzyme E2 B 117.61
Q5RJIN9 Uncharacterized protein C140rf79 homolog 168.06
Q9Z1A6 Vigilin 44 .45
Voltage-dependent calcium channel gamma-2
Q71RJ2 subunit 114.44
WD repeat domain phosphoinositide-interacting
Q5U2Y0 protein 4 65.00

Identified proteins are organized according to the alphabetical order of proteins. The ID is
based on protein ID from the UniProt protein database (http://www.uniprot.org/).

Supplementary Table S3. Proteins identified exclusively in the jejunum of rats chronically
exposed to water containing 50 mgF/L.

rﬁlcrzﬁse? Protein name PLGS Score
Q63570 26S protease regulatory subunit 6B 97.66
P62198 26S protease regulatory subunit 8 61.88
QB6AYYS8 Acetyl-coenzyme A transporter 1 56.97
Q6P7S1 Acid ceramidase 66.82
Q5U301 A-kinase anchor protein 2 118.01
D4ADM6 Alkaline phosphatase 55.07
Q63910 Alpha globin 59.39
G3V7wW7 Aminopeptidase N 64.03
P15684 Aminopeptidase N 64.03
Q62901 Arginine-glutamic acid dipeptide repeats protein 26.94
B5DEX9 Arid3a protein 60.04
D3ZAF6 ATP synthase subunit f, mitochondrial 145.66
ATP-binding cassette, sub-family G (WHITE),
D3ZCM3 member 4 73.10
P30835 ATP-dependent 6-phosphofructokinase, liver type 60.62
D3ZXQ0 Carboxylic ester hydrolase 42.22
QOWTT2 Caseinolytic peptidase B protein homolog 29.83
FILMT2 Centlein 48.71
Q3B7T8 Centrosomal protein of 44 kDa 77.36
Q68EJO Cytochrome b5 reductase 4 46.55

D3Z7Y1 Cytochrome P450 2C7 (Fragment) 49.22
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D3ZH41
Q5M9G8
P60924
Q5U2T2
Q5RK17
Q3B8Q2
F1LMQ2
D4ABB4
P43278
D3ZMG5
D3ZFH4
Q63258
D4A6KS
B2RYC8
Q6IFW6
Q6IFW8
D3ZIAS
Q62813
Q6Ql46
P84817
Q63454
Q9WUJ3

D4A3H8
G3V8R1
B5DFH4
Q920Q0
Q5FVS5
P35763
035244
D3ZTP9
D3ZANG

D4A8I8
D3ZB30
Q00438
Q5PQTS
Q4V7A8
D3ZTI3
FIM7J7
088767
FILT14
G3V8R3
G3V646
MOR3X5
D4A7Z5
G3V8P7
MOR983
F1MOZ7
BOBNB4
D4A7N2
D3ZKF3
F1LMD5
D3ZD36
G3vsl7

Cytoskeleton-associated protein 4 (Predicted)
DDB1- and CUL4-associated factor 11
Death ligand signal enhancer
Dehydrodolichyl diphosphate synthase
Diablo homolog (Drosophila)
Eukaryotic initiation factor 4A-Il|
Farnesyl pyrophosphate synthase
F-box/LRR-repeat protein 15
Histone H1.0
Hypothetical LOC300207 (Predicted)
Hypothetical LOC314467 (Predicted)
Integrin alpha-7
Interleukin 27 receptor, alpha (Predicted)
Interleukin-1 receptor-associated kinase 3
Keratin, type | cytoskeletal 10
Keratin, type | cytoskeletal 27
Kinesin-like protein
Limbic system-associated membrane protein
LRRGT00162
Mitochondrial fission 1 protein
Mitogen-activated protein kinase 4 (Fragment)
Myomegalin
NIMA (Never in mitosis gene a)-related kinase 11
(Predicted)

Nucleobindin 2, isoform CRA b
Papss2 protein
Paralemmin-1
Perforin 1 (Pore forming protein)
Perforin-1
Peroxiredoxin-6
Piwi-like protein
Poly(A) polymerase gamma (Predicted)
Polymerase (DNA directed), iota (Predicted), isoform
CRA c
Polypyrimidine tract binding protein 1, isoform CRA_c
Polypyrimidine tract-binding protein 1
Progestin and adipoQ receptor family member V
Protein ABHD18
Protein Cdh24
Protein Cep250 (Fragment)

Protein deglycase DJ-1
Protein Frmd5
Protein Hbz
Protein Hsf2bp
Protein L1td1
Protein LOC100360940
Protein LOC100911794
Protein LOC688320
Protein Lrrc3c
Protein Meaf6
Protein Mettl10
Protein Morc1
Protein Mtf2
Protein RGD1306739
Protein RGD735029

75.43
70.70
54.09
54.29
69.43
94.58
65.62
66.59
60.10
90.09
40.80
44.08
53.50
65.66
49.00
108.44
73.68
53.88
61.29
71.56
53.29
57.04

65.44
54.07
121.84
63.67
46.18
46.18
87.65
47.65
78.89

60.68
53.14
53.14
55.50
556.91
32.21
51.99
79.83
69.00
59.39
50.15
37.55
69.43
31.65
70.10
64.06
59.42
84.91
54.30
108.10
41.58
54.09
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D3zC97 Protein Rgs9bp 66.61
F1LX07 Protein Slc25a12 (Fragment) 65.62
F1LYZ6 Protein Snapc4 65.30
MOR8U7 Protein Spata17 (Fragment) 173.95
D4A9F1 Protein Tango6 40.21
F1LV37 Protein Tnrc6b 28.69
F1LUG6 Protein Ttc24 (Fragment) 38.92
D4ACL2 Protein Ttc38 54.53
D4AA63 Protein UbqgIn2 42.89
Q5J3K1 Protein Vom1r62 72.76
D3ZIN6 Protein Zfp27 (Fragment) 91.09
D4A1E1 Protein Zmynd15 52.35
Q921A2 Proton myo-inositol cotransporter 59.04
F1M729 Regulating synaptic membrane exocytosis 4 111.56
Sarcoplasmic/endoplasmic reticulum calcium ATPase
Q64578 1 50.17
Q4FzZX7 Signal recognition particle receptor subunit beta 106.18
P48721 Stress-70 protein, mitochondrial 57.24
P23739 Sucrase-isomaltase, intestinal 32.26
Q3MIE4 Synaptic vesicle membrane protein VAT-1 homolog 148.10
Q5XIM9 T-complex protein 1 subunit beta 56.14
QB6AYM2 Tektin-2 103.76
P49430 Thromboxane-A synthase 36.34
P17164 Tissue alpha-L-fucosidase 53.61
D4A556 Uncharacterized protein 55.91
Q3KRF3 Uncharacterized protein C1orf131 homolog 58.30
Q4Vv8C4 WD repeat-containing protein 5B 69.96

Identified proteins are organized according to the alphabetical order of proteins. The ID is
based on protein ID from the UniProt protein database (http://www.uniprot.org/).

Supplementary Table S4. Proteins identified with significantly altered expression in the
jejunum of rats treated with 10 mgF/L in the drinking water in comparison to control.

2Access . PLGS Ratio
number Protein name Score 10 mg/L F: Control
070177 Carboxylic ester hydrolase 77.78 1.79
P04642 L-lactate dehydrogenase A chain 185.71 1.65
F1LPR6 Protein Ighm(Fragment) 79.05 1.54
P42123 L-lactate dehydrogenase B chain 59.78 1.52
D4A2K1 Protein Hoga1 87.86 1.45
Myosin, heavy polypeptide 10, non-
G3VIY1 muscle, isoform CRA_b 68.24 1.34
P01946 Hemoglobin subunit alpha-1/2 579.84 1.27
Q63862 Myosin-11 (Fragments) 110.66 1.26
AOAOAOMY09 Endoplasmin 82.66 1.25
Tropomyosin 1, alpha, isoform
F7FK40 CRA_c 165.97 1.25
Q64122 Myosin regulatory light polypeptide 9  318.32 1.22
Q66HDO0 Endoplasmin 82.66 1.21
P13832 Myosin regulatory light chain RLC-A  205.79 .
BOBMS8 Myl9 protein 318.32 1.19
Sodium/potassium-transporting
P06685 ATPase subunit alpha-1 100.28 1.19
P18666 Myosin regulatory light chain 12B 205.79 1.17
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Glyceraldehyde-3-phosphate

Q9ESV6 dehydrogenase, testis-specific 240.77

P00884 Fructose-bisphosphate aldolase B 391.00 .

Q66HT1 Fructose-bisphosphate aldolase 391.00 1.12
Glyceraldehyde-3-phosphate

P04797 dehydrogenase 393.6 1.12

D3ZRN3 Protein Actbl2 1720.7 1.06

Malate dehydrogenase,

P04636 mitochondrial 1140.94 0.91

P02770 Serum albumin 478.3 0.89

P10111 Peptidyl-prolyl cis-trans isomerase A 567.27 0.82

D32J08 Histone H3 139.14 0.79

P62804 Histone H4 1762.24 0.71

MORGY8 Phosphoglycerate kinase 440.19 0.54

P04906 Glutathione S-transferase P 130.58 0.54
Neuropeptide Y/peptide YY-Y2

Q9ERCO receptor 77.69 0.53

D4A8DS5 Filamin, beta (Predicted) 56.51 0.30

Identified proteins are organized according to the ratio score. The ID is based on protein ID
from the UniProt protein database (http://www.uniprot.org/).

Supplementary Table S5. Proteins identified with significantly altered expression in the
jejunum of rats treated with 50 mgF/L in the drinking water in comparison to control.

a Ratio
rﬁ;ﬁﬁiﬁ Protein name gléf,:: 50 mg/L F:
Control
F1LPR6 Protein Ighm (Fragment) 79.05 1.86
G3V741 Phosphate carrier protein, mitochondrial 58.81 1.84
Q00729 Histone H2B type 1-A 113.51 1.79
P01946 Hemoglobin subunit alpha-1/2 579.84 1.57
P04642 L-lactate dehydrogenase A chain 185.71 1.57
Q63862 Myosin-11 (Fragments) 110.66 1.36
Q64122 Myosin regulatory light polypeptide 9 318.32 1.27
P13832 Myosin regulatory light chain RLC-A 205.79 1.25
AOAOAOMY09 Endoplasmin 82.66 1.25
P68370 Tubulin alpha-1A chain 274.37 1.25
BOBMS8 Myl9 protein 318.32 1.23
Q66HDO0 Endoplasmin 82.66 1.22
P85108 Tubulin beta-2A chain 453.08 1.22
P 18666 Myosin regulatory light chain 12B 205.79 1.21
F7FK40 Tropomyosin 1, alpha, isoform CRA_c 165.97 1.21
P48675 Desmin 222.3 1.15
D4A2K1 Protein Hoga1 87.86 1.14
P02091 Hemoglobin subunit beta-1 1483.69 1.13
P00770 Mast cell protease 2 401.85 1.13
P11517 Hemoglobin subunit beta-2 615.47 1.11
P34058 Heat shock protein HSP 90-beta 202.44 1.1
088752 Epsilon 1 globin 661.9 1.09
D3ZRN3 Protein Actbl2 1720.70 1.05
P10719 ATP synthase subunit beta, mitochondrial 722.19 0.95
P04636 Malate dehydrogenase, mitochondrial 1140.94 0.93
P02262 Histone H2A type 1 863.45 0.88
Q64598 Histone H2A type 1-F 863.45 0.88

Q4FZT6 Histone H2A type 3 863.45 0.88
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POCCO09 Histone H2A type 2-A 863.45 0.87
D3ZXP3 Histone H2A 863.45 0.87
P0OC169 Histone H2A type 1-C 863.45 0.87
POC170 Histone H2A type 1-E 863.45 0.87
Q00728 Histone H2A type 4 863.45 0.87
A9UMV8 Histone H2A.J 863.45 0.87
POCO0S7 Histone H2A.Z 863.45 0.87
P84245 Histone H3.3 139.14 0.66
Q6LEDO Histone H3.1 139.14 0.64
D3ZJ08 Histone H3 139.14 0.63
P62804 Histone H4 176.24 0.61
Q66H84 MAP kinase-activated protein kinase 3 119.36 0.53

Identified proteins are organized according to the ratio score. The ID is based on protein ID

from the UniProt protein database (http://www.uniprot.org/).
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Highlights

e 10mgF/L and 50mgF/L provokes morphological changes and alters in several
proteins

e Morphological and proteomics alterations have similarity with Crohn's disease

e F decreases gastrotropin, what may be associated with diarrhea, a common

symptom

Abstract

Gastrointestinal symptoms such as nausea, vomiting, abdominal pain and
especially diarrhea are the first signs of toxicity due to exposure to fluoride (F). In this
work, rats chronically exposed to F had the ileum evaluated by proteomics, as well as
by morphological analysis. Male rats received water containing 0, 10 or 50 mgF / L for
30 days. Treatment with F, regardless the dose, significantly decreased the density of
nHuC/D-IR neurons, whereas the CGRP-IR and SP-IR varicosities were significantly
increased compared to the control group. In addition, we found a significant increase
in the ileum tunica muscularis, as well as in the total thickness of the ileum wall. Several
proteins were altered in the presence of F. Upregulation in different isoforms of myosin
might contribute for the observed increased in the thickness of the ileum tunica
muscularis and in the total thickness of the ileum wall. F also caused decrease in
Gastrotopin (confirmed by Western blotting), what may be associated with diarrhea, a
common symptom found in cases of intoxication by F. Moreover, morphological
alterations as well as changes in protein expression induced by F have similarity with
Crohn's disease and this possible association should be investigated in further studies.

Keywords: Fluoride, gastrointestinal symptoms, diarrhea, Crohn’s disease, ileum.
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INTRODUCTION

Fluoride (F) is an important ion for many physiological cellular processes in the
organism [1] and is very utilized in dentistry to reduce dental caries [2]. However, when
ingested excessively, F can induce oxidative stress [3, 4] and lipid peroxidation, alter
intracellular homeostasis and cell cycle, disrupt cell communication and signal
transduction, induce apoptosis [5] and morphological and proteomic alterations in the
jejunum [6] and duodenum [7].

It is known that approximately 25% of the ingested F is absorbed in the stomach
as hydrofluoric acid, a process that is directly related to pH [8], and the remaining,
around 75%, is absorbed in the ionic form (F°) in the small intestine, in a pH-
independent process [9, 10]. The gastrointestinal tract (GIT) is considered the main
route of exposure to F [11], with gastrointestinal symptoms such as nausea, vomiting,
diarrhea and abdominal pain being the initial signs of F toxicity [12-15].

The GIT is composed of an interconnected network of neurons arranged in the
walls of the gut that controls its function, known as the Enteric Nervous System (ENS)
[16]. Changes in this system can affect the absorption, secretion, permeability and
motility of the GIT [17]. Recently, immunofluorescence and proteomic analysis
techniques revealed important alterations in the morphology of the different enteric
neuron types as well as changes in the expression of several proteins of duodenum
[7] and jejunum [6] of rats after chronic exposure to F, providing the first insights for
understanding the mechanisms involved in the effects of F in the intestine.

However, the effect of F on the ENS and proteome profile of the ileum has never
been reported. Given that each segment of the small intestine has distinct anatomical,
histological and physiological characteristics with functional implications [18], this study
evaluated the morphology of distinct subtypes of enteric neurons of the ileum after
chronic exposure to F. Proteomics tools were employed to evaluate the changes in the
protein profile of the ileum after exposure to F, in attempt to provide mechanistic
explanations as well as to try to understand possible causes of the symptoms

commonly described in cases of toxicity caused by this ion.
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MATERIAL AND METHODS

Animals and treatment

All experimental protocols were approved by the Ethics Committee for Animal
Experiments of Bauru Dental School, University of Sdo Paulo (protocols 014/2011 and
012/2016). Eighteen adult male rats (60 days of life - Rattus norvegicus, Wistar type)
were housed individually in metabolic cages under controlled lighting schedule and
temperature (22+2°C), having access to water and food ad libitum. The animals were
randomly divided into 3 groups (n=6 per group), according to the F concentration (as
sodium fluoride) in the drinking water that was administered for 30 days: 0, 10 or 50
mg/L. Since rodents metabolize F 5 times faster than humans, these F concentrations
correspond to ~2 and 10 mg/L in the drinking water of humans [19]. After the
experimental period, animals had their blood collected for quantification of F described
in a previous publication [7] and the ileum collected for histological,
immunofluorescence and proteomic analysis. To collect the ileum, the cecum was first
localized and 2 incisions for its removal were conducted: the first in the anterior portion
of the ileocecal valve (distal incision) and the second, 10 centimeters proximally the

first one.

Histological analysis and Myenteric plexus immunofluorescence, morphometric

and guantitative analysis.

These analyses were performed exactly as described by Melo, Perles, Zanoni,
Souza, Santos, Leite, Heubel, CO, Souza and Buzalaf [7].

Proteomic analysis

The procedures were performed exactly as previously described [6]. Briefly, the
frozen ileum was homogenized in a cryogenic mill (model 6770, Spex, Metuchen, NJ,
EUA). Samples from 2 animals were pooled and analyses were carried out in
triplicates. Briefly, proteins were extracted by incubation in lysis buffer (7 M urea, 2 M
thiourea, 40 mM DTT, all diluted in AMBIC solution) under constant stirring at 4°C.
Samples were centrifuged at 14000 rpm for 30 min at 4°C and the supernatant was
collected. Protein quantification was performed [20]. To 50 pyL of each sample
(containing 50 pg protein) 25 yL of 0.2% Rapigest (Waters cat#186001861) were
added, followed by agitation and then 10 yL 50 mM AMBIC were added. Samples
were incubated for 30 min at 37° C. They were then reduced (2.5 yL 100 mM DTT;
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BioRad, cat# 161-0611) and alkylated (2.5 yL 300 mM IAA; GE, cat# RPN 6302V)
under dark at room temperature for 30 min. Digestion was performed at 37°C overnight
by adding 100 ng trypsin (Promega, cat #V5280). After digestion, 10 yL of 5% TFA
were added, incubated for 90 min at 37°C and sample was centrifuged (14000 rpm at
6°C for 30 min). Supernatant was purified using C 18 Spin columns (Pierce, cat

#89870). Samples were resuspended in 200 uL 3% acetonitrile.

LC-MS/MS and bioinformatics analyses

The peptides identification was performed on a nanoAcquity UPLC-Xevo QTof
MS system (Waters, Manchester, UK), as previously described [21]. Difference in
expression among the groups was obtained using Protein Lynx Global Server (PLGS)
software and expressed as p<0.05 for down-regulated proteins 1-p>0.95 for up-
regulated proteins. Bioinformatics analysis was performed for comparison of the
treated groups with the control group (Tables S1 and S2), as reported earlier [21-24].
The software CYTOSCAPE® 3.0.4 (Java®) was used to build networks of molecular
interaction between the identified proteins, with the support of ClusterMarker

application.

Western blotting analysis

The Western blotting was performed as previously described (Yan, Gong, Guo,
Lv, Guo, Zhuang, Zhang, Li and Zhang [25]). lleum protein extracts were obtained by
lysing homogenized tissue in lysis buffer (7 M urea, 2 M thiourea, 40 mM DTT, all
diluted in AMBIC solution) supplemented with protease inhibitors (Roche Diagnostics,
Mannheim, Germany). Protein samples (40 pg) were resolved in 10% Tris-HCI
polyacrylamide gels and subsequently transferred to a Polyvinylidene difluoride
(PVDF) membrane. Membranes were probed with commercially available Gastrotropin
(1:500 dilution) (Abcam, Cambridge, MA, USA), followed by HRP-conjugated anti-
rabbit antibody (1:10000) for Gastrotropin and a-Actinin (1:1000 dilution) (Cell
Signaling, Danvers, MA,USA) and ECL Plus detection reagents (GE Biosciences,
Piscataway, NJ, USA). Relative Gastrotropin and a-Actinin band densities were
determined by densitometrical analysis using the Image Studio Lite software from LI-
COR Corporate Offices-US (Lincoln, Nebraska USA). In all instances, density values
of bands were corrected by subtraction of the background values. The results were
expressed as the ratio of Gastrotropin to that of a-Actinin.
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Statistical analysis

For Western blotting data, the software GraphPad Prism (version 7.0 for
Windows, La Jolla, CA, USA) was used. Data were analyzed by One-way ANOVA.
The level of significance was set at 5%.

RESULTS

Morphological analysis of the ileum wall thickness

Significant differences were observed among all the groups. Treatment with F
significantly increased the thickness of the ileum tunica muscularis, as well as the total
thickness of the ileum wall. Curiously, the concentration of 10 mgF/L led to the highest
increase in both parameters (Bonferroni’s test, p<0.05). The mean (xSD) thickness of
the ileum tunica muscularis was 111.8+1.8, 160.8+5.0 and 135.06+3.5 for the 0, 10
and 50 mgF/L, respectively. The corresponding figures for the mean (+SD) total
thickness of the ileum wall were 774.05+9.5, 1165.8 + 10.7 and 833.6 + 10.1 ym?,
respectively.

Myenteric HUC/D — IR neurons analysis

In the morphometric analysis of the general population of neurons of the ileum,
the cell bodies areas (um?) of the HUC/D-IR neurons did not significantly differ among
the groups (p > 0.05). However, in the quantitative analyses (neurons/cm?), a
significant reduction in the treated groups was observed, in comparison with the control
(Table 1).

Myenteric nNOS —IR neurons analysis

In the morphometric analysis of the nitrergic neurons of the ileum, the cell bodies
areas (um?) of the nNOS-IR neurons did not significantly differ among the groups (p >
0.05). The same was observed for in the quantitative analysis (Table 1).

Myenteric varicosities VIP-IR, CGRP-IR and SP-IR morphometric analysis

In the morphometric analyses of VIP-IR varicosity areas (um?) of the ileum, a
significant increase was detected in the group treated with 50 mgF/L in respect to the
control group (p<0.05). For the CGRP-IR and SP-IR varicosities, a dose-response
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effect was observed, with significant increments in the areas as the F concentration
increased (Table 1).

Representative images of the immunofluorescences are displayed in the
supplementary information (Supplementary Figs. S1 and S2).

Table 1. Means and standard errors of the values of the cell bodies areas and density
of HUC/D-IR and nNOS-IR neurons and VIP-IR, CGRP-IR, and SP-IR values of
myenteric neurons varicosities areas of the ileum of rats chronically exposed or not to

fluoride in the drinking water.

ANALYSIS Control 10 mgF/L 50 mgF/L
Cell bodies areas of the HUC/D-IR 315.144.0° 311.843.9° 321.6£3.6°
neurons (Um?)
Density HUC/D-IR neurons 16,626.7+493.62 14,990.2+419.1° 14,615.6+461.9°
(neurons/cm?)
Cell bodies areas of the nNOS-IR 293.1£3.12 300.0+3.42 290.2+3.22
neurons (Um?)
Dens|ty NnNOS-IR neurons 4,5634i1305a 4,3349i1 19.6° 4,3539i1361a
(neurons/cm?)
Area VIP-IR varicosities (um?) 3.5+0,02 3.5+0,02 4.7+0,0°
Area CGRP-IR varicosities (um?) 3.2+0,02 3.40,0° 3.6x0,0¢
L 4.6+0,0° 4.6+0,0°
Area SP-IR varicosities (um?) 2.940,02

Means followed by different letters in the same line are significantly different according to Fisher’s test
(density HUC/D-IR and nNOS-IR neurons) or Tukey's test (other variables). p <0.05. n = 6.

Proteomic analysis of the ileum

The total numbers of proteins identified by mass spectrometry in the control, 10
and 50 mgF/L groups were 280, 276 and 285, respectively. Among them, 33, 69 and
40 proteins (Tables S1 and S2) were uniquely identified in the control, 10 mgF/L and
50 mgF/L groups, respectively. In the quantitative analysis of the 10 mgF/L vs. control
group, 16 proteins with change in expression were detected (Table S1). As for the
comparison 50 mgF/L vs. control group, 28 proteins with change in expression were
found (Table S2). Most of the proteins with altered expression were upregulated in the
group treated with 10 mgF/L when compared with the control group. As for the
comparison 50 mgF/L vs. control group, most proteins with altered expression were
downregulated in the treated group (Table S1 and S2).

Figures 1 and 2 show the subnetworks generated by ClusterMark® for the
comparisons 10 mgF/L vs. control and 50 mgF/L vs. control, respectively. For the
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animals exposed to 10 mgF/L (Fig. 1), most of the proteins with altered expression
interacted with Solute carrier family 2, facilitated glucose transporter member 4
(GLUT4, P19357), (Fig. 1A), Mitogen-activated protein kinase 3 (MAPK3, P21708), 5-
AMP-activated protein kinase catalytic subunit alpha-1 (AMPK subunit alpha-1,
P54645), 5-AMP-activated protein kinase subunit beta-1 (AMPK subunit beta-1,
P80386) and Dystrophin (P11530) (Fig.1B). As for the group treated with 50 mgF/L,
most of the proteins with altered expression interacted with AMPK subunit alpha-1
(P54645), AMPK subunit beta-1 (P80386), Tumor necrosis factor (P16599),
Phosphoglycerate mutase 2 (P16290), Calcium-activated potassium channel subunit
alpha-1 (Q62976) and Dynein light chain 1, cytoplasmic (P63170) (Fig. 2A) or GLUT4
(P19357), MAPK3 (P21708), Dystrophin (P11530), Calcium/calmodulin-dependent
protein kinase kinase 1 (CaM-kinase kinase 1,P97756) and Regulating synaptic
membrane exocytosis protein 1 (Q9JIR4) (Fig. 2B).
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Figure 1 — Subnetworks generated by ClusterMarker® for the comparison 10 mgF/L vs. Control
(deionized water). The color of the nodes indicates the differential expression of the respective protein
with its access code, available from UniProt protein database (http://www.uniprot.org/). The dark green
and dark red nodes indicate proteins unique to 10 mgF/L and Control groups, respectively. The light red
and light green nodes indicate down and upregulated proteins, respectively, in 10 mgF/L group in
respect to Control. The gray nodes indicate the interaction proteins that are offered by CYTOSCAPE®,
which were not identified in the present study.
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Figure 2 — Subnetworks generated by ClusterMarker® for the comparison 50 mgF/L vs. Control
(deionized water). The color of the nodes indicates the differential expression of the respective protein
with its access code, available from UniProt protein database (http://www.uniprot.org/). The dark green
and dark red nodes indicate proteins unique to 50 mgF/L and Control groups, respectively. The light red
and light green nodes indicate down and upregulated proteins, respectively, in 50 mgF/L group in
respect to Control. The gray nodes indicate the interaction proteins that are offered by CYTOSCAPE®,
which were not identified in the present study.

Western Blotting

Western blotting confirmed that Gastrotropin was significantly reduced upon
exposure not F in a dose-response manner, as revealed by proteomic analysis (Fig.
3).

Control | 10mgF/L | 50 mgF/L
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Figure 3- Representative expression of proteins Gastrotropin and of the constitutive protein a-Actinin in
samples of individual animals (n = 6) from each group. Densitometric analysis was performed for 6
animals per group. Relative densitometry was analyzed using the software Image Studio Lite. For each
type of diet, distinct letters denote significant differences between animals treated with 0 mgF/L, 10
mgF/L and 50 mgF/L (ANOVA one way, p<0.05) Bars indicate SD. n =6
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DISCUSSION

Considering that F is mainly absorbed from the small intestine [9, 10],
gastrointestinal symptoms are often reported in cases of excessive ingestion of F [26-
29]. In previous studies we evaluated the effects of chronic F exposure on the
duodenum [7] and jejunum [6] of rats using morphological and proteomic analyses.
The present study focuses on the ileum, since different segments of the small intestine
have distinct anatomical, histological, physiological and functional characteristics [18].

A remarkable finding of the present study was the increase in thickness of the
ileum tunica muscularis, as well as of the total thickness of the ileum wall upon
exposure to both F concentrations. In our previous studies where duodenum and
jejunum were evaluated, only the highest F concentration increased the thickness of
the tunica muscularis, while F had no effect on the total thickness of these segments
of the small intestine [6, 7]. In the present study, several proteins of the myosin family
were upregulated in the 10 mgF/L group (Table S1) and 50 mgF/L group (Table S2).
Increase in these proteins has been reported as a possible justification for the increase
thickness of the ileum tunica muscularis, as well as the total thickness of the ileum wall
[7, 30, 31]. Moreover, F has great affinity by Ca*? and the low availability of Ca*? might
be related to the decrease in Calmodulin-2, since this protein was exclusively identified
in the control group. Calcium binds to calmodulin, which activates the myosin light
chain kinase in the muscle. Calmodulin is also responsible for initiating contraction by
activating crossed myosin bridges [18]. Thus, increase in myosin family members in
the groups treated with F might be a mechanism to counteract the lower availability of
Ca*.

It should be noted that increase in the intestine wall thickness also occurs in
Crohn’s disease (CD) [32-35], a chronic inflammatory disorder that can affect any
segment of the gastrointestinal tract, especially the terminal ileum and the ileocecal
region [36] and in some cases can result in significant morbidity and disability [37]. The
etiology of CD remains unknown, but is probably attributed to a response to
environmental triggers (infection, drugs or other agents) in genetically susceptible
individuals [38]. CD is characterized by the infiltration of inflammatory and immune
cells (such as mast cells, neutrophils, T-lymphocytes and macrophages) that interact
and release enzymes and cytokines [37, 39]. Another finding of the present study was
an increase in the SP-IR varicosity area upon exposure to F, which was also observed
for duodenum [7] and jejunum[6]. SP-IR was also reported to be intense in the
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epithelium, granulomas, cells lining the mucosal fissure and in the muscle layers of the
colon of patients with CD [40]. Moreover, a substantial increase in SP receptors was
found in enteric neurons of the small and large bowel of CD patients, in comparison
with controls and patients with ulcerative colitis (UC) [41]. Increased in SP were also
reported in the serum of patients with CD [42]. SP has several effects throughout the
central nervous system and the periphery, including strong nociceptive and
proinflammatory properties [43]. It acts directly and indirectly on immune cascades and
on the vasculature to cause plasma extravasation, edema, and pain [44]. It also
stimulates intestinal smooth muscle contraction [45], which might be implicated in the
increase in the thickness of the tunica muscularis of the ileum, observed in the present
study. In addition to increase in SP-IR varicosity area upon exposure to F, increase in
VIP-IR varicosity area was also observed in the ileum of the animals treated with 50
mgF/L, as observed in our previous studies in duodenum [7] and jejunum[6]. Increase
density of VIP immunoreactive neurons in the submucosal plexus of inflamed regions
has also been reported in paediatric patients with CD [46]. Changes in the vipergic
innervation can change the intestinal motility, leading to a decrease in the tone of the
intestinal smooth muscle, which could provoke diarrhea [47].

A decrease in Gastrotopin (P80020) was observed in the present study upon
exposure to F, regardless the dose (Fig.4). This protein, also known as Fatty acid
binding protein 6, is an important transport protein involved in the enterohepatic
circulation of bile salts. It is expressed mainly in the ileum, acts in the absorption of
B12 vitamin and binds to bile acids, potent detergents essential for efficient digestion
and absorption of dietary fats [48-53]. The reduction in Gastrotopin leads to primary
bile acid malabsorption [54, 55]. It is plausible that reduced bile acid transporter
expression, without other evidence of damage, produces idiopathic bile acid
malabsorption, since loss of expression is clearly the mechanism of malabsorption and
diarrhea in ileal resection or inflammatory disease [54-56]. Inflammation of the ileum,
as in CD or after radiation, causes secondary bile acid malabsorption and the presence
of unabsorbed bile acids in the colon, then produces diarrhea (Fig.3), through
stimulation of fluid and electrolyte secretion, since bile acids exert their effects on
colonic fluid transport through both direct and indirect actions on the epithelium [54,
55, 57, 58].
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Figure 4 — Possible mechanism by which excessive intake of fluoride (F) leads to diarrhea, the most
common symptom in F intoxication. Gastrotopin, expressed mainly in the ileum, is very important for the
enterohepatic circulation of bile salts. In the presence of F this protein is decreased, leading to poor
absorption of bile by the small intestine, which leads to its accumulation in the colon, culminating with
diarrhea.

In the present study, exposure to F led to various effects that are also found in
CD, such as increase in the ileum wall thickness, increase in the SP-IR and VIP-IR
varicosities, as well as decrease in bile acid transporters, such as Gastrotopin. These
findings might help to explain common gastrointestinal symptoms shared in cases of
exposure to high F levels and of CD, such as alteration in intestinal motility and
diarrhea. A possible association between F exposure and inflammatory bowel disease
(IBD) has been suggested, but the absence of direct studies on this association does
not allow any definitive conclusion [59]. Despite these two identities share common
features and symptoms, additional studies to provide unequivocal evidence on this
relationship are necessary.
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SUPPLEMENTARY FIGURES AND TABLES

OmgF/L

10mgF/L 10mgF/L

50mgF/L

Supplementary Fig. S1 - Photomicrography of myenteric neurons of
the rats ileum stained for HuC/D (green), nNOS (red), and double-
labeling (HUC/D and nNOS) for the control group (0 mgF/L) and for the
groups treated with 10 and 50 mgF/L. 20x Objective.
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Supplementary Fig. S2 - Photomicrography of myenteric varicosities of the rats ileum after
chronic F exposure (0, 10 or 50 mgF/L) for VIP-IR, SP-IR CGRP-IR. 40x Objective.
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Table S1. Proteins with expression significantly altered in the ileum of rats in the
10 mgF/L vs Control comparison.

2Acession PLGS ®Ratio
number Protein name Score 10
mgF/L:Control
Q61G12 Keratin, type Il cytoskeletal 7 72 1.70
P21807 Peripherin 76 1.45
P62804 Histone H4 550 1.35
P13832 Myosin regulatory light chain RLC-A 242 1.23
P18666 Myosin regulatory light chain 12B 242 1.23
Q6PIT8 Tubulin beta-4B chain 57 1.23
P00770 Mast cell protease 2 496 1.22
P34058 Heat shock protein HSP 90-beta 104 1.21
Q64122 Myosin regulatory light polypeptide 9 242 1.20
Q10758 Keratin, type Il cytoskeletal 8 733 0.93
Q63279 Keratin, type | cytoskeletal 19 448 0.92
P10111 Peptidyl-prolyl cis-trans isomerase A 1088 0.90
P10719 ATP synthase subunit beta, mitochondrial 434 0.88
Q5BJY9 Keratin, type | cytoskeletal 18 207 0.87
P80020 Gastrotropin 877 0.72
Q68FR8 Tubulin alpha-3 chain 45 0.57
P97608 5-oxoprolinase 60 10 mgF/L*
P63039 60 kDa heat shock protein, mitochondrial 83 10 mgF/L
P20280 60S ribosomal protein L21 96 10 mgF/L
Q4v7C7 Actin-related protein 3 92 10 mgF/L
Q63072 ADP-ribosyl cyclase/cyclic ADP-ribose 75 10 mgF/L
hydrolase 2
Q80YN4  Atrial natriuretic peptide-converting enzyme 48 10 mgF/L
P55213 Caspase-3 112 10 mgF/L
BOBNAS Coactosin-like protein 272 10 mgF/L
P02466 Collagen alpha-2(l) chain 39 10 mgF/L
Q792H5 CUGBP Elav-like family member 2 51 10 mgF/L
Q9R1Q2 Cyclin-L1 90 10 mgF/L
P00406 Cytochrome c oxidase subunit 2 57 10 mgF/L
008651 D-3-phosphoglycerate dehydrogenase 54 10 mgF/L
P06214 Delta-aminolevulinic acid dehydratase 78 10 mgF/L
Q9QYVS DNA polymerase subunit gamma-1 42 10 mgF/L
Q4FzU2 Keratin, type Il cytoskeletal 6A 64 10 mgF/L
Long-chain specific acyl-CoA

P15650 dehygdrogenaspe, mitochyondrial 63 10 mgF/L
055162 Ly6/PLAUR domain-containing protein 3 114 10 mgF/L
Q5FVQ5 Lymphocyte transmembrane adapter 1 124 10 mgF/L
P31421 Metabotropic glutamate receptor 2 47 10 mgF/L
Q62812 Myosin-9 44 10 mgF/L
Q9Z1A5 NEDD8-activatin§u%rLG¥tme E1 regulatory 53 10 mgF/L
F1M707 Neutrophil cytosolic factor 1 83 10 mgF/L
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Q9Z0V5 Peroxiredoxin-4 70 10 mgF/L
EOPU17 Protein Abca17 46 10 mgF/L
Q66H38 Protein FAM71B 59 10 mgF/L
Q99MCO Protein phosphatas&;\ regulatory subunit 187 10 mgF/L
Q5BK61 Sorting nexin-20 59 10 mgF/L
B2GV06 Succmyl-CoA:3-ketoqmd coenzyme A 53 10 mgF/L
transferase 1, mitochondrial
Q62747 Synaptotagmin-7 92 10 mgF/L
Q3ZBA0 Tectonin beta-propellgr repeat-containing 39 10 mgF/L
protein 1
Q03191 Trefoil factor 3 352 10 mgF/L
Q569C3 Ubiquitin carboxyl-terminal hydrolase 1 52 10 mgF/L
Q09426 2-hydroxyacylsphingosine 1-beta- 46 Control
galactosyltransferase
Q5FVR4 3'-5' exoribonuclease 1 117 Control
035167 Acetylcholinesterase collagenic tail peptide 33 Control
Q62875 Allergin-1 117 Control
P37091 Amiloride-sensitive sodium channel subunit 53 Control
gamma
Q5M889 Apolipoprotein F 69 Control
Q792S6 Bcl-2-related ovarian killer protein 94 Control
Q78EJ9 Calpain-8 68 Control
P32038 Complement factor D 106 Control
Q5XHY4 Ecto-ADP-ribosyltransferase 5 29 Control
P10158 Fos-related antigen 1 99 Control
Q62833 G protein-coupled receptor kinase 5 51 Control
Q6URK4 Heterogeneous nuc*esar ribonucleoprotein 97 Control
P61980 Heterogeneous nuclear ribonucleoprotein K 66 Control
D3ZWE7 HORMA domain-containing protein 1 43 Control
055165 Kinesin-like protein KIF3C 44 Control
Q62733 Lam|na-assomatedbp;?;ypeptlde 2, isoform 85 Control
Q9ES73 Melanoma-associated antigen D1 445 Control
Q63560 Microtubule-associated protein 6 31 Control
NADH dehydrogenase [ubiquinone]
P19234 flavoprotein 2, mitochondrial 121 Control
P63057 Noelin-3 70 Control
Q8R5M4 Optineurin 48 Control
A1BPIO Ornithine decarboxylase antizyme 3 100 Control
055012 PhosphatldyI|n03|toI-b|nd.|ng clathrin 88 Control
assembly protein
Q66HR9 Protein phosphatas§21 regulatory subunit 64 Control
Q6MG48 Protein PRRC2A 53 Control
088794 Pyridoxine-5'-phosphate oxidase 131 Control
BOK004 Solute carrier family 35 member G3 71 Control
AO0JPP4 Sperm equatorial segment protein 1 84 Control
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Q29YR5

Q66MI6
Q5BJT4
Q76LT8

Q71RJ2

Sulfotransferase family cytosolic 2B
member 1

Testis-specific protein 10-interacting protein
Thioredoxin domain-containing protein 15

Ubiquitin carboxyl-terminal hydrolase 48
Voltage-dependent calcium channel
gamma-2 subunit

111

66
73
36

99

Control

Control
Control
Control

Control

3ldentification

is based on proteins ID from UniProt

(http://www.uniprot.org/).

Proteins with expression significantly altered are organized according to the ratio.

*Indicates unique proteins in alphabetical order.

protein database, reviewed only

Table S2. Proteins with expression significantly altered in the ileum of rats in the 50
mgF/L vs Control comparison.

2Acession PLGS ®Ratio
number Protein name Score 50
mgF/L:Control
Q01134 Choline kinase alpha 106 4.22
P04797 Glyceraldehyde-3-phosphate 92 1.43
dehydrogenase

P62804 Histone H4 550 1.36
P34058 Heat shock protein HSP 90-beta 104 1.31
P58775 Tropomyosin beta chain 254 1.28
P04692 Tropomyosin alpha-1 chain 257 1.27
Q64122 Myosin regulatory light polypeptide 9 242 1.26
P09495 Tropomyosin alpha-4 chain 156 1.25
P 18666 Myosin regulatory light chain 12B 242 1.23
P13832 Myosin regulatory light chain RLC-A 242 1.23
P11517 Hemoglobin subunit beta-2 1037 1.20
Q63610 Tropomyosin alpha-3 chain 198 1.19
P02091 Hemoglobin subunit beta-1 2209 1.08
P01946 Hemoglobin subunit alpha-1/2 1357 0.91
P02770 Serum albumin 514 0.90
P62632 Elongation factor 1-alpha 2 317 0.89
P62630 Elongation factor 1-alpha 1 317 0.88
Q10758 Keratin, type Il cytoskeletal 8 734 0.88
Q6IFV1 Keratin, type | cytoskeletal 14 89 0.87
Q63279 Keratin, type | cytoskeletal 19 449 0.87
P16409 Myosin light chain 3 473 0.86
Q64119 Myosin light polypeptide 6 732 0.85
P10111 Peptidyl-prolyl cis-trans isomerase A 1089 0.85
P10719 ATP synthase subunit beta, mitochondrial 435 0.85
Q6IFU7 Keratin, type | cytoskeletal 42 95 0.84
Q6IFU8 Keratin, type | cytoskeletal 17 89 0.84
Q5BJY9 Keratin, type | cytoskeletal 18 207 0.83
P80020 Gastrotropin 877 0.62
P35213 14-3-3 protein beta/alpha 55 50 mgF/L*
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P62260 14-3-3 protein epsilon 55 50 mgF/L
P68511 14-3-3 protein eta 55 50 mgF/L
P61983 14-3-3 protein gamma 55 50 mgF/L
P68255 14-3-3 protein theta 55 50 mgF/L
Q66HF8 Aldehyde dehydrogenase X, mitochondrial 67 50 mgF/L
Q9Z1P2 Alpha-actinin-1 56 50 mgF/L
P47858 ATP-dependent 6-phosphofructokinase, 63 50 mgF/L
muscle type
P43527 Caspase-1 45 50 mgF/L
P50339 Chymase 81 50 mgF/L
D3ZVN1 Colipase-like protein 2 142 50 mgF/L
Q9R1E9 Connective tissue growth factor 54 50 mgF/L
QIROL4 Cullin-associated N!EDD8-dissociated 38 50 mgF/L
protein 2
Fibronectin type Ill domain-containin
Q2Q0I19 ypprotein ) 9 35 50 mgF/L
Q97144 Galectin-2 318 50 mgF/L
P47819 Glial fibrillary acidic protein 28 50 mgF/L
D3ZQF4 Inactive peptidyl-plg?gélszés-trans isomerase 36 50 mgF/L
P04642 L-lactate dehydrogenase A chain 174 50 mgF/L
P42123 L-lactate dehydrogenase B chain 146 50 mgF/L
Q4VEA1 Lysophosphatidylcggine acyltransferase 41 50 mgF/L
088989 Malate dehydrogenase, cytoplasmic 129 50 mgF/L
Mitochondrial nzyme A transporter
POC546 ochondria SLooengy  oPOTe 67 50 mgF/L
Q9EQ10 PCNA-interacting partner 62 50 mgF/L
P16617 Phosphoglycerate kinase 1 354 50 mgF/L
A1A5S1 Pre-mRNA-processing factor 6 68 50 mgF/L
P67779 Prohibitin 126 50 mgF/L
Q5XIH7 Prohibitin-2 159 50 mgF/L
Q66HG8 Protein Red 34 50 mgF/L
B5DF21 Protein Smaug homolog 1 47 50 mgF/L
P35248 Pulmonary surfactant-associated protein D 151 50 mgF/L
P50399 Rab GDP dissociation inhibitor beta 130 50 mgF/L
Q80ZF7 Retinol dehydrogenase 10 82 50 mgF/L
Q97143 Semaphorin-4F 29 50 mgF/L
Q925F0 Small muscular protein 340 50 mgF/L
PO6685 Sodium/potassium.-transporting ATPase 53 50 mgF/L
subunit alpha-1
Q6AXM9  Uncharacterized protein C120rf29 homolog 71 50 mgF/L
Q641W2 UPF0160 protein MYG1, mitochondrial 64 50 mgF/L
P85972 Vinculin 83 50 mgF/L
B2RYI0 WD repeat-containing protein 91 56 50 mgF/L
Q5U220 Zinc finger protein 367 63 50 mgF/L
Q09426 2-hydroxyacylsphingosine 1-beta- 46 Control
galactosyltransferase
Q5FVR4 3'-5' exoribonuclease 1 117 Control
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035167 Acetylcholinesterase collagenic tail peptide 33
Q62875 Allergin-1 117
P37091 Amiloride-sensitive sodium channel subunit 53
gamma

Q5M889 Apolipoprotein F 69
Q792S6 Bcl-2-related ovarian killer protein 94

Q78EJ9 Calpain-8 68
P32038 Complement factor D 106
Q5XHY4 Ecto-ADP-ribosyltransferase 5 29
P10158 Fos-related antigen 1 99
Q62833 G protein-coupled receptor kinase 5 51

QB6URK4 Heterogeneous nuc*esar ribonucleoprotein 97
P61980 Heterogeneous nuclear ribonucleoprotein K 66
D3ZWE7 HORMA domain-containing protein 1 43
055165 Kinesin-like protein KIF3C 44
Q62733 Lam|na-assomatedbp;?;ypeptlde 2, isoform 85
Q9ES73 Melanoma-associated antigen D1 445
Q63560 Microtubule-associated protein 6 31

NADH dehydrogenase [ubiquinone]

P19234 flavoprotein 2, mitochondrial 121
P63057 Noelin-3 70
Q8R5M4 Optineurin 48
A1BPIO Ornithine decarboxylase antizyme 3 100
055012 PhosphatldyI|n03|toI-b|nd.|ng clathrin 88
assembly protein

Q66HR9 Protein phosphatase 1 regulatory subunit 64
Q6MG48 Protein PRRC2A 53
088794 Pyridoxine-5'-phosphate oxidase 131
BOK004 Solute carrier family 35 member G3 71

AOJPP4 Sperm equatorial segment protein 1 84
Q29YR5 Sulfotransferase family cytosolic 2B 111

member 1

Q66MI6 Testis-specific protein 10-interacting protein 66
Q5BJT4 Thioredoxin domain-containing protein 15 73
Q76LT8 Ubiquitin carboxyl-terminal hydrolase 48 36
Q71RJ2 Voltage-dependent calcium channel 99

gamma-2 subunit

Control
Control

Control

Control
Control
Control
Control
Control
Control
Control

Control

Control
Control
Control

Control

Control
Control

Control

Control
Control
Control

Control

Control

Control
Control
Control
Control

Control

Control
Control
Control

Control

2ldentification is based on proteins ID from UniProt protein database, reviewed only
(http://www.uniprot.org/).

bProteins with expression significantly altered are organized according to the ratio.
*Indicates unique proteins in alphabetical order.
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2.3 Article 3

Effects of acute fluoride exposure on the jejunum and ileum of rats: Insights

from proteomic and enteric innervation analysis

Article formatted according to Science of the Total Environment Guidelines.
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HIGHLIGHTS

» Water containing 25 mgF/Kg body weight fluoride provokes morphological changes

and alters in several proteins in the jejunum and ileum of rats.

+ After the acute exposure to F, the organism might not have had time to adapt to its
toxic effect, which means that the loss of energy may have not been repaired.

* Morphological alterations in the gut, can be explained by alterations in the gut vipergic

innervation and in proteins that regulate the cytoskeleton.
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ABSTRACT

Fluoride (F) is largely employed in dentistry, in therapeutic doses, to control
caries. However, excessive intake may lead to adverse effects in the body. Since F is
absorbed mostly from the gastrointestinal tract (GIT), gastrointestinal symptoms are
the first signs following acute F exposure. Nevertheless, little is known about the
mechanistic events that lead to these symptoms. Therefore, the present study
evaluated changes in the proteomic profile as well as morphological changes in the
jejunum and ileum of rats upon acute exposure to F. Male rats received, by gastric
gavage, a single dose of F containing 0 (control) or 25 mg/Kg for 30 days. Upon

exposure to F, there was a decrease in the thickness of the tunic muscularis for both
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segments and a decrease in the thickness of the wall only for the ileum. In addition, a
decrease in the density of HuC/D-IR neurons and nNOS-IR neurons was found for the
jejunum, but for the ileum only nNOS-IR neurons were decreased upon F exposure.
Moreover, SP-IR varicosities were increased in both segments, while VIP-IR
varicosities were increased in the jejunum and decreased in the ileum. As for the
proteomic analysis, the proteins with altered expression were mostly negatively
regulated and associated mainly with protein synthesis and energy metabolism.
Proteomics also revealed alterations in proteins involved in oxidative/antioxidant
defense, apoptosis and as well as in cytoskeletal proteins. Our results, when analyzed
together, suggest that the gastrointestinal symptoms found in cases of acute F
exposure might be related to the morphological alterations in the gut (decrease in the
thickness of the tunica muscularis) that, at the molecular level, can be explained by
alterations in the gut vipergic innervation and in proteins that regulate the cytoskeleton.

Keyword: Fluoride, Acute, Chronic, lleum, Jejunum

Abbreviations: HuC/D-IR — immunoreactive to human proteins type C and D; nNOS-
IR — immunoreactive to neural nitric oxide synthase; SP-IR — immunoreactive to
substance P; VIP-IR — immunoreactive to intestinal vasoactive peptide; CGRP-IR —

immunoreactive to calcitonin gene-related peptide.

INTRODUCTION

Fluorine is one of the most abundant elements in the earth's crust
(Shanthakumari et al., 2004) and is found in its ionic form (fluoride; F) in biological
fluids and tissues as a trace element, in two different forms: inorganic and organic,
being 99% accumulated in hard tissues (Suarez et al., 2008). F is widely used as a
therapeutic agent against caries and can be found naturally in soil and water or in
controlled doses at water supply stations (McDonagh et al., 2000; Wong et al., 2011).
However, studies have shown that excessive intake of F can lead to side effects
(Buzalaf et al., 2013; Whitford, 1996; Yan et al., 2011) perceived at the molecular level
(Araujo et al., 2019; Barbier et al., 2010), as well as at the tissue level in several organs
and structures, such as skeletal muscles, brain, spinal column (Mullenix et al., 1995),
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liver (Dionizio et al., 2019; Pereira et al., 2018; Pereira et al., 2016; Pereira et al., 2013)
and gut (Dionizio et al., 2018; Melo et al., 2017).

The toxic effect of F is related to the amount and duration of exposure (Araujo
et al., 2019; Dionizio et al., 2019; Pereira et al., 2018) and can be classified into acute
or chronic (He and Chen, 2006; Shanthakumari et al., 2004; Whitford, 1992). Acute
toxicity occurs by ingesting a large amount of F at a single time (Whitford, 2011). Most
of the studies evaluating acute F exposure report the effects at the molecular and
histological levels in the kidney (Jimenez-Cordova et al., 2019; Mitsui et al., 2010;
Santoyo-Sanchez et al., 2013) and heart (Mitsui et al., 2007; Panneerselvam et al.,
2019). Considering that the gastrointestinal tract (GIT), especially the gut, is the main
responsible for the absorption of F (Nopakun et al., 1989; Whitford, 2011; Whitford and
Pashley, 1984), gastrointestinal manifestations are frequently reported in cases of
acute F intoxication, such as vomiting with blood and diarrhea. These manifestations
can occur in cases of professional application of F for caries prevention, especially in
children, as well as in cases of poisoning (Whitford, 2011). However, little is known
regarding the effects of acute F exposure in the GIT at the molecular level. This
knowledge is important to allow an adequate treatment of patients submitted to acute
F intoxication. In this sense, the present study attempted to shed light into the
molecular mechanisms underlying acute F toxicity, by performing morphological
analysis of the intestinal wall and myenteric neurons, as well as proteomic analysis of

the jejunum and ileum of rats, after acute exposure to F.

MATERIAL AND METHODS

Animals and treatment

The work was performed on twelve adult male rats (60 days of life - Rattus
norvegicus, Wistar type). The animals were individually housed in metabolic cages,
with ad libitum access to deionized water and low-fluoride chow for 30 days. The
illumination (12 h light/12 dark hours) and the ambient temperature were controlled (22
+ 2 °C). The animals were randomly divided into 2 groups (n = 6 per group), according
with the treatment they received by gavage in the last day of the experiment. The
experimental group received 25 mgF/kg body weight as sodium fluoride (NaF)
dissolved in deionized water, while the control group received deionized water. As
rodents metabolize F 5 times faster than humans (Dunipace et al., 1995), this dose of
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F corresponds to ~ 5 mg/kg to humans, which corresponds to the probable toxic dose
(PTD) (Whitford, 2011). After the treatment period, the plasma was obtained by
centrifugation of blood at 800g for 5 min for quantification of F, as previously described
(Melo et al., 2017). Then, the jejunum and ileum were collected as described by
Dionizio et al. (2018), for morphological and proteomic analysis. Briefly, animal chow
was removed from the animals 18 h prior to euthanasia, to reduce the volume of fecal
material inside the small intestine, thus making easier the cleaning process for
posterior analysis. After identifying the duodenojejunal flexure, one incision is made.
Around 20 cm were despised and then 15 cm of the jejunum were harvested. After
localizing the cecum, two incisions were made to collect the ileum: one in the anterior
portion of the ileocecal valve and the other 10 cm proximally to the first one. The
jejunum and ileum segments were washed with phosphate buffered solution several
times to remove residues of fecal material. All experimental protocols were approved
by the Animal Experimentation Ethics Committee of the Faculty of Dentistry of Bauru
of the University of Sdo Paulo (protocols 014/2011 and 012/2016).

Histological analysis and Myenteric plexus immunofluorescence, morphometric

and semi-guantitative analysis

These analyses were performed exactly as described by Melo et al. (2017)

Proteomics and bioinformatics analyses

The frozen jejunum and ileum were homogenized in a cryogenic mill (model
6770, Spex, Metuchen, NJ, EUA). Samples from 2 animals were pooled and analyses
were carried out in triplicates, exactly as previously described (Dionizio et al., 2018).
Briefly, protein extraction was performed by incubation in lysis buffer (7 M urea, 2 M
thiourea, 40 mM DTT, all diluted in AMBIC solution) under constant stirring at 4°C.
After centrifugation at 20,817g for 30 min at 4 °C, the supernatant was collected and
total protein was quantified (Bradford, 1976). To 50 yL of each sample (containing 50
Mg protein) 25 L of 0.2% Rapigest (Waters cat#186001861) were added, followed by
agitation and then 10 yL 50 mM AMBIC were added, followed by incubation for 30 min
at 37 °C. Samples were then reduced (100 mM DTT; BioRad, cat# 161-0611) and
alkylated (300 mM IAA; GE, cat# RPN 6302V) under dark at room temperature for 30
min. Digestion was performed at 37 °C overnight by adding 100 ng trypsin (Promega,
cat #V5280). Then 10 pL of 5% TFA were added, samples were incubated for 90 min
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at 37 °C and centrifuged (20,817 g at 6 °C for 30 min). Supernatant was purified using
C 18 Spin columns (Pierce, cat #89870). Samples were then resuspended in 200 uL
3% acetonitrile.

The peptides identification was performed on a nanoAcquity UPLC-Xevo QTof
MS system (Waters, Manchester, UK), as previously described (Lima Leite et al.,
2014). The Protein Lynx Global Server (PLGS) software was used to detect difference
in expression between the groups, which was expressed as p<0.05 and 1-p>0.95 for
down- and up-regulated proteins, respectively. Bioinformatics analysis was performed
for comparison of the treated group with the control group (Tables S1-S2), as earlier
reported (Bauer-Mehren, 2013; Lima Leite et al., 2014; Millan, 2013; Orchard, 2012).
The software CYTOSCAPE® 3.0.4 (Java®) was employed to build networks of
molecular interaction between the identified proteins, with the support of
ClusterMarker® application.

RESULTS

Morphological analysis of the jejunum and ileum wall thickness

The mean (+ SD) thickness of the tunica muscularis was significantly decreased
in the treated groups of jejunum (90.1 £ 1.9 ym?) and ileum (134.0 £ 2.5 ym?) when
compared with the respective controls (116.4+£3.7 um? and 223.6 + 7.8 ym?) (Student’s
t test, p < 0.05). The same was observed for the mean (£ SD) total thickness of the
wall, which was significantly reduced in the treated group (756.5 + 12.9 ym?) when

compared with control (784.1 + 17.1 uym?) for ileum (Student’s ¢ test, p > 0.05).

Myenteric neurons HuC/D - IR analysis.

In the morphometric analysis of the general population of neurons, after
treatment with fluoride, the cell bodies areas of the HuC/D—IR neurons of the ileum
(um?) were significantly increased, but no significant changes were seen in the jejunum
(p > 0.05). In the quantitative analyses, the treated group presented a significant
decrease in the jejunum but was not significantly altered in the ileum (p > 0.05). (Tables
1 and 2).
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Table 1. Means and standard errors of the values of the cell bodies areas and density
of HUC/D-IR, nNOS-IR and VIP-IR, CGRP-IR, and SP-IR values of myenteric neurons
varicosities areas of the jejunum of rats exposed or not to acute dose of F. Animal

groups: Control (deionized water - 0 mgF/L) and 25mgF/Kg bw.

ANALYSIS Control 25mgF/Kg bw
Cell bodies areas of the HUC/D-IR neurons (um?) 319.54£3.52 316.24+3.92
Density HUC/D-IR neurons (neurons/cm?) 16,594.0+343.12 | 13,848.4£324.3°
Cell bodies areas of the nNOS-IR neurons (um?) 288.7+3.0° 300.8+3.0°
Density nNOS-IR neurons (neurons/cm?) 5,959.9+138.7° 5,219.9+151.6°
Area VIP-IR varicosities (um?) 2.8+0.02 3.0£0,0°
Area CGRP-IR varicosities (um?) 3.5+0.0° 3.50,0°
Area SP-IR varicosities (um?) 3.1+0.0° 4.8+0,0°

Means followed by different letters in the same column are significantly different according to Student's
t-test (p <0.05). (N = 6).

Myenteric neurons nNOS —IR analysis.

In the morphometric analysis of the general population of neurons, the cell
bodies areas of the nNOS-IR neurons (um?) were significantly increased in the jejunum
and significantly decreased in the ileum, in comparison with the respective controls (p
<0.05). In the quantitative analyses, significant decreases were observed in the treated
groups in respect to control, both for jejunum and ileum (p < 0.05) (Tables 1 and 2).
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Table 2. Means and standard errors of the values of the cell bodies areas and density
of HUC/D-IR, nNOS-IR and VIP-IR, CGRP-IR, and SP-IR values of myenteric neurons
varicosities areas of the ileum of rats exposed or not to acute dose of F. Animal groups:

Control (deionized water - 0 mgF/L) and 25mgF/Kg bw.

ANALYSIS Control 25mgF/Kg bw
Cell bodies areas of the HUC/D-IR neurons (um?) 298.0+3.6° 312.3+4.0°
Density HUC/D-IR neurons (neurons/cm?) 13,099.8+420.97 | 12.756,9+347.72
Cell bodies areas of the nNOS-IR neurons (um?) 300.4+3.32 287.6+3.1°
Density nNOS-IR neurons (neurons/cm?) 4,657.1£145.42 3,905.6+£129.7°
Area VIP-IR varicosities (um?) 3.3+0.0° 3.1£0.0°
Area CGRP-IR varicosities (um?) 3.4+0,02 3,2+0,0°
Area SP-IR varicosities (um?) 2.9+0.0% 4,515+0,0°

Means followed by different letters in the same line are significantly different according to Student's t-
test (p <0.05). (N = 6).

Myenteric neurons VIP-IR, CGRP-IR and SP-IR morphometric analysis.

In the morphometric analyses of the SP-IP varicosities (um?) a significant
increase was detected in the treated groups in respect to control, both for jejunum and
ileum (p < 0.05). CGRP-IR varicosities (um?) were significantly reduced in the ileum
after treatment with fluoride but were not significantly altered in the jejunum (p > 0.05).
The VIP-IR varicosities (um?) were significantly increased in the jejunum and
significantly decreased in the ileum upon treatment with fluoride (p < 0.05) (Tables 1
and 2). Representative images of the immunofluorescences are displayed in

supplementary information (Supplementary Figures 1-4).

Proteomic analysis

The total numbers of proteins identified by mass spectrometry in jejunum of
control and treated group were 282 and 227, respectively. Among them, 106 and 51
proteins were uniquely identified in the control and treated groups, respectively. In the
quantitative analysis of treated vs. control group, 37 proteins with change in expression
were detected. Most of the proteins with altered expression were downregulated in the
group treated with F when compared with the control group (23 proteins), suggesting

that acute exposure to F reduces protein synthesis (Table S1).
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Figure 1 shows the subnetworks generated by ClusterMarker® for the
comparison treated vs. control group of jejunum. Most of the proteins with altered
expression interacted with Dynein light chain 1, cytoplasmic (P63170), Solute carrier
family 2, facilitated glucose transporter member 4 (P19357), Polyubiquitin-C (Q63429),
Gap junction alpha-1 protein (P08050), Protein deglycase DJ-1 (088767), Small
ubiquitin-related modifier 3 (Q5XIF4) (Fig. 1A) or Heterogeneous nuclear
ribonucleoprotein K (P61980) and Mitogen-activated protein kinase 3 (P21708) (Fig.
1B).
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Figure 1 - Subnetworks created by ClusterMarker® to establish the interaction between proteins
identified with differential expression in the 25 mgF/Kg wb group in relation to the control group in
jejunum. The color of the nodes indicates the differential expression of the respective named protein
with its access code. The dark red and dark green nodes indicate proteins unique to the control and 25
mgF/Kg wb groups, respectively. The nodes in gray indicate the interaction proteins that are offered by
CYTOSCAPE®, which were not identified in the present study and the light red and light green nodes
indicate downregulation and upregulation, respectively. In A the access numbers in the gray nodes
correspond to: RAC-beta serine/threonine-protein kinase (P47197), RAC-alpha serine/threonine-protein
kinase (P47196), Neurocalcin-delta (Q5PQNO), RILP-like protein 1 (D3ZUQO), Phosphoglycerate
mutase 2 (P16290), Dynein light chain 1, cytoplasmic (P63170), Calcium-activated potassium channel
subunit alpha-1 (Q62976), Protein phosphatase 1E (Q80Z30), Calcineurin B homologous protein 1
(P61023), Solute carrier family 2, facilitated glucose transporter member 4 (P19357), Polyubiquitin-C
(Q63429), Gap junction alpha-1 protein (P08050), Dynein light chain 1, cytoplasmic (P63170), Protein
deglycase DJ-1 (088767), Small ubiquitin-related modifier 3 (Q5XIF4), Tumor necrosis factor (P16599)
and Calponin-1 (Q08290). The access numbers of the unique proteins of the control (dark red nodes)
correspond to the: Pyruvate kinase PKM (P11980), Phosphate carrier protein, mitochondrial (P16036),
Myosin regulatory light chain 2, skeletal muscle isoform (P04466), Keratin, type | cytoskeletal 14
(Q6IFV1), Calcium/calmodulin-dependent protein kinase type Il subunit gamma (P11730), Malate
dehydrogenase, cytoplasmic (088989), Peroxiredoxin-1 (Q63716) and Prelamin-A/C (P48679). The
accession numbers of the unique 25 mgF/Kg wb (dark green nodes) proteins correspond to the: Tubulin
alpha-4A chain (Q5XIF6), WD repeat-containing protein 1 (Q5RKIO), Rab GDP dissociation inhibitor
beta (P50399) and GTP-binding nuclear protein Ran, testis-specific isoform (Q8K586). The access
numbers of the downregulated proteins (light red nodes) correspond to the: Glyceraldehyde-3-
phosphate dehydrogenase (P04797), L-lactate dehydrogenase A chain (P04642), Elongation factor 2
(P05197), Histone H2A type 2-A (POCCQ09), Malate dehydrogenase, mitochondrial (P04636), Tubulin
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alpha-1B chain (Q6P9V9), ATP synthase subunit beta, mitochondrial (P10719) and Cytochrome ¢
oxidase subunit 2 (P00406). The access numbers of the upregulated proteins (light green nodes)
correspond to the: Actin, gamma-enteric smooth muscle (P63269) and Actin, alpha skeletal muscle
(P68136). In B the access numbers in the gray nodes correspond to: Alpha-synuclein (P37377), Runt-
related transcription factor 2 (Q922J9), Heterogeneous nuclear ribonucleoprotein K (P61980), Mitogen-
activated protein kinase 3 (P21708), Dystrophin (P11530), Keratin, type I cytoskeletal 19 (Q63279) and
Toll-interacting protein (A2RUW1). The access numbers of the unique proteins of the control (dark red
nodes) correspond to the:: Tubulin alpha-8 chain (Q6AY56), Homeobox protein cut-like 1 (P53565),
Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial (Q62651), Actin-related protein 2/3
complex subunit 3 (B2GV73), Interleukin-1 receptor accessory protein (Q63621) and DEAD (Asp-Glu-
Ala-Asp) box polypeptide 5 (Q6AYI1). The accession numbers of the unique 25 mgF/Kg wb (dark green
nodes) proteins correspond to the: Cytoplasmic dynein 1 light intermediate chain 1 (Q9QXU8),
Transgelin-2 (Q5XFX0) and Stress-70 protein, mitochondrial (P48721). The access numbers of the
downregulated proteins (light red nodes) correspond to the: ATP synthase subunit alpha, mitochondrial
(P15999) and Keratin, type Il cytoskeletal 8 (Q10758). The access numbers of the upregulated proteins
(light green nodes) correspond to the a: Actin, alpha cardiac muscle 1 (P68035).

Figure 2 shows the functional classification according to the biological process
with the most significant term, for the comparison between treated vs. control group for
jejunum. Among them, the categories with the highest percentages of genes were
Actin filament binding (14.1%), Calmodulin binding (14.1%), Structural constituent of
cytoskeleton (12.5%), Motor activity (10.9%) and Hydrogen ion transmembrane

transporter activity (9.4%).

25 mgF/Kg vs. Control
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Figure 2 - Functional distribution of proteins identified with differential expression in the jejunum of rats
exposed acute dose of 25 mgF/Kg wb vs. Control Group (0 mgF/L). Categories of proteins based on
GO annotation Biological Process. Terms significant (Kappa=0.04) and distribution according to
percentage of number of genes. Proteins access number was provided by the UNIPROT. The gene
ontology was evaluated according to ClueGo® pluggins of Cytoscape® software 3.4.0 (Bindea et al.,
2013; Bindea et al., 2009).
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The total numbers of proteins identified by mass spectrometry in the ileum for
control and treated groups were 195 and 183, respectively. Among them, 66 and 54
proteins were uniquely identified in the control and treated groups, respectively. In the
quantitative analysis of the treated vs. control group, 36 proteins with change in
expression were detected. Most of the proteins with altered expression were
downregulated in the group treated with F when compared with the control group (22
proteins), suggesting that acute exposure to F reduces protein synthesis (Table S2).

Figure 3 shows the subnetworks generated by ClusterMarker® for the treated
vs. control group of ileum. Most of the proteins with altered expression interacted with
Solute carrier family 2, facilitated glucose transporter member 4 (P19357),
Heterogeneous nuclear ribonucleoprotein K (P61980), UV excision repair protein
RAD23 homolog B (Q4KMA2), Protein deglycase DJ-1 (O88767) and Polyubiquitin-C
(Q63429) (Fig.3A) or Mitogen-activated protein kinase 3 (P21708) and Gap junction
alpha-1 protein (P08050) (Fig. 3B).
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Figure 3- Subnetworks created by ClusterMarker® to establish the interaction between proteins
identified with differential expression in the 25 mgF/Kg wb group in relation to the control group in ileum.
The color of the nodes indicates the differential expression of the respective named protein with its
access code. The dark red and dark green nodes indicate proteins unique to the control and 25 mgF/Kg
wb groups, respectively. The nodes in gray indicate the interaction proteins that are offered by
CYTOSCAPE®, which were not identified in the present study and the light red and light green nodes
indicate downregulation and upregulation, respectively. In A the access numbers in the gray nodes
correspond to: Solute carrier family 2, facilitated glucose transporter member 4 (P19357),
Heterogeneous nuclear ribonucleoprotein K (P61980), Membrane-associated guanylate kinase, WW
and PDZ domain-containing protein 2 (O88382), UV excision repair protein RAD23 homolog B
(Q4KMAZ2), Protein deglycase DJ-1 (088767), Death-associated protein kinase 3 (088764),
Polyubiquitin-C (Q63429), Protein Ptprt (F1LXJ9) and Protein Svil (D3ZEZ9). The access numbers of
the unique proteins of the control (dark red nodes) correspond to the: Destrin (Q7MOE3), Aldehyde
dehydrogenase, mitochondrial (P11884), Histone H3.1 (Q6LEDO0), ATPase family AAA domain-
containing protein 3 (Q3KREOQ), Triosephosphate isomerase (P48500), Malate dehydrogenase,
cytoplasmic (O88989) and Eukaryotic translation initiation factor 3 subunit A (Q1JU68). The accession
numbers of the unique 25 mgF/Kg wb (dark green nodes) proteins correspond to the: Glial fibrillary
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acidic protein (P47819) and Tubulin alpha-4A chain (Q5XIF6). The access numbers of the
downregulated proteins (light red nodes) correspond to the: Keratin, type | cytoskeletal 14 (Q6IFV1),
Tubulin beta-5 chain (P69897), Histone H2A type 2-A (POCCQ9), Vinculin (P85972) and Elongation
factor 1-alpha 1 (P62630). The access numbers of the downregulated proteins (light green nodes)
correspond to the: Hemoglobin subunit beta-1 (P02091), Myosin light polypeptide 6 (Q64119),
Tropomyosin alpha-1 chain (P04692) and Tropomyosin beta chain (P58775). In B the access numbers
in the gray nodes correspond to: Peptidyl-prolyl cis-trans isomerase F, mitochondrial (P29117), PDZ
and LIM domain protein 2 (QBAYDG6), Mitogen-activated protein kinase 3 (P21708) and Gap junction
alpha-1 protein (P08050). The access numbers of the unique proteins of the control (dark red nodes)
correspond to the: Transgelin-2 (Q5XFXO0), Protein phosphatase 1A (P20650), Alpha-actinin-4
(Q9QXQO0) and Protein Tubb1 (MOR8B6). The accession numbers of the unique 25 mgF/Kg wb (dark
green nodes) proteins correspond to the: ADP/ATP translocase 2 (Q09073), ADP/ATP translocase 1
(Q05962) and Ribosomal protein S6 kinase (D3Z8EQ). The access numbers of the downregulated
proteins (light red nodes) correspond to the: Tubulin beta-2A chain (P85108) and Elongation factor 1-
alpha 2 (P62632).

Figure 4 shows the functional classification according to the biological process
with the most significant term, for the comparison between treated vs. control groups
for ileum. Among them, the categories with the highest percentages of genes were
Intermediate filament-based process (21%), Oxygen transport (12%), Regulation of
mitochondrial membrane permeability involved in apoptotic process (9%), Positive

regulation of lipid kinase activity (9%) and Cellular response to nitric oxide (6%).
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Figure 4- Functional distribution of proteins identified with differential expression in the ileum of rats
exposed acute dose of 25 mgF/Kg wb vs. Control Group (0 mgF/L). Categories of proteins based on
GO annotation Biological Process. Terms significant (Kappa=0.04) and distribution according to
percentage of number of genes. Proteins access number was provided by the UNIPROT. The gene
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ontology was evaluated according to ClueGo® pluggins of Cytoscape® software 3.4.0 (Bindea et al.,
2013; Bindea et al., 2009).

DISCUSSION

The present study was designed to evaluate proteomic and morphological
alterations in the jejunum after acute exposure to F. The dose we administered to rats
(25 mgF/kg body weight) mimics the probable toxic dose (PTD) for humans, which is
5 mgF/Kg body weight (Whitford, 2011). This happens because rodents metabolize F
5 times faster than humans (Dunipace et al., 1995). We did not attempt to simulate the
therapeutic doses of F for caries control, since in this case we usually have lower doses
of fluoride administered along time, i.e., chronic exposure, which was evaluated in our
previous studies (Dionizio et al., 2018; Melo et al., 2017). However, in cases of topical
F application of fluoridated gels, especially in younger children, the PTD related to
acute exposure can be reached and gastrointestinal signals and symptoms might be
observed (Whitford, 2011).

Under acute exposure to F, the majority of the proteins with altered expression
were downregulated, both in jejunum (Table S1) and ileum (Table S2). These results
indicate that acute exposure to F reduced protein synthesis in distinct segments of the
gut. The subnetworks for the comparison between the group treated with 25 mgF/Kg
bw vs. control, both for jejunum (Fig. 1) and ileum (Fig. 3), revealed that most of the
proteins with altered expression interacted with Solute carrier family 2, facilitated
glucose transporter member 4 (GLUT4; P19357), Polyubiquitin-C (Q63429), Mitogen-
activated protein kinase 3 (MAPK3; P21708) or Heterogeneous nuclear
ribonucleoprotein K (P61980). Interestingly, the first 3 interacting partners were also
present in the subnetwork comparing the proteins differentially expressed in the
jejunum of rats chronically treated with 50 mgF/L F when compared with control
(Dionizio et al., 2018). GLUT4 is involved in glucose transport. In a recent report by
our group, in which proteomic analysis was conducted in the muscle and liver of
diabetic rats, we observed that exposure to F altered many proteins that interacted
with GLUT4 and could impair its function (Lima Leite et al., 2014; Lobo et al., 2015). In
the present study, a plethora of proteins that interacted with GLUT4 and are involved
in energy metabolism, especially of carbohydrates, were reduced or even absent in
the jejunum upon acute exposure to F, such as Malate dehydrogenase, mitochondrial
(P04636), Malate dehydrogenase, cytoplasmic (O88989), L-lactate dehydrogenase A
chain (P04642), Pyruvate kinase PKM (P11980) and Glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH; P04797), while Malate dehydrogenase, cytoplasmic
(088989), L-lactate dehydrogenase A chain (P04642) and GAPDH (P04797) were
also in the ileum upon exposure to F. These findings indicate a great impair in energy
metabolism (especially of carbohydrates) in the jejunum and ileum of rats upon acute
exposure to F, being the jejunum more affected than the ileum. These findings are
somehow expected, since the enzymes involved in energy metabolism are highly
affected by F, at least under chronic exposure to this ion (Araujo et al., 2019; Dionizio
etal., 2018; Pereira et al., 2018). In addition, ATP synthase subunit beta, mitochondrial
(P10719) and ATP synthase subunit alpha, mitochondrial (P15999), key enzymes in
respiratory chain, were downregulated in the jejunum after acute F exposure, which
corroborates the impair in the energy metabolism. It has been reported that expression
of ATP synthase subunit beta, mitochondrial is reduced and correlated with ATP
content in the livers of type 1 and type 2 diabetic mice, while hepatic overexpression
of ATP synthase subunit beta, mitochondrial increases cellular ATP content and
suppresses gluconeogenesis, leading to hyperglycemia amelioration (Wang et al.,
2014).

Polyubiquitin C (Q63429) is a highly conserved polypeptide that is covalently
bound to other cellular proteins to signal processes such as protein degradation,
protein/protein interaction and protein intracellular trafficking (Ciechanover and
Schwartz, 1998). In the present study, some of the above-mentioned proteins that
interacted with GLUT4 also interacted with Polyubiquitin C. Another protein that
interacted with Polyubiquitin C is Peroxiredoxin-1 (Q63716) that was absent in the
jejunum upon acute exposure to F. Peroxiredoxin-1 plays an important role in cell
protection against oxidative stress by detoxifying peroxides and acting as sensor of
hydrogen peroxide-mediated signaling events (UniProt, 2019). In balance in the
oxidant/antioxidant defense is a common effect of F (Araujo et al., 2019; Barbier et al.,
2010; lano et al., 2014).

MAPKS (P21708) or extracellular-signal regulated kinases (ERK1) are a family
of proteins that act as intermediaries in the signal transduction cascades triggered by
extracellular signals at membrane receptors, through reversible protein
phosphorylation, constituting one of the main mechanisms of cellular communication.
They seem to be universal components of signal transduction mechanisms since
multiple forms have been identified in a variety of organisms (Dinsmore and Soriano,
2018; Hymowitz and Malek, 2018). One of the proteins interacting with MAPKS is
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Transgelin-2. Increase in this protein is associated with the development of cancer,
while its suppression leads to inhibition of cell proliferation, invasion and metastasis
(Yakabe et al., 2016). Recently, transgelin was shown to be increased in colorectal
cancer (Zhou et al., 2018) and was suggested as a potential biomarker for cancer as
well as a potential new target for cancer treatment (Meng et al., 2017). In our studies,
Transgelin-2 was increased in the jejunum after acute exposure to F, but was absent
in the ileum after acute exposure to F. The reason for this differential pattern of
expression is not apparent at the moment but could possibly be related to the different
characteristics in intestine segments, which should be evaluated in further studies.
Interestingly, another protein involved in the control of cell proliferation (Stress-70
protein, mitochondrial, P48721) was identified exclusively in the jejunum after acute F
exposure. In the jejunum, Stress-70 protein, mitochondrial also interacted with
Heterogeneous nuclear ribonucleoprotein K that was also an interacting player in the
ileum. This protein is one of the major pre-mRNA-binding proteins, playing an
important role in pS3/TP53 response to DNA damage, acting at the level of both
transcription activation and repression, being necessary for the induction of apoptosis.
In the jejunum, another identified protein that interacted with Heterogeneous nuclear
ribonucleoprotein K was DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 (DDX5; Q6AYI1),
an RNA-binding protein overexpressed in various malignant tumors (Janknecht, 2010),
since it causes growth (Saporita et al., 2011) and metastasis (Yang et al., 2006),
through activation of several oncogenic pathways (Yang et al., 2006). In the present
study, however, DDX5 was absent in the jejunum upon acute exposure to F. It has
been reported that depletion of DDX5 causes apoptosis by inhibition of mammalian
target of rapamycin complex 1 (mTORC1) (Taniguchi et al., 2016). Fluoride-induced
apoptosis has been widely reported in the literature (Barbier et al., 2010; Ribeiro et al.,
2017). In the ileum, Elongation factor 1-alpha 1 (EF-1 aP62630) that interacted with
Heterogeneous nuclear ribonucleoprotein K was reduced upon acute exposure to F,
which is also related to induction of apoptosis, since elevated levels of EF-1 a are
observed during neoplastic transformation and in tumors (Grant et al., 1992). In-line
with this, Aldehyde dehydrogenase, mitochondrial (ALDHZ2; P11884) was absent upon
acute exposure to F. Pharmacological inhibiton of ALDH2Z per se induces
mitochondrial dysfunction and cell death (Mali et al., 2016). These findings are
important because some reports incorrectly associate F exposure with the incidence
of osteosarcoma (Bassin et al.,, 2006; Ramesh et al., 2001) and bladder cancer
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(Grandjean et al., 1992). Our findings, however, give additional support to the safety
of use of F on this aspect, since even when administered in a high dose as in the
present study, F causes alterations in several proteins that lead to apoptosis instead
of cell proliferation.

Most of the proteins that interacted with MAPK3 both in the jejunum and ileum
are associated with cytoskeleton and some of them are actin-binding proteins (ABPs).
Actin is one of the most abundant proteins in eukaryotic cells, participating in different
cellular processes such as cell differentiation, proliferation, apoptosis, migration and
signaling (Kristo et al., 2016). ABPs are highly abundant and directly participate in the
modulation of cell processes through the regulation of actin cytoskeleton (Artman et
al., 2014). Interestingly, Transgelin-2 (Q5XFX0), an ABP, was absent in the ileum, but
identified exclusively in the jejunum after acute exposure to F. This protein regulates
the actin cytoskeleton through actin binding and sometimes participates in
cytoskeleton remodeling (Dvorakova et al., 2014). In line with this, it is important to
highlight that the categories with the highest percentage of associated genes, as
revealed by functional classification, were acting filament binding (14.1%) and
calmodulin binding (14.1%) for the jejunum (Fig. 2) and organization of intermediary
filaments (21%) for the ileum (Fig. 4). Alterations in proteins involved in the
cytoskeleton might explain some of the morphological findings of the present study.
Both in the jejunum and ileum, the thickness of the tunica muscularis was significantly
decreased in the group that received the acute dose of F, when compared with control
This alteration is considered as one of the possible explanations for the impairment of
the intestinal motility upon exposure to F (Viteri and Schneider, 1974). For the inhibitory
control of the motility, the main neurotransmitters involved are NO and VIP (Benarroch,
2007). In this sense, in our study NO was decreased in both segments, while VIP was
increased in the jejunum and decreased in the ileum. These findings agree with those
found by our group in the duodenum (Melo et al., 2017) and jejunum (Dionizio et al.,
2018) of rats chronically treated with water containing 10 and 50 mgF/L.

Contrarily to which was seen in the chronic treatment of jejunum (Dionizio et al.,
2018) and ileum (unpublished data), upon the acute exposure to F the organism might
not have had time to adapt to its toxic effect, which means that the loss of energy may
have not been repaired. According to the literature, some of the initial symptoms of
acute toxicity are generalized weakness, drop in blood pressure and disorientation
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(Buzalaf and Whitford, 2011; Whitford, 2011), which might be caused by decreased
energy levels in the body.

In summary, our results, when analyzed in conjunction, suggest that the
gastrointestinal symptoms found in cases of acute F exposure might be related to the
morphological alterations in the gut (decrease in the thickness of the tunica muscularis)
that, at the molecular level, can be explained by alterations in the gut vipergic
innervation and in proteins that regulate the cytoskeleton. These findings help to
explain the gastrointestinal signs and symptoms reported in cases of acute F toxicity.
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SUPPLEMENTARY FIGURES AND TABLES

0mg F/Kg omgF/Kg _-HuC/D + nNOS 0mg F/Kg

25mgF/Kg 25mg F/Kg 25mgF/Kg

Supplementary Figs. S1 - Photomicrography of myenteric neurons of the rats jejunum stained for
HuC/D (green), nNOS (red), and double-labeling (HuC/D and nNOS) for the control group (0 mgF/L)
and for the group treated with 25 mgF/Kg wb. 20X Objective.
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0mgF/Kg 25mg F/ Kg

OmgF/Kg 25 mg F/ Kg

0mgF/Kg 25mg F/ Kg

Supplementary Figs. S2 - Photomicrography of myenteric varicosities of the rats jejunum
after F acute exposure (25 mgF/Kg wb) for VIP-IR, SP-IR CGRP-IR. 40x Objective.
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0 mgF / Kg O0mgF/Kg HuC/D + nNOS 0.mgF / Kg

25 mgF / Kg 25 mgF / Kg 25 mgF / Kg

Supplementary Figs. S3 - Photomicrography of myenteric neurons of the rats ileum stained for HuC/D
(green), nNOS (red), and double-labeling (HuC/D and nNOS) for the control group (0 mgF/L) and for
the group treated with 25 mgF/Kg wb. 20X Objective.
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0 mgF / Kg 25 mgF / Kg

0 mgF / Kg 25 mgF / Kg

0 mgF / Kg 25 mgF / Kg

Supplementary Figs. S4 - Photomicrography of myenteric varicosities of the rats ileum after F
acute exposure (25 mgF/Kg wb) for VIP-IR, SP-IR CGRP-IR. 40x Objective.
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Table S1. Proteins with expression significantly altered in the jejunum of rats in the 25
mgF/Kg wb vs Control comparison.

®Ratio
4Acession . PLGS 25

number Protein name Score mgF/Kg:Co

ntrol
D3ZNZ9 Histone H2B 1399 3.71
088752 Epsilon 1 globin 557 2.83
P11517 Hemoglobin subunit beta-2 482 2.83
P02091 Hemoglobin subunit beta-1 851 2.64
P01946 Hemoglobin subunit alpha-1/2 295 2.14
D3ZVK7 Histone H2A 549 1.84
P02770 Serum albumin 186 1.21
P48675 Desmin 477 1.17
COJPT7 Filamin alpha 83 1.17
Q9JLTO Myosin-10 63 1.16
D3ZRN3 Protein Actbl2 1615 1.08
P68035 Actin, alpha cardiac muscle 1 3780 1.07
P68136 Actin, alpha skeletal muscle 3190 1.07
P63269 Actin, gamma-enteric smooth muscle 3726 1.07
P34058 Heat shock protein HSP 90-beta 685 0.84
P62804 Histone H4 1079 0.83
P02262 Histone H2A type 1 549 0.80
P00406 Cytochrome c oxidase subunit 2 114 0.80
F1M2N4 Uncharacterized protein 275 0.80
POCCO09 Histone H2A type 2-A 549 0.79
A9UMV8 Histone H2A.J 549 0.79
D4A2K1 Protein Hoga1 134 0.79
G3Vv6D3 ATP synthase subunit beta 837 0.78
P10719 ATP synthase subunit beta, mitochondrial 837 0.76
Q9ESV6E GcheraIdehyde-3-phozgf;i’;ﬁcdehydrogenase, testis- 308 0.76
P04797 Glyceraldehyde-3-phosphate dehydrogenase 433 0.75
Q6AYZ1 Tubulin alpha-1C chain 151 0.70
F1LPO5 ATP synthase subunit alpha 286 0.70
P15999 ATP synthase subunit alpha, mitochondrial 286 0.69
P04642 L-lactate dehydrogenase A chain 450 0.64
Q10758 Keratin, type Il cytoskeletal 8 762 0.63
P68370 Tubulin alpha-1A chain 151 0.59
Q6P9V9 Tubulin alpha-1B chain 151 0.59
Q8CJD3 Zymogen granule membrane protein 16 473 0.55
P04636 Malate dehydrogenase, mitochondrial 692 0.53
D4AAJ3 40S ribosomal protein S12 236 0.52
P05197 Elongation factor 2 94 0.40
Q9JLH5 CDKS5 regulatory subunit-associated protein 2 81 25 mgF/Kg*
MORC65 Cofilin 2, muscle (Predicted), isoform CRA_b 68 25 mgF/Kg

Q9z1T4 Connector enhancer of kinase suppressor of ras 2 124 25 mgF/Kg
Q9QXU8 Cytoplasmic dynein 1 light intermediate chain 1 118 25 mgF/Kg

Q5FVP8 Diacylglycerol O-acyltransferase 2 69 25 mgF/Kg
B1H278 E3 ubiquitin-protein ligase TRIM11 25 25 mgF/Kg
Q9JMAS8 Exostoses (Multiple)-like 3, isoform CRA_a 69 25 mgF/Kg

G3V9OH9 Glycoprotein 5, platelet 112 25 mgF/Kg
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GTP-binding nuclear protein Ran, testis-specific

Q8K586 isoform 39 25 mgF/Kg
P20059 Hemopexin 41 25 mgF/Kg
P20760 Ilg gamma-2A chain C region 107 25 mgF/Kg
P51886 Lumican 34 25 mgF/Kg
G3V6P7 Myosin, heavy polypeptide 9, non-muscle 83 25 mgF/Kg
Q62812 Myosin-9 83 25 mgF/Kg
Q6AY91 Nicotinamide riboside kinase 1 62 25 mgF/Kg
008662 Phosphatidylinositol 4-kinase alpha 48 25 mgF/Kg
008770 Platelet glycoprotein V 112 25 mgF/Kg
Q4V7D0 Polymerase (DNA-d;rStc)::tﬁ]cth), delta 3, accessory 111 25 mgF/Kg
D4A9WO Protein Aim2 118 25 mgF/Kg
D3Z135 Protein Cep135 31 25 mgF/Kg
F1M748 Protein Col24a1 19 25 mgF/Kg
D3ZPD6 Protein Fezf1 55 25 mgF/Kg
D4AA82 Protein Gpr179 52 25 mgF/Kg
MOR3V4 Protein Mydgf 260 25 mgF/Kg
D32J56 Protein Gbp3 29 25 mgF/Kg
D3ZPF2 Protein Mcat 77 25 mgF/Kg
D4A913 Protein Med26 39 25 mgF/Kg
D3ZSuU4 Protein Ms4a15 208 25 mgF/Kg
D3ZT79 Protein N4bp1 150 25 mgF/Kg
D3ZUN5 Protein O-fucosyltransé(aRris(22 (Predicted), isoform 79 25 mgF/Kg
D327281 Protein Ppfia1 59 25 mgF/Kg
D3ZVN9 Protein Rasgefic 21 25 mgF/Kg
G3V970 Protein Six1 47 25 mgF/Kg
D3ZNC4 Protein Tcte3 253 25 mgF/Kg
D3Z9I10 Protein Tmem145 96 25 mgF/Kg
D3ZRN5 Protein Trove2 80 25 mgF/Kg
D3ZMNO Protein Tsga13 47 25 mgF/Kg
P50399 Rab GDP dissociation inhibitor beta 94 25 mgF/Kg
P13668 Stathmin 92 25 mgF/Kg
P48721 Stress-70 protein, mitochondrial 73 25 mgF/Kg
P10960 Sulfated glycoprotein 1 70 25 mgF/Kg
F7EPEO Sulfated glycoprotein 1 70 25 mgF/Kg
Q67ET3 Taste receptor type 2 member 120 138 25 mgF/Kg
P31232 Transgelin 205 25 mgF/Kg
Q5XFX0 Transgelin-2 509 25 mgF/Kg
Q5XIF6 Tubulin alpha-4A chain 44 25 mgF/Kg
P36511 UDP-glucuronosyltransferase 2B15 90 25 mgF/Kg
F1LNG1 Uncharacterized protein 86 25 mgF/Kg
Q5RKIO WD repeat-containing protein 1 35 25 mgF/Kg
Q63347 26S protease regulatory subunit 7 58 Control

P62198 26S protease regulatory subunit 8 53 Control

B2GV73 Actin-related protein 2/3 complex subunit 3 123 Control

Q5XIL7 Activating transcription factor 7 interacting protein 2 54 Control

P38918 Aflatoxin B1 aldehyde reductase member 3 98 Control

035817 A-kinase anchor protein 14 54 Control

Calcium/calmodulin-dependent protein kinase I,
G3V9G3 beta, isoform CRA _a 75 Control
P11275 Calcium/calmodulin-dependent protein kinase type 75 Control

Il subunit alpha




Articles 111

P08413
P15791

P11730

D3Z8E6
070177
G3V7J5
MOROW7
B2RZ86
D3ZD09
Q6YFQ1

G3Vv861
Q6AYI1
Q62651

D3ZCM4

Q8CH84
009032
P09759
088753
D4AD21
Q66HT1
P00884
P39948
Q9Z144
Q5PPNO
G3V7G6
Q9QZ58
P53565
D1M8S3
Q63621
Q6IFV4
Q6IFV1
Q6IFV3
Q6IFU8
D3Z7Y6
Q5PQM2
Q2PQA9
G3Vv8L3
055162
088989
D3ZU82
Q6AXUS8
D4A1W8
B5DFO7
B1WC37
P16409

P04466

Q561S0

Calcium/calmodulin-dependent P06685protein
kinase type Il subunit beta
Calcium/calmodulin-dependent protein kinase type
Il subunit delta
Calcium/calmodulin-dependent protein kinase type
Il subunit gamma
Calmodulin-regulated spectrin-associated protein 1
Carboxylesterase
Carboxylesterase 5, isoform CRA_a
Carboxylic ester hydrolase
Coiled-coil domain-containing protein 89
Cytochrome c oxidase subunit 6B1
Cytochrome c oxidase subunit 6B2
Cytochrome P450, family 26, subfamily A,
polypeptide 1
DEAD (Asp-Glu-Ala-Asp) box polypeptide 5
Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase,
mitochondrial
DnaJ (Hsp40) homolog, subfamily C, member 15
(Predicted), isoform CRA_a
ELAV-like protein 2
ELAV-like protein 4
Ephrin type-B receptor 1
Epsilon 2 globin
Exonuclease 3'-5' domain-like 1 (Predicted)
Fructose-bisphosphate aldolase
Fructose-bisphosphate aldolase B
G1/S-specific cyclin-D1
Galectin-2
Hairy and enhancer of split 6 (Drosophila)
Heat shock 27kDa protein 3
Heat shock protein beta-3
Homeobox protein cut-like 1
Interleukin 1 receptor accessory protein b
Interleukin-1 receptor accessory protein
Keratin, type | cytoskeletal 13
Keratin, type | cytoskeletal 14
Keratin, type | cytoskeletal 15
Keratin, type | cytoskeletal 17
Keratin, type | cytoskeletal 20
Kinesin light chain 4
Kinesin-1 heavy chain
Lamin A, isoform CRA b
Ly6/PLAUR domain-containing protein 3
Malate dehydrogenase, cytoplasmic
Membrane frizzled-related protein (Predicted)
Methyltransferase-like protein 6
Microsomal triglyceride transfer protein
Mitochondrial ribonuclease P protein 3
Mitochondrial tRNA-specific 2-thiouridylase 1
Myosin light chain 3
Myosin regulatory light chain 2, skeletal muscle
isoform
NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 10, mitochondrial

75

75

75

63
164
110
130
46
405
228

76
61
170

96

93
93
65
110
65
149
149
85
269
112
89
89
83
111
111
82
78
96
83
93
51
71
105
96
134
84
67
75
47
88
190

90

108

Control
Control

Control

Control
Control
Control
Control
Control
Control
Control

Control
Control

Control

Control

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

Control

Control
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D4ADM1
A1BPIO
Q63716
P16036
P48679

Q4KM35
D3ZIF1
F1MOU1
F7F3M3
G3Vv9D8
D3ZXQ0
E9PT29
P11598
Q68FV5

D3ZW92
D3ZLD5
Q6AXZ7
G3Vv6Z0

D4ACC2
D4AC62
D4A9I7
D4A1H7

Q6MG75
Q9JKS6
D3ZZL1
D3ZCX6
D3ZBQ5
F1M155

Q6AXR1

Q9WVJ6
D4AC93
B5DFAO
D4A720
D3ZJ04

MORD14
P11980
P70564

P06685
P06686

P06687

P57769
P46462
Q03191
Q6AY56
B2RYI0

Olfactory receptor
Ornithine decarboxylase antizyme 3
Peroxiredoxin-1
Phosphate carrier protein, mitochondrial
Prelamin-A/C
Proteasome subunit beta type-10
Protein Agr3
Protein Ccdc73
Protein Ces2a
Protein Ces2c
Protein Ces2g
Protein Ddx17
Protein disulfide-isomerase A3
Protein FAM71F1
Protein Fam78a
Protein Golga3
Protein Hormad?2
Protein Hoxa11
Protein Kank2
Protein Krt222
Protein Lrrc3b
Protein Mul1
Protein Nelfe
Protein piccolo
Protein Rad52
Protein Rexo1
Protein Scarf2
Protein Svil
Protein Tbc1d20
Protein Tgm2
Protein Tmem223
Protein Vil1
Protein Wdtc1
Protein Zfp322a
Pyruvate kinase
Pyruvate kinase PKM
Serpin B5

Sodium/potassium-transporting ATPase subunit

alpha-1

Sodium/potassium-transporting ATPase subunit

alpha-2

Sodium/potassium-transporting ATPase subunit

alpha-3
Sorting nexin-16

Transitional endoplasmic reticulum ATPase

Trefoil factor 3
Tubulin alpha-8 chain
WD repeat-containing protein 91

133
316
135
129
105
115
55
72
110
164
130
67
160
79
357
36
45
68
60
76
123
84
105
113
130
48
54
58
78
54
82
133
66
57
142
142
79

93

54

60

35
74
520
35
71

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

Control
Control

Control

Control
Control
Control
Control
Control

3ldentification

(http://www.uniprot.org/).

Proteins with expression significantly altered are organized according to the ratio.

*Indicates unique proteins in alphabetical order.

is based on proteins ID from UniProt protein database,

reviewed only
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Table S2. Proteins with expression significantly altered in the ileum of rats in the 25
mgF/Kg wb vs Control comparison.

b ]
4Acession . PLGS Ratio
number Protein name Score 25
mgF/Kg:Control
P01946 Hemoglobin subunit alpha-1/2 392 1.90
P14650 Thyroid peroxidase 46 1.79
F1LN48 Thyroid peroxidase 52 1.70
P02091 Hemoglobin subunit beta-1 1007 1.35
088752 Epsilon 1 globin 500 1.30
P11517 Hemoglobin subunit beta-2 500 1.30
P58775 Tropomyosin beta chain 266 1.30
F7FK40 Tropomyosin 1, alpha, isoform CRA_c¢ 315 1.28
Q91XN6 Tropomyosin 1, alpha, isoform CRA_h 266 1.28
Q64119 Myosin light polypeptide 6 748 1.28
P04692 Tropomyosin alpha-1 chain 266 1.27
Q6AZ25 Tropomyosin 1, alpha 186 1.25
P48675 Desmin 349 1.22
D3ZRN3 Protein Actbl2 733 1.15
MORDM4 Histone H2A 552 0.89
Q63279 Keratin, type | cytoskeletal 19 173 0.89
POCCO09 Histone H2A type 2-A 552 0.88
Q6IFV1 Keratin, type | cytoskeletal 14 97 0.84
P62630 Elongation factor 1-alpha 1 186 0.83
P62632 Elongation factor 1-alpha 2 186 0.82
F1M6C2 Protein LOC103691939 186 0.82
MOR757 Elongation factor 1-alpha 186 0.81
P62804 Histone H4 2758 0.80
Q6IFU8 Keratin, type | cytoskeletal 17 85 0.75
P02770 Serum albumin 200 0.73
Q6IFV3 Keratin, type | cytoskeletal 15 162 0.73
P80020 Gastrotropin 829 0.72
Q6IFU7 Keratin, type | cytoskeletal 42 85 0.70
Q3KRES8 Tubulin beta-2B chain 173 0.65
Q6IFW5 Keratin, type | cytoskeletal 12 137 0.63
P85108 Tubulin beta-2A chain 173 0.63
Q4QRB4 Tubulin beta-3 chain 118 0.62
P69897 Tubulin beta-5 chain 173 0.61
E9PSN4 Protein Zc3h13 162 0.49
D3ZWEO Histone H2A 497 0.44
P85972 Vinculin 48 0.42
P63102 14-3-3 protein zeta/delta 137 25 mgF/Kg*
5-methyltetrahydrofolate-homocysteine
G3VéAd methyltransferase, isoform CRA_b 69 25 mgF/Kg
Q05962 ADP/ATP translocase 1 43 25 mgF/Kg
Q09073 ADP/ATP translocase 2 49 25 mgF/Kg
P62161 Calmodulin 122 25 mgF/Kg
Diffuse panbronchiolitis critical region
Q6MG22 protein 1 homolog 95 25 mgF/Kg
Q6AYU3 DnaJ homolog subfamily B member 6 64 25 mgF/Kg
BOBNAS Docking protein 4 62 25 mgF/Kg

Q5RKG9 Eukaryotic translation initiation factor 4B 39 25 mgF/Kg
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P47819 Glial fibrillary acidic protein 62 25 mgF/Kg
MOR4T9 Histone acetyltransferase 65 25 mgF/Kg
Q6IFW6 Keratin, type | cytoskeletal 10 117 25 mgF/Kg
Q6IFX1 Keratin, type | cytoskeletal 24 103 25 mgF/Kg
Q6IFW2 Keratin, type | cytoskeletal 40 103 25 mgF/Kg
Q61G05 Keratin, type Il cytoskeletal 75 41 25 mgF/Kg
Q5XI107 Lipoma-preferred partner homolog 76 25 mgF/Kg
F1LSJ6 Methionine sulfoxide reductase A 75 25 mgF/Kg
Q9Z2Q4 Methionine synthase 69 25 mgF/Kg
Mitochondrial peptide methionine
Qo23M1 sulfoxidrt)a rpeductase 75 25 mgF/Kg
Q5BK65 Negative regulztgécoi:;;eactive oxygen 113 25 mgF/Kg
P09057 Ornithine decarboxylase 48 25 mgF/Kg
Peroxisome proliferator-activated
QB11R2 receptor gamma coactivator 1-beta 51 25 mgF/Kg
Phosphorylase b kinase regulatory
Q64649 subunit alp?lla, skeletal muscle isoform 52 25 mgF/Kg
D3ZGW2 Protein Ap1g2 72 25 mgF/Kg
F7FKK4 Protein Atxn712 41 25 mgF/Kg
D32J52 Protein Fancm 88 25 mgF/Kg
D3ZT78 Protein Gm8225 99 25 mgF/Kg
D4A2F0 Protein Gnb1l 78 25 mgF/Kg
D3zD85 Protein Kat6b 57 25 mgF/Kg
F1IMASO Protein Krt32 103 25 mgF/Kg
FIMAF7 Protein Krt33b 113 25 mgF/Kg
Q6IFV6 Protein Krt35 103 25 mgF/Kg
Q6IFV5 Protein Krt36 113 25 mgF/Kg
F1M340 Protein LOC102557302 114 25 mgF/Kg
D3ZBDO0O Protein Msl1 55 25 mgF/Kg
MORS5K7 Protein Pradc1 133 25 mgF/Kg
Q66HG8 Protein Red 44 25 mgF/Kg
D3ZB81 Protein Slc25a31 61 25 mgF/Kg
MOR887 Protein Stap2 72 25 mgF/Kg
F1M155 Protein Svil 132 25 mgF/Kg
F1LZT3 Protein Tbata 64 25 mgF/Kg
D4A3Z3 Protein Tbc1d24 53 25 mgF/Kg
Q3ZB99 Protein Tjp2 44 25 mgF/Kg
D379B6 Protein Tmem200b 68 25 mgF/Kg
Q304F3 Protein Tnnc2 122 25 mgF/Kg
D3ZYY9 Protein Usp53 46 25 mgF/Kg
D3Z8EOD Ribosomal protein S6 kinase 50 25 mgF/Kg
A1A5P2 Ribosome biogenesis regulatory protein 88 25 mgF/Kg
homolog
D3ZDL1 Sulfotransferase 80 25 mgF/Kg
Q510H4 Transmembranepfgtcéiﬁo;Ied-coil domains 08 25 mgF/Kg
Q68FR8 Tubulin alpha-3 chain 49 25 mgF/Kg
Q5XIF6 Tubulin alpha-4A chain 49 25 mgF/Kg
Ubiquitin-like domain-containing CTD
Q5FWT7 phosphatase 1 56 25 mgF/Kg
P68255 14-3-3 protein theta 186 Control
D3zVD3 5'-nucleotidase, cytosolic IA (Predicted) 97 Control
035167 Acetylcholinesterase collagenic tail 55 Control

peptide
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F1M6X2

P11884

Q99JB3
Q9z1P2
Q9QXQ0

Q3KREO

P54258
088751
Q5U2W3
Q7MOE3
Q6AYE2

Q1JU6G8
Q6MG20
P04797

QOESV6
D4A4S3
Q6URK4

D32J08
Q6LEDO
P84245
D3ZP06
P25030
P04642
Q6QI82
Q6Ql43
Q6QI33
088989
Q66H84
P0O0770
Q9R1J44
Q9ERCO

QOEPI6

054728

F1LWB9
D4A8N1
D3ZM69
D3ZR63
Q62669
F1M4Q3
Q6IFVO
Q6IFU9
D4AC62
D4AEC9
P20650
D3ZNRO
D4A4R7

Acetylcholinesterase collagenic tail
peptide
Aldehyde dehydrogenase, mitochondrial
Alpha-(1,3)-fucosyltransferase 9
Alpha-actinin-1
Alpha-actinin-4
ATPase family AAA domain-containing
protein 3
Atrophin-1
Calcium-binding protein 1
Carboxypeptidase A5
Destrin
Endophilin-B1
Eukaryotic translation initiation factor 3
subunit A
General transcription factor Il H,
polypeptide 4
Glyceraldehyde-3-phosphate
dehydrogenase
Glyceraldehyde-3-phosphate
dehydrogenase, testis-specific
Heat shock cognate 71 kDa protein
Heterogeneous nuclear ribonucleoprotein
A3
Histone H3
Histone H3.1
Histone H3.3
Integrin beta
Keratin, type | cytoskeletal 20
L-lactate dehydrogenase A chain
LRRGTO00126
LRRGT00165
LRRGTO00175
Malate dehydrogenase, cytoplasmic
MAP kinase-activated protein kinase 3
Mast cell protease 2
Myocilin
Neuropeptide Y/peptide YY-Y2 receptor
NMDA receptor synaptonuclear signaling
and neuronal migration factor
Phospholipase B1, membrane-
associated
Protein Ankrd50
Protein Dpm1
Protein Epb4112
Protein Gfod1
Protein Hbb-b1
Protein Hmcn1
Protein Ka11
Protein Krt16
Protein Krt222
Protein LOC100360330
Protein phosphatase 1A
Protein RGD1560927
Protein Serpinaif

55

67
47
54
59

59

75
78
58
157
61

48

88

221

157
140
87

366
366
366
59
85
123
96
120
69
152
76
316
58
128

95

51

64

70

50

58
111
16
117
162
85

58

74
165
79

Control

Control
Control
Control
Control

Control

Control
Control
Control
Control
Control

Control

Control

Control

Control
Control
Control

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

Control

Control

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
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D3ZTT7 Protein Sun2 70 Control
D3ZLU5 Protein Tspyl5 155 Control
MOR8B6 Protein Tubb1 47 Control
E9PTE4 Protein Vom2r-ps125 53 Control
D3ZXJ3 Protein Zfp78 68 Control
P11345 RAF proto-oncog(.ane.serlne/threonlne- 91 Control
protein kinase
Q5XFX0 Transgelin-2 101 Control
P48500 Triosephosphate isomerase 115 Control
ASWCFS8 Tumor protein p6§r-orf[aegirL:lated gene 1-like 82 Control
B5DEI4 Ubiquitin-conjugating enzyme E2 W 166 Control

2ldentification is based on proteins ID from UniProt protein database,

(http://www.uniprot.org/).

Proteins with expression significantly altered are organized according to the ratio.

*Indicates unique proteins in alphabetical order.

reviewed only
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3 DISCUSSION

The doses of F administered chronically administered in the present study (10
mg/L and 50mg/L) are frequently employed in works of our research group (ARAUJO
et al., 2019; CARVALHO et al., 2013; DIONIZIO et al., 2019; LEITE ADE et al., 2007,
MELO et al., 2017; PEREIRA et al., 2018; PEREIRA et al., 2016), since lad to plasma
F levels in rats corresponding to those found in humans drinking water containing 2
mgF/L and 10 mgF/L (levels associated with dental and skeletal fluorosis,
respectively). This is due to the fact that rodents metabolize F 5 times faster than
humans (DUNIPACE et al., 1995). The World Health Organization has established 1.5
mgF/L as a safe limit in drinking water, with the average daily intake of F not exceeding
2 mg/day. However, in some regions of the world, in which there is already a high
concentration of F naturally, due to the presence of this element in the groundwater
from which the supply water is taken, it is estimated that the intake of F in some areas
may reach up to 27 mg/day (DEY et al., 2011). Besides some regions of Brazil, high
concentrations of F can also be found in other areas of the world, as in the case of
India (HUSSAIN; HUSSAIN; SHARMA, 2010). Therefore, the doses employed here
mimic those consumed by humans in areas of endemic dental and skeletal fluorosis.

As for the study involving acute exposure to F, the dose employed (25 mgF/Kg
body weight) corresponds to the probable toxic dose (PDT) for humans (5 mg/Kg body
weight). The PDT is the “minimum dose that could cause serious or life-threatning
systemic signs and symptoms and that should trigger immediate therapeuthic
intervention and hospitalization” (WHITFORD, 2011).

Considering that F is mainly absorbed by GIT, with roughly 70-75% of ingested
F being absorbed in the small intestine (NOPAKUN; MESSER, 1990; NOPAKUN;
MESSER; VOLLER, 1989), the intestinal cells are exposed to higher levels of F than
the cells located in other organs/systems, which is in-line with the gastrointestinal
symptons (abdominal pain, nausea, vomiting and diarrhea) commonly reported in
cases of excessive exposure to this ion (WHITFORD, 2011). Nonetheless,
morphologic and proteomic F-induced are only scarcely reported in the literature.
Recently, our research group employed morphological and proteomics approaches to
assess the changes in the duodenum of rats after chronic (MELO et al., 2017) and
acute (MELO, 2015) F exposure.
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Regarding the duodenum of chronically F treated animals: the group treated
with 50 mgF/L had a significant decrease in the density of nNOS-IR neurons. In
addition, significant morphological changes were observed in the HUC/D-IR and
NNOS-IR neurons, as well as in the VIP-IR, CGRP-IR and SP-IR varicosities for the
groups treated with 10 and 50 mgF/L. Profound proteomic changes were observed in
the both F-treated groups. In the group treated with the lowest concentration of F, most
of the proteins with altered expression were increased, while the largest F
concentration mostly lead to downregulated proteins. Many altered proteins were
correlated with the neurotransmission process, essential for the function of the GIT
through the control of the ENS. In addition, the protein polymerization process was one
of the most affected biological processes, which helps to explain the negative
regulation of many proteins after exposure to 50 mgF/L. As for acute exposure to F,
the most affected biological process in the duodenum of rats was “generation of
precursor metabolites and energy”, in addition to the considerable histological and
immunohistochemical changes found.

Knowing that the different segments of the small intestine (duodenum, jejunum
and ileum) have different anatomical, histological, physiological and functional
characteristics (GUYTON; HALL, 2015), this study evaluated proteomic changes in the
jejunum and ileum segments of rats treated with chronic and/or acute doses of F, in
order to correlate with the morphological and histological changes found in the study
by our group (MELO, 2015). With this rationale in mind, the present thesis comprises
three articles, divided as follows: 1) proteomic analysis of the jejunum of rats treated
with chronic doses of F; 2) proteomic analysis of the ileum of rats treated with chronic
doses of F and 3) proteomic analysis of the jejunum and ileum of animals treated with
acute dose of F. The morphological analysis conducted in all these experiments in a
previous thesis by our group (MELO, 2015) was included in each of these 3 articles, in
order to, together with the proteomic analyses, provide insights on the mechanisms
involved in the F toxicity.

The data taken together show that, regardless of the segment analyzed in the
chronic treatment with both concentrations of F in the water, mostly an increase in the
expression of proteins was observed in the presence of F, which might indicate an
attempt of the body to fight F toxicity (Tables S1-S5 article 1; S1-S2 article 2). However,

when F was administered in acute manner, there was a great reduction in protein
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expression in comparison to the control groups (Tables S1-S2 article 3). This finding
suggests an inhibition of protein synthesis by exposure to the acute dose of F.

Our proteomic data related to the chronic treatment with F, regardless of the
intestinal segment, show a great impairment of biological processes such as energy
metabolism, cellular respiration, NAD metabolic process, oxygen transport, in addition
to pathways induced by oxidative stress, protein synthesis, involvement with the neural
part, response to pain and injury, muscle and cytoskeleton changes (Article 1-2). This
shows that intoxication cause by a non-lethal amount of F administered for a prolonged
time affects the jejunum and ileum more broadly, altering distinct biological processes.
These alterations suggest and attempt of the organism to combat this toxicity, which is
in-line with studies conducted in other organs/organelles, such as liver (DIONIZIO et
al., 2019; PEREIRA et al., 2018) and liver mitochondria (ARAUJO et al., 2019).

As can be denoted from the analysis of the interaction networks, in the jejunum
most of the proteins with altered expression in our study interact with proteins such as
GLUT4 and Polyubiquitin-C (Fig.5-6 article 1), and in the ileum with 5-AMP-activated
protein kinase catalytic subunit alpha-1; 5-AMP-activated protein kinase subunit beta-
1 and GLUTH4 (Fig.1-2 article 2). GLUT4 is a glucose transporter, which plays a key
role in removing glucose from the circulation (UNIPROT, 2019). In the jejunum, several
proteins related to energy metabolism interacted with it GLUT4 such as L-lactate
dehydrogenase A chain (LDH) (upregulated 10 mgF/L- Fig.5 and table S4 article 1);
malate dehydrogenase, mitochondrial (downregulated 10 mgF/L- Fig.5 and table S4
article 1); isoform 1 of cytochrome ¢ oxidase 4 (only control group Fig 5. Table S1
article1) and the mitochondrial and NADH dehydrogenase [ubiquinone] flavoprotein 2,
mitochondrial (only control group Fig.5 table S1 article 1). In addition, in the group
treated with 50 mgF/L, the following alterations were found: Malate dehydrogenase,
mitochondrial (downregulated 50 mgF/L Fig.6 Table S5 article 1); Malate
dehydrogenase, cytoplasmic (only control group Fig 6. Table S1 article1); NADH
dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial (only control group Fig.5
table S1 article1); ATP synthase beta, mitochondrial subunit (downregulated 50 mgF/L
Fig.6 table S5 article 1) and L-/actate dehydrogenase A (LDH) (upregulated 50 mgF/L
Fig.6 table S5 article 1). It is also important to highlight some isoforms of Rab proteins
such as Rab 10 and Rab 14, which are necessary in the translocation of GLUT4 to the
plasma membrane, making it easier glucose absorption, as well as Rab 3A, which is
involved in insulin release (BREWER et al., 2016; LOBO et al., 2015; SANO et al.,
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2007). These three isoforms, in the jejunum, were only found in the group treated with
10 mgF/L (Table S2 article 1). This is in-line with previous studies from our group. In
one of them, in which with rats with streptozotocin-induced diabetes were exposed to
10 mgF/L, increased insulin sensitivity was reported (LOBO et al., 2015). In another
one conducted with non-obese diabetic (NOD) that spontaneously develop type 1
diabetes along time, exposure to water containing 10 mgF/L reduced glycemia
(MALVEZZI et al., 2019), which might also be related to our current findings involving
the Rab proteins. In the Malvezzi et al. study (MALVEZZI et al., 2019), an increase in
antioxidant proteins in the liver upon exposure to F was possibly related to the anti-
diabetic effects of F, since oxidative damage in the pancreatic islets is associated with
the onset of diabetes (BOGDANI et al., 2013), but this needs to better addressed in
future studies. In the present study, peroxiredoxin-6 was upregulated in the jejunum
in the group treated with 50 mgF/L (table S5; article 1). This protein helps to protect
the body against oxidative stress (HOFMANN; HECHT; FLOHE, 2002). Itis well known
in the literature that F provokes oxidative stress (DIONIZIO et al., 2019; PEREIRA et
al., 2016). Moreover, in the gastrocnemius muscle of mice treated with 10 mg/L and
50 mgF/L, and in the liver of mice treated with 10 mgF/L, increased expression in
proteins involved in the energy metabolism was found, which can be related to the
lower plasma glucose levels found (MALVEZZI et al., 2019). Regarding alterations in
proteins involved in energy metabolism, it is believed that an increase in LDH
(increased in the jejunum upon exposure to both F doses), which is an enzyme
responsible for converting pyruvate into lactate with regeneration of NADH into NAD+,
may be an alternative way for the body to provide the lack of oxygen for aerobic
oxidation of pyruvate and NADH produced in glycolysis (LEHNINGER; NELSON; COX,
2002). Increased LDH activity in the serum of infants who consumed water containing
more than 2 mg/L was already reported (XIONG et al., 2007), in-line with our findings.
This increase in LDH is a response of the organism upon decrease in enzymes related
to oxidative phosphorylation and proteins belonging to the Krebs’ cycle that are largely
affected by F (ARAUJO et al., 2019). However, the rate of ATP production through
anaerobic pathways is much lower than that of aerobic pathways, in-line with reports
of reduced ATP production induced by exposure to high doses of F (BARBIER;
ARREOLA-MENDOZA; DEL RAZO, 2010; STRUNECKA et al., 2007).

In the ileum, proteins related to the energy metabolism were also altered, such
as NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial (only control group
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Fig.1-2 table S1-S2 article 2); ATP synthase subunit beta, mitochondrial
(downregulated 10 mgF/L Fig 1 table S1 article 2 ) and Phosphatidylinositol-binding
clathrin assembly protein (regulation of protein transport - (only control group Fig.1-2
table S1-S2 article 2)). This might be compensated by an increase in Heat shock
protein HSP 90-beta (transcription regulatory proteins; ATP binding) (UNIPROT, 2019)
- upregulated 10 mgF/L Fig 1 table S1 article 2), Peroxiredoxin-4 (helps protecting
against oxidative stress (HOFMANN; HECHT; FLOHE, 2002) - only 10 mgF/L Fig 1
table S1 article 2), and D-3-phosphoglycerate dehydrogenase (only 10 mgF/L Fig 1
table S1 article 2), which is responsible for catalyzing reversible oxidation of 3-
phospho-D-glycerate in 3-phosphonooxypyruvate (UNIPROT, 2019). F also affected
other proteins involved in the energy metabolism in the ileum, such as 14-3-3 protein
theta and 14-3-3 protein eta, Prohibitin-2, 4-3-3 protein gamma, 14-3-3 protein epsilon
(exclusively found in the 50 mgF/L Fig 2 table S2 article 2). Despite proteins related in
energy metabolism were also altered by F in the ileum, the alterations in the jejunum
were more pronounced and the rationale for this should be addressed in future studies.
It should be highlighted these changes in metabolism-related proteins were more
evident in the jejunum and ileum than in other organs in studies evaluating F doses
similar to the ones employed in the present study (GE et al., 2011; KOBAYASHI et al.,
2009; LOBO et al., 2015; NIU et al., 2014; PEREIRA et al., 2018; PEREIRA et al.,
2016; PEREIRA et al., 2013; XU et al., 2005). The reason for this is the fact of most of
the F ingested is absorbed from the small intestine (NOPAKUN; MESSER, 1990;
NOPAKUN; MESSER; VOLLER, 1989), which makes cells in the intestinal wall
exposed to higher doses of F than cells in other organs.

Due to the important role of the ENS to control the function of the GIT
(FURNESS et al., 2004), morphological data related to the ENS obtained in a previous
study (MELO, 2015), were in the 3 articles here presented, correlated to the proteomics
data. In the jejunum, several proteins of the Rab family were expressed exclusively in
the group treated with 10 mgF/L (Table S2 article 1). This may indicate that this
concentration of F can affect neuronal functions, since several Rabs regulate different
processes in the neuronal environment. In the study by MELO (2015), 10 mgF/L
decreased enteric neuronal density (Density HuC/D-IR neurons), which can
compromise enteric neuronal activity. The several Rabs proteins expressed
exclusively in this group may reflect an attempt by the organism to keep
neurotransmission unchanged in the presence of F (HOLZER; HOLZER-PETSCHE,
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1997; HOLZER,; LIPPE, 1984; MELO et al., 2017; RIVERA et al., 2011). In addition,
proteins involved in neural homeostasis, were found exclusively in the group treated
with 50 mgF/L (Table S3 article 1), such as Tektin-2; Perforin 1 and Mitochondrial
fission 1 protein. This may reflect a toxical effect of F on the ENS, reflecting in
decreased density of the general population of neurons (density of HuC/D-IR), as well
as in a decreasing density of nNOS-IR neurons, both of which was also reported by
our group (MELO, 2015). Interestingly, these three proteins are also involved in
pathways that lead to cell death (UNIPROT, 2019).

Changes in the chromatin of neurons strongly contribute to changes in neuronal
circuits and it is possible that histone activity is involved in disorders that compromise
neuronal function. Thus, changes in the expression of histones (downregulated in the
jejunum upon exposure to 50 mgF/L; Table S5 article 1) may have contributed for the
changes found in the morphology of enteric neurons in response to exposure F in the
jejunum (MAZE et al.,, 2014; MELO, 2015; RICCIO, 2010). In addition, structural
muscle proteins, such as different isoforms of actin and myosin, were increased or
exclusively found in the group treated with 50 mgF/L (Tables S3 and S5 article 1),
which helps to explain the increase in the thickness of the tunica muscularis and
jejunum wall (CHU et al., 2013; MELO et al., 2017; SOARES et al., 2015).

In the ileum, both doses of F lead to an increase in the thickness of the ileum
tunica muscularis, as well as in the total thickness of the wall (MELO, 2015). In this
segment, positive regulation of several proteins of the myosin family was also found,
both doses of F (Table S1 - S2-article 2). The increase in these proteins has been
reported as a possible justification for the increase in the the thickness of the ileum
tunica muscularis, as well as the in total thickness of the ileum wall (CHU et al., 2013;
MELO et al., 2017; SOARES et al., 2015). Moreover, it is widely known that F, the most
electronegative component of the periodic table, has great affinity for Ca* 2, thus
binding to this ion (BUZALAF; WHITFORD, 2011). The low availability of free Ca*2 may
be related to the decrease in Calmodulin-2, since this protein was identified exclusively
in the control group. Calmodulin is also responsible for initiating muscle contraction,
activating myosin cross-bridges (GUYTON; HALL, 2015). Thus, the increase in
members of the myosin family in the groups treated with F may be a mechanism to
neutralize the lower availability of Ca*?, but interestingly this protein was only found in
the ileum (Table S1-S1 article 2 and Table S2 article 3), which should be further
investigated.
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In the jejunum and ileum an increase in SP-IR was found in both doses.
Moreover, in the jejunum a decrease in NO-IR was also found in the 50 mgF/L group.
This may resultin a change in the contraction of the intestinal smooth muscle. Together
with VIP and NO, SP makes is one of the neurotransmitters responsible for controlling
intestinal motility. In both segments, upon treatment with 50 mgF/L, there was an
increase in VIP. Vipergic alterations can lead to a decrease in the tonus of the intestinal
smooth muscles. These findings may result in diarrhea or even increased susceptibility
to intestinal infections, possibly due to reduced intestinal transit (HOLZER; HOLZER-
PETSCHE, 1997; HOLZER,; LIPPE, 1984; MELO et al., 2017; RIVERA et al., 2011).

Remarkably, this is the first study to provide a molecular rationale to explain the
occurrence in diarrhea, which is the main signal in people intoxicated by F.
Gastrotropin protein is mainly expressed in the ileum and is important for transporting
bile salts into the ileum (DAVIS; ATTIE, 2008; GROBER et al., 1999; IlIZUMI et al.,
2007; LANDRIER et al., 2006; MARVIN-GUY et al., 2005; THOMPSON et al., 2017).
The reduction of this protein can lead to the primary malabsorption of bile acids
(BALESARIA et al., 2008; JUNG et al., 2004; KEELY; WALTERS, 2016). It is plausible
that the reduced expression of the bile acid transporter, without other evidence of
damage, produces idiopathic bile acid malabsorption, since the loss of expression is
clearly the mechanism of malabsorption and diarrhea in ileal resection or inflammatory
disease (BALESARIA et al., 2008; JUNG et al., 2004; KEELY; WALTERS, 2016). The
presence of unabsorbed bile acids in the colon leads to diarrhea, by stimulating the
secretion of liquids and electrolytes, since the Bile acids exert their effects on the
transport of colonic fluid through direct and indirect actions on the epithelium
(BALESARIA et al., 2008; KEELY; WALTERS, 2016; LUMAN et al., 1995; ROSSEL et
al., 1999) (Fig. 3 article 2). In the present study, the chronic exposure of the ileum to F
led to several effects also found in Crohns’ disease (CD), such as increased thickness
of the ileum wall, increased SP-IR and VIP-IR varicosities, as well as a decrease in
bile acid transporters, such as Gastrotopin for both F doses. These findings might help
to explain common gastrointestinal symptoms shared in cases of exposure to high
levels of F and CD, such as changes in the intestinal motility and diarrhea. A possible
association between exposure to F and inflammatory bowel disease (IBD) has been
suggested, but the absence of direct studies on this association does not allow any
definitive conclusions (FOLLIN-ARBELET; MOUM, 2016). Although these two
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identities share common characteristics and symptoms, additional studies are needed
to provide unambiguous evidence about this relationship.

The proteomic changes found in the ileum and jejunum of animals treated with
an acute dose of F, as well as the morphological changes found in our previous work
(MELO, 2015), mostly reflect alterations in structural proteins, as well as in proteins
involved in the apoptotic process, which together may be related to the main
gastrointestinal symptoms in cases of acute F toxicity. In other words, since a large
dose of F in ingested at one time, the organism does not have any change to adapt to
the effcts of F, which explains the alterations in structural and apoptotic proteins,
differently to which is observed when chronic doses of F are ingested along time. As
found in the chronic treatment, several proteins interacted with GLUT4 and are
involved in energy metabolism, in this case mainly carbohydrates metabolism. These
proteins were reduced or even absent in the jejunum after acute exposure to F, such
as mitochondrial malate dehydrogenase, cytoplasmic chain dehydrogenase, L-lactate
dehydrogenase A, PKM pyruvate kinase and glyceraldehyde-3-phosphate
dehydrogenase (Fig. 1- Table S1 article 3), while Malate dehydrogenase, cytoplasmic
chain and GAPDH were also decreased or absent in the ileum after exposure to F
(Fig.3 - Table S2 article 3). Again, we noticed a greater impairment of the jejunum
when compared with the ileum. In addition, the beta subunits of ATP synthase,
mitochondrial and alpha subunit of ATP synthase, mitochondrial, key enzymes in the
respiratory chain, were downregulated in the jejunum after acute exposure to F (Fig.
1- Table S1 article 3), which corroborates the impairment in energy metabolism.
Contrarily to which was seen in the chronic treatment, upon the acute exposure to F
the organism might not have had time to adapt to its toxic effect, which means that the
the loss of energy may have not been repaired. According to the literature, some of the
initial symptoms of acute toxicity are generalized weakness, drop in blood pressure
and disorientation (BUZALAF; WHITFORD, 2011; WHITFORD, 2011), which might be
caused by decreased energy levels in the body.

Some proteins involved in the control of cell proliferation were differentially
expressed upon acute exposure to F. Transgelin-2 was increased in the jejunum
(Table S1 article 3) and absent in the ileum (Table S2 article 3). The increase in this
protein is associated with the development of cancer, while its suppression leads to
inhibition of cell proliferation, invasion and metastasis (RIVERA et al., 2011; YAKABE
et al., 2016). Recently, transgelin has been shown to be increased in colorectal cancer




Discussion 127

(ZHOU et al., 2018) and has been suggested as a potential biomarker for cancer, as
well as a potential new target for cancer treatment (MENG et al., 2017; RIVERA et al.,
2011). In addition, Stress-70 protein, mitochondrial identified exclusively in the jejunum
after acute exposure to F (Table S1 article 3). In the jejunum, the Stress-70 protein,
the mitochondria also interacted with the heterogeneous nuclear ribonucleoprotein K,
which was also an interaction partner in the ileum. This protein is one of the main pre-
mMRNA binding proteins, playing an important role in the response of p53/TP53 to DNA
damage, acting on the level of activation and repression of transcription, being
necessary for the induction of apoptosis. In the jejunum, another identified protein that
interacted with heterogeneous nuclear ribonucleoprotein K was DEAD box polypeptide
5 (Asp-Glu-Ala-Asp) (DDX5), an RNA-binding protein overexpressed in various
malignant tumors (JANKNECHT, 2010), since it causes growth (SAPORITA et al.,
2011) and metastasis (YANG; LIN; LIU, 2006), through the activation of several
oncogenic pathways (YANG; LIN; LIU, 2006). In the present study, however, DDX5
was absent in the jejunum after acute exposure to F (Table S1 article 3). DDX5
depletion has been reported to cause apoptosis by inhibiting the target of rapamycin
complex 1 (mTORC1) mammals (TANIGUCHI et al., 2016). Fluoride-induced
apoptosis has been widely reported in the literature (BARBIER; ARREOLA-
MENDOZA; DEL RAZO, 2010; RIBEIRO et al., 2017). In the ileum, the stretching factor
1-alpha 1 (EF-1 a) that interacted with the heterogeneous nuclear ribonucleoprotein K
was reduced with acute exposure to F in ileum (Fig. 2- Table S2 article 3), which is
also related to the induction of apoptosis, since elevated levels of EF-1 a are observed
during neoplasic transformation and in tumors (GRANT et al., 1992). Accordingly,
aldehyde dehydrogenase mitochondrial (ALDHZ2) was absent after acute exposure to
F (Table S2 article 3). Pharmacological inhibition of ALDHZ2 alone induces
mitochondrial dysfunction and cell death (MALI et al., 2016). These findings are
important because some reports incorrectly associate exposure to F with the incidence
of osteosarcoma (BASSIN et al.,, 2006; RAMESH et al., 2001) and bladder cancer
(GRANDJEAN et al., 1992). Our findings, however, provide additional support for the
safety of using F in this regard, since, even when administered in high doses, as in the
present study, F causes changes in several proteins that lead to apoptosis instead of
cell proliferation.

There were also altered proteins associated with the cytoskeleton in both
segments, some of which are linked to actin. Actin is one of the most abundant proteins
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in eukaryotic cells, participating in different cellular processes, such as cell
differentiation, proliferation, apoptosis, migration, signaling (KRISTO et al., 2016) and
regulation of the actin cytoskeleton (ARTMAN et al.,, 2014). In line with this, it is
important to highlight that the categories with the highest percentage of associated
genes, revealed by the functional classification, were “actin filament binding (14.1%),
“calmodulin binding” (14.1%) and “structural constituent of the cytoskeleton” for the
jejunum (Fig. 2 article 3) and “intermediate filament-based process” (21%) for the ileum
(Fig. 4 article 3). Changes in proteins involved in the cytoskeleton may explain some
of the morphological findings of the present study. Both in the jejunum and in the ileum,
the thickness of the tunica muscularis decreased significantly in the group that received
the acute dose of F, when compared to the control. In contrast, when administered
chronically, an increase in the tunica muscularis was observed for both segments,
which is believed to be due to increased expression of structural proteins, which was
not seen in the acute exposure to F. This change is considered one of the possible
explanations for the impairment of intestinal motility after exposure to F (VITERI,
SCHNEIDER, 1974). For the inhibitory control of motility, the main neurotransmitters
involved are NO and VIP (BENARROCH, 2007), which were reduced in the group
exposed to F in the ileum and increased in the jejunum. These findings agree with
those found by our group in the duodenum (MELO et al., 2017) and jejunum (DIONIZIO
et al., 2018) of rats treated chronically with water containing 10 and 50 mgF/L.

In conclusion, proteomics combined with morphologic analysis, both in cases of
acute and chronic exposure to F, allowed us to provide mechanistic rationales for the

signs and symptons commonly reported in cases of F intoxication.
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ANEXO B - CARTA DE DOAGAO DAS PEGAS ANATOMICAS

TERMO DE DOAGAO DE PECAS ANATOMICAS

Carna Guimarees de Souza Meio, nscrita no CPF 304430188-20, siluadalo) & Av. Affonso
Jose alsln, 8-200, Condominia Villagalo Il easa D-19, na cidades de Bauru, estado de Sao
Paulo, telefone (14} 32392568, a-mail carinamgs & yanoo.com.br, DOA, por esta instrumants, a
quantidade de 30 (irinta) fles & 30 (tinta) jejuno (parte do intesting delgado) da ratos Wistar
macho, obtidas no proeto de pesguisa aprovado pela CEEPA (Proc. CEEPA n® 014/2011),
s0b responsabilidade do Profa. Dra. Marilia Afonso RAabelo Buzaial, para desenvolvimento da
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cronica de fluoreto.”, sab responsabilidade do pesquisador Profa. Dra, Marflia Afonsc Rabelo
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ANEXO C — ARTIGO PUBLICADO SCIENTIFIC REPORTS (ARTIGO 1)

SCIENTIFIC REPg}RTS

OFEN Chronic treatment with fluoride
affects the jejunum: insights from
proteomics and enteric innervation

ey analysis

Puhlished cnline | Febmry H113 ! Afine Salgado Dicnizie®, Carina Guimaries 5 Male? Esabela T ini Satiino-Arias?

: Talita Mendes Silva Ven tura®, A line Lima Leite?, Sara Raguel Garda Souza®, Enka Xavier

| Santos®, Alessandro Domingues Heubel, Juliana Gadelha Souza?, Juliana Vanessa Colombao
Martins Perles?, Jacgueline Nefisis Zanoni® & Manlia Afonso Rabelo Buzalaf®

. (zastrointestinal syrmptoms are the first Sgns of fluonde (F) toxadty. In the presant study, the jejunum of
¢ rats chronically exposed to Fwas evaluated by prateomics, aswell as by morphodogical analysis. Wistar
: rats received water containing 0, 10.or 50 magFiL during 30 days. HuC/D, neuronal Nitric Codde (inNOS),
| Vasoactive Intestinal Peptide (ViP), Calcitonin Gene Related Peptide (CGRP), and Substance P (SP)

i were detected in the myentenic piesius of the jejunum by immuncfivorescence. The density of nNOS-R
| neurons was significantly decreased (compared to both cortrol and 20mgFiL groups), while the vir-iR
© wancosities were significantly increased (compared to control) in the group treated with the highest

: Froncentration. Significant monphological dhanges were seen obsarved inthe density of HUC/D-R

: newrons and in the area of SP-IR varicosities for F-treated groups compared to control. Changes in the

. abundance of wanous proteins comelated with relevant biological processes, such as protein synthesis,
; ghucose homeostass and energy metabofism wers revealed by protecmics.

Fuanride {F) is conmidesed one of the essential iements for the maintensnce of the normal cellalar processes
; the organimm and is largely employed in dentistey to control dental caries”’. However, when sxcessve amoants
¢ ure ingested. F can induce oridative stress and lipid peroxsdabion; alter mivacellolar homeostasis and cell oyde,
¢ disrupt commumication between cells and signal transduction and indsce apapeosis’.

: Mearty 25% ol ingested F is ahsorbed from the stomach as an undissocated mobecode (HF) in a process that
¢ isinversely related to pH®, while the remadneder is absorbed in the innic form (F ) from the smal] intestine, in a
¢ pH-ircependent marmar’. Due ba iy major role in F shsorption, the greincintestingd tract (GIT) is ragarded 2 the
: principal way of expasiure to F. Thus, g,ash'l!:ll.s:.mﬂ symptoms, ncndmg mogion sidmess, vamiting, diarrhe
: and abdominal pain are the firs: signs af ¥ ioxiciy” o

: The Enteric Mervous System (ENS) is ar interiinked network of neurons disposed in the intestina waEs that
: comérods the famction of the GIT". Due to its control fanction, changes in ENS affect the absorptinn, secretion,
: permzalﬁ]k::.‘m.ﬂmn:tilﬂjrnfmel:[]"’.R.emu"r.irn.n:mnﬂumucmc! techmiques revealed important alterations
¢ i the morphology of different types of enteric nearons and protecmic analysis demonstrated changes in the
| expression of severz] proteins of the duoderum af rats'" after chronic sxposare la F, providing the first msights for
the comprehension of the mechenisms underlying the actions of F on the bowel. However, the effect of F on the
. ENS and proteomic profile of the jejunum has never been reporied. Considering that esch segment of the small
| intestine has distint aatomical, histological and phyriologicel characteristios with functional implications ™, this
¢ uhdy evalumed the morphalogy of distinet subtypes of enteric nenmas af the jejumem afier chronic sxposare to
i . CQmaniitative label-free proteomics tools wene employed to evaluxie the changes on the patiern of protein profile
: of the jejunum, afier exposure to P, in sttempt 1o provide mechanistic explanations for the effects of this ion in
¢ theintestine.

: dnepartment of Bolbgicl Scinces, Bauru 5 hoal of Denmestry, Uneverstyof Sa fau b, Bauny, Bramd. Department
: of Mo hoplps nbog cad Sciences, State Unmarsity of asngd, Masngd, Srazl Correspondenceand requests
¢ raheniats s houkd be sdd s sed B0 WUA S B demad- mimralaf[Efoh. vsn b
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Material and Methods
Animals and treatment. The Fthics Committee for Animal Experiments of Eaure Dental School,
University of 5o Panle all experimental protocols (#0420 11 and #0127016). All sxperimental pro-

oscnls were: approved by, The assyys conformed with the guidelines of the Mational Research Council. Eghieen
acull male mts (60 days of life - Rattus morvegicus, Wistar type] were mndomly assigned to 3 groups (o-— 6/
group), They remained one by mne in metahalic cages, having access o water and food ad Hitumr onder standsed
conditions of Bght and temperature. The animals received deionived water (mgFiL), 1 mgli'L and 530 mgFil. for
3 days as sodiom Boorsde {MalF) dissolved in dejonized water, in order &0 simulabe chronie mborication with E
Since rodents metabalive F 5 Gmies faster than humans, these F concenirations correspond 1o -1 and 1Fmg/L in
thie drinking water of hamans". Afier the evperimental perind, the animals received an intramuescualar injection
of znestheticand masde refamant (ketamine chiorhydrate and rvimine dlorbydade, respectively]. While the mis
were anesthelized, the peritoneal and thomcic owibes were exposed, and the beart was punctured for blood ool-
lection, using a heparmived syringe. Pl was obis ned by centrifogation ai B0 g for Sminutes for queniifica-
tion of F, described in 2 previous publicatinn . Afer binod oolflection, the jeumum was collected for hastologacal,
immunioflusrescence and proteomic enalysis. For the collection of the jefanam, animal chow wes removed from
ihe andmals [ Ehours prior the euthanasia to decrease the volume of feml mzierial inside the small intestine, fcil-
itating the cieaning process for posterior processing. Afier lzparotomy, to remove the jejunom, nitalky the small
imtesting was localized, and the jefanum proximal limit was identified by the portion sfter the doodenoj sjunal
flexure that is attached to the posterior abdominal wall by the ligament of Treitz Afier inciaons i the flexne
and ligament, 20 centimeters distally to the ncision were despesed snd then £5 centimeters of the jeiunum wene
harvested for processng, Afier harvesting, the jejunum was washed with 'BE solubion applied several tanes with
1 gyringe in the lomen o remove compi etely any residue of fecal material.

Histological anabysis.  This analysis was performed exactly as described by Melo, et al V.

Myenteric plexus immunohistochemistry, morphometric and semi-guantitative analysis.
These analyses were performed exactly as described by Melo, ef al™

Proteomic analysis. The frozen jejunum was homogenized in 2 cryogenic mill (modsl 6770, SPEX,
Metachen, NJ, EUA). Samples from 2 animals were poaled and anabrses were crried oot io triplimtes. Protsn
exiractionwas performed by incubation in fysis baffer (7 M wrea, M thiourea, 40mM DTT, off diluied in AMBIC
'mlnﬁnnnmd.:r:mm:mndtmhmmmf@duldmﬂmE:T_'!:Imﬁ.natd'f:.ndﬂ::stq:-s
natznt was collected. Protein quantification was performed ™. To 5 ;L of sach sample {containing 5ij.g pro-
tein} 25 pl of 0.2% Eapigest (WATERS cabe 1560{ L8461} was added, followed by agitation and then 10 3L 30mM
AMBIC were added . Samples were incuhated for 30 min at 37 °C. Sanples were redmced (2.5 pl | 00mM INTT;
BIDRATL, cate 161-061 1) and allylated (2.5 pL 300 mM IAA; GE, cate RPN 6302 V) under dark at room tem-
peratnre for 3bmin. Mgestion was performed at 37 °C overnight by adding LH ng trypsin (PROMEGA, cad
#W 525, After digestiom, 10 pL of 3% TFA were added, mcubated for 90 min at 37°C and sample was centrifuged
(140N rpm a6 °C for 30 min). Supernatant was purified using C I8 Spin columes (PIERCE, ca2 £895870). Samples
were resaspended i 200 L 3% ooetonitride:

LC-M5/M5 and bicinformatics analyses. The peptides identification was done on a naraAcquity
LPLE-Xevo OTal M5 system (WATERS, Manchesier, TK), using the FLGS saffwars, as prevsousty described'.
Difference in abundance among the groups was abtmned wing the Monte-Carlo algorithm in the Proteinlynz
Global Server (PLG ) software and displayed as p < .05 for down-regalated proteios and £ — p= 0.%5 for
np-regulated proteins. Bioinformatics anafysis was done to compare the trested groops with the oontrol group
| Tables 51-55), as previoosty reported’” ™. The software CY TOSCAPE 2004 (JAVA) was nsed to build netwaorks
af molecudar mnbemcton between (he idenbified probeins, with the aid of (JueeGo and Cluster Marker applications.

Results

Morphological analysis of the jejunum wall thickness. The mean (-£50) thickress of the jeju-
nam tunics muscalaris was significantly higher in the 50 mgl/L (93,04 14 pm?) when compared 1o comiml
(8154 1.1 pm™ and 10 mgF/L (341 £ 1.5pm’) groups [Bonferrond’s test, p o (.05) The total thickness of the
jejunum wall was significantly lower in the 50 mpEvL (742254 7.8 pm®) and 10 mgFiL [734.4 4+ 1 B pm®) when
compared to contral (75315258 |.|n:|:] {Bonferroni’s test, p < OS)

i Hue /D — IR nevrons analysis.  When the gereral popaiation of neuron was morphometrically
analyeed. the cell bodies arens (um?) of the Hu(2/D- IR nearuas were not significansly different among the groups
{p== 0A15). In the semi-quntitative amabyses {nearonsicm?), 3 Sgnificant decrease in the density was observed in
ihe treated groups when compered with contral (pec 05} (Table 1),

Myenteric nNO5 -IR newrons analysis. The cell bodies areas (pm?) of the n¥OE IR nearons did
nat present @ significant difference among the groaps (p > 0L05) in the morphometric amatysis. As for the
semi-qmnbnbive ambyses, a decrease in the mean valoe of the density hmcmumém_h:ﬁmgﬂlm
compared with the ciher groups was observed {p 005 Table 1)

ic varicosities VIP-IR, CGRP-IR or SP-IR morphometric analysis. A sgnificant increase
i the VTP IR varicosity areas (pm®) was detected in the group treated with 50 mgF/1 when compared with the
comirod group (p < 0405} For the CGRP-IR varicoxity areas, the groups did not differ significantdy (p = 005).
Howrever, SP-IF varicosity ares were significanity moreased in the treated groups when compared with control

LCENTEF L REFDATS | OIRIET750 | D00 103910083 M E33-4 .
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Table 1. Means and standard erroos of the values of the cell bodies areas 2nd densaty of HUCD- TR and
nN0S- IR nearons and Y1P- IR, (2GRP-IR, and 5P-IK values of myenleric megrons varicosibes anszs of the
igjumurn of rats chronically expozsd ar not to {loarids in the drinking water Means followed by different Letters
ini the same line are significantty different according o Fisher's test (density HoCrD- IR and n’N05- IR nearnns)
ar Tikey's iest {oiher varmbles). p < 005 o= &

In addition, the group treated with [{imgF/L presented 2n area significanily bhigher than the groop treated with
S mgF/L (Table I).
Typical images of the mmmunaloorescences are shirer o Figs 1 and 22

Proteomic analysis of the jejenum.  The total numbers of proteins identified in the control 10 2nd 50
megFiL groups were 264, 343 and 371, respectively. These proteins were present in the 3 poodsd semplos for ach
group Among them, BI [Tabl=81], 120 {Tahle 52} and 99 { Table 53} prot=ins were umguely idengified in the con-

trod, 10 mgF/L and S0 mglil groups, respectively. In the quuntitative analysis of the 10 mgP/L w. control groug,
30 proteins with change in expression were detected (Table 54). As for the comparison 50 mgFiL vs. control
group, 4 pmirins with change n expression were fomnd (Table 55). Most of the proteins with changed expression
were upregulated im the groups treated with F when oompared with the comtood growp (21 and 33 proteing in the

treated with 10 mgliL and 5 mgF/L, Tabies 54 and 55, respectively).

Fagures 3 and 4 show the fimctinnal dassification acoonfing to the bological process with the most significint
term, fior the comparisons 1 mgF'L vi. controd and 53 mg#/L vs. contral, respectevely. The group exposed to the
highest F concentration had the largest alteration, with change in 15 functional categories {Fig. 4). Among them,
the catepariey with the highes! percentage of axsociated genes were: Calalsr respiration { f4 3%), NAD messholic
process | 10.2%]), Ooygen transport { 10.2%), Chromatin slencng (8.2%) and ER-associated ohiguitin-dependent
proiein catabolic process (8.2%). Exposore io the lowesi F concentration miluenced [2 functional categories
{Fig. 3}. The hiological processes with the highest percentage of affected genes were: Micotinamice cudeotide
meetabalic process [25%), Regulabion of neuronal symaptic plasticity [11.4%), NAD metabalic process { 15.9%)
and Positive regulstion of respanse to wounding (5.0%). 1t should be highlighted that Regulation of oxidative
siress- mduced imirimsic apoptobic Sgmaling pathway was ise identfed, with 4 5% of affecied peoes {4 5%).

Figures 5 and £ show the subnetworks created by CLUSTERMARE for the comparisnns 10 mgP/L ve. con-
tral ard 30 mgFiL vs. control, respectively. For the 10 mgF'L group (Fig 5), most of the proteins with changes
in expression mteracted with Solute carrier fomily 2, faciliteied plucoss transperter member  {GLUT G P19357)
and Small whiywitin-rehated modifier 3 (Q5EXIPE) (Fg. 3A) or with Polpabigrifin-C (634297 and Bonparion fac-
tor 2{POS19T) (Fig. S As for the group reated with 50 mgFilL; most of the proleins with dange in sxpres-
siom interactad with GLUTY (PI2357) and Mifogen-activated protein binase 3 (MAPE3: P21708) [Fig. &4 ar
Polyuhiquitin-C [Q63439) {Fg. €1}

Discussion

The small imestine s responsible for sbsorpticn af sround T0-75% of 770 As consequence, gastrointestinal
symptams, such as abdominal pam, mausea, womiting and diarthies, are the mnst common oocurrence in cases of
excessive ingestion of 7 ®. The mechanisms undertying these changes remuin o be determined. Recently, cur
grocp look ad af immunafluorescence and protecmics techmiques to evaluate changes in the deodenum
af rats a.IL:rdl.rmxﬂ.'pﬂmln F". The group treated with 530 mgF/L had 2 significant decrease in the density
of nXN0E- IR neurons: Additionally, impartant morphological changes were spen in HUC/D- IR znd nNOS- IR
neurons, 2 well 25 i VIP-JH, CGRP-IR, and SP.1H vafcosties for the gruups treated with both 10 and 30 mel'VL
Moreover, profound protecmit alterations were observed in both treated groaps. In the group trested with 1
mg L, most af the proteins with altered expression were upregulated. Om the other hand, downregnlation of
several proteins was found in the groap trealed with the highest F concentration .

Mlamy proteins nbserved in the previous study were correlated with the newrotransmmission process, which ia
eseniial for the function of the GIT through ENS conéral. Por exsmsple, the patiern of mt=stinal smoath muoscle
mmmmcm'ben:nchﬁ:dw}mhﬂmdwmmxmmdmmud:cmuumsuﬂzxﬂ?ﬂ
is increased or when the relense of newrotmnsmitters promoting miusscle relaxation, sach as MO, is decreased. In
ithe present stady, both comditbions might have occormed, because we foand 2 significance increase and decrease i
\be mean vaboes of the 5P varicosities area and the dencty of nb5-1E newnons, respectively [Table 1], which is
in accordamce with our previous findings for the ducdenum". This finding can be also assndated with the sgnif-
icant decreass in the density of HUC TR neurons {Table 1), and it comld contribate bo the méestinal discoomdort
and symptoms, sach as abdominal pain and diarrhes, observed upon excessive exposure to F.
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0 {green ), n208 {red),

Figure 1.
3 ups trested with 0 and

Phatsmicrography of mysnteric neamos of the rats jejemem
d dio ] ¢

stained for
0 and nMNOS) for the conkrol greup (0 mg L) and &

ates in the controd of i

stimal meatility is ¥1
stoy. il was nbssrved a statistically sigmificant inorease in the meam valise pf the aress of W1P- IR mysnien
comities in the 50 mglfL group when compared with control. This finding is similar to whiat was observed n our
previcus study where duodenum was analyred " and confirms that this dose of F can compromise the vipergic
af the small intestine. For the itary control of motlity, the main nesrotansmitbers imvalved ane
N3 arsd V1P, s basically any changes in the vipergic inoery l=ading 10 a

i inCreate may
rocesses such as axotomy
[F in enleric nenrnns .

mean upregulition in the expression of the V1P, a5 a response ko

anif hilocking of avopal transpart or hypertrophic alierations prome

[his increase can 2lso be nelated o o e L F 5 2 polent ant-nfammatory
maiecule and presents an importmt antiovidant ackiviny™ . P s one of the mnst imporant
elemnents mvolved in enteric newroplasticity™, whach is the to adapt 1o any change tn its micmenyi

romment™. Due to the morphalogical changes that we abservad inour stody in the vipergic varicosities, we can
suggest that F can induece important nearoplastc changes in the GTT.

Since alterabons in Lthe morphology of the intestinal wall infer important patbophysal ogical
analyzed the tofal thickness ol @
with 5 mgF/]. presentrd & s
thickness af the fumicn muscwlarss, in
the tumica musculards of the
thickness of the duoderum wall
may be relzted to variations o

EESES, Wi
T group treated
the imfestinal wall and an inmease in the

desprie the iotal
cell bo

in-fine with oor previoos Andmgs fr
taltered Charges in the nwmber and morph
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Fagure 3, Functional distribution of proteing identified with differental expresson 1o the jejumnuen of rads

L ws. Comirnl Group (I mgFiL). Categories of proteins based on GO
T rocess. Terms sgnificant | Kappa = [0} aned disted n according to percenitags

af mumber of genes associaton. Protsns access number was provided by UNIPROT. The gene oniodogy was

evalusted according to Clee(io™ pluggins of Cytoscape™ saftware 3,405
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Figure 4. Punctioral distribution of proteins idsniified with differental syprescion in the jejumom of s
exposed o the chromic dose of 50 mgFL v Comtrol Group (# mgF/L). Categories of proleins based on S0
annatation Biological Process. Terms significant {Kappa = 0.04}) and distribation acconding to percentage
af number of genes associzton. Prnmsmummhermptmmdndhrm'ﬂugﬂnmﬂngym
evaluzed acconding to ClueGo™ pluggins of Cytoscape™ saftware 30,05,

muinterance, development and plasticity of these neurons_ Similer increass in the thickness of the intsstinal
wall and turdca reuscularis have been reporiad in the ducdenom and jejonemm of rats f2d with a bagh et diet foc B
weeks, where morphalogical alterations in the general population of enteric neurons and in the nitrergic popu-
latiom were also detected ¥, emphasizing that intestina physiology comprises muny inferconnected mechanizms.

As in our stindy F caused morphologicd alterations-in different enteric meuromal sohiypes, which presemt
several neurntransmitiers imvobved in the GIT matility, it is posshle that these alterations affec the GIT function,
and promiode the important spmptomatology of F toxdcity on the GIT, swch 2 nhdmn:] pm.n.lnd.d.tm'l‘ui
We abso belisve that our resulis ore qaite relevant regarding the EN5, since mechan Eiom
wmmwmmmhuﬂfhmmemﬂMmmm
as observed in several importent pathologies™ and also in our study. Thus, in order to better investigate these
firidings fmvnbving the enteric innervatinn, we perfarmed the prodsomic analysis,

'ﬂ:epmd.emc approach revealed for both F doses that the majority of the proteins presenting changed
expression mieracted with Soluie carrier f@mily 2, forilieted glicoss tronsperter member f (GLUTA) {PES35T) and
Poirmbiguitn O 63429). In the network comparing 10 mgPfL v control groaps, 17 memibers of the Ras-reluted
Rab prodeins (isoforms 1A, ER, 34, 3C, 30, 44,48, 34, BA, BB, 10, 12, 14, 24, 35, 37, and 43) were uniquely found
in the growp treated with 10 mgF/L (Tahle 533, despite some not being present in the oebwork. The GTPases
Eab proteing zre known s key regulators of intracelular membrane trafficking, from thie formation of transport
veaicles in their fusian with membranes. Rabs modualate bebween 2n macimee form (G DB bound) and 2n achve
form (GTP-bound). The Jatier can aitroc to membanes dsfinct downsireamn effectocs that will lead) bo vesicle
formation, movement, lethering and fusion (UNIPROT) Generadly, many studies report. Bab proteins os mole-
cules present in the C865 and their specific mis. Although mariked difierences distinguish the nenronal fumction
hetween the ENS and CNS, their similivities allow the use of some principles exablished for the brin eoviron-
ment to e reapplied in the enteric contest™ Several cellular processes can be altered and promaote the enteric
nenroml alerations cansed by F efects throngh mechamivms mmibving the Rzb prateins, which are considered
newonal regalatoes tovolved in the traffic and signaling of different modecoles that promote newrons homeostasis,
sizch as the neurotrophins family of growth Bctors. The newrotrophins-recepion complexes tigger important
signafing pathwars that promote deveopment, survinal and other nenmnal functions throngh intracellvbr tams-
port mechanioms medizte by the Rab proteins™.

Rah LA 5 2 regulsior of specific vesicolar rafficking from the ER to Golg compler, and in dopaminergs:
newnoms By expression preseois a protective sfed enhancing the controd of modos function in sarviving Deunons
of hemdparkinsonian animals™. From the fimity of the Rab 3 proteins, 3 bers were in the [0 mgF/L
group, Rab 34, Rab 30, and Hab 30, The Rab 3 family is nhandmdﬁm::ﬂbrp-smh:ghum
function"!, in which they function as esoopioss regulators™ correlated with neurnnal traffic'™, and are present in
mmumuummrmﬂ.mbuummmmﬁmhmm
where il presents 2 modulatory function in synaptic membrane fusion thrugh a Ca™ -dependent manner®.
In the peripheral nervoas system Rab 3A has moreased expression in sciatic merve lesion area associated toan
increase in the expressan of two other important proteios that contribule o neurctransmissdon, symapiophysn
anid symapsin [*. Rab 3T is highty expressed in primary hippommpal newmns, mediating regulated srocrns®,
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Figure 5. Submetworks created by Clusterbark™ to estabfish the meeraction betwesn proteins identified with
differential expression in the 1 mgF 'L groap in rdation to the control groap. The color of the nodes indicales
the diferential expression of the respective named protein with its oocess oode. The dark red and dark green
node indicate proleins umgoe o the control and legF'Jlguupa.rzrp-e:h'rd;'!’h:nudumm indicaie
the interadtion proieins that are offersd by CYTOSCAPE®, Mmm:&mﬁdm&mm
and the Bght red and light gresn nodes indicage d latinn and up a, respectively. In (A), the
access numbers in the gray nodes correspond o: Egmrquﬁl n’nml‘ cﬁ@'ﬁmmr[?ﬁi]?‘l]:l Fuoly JADP-ribose]
palymemss § {PZTI0E), E3 wbiquiti protein Gpess ANF4 (O838446), Small ubvguitin-refated modiffer 3 (Q5XIF,
Nicsharin (QRGI1T), Heteropemenms nieckenr nibomuclengrodera K {Pa1980), Permrorsal bifunctfon] encyme
POTES), Lethal{Z) wieet [arvae proters komofog | (QBKAKS), Rab CDP dissscition mhifitor alpha {PRO39E)
and Softr corrier family 2, feciitaied glecore tronsporier reereber  {PES357). The access pombers of the undgue
pro&ens of the contral {dark red nodes) cornespond toc Acondiate fpdrotass, mmilodmdrin (Q9ER3), Criodhrome
© wuciclase smbuni 4 isgform [, méfedhondris! (P LOBAB) and NADH ddidropenese fubiqmone] flovoproieian 2
mitochomadrial (P 19234). The 2ccession numbers of the unique 10 meF/L{dark green nodes) proteins cormespand
tee Aspartyl armapeptichass {QAVEHS), Ban-relsderd protein Rob- LB (PI0534), Vipdin (Q8Z 1AS), His-relobed
protein Bak- | 2{P3584}, Ras-releded protein Rob- 10 {P35281), Triosephosphate isomerace [PAES00}, Annexin AZ
{Q07936) and s rebmted protem Rab-1 4 (P61107). The docess numbers of the downregulated proteins (Hght
Ted nodes) cormespond in: Miise debpdrogenass, mritodhondrial { PISG636), Glatathions S-transferase F {PHB06)
and Histone H4 (P62EM). The accession numbers of the apregulated proteins (hght green modes | comespond
o L-lactmir difepobropemae A deain (PO6E2). In (B), the scoess numbsers in the gray nodes correspond in:
Prodetm Sl (D3ZES), Potvabigudin.C{Q63429), Apopiosdcindurimg facior |, miteckondrial {C0]M53), Prodein
dlegfvcase DF- 1 (O88T6T ), RAC- beda serimethreonime- protem kovase (P47 197}, RAC-alphs sermeftireomine- prodein
ke { PET156) and Cap fanction: aigisa- | frodein (PIE050). The access nombers of the onique protems of the
combrol {dark red nedes) cormespond W Vinculm (PE5972), Exkaryotic itiatios factor 4A-I (QFREIL), Malate
cyfopimmeic (O88585) and 405 ribosomai proteim 516 [ PEI526). acceson mumbers of the
nnjelﬂmgl-'.’udaﬂ:pmuuda]p!m ke Elrpoition fector 7 {P05197) and Sodfam- and
chinride-deperdemt CARA frporier 3 {P31647). The access rumbers af the downregalsied protens {lght red
nodes) correspond toc Feprid iyl prsipl cie trans somermse A (PLOLLEYL

while Bab 3] is present in secreiory granndes and vesicles of ather cell types, such as sdipocytes, evocrine glands,
hematopnietic cells*, and low levels of expressicn were already identified in the dundenun, confirming s pres-
ence in exocrine cells of the GITY.

The Rabs 44 and 48 were alyr-identified as excinsive for the 10 mgl/L. and Rabd is described as o regulator of
early endosomes in the symapses, contributing o nenmotmnsmitler receptor recycling through endosames octing
associzied b other molecudes in the later sbeps of the endocytic recycling pathway in dendrites, directing the neo-
ranal membrane receptor trafficking™®. This process is exiremely impariant for the delivery of neurntransmitter
Teceptors intn the synaptic membrane, determining the synaptic fanction and plasticity. Rah 54 presenis a rofe
in axonsl and dendritic endocyiosis, contributing to the biogenesis of synaptic vesicles™. Rah 8 presents the same
Tole 2s Rab 4, being requined to direct into synapses nearotransmitter receplon s the AMPA-type gloinmater-
g:m:mpmnngmmm role in the control of syoaptic fanction and plasticity a1 the postyymaptic
membrane™.

R.a.hiﬂumq\n_-edﬁn the secretion of neurcpeptides throwgh (he releses of dense cone vedces, which iz a
mechanizm that modulstes newronal activieyE. 1t m also a regudsior of membane trefficking doring dendrite
marphogenesis, and loss of RAR 10 decreases prommal dendritic arbortzation in the mudti-dendritic PV neu-
mans™. I the CHE Hab 12 is oodocalized with M9SK, and overexpression of the Istter induces cell death i retinal
il cells, while knockdown of Rab 12 reduces MO8K -induced cell desth in the same cells throagh the astophagy
mechanism™.

Hah 26 promodes i the brain the formation of duasters of vesickes in nearitis™, and the zuthors suggest 2 new
mechanism for degradation of symptic vesicles in which Bzb 26 selectively condocts synaptic and secreiory
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Figure 8. Subnetworks created by ClusterMark™ 1o establish the interaction between proteins identified with
differential expression in the 50 mgFil group in relation to the control group. The color of the nodes indicates
the differential expression of the respective named progein with its access code. The dark red and dark green
nodes indicale proieins undque to the contral end 50 mgl'L groups, respectively. The nodes in gray indicaze
the interaction proteins that are affered by CYTOSCAPE®, which were not identified in the present stidy and
he ight red and Eght green nodes indicate downregulation and wpregulabion, respectively. In (A}, the access
numbers in the gray nodes correspond fo: PTEN nduced podative kinose ! {Predictead) {D3Z9M%), .lenpt-
activaled protein kimase 3 {FL1708), T-complex profein { subumt beda (QSXIMY), Gap funchion alpho- | pro
{POSOHY, Cortilage sdipnmeric matrix prodein (P35, Acll cemmidlase [OEPTE 1), Inkeprin uﬂ;&hﬂ-?l’ﬂﬁ&lﬂr.
Strec 70 proteim, putachomdriel (P48711), Selute carrier fomily 2, fciifodsd plucos: imnsporter mersber 4
{PI19357), Histeme H3.! (QSLETN), Heteropeneous nacfear ribonsfeoprodein K [PS19EN), Ankyrin.3 (OPUS11),
Plectin (P30427) and Amiprine.3 (051 1-T). The access numbers of the aniqoe proteins. of the control (dark
red nodes) correspond to: Malaie defredropenase, cytoplasmic {OBBSE5), 405 rbosomal prodrin S10{PG3326),
Eskaryotic indfation factor #4-1 {5RKIL) and ¥imculin [PE5972). The accession oumbsess of the unique 50
mgF/L (dark green nodes) protsins cormespond to: Tektin-2 (QEAYMI), Mitochomdrie Ssion [ proteir (F84E 17
und Paraiemmein- 1 (Q¥1000). The access rumbery ol the downregalated proteins (light red nodes) coerespond
1::]'&.:1‘:!&:]{!.‘\. type 2-A {POCCDY) and Histome H2A Z {POCOST). The accession nambers of the upregulated.

proeeins (ght green nides) correspond to0: Hemoglobor sabumit bet- { {PO20%1) and Hemoglobin sabumnit
aI_phn'—l-'"[N]'!lGL In (B}, the sccess mummbers o the gray nodes oocrespond to: Podyabigutin- C (Qd3429),
Protein Seil {D38EER) ¢ Glacocortiooid recepior (P65 36} The oocess numbers of the mmique proteins of the
comtred (dark red nodes) correspond to: Hesd shock protein 730D, miochomdrial (Q5XHEN, Cyiachrome
¢ oxidese rufurt f foform |, mtechomatrind [P 1O883) and MADH defrpdropemare finbigutnone] flavaprodein
2 mmitochondrial (PES23). The accession meambers of the smgle 50 mgF/L (dark green nodes) protems
correspoad to: Milopen-activeted prafein kinsse 4 {Q6M5), Symaptic vesicie membrare protein VAT-1hamaiag
(QIMIEL), ATP-dependeni 6-phospfofructobinase, Sver hype (PHE35), Tisne afphs-L-fucosidase (PI7164) and
Perouciredamin-o (335244} The access mombers af the downregulated progeins (Hght red nodes) correspond
toc ATP spnthase swbunif betn, m.ﬂ'n:i:m-#mf[l’]ﬂ?iﬂ] and & Histone H24 fepe [-F{Q8d508). The accessbon

hers ol the upregulated pr Might green nndes) correspond o2 Tishuli beds. 2A chaoe (PES10E)

vesicles inin preautophagoscmal stroctures: In newnonal immortalmred cdls, Hab 35 promotes neurtie differentia-
tinn and favors azon elongation in rat primary ceamaos in an actvity-dependent manoer™,

The fact that several members of {the Rab proteins wers expressed evdusvely in the 10 mgFil group might
indicale that this F concentration cowkl affect the newromal femctions, snoe different Rab profeios regulate dis-
tinct processes in the neuronal eovironment. Smce the 10 mgFiL concentration ansed a decrease in the entenc
newromal density, which can compromase the entenic nearonal activity, the expression of several Rab proteing cn
reflect an stiempt 1o keep the nenrolransission unalfered in the presence of E Bexides the neoronal sctivity,
other imporiant binlogical mechandsms immive the Rab prodeing action. In the network camparieg 10 mgF/L
vs. comtrol groaps, the isodooms 18, 10, 7 and 14 inleract with GLUTY, and especially Bab [ and Rab 14, are
required in GLUTS transiocation o the plasma membrane™ . Their increased expression might help to explain
ihe increased sensitivity to insalin recendly reported bo oocur in rats with dishetes induced by strepiosotocn
exposed o 10 mgP/L in the drinking water™. The increasad expression of Rab [0 and Rab | 4 might fecilitate
giucos: uptake. Bab 37 and Rab 34, slse present among the proieins excusively expressed in the 10 mgHL groop,
are imvalved in the insufn release. Bab 34 has an imporizant role in the haormone release from pancreatic 3-cells
with a regulatory contral on msalin-contxiring secretion™. Bab 37, with a ligh ssguence homology with Rab 34,
has abso been reported o partiopate in regulated secretion in mammalizn cells in the control of msslin exocytosis
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through a different mechanism of Rah 3A™. Acconding to the authors, impairment of Rab 37 expression may
comiribute to shnarmal irsulin refease in pre-disheticand diabetic oconditions. We can infar that the srpression of
both proteiny indicates that the imsulin release mechanism coold be altered with this F dose. We also ohseresd an
increase in L-lociafr detparopenose A deam (LDH) (P44 ) upon exposure to [0 mgFiL. This enryme cooverts
pyravale to hotate with regeneration of WAIVH into IAD . It is an altemative way Lo supply the ladk of oxygen
for aerobic oxidation of pyruvate and NADH produced in ghycolysis®, In fact, the categories nicotinmmide node.
obide mestahaolic process and NATY metabolic process were among the ones with the highesd percentage of affected
genes when the 0 mgl/L groap was compared with comtrod. Previous stifies bave reporied increase i the LDH
activity in the serum of infants who consemed water containing mare than 2 mgF L™, T wes also overerpressed
in the brain of rats trealed with & When pyrate is converted into laciate by LTV, less pyrovate is ovailable
o emler into the mitochondria and form acetyd-Cod, which is consistent with the reduction of Mxlalr ddrpdro-
gomase, mitnchondric] {POS636) and of enzymes relabed o the coddative phiosphoryiabion, such as Cyfoechrome
¢ owidme smbumil 4 isaform [, mitachondrind {PLIBEE} end NADH defpdropenase {mhiqmirone] fmoprotein 2,
mifachondriaf [P19234], According o Harbeer, of al.’. ¥ has an mbibiiney effect oo the activity of circ acid cyde
enrpmes, in agreement with our finding of reduction in Malate dehwdropemase, mitochondriol. Anather protein
with altered expressian { downrzgulation) in the group treated with 10 mgF/L that interacts with GLUTd was
Clutmiivione 5-transferase P {PO206) that was dlso found downregulated in the duodenum ol rats treated with the
same dose of FY. This enzyme is involved in the membalism and detoadficalion of Tenpbiotics™. Wy proteins
with alirred expression in the nefwork comparing 10 mgFL . control groups interact widh Pobrebiguitin ©
(063479}, a highly conserved polypeptide that is covalenily bound in other cellular proteins to signal processes
such as protein degradation, protein'protein interaction and prodein intracellnlar traffcking™. Among them are
proteims refated o tramsition, that were absent in the group ireaded with 0 mglVL, swch as Emkaryodic Snitimtion
fmctor dA-IT [CSREI) and 405 ribosoneal prolein 510 {(P63326). The latter was also reduced in the group trested
with 50 mgP/L bath m&:mﬂﬂdﬁlﬂlmdmam:hdvﬁmdlm&ﬂmmam}pﬂi" In addifion,
Peptidpl-profpl cis-trams fromerase A (P10111} was reduced i the group trested with 1 mgFfL compared o
comtrod, which might fmpair protein folding. Alse imvolved m prodein synthesis, Elongmion factor 2 (PMI5197)
presented sltered expression upon exposure o 10 mgPiL This protein was present ooly in the group treated
with |0 mgF/L, and catabyzes the 3T P-dependent rihosomal tanslomtion step during translation elongation
{UNIPROT). DEfferences in expression of 21l these protring mdiote alerations in distinct steps of protein synghe-
sis pan exposure io [ mgHL Changes in proé=in synthess meght belp io sxplan the aberations i the thidkosess
af the jeunum wall chserved in this groap. Interestingly, Fongpation facter I irderacted with two of the 3 isoforms
of the protein kinase AKT, namely HAC-alpha serine/tfireomine-protein bmase (AKT L P47196) and RAC-beta
serine/ threomine-profein kingse {AKT2; PAT197) that mediate protein synthesis and glocose metabaolism®™.

In the metwork comparing the 30 mgFrL ve. control groups | Fig. &), some proteins with reevance for the oeo-
ranal homenstasis were exprecsed umiguely in the 30 mgliL, such ax Tekbtin-2 (QSAYMI), Perfoerin- ! (QSFVES),
and Milockomdrial fission § protein | Fesd-PR4BITL. The Tektins family has significant expression in adult brain and
in embryonic stages of the choroid plexus, the forming retina, and olfactory receptor newrons, and can be consid-
ered o molsculer target for the comprehension of newrl development™. Although not present in the sabmetwork,
Perforin participates in the COE* T celis respomse, promating granale cytoinaicty kading to o fast cellular necro-
xis of the target cell in minutes™ or apopiogs in a period of hours through 2 mechanism in which the target call
tﬂﬁaﬁhw‘ﬂtpﬂ{mﬂbdﬂ:\ummlﬁ:m Uking thess mechenizms pedonn-dependent,
CDE* T oells p neurcoal i i infl ooy U discnders™.

hﬁh:cbnndndﬁmuumm:dmﬂmcd]-ﬁ:ﬂhhm@ & paithway that imvabees caspase activation™, and
Mitodhordrial fission | prodein (Fial] is considered essential for mitochondsial fission™. Chverexpression of Fist
caused increase of mitochondrial fragmentation, which conducted to apoptosis or triggered amtophagy ™, and
neuraprodective efiects are carrelated with inkihition of Fis]™

The fact that thess proteins p trd incressed sxpression in relabion io the controd groap can reflect F oeo-
rotaxicity on the ENS with the concentratinn of 50 mgl/'L. and coold result in the decrease in the density of the
geners populstion of nenmns since these 3 proteins are involved in patbways that conduct to cell death by dis-

(Mher proteins with altered expression interacied mainty with GLUTA (PI9357) and Pofyuliguin ©
(639, which was alea observed for the network comparing the [ mgFPflL ve. contral groups {Fig- 5] In addi-
tion, Miopen-actvated protein kimase ¥ { MAPES; PZIHIR) was aley an int=racting partner as in the duodenmm
ol rals treated with the same concentration of P in the drinking water'?. Among the proteins that interacted with
GLUTA, Peroxdredioorin-o (335244) was present andy in the groop trested with 5 mgFiL, when compared with
comirol [Fig. 6). This eneyme. located in the cytnpizm, protects cells againss aridaiive stress, in addition o mod-
ulafing intraceliular ggraling pathways. Perooiredoonns catabyre the redaction of He and bydrocyperoxide in
water and alcohnl™, Thas, changes in thess proteins expression coald be finked to fAuoride-indoced oxidstive
stress that bas been extensively described in ihe lierature™ *_In the groop trested with 50 mgF/L there was
a remarkable downregalation in several isaforms of Hisinoes, in comparisan with control (Fig. 6 and Table £5).
The mujor role described for histones is INA “packaging”, however, it is also well described that these proteins
comfer variatinns in chrematin structure t snsare dynamic processes of tramscriptionsl regalation m sakar-
yoles™. Epigenetic modifications af DMA and histones are fundamental mechanismas by which nenrans adagt
ihisir tramscriptiomal response to developmental and emvironmental factors. Modifications in the chromatin of
nearons contribute dremiztically to changes in the neuronal crcuits, and i is possible that histane activity is

Ived in disorders that compromise neuwronal fanction™. Thus, changes in the expression of histones might
have contributed {0 the altemtions found in the morphology of enteric newrons in responee to P exposare. In
addition, strictural muscle proteins sach as different moforms of actn and mycsin were increassd or exciusive
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i the group treated with 50 mgPrL (Tables 53 and 55}, which helps to explain the increase in tbe thidmess of the
jejumim furica reuscuioris

Probahly the most remariahle finding of the present stody was that when the groups treated with 1 and 50
mgFiL are compared with condrol, some proteins related i0 energetic metaholivm presented similar alterations in
expression, regarddess the dose of . such as: Cwodkrome ¢ oxidase swhumit  isoform [, mitochomatrial {P10B8E),

NADH defnadropenarse [ubiqummone] @avoprodein 2 mitachomdriod (P1923), Malate defrydrogencee, miodaom-
drial {PUA3E, Molre dehpdrmpemare, cytoplosmic (D88989) and L-Inclote debpdrogenase 4 deain (PME4T). The
absence of Maladr defrpadropemace, nnfoc.h.urrd'm]'im!-ﬁ] .Hn.hk d.:kydmm cptoplasmic [(DSS9EY), that
form oxaloacetate, absence of NAIDH dehyd; 2, mtochondrial (P19234) that
'Iﬂm'fznd.:cmnu[mmNﬂ.DHhrWrd:mmhﬂhpmpsumcdwﬂﬁFuwdluﬁumﬁ:mdﬂ]?
synthase subimit heta, milochomatriad (P LOT19) {andy in the group treated with the highest F dose], o well as the
increase tn L-doctmle dehyelropemees &4 chain [ PME47) in both groups trexted with F indicate an mcrease in anser-
n&mﬁﬁmhmmhmm:mﬁmﬂmnm:ﬂmhm:nf?}m
the rate of production af ATP through tways is much kower than that of armobic pathways, which is
mhmhhmﬂrﬂ:ﬂmuhmdﬁnmhﬂ:pmlm.-lnhl.g:]:dnusw It is tmpor-
tant to highlight thai these changes in the expresion of protrins asodated 1o energy metzbolism indaced by
exposure o 10 and H mgFiL in the drinking waler are mare pronounced than those oheerved previousty in other
organs exposed to roughly the srme doses of FE£88-8_ Theg might be due to the fact that the small intestine is
respansitie for the absorption of arvund 75% of ingesied F, which makes the cells of the intestinal wall expossd
o higher doses of F than the cells from the other argans.

In conclusion, chronic exposare io F, especially to the highest concentration evaluated, increased the thick-
mess of the fuica muscuiorés and altered the pattern of proten expression. Extensive downregulation of ssveral
isaforms of histones might have contributed 1o the alterations foand in the morphology of enteric nearons m
response bo Fexposare. Additinnally, changes in proteins invohed in mergy metabaolism indicate 2 shift from aer-
wohic o anserobic metabalism apon expoaure to the highest F concentration. These findings provide new insights
it the mechanisms imvolved in F boxicity in the inlestine.

References
L ¥an. X i &i. Fuoride snduces apopoosts and allors cofagen | exprossion in i ostechiass, Thoiml Letd 200, |33 (38, hitpse!idol
argt LIS kel 230010011005 {201 1)
2 Pumlal M. & Pesan 1 F, Honoris, H 8. & e, | M. Mechamems of actkon of o ridie ko caries condnol. Menegr Omi 5o 12,
- L34, Ity Ry Long P10 L ISR SE0335] 51 {201 1)
5 Harbier (0, Armecla- Mendom, [ & Do Raxo, L M Mobecilar mechanime nf Esnrice inaiclty. Chew Hiol bfersct 138, 519-533,
hiltpsifdolong? 0L I0LATL chL 201 0700 {20105
4 Whitked 0. M. & Passiey, [0 H. Ploorids sheorpticn: (ho infuence of gastric acklEy Calll Tenee fnl 36, 302307 (184}
E.Nq:il.l.n..l...ﬂ-mr. H.H. & Valler, ¥ Flar from The g braciof mis T Rislr 130, 1611- 1417 {1980}
i Fheng V. We | Mg | T, Wang & & Lon W mmmmmaunﬁ:mmmm Tomiml Ledf 133,
Tr-AT 2001y
T. Busheorda A Kumom, A, Ehainsgor M B Bt i Provalionce of endemic wilh g e Poopl
Thring in some Morth -Eraiian vilages. Fineride 76, 97104 (L1093}
B Susecn A n ol Flucride ingestion and ts oreision wiikh gaslsoiniesiim] discomio. Faardde 15, 5-12 (1993
9. Sharma, | 10, fain, P& Eohs, T Castrc Decombiry from Flenride in Drinkiesg Weler In Sanganer TebsE, Ralas®an, indis. Fiorid:
A2, A6~ 23] [20¥)
I O T, SAskosia, A K, TGopi 11, Doty 5. & Tandor, L K- o Efects of Chromsc Flucrkde Ingestion oa thi Lippeer
Ciaslm TracL j Con TE, 15d4- 199, Wizl ovpd 10 M TA000SE S L4000 (0004 {105,
L Femes, | L A comproBensmes mvTview ofal 25pocs of the enlosic morvins systemn. The Feferic Nervous Sysizm. [ilaciecl, 2005
T2 Sand, K of ol Sructurs and fencfional conasgeencey of hesenciln- tndurmt eviaenic noumopathy ol AWM Casdreenlernd 14, 204,
il ong | IL 1 A6 EIRTE-N1d D009 7 (2004}
FA.- Mok, T L5 ot ol Enberic nervalion combined wilk protecm o for Lhe evaliogion of The efocts of chroai Suonds ecposure on
Ihe diicatersim ol wis. Sof Reg 7, 1070, httpeiidol ongd] 0L 384 1508-0 LT-D1 000y (M1 T
A Ciupon, A O & Bl | E TEfbook of medical ppsiology. 13 edn, (3sevier Helth Sgnos, 251
15 Duntpace, A | 2 al Efect ofagiog on anisa regpone bo chromic Burride exposure ! Den! Res T4, 358368, hitpe-\dotorg! 101 1T
TIL B ERE 0001 L10] (1995,
16 Hraddfond, M. 5. & rapid and senstive metod for the quanidation of micrograms qaantiie of prlen aefizing Lhe princpic of
n-dye binding. Awml Secken TE, 240254 | 6]
7. Lima Lefle, A & af Profecmsic amaiysis of galmooemius Suscls in rais wils sireploraiocin: induced diaheles and cemmnically
expoead o flucride PLOS Ome $, ol Do, Wepe:iidnl orgr 100371 foarnet pone D 106608 (101

18 Hasier. Slateren, A. 1 of genomic nformation wis biclogical nelwaornie ising Crinscape. Metfods Mof Hial 1031, 3751,
heitpee iSalongr L 0L 100757 - F 41700 450-0_3{20131

I Miln, BB Y and v ol Diofogical networks. el Aocks Adal Alof 1020, £3--B, Infips: idal.orgy' 10, 100T/TE- 1 -S2703.
430004 (2135

ML Certumt; & Moleoular imizmction detbmes. Protemis 13, 1656- 1662, Bitps dol o} L0 mie 20 L4 (3042).

11 Wopdium, | & Meser, 1 HL Mockamm of lnariche shorption. fmom L rl ematl misting. M e 1, T71-T79{ 19001

12 Wogh A L Witheml, L_ Lafine, D & Slaucke, D M. Acuie Auoridz palsaning asocissd with an os-sfi fuoridaior m @ Vermaont
cismerEnry school A ] Fubfr Hesih T, 11681560 (13411

3. Asgrrsiein, W, L. o ot Fenrie ingestion i ciiidner: 3 revioe 0f 37 cmss. Pratirfriey BS, 007-011{1991]

24 Giesmer, 1L 12, fefier, M., Middesgh 1 P S Whitiord, I M. Acsin llsorics poisaning foma public walor rysam. N Engl | SeT 330,
599, Mo oo 11 10SETEIM DN T3 3500208 (L9

15 Aktniwa, i R -Emrmimaison of acue |0y of Meork, Fharide 30, 35 104 {19871

26 Hoteer, P& Lsppe, L T. Sehssanca F can comitract L fon gyt mescle of fha guine pig s mistne by reesing it b
oo, Oty [ P BT, 159- 267 {1584

7. Wyvera, L L, Pocke; D B, Thacker, M. & Furness, [, . Tha imotsemant of nilric orie spnitass nesmons in enleic nesmpa e
N simenierst Mll] T3, D401- DRE, b iton oo 101 11 LL 1865 T982 21 L0ITRET (3011 L

I8 Renmrmoch, £ E Enric nervis sysiom: (hnctioml omgnimsion and nismiogic Hmplications. Memiogy 68, 19531957, hitptidnl
D111 L ERAEL WL ORG99 541 06 (KT

FICAEFOATS | CNOIAN 1080 | DOE1DA058)51558-01 8 11533 1&




Annex 155

. nature_ comfscientificreportaf

20, Defaml, b A, Zanoud, LB Natsld, M. 5, Rarotbe, B DL & de bt -Nete, M. 1 1250 ol acotyt- L-comieng on VIP-£rgic neamms
In 5 jefenum sebmacous pharies of ol ros, A Neropsigalalr 1, W0 -9a7 (1000)

30 Elsfund K. M. & Eibbd E Slruclorel oesronal, and fnctional alaptive canges inatrophic m? leym, G 45, 236- 245 (1999

31 Hermes:Uitana, e al s 1-glutihione mone effecite fhan L guteming in preventing enioric diabethc neuropaily? D4 Dis 5059,
FIT-RE, hlipes'idoborgy' L DOOR s DS 20-033-2943- 1 {20141

31 vel, & P& fmoni, N, Age- rolaled Camges In mnsns ¥ Sk neamns, CORF and VEP immusonmcivey in e Baom of
s ok Wil ascorbic ackdl Kitsicd Fidepatigl 27, 113- 132, Wosfdotog! G ETIVH H- 27123 {2002

33 Fkblad, £ & Raum, A ) Mol of vasosclive inlestingt papide and fammalory mediaboos in coteric nesyon il plasticity.

Mol 1605uppd 1}, 123128, Blps-!dolorg! 1011 I 17433050 2004 00487 1 (2004 ).

34 Dst, M. e ai The infestyres tropbic nisporsse i ool fbod & Toduced [ parenter Ty S poeleres pags anc Isassocked with oo
milneTRic newTm: { Wty [R5, 16571663 (0051

35 Cizbelln G, In PRpe=ialogy ol The CGastromiestingd Tracl (od [ B HSENE0N) 355381 (Hawen fre, 1957

3. Soages, A, Hemidh, £ ], Fermelm, B E, Bamkle, B E B Netiow, N.C Inicslimal and ommonal nipenlenic sdepitions in the sma®
Imeesime Indeced By a higs- b S in mice. BAWC Gosromiesl 15,3, hilpeiSol o |01 36T IETH-0L5 0200 £ (2015

37 e Ciargta, 11 & i Mow msipsts neo human entery noumopatbics. Mermpastrrenieal Mot D6{Supp 15, 143- 147, bitped ot
org HLLT L ATAS-3 50 2004 DEME 1 (2004 ]

38 Ciorsaon, M T & RaiciHie, £ M, Dewiopmonial hiciogy ot he cuberic nrwes sysiom: afhopomests of Hirschepring dioose and
ot congenilsl dysmoliliies. Seem Pedialr Surg 13, F4- 235 (2004)

30 fluccy C, ATfna, 7' & Cogll, L Th role of rzh prodetns in nesmmal cdls 3nd tn (e traMicking of nairmtnophin reeeploss
Ieemebraes (ass’) 4, 842-€77, ape ol ongy 103390 menhrmesHi6a (T4

WL Coene, L, liensadour, | C, Asbbchies, B &-Schnesdes B, L | A oper-cuprisscn prve st G o) sppamtss fgmentason and
partially cocrects mator descils i an aisha-syrecicin based rl model of Pakinsont ciscass § Forkieens Do 1, 373367, Hiza-y
Sobom' L A2INFPD- 2001 (1056 Q0LTL

AL Lledo, F b slal Sab3 peoloins: Loy pavers in (he contnol of exocpings. Trens Seunss! 17, 426432 19

AL ScEMleT, (UM, Rchmi, B, lahm, B, Resenmund, C & Sachol, T. O A complelc genetk amlysis of nemumal B2t fanclkon. |
Remarnsrt T4, 66296537, hllpedidob oo FO 1SSV INELROSEL JEE -0 300 { 20000

43 Ciopper|, M., Ginda, ¥, Severm, 1 E B 56200 T € The smai 77 bindiry proten Rah 34 gt 2 |l siey in symaptic wesicle
Tumion. Nifure 387, 810214, hetpedidolongy |0 &S [ 1097]

4L LLL Y., Jahn, i & Dahistrdm, A fabda, @ smudl (TTP-binding peotain, undergoe [zt aniograde lranport bed not mismgnde
Imnsport m nedroo. Bur ¢ Cef Bk 67, 297- 307 {1995

A5 van Viljmen, T. & al. A unlgse resddog In T3 dnermanes he timmadion wiih novel bindeng prolon 2. L. FENS Delf 581
3R 2500, hitpe-"tdobors! FOU 1016 febaied 2008 07.0CT 200}

4R Pavios, M. i b Rab30) Togedatos 3 moved weiceSar traitcking pathay fhat @ roquinsl for osloocasic bons ressrption ol Cel
Bioi 25, 57535250, hpeiidolong’ 10 b TIRMOILIS 17 51535340 JTHG (3005)

A7 Vaemitm, | A, vam Weoeen, L, (ke A & Kosler A 1 Novel hcalbaiion of Rab3D mml inleslinal gobiel ool and Branecy ghand
actnar ool suggests a rodn L ey Ciolg Lrafoking, Am [ Piysiod Gostroénies Liver Papsisd 2393, 0185 177, tipe-dolorg/ L1 530
A DS 2008 (10T

4R Hoogenrad, O . al Neunon spoctic Rabd effector (ILASP. § coondinaios memirans spectaltzation and meturbion of recyding
endosomes. JTo8 Bisi 4, ¢ 000ZE, hifpasdol oegi B0 T5Y | jmienal il KEKOAS (20000

AU e ESoop, M. |l al The fmeol vem end off e small GTP-binding prodon RebSe In nedmng endocpinss. Neson [3, 11-20{1054).

5L Gorges, M. ., Backns, 13, 5. & Eslohan, | A. Lol coniml of AMPA recepior traModng i the Postsymaotsc Lemmimal by 2 smas
[iTPase of the Raby famiy J Snd Chene TP, 43370438 T8, Ble-dol argd 0. FITAS D MBS T 00 (04 |

5| bxidharan Net sl EAH-5 and MAE- 10-ooop Lo ogpetial 2 rrione (o Crenorsid il elogars. Proc Madl Acodl 5
T TON, 1 BG40 | B4, SHpaeiant oL IL 1073 s | 303305 108 (2013,

51 fow W, Yadm 5, DeVasll, I Nurg fan, ¥ & Sherwood, UL BAR- 10- Dependent Membrane Trnspor 18 Kogetesd for Dmdiie
Arbormafion. FLof Gt 11, eI0054E4, hitpe doborgs FOUI ST joeirmal paun. 106548 (TLE).

53 Sienitd, . ol MOKK OFTN mouce trnsiorin recepionr dagradation and ILANLZ. madiated suopsagic death n relinal gangliom
ceTh. Ausspasgy Y, S10- 537, hilpedianl omr 1 0414 Len T35 (1L 5],

54 Oinoity, I o &1 The GTFasr Kbl Tmks spnaplic vescks o B atophayy palteey. B 4, 05507, IntpedidolLorg 1075547
elLIMe 55T (215

55 VElmrenel Campos, O = af flahds Fenctions m Asnn Bonganon Ar Sagubaie by P53 Holaied Proten i ing Mecansm
Thal Imvodvas Rab3h Profein Degradatinn and the Micmiubide . Assnciaied Proepim VE. ) Nessrt 36, 729873135, Sitpe Aol
o 101 SR THEUR DS #6d- 15,106 [I0I8).

A Eamay BL f ai Rabi0, 2 kargel of (e AS S0 Tzh OAE B regeired dor mauhin. stimeted transiocrion ol GLUTY b [=e adpacyie

= memhrane. Oell mefabofion 5. 193203, it G106 ot 2007 03,000 {300

57 Brea, P[0, Hahlemichas) E N, Bomerasions | Cosler, A C. & Mastick, C O Rabid bmis ISesorimg of Glisd Fom mmdsomes
Inga trusulin serstitvs: regulaiid socrpinry oo tmends inaSpocyte,. The Amchemical ] 473, 1315 (3327, hitps-ddok gL L1420
DCT0ENNe (bS]

SA Lobey, | G oo Low- Leved Fluoride Eyposure Inceass ingidln Semitivey in Esperimenial Diabeles. ! Dot R, 950997,
Tttt Lo 0 | 1T PDTIGEAE | 5581 186 {201 5)

S0 Lang, & Msiecular mietoomeme and cegulation of inslin cyocpings i 3 pardges ol edocring secrelion. R | Blachem 259, 3-17
[

Sl Lishicic 5. o o The U7 Pax 1657 Participaics tn fhe Combnl of Eneulin Exocyioss. FlLof Oneld, o823:2E, hitpseAdoloorg! HLLITLR
Jrarnal pome D0EIIES {AH3L

1. Lehrompet, A [ Mesnr, LT 5 Cox, M. M. [zkniger princpiles of brocAsersdry: 3. o edn, 975 (3007).

&1 Xoong, X = al Dvee-effert relalioreh i kol ween drinking water B lvols ansd damag i Heer angd kadney luncSons m diidren
Environ B 103, [13-1 16, Blips-/rdnd argf 0.0 | S omnes 06 05004 [ 1007

53 e, ', MaL i, #hang, | & Wang, |. Prolooms: amiyes ol protoin of r exposd b bgh Ssonde and ow leding. Arm Toriei
&5, 17233, it okl org 0, ENTA0004 D10 053T-5{ M L L

54 Kammsky, | 5. & Zhang, (1 Y. The small inteling 151 tenokintlc motaholbemg nrgan. g Meab Digpos 3, 1530 (535, bipa?
Soboep! |0 13 dmd 31 LE 1530 {2003,

5 [lackanower, A & Scharare, A, L The ehigaitin T v | oMy and mytad fumctoes of et Sath. Proc
INT Aroad %ot LS 05, 7T ITHI (1998).

&i. Hollermrann, K., Relnariz, M Rarscum, M., Coer, 5 & Codocke A Sysomoic Anatvsls Rovml Boagfion Facine 1 and alpes.
Ennfase a Movel Intcraction Pariners of AKTY Flef One R, e56005, hitpefdoloogs/ |03 L joirmal pome. D645 {H11F).

&7, Nomandar, |, Larsson, M., SHRE 5 1088, O & Linck, i Expresdon of ditary fekiine n ' hrain and sesory devel opmend. § Mearesc?
13, B2 AR 190

&R Walerhoess, B[ el o Cylotonic T lrmpiocyse. induced kg in (he sbsencr of granrysies & and 0 s snigue and disling roem
ot opios end perfortn dopenind ysis. | Cell Riod 173, 133 144, httpe: ol org10, THE2c 2005 1072 (20061

&0 Plpiin, M. E & Licharman, | Delvering the kis of death: progress on undersianding bow perfocin worke Courr Oin S B,
1 -208, hifpedoborg! 0L 1 GGG ool 0704011 C3IT)

SCENTFLAEFOATS | (A ET180 | DOE10.10GHE196-008- 215334 11




156 Annex

ww.mtue.cm:suenﬂﬁcupm

TIL Mouth, 5 0 al Cpioterc (138 T ol mserom Interactions: periortn- depondent decincll siemoing pracades bul & mol cxeally
Iini e o meernell c2f deaih. [ Wamee 39, E30T - L5600, Dime-rdol irp! {1 L 523 TNELT RO 433000 2000 (10091

TL Perifiny | L Roemie, T & Eroemer, . Mitochood riss Tision and Sson i Secoalrol of apopines. Trenas Cal Siol L5, 170 L83,
ips:iideslongy [ 1DEE eh 200500005 {2005

TL Chen, H. & Chan, U C Emanging fenction of mammalizn milectandriol Rison ond feson. Mme Sl Ceead 14 Sper Mo 1
B283-720, eps:tdaLang’ 10, L0 Emy T (2005).

TL |emes, D01, Paroae, B A, Malteoheryer, Y 8 Maninge, L ChPRl, 2 novel companent of the mammalan milochondrial s
muachirery, | Rt Cieee 178, 3557332309, Biins W dol oog'EOL 1074 e SOI3FSED00 [ 2003)

T4 Ciome, i . & Soarrans, L Sighlevels ol Fiel, 3 pro-fesen miinchondris protein. trigges sulophagy. Blackt Riopkys Acta 1777,
55016, hiltpet ol oryy T 10 i haba. 300806 64T {3008}

Ta Worg, Y. & al Resoproloctee Efecl and Mocszmsm ol Thiznolidinedions on Dopamizsrgic Mewroas In ¥1vo amd in Vo in
Parkimeony Damssr. FPAR Bes DRIT, #0892 LA, Blpetsdoborg L | L5500 Traea Tl 4 {09 7L

A Hofmann, IL, Hech?, H. | & Fiche, L. Perostrodors. find Caeer 383, 347564, SipssidrLorg 10,1 515000 2000 040 (2003).

Ti. Shamihakemzrt, D, Scinhasati, 5. & Subramanim, SR of Peorde ntomcation o Bpkd pomridalion and mbioxidant st in
Expertmane] rais. Thorimingy 204, 299238, tsme!fdoLorg/ 1L FU] S/ b 3004 06 058 [204].

TR Stzmimanm, ., Keschoies, K. & [aberhirg, 0L Liver miry cesed fry drogs: 2n iqdee Sk Ao Wiy 140, sl 3080, e iim
! 1084 1w 20001 308000 )

U dhan XA, Wang M Nu UL LLWOE & UL, L EMRecls of Neorids on hepatic antoridant sysiem and transcrptlon of Cafn
SN0 e I yesung plgs. | Proce Fem Mded Sod 20, 53-87, hitps/ ot org L0101 67 lemh. 2005 1] 063 (2006}

Sl Merera, HLA el al Pmleomdc analves of eer in rils chroniclly ecposcsd 5o fennde. FLOS Oag B, @75343, Sttps Udoorg/ HLEITLY
Joernal pone 07543 (203 3

AL Pareir, B A = ol Puoride inlemsi e Hyperoiars D6 nduced EW) Owicet ive Sires m Allers Lipld Metybhollsm 1fnf Qe 11,
SOESBA2E, hitpeifdol cog'L 0TS L journal prns 0158121 {1004].

41 Mare, [, Hoh, KM Soshmav, Ao A & Allw, (O [ Fvery amino acd maSers: esenital contribations of kistons vartanls
e dewelopmens mnd diases. Nl Rey Gens 15, 75027], horpesihSaL aray 10 HI3BArp367 1 2004},

83 Moo, A DWmmmic epigenetlc regtal| o im msnns- ey, afimell and sigralng relhways. Nat Newrosd 13, 1530- 1337, e
dob o L 103 267 (010

AL Sranecia A, Paincia, | Spleck I & Chinoy, N Fioride inleracSions: from molecules in diseae Cireend S Tonsdafioe
Therapy L 190113 (2007].

A5 Xz B of Prrisrmic robysis afkdmry m l=onde. treated ral Jermsd Leil 163, 8975, hiipe-\dol ongy| 0 EOL&L Inglke 3005 080N
[200E)

#5 Kohayasht A el Protesmic araivsis of vidney tn s creomcady expoed o Susrids. D B froeset 180, 30531 1, Sy
Aok L 10 St 2009.03. 000 (200§

A7, N, B, & al, Froteomc oty of MppocanTpes in alfspring male mice exposid {0 Sunride and ma. Risf Trace Ele P 161
127-333, hillpe ot arpy HL 1007 10 -1 4-0L 172 (L&)

AN Careaihs [ CLetal Renal prodoome in mice with @ifirens sescopMillie (o Diooesiy PLoS Onel 232081, StoelidnUmg LT
Jrrarmual piwse 053 2n | {25 L

AU Nindey, (2, Clalon, T, & Miacnic, B ¢iirPod Cytnscpe phagm: mlbwey instghts soing g sypertment] and i sfion dat
Hisinjirmntcos 3, 551663, tga-iidoi ol & KD M oiformalioabil el 01y

WL Rindea o ol CueliCk a Cyicscpe plug-in'lo decipher funciiora®y preped gens onboiogy 2nd pathwey mnnolalion networks.
Hictmirreratios 25, 1001093, sHpe- fdulorgl i LMmisnfmrmak et g 200

Acknowledgements
This stucy was supported by FAPESP (201 L/I0233-7, 2012163405 and 2004/09100-5]).

Avthor Contributions

C.M., MB, LE, and |.F conceived the experiments. A, CAML., I.E, 5.5. and A.L. condscied the experiments.
ﬁ_D.,G_M |55, AL TA, TY, AN, and L5 participated in the research experiments. AD, C. M., A H. 15,
EX participated in the erperiments analyss. A 0. CM., M B drafted the sriicle ansiyzed and inderpreted the
results. Al authom reviewed and approved the manuscript

Additional Information

Supplementary information accompanis this paper ot hitpe Tdol orgy | 10384 15981 E- 115334,

Competing Interests: The authors declre o competing interests.

Publisher's note: Springer Kature remains nestral with regand to jurisdictionnl dizims in pubfished maps and

irsstitutiomal sffifiastions.

Open Access This article is ficensed under o Creative Commaons Attribation 4.0 Internationsl
license, which permits wse, sharing, adaptation, distribation and reprodocton in any mediem or

fnumt. a3 longas you give approprizie oredit to the onigina authons) and the source, provide 2 link to the Cre-

ative Commons license, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commens cense, unless indicated otherwdse 1o a credst line to the

maierial. [f matertal i not mcluded in the artide’s Crealive Commons: Brense and your méended wse is oot per-

matled by statulory regalation or exceeds the permitted use, you will need to obiain permission directly from the

copyright holder. To view 2 copy of this icemse, visit httpoicreativec omminns. org/licenses v LI

@ The Authar{s) 2018

SCENTFLEEPDATS | (ADIE) 7180 | DOE10.1088E52556-008- 215334 12




Annex

157

ANEXO D — ARTIGO PUBLICADO SCIENCE OF THE TOTAL ENVIRONMENT
(ARTIGO 3)

| ceaf the Totd Emaronmen: 741 {2100) 140418

Cantents |&1s avallable st SoienceDinet

Science of the Total Environment

journal hamepage: www . glsaviet.com/locate/scitot eny

Effects of acute fluoride exposure on the jejunum and ileum of rats:
Insights from proteomic and enteric innervation analysis

s

Aline Dionizio ®, Carina Guimaries Souza Mela®, 1sabela Tomazini Sabino-Arias ®, Tamara Teodoro Araujo?,
Talita Mendes Oliveira Ventura®, Aline Lima Leite?, Sara Raquel Garcia Souza ", Edka Xavier Santos®,
Alessandro Domingues Heubel?, Juliana Gadelha Souza®, Juliana Vanessa Colombo Martins Peres®,
Jacqueline Nelisis Zanoni ®, Marflia Afonso Rabelo Buzalaf™

* Demriment of Slalepon! Soences, Seury Sthoal of Dennistry, Usnersiy of Sto Faul, Soume, rasll
" Depesment of Moophoptysidogion Srisnces, Shate Unhesity of Morings, Mrsingd, Srazil

HIGCHLIGHTS GCRAPHICAL ABETRACT

= Waer auntaning 25 mgF g bw F pro-

vokes morphorkog il changes and alies I Eacrgetic Metanolbm

n wverdl proteim in he jejonam and [ T
il . Feturatinns in
= Crganiim might mot have had tme b < :-h'-"" 'y we Morhologhal and stsemi . - - ProsRnimbed b
sikepa to its oxie & Neor. Therslore, the Ip—_; (F‘J analyses Ohie CyTaskaieon Gesimmiesting
ks ol energy may have nal been ! T P b Thicheis o 1 rarpinms ab arute

b je
repairel } tunics resestina b
= Maorphalogical changes in the gut. can

be sxplained by slterstions in VIR | T

and in prfeind that regulste the
ayinskeletm.
- v A liaratiorpe in s VP
1M, vancosiiies
ARTICLE ILNFDOD ABSTRACT

Amte Adoinay:

Recedverd 27 Maxh 20

Rereived i revised farm 4 Jone 3100
Accepeed 30 jone 2000

Awaiahls anlme 22 june 2120

Flugwide [F) is Lergehyf employed in dentisty, in therapeuBic doses, o oontiol cries Hinvever, excessive infake
! Jedd o scverse efeds in the bady. Since F i sbsarbed mosdy from rthe gestroinisting] traa {GIT L. gastng-
Lmegtinal symplams arethe fest sgns fallowing sode Fexposure Nevertheless, lintke i known sbout fie mech-
anistic events hal lesd i these symploms Therekre, the preent shidy svaluated changss in the proteomic
prrailile 28 well 28 marpholagical chages in rhe jepmamsnd ileom of rats upan o sxposure o F Mder g4 e

Editor; Losfi Alsya

K epwaas:
Fioormde
Aoe
i
lewmn
Jzurmem

ceived, by gaitric gavage, & single dose of F containing 0 (oontrol | or 25 mgXg for 30 deys Uponesposure o F,
there wiad 2 decreade i the Ehackens=s of the fund musculins ke bath seginents snd sdecresss inthethickness of
the wall only for theileomn. In sddition, 2desais inthe denity of FuC TR e nd aN0E-IR neurons was
Tonund for the jejuniam, It for thedleum only nNOS-TE newnons werne deae sed ipon Fexposune. Moteoyer, SP-1R
varkndtes wene [nerasd inhath segments while VIP-IR varim sitie 4 were | nerease d inthe jejumin snd de-
crexsed in the dleum, A o the proteam ic analygis, the proteing wiith alliensd exprestion were mostly nagatively
regulsied and oodzed mainly with proeinsynteeds and energy metabolism. Protesmios slso revexied e
aitieaiies iy predl= e invnl ved inoo cid st ve itk dant delense. apopiosts o 25 well 25 in cyinske betal profeing O
redul i, when analyasd together, sugpes tha the grtraintegtingl dympin found in cated of soule F espoiurs
might be related 1o the morphobogi cil alterations inile gut{ decnsase in the thickness of the tum ci nusoul acis)

A b wadods: Hol MK, SEmmnaeadne m haman proed s Type C and (07 RN R, Tmem nonar S D Neral resms ovde Syminees; SP-IR mmunoeac tee to sohstance ¥ VIP-IR,

ITETIRGTEanE T iesanal vastace pepSde; CERPAR, tmmu noeacthive o criomnin penenslaied pepide
* Coresponding susha 3 Alameds Oothon Poheinn Basoiiz 975 Bmm, 99 17013500, Graml
& gudores: mibniza LaiEHnhacn b (AR Buoala)

ht_l:-:-'dm:m 1010164 covmvisre M0 140419
OO ST SN vl BY. Allnighss resered.




158 Annex

x A Dhoivis et ol | Sdence of the Todnl Ereiraroent P41 (2020) 08521

Tt o1 the mddenulir level canbe expluned by slieras ond in the gut vipergie inmnervation and in proteind thar

regul s the ook elsinn

D200 Elsevier BV, AN rights reserved.

1. Introduction

FAuarine is one of the most abundant elements inthe eanth's crust
[Shanthakumari e al, 2004) and i5 found in its ionic form {Aucnde;
F} in biological fluids and fiszues as a trace element. in two different
forms: imorganic and erganic, being %9% acrumulated in hard dsspes
[Suarez et al, 2008, Fiswidely usad asa therapeutic agent agains car-
iesand can be found natually in sal and water or in controled dosssat
water supply stations (M Donagh e al, 2000; Waong ot al_, 2011 ). How-
ever, stisdies have shown thatexcessve intale of F can lead to side oF
fects (Buzalaf et al, 2013; Whitford, 1996; Yan et al_, 2011) perceived
at the molecular level [Armujo atal, 2014; Barbier et al, 2010) aswell
as at the tizae level in several organs and stroctures, such as skeletal
muscles, brain, spinal column (Mullenix et al, 1995), liver [Dicnizio
et al, 30149; Pereis et al, 2018; Pereira et al. 2016; Pereim et al.,
2013) and gt {Dicnizio et al 2018; Melo et al, 20M7).

The towic affect of Fis related to the amount and duration of axpo-
sure [Amujo etal, 2019; Dionizio et al, 2019; Pereira etal, 2018) and
can be classified into acute or chronic (He and Chen, 2006
Shanthakumari etal, 2004; Whitford, 1902 Aoste oty ooours by
ingesting a large amount of F at a single time (Whitkrd, 2011) Most
of the shefies evaluating acute F exposure report the effects at the mo-
lecular and histological levels in the kidney [|imenez-Cordova et al.,
2019; Mirsul et al, 2010; Santoyo-Sanchaz et al, 2013} and heart
[Mirasi eral. 2007; Panmeersehvam etal, 2019), Considering that the
gastrointestinal tract (GIT), especially the gut, is the main respaonshle
for the absomption of F (Nopakun o al., 1989 Whitford, 2011;
Whitferd and Pashley, 1984 ), gastrointestinal manifestations ame fre-
gquently reported in cases of acute F intoication, such as vomiting
with blood and diarrhea. These manifstations can ooourin cases of pro-
fesdional application of F for cares prevention, especially in children, as
well as in cases of poisening [ Whitford, 201 1). However little is inown
regarding the eflects of acute F exposure in the GIT at the molecular
level_This knowled g is impartant to allow an adeguate treatment of
patients submitted to acute F intoxication. In this snse, the presant
study attemptad toshed light into the moler ular mech anisms unday
ing acute F roovicity, by performing morphological analysis of the intest-
nal wall and myenteric neurans, as well as proteomic analyss of the
Jejunum and fleum of rats, afer acute exposure to F.

2 Material and methods
27, Animaks and meatment

The work was performed on twe e adult male raes (60 days of life -
Rathes norvegics, Wistar fype |, The ani mal swe e i ndividually housed in
metabolic cages, with ad [ibinem access to deionized water and low-
fusoride chow for 30 days. The illumination (12 hlight/12 dark howrs)
and the ambient temperatu re were controfled (22 4+ 2 °C). The animalk
wer randomly divided into 2 groups (n= & per group | according with
the treatmant thay received by gavage in the last day ofthe experiment.
The experimental group received 25 mgF) kg body weight as sodium
fluonide (NaF} dissaved in daionized wat er, whila the control group re-
ceived deionized water. As rodents metabolize F 5 tmes faster than
humans |Dunipace et al, 1995], this dose of F cormesponds o
=5 mkg to humans, which comesponds to the probable toxic dose
(PTD] (Whitford, 200 1) After the treatment pericd, the plagma was ob-
tained by centrifugation of bood at 800z for 5 min fr quan i fication of
F, as previously described { Melo etal, 2017). Then, the jejunum and

fleum were collecied as described by Dicnizio et al (2018, for morpho-
logical and prodecmic anahyss. Briefly, animal chowwas emaoved from
the animals 18 h prior to euthanasia, to reduece the volume of fcal ma-
terial inside the small intesting, thus making easier the cleaning process
fr pastenior analysis. After identifiring the ducdenajejunal Raxure, ane
incision i made Arund 20 cm o were despised and then 15om of the je-
Jjumumweere hanested. After Jocalizing the cecum, tw incisions weme
made to collact the ileum: one in the anterior porton of the ileocecal
vahe and the other 10 cm proximally to the frst one. The jejunim
and ileum segments wene washed with phosphate buffered solution
several time s to remove resid ues of fecal material All experimental pro-
tooods wene approved by the Animal Experimantation Ethics Commit tee
of the Faculty of Dentistry of Bauru of the Unjve rsity of S30 Paulo [ pro-
tooods 0142011 and 012,2016)

22 Histological analyss and myenteric plexies immunahisiochenusry,
marphometric and semi-juantinnte mafsic

These analyses were parformed exactly as described by Melo at al.
[2017T)

23 Promsomic and Hainformarics aialyses

Thi frozen jejunum and ileurn were homogenized ina cryooenicmill
[mdal 670, Spex Metuschen, M) EUA) Samples from 2 animals were
pocled and analyses were camied out intriphicates, exactly as previoushy
described [Dionizio etal, 2018). Briefly, protein extraction was per-
Ermed by incubation in lysis buffer {7 M urea, 2 M thiourea, 40 mM
DTT. all diloted in AMBIC solution] under constant sirring at 4 "C.
After centrifugation at 20817g for 30 min at4 "C the supematant was
collectad and total protein was quantified (Bradford, 1976, To 50 pl
of each sample [containing 50 pg protein) 25 gl of 0.2% Rapiges {Wa-
ters cat#186001861) were added, followed by agitation and then
10pl 50 mh AMBIC were added, followed by incubation for 30 min at
37 °C Samples were then reduced [ 100 mM DTT; BieRad, cat 161-
0611) and alkylated {300 mh 1AA; GE, cat¥ RPN 6302 V) under dark
at rosym e perature for 30 min. Digestion was performed at 37 "Cover
mightt by adding 100 ng trypsin | Promega, cat# V5280 | Then 10 plof 5%
TFAwene added, samples wera incubated for 90 min 3137 "C and centri-
fgad {20817 gat & °C for 30 mdn ). Supernatant was purified using C 18
Spin colunns {Aerce, cat #80870). Samples were then reaxpendad in
200 pl 3% acetonitrile.

The peptides identification was performed on a nanoAoguity UPLC-
Yavo OTef MS system (Waters, Manchester, UK, as previously de-
afibed [Lima Leite ot al, 2014). The Protein lym: Glohal Server
[PLCS) software was usad to detect difference in expression betwean
the groups, which was expressad as p- 005 and 1-p = 095 for down-
and up-regulated proteins, respectively. Bioinbrmatics analysis was
performed for comparison of the treated group with the control group
[Fahles §1-52). as earlier reported { Bauer-Mehren, 2013; Lima Laite
et al, 2074; Millan, 2013; Orchard, 2012). The softwame CYTOSCAPES
3004 (Java® ) was employed to buikd nenserks of molecular interaction
between the identified proteins with the support of Csterbarken®

application
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3. Results
3.1. Morphalogical analysis of the jejumem and ilepm wall thackness

The mean [ +50 | thickness of the tunica musculan swas significantly
decreasad in the treated groups of jejunum (90,1 + 1.9 pm*jand ileum
{1340 4+ 25 pm’] when compared with the mspective controls
(1164 + 3.7 ygm* and 2236 + 7.8 pm') (Student's t-test, p < 0.05).
The @ame was chsernved for the mean [ +50) total thickness of the
wall, which was significantly red uced in the teated group (T565 +
129 pm* ] when compared with controd [T84.1 + 17.1 po®) for feum
(Student’s -2t p= QL05)

3.2 Myenteric reumas Hul/D - IR anafyss

Im the morphomet ric anatysis of the general population of neurons,
after treatment with fluonde, the cell bodies areas of the Hul/D-1 new-
rans of the feum {wm®) were sienificantly increased, but no significant
changes weme seen in the jejunum (p = 006). In the guanttative anahy-
ses the treated group presented a significant decrease in the jejunum
bt was not significantly alteredin theileum (p=0.05) [Tabdes 1 and 3}

3.3 Myenterc neumns nhOS IR analvss

Ini the morphometric anabysis of the general pepulation of neurons,
the cell bodies areas of the nNOS-IR neumns {pm®) wene significantly
increased in the jejunum and significantly decreased in the ileum, in
comparnison with the respactive contmds [p < 005}, In the guantitative
analyses, significant decreases were ohserved in the treated groups in
respect to contml, both for jejunum and ileum [p < 0005) [Tables 1
and 2}

34 Myenterc neumrs VIR CGRP-R and SP-IR marphometric analysis

I the morphometric analyes of the SP-P variccgities {pm”] a signif-
icantincrease was detectad in the treated groups in espect to control,
bath for jejunum and ileum (p = 0.05). CGRP-IR varicosities (gm®)
were significanthy red voed in the ileum after reatmant with Auvoride
but wer not significanthy altered in the jejumum {p = 0.05). The VIP-IR
varicosities {pm’) were significantly increased in the jejunum and sig-
nificantly decreasad in the lleum upon treatment with flucrde
(p=045] [Tables 1 and 2). Representative images of the immunofie-
rescences are displayed in supplementary infomeation [ Suppleme ntary
Fige 51-54].

Tahle 1

Mazns and standasd e af the val ues of the coll hodies areas and densay of HUDTLE,
NRE- IR and ViIPdE, OERP-IR. and 3-8 valuesof myemenic naunons vanmebes anmsof
the |ummm of rai exposed or not to 2omte dose of E Amimal geage: Contrdl {dedanioed
waker. 0mghL) and PsmgF Kgbw.

Analyms Control Zamghi bw
(el bocdens grezs of the Hol - neumoms 11858 + 3% EE 4 35"
i
Dencry HuCDLIR nr:l.mm-:nﬂ.lm:.i:m’;- 165340 T3ELE S
+ 301" + az43®
{28 hodies ez of the nBOGIE neunans IET 4 1P 008 4 A0°

{m?)

Demesty ni(E- I newroms {newonsiom®) 89588 + 13RO 52198 4 15160

Ama VPR vanoossies () LT 3p+
Ama CLRF- I varioosi ses {pm*) LT 35 + oot
Ama T4 vascosses ) ERIEST 4K 4+ o

Means billawed by different i sgers i the same cobumn e sigrEfiangy diffewnt aooed
g toSadent’s ties (p < O05) { H = &)

Table 2

Meansand sandard emarsof the values of the ool hardies areass and densey af HUCD-IR,
0SB and VIR, CORPAR, and PR wmines of myenises neurons T e s s of
tthe Herm of rars exposad o not oo doss af - Animal groams: Conmod | desomined wa:
ey -0 mgF AL and Zmpk kg e

Aoy Contrd Zamghig e
Gl bu:h:i areas of e Hol 008 neorons =T £ ke T 1
Ty
D::Ej. HolD-IR nearons :rrmmnlsnz;- 1388 12TH6S
i Amas + i
(e o es aneas of e NN IR neurons 3004 4+ 33 IETE + At
{pm)
Do ity MO IR Moo {nedronsfom”) 46571 4 1454% 39056 3 12977
Hrea VIPCIK varicossses {pm ) 33 + o ER ST
Arma CCR PR mricesties | ) 34 o 32 + oif
Hrea SRR variooesses {pm) 8 + o 4515 + 0"

Meaznsioliowerd by different eztersin S1e came imeare gignfi antly deferem 2ooedng o
Shdemf's t-ieat {p < Q) (W= B}

3.5, Poteanuc analysts

The total numbers of proteins identifed by mas spedromsetryin -
Junmum of control and treated group were 282 and 227, respactively.
Amang them, 106 and 51 proteins wene uniquely identifed in the con-
trol and tmeated groups respectively. In the quantitative analysis of
treated v contmel group, 37 proteins with change in expresion were
detected. Most of the protzins with alterad expression we e downregu-
lated in the group treated with Fwhan comp ared with the control groasp
(23 proteins), suggesting that acute exposue to F reduces protain syn-
thesis [Table 511

Fig. 1 shows the subnebwnrks generated by Chasterv ader® forthe
ooxmpanson treated v, contral group of jejunum. Most of the proteins
with altered expression interacted with Dynein Bght chain 7, qeroplasmic
(PE31A0], Solete carrier fomily 2, frclimied murose transpoarter membar 4
(P19357), Polrublpuitie-C ((Q6342), Gap junchion alpho-! protein
[(POROS0 T, Protein deghycase Df-1 (088767 ), Small vhiquirin-related maodi-
fer 3 (QSXIR) (Fig 1A) or Heteropenenws nuclagr ibanwcleoproceimn K
(PET980 ) and Mitogen-activated prolein kingse 3 (P21 708 ) (Fig 1BL

Fig. 2 shows the Functional classification according to the biodogical
process with the most significant term, fr the comparison benaesn
treated v, contmel group Br jejunum. Among them, the caterories
with the highest parcentags of genss wer Adin flament hinding
[14.1%), Calmodulin binding { 14.1% ], Stmactural @nstituent of otoskel-
eton | 125% ] Motor activity | 10.9%) and Hydrogen ion tansmembmne
transporter activity (9.4E)

The total mumbersof proteins identifed by mass spactmomatry in the
ileum for contrel and treated groups were 195 and 183, respectively.
Among them, 68 and 54 proteins we re uniguely iden tified in the cont rl
and treated groups, respactively In the quantitative analysis of the
treated vi contrel group, 36 proteins with change in a:xpresion were
detected Most of the pmteins with altered expression wer downregu-
lated in the proup treated with Fwhen comp ared with the contmod group
[22 pro@ins], suggeding that acute exposur to F reduces protein syn-
thesis (Tahle 52

Fiz. 3 shows the asbnebaorks generated by ClusterMaer® forthe
treated vi contral group of leum. Most of the proteins with altersd ax-
pression interacted with Salure carner fomily 2, boillored giurose mos-
paner menther 4 {P19357), Heterogenaois meckear ribomeclenpronein K
(PE19B0), UV exdsion repair proein RALZS homolog B (Q4EMAZ), Pro-
Iein deghroase D-1 (OBEMGT) and Polyubiquion-C (Q63429) (Fg. 3A) or
Mitogen-activated prosein lease 3 (P21708] and Gap juncoon alpha-1
protein [ POROSO) (Fig. 3B).

Fig. 4 shows the functional classification according to the bickgical
process with the most significant term, b the comparison behareen
treated vs. contml groups for ileum, Among them, the categories with
the highest percentages of genes were Intermediate Alament-based
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process {21%), Oxygen ranspont {12%), Regulation of mitoc hond dal
membrane permeahility imvohred in apoptotic process (9%, Positie
repulation of lipid kinase activity (9% and Cellular msponse to nitdc
oide (EE)

4. Discusion

The presentstudy was designed to evaluate proteomic and mompho-
legical alteration £ in the jej unum after aqate exposure to F. The dose we
adrministered to rats {25 mgFke body weight ) mimics the probable
towic dose [FTD) for humans, which is 5 mgF/Kg body weight
[Whit ford, 2011). This happens bacause rodents metabalize F 5 times
faster than humans | Dunipace ot al, 1995 We did not attempt to sim-
ulate the therapeutic doses of F for caries contml, since in this caze we
usually have lower doses of fluaride administered along time, ie,
chronic exposure, which was evaluated in our previous sthudies
[ Dionizio et al, 2018 Meloatal, 3017). However, in cases of topical F
application of fluoridated gels especially in younger children, the PTD
related ta anute exposure can be reached and gastraintestinal dgnak
and symptoms might be obeerved [Whitford, 2011).

Underacute exposure to F, the majority of the proteins with altered
mpresson were downrerulated both in jejunum {Takle 51 ) and ileum
[Table 52). These results indicate that acute exposure o F reduced

prtein synthesis in distine segments of the gut The subnenvarks for
the comparison between the group treated with 25 maf Kz bw vs con-
trol, both for jejunum (Fg 1) and Jeum (Fig. 3], miealed that mostof
the proteins withalte redexpresion interacted with Sohire carrier family
2 jocilitated glicase monsporter member 4 [GLUT4; P19357),
Polyuhiquirin-C [ 63429, Mitogen-activated protein Wnase 3 (MAFK3;
F21708) or Heterogeneoies niclear nbomecleoprotein K [P61980 ). Inter-
estinghy, the first 3 interacting partnerswere aleo present in t he suhnar-
wark comparing the proteins differentially epressedin the jejumm of
rats chronically treated with 50 mgfF/ L F when compared with contmd
(Dionizie ot al |, 2018} CLUTS is imvehead in ghicose transport. Ina re-
cent report by our groap, in which protecmic analyss was conducted
in the muscle and liver of diabetic @i, we chservad that exposure to
Falterad many protzins that interacted with CLUTY and could impair
its function (Lima Leite et al . 2014; Lobo et al, 2015). In the present
study, a plethora of proteins that interacted with GLUT4 and are in-
vohved in ens rey meta bolism, espacialty of carbohydmtes, were educed
or even absent in the jejunum upon aqite exposure to F, such as Malate
defipdrogennse, mitochondnal { POWGIE ), Malate defydmgenase, cytoplas-
mic [OB89ES), [-lactote dehydmogenase 4 chain [PO4642), Fynnvate ki-
mxse FKM [P11980) and Glyceraldehyde-3- phosphare defydmogenase
[GAPDH; POITST), while Make dek cytoplysmic (OER989],
Loctore dehydrogemnase A chain {PR4EAT] and CAPDH (PO4TOT) wene
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akoin the ileum upon exposune t F. These Andings indicate a great im-
pair in enerey metabolian (especially of carbohydrates) in the jejunum
and ileum of rats upon acute exposure 1o F, being the jejunum maore af-
fectad than the fleum. Thes findings are somshow expectad, snce the
enzymes imohed in energy motabolismare highly affected by F.atleas
under chmnic exposure to this ion [Amujo ot al 301Y9; Dionizio ot al.,
2018; Peretraet al, 2018). In addition, ATP synthase swbwnir beta, mip-
chondrigl (F10713) and ATP synthase sebunit alpha, mitochondrial
[P15999), key enzymes in respiratory chain, were dowmregulated in
the jejunum after acute F exposure, which comoborates the impair in
thie energy matabolism It haz been reportad that expression of ATP sym-
thase suburit beta, mitachondrial s reduced and correlated with ATP
contentinthe lvers of type 1 and type 2 diabetic mica, while hepatic
overaxpressonof ATP synthase subumnir beta, mitochondrialincreasescel-
lular ATP content and 1 ppreses ghiooneogs nesis, leading to hyperzhy-
cemia amselioration [Wang et al, 2004).

Folyuhiquinn C[Q63429] iz a highly conserved polypeptide thatis
covalenthy bound to other cellular proteins to signal proceses suchas
protein degradation, protein /protein interaction and protein intracelhs-
lar trafficking {Ciechanower and Schwartz, 1908 In the present study,
some of the above-mentioned proteins that interacted with GLUT4
alz interacted with Polyuebiguitin O Another protein that interacted
with Folyubiguinn Cis Perariredoodin-1 (Q63716] that was absent in
thee jejunum wpen acute exposure o F. Perooiredodin-1 plays an impor-
tant mele in cell protec ton agains cocdative stress by detotifying peros-
ides and acting as sensor of hydrogen perosid e-med iated signaling
events [UniProt 2019) In balance in the coidan tfan rexidant defnse
iz a commaon affect of F (Armujo et al, 2019; Barbier et al, 2010 lano
atal, 2014).

MAPKS [F2108] or extracellslar-signal egulated kinases {ERK1)
are afamily of proteins that act as intermediares in the signal transduc-
tion cascades trigee red by extracelhilar signals af membrane receptors,
through reversible protein phosphorylation, constituting one of the
main meach anisms of celhilar communi cation. They seem to be unive rsal

components of signal transduction mechanisms since multiple foms
hawve been identified ina variety of organizms | Dinsmare and Sonan,
2018, Hymowitz and Malek, 2018). One of the proteins interacting
with MAPKS is Tnonsgefin-2. Increase in this prot=inis assoclated wath
the development of cancer, while its 2up pre=ion leads to inhibition of
ell profifemation, invasion and metastasis (Yakabe et al, 2016). Re-
cently, transgelin was shown to be increased in colorectal cancer
(Zhou et al. 2018} and was ugpestad a5 3 potential biomarker for can-
cer as well a5 a pabential new target for cancer treatment [ Meng et al,
2017). Im our shudies, Tronsgelin-2 was increased in the jejunum after
acute exposure to F, bur was absentin the ileum afer acute sposure
o F. The meason for thisd iffe rential pattern of expressonisnot apparent
at the moment but could posdbly be related to the different character-
istics in inestine sepments, which should be evahmted in further stud-
ies. Interestingly, another pmtein involved in the control of cell
profiferation | Smes- 70 protein, mitochondrial; PAST21) was identified
exchizively in the jejunum afer acute F exposure. In the jejunum,
Smess-70 protein, nutochondrial also interacted with Heterogeneois m-
claar ribanuclesprotein K that was also an interacting player in the
ileum. Thiz pratein is one of the major pre-mENA-hinding proteins,
playing animportant roe in p53/TP53 eponse to DMA damage, acting
at the level of both transon ption adivation and repression, being neces-
zary for the induction of apoptosiz. In the: jejunum, another identified
protein that interacted with Heteroge reaws meckar ibanudeapratein K
was DEAD [Asp-Ghe-Alg-Asp) bae polypepiide 5 (DDXS; QRAYIT), an
ENA-binding protein overexpressad in varous malignant twmaors
[Janknecht, 2010), since it causes growith (Saporit@atal, 2011) and me-
@stags {Yang et al, 2006}, through actvation of several oncogenic
pathways (Yangat al, 2006). In the present study, however, DDXS
was absent in the jajunum upen acute exposure to F I has been e-
ported that depletion of DDXS causes apoptosis by inhibition of mam-
malian target of rapamycin complex 1 (mTORCT) [Taniguchi et al,
2016). Auonde-induced a poptosishas been widely eportedin the liter-
arure [ Barbier et al., 2010 Ribeiroetal, 2017 ). In the dleum, Elongagon
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Jocior T-glpha 1 | EF-1 et PE2630) that inteaa ed with Heterogenemes me
claar ribomecleo protein K was reduced uponanute exposure to F, which ks
alzo related toinduction of apoptess, since elevated levels of EF-1 o are
obsmved during neoplastic transformation and in tumers (Grant etal,
1002}, In-line with this, Aldshyde dehydmgenase, mitochondnial
[ALDHZ; P11884) was absent upon acute expoaure to F. Phamacologi-
cal inhibition of ALDH2 per s induces mitochondrial dysfunction and
cell death {Mall o al. 2018). These findings are impoartant bacause
some reports incemectly asociate Fexposure with the incidence of o
teasarcoma | Bassinetal , 2006; Rameshet al 2001 | and bilad der cancer
(Crandjean et al. 19892}, Our Andings, however, give additional suppart
to the sfety of use of F on this aspect, Snce even when administerad in
a high dose as inthe present sudy, Fcauses alterations in several pro-
teins that lead to apoptosis instead of cell proliferation.

Most of the proteins that interacted with MAPK3 both in the jeju-
mum and ileum are assocated with ortoskeleton and some of them
are actin-binding proteins (AEPs). Actin is one of the most abundant
proteins ineukanrotc celk, pamicipating in diferent cellular processes
such as cell differentiation, proliferation, apoptosis, migration and sig-
naling (Kristoetal, 2016). ABPzame highly abundantand directly partic-
ipate inthe modulaton ofcell proceses throwgh the regulation of actin
oytockeleton {Artman et al, 2014] Interestingly. Transgelin-2
(Q5XFX0), an ABP, was ahsent in the fleum, but identifisd exclusively
in the jejunum after acute exposure to F. This protein regulates the
actin cytoskelaton through actin binding and sometimes participates
in oytoskeleton remodeling (Dvorakovaet al. 2004). In line with this,
it isimporant to highlight that the categorieswith the highest percent-
ape of asspciated genes, as revealed by func bonal dassification, wer

(Mgt red nodes) core-spond to She Tububn bein-JA chatn (PES108) and Bengebion focor 1-aipha 2 {PESSIE) (For

som of the mefe 0 oiior in this figune legend, the

acting Alament binding [ 14.1%) and calmodulin hinding (14.1%] for
the jejumm {Fig. 2} and organization of intermediary filaments [21%)
forthe deum{Fig 4L Alkemtons in proteins invoheed in the otoskeleton
might explain some of the marphological findings of the presant shady.
Bothin the jejunum and ileum, the thickne= of the tunica musoulans
was signific antly decreased in the group that received the acute dose of
F, when compared with control This allemtion i considerad as one of
the peeshle explanations for the impairment of the intestinal motlity
upon exposure to F [Viterd and Scheider, 1974). For the inhibitory con-
trol of the matlity, the main neuntransmitters imohed are MO and VP
(Benamrach, 2007 ). In this s nse, in our study MO was demeased in both
segman ts while VIP was inoreased in the jejunum and decreased in the
ileum. Thes findings agree with those found by cur goup in the duode-
mum [ Maloat al, 2017} and jejunem | Dionizioet al, 2008) of mts chron-
ically treated with water containing 10 and 50 mgF/L

Contrarily to which was ssen in the chronic treatment of j2junum
[Dionizio ot al_ 2018} and lleum | unpublished data), upon the acute -
posure 13 F the organism might not have had fime to adapt to its taedc
effect, which means that the lessof energy may have not been = paired.
Acconding to the literature, some of the initial symptoms of acute toic-
ity ame generalized weaknes, doop in blood presaue and disorie ntation
[Buzalaf and Whitfand, 201 1; Whitford, 2011), which might be caused
ty decreasad energy kevels in the body.

In surnmmary, our results when analyzed in con juncrion, sugzest that
the gastmdntastinal armptomes found incases of acute F exposure might
be related to the morphological alterations in the mut {decrease in the
thic kmess of the tunica musculanis} that, at the molendar level, can be
explained by alterations in the gut vipermic innenaton and in proteins
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that regilate the g eskaleton. These Rndings help toexplain the gastmo-
imtestinal signs and sym proms reportad incases of aoste F toeicity.

Supplementary data to this article can be found online at hittp s/ Adoi.
org 1. 1016/ scitode oy 2020, 1404 19,
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