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Abstract

The enteric nervous system is responsible for controlling the gastrointestinal tract (GIT) functions. Enteric neuropathies are
highly correlated to the development of several intestinal disturbances. Fluoride (F) is extensively applied for dental health
improvement and its ingestion can promote systemic toxicity with mild to severe GIT symptomatology and neurotoxicity.
Although F harmful effects have been published, there is no information regarding noxiousness of a high acute F exposure
(25 mg F/kg) on enteric neurons and levels of expression of intestinal proteins in the duodenum. Quantitative proteomics
of the duodenum wall associated to morphometric and quantitative analysis of enteric neurons displayed F effects of a high
acute exposure. F-induced myenteric neuroplasticity was characterized by a decrease in the density of nitrergic neurons and
morphometric alterations in the general populations of neurons, nitrergic neurons, and substance P varicosities. Proteomics
demonstrated F-induced alterations in levels of expression of 356 proteins correlated to striated muscle cell differentiation;
generation of precursor metabolites and energy; NADH and glutathione metabolic process and purine ribonucleoside triphos-
phate biosynthesis. The neurochemical role of several intestinal proteins was discussed specially related to the modulation of
enteric neuroplasticity. The results provide a new perspective on cell signaling pathways of gastrointestinal symptomatology
promoted by acute F toxicity.
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Introduction associated to its general toxic effects. Acute F exposure is

mainly observed through accidental ingestion of a high

Considered the most important compound for oral health
improvement worldwide, fluoride (F) is largely ingested
in a daily basis, especially through water and food con-
sumption. Initially, F benefits strongly supported its addi-
tion to water supplies and dental products, but important
symptomatology in the gastrointestinal tract (GIT) and
nervous system has been insistently described for decades
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F dose culminating in mild to relevant gastrointestinal
symptoms, which can ultimately promote human and ani-
mal death (Whitford 1990). Doses of 0.1 to 0.8 mg F/kg
from water supplies or accidental ingestion of F products
can promote different levels of toxicity (Akiniwa 1997).
Initially, the estimated lethal acute F dose for humans was
described in values ranging from 2 to 5 mg F/kg or to even
higher values of 8 mg F/kg (Whitford 1987). Finally, 5 mg
F/kg was defined as the “probable toxic dose”, which rep-
resents the dose able to cause toxic effects varying from
the first GIT symptoms to the death, not excluding the
possibility of toxic effects of lower doses (Whitford 1990).

Due to the animal high metabolism, rats present F
blood serum concentrations 10 times lower for the same F
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concentration ingested by humans, which means that the
ingestion of a concentration of 100 ppm F results in serum
concentrations for rats around to the same serum levels
of humans consuming 5—-10 ppm F (Smith et al. 1993).
Therefore, a dose of 25 mg F/kg applied to an animal
corresponds to the 2.5 mg F/kg administered to a human
being. For that reason, in the present study, it was admin-
istered a dose of 25 mg F/kg, which is the equivalent of
2.5 mg F/kg, half of the “probable toxic dose” for humans
(Whitford 1990). This allowed us to simulate the ingestion
of a high F dose, which could promote symptomatology
described in several publications after the ingestion of an
acute F dose (Augenstein et al. 1991; Lidbeck et al. 1943).

F toxicity in the GIT leads to a broad range of symp-
toms from nausea, vomiting, diarrhea, abdominal pain,
paresthesia, flatulence, constipation; to gastritis, ulcers,
hemorrhage, severe epigastric pain, abdominal disten-
sion, appetite loss, and anorexia (Akiniwa 1997; Augen-
stein et al. 1991; Gessner et al. 1994; Shashi 2002; Vogt
et al. 1982; Waldbott 1977; Waldbott and Lee 1978).
This important gastrointestinal symptomatology is highly
prevalent in fluorosis endemic areas (Susheela et al. 1993),
especially exacerbated when associated to poor nutritional
and dietary habits (Sharma et al. 2009) confirming F toxic-
ity in high concentrations and doses on the GIT.

The Enteric Nervous System (ENS) is devoted to the
control of the GIT function coordinating secretion, absorp-
tion, motility, blood flow, and the intestinal immune barrier
through a large collection of nerves distributed in two major
interconnected plexi in the walls of gastrointestinal organs
(Bertrand 2003; Furness and Costa 1987; Gershon 1981;
Gershon et al. 1994). As an organized neuronal network
presenting several neurotransmitters, the ENS works inde-
pendently to the CNS (Furness 2006; Gershon 1998) and
presents the ability to adapt to local changes for the main-
tenance of its homeostasis from the mucous to the smooth
muscle layers microenvironment (Schéfer et al. 2009). This
capacity named neuroplasticity is a powerful tool of the ENS
for preservation of the GIT function evoked in physiological
or pathological states (Vasina et al. 2006). It is well defined
that neuroplasticity involves broad changes affecting gene
expression, cellular function, circuit formation, neuronal
morphology, and behavior (Maze et al. 2013). Since the ENS
is exposed to a variety of chemical and mechanical insults,
as well as to foreign organisms, the question of plasticity
and regeneration of enteric nerves is highly relevant (Hanani
et al. 2003).

Several pathologies affecting enteric neurons are charac-
terized by damage or loss of enteric neurons, contribute to
the pathogenesis of important gastrointestinal abnormalities
such as achalasia, idiopathic gastroparesis, congenital hyper-
trophic pyloric stenosis, chronic intestinal pseudoobstruction
(CIPO), irritable bowel syndrome (IBS), Hirshsprung’s and

Chagas’ disease (De Giorgio et al. 2004). In addition, gas-
trointestinal dysfunction associated with diabetes (Hermes-
Uliana et al. 2014), or ageing process (Camilleri et al. 2008)
are also connected to enteric neuronal impairment. The fact
that F effects in the GIT present similar symptomatology to
these significant pathologies is an important indicative of
F-induced enteric neurotoxicity.

F toxicity in the Central and Peripheral Nervous System
associated to the ingestion of high doses has been exten-
sively described (Bhatnagar et al. 2006; Blaylock 2004;
Mullenix et al. 1995; Shivarajashankara et al. 2002; Tsu-
noda et al. 2005; Vani and Reddy 2000; Varner et al. 1998).
Neurotoxicity can be reported as the first sign of F harm-
ful effects, even in the case of skeletal fluorosis develop-
ment, compromising the nervous system previously to evi-
dent bone abnormalities of excessive ingestion (Mullenix
et al. 1995). Other relevant effects, including manifestations
of decreased intelligence quotient, cognition, memory, and
learning ability (Madhusudhan et al. 2009), are described
as fluoride-induced neurotoxic mechanisms in the CNS
detected in specific brain areas (Niu et al. 2018), mainly
guided by alteration in the expression of neurodevelopmen-
tal (Zhu et al. 2017) or synapse-associated proteins (Ge et al.
2018). All these evidences substantiate F toxicity to neuronal
structures and interference in neuronal function.

As an active enzymatic inhibitor that can effectively
compromise protein function (Everett 2011) and due to the
fact that F affects levels of proteins in many different tissues
(Araujo et al. 2019; Carvalho et al. 2013; Khan et al. 2016;
Khan et al. 2019; Lobo et al. 2015; Melo et al. 2017; Pereira
et al. 2013), F could also affect protein levels in the GIT that
can be associated to enteric neurons and promote the signifi-
cant gastrointestinal symptomatology observed in cases of an
acute exposure to high doses of F. Since the ENS function is
coordinated by different neurotransmitters, the evaluation of
morphological and quantitative alterations in the total popula-
tion and other subpopulations of enteric neurons to an acute
exposure can contribute to finally illustrate the mechanistic
action of F toxicity on the GIT. To uncover the outcome of an
acute F exposure in proteins of the proximal small intestine,
the first site of F absorption and systemic distribution after its
ingestion, we undertook a large-scale quantitative proteome
profiling strategy to investigate alterations in protein levels
of expression of the duodenum and associated the proteomic
result to findings of immunofluorescence techniques for mor-
phometric and quantitative analysis of different enteric neu-
ronal subpopulations. The results demonstrated F-induced
myenteric neuroplasticity characterized by a decrease in the
density of nitrergic neurons and morphometric alterations in
the general populations of neurons, nitrergic neurons, and sub-
stance P varicosities. Proteomics demonstrated that F-induced
alterations in levels of expression of 356 proteins correlated
to striated muscle cell differentiation; generation of precursor
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metabolites and energy; NADH and glutathione metabolic
process; and purine ribonucleoside triphosphate biosynthe-
sis. Revealing F effects in the proximal segment of the small
intestine can contribute to unveil the initial mechanistic action
of F potentially involved in its toxicity on the GIT.

Methods

Animals, Experimental Procedures, and Analysis
of Plasma F Concentrations

Ethical permission for the study was granted by the Research
Ethics Committee of Bauru Dental School of the University
of Sao Paulo (protocol 014/2011) according to the guidelines
of the Brazilian National Research Council. Twelve male rats
(Rattus norvegicus, Wistar type) with 60 days of age were kept
housed individually in metabolic cages with water and food
ad libitum at 12 h/12 h (light/dark cycle) and room temperature
was controlled (around 22 °C). The animals received deionized
water for 29 days; this period is used for acclimation of the
animals to the metabolic cages (in which they are placed indi-
vidually instead of in groups in the same cage) before starting
the protocol of F exposure, promoting a pacific transition to the
new individualized cage. At the 30th day, they were randomly
divided into two groups (n = 6 per group): control and acute
dose receiving 0 or 25 mg F/kg orally by gavage, respectively.
After 2 h of the gavage procedure (experimental period of expo-
sure), the animals had their blood harvested for confirmation
of F exposure in plasma samples and the duodenum harvested
for histological, immunofluorescence, and proteomic analysis.

Plasma F concentrations of the animals were analyzed
to confirm the exposure of the animal to F doses. This is a
standard analysis for F studies (Dionizio et al. 2018; Khan
et al. 2016; Khan et al. 2019; Leite et al. 2014; Lobo et al.
2015; Melo et al. 2017; Pereira et al. 2013).

Plasm F concentrations were accessed through hexam-
ethyldisiloxane (HMDS)-facilitated diffusion (Taves 1968).
ANOVA and Tukey’s test (p<0.05%) were applied for sta-
tistical analysis using GraphPad InStat software, version 3.0
for Windows (GraphPad Software Inc., La Jolla, CA, USA).

Nano-LC Electrospray lonization MS

A label-free proteomics strategy based on LC-MS was applied
for global identification of proteins in duodenum samples with
previously detailed methods described (Melo et al. 2017).
Briefly, duodenum was collected, washed, frozen in liquid
nitrogen, and posteriorly lyophilized in a cryogenic mill. Global
proteins were extracted by sonication with lysis buffer followed
by tryptic digestion. Separation of the peptides was carried
out on a nanoAcquity UPLC-Xevo QTof MS system (Waters
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Corporation, Manchester, UK) loading a sample volume of
200 pL. Peptides in a solution of 0.1% formic acid and 3% ace-
tonitrile were injected in the column with an 0.1% formic acid
(mobile phase A) and 93% acetonitrile, 0.1% formic acid, and
100% acetonitrile (mobile phase B). A linear gradient of 7-85%
of mobile phase was gradually applied for 70 min at a flow rate
of 0.35 pL/min. Quantitative comparison of the proteome from
different samples was achieved using bioinformatics analysis
through peptide identification of raw files obtained from LC/
MS based in a fasta file from Rattus norvegicus proteome pro-
vided by UniProtKB (https://www.uniprot.org/). Expression
profiles among groups were obtained using the ProteinLynx
Global Server (PLGS) software provided by Waters Corpo-
ration through calculation of peptide ratios and generation of
a non-redundant list of proteins identified that had their ratio
normalized and expressed as p < 0.05 for protein downregula-
tion and 1 —p > 0.95 for upregulation expression levels. Gene
ontology was determined with CYTOSCAPE plugin CLUEGO
(Bindea et al. 2013; Bindea et al. 2009).

Enteric Neurons Immunofluorescence

Samples of the duodenum were prepared for immunoflu-
orescence techniques as described previously (Dionizio
et al. 2018; Melo et al. 2017). Briefly, after the duode-
num was harvested, samples were fixed, washed in etha-
nol, dehydrated in ethanol, cleared with xylene, hydrated
with ethanol, and stored in PBS. After microdissection of
the intestinal walls, the tunica muscularis was obtained,
which contains the myenteric plexus, responsible for con-
trolling intestinal motility through neurons distributed
between the longitudinal and circular smooth muscle lay-
ers. For the identification of the general population of
neurons and nitrergic neurons, antibodies for the human
neuronal protein (HuC/D) and the neuronal nitric oxide
synthase (nNOS) were, respectively, used. For the myen-
teric varicosities immunoreactive (IR) to other important
neurotransmitters investigated (vasoactive intestinal pep-
tide (VIP), calcitonin gene-related peptide (CGRP), and
substance P), specific antibodies anti-VIP, anti-CGRP,
and anti-SP were applied. In the immunofluorescence
protocol, samples were washed in PBS with Triton
X-100, blocked for 1 h (PBS with 0.5% Triton X-100,
2% BSA, and 10% donkey serum). The double-labeling
technique anti-HuC/D (mouse, 1:500) and anti-nNOS
(rabbit, 1:500) were applied for 48 h and washed 3 times
in PBS. Incubation in secondary antibodies [Alexa Fluor
488 (1:250), Alexa Fluor 568(1:500)] was conducted for
2 h and samples were washed and mounted with Prolong
Gold antifade. Morphometric and quantitative analyses
were performed as described in other studies from our
group (Alves et al. 2010; Ferreira et al. 2013; Lopes et al.


https://www.uniprot.org/

Neurotoxicity Research (2021) 39:800-814

803

2012; Pereira et al. 2011). Briefly, 40 images were cap-
tured for each animal and 100 neurons or 400 varicosities
from the images were analyzed using the tools of Image
Pro Plus 4 software (Media Cybernetics, Silver Spring,
EUA). For the quantitative analysis, the density of the
general population of neurons (HuC/D-IR) and nitrergic
neurons (nNOS-IR) was calculated in neurons/cm?. For
the morphometric analysis, measurement was performed
of the average value of the areas (um?) of the cell bodies
of the general population of neurons and of the nitrergic
neurons and areas of the varicosities VIP-IR, CGRP-
IR, SP-IR. Antibodies used in the immunofluorescence
techniques: nNOS (H-299, sc-8309 Santa Cruz, Dallas,
TX, USA), Mouse anti-HuC/D (A-21271, Invitrogen,
Waltham, MA, USA), Rabbit anti-CGRP (AB15360, Mil-
lipore, St Charles, MO, USA), Rabbit anti-VIP (V0390,
Sigma-Aldrich, St. Louis, MO, USA), Goat anti-sub-
stance P (sc9758, Santa Cruz, Dallas, TX, USA), Anti-
rabbit 546 (A10040, Invitrogen, Waltham, MA, USA),
Anti-mouse 488 (A21202, Invitrogen, Waltham, MA,
USA), Anti-rabbit 546 (A10040, Invitrogen, Waltham,
MA, USA), and Anti-goat 568 (A11057, Invitrogen,
Waltham, MAs, USA).

Histological Analysis

Duodenum samples were prepared for analysis of the
thickness of the total wall and of the tunica muscula-
ris. This is considered a relevant analysis since it can
suggest the development of important processes, such as
neoplastic, inflammatory, infectious, or ischemic condi-
tions when associated to imaging techniques (Fernandes
et al. 2014) being applied for diagnose (Serafini et al.
2017) allowing clinicians to identify several intestinal
pathologies, such as inflammatory bowel disease, intesti-
nal infection, ischemic colitis, and fibrosing colonopathy
(Haber et al. 1997). The intention of using this analysis
was seeking evidences of morphological changes caused
by an acute F exposure, not directly indicating any spe-
cific pathology. Duodenum samples were washed with
PBS, fixed in 10% formaldehyde, embedded in paraf-
fin for sectioning at 5 pm of thickness. Hematoxylin/
eosin (HE) staining was applied. Images were captured
(10x objective) using a high-resolution camera (Moticam
2500, Motic China Group Co, Shanghai, China) coupled
to a microscope (Olympus BX40, Olympus Co., Japan).
The measurements of the thickness of the tunica muscu-
laris and the total wall of the duodenum were obtained
using Image-Pro Plus software (10 sections/animal dis-
tributed in 5 different regions of the duodenum (images
not provided).

Results
Plasma F Concentrations Analysis

F exposure was confirmed through analysis of F concentrations
in blood plasma harvested from the animals. Significant differ-
ence was found in the acute F exposure group in relation to the
control group and presented in the Table 1.

Morphometric Analysis of the Duodenum
Wall Thickness

After the morphometric analysis of the duodenum wall stained
with HE, the total thickness presented and increase in the group
exposed to F compared with the control, while in the mean
(+ SD) thickness of the funica muscularis had a significant
decrease in the exposed group in relation to the control group.
This result shows that the acute F exposure affected the mor-
phology of the intestinal wall, which may contribute to GIT
symptoms observed due to F toxicity extensively mentioned in
the literature.

Proteomics Analysis

Merging the peptide identifications obtained after database
searching resulted in a core set of 520 and 508 proteins in
the control group and in the group exposed to an acute dose
of 25 mg F/kg, respectively. In the quantitative analysis,
the comparison between control vs. 25 mg F/kg, 356 pro-
teins were considered statistically reliable hits with altered
expression; most of the representative spectrum showed pro-
tein downregulation in the 25-mg F/kg group (Supplemen-
tary Table 3. Additionally, several proteins were identified
exclusively in each group, 164 in the control and 152 in
the 25 mg F/kg (Supplementary Table 1 and Supplementary
Table 2, respectively). The distribution and interaction of
several proteins identified initially are presented as a colored
subnetwork obtained with CYTOSCAPE analysis (Fig. 1).
From the total of identified proteins, only the proteins pre-
senting interaction, according to CYTOSCAPE analysis,

Table 1 Mean values of plasma F concentrations in animals exposed
to an acute F dose (25 mg F/kg) or distilled water (control)

Groups [F] plasma (pg/mL + SD)
Control 0.012 + 0.003*
Acute F exposure (25 mg  4.882 + 2.780°

F/kg)

Distinct letters in the same line represent values statistically different
according to Welch’s unpaired ¢ test (p = 0.0008, n = 6)
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Fig. 1 Subnetworks generated by VizMapper based on the compari-
son of the acute F exposure group (25 mg F/kg) vs. control group.
Color of node indicates the differential expression. Green, red, and
gray nodes indicate upregulation, downregulation, and interaction
proteins, respectively. The access number in the green node corre-
sponds to T-complex protein 1 subunit alpha (P28480). The access
numbers in gray nodes correspond to Coronin-1A (Q91ZN1), mito-
gen-activated protein kinase 3-MAPK3 (P21708), Synaptojanin-1
(Q62910), cystic fibrosis transmembrane conductance regulator
(P13569), 14-3-3 protein zeta/delta (P63102), peptidylprolyl cis/trans
isomerase (BOBNL2), Plastin-3 (Q63598), and serine/threonine-pro-
tein phosphatase 4 catalytic subunit (Q5BJ92). The access numbers
in red nodes correspond to Ccdc94 protein (A2VDI1), glyceralde-
hyde-3-phosphate dehydrogenase (BIWBQS), 60S acidic ribosomal
protein P2 (P02401), malate dehydrogenase, mitochondrial (P04636),
L-lactate dehydrogenase A chain (P04642), glyceraldehyde-3-phos-

were represented in the subnetwork. Proteins with altered
expression levels were distributed according to terms based
on their gene ontology presenting the following categories

Table 2 Thickness of the total wall and of the tunica muscularis in
the duodenum exposed to an acute F dose (25 mg F/kg) or distilled
water (control). Results expressed as mean values and standard error

Groups Thickness of the Total wall thickness (um?)
tunica muscularis
(um?)
Control 197.5 +9.83% 1.006.00 + 15.93?
Acute F exposure  172.9 + 4.25° 1.194.00 + 9.33°
(25 mg F/kg)

Distinct letters in the same line represent values statistically different
according to Student’s ¢ test (p < 0.05, n = 6)

@ Springer

(P04797),

phate
ATPase subunit alpha-3 (P06687), carbamoyl-phosphate synthase
[ammonia], mitochondrial (P07756), histone H2A.Z (POCO0S7),
histone H2A type 1-C (POC169), Histone H2A type I-E (POC170),
ATP synthase subunit beta, mitochondrial (P10719), aspartate ami-

dehydrogenase sodium/potassium-transporting

notransferase, cytoplasmic (P13221), phosphoglycerate kinase
1 (P16617), creatine kinase U-type, mitochondrial (P25809),
cytochrome b-cl complex subunit 2, mitochondrial (P32551), ATP
synthase subunit delta, mitochondrial (P35434), adenine phospho-
ribosyltransferase (P36972), heat shock protein beta-1 (P42930),
trifunctional enzyme subunit beta, mitochondrial (Q60587), major
vault protein (Q62667), keratin, type I cytoskeletal 19 (Q63279),
polyubiquitin-C (Q63429), peroxiredoxin-1 (Q63716), elongation fac-
tor 1-gamma (Q68FR6), histone H3.1 (QO6LEDO), citrate synthase,
mitochondrial (Q8VHFS), Na(+)/H(+) exchange regulatory cofactor
NHE-RF1 (Q9JJ19)

of biological processes most affected by the acute F expo-
sure: striated muscle cell differentiation (31%), generation
of precursor metabolites and energy (27%), NADH meta-
bolic process (21%), muscle structure development (18%),
muscle system process (17%), purine ribonucleoside triphos-
phate biosynthetic process (15%), and glutathione metabolic
process (15%) (Fig. 2). Proteins with relevant behavior for
gastrointestinal activity or neuronal role had their function
investigated and described in the discussion to suggest pos-
sible correlations with the findings of the quantitative and
morphometric analysis of enteric neurons here performed.
Relevant characteristics of proteins specially correlated to
apoptosis, enzymatic activity, and energy metabolism were
mentioned as well as their function in cascades and pathways
in different tissues, GIT, and neurons.
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25 mg F/Kg vs. Control

striated muscle cell
differentiation, 31%
response to zinc ion, 9%

response to testosterone
stimulus, 3% \
regulation of muscle cell
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purine ribonucleoside

triphosphate biosynthetic\
process, 15%

nucleosome assembly, 10%,

myofibril assembly, 14%,

muscle system process, 17%.

muscle structure development,
18%

Fig.2 Functional distribution of proteins identified with differential
expression in the duodenum of rats exposed to an acute F dose of 25
mg F/kg vs. control group (0 mg F/kg). Categories were described
based on GO Biological Process. Terms significant (kappa = 0.04)

Quantitative and Morphometric Assessment
of Myenteric Neurons of the Duodenum

The acute F exposure did not cause alteration in the den-
sity of the general population of neurons (HuC/D-IR), but
promoted a significant decrease in the density of nitrergic

Fig.3 Photomicrography

of myenteric neurons of the
duodenum stained for HuC/D
(green), nNOS (red), and double
labeling (HuC/D and nNOS).
Control group (top) and acute

F exposure (bottom). 20X
objective

25mg F/ kg

OmgF/kg

NADH metabolic process, 21%

actomyosin structure

/Organization, 12%

cellular aldehyde metabolic
process, 5%

cellular respiration, 12%

energy coupled proton transport,
against electrochemical gradient,
11%

fatty acid oxidation, 3%

generation of precursor
metabolites and energy, 27 %

glutathione metabolic process,

15Sﬁermediate filament

organization, 3%

and distribution according to percentage of number of genes associa-
tion. ClueGo® and Cytoscape® were used for gene ontology evalua-
tion

neurons (nNOS-IR) (Fig. 3). In the myenteric plexus of
the ENS, NO promotes the relaxation of the smooth mus-
cle during intestinal activity (Rivera et al. 2011). Damage
to nitrergic neurotransmission in the GIT is correlated to
several pathologies, such as diabetes (Pereira et al. 2016),
which contribute to gastrointestinal motility disturbances.

0mgF/kg

0mgF/kg

25mg F/ kg 25mg F/ kg
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Table3 Mean and standard errors of the quantitative and morpho-
metric analysis of myenteric neurons after acute F exposure of 25 mg
F/kg. Density of the general population of neurons (HuC/D-IR) and
nitrergic neurons (nNOS-IR) in neurons/cm’. Measurement of the

average value of the areas (ym?) of the cell bodies of the general pop-
ulation of neurons and of the nitrergic neurons and areas of the vari-
cosities VIP-IR, CGRP-IR, SP-IR

Enteric neuronal population analyzed

Control group Acute F exposure

group (25 mg F/kg)

Density of the general population of neurons HuC/D-IR

Density of nitrergic neurons nNOS-IR

Area of cell bodies of the general population of neurons HuC/D-IR
Area of cell bodies of nitrergic neurons (nNOS-IR)

Area of varicosities VIP-IR

Area of varicosities CGRP-IR

Area of varicosities SP-IR

15,365.5 + 392*
5,539.9 + 164.9°

14,996.9 + 345.4%
5,097.1 + 122.9°

279.2 +3.4* 302.1 + 3.8°
275 £2.9* 263.7 +2.8°
3.482 +0.9° 3.919 +0.03°
3.189 + 0.03* 3.181 + 0.03*
3.358 +0.02° 4.857 +0.03°

Means followed by different letters in the same line are statistically different according to Student’s ¢ test (p < 0.05, n = 6)

Additionally, a decrease in the nitrergic neuronal subpop-
ulation suggests a significant neurochemical alteration
(Badi et al. 2019). Regarding the morphometric analysis,

Fig.4 Photomicrography

of myenteric varicosities of
the duodenum after acute

F exposure. SP, CGRP, and
VIP-IR varicosities: control
group (0 mg F/kg) and acute F
esposure group (25 mg F/kg)
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the acute F exposure caused an increase in the area of
the neuronal cell bodies of the general population of neu-
rons and a decrease in the area of the nitrergic neurons in

0OmgF/Kg 25mg F/Kg

0mgF/Kg 25mg F/Kg

0mgF/Kg

25mg F/Kg
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the group of the acute exposure in relation to the control
(Table 3). About the analysis of the varicosities immuno-
reactive to CGRP, VIP, and SP, morphometric changes
only in the SP-IR varicosities as a significant increase
in the average value of the area of the varicosities were
observed (Fig. 4). In the myenteric plexus of the ENS, VIP
is an inhibitory neurotransmitter of the smooth muscle
contraction, which means that it promotes relaxation of
gastrointestinal smooth muscle (Belai et al. 1997; Dick
et al. 2000; Furness et al. 1992; Furness and Costa 1979;
Murthy et al. 1996) and present acomplementary effect to
NO, which is also inhibitory (Chino et al. 2002). SP is an
excitatory neurotransmitter of the smooth muscle, induc-
ing directly and indirectly the contraction of the intesti-
nal muscle layers through the stimulation of cholinergic
neurons (Holzer and Lembeck 1980). Additionally, SP is
also an important vasodilator affecting the blood flow of
the intestinal wall (Llewellyn-Smith et al. 1984). CGRP
also presents and excitatory effect on the smooth muscle
of the GIT (Ohtani; Kaneko; Kline et al. 1989) present-
ing neuronal projections distributed in the muscle layers
(Belai and Burnstock 1987; Ekblad et al. 1987) contrib-
uting to the regulation of the intestinal motility (Holzer
et al. 1989). Therefore, in our study, it was possible to
evaluate F effects on two subpopulations of inhibitory
and two subpopulations of excitatory enteric neurons, to
better understand how F can affect the intestinal motil-
ity. These morphological alterations observed suggest
that F induced enteric neuroplastic changes, which can be
associated to disturbance in the GIT function. Trying to
connect these results with the proteomics analysis, in the
discussion section, we describe the role of many proteins
that present functional correlation to neuronal and GIT
physiology, such as creatine kinase U-type mitochondrial
(P25809, CKMT1B), 60S acidic ribosomal protein P2
(P02401), Ccdc94 protein (A2VD11), peroxiredoxin-1
(Q63716; Prdx1), creatine kinase U-type mitochondrial
(P25809, CKMT1B), glyceraldehyde-3-phosphate dehy-
drogenase (BIWBQS8, GAPDH, P04797), phosphoglyc-
erate kinase 1 (P16617), carbamoyl-phosphate syn-
thase mitochondrial (PO7756, CPS1), phosphoglycerate
kinase 1 (P16617; PGK1), L-lactate dehydrogenase A
chain (LDHA, P04642), adenine phosphoribosyltrans-
ferase (P36972; APRT), Na*/K* ATPase subunit alpha-3
(P06687, NKAa3, ATP1a3), citrate synthase mitochon-
drial (Q8VHFS5), and aspartate aminotransferase cyto-
plasmic (P13221; AspAT). Aspartate aminotransferase
cytoplasmic, for example, suggests a correlation of F
effects on SP-IR varicosities represented in our findings;
GAPDH is involved in development of pathologies affect-
ing neuronal function and citrate synthase mitochondrial
enhanced NO signaling and could affect nitrergic neurons.
All these roles are explained in detail in the discussion.

Discussion

In this study, we applied proteomics to comprehensively
screen differentially expressed proteins associated to mor-
phological changes in enteric neurons of the duodenum
after acute F exposure. The duodenal wall is the first site
of intestinal metabolism presenting a significant absorp-
tive capacity, and the acute F dose administered during
the experiments is considered an elevated exposure, able
to promote high systemic toxicity with similar effects
of F poisoning caused by accidental ingestion of high F
doses. Since a prevalent symptomatology of the GIT is
observed due to F exposure in different levels (Akiniwa
1997; Augenstein et al. 1991; Gessner et al. 1994; Shashi
2002; Susheela et al. 1993; Vogt et al. 1982), we assumed
that the dose applied in this study could affect intestinal
homeostasis in protein levels disturbing the physiology of
the GIT including the function of the ENS. Description of
protein behavior in the CNS is also provided here, since
high mechanistic similarity between the CNS and ENS is
observed and some principles established for the CNS can
be applied in the enteric context (Gershon and Ratcliffe
2004). Furthermore, ENS and CNS normally communi-
cate bidirectionally (Rao and Gershon 2018), and some
roles in the central environment could help to explain the
F-induced toxicity on enteric neurons.

The proteomic profile provided associative networks dis-
playing interactions of distinct peptides with correspond-
ing gene ontology strongly correlated to processes such as
striated muscle cell differentiation (31%), NADH metabolic
process (21%), muscle structure development (18%), muscle
system process (17%), purine ribonucleoside triphosphate
biosynthetic process (15%), glutathione metabolic process
(15%), and purine ribonucleoside triphosphate biosynthetic
process (15%). Cellular alterations associated with skeletal
muscle differentiation share a high degree of similarity with
phenotypic changes correlated to apoptosis (Fernando et al.
2002); since skeletal muscle differentiation was the most
affected biological process observed with the proteomics,
we may suggest that the acute F dose could promote apop-
tosis of intestinal cells, but specific experiments to prove this
hypothesis were not tested in the present study to confirm
this argument.

Regarding to the specific proteins with altered expres-
sion observed in the proteomic approach, some presented
involvement in the apoptotic process in a diversity of tis-
sues, and adequate citations of their roles are described
below. Creatine kinase U-type mitochondrial (P25809,
CKMTI1B), one of the transcribed copies of the creatine
mitochondrial kinase 1 (CKMT1 ), which catalyzes the high
energy phosphate transfer from mitochondrial to cyto-
solic creatine, a mechanism present in tissue with large
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oscillating energy demand (Zhang et al. 2007) enzymes
of mitochondrial membrane pore (Beutner et al. 1996), it
disturbs the process of pore opening affecting apoptosis
induction through cytochrome c release (Vyssokikh and
Brdiczka 2003). On this way, the decrease in CKMT1B
expression due to the ingestion of the acute F dose could
facilitate apoptosis by a disturbance in cell structure. 60S
acidic ribosomal protein P2 (P02401), other protein iden-
tified among our findings, corresponds to one of the three
ubiquitous P ribosomal acidic phosphoproteins (PO, P1,
P2) composing the 60S ribosomal subunit and contribut-
ing to protein synthesis (Briani et al. 2009), whose down-
regulation can compromise total cell protein synthesis,
disturbing many cellular functions (Zandi et al. 2009) and
causing cell death (Remacha et al. 1995). The high speci-
ficity of P protein antigen is observed in neurons of differ-
ent rat brain areas and associated to apoptosis induction
(Matus; Burgos et al. 2007). About the role of this protein
in the intestinal environment, P2 down-regulation has been
described as a subject to be investigated in the carcino-
genesis of colorectal as well as other cancers (Cao et al.
1997). Other cancer- and apoptosis-related protein here
identified, Ccdc94 protein (A2VD11), has been described
as a radioprotective gene, whose inactivation makes cells
more sensitive to radiation-induced cell death, contribut-
ing to the Prpl9 complex action, known for regulating
gene expression and repair of damaged DNA (Sorrells
et al. 2012). Upon the Prp19 role, this complex represses
radiation-induced cell death by inhibition of the p53 gene,
a critical mediator of DNA damage-induced cell death. It
is possible that the downregulation of this protein in the
group that received the acute F dose could contribute to
the mechanisms that induce to cell death in the intestine.
Peroxiredoxin-1 (Q63716; Prdx1), other protein involved
with apoptosis, was observed downregulated in our find-
ings. Belonging to a family of antioxidant enzymes work-
ing in a defense mechanism against oxidative stress in the
brain, peroxiredoxin inhibition leads to free peroxide accu-
mulation and oxidation of key proteins that induce activa-
tion of the apoptosis signaling (Jin et al. 2005). In this cas-
cade, Prdx1 functions as a peroxide receptor in response
to extracellular H,O, inhibiting apoptosis by transducing
the peroxide signal (Jarvis et al. 2012), confirming Prdx1
protective role by controlling oxidative stress (Abbas
et al. 2008). About its expression in the GIT, on the same
way, Prxdl has an significant function in gastric mucosal
protection against oxidative injury induced by H. pylori
infection (Sato; Yanaka et al. 2008). Therefore, down
regulation of Prdx1 due to the acute F dose could impact
the defense mechanism against oxidative stress contribut-
ing to processes such as lipid peroxidation and apoptosis
in the duodenum. Altogether, these proteins that regulate
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apoptosis could have some involvement with the decrease
in the nitrergic neuronal density observed in our study pro-
moting important symptomatology, since nitrergic neurons
inhibit the activity of the intestinal smooth muscle layers.
To confirm these effects, further experiments would be
necessary.

Conjointly with basic mechanistic cellular processes,
other alterations due to acute F exposure were observed in
molecules that dictate energy metabolism justifying NADH
metabolic process description in the biological processes
mostly associated with the proteomic analysis in the pre-
sent study. Mitochondrial malate dehydrogenase (P04636)
is a polypeptide that contributes to the tricarboxylic acid
(TCA) cycle and associated to the cytosolic malate dehy-
drogenase transfers NADH into the mitochondria to access
the electron transport chain for ATP production. In the small
intestine of rats, the steady state of mitochondrial malate
dehydrogenase mRNA levels is high due to a large energy
requirement (Kelly 1989). Other enzyme involved in the
TCA cycle, citrate synthase mitochondrial (Q8VHFS), also
had reduced expression in our study. This catalytic enzyme
of the first cycle reaction participates in the respiratory
metabolism linked to ATP output and indicates unaffected
mitochondria (Stetler et al. 2012), classified as a marker of
increase in mitochondrial content and increased availabil-
ity of an energy substrate (Hughes et al. 2014). In neurons,
enhanced NO signaling increased citrate synthase activity
and was correlated with enhanced reserve respiratory capac-
ity and survival in neurons (Cerqueira 2012). The fact that
the nitrergic neurons morphologically evaluated in the pre-
sent study presented a decrease in the average value of the
neuronal area and a decrease in their density in the duode-
num could be correlated to a decrease in the concentration of
NO signalized by citrate synthase decreased expression and
activity. Additionally, pathophysiology of GI abnormalities
has been associated with mitochondrial (Rose et al. 2017)
and enteric neuronal function (Lomax 2006) confirming the
possibility of association between citrate synthase reduc-
tion and impairment in enteric neuronal activity through
an alteration in mitochondrial activity. Citrate synthase can
also be inhibited by nucleotides and polycarboxylate com-
pounds that are products of the cellular metabolic pathway,
in which citrate synthase is responsible for the first reaction
(Srere 1974). Therefore, its downregulation could be also
correlated with changes in the concentration of ATP, NADH,
and especially acyl CoA and oxaloacetate affecting energy
metabolism described as highly affected in our findings.

Energy production in the duodenum can also be affected
by modified expression of glyceraldehyde-3-phosphate
dehydrogenase (BIWBQS8, GAPDH, P04797), described
as an abundant cell protein with a central role in energy
production, GAPDH functions as a glycolysis catalytic
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enzyme and frequently is used as a reliable house-keeping
gene, characterized as an invariant control in studies of
gene expression analysis (Sirover 1999). Besides the gly-
colytic function, GAPDH is involved in membrane fusion,
microtubule bundling, nuclear RNA transport, regulation
of Ca®* homeostasis, transcription, apoptosis (Nakajima
et al. 2007), translational control of gene expression, DNA
replication, and DNA repair (Sirover, 1999). Especially its
role in apoptosis has been evaluated in age-related human
neuronal disorders as Alzheimer’s (Schulze et al. 1993) and
huntington’s diseases (Burke et al. 1996), in which GAPDH
interacts with other proteins directly related to the develop-
ment of these pathologies affecting neuronal function. The
oxidative stress-induced neuronal cell death is also another
mechanism mediated by GAPDH, which is correlated to
neurodegenerative and neuropsychiatric disorders (Itakura
et al. 2015). In glioma cells, suppression of GAPDH mRNA
induces apoptosis (Appelskog et al. 2004), indicating the
neurotoxic potential of alteration in GAPDH expression. Its
downregulation could reflect a mechanism involving enteric
neurons and the induced neuronal death detected as well as
an energy synthesis disturbance produced by F toxicity.

Other peptide involved in the glycolytic pathway,
phosphoglycerate kinase 1 (P16617; PGK1), catalyzes
1,3-diphosphoglycerate to 3-phosphoglycerate conversion to
the first molecule of ATP (Boyd; Tu; Shorrock; Groen et al.
2017). PGK has increased expression in different malignant
tumors including colon cancer (Ahmad et al. 2013) and gas-
tric cancer (Zieker et al. 2008; Zieker et al. 2010), in which
it is associated with poor prognostic (Ding et al. 2014). Its
mutations promote CNS defects in humans (Flanagan 2006)
and PGK1 deficiency is correlated with the development of
early-onset parkinsonism (Sakaue et al. 2017). High PGK1
expression is found in the cytoplasm of ‘disease-resistant’
motor neurons and axon terminals, suggesting that PGK1
could present a significant role in neuronal energy path-
ways (Boyd et al. 2017). Likewise, enhanced expression
of PGK1 has been associated with neuroprotective effect
through energy metabolism and glycolysis pathway acti-
vation (Han 2010). Reduction in ATP intracellular levels
causes neuronal cell death, culminating with the develop-
ment of significant neurodegenerative pathologies as Alzhei-
mer’s disease, amyotrophic lateral sclerosis, and Parkinson’s
disease. On the same way, the decreased PGK1 expression
observed due to the ingestion of the acute F dose could com-
promise the ENS in a similar way to the CNS, disturbing
enteric neuronal function or even promoting neuronal cell
death by decrease in ATP generation, an event that could
explain the decrease in the nitrergic neuronal density here
mentioned.

Downregulation of other catalytic enzymes was observed,
such as L-lactate dehydrogenase A chain (LDHA, P04642),
a catalytic cytosolic enzyme that contributes to anaerobic

and aerobic glycolysis (the Warburg effect). NAD+ is nor-
mally produced through oxidative phosphorylation, but
when the oxygen is limited, NAD+ is regenerated from
NADH in a reaction catalyzed by LDHA with the objective
of maintaining glycolysis process. This process is classified
as anaerobic glycolysis, and although it is not efficient as the
aerobic pathway, it can provide energy in a faster way in con-
ditions of low levels or oxygen, but with a high demand of
glucose (Valvona; Fillmore; Nunn; Pilkington 2016). As the
acute F dose caused a decrease in the expression of LDHA,
it is possible that in the duodenum cells, it could have pre-
dominantly to use the oxidative phosphorylation to produce
ATP during the exposure, a process that increases the gen-
eration of mitochondrial ROS, conducting to increase in the
oxidative stress, mechanism described for other authors as a
consequence F accumulation in many tissues (Chouhan and
Flora 2008; Ranjan et al. 2009). Other possible effects of
LDHA downregulation in the intestine caused by an increase
in the oxidative phosphorylation activity can be a reduc-
tion of ATP production rate, especially in hypoxia condition
(Miao et al. 2013) and an increase in the cell dependency on
oxygen for the glycolysis process (Valvona 2016).

Still discussing the group of proteins related to energy
metabolism here identified, other downregulated can be
mentioned, such as ATP synthase subunit beta mitochon-
drial (P10719), ATP synthase subunit delta mitochondrial
(P35434), phosphoglycerate kinase 1 (P16617; PGK1),
creatine kinase U-type mitochondrial (P25809; CKMT1B),
cytochrome b-cl complex subunit 2 mitochondrial (P32551;
UQCRC2), aspartate aminotransferase cytoplasmic
(P13221; AspAT), cytochrome b-c1 complex subunit 2 mito-
chondrial (P32551; UQCRC?2), and Na'/K* ATPase subunit
alpha-3 (P06687, NKAa3, ATP1a3). The last one, for exam-
ple, has its expression distributed among several neuronal
populations exclusively in neurons, especially in neuronal
projections mostly correlated to movement control (Bgttger
et al. 2011). Its differential expression affects the pattern of
neuronal excitability (Edwards et al. 2013) with mutations
in motor neurons implicated in movement disorders such as
Rapid-Onset Dystonia-Parkinsonism (Edwards et al. 2013).

Carbamoyl-phosphate synthase mitochondrial (PO7756,
CPS1), recognized as an important intestinal protein, had
also decreased expression. Identified in intestinal entero-
cytes (Ryall 1986), it has a role in the conversion of
ammonia into citrulline for urea synthesis and the local
production of arginine and consequently formation of
NO (Van Beers et al. 1998). Produced especially in the
proximal part of the small intestine, citrulline is correlated
with the integrity of the intestinal epithelium specifically
related to enterocyte function (Crenn; Messing; Cynober
2008) and the gravidity of intestinal pathologies (Moi-
nard and Cynober 2007). Therefore, the decrease in the
CPS1 expression observed after the acute F exposure can
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compromise epithelium mechanisms in the duodenum,
especially involving enterocytes, disturbing the function
in the proximal segment of the small intestine (Chouhan
and Flora 2008; 2010; Das et al. 1994; Rocha et al. 2013;
Rocha et al. 2012). Another mechanism that can be
affected by the downregulation of CPS1 is NO production,
which could reflect the alterations observed in nitrergic
neuron morphology and density that could reflect in the
intestinal motility and contribute to important symptoms
as diarrhea, frequently described due to F toxicity.

According to previous results of our group (Melo et al.
2017), F exposure can affect other mechanisms that con-
tribute to protein synthesis, such as histones expression. In
the CNS, the existence of different variants indicates the
relevance of these proteins and also suggests a cell type-
specific distribution (Maze et al. 2014). In the present study,
three variants presented downregulation: histone H2A.Z
(POCOS7), histone H2A type 1-C (POC169), histone H2A
type 1-E (POC170), and histone H3.1 (Q6LEDQO). Altera-
tions in histone expression can reflect changes in epigenetic
mechanisms that can be correlated with neuronal disorders
(Kazakevych et al. 2017) and could affect enteric neuronal
function as well.

The impact of F absorption in the duodenum can be
further extended to other sites through the impairment of
global proteins such as adenine phosphoribosyltransferase
(P36972; APRT). Distributing in all mice tissues, APRT
catalyzes the formation of 5'-adenosine monophosphate and
inorganic pyrophosphate from adenine and 5-phosphoribo-
syl-1-pyrophosphate (Bollée et al. 2012). When this process
is compromised by the lack of APRT, adenine is oxidized by
xanthine dehydrogenase, and then converted by 8-hydroxy-
adenine, which is metabolized to DHA (Engle et al. 1996).
In the lack of functional APRT, DHA high urinary levels are
observed, and due to its insolubility in urine, it is converted
in crystals that can form stones leading to the crystalline
nephropathy (Bollée et al. 2012) and renal failure (Engle
et al. 1996). Lower expression of APRT increases the for-
mation of DHA and can disturb kidney function. In mice,
this protein is ubiquitously expressed, but in humans, it is
found in the liver and intestinal mucosa (Engle et al. 1996).
Therefore, in humans, F effects of an ingested acute dose
could increase the production of DHA from the intestine and
correlate kidney failure with F intestinal toxicity, as cited in
other studies of our group (Carvalho et al. 2013; Kobayashi
et al. 2009).

In retrospect of our findings, acute F effects on the duo-
denum encompass the possibility of the impairment of dis-
tinct functions in the cellular machinery of different tissues,
affecting from basic enzymatic activity to energy metabo-
lism. Regarding to the ENS, although marked differences
distinguish ENS from CNS, analogy between both neuronal
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sets can be adopted due to their similarities, allowing the
findings of the CNS mechanisms to be adjusted to the ENS
environment (Gershon and Ratcliffe 2004), confirming the
vulnerability of enteric neurons to the effects of an acute F
exposure in a protein expression level.

Considering that the expression of several proteins
involved in the energy production, defense response, oxida-
tive stress, and metabolic processes were altered, it is clear
that high acute F dose can breakdown intestinal homeostasis
compromising also several other cell types present in the
intestinal wall and promoting a general effect affecting its
thickness as mentioned in the results (Table 2). The com-
bination of these intricate cellular mechanisms affected by
the differential peptide expression can impair enteric neu-
rons behavior and explain the symptoms described after
acute F exposure such as spastic bowels, severe epigastric
pain, abdominal pain, diarrhea, and abdominal distension
(Akiniwa 1997; Shashi 2002; Waldbott and Lee 1978; Whit-
ford and Pashley 1984). Neuroplastic alterations are indi-
cated not only by the morphological changes but also by the
fact that precursors and compounds of important neurotrans-
mitters and neuronal molecules presented altered expres-
sion after the ingestion of the acute F dose. For example,
the aspartate aminotransferase, the enzyme responsible for
glutamate production that was downregulated in the group
that received the acute F dose, indicates potential effects of
F on enteric glutamatergic neurons. All glutamatergic neu-
rons co-express substance P (Liu et al. 1997) and the fact
that the SP-IR varicosities were morphologically altered by
the acute F dose can suggest a correlation with F effects on
glutamatergic neurons that consequently reflected on SP-IR
varicosities represented in our findings. SP is characterized
as an excitatory neurotransmitter to intestinal motility, indi-
cating that the acute F exposure could produce an increase
in intestinal motility. It is also suggested that glutamater-
gic neurons are probably sensory neurons transferring sen-
sory information from the mucosa to the enteric plexuses
(Kirchgessner et al. 1992). Therefore, since morphological
alterations can reflect a compromised function probably the
enteric sensory neurotransmission through the submucous
and myenteric plexi can be also disturbed.

Given that the ingestion of an acute high F dose can affect
the physiology of the duodenum especially compromising
through myenteric neurons and global protein levels, a par-
simonious mechanistic explanation for the GIT symptoma-
tology described for decades in consequence of F toxicity.
We cannot rule out that other biological processes cannot
be affected by F. However, we can assert the correlation of
this acute F exposure to changes in specific intestinal struc-
tures and molecules compelling evidence for the local and
systemic toxic effects of the ingestion of an acute F dose,
mainly distributed from the proximal small intestine.
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