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RESUMO

O presente estudo investigou os efeitos do anticonvulsivante valproato de sédio (VPA) nas glandulas
salivares por meio de pardmetros bioquimicos, funcionais, histomorfométricos e estado redox. Para
tanto, vinte e quatro ratos Wistar (5 semanas de idade) foram divididos aleatoriamente em trés grupos
(n=08/grupo): grupo (Controle) tratados com solucéo salina 0,9% (m/v); grupo (VPA100) tratados
com 100 mg/kg de VPA,; grupo (VPA400) tratados com 400 mg/kg de VPA na forma de xarope
(Depakene®, Abbott Laboratérios do Brasil, Ltda.). Ap6s 21 dias consecutivos de tratamento por
gavagem intragastrica, a saliva total induzida pela pilocarpina foi coletada para determinacdo do
fluxo salivar, pH, capacidade tamponante, proteina total, amilase, fosfato, calcio, potassio, sédio e
cloreto. Nas glandulas salivares foram realizadas analises histomorformétricas, capacidade oxidante
total, peroxidacdo lipidica, proteina carbonilada, capacidade antioxidante total, acido drico,
glutationa reduzida (GSH), superoxido dismutase (SOD), catalase (CAT) e glutationa peroxidase
(GPx). Os resultados foram submetidos analise de variancia (One-Way ANOVA) seguido do teste
post hoc de Tukey (p < 0,05). O fluxo salivar, pH, capacidade tamponante, proteina total, potassio,
sodio e cloreto foram semelhantes entre os grupos. Contudo, fosfato e calcio reduziram no VPA400,
enquanto a amilase foi maior nos grupos VPA100 e VPA400. N&o detectamos nas glandulas salivares
diferencas significantes nas areas de acinos, ductos e tecido conjuntivo entre os grupos. Nao houve
mudancas significativas no estado redox das glandulas submandibulares. Por sua vez, nas glandulas
parétidas detectamos reducdo da capacidade oxidante total e peroxidacdo lipidica nos grupos
VPA100 e VPA400, aumento da SOD no VPA400, além da maior concentracdo de acido Urico nos
grupos VPA100 e VPA400. Conclui-se que o tratamento crénico com VPA modificou a composicao

bioquimica da saliva total e causou distarbios do estado redox da glandula parotida em ratos.

Palavras-chave: Anticonvulsivantes. Acido valproico. Saliva. Glandula parétida. Glandula

submandibular. Estresse oxidativo.
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ABSTRACT

The present study investigated the effects of the anticonvulsant sodium valproate (VPA) on the
salivary glands through biochemical, functional, histomorphometric parameters and redox status. For
this, twenty-four Wistar rats (5 weeks old) were randomly divided into three groups (n=08/group):
group (Control) treated with 0.9% saline solution (w/v); group (VPA100) treated with 100 mg/kg of
VPA,; group (VPA400) treated with 400 mg/kg of VPA in the form of syrup (Depakene®, Abbott
Laboratorios do Brasil, Ltda.). After 21 consecutive days of treatment via intragastric gavage, total
saliva induced by pilocarpine was collected to determine salivary flow, pH, buffering capacity, total
protein, amylase, phosphate, calcium, potassium, sodium, and chloride. In the salivary glands,
histomorphometric analysis, total oxidant capacity, lipid peroxidation, carbonyl protein, total
antioxidant capacity, uric acid, reduced glutathione (GSH), superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx) were performed. The results were subjected to analysis of
variance (One-Way ANOVA) followed by Tukey's post hoc test (p < 0.05). Salivary flow, pH,
buffering capacity, total protein, potassium, sodium and chloride were similar between groups.
However, phosphate and calcium were reduced in VPA400, while amylase was higher in VPA100
and VPA400 groups. We did not detect significant differences in the areas of acini, ducts and
connective tissue in the salivary glands between the groups. There were no significant changes in the
redox state of the submandibular glands. In turn, in the parotid glands, we detected a reduction in the
total oxidant capacity and lipid peroxidation in the VPA100 and VPA400 groups, an increase in SOD
in the VPA400, in addition to a higher concentration of uric acid in the VPA100 and VPA400 groups.
It is concluded that chronic treatment with VPA modified the biochemical composition of whole
saliva and caused disturbances in the redox state of the parotid gland in rats.

Keywords: Anticonvulsants. Valproic acid. Saliva. Parotid gland. Submandibular gland. Oxidative

stress.
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Abstract

Objective: To investigate the effects of the anticonvulsant sodium valproate (VPA) on salivary glands using biochemical,
functional, histomorphometric, and redox parameters.

Materials and methods: Male Wistar rats were randomized into three groups (n=08/group): Control (NaCl 0.9%),
VPAL00 (100 mg/kg), and VPA400 (400 mg/kg). After 21 consecutive days of treatment with VPA by intragastric
gavage, pilocarpine-induced total saliva was collected to determine salivary flow and biochemical composition. Analyses
of histomorphometric parameters and redox balance markers were performed on the parotid and submandibular glands.
Results: Salivary flow, pH, buffering capacity, total protein, potassium, sodium, and chloride were similar between
groups. However, phosphate and calcium were reduced in VPA400, while amylase was increased in both VPA100 and
VPA400. We did not detect significant differences in the areas of acini, ducts, and connective tissue in the salivary glands
between the groups. There were no significant changes in the redox status of the submandibular glands. In turn, in the
parotid glands we detected reduced total oxidizing capacity and lipid peroxidation and higher uric acid concentration in
both the VPA100 and VPA400 groups, and increased SOD in the VPA400 group.

Conclusion: Chronic treatment with VPA modified the salivary biochemical composition and caused disturbances in the
redox state of the parotid gland in rats.

Clinical relevance: Electrolyte imbalance associated with increased salivary amylase is a potential risk to oral
homeostasis when exposed to VPA-induced salivary gland dysfunction.

Keywords: Anticonvulsants, Valproic acid, Parotid gland, Submandibular gland, Oxidative stress.



13

Introduction

Epilepsy is a chronic brain pathology, characterized by spontaneous and recurrent seizures, resulting from
excessive, irregular, or synchronous electrical activity in the brain, and can be focal or generalized in origin [1, 2]. It is
estimated that approximately 50 million people worldwide are diagnosed with epilepsy [3], of which the highest incidence
rate is during childhood, specifically during the first 10 years of life [4, 5]. Most of these children live in underdeveloped
countries, with a prevalence of 3.6-44 / 1000 [6]. In Brazil, data on the prevalence of epilepsy in children are still scarce,
but based on research carried out in the city of Sdo Paulo, the prevalence is 9.7 / 1000 in children aged between zero and
sixteen years [7].

The epileptic and convulsive crisis resulting from the disease can almost always be controlled with the
appropriate use of anticonvulsant drugs [8, 9], including sodium valproate (VPA), indicated as a frontline treatment for
seizure disorders and epileptic syndromes [10]. Its mechanism of action has not yet been fully consolidated, however,
evidence reports that VPA acts by increasing the synthesis and release of y-aminobutyric acid (GABA), enhancing
GABAergic transmission in specific regions of the brain, reducing neuronal excitation of receptors of N-methyl-D-
aspartate glutamate (NMDA\), dampening high-frequency neural firing, and blocking voltage-sensitive sodium channels
[11, 12]. In addition, VPA is also used as a neuroprotector in cases of Alzheimer's disease [13], migraine [14], and bipolar
disorders [15, 16]. Although VPA has an acceptable level of side effects, epidemiological research suggests that it can
induce hepatotoxicity [17], pancreatitis [18], and teratogenicity [19]. Regarding oral health, clinical evidence has shown
that chronic use of VPA may be associated with a higher prevalence of gingival enlargement, periodontal disease, and an
increased risk of developing caries disease [20-23]. However, to date, the mechanisms are still little known. Thus, research
is needed to investigate the effects of the anticonvulsant sodium valproate on oral health.

Saliva is a fluid composed of 99% water, and the remainder is made up of organic and inorganic compounds,
which play important roles in maintaining oral health, such as eliminating pathogens, acting as a lubricating barrier and
buffering capacity, and maintaining tooth integrity, tissue repair, and digestion [24, 25]. Saliva is produced primarily by
the major salivary glands, composed of the parotid, submandibular, and sublingual glands [26]. The salivary glands also
have a broad defense system of enzymatic antioxidants: superoxide dismutase (SOD), catalase (CAT), and salivary
glutathione peroxidase (GPx), and non-enzymatic antioxidants: uric acid, reduced glutathione (GSH), albumin, and
lactoferrin [27-29]. The set of antioxidants is important for the homeostasis of the redox balance and neutralization of the
production of reactive oxygen species that, when in excess, promote oxidation biomolecules, and, consequently, the
development of tissue dysfunction [30, 31]. In this context, drug-induced oxidative stress is implicated in the toxicity
mechanisms that lead to salivary gland dysfunction. In addition, 5-Fluorouracil, a chemotherapeutic agent, has been

shown to have a pro-oxidant effect by increasing lipid peroxidation and causing an imbalance in SOD and CAT enzymatic
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antioxidant defenses, with negative impacts on salivary flow rate and composition [32]. Likewise, rats treated with
sibutramine hydrochloride, an anti-obesity drug, presented reduced SOD, CAT, and GPx antioxidant defenses, which was
associated with increased lipid peroxidation, demonstrating increased free radicals and oxidative stress, leading to a
decline in o -amylase, total protein, and morphometric alterations in the salivary glands [33].

Evidence points to disturbances of the redox state as part of the toxicological mechanism of VPA in
different tissues. In the kidneys, VPA has been shown to reduce SOD, CAT, and GPx activity as well as total antioxidant
capacity, compromising glomerular filtrate [34], while in the brain, VPA increased lipid peroxidation and carbonyl
protein, generating instability of the GSH, SOD, CAT, and GPx antioxidant defenses, demonstrating the involvement of
oxidative stress in the imbalance of the redox state of neural tissue [35]. Although the mechanism is not fully elucidated,
it is suggested that VPA amplifies biochemical stress in the body, generating an imbalance between reactive oxygen
species and antioxidants, inducing oxidative stress, and inhibiting several groups of enzymes [36, 37]. Despite the
evidence demonstrating that VPA can modulate oxidative stress in a tissue-specific way, it has not yet been described
whether this anticonvulsant can alter the oxidative state in the salivary glands. Taking into account that VPA is captured
and secreted by the salivary glands [38, 39] it is pertinent to analyze its possible effect on the function of the salivary
glands.

Therefore, considering the association of oxidative stress caused by this anticonvulsant in different tissues, we
hypothesized that chronic treatment with VPA impairs salivary flow and biochemical composition, through increased
oxidative damage in the salivary glands. To this end, the current study aimed to investigate the effects of chronic treatment
with valproic acid on the biochemical, functional, and histomorphometric parameters, and redox state of the parotid and

submandibular glands of male Wistar rats.

Materials and methods

Animals

All experimental procedures were carried out in accordance with the instructions of the Brazilian College of
Animal Care (COBEA) and approved by the Ethics Committee on the Use of Animals of Unesp, Aragatuba School of
Dentistry (Authorization Protocol No. 0215-2021). Twenty-four male Wistar rats (Rattus norvegicus albinus, 5 weeks
old) were housed in a temperature-controlled room (22 + 2 °C), with a 12/12-hour light-dark cycle. The animals had
access to feed and water ad libitum. The same batch of standard rodent feed (Neovia Nutri¢do e Saide Animal LTDA,
Paulinia, SP, Brazil) was used from the acclimatization period until the end of the experiment to avoid variation in

antioxidant intake. Body mass, water, and feed intake were measured twice a week from the start of the treatments.

Study design
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The animals were randomized by the draw method (based on a sequence of numbers generated by computer),
and distributed into three independent groups (n= 08/group): group (Control) treated with 0.9% saline solution (w/ v);
group (VPA100) treated with 100 mg/kg of VPA in the form of syrup; group (VPA400) treated with 400 mg/kg of VPA
in the form of syrup (Depakene®, Abbott Laboratérios do Brasil, Ltda.). VPA100 and VPA400 are approximately
equivalent to the initial therapeutic dose and the maximum daily dose in humans, respectively, adapted for rats. The saline
solution administered corresponds to the maximum daily volume of VPA. To calculate the doses, the translational dose
formula was used based on the surface area of the body (mg/m?) [40], from information provided in the syrup leaflet [41].
These doses were also selected due to the results obtained in different toxicity studies [34, 42-45]. In all groups, the
treatment occurred via intragastric gavage, with the substances administered once a day, always in the morning, for 21

consecutive days [46-48].
Collection and measurement of salivary flow rate

After the treatment period (twenty-one days), the animals were weighed and anesthetized by a combination of
xylazine hydrochloride (10 mg/kg - Coopers, Brasil, Ltda.) and ketamine hydrochloride (75 mg/kg - Fort Dodge, Animal
Health Ltd.). After anesthesia, pilocarpine nitrate (5 mg/kg, IP, Sigma-Aldrich, St. Louis, MO, USA), diluted in 0.9%
NaCl (w/v), was applied intraperitoneally to stimulate salivary flow. Total saliva was collected for 10 minutes counting
from the first drop of saliva. For this purpose the animals were placed on an inclined support with their mouths over a
previously weighed container. Salivary volume was calculated by the difference in weight between the full and empty
bottle, considering saliva density as 1 g/mL [49]. The salivary flow rate was determined by the amount of saliva collected
per minute, divided by the animal's weight, expressed in mL/min/kg of body mass. The saliva samples were then
fractionated and stored (-80 °C) until the analysis was carried out. In sequence, after saliva collection, pH and buffering
capacity were evaluated. The salivary pH value was determined with a specific electrode (Analyzer®, Sao Paulo, SP,
Brazil) connected to a pH meter (Thermo Fischer, Orion 720A, MA, USA). The buffering capacity was determined using
the titulometric method, by measuring the volume of lactic acid (0.1 mol/L) necessary to reduce salivary pH to 4.0 and

expressed in mL of lactic acid [50].
Collection and storage of tissue and blood samples

The animals were euthanized by exsanguination via cardiac puncture, always in the morning (9:00 — 11:00 am)
to minimize the effects of the circadian rhythm. The blood obtained was centrifuged at 1000 x g for 15 min at 4 °C and
stored in a -80 °C freezer. Afterward, the parotid and submandibular glands were immediately removed and cleaned of

adipose tissue and blood elements, and then dried and weighed. The salivary gland index was used as a relative mass
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index (organ/body mass ratio) [50]. The glands on the right side were destined for biochemical analysis, while the glands

on the left side were histologically processed for histomorphometric analysis.
Biochemical parameters

For the biochemical assays, reagents from Sigma-Aldrich, Germany/USA were used. Absorbance was measured
using a microplate reader spectrophotometer (PowerWave 340, BioTek, USA) and a UV-Vis spectrophotometer (U-2000,
Hitachi, Japan). All analyses were performed in duplicate and normalized by the total protein content, making it possible
to evaluate differences in the proportionality of biochemical analytes present in both saliva and salivary gland homogenate

[50].
Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity assays

ALT and AST activity was determined in blood serum using standard commercial Kits (Bioclin®, Quibasa,

Minas Gerais, Brazil).
Saliva biochemical analysis

Total protein concentration was measured in all samples by the Hartree-Lowry method [51]. Salivary amylase
activity was evaluated with a commercial kit (Bioclin®, Quibasa, Minas Gerais, Brazil) where the saliva sample is
incubated with the substrate starch and heated to 37°C. When adding the iodinated solution, starch not yet hydrolyzed
acquires a color that decreases proportionally to enzymatic activity. One unit (U) of amylase activity was established as
the amount of enzyme needed to hydrolyze 10 mg of starch in 30 minutes of reaction under the described assay conditions
[52]. Calcium, phosphate, and chloride levels in saliva samples were determined using commercial colorimetric Kits
(Bioclin®, Quibasa, Minas Gerais, Brazil). For sodium and potassium, an ion-selective electrolyte analyzer (Roche

9180®, Electrolyte Analyzer, Austria) was used. Salivary electrolyte levels were expressed in mmol/L.
Histomorphometric analysis

Parotid and submandibular salivary gland samples were fixed in Bouin's solution for 24 hours, and preserved in
70% alcohol, subsequently dehydrated in ethanol, clarified in xylene, and included in paraplast. Five micrometer cuts of
the salivary glands were stained with hematoxylin and eosin. The histomorphometric study was performed by a certified
histologist blinded to the treatments. The pictures were taken using a digital camera (Olympus XC50, Tokyo, Japan) that
was connected to a light microscope (Olympus BX53, Tokyo, Japan) with an original magnification of 400x. Six
photomicrographs were obtained of two histological sections per gland. To demarcate the areas occupied by acini and
ducts, the “hands-free” tool in Image J software (ImagelJ, National Institutes of Health, USA, version 1.50i) was used, in

which the total area of the salivary glands was measured in (um?). After averaging the areas of the six photos with the
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total area set to 100%, the findings were plotted by calculating the proportion of each structure still present in each image

using the rule of three. Five animals per group were used in this investigation [33, 53].
Biochemical analysis of the salivary gland
Preparation of salivary gland homogenates

The parotid and submandibular glands were homogenized at 5% (w/v) in 50 mmol/L sodium phosphate buffer
(pH 7.4), containing 0.2% v/v Triton X-100, 10 mmol/L of diethylenetriaminepentaacetic acid (DTPA), and 2 mmol/L of
phenylmethanesulfonyl fluoride (PMSF). For both, Potter-Elvehjem homogenizer (Model MA 099®, Marconi, Sao
Paulo, Brazil) was used. After 10 min of centrifugation at 10,000 x g at 4°C, the supernatant was fractionated and stored
at -80°C until use. A portion of the homogenate was used for the determination of GSH, prepared in 5% (w/v)
trichloroacetic acid containing 2 mmol/L of diethylenetriaminepentaacetic acid (EDTA) and centrifuged for 10 min at

4,000 x g, 4°C.
Oxidative damage product assays

The total oxidative capacity was evaluated with the Erel method [54], this test is based on oxidants present in
the sample that oxidize the ferrous ion-o-dianisidine complex to ferric ion. The ferric ion produces an orange xylenol
complex in acid medium. Color intensity was measured spectrophotometrically at 560/800 nm. The results were expressed
in H,0; per gram of protein. Thiobarbituric acid reactive compounds (TBARS) have been used as a technique for lipid
peroxidation [55]. The extinction coefficient of the formed aldehydes (es32 = 1.56 105 M cm™) was used to determine
how many were produced. Carbonylated protein was determined spectrophotometrically (450 nm), using the simplified
alkaline 2,4-dinitrophenylhydrazine (DNPH) method [56]. The carbonyl concentration was calculated by the molar

absorption coefficient (ess0 = 22,000 Mt cm™?).
Assay of non-enzymatic antioxidant defenses

The ferric reducing antioxidant power (FRAP) assay, as reported by Benzie and Strain [57], was used for
spectrophotometric analysis of the total antioxidant capacity. A standard curve constructed using solutions with various
concentrations of ferrous sulfate was used to calculate the results. Uric acid levels were determined using a commercial
kit (Bioclin®, Quibasa, Minas Gerais, Brazil). GSH concentration was measured using 5,5'-dithiobis-(2-nitrobenzoate)
(DTNB) according to the spectrophotometric method described by Beutler et al. [58]. The amount of GSH was determined
by the GSH molar extinction coefficient (g412 = 1.36x104 Mt cm™). GSH levels were expressed as nmol per gram of

total protein.

Assay of enzymatic antioxidant defenses
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SOD activity was determined by evaluating the autoxidation rate of pyrogallol in 50 mmol/L of Tris-HCI buffer
(pH 8.2) containing 1 mmol/L of diethylenetriaminepenta acetic acid. One SOD unit was defined as the amount of enzyme
needed to inhibit the auto-oxidation of pyrogallol by 50%. The oxidation of pyrogallol forms a colored product, detected
spectrophotometrically at 420 nm [57]. The activity of CAT in the tissue homogenate was analyzed through the H,0,
degradation rate, spectrophotometrically (240 nm) [58]. Enzyme activity was determined using the H,O, molar extinction
coefficient (240 = 0.0394 mM* cm™). The analysis of the GPx enzyme was carried out based on the measure of the
decrease in absorbance at 340 nm, promoted during the reduction of oxidized glutathione (GSSG). The reduction is
catalyzed by glutathione reductase (GR) in the presence of NADPH. Tert-butyl hydroperoxide [59] was used as a
substrate. The results were expressed using the NADPH molar extinction coefficient (g340 = 6.2 mM™ ¢cm™?), in which a

unit of GPx activity was considered as 1 mmol of NADPH consumed per minute.
Statistical analyses

Data were processed using GraphPad Prism 8 (GraphPad Software, Inc.; La Jolla, CA, USA). The Shapiro-Wilk
test showed normal distribution of the results obtained, so one-way ANOVA parametric analysis was used, followed by
Tukey's multiple comparisons test. Statistical significance was defined as p < 0.05. Results are expressed as mean *

standard deviation. All analyses were performed in duplicate.

Results

After 21 days of treatment with VPA, the levels of enzymatic activities of the plasma markers of liver injury
ALT and AST were similar between groups (Table 1). The initial and final body mass did not show significant differences
between the animals in the Control, VPA100, and VPA400 groups. There were also no differences in feed and water
intake between groups (Table 1). The mass and index of the parotid and submandibular glands did not differ in either
group, and we did not detect significant differences in the total protein concentration between the groups in either salivary

gland (Table 1).

The results of the histomorphometric analyses showed that VPA treatments did not cause structural alterations
in the parotid gland (Fig. 1A, B, and C), since the area of acini (Fig. 1D), ducts (Fig. 1E), and connective tissue (Fig. 1F)
showed no abnormalities compared to the Control group. In the submandibular gland (Fig. 1G, H, and I) no significant
structural changes were observed in the area of acini (Fig. 1J), ducts (Fig. 1K), and connective tissue (Fig. 1L) compared

to the Control group.

In the present study, neither dose of VVPA altered flow rate (Fig. 2A), pH (Fig. 2B), buffering capacity (Fig. 2C),
and total salivary protein content (Fig. 2D) when compared to the Control group. However, salivary amylase activity

significantly increased in the VPA100 (p < 0.01) and VPA400 (p < 0.05) groups compared to the Control group (Fig.
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2E). There was also a reduction in salivary concentrations of phosphate in the VP400 group compared to the Control (p
< 0.01) and VPA100 groups (p < 0.01) (Fig. 2F), and calcium (Fig. 2G) compared to the Control (p < 0.05) and VPA100
groups (p < 0.05). No significant differences were observed in salivary concentrations of potassium (Fig. 2H), sodium

(Fig. 21), and chloride (Fig. 2J) between the experimental groups.

In turn, the parotid glands from both groups treated with VPA showed lower concentrations of total oxidant
capacity (VPA100, p < 0.01; VPA400, p < 0.01) and oxidative damage to lipids (VPA100, p < 0.0001; VPA400, p <
0.0001) in relation to the Control group (Fig. 3A and 3B), while in the submandibular gland the total oxidant capacity
and oxidative damage to lipids remained similar between groups (Fig. 3A and 3B). Concentrations of oxidative protein

damage, as determined by protein carbonyl, also did not differ between groups in either salivary gland (Fig. 3C).

The analysis of non-enzymatic antioxidant defense parameters showed that the doses of VPA did not
significantly influence the concentrations of total antioxidant capacity (Fig. 4A) and GSH (Fig. 4C) in either salivary
gland. However, in the parotid gland, uric acid (Fig. 4B) increased in both the VPA100 (p < 0.05) and VPA400 (p <
0.05) groups compared to the Control group, while in the submandibular gland, uric acid remained unchanged among the

groups (Fig. 4B).

The set of enzymatic antioxidant defenses are represented in the study by SOD, CAT, and GPx. At the end of
treatment, only the VPA400 group promoted a significant increase in SOD compared to the Control (p < 0.05) and
VPA100 (p < 0.05) in the parotid gland (Fig. 5A), while in the submandibular gland the activity of SOD remained similar
between groups (Fig. 5A). In contrast, we did not find significant differences in CAT and GPx activities between the

experimental groups in either salivary gland (Fig. 5B and C).

Discussion

The present study investigated the potential adverse effects of the anticonvulsant VPA, on the biochemical and
functional parameters and redox state of the parotid and submandibular salivary glands in rats, after 21 days of treatment.
The main findings were: 1. VPA does not change flow rate, pH, buffering capacity, and total salivary protein
concentration; 2. VPA increased amylase and decreased salivary phosphate and calcium; 3. VPA does not influence the
area of acini, ducts, and connective tissue in the salivary glands; 4. Total oxidant capacity and lipid oxidative damage
were lower in both VPA-treated groups; 5. VPA induced an increase in uric acid and SOD in the parotid gland.

Our study showed that VPA therapy at doses of 100 mg/kg/day and 400 mg/kg/day, which are approximately
equivalent to the initial therapeutic dose and the maximum daily dose in humans, respectively [41], did not cause liver
damage, given that serum ALT and AST aminotransferases remained similar between experimental groups. Similar

results were found in male Wistar rats treated with 400 mg/kg of VPA via intragastric gavage for 28 [43] and 60
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consecutive days [60], as well as at a dose of 500 mg/kg for 14 days [61]. On the other hand, it is described that VPA has
toxic metabolites that can increase markers of oxidative stress and consequent hepatotoxicity [62]. In fact, a study with
rats demonstrated an increase in plasma AST and ALT activity after intraperitoneal administration with 700 mg/kg/day
[63], however, histopathological damage was observed from intraperitoneal administration of the dose of 300 mg/kg/day
[64]. Furthermore, our results must be analyzed with caution, since in rats the histopathological alterations induced by
high doses of VPA may occur independently of the increase in plasma AST and ALT [65]. In humans, VPA-induced
hepatotoxicity is dependent on comorbidities, dose, polytherapy with other anticonvulsants, age, dietary habits, and
genetic factors [66, 67].

VPA treatments also did not alter the final body mass of the animals in this study. These results are in line with
other findings in the literature, which showed that rats treated with VPA via intragastric gavage at doses of 500 mg/kg
for 14 days [65] and 400 mg/kg for 28 days [43] presented no changes in body mass. Likewise, male and female Wistar
rats treated daily with VPA at 400 mg/kg for 90 days also showed body masses similar to untreated animals [45]. On the
other hand, the chronic treatment of rats with VPA at a dose of 300 mg/kg for 10 weeks decreased the animals' body mass
[68]. In another study, rats treated intraperitoneally with 250 mg/kg for 14 days showed an increase in body mass after
treatment [36]. The divergences found between the studies may be associated with the variability of the doses used and
administration protocols, which may influence the metabolism of VPA. In turn, water and feed intake was not impaired
by VPA treatment in our experimental model. Contrary to our results, mice treated with 4 mg/kg of VPA intraperitoneally
for 13 weeks presented increased feed intake [69]. In turn, rats treated with a dose of 120 mg/kg/day of VPA presented a
reduction in body weight and feed intake [70], while another study showed that rats fed a diet containing VPA (1%)
maintained body weight gain and feed intake similar to the control [71]. Therefore, there is no consensus on the effects
of VPA on water and feed intake, making further investigation necessary.

The impairment in the size, mass, and index of the salivary glands of rodents demonstrated a correlation with the
dysfunctions of the salivary glands, especially with the reduction in salivary flow in case of intoxication with the
chemotherapeutic 5-fluorouracil [72] and also in experimental models of diabetes [73, 74], hypothyroidism [75], and
radiotherapy [76], and also in situations of dietary imbalances and malnutrition [77]. In this context, VPA did not affect
the mass and index of the salivary glands, which is consistent with the fact that the salivary flow rate remained similar
between the treated groups. In the case of VPA, studies have shown that the toxicological effects in rats can occur
independently of changes in the mass and index of organs, as observed in organs such as ovaries [45], testicles [43, 45],
prostate [78], and liver [65]. These results must be considered with caution, as the dysfunctions of the salivary glands are

not restricted to changes in salivary flow, but also to changes in the composition and function of saliva.
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Rare clinical cases in humans have reported the potential of chronic treatment with VPA to induce sialadenitis.
[79-81], whose pathological mechanism has been associated with damage to the intraglandular nervous system [79, 81],
in particular increased sympathetic nervous system excitation threshold and inhibition of protein secretion caused by VPA
[79]. The findings of histopathological examinations of sialadenitis describe the presence of enlarged acini [81] with
hydropic degeneration [80], plus enlarged secretory ducts in the parotid glands [79], while for the submandibular gland
they showed fibrous patterns with single glandular acini without atypical cells [79]. Despite the clinical findings of
sialadenitis, our experimental model in rats did not identify the alterations described above, bearing in mind that the
acinar, ductal, and connective tissue structures were similar between the groups. This discrepancy could be explained by
predisposing factors, such as eating and endocrine disorders, malnutrition, and prolonged use of sympathomimetic drugs,
conditions in which sialadenitis is more prevalent [81]. Furthermore, the total set of our salivary gland function results
corroborates the histomorphometric findings, since the effects of VPA were restricted to partial modification of salivary
composition.

Pilocarpine is a parasympathomimetic that stimulates salivary flow through activation of M1 and M3 muscarinic
acetylcholine receptors present in the salivary glands. [82]. Therefore, we can consider that the VPA had no
anticholinergic effects, since salivary flow, pH, and buffering capacity were not compromised in the treated groups. This
result contradicts our expectations, as studies have shown that the salivary glands of rats have GABA receptors, an
ionotropic receptor that, when activated, allows the influx of chloride [83, 84], in addition to GABA biosynthetic and
metabolic enzymes [85, 86]. The GABAergic system can interact with the cholinergic system, exerting an inhibitory
effect on salivary flow [85, 87]. However, the maintenance of salivary concentrations of chloride, sodium, and potassium
in the treated groups supports the salivary flow results, since these electrolytes are essential in the flow of water during
salivary secretion. [88]. Our results suggest that the effect of VPA on electrolyte balance may be tissue-specific, since
rats of both sexes treated with a single dose of VPA (300 mg/kg) showed increased urinary excretion of sodium, chloride,
and potassium [89, 90].

Although salivary flow and pH remained unchanged, the salivary concentration of phosphate and calcium ions
showed a decline in VPA400. Transcellular transport of calcium during salivary secretion is mediated by proteins that
conduct influx, uptake, and subsequent efflux towards the acinar lumen. [91]. This process in rats is subject to regulation
of the autonomic nervous system in the submandibular [92] and parotid glands [93, 94]. In turn, phosphate is taken up
against its electrochemical gradient by type Il sodium-phosphate cotransporter proteins, which are driven by the sodium
gradient across the basolateral membrane, suggesting that a number of proteins expressed by the salivary glands are
involved in phosphate reabsorption/absorption [95]. The reason why salivary calcium and phosphate are lower in animals

treated with the highest dose of VPA is not yet clear, however it may be related to changes in the function and expression
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of transport proteins, as well as disturbances in the regulation of induced secretion by the autonomic nervous system. Our
findings also demonstrate the specific tissue effect of this anticonvulsant, since VPA 500 mg/kg/day/IP did not change
the urinary excretion of calcium and phosphate in rats [96].

Salivary glands are composed of more than one type of protein-secreting cell, in which salivary amylase
constitutes a proportion of approximately 50% of proteins synthesized and secreted [97]. It is well described that
pilocarpine, a cholinergic agonist, stimulates the salivary secretion of amylase in rats, mainly due to the discharge of this
enzyme by the parotid gland. [98]. In contrast, amylase exocytosis by the submandibular and sublingual glands constitutes
an unregulated constitutive phenomenon, independent of extracellular or intracellular signals. [99]. This leads us to
suggest that the increase in amylase secretion in VPA400 was basically due to the effects of the anticonvulsant on the
parotid glands. However, our results do not allow us to define whether this effect is due to the action of VPA at the central
and peripheral nervous system level. In addition, the local toxic effect on the salivary glands should not be ruled out, as
VPA is captured and secreted by the salivary glands and demonstrates a positive correlation between salivary and
plasmatic concentrations. [38, 39]. Our findings also corroborate clinical studies with VPA that detected an increase in
amylase in the blood [100], urine [101], and saliva [102]. In turn, the maintenance of total salivary protein concentration
after the end of treatment suggests compensation of protein synthesis and secretion by the submandibular and sublingual
glands. Therefore, we suggest that research should be conducted to promote better understanding of the mechanisms of
action of VPA on the synthesis and secretion of amylase by the salivary glands.

Itis well evidenced that the chronic use of certain classes of drugs can generate oxidative stress, which is strongly
associated with dysfunctions of the salivary glands, resulting in changes in the quality and quantity of saliva secreted in
the oral cavity. In our study, after 21 days, the submandibular gland was apparently more tolerant to the adverse effects
of VPA, since the enzymatic and non-enzymatic antioxidant defense system and the markers of oxidative damage
remained unchanged in the treated groups. In fact, the submandibular glands have been shown to be less vulnerable to
oxidative damage compared to the parotid glands in experimental models of diabetes [103], a high-sucrose diet [104],
and chronic alcohol intake [105]. On the other hand, treatment with VPA400 induced changes in the redox status of the
parotid gland, characterized by higher concentrations of uric acid and SOD activity, which coincided with the reduction
in markers of total oxidant capacity and lipid oxidative damage, while the total antioxidant capacity, GSH, CAT, and GPx
remained similar between experimental groups. Studies demonstrate the relevance of GSH in the detoxification of lipid
hydroperoxides induced by VPA intoxication in the liver, kidneys [106], heart [107], testicles [108], and rat brain [109].
In these tissues, the reduction in GSH concentration was associated with increased lipid oxidative damage. Contrary to
these studies, the parotid and submandibular glands maintained GSH concentrations after treatment with VPA, which

leads us to suggest that VPA may have a tissue-specific toxic effect.
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Despite the slight alterations in the redox state of the salivary glands induced by VPA, the salivary biochemical
analyses concomitantly evidenced disturbances in the secretion of calcium, phosphate, and amylase. These findings lead
us to suggest a lack of temporal correlation between the results of the redox state and the dysfunction of salivary
composition induced by VPA. A similar profile was identified in the liver of rats treated with VPA 500 mg/kg/IP, where
the significant increase in TBARs occurred late in relation to hepatic necrosis, denoting the lack of temporal correlation
between biomarkers of oxidative damage and tissue injury [110]. Furthermore, the reduction in lipid peroxidation in the
parotid glands may be a reflection of the adaptive response to low-level chronic oxidative stress during the 21 days of
treatment and also due to the increase in antioxidant defense, especially SOD and uric acid. Lower concentrations of lipid
peroxidation are also found in the salivary glands of streptozotocin-induced diabetic rats in late periods as a consequence
of increased uric acid [111], CAT, and SOD [29]. In turn, protein carbonylation is an irreversible and stable oxidative
modification that can lead to loss of protein function and initiation of inflammatory cell signaling [112]. This oxidative
damage can occur after exposure to different reactive species or by covalent modification induced by reactive aldehydes
generated by lipid peroxidation [113, 114]. The fact that lipids with polyunsaturated fatty acid chains are among the first
targets of free radicals [115], and that part of protein carbonylation occurs subsequent to lipid oxidative damage [116],
we reinforce the hypothesis that the antioxidant system of the salivary glands was able to contain the generation of
oxidants and lipid peroxidation, which led to the maintenance of the concentration of the carbonyl protein between the

experimental groups.

Conclusion

Chronic treatment for 21 days with VPA modified the salivary biochemical composition and caused disturbances
in the redox state of the parotid gland in rats. The reduction in the concentration of calcium and phosphate associated with
the increase in salivary amylase can be considered potential risks to oral homeostasis in view of the dysfunction of the

salivary glands induced by VPA.
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Fig. 1 Effects of VPA on histomorphometric parameters in rat salivary glands. Staining: hematoxylin and eosin. 400x
magnification. Photomicrographs of the parotid gland (A, B, and C) and submandibular gland (G, H, and I) and graphical
representation of the percentage of the acinar area (D and J), duct area (E and K), and connective tissue (F and L).
Abbreviations and symbols: (white asterisks) acinar secretory units; (black asterisks) striated ducts; (arrows) intercalated
ducts; (GCT) granular convoluted tubules; (ct) connective tissue. Results were obtained by analysis of variance (One-
Way ANOVA) followed by Tukey's post hoc test. For all analyses, p < 0.05 probability levels were considered statistically

significant.
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Fig. 2 Effects of VPA on salivary flow rate (A), salivary pH (B), salivary buffering capacity (C), salivary total protein
(D), amylase (E), phosphate (F), calcium (G), potassium (H), sodium (1), and chloride (J) from Wistar rats. Data are
expressed as mean + standard deviation. Results were obtained by analysis of variance (One-Way ANOVA) followed by
Tukey's post hoc test (*p < 0.05; **p < 0.01). For all analyses, p < 0.05 probability levels were considered statistically
significant.
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Fig. 3 Effects of VPA on total oxidant capacity (A), lipid oxidative damage - TBARs (B), and carbonyl protein (C) in
parotid and submandibular glands of Wistar rats. Data are expressed as mean + standard deviation. The results were
obtained by analysis of variance (One-Way ANOVA) followed by Tukey's post hoc test (**p < 0.01; ****p < 0.0001).
For all analyses, p < 0.05 probability levels were considered statistically significant.
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Fig. 4 Effects of VPA on total antioxidant capacity (A), uric acid (B), and GSH (C) of parotid and submandibular glands
in Wistar rats. Data are expressed as mean + standard deviation. Results were obtained by analysis of variance (One-Way
ANOVA,) followed by Tukey's post hoc test. (*p < 0.05). For all analyses, p < 0.05 probability levels were considered
statistically significant.
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Fig. 5 Effects of VPA on SOD (A), CAT (B), and GPx (C) activities in the parotid and submandibular glands of Wistar
rats. Data are expressed as mean * standard deviation. Results were obtained by analysis of variance (One-Way ANOVA)
followed by Tukey's post hoc test. (*p < 0.05). For all analyses, p < 0.05 probability levels were considered statistically

significant.
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Table 1 Effects of VPA on ALT and AST activities, body mass, feed consumption and water intake, salivary gland mass

and index, and salivary gland total protein concentrations in rats.

Parameters Control VPA100 VPA400

ALT activity (U/L) 76.61+ 6.42 74.72 £ 7.50 68.97 £ 6.73
AST activity (U/L) 156.9 £ 10.93 145.2 £ 22.37 1355+ 15.76
Initial body weigth (g) 207.5 +9.06 211.0 £19.15 208.3 + 12.99
Final body weight (g) 366.3 + 8.37 370.8 +19.18 350.3 + 25.04
Chow intake (kg/ week /group) 781.5+47.38 741.0 £ 164.0 613.0 + 39.60
Water intake (L/week/group) 1.60 +£0.04 1.68 +0.31 1.38 £ 0.66

Parotid gland weight (mg) 300.0 + 21.06 3145+ 37.34 2955+ 10.95
Submandibular gland weight (mg) 239.7 £9.88 254.3 = 20,96 236.9 + 25.75
Parotid gland index 0.834 + 0.06 0.853 £ 0.08 0.830 £ 0.07
Submandibular gland index 0.658 £ 0.02 0,697 + 0,06 0.636 + 0.06
Parotid gland total protein (mg/g of tissue) 18.78 £+ 0.76 19.43+1.34 18.72+ 1.55
Submandibular gland total protein (mg/g of tissue) 18.77 £ 0.52 17.77 +1.94 17.36 + 1.38

Data are expressed as mean * standard deviation. Results were obtained by analysis of variance (One-Way ANOVA)

followed by Tukey's post hoc test. For all analyses, p < 0.05 probability levels were considered statistically significant.
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CEUA - Comissio de Etica no Uso de Animais
CEUA - Ethics Committee on the Use of Animals

CERTIFICADO

Certificamos que o Projeto de Pesquisa intitulado “Efeitos do anticonvulsivante
acido valproico no stresse oxidativo e funcdo secretora das glandulas
salivares de ratos Wistar”, Processo FOA n°® 0215-2021, sob responsabilidade de
Antonio Hernandes Chaves Neto apresenta um protocolo experimental de acordo
com os Principios Eticos da Experimentagdo Animal e sua execugdo foi aprovada
pela CEUA em 27 de Maio de 2021.

VALIDADE DESTE CERTIFICADO: 30 de Novembro de 2023.
DATA DA SUBMISSAO DO RELATORIO FINAL: até 30 de Dezembro de 2023.

CERTIFICATE

We certify that the study entitled “Effects of the anticonvulsant valproic acid on
oxidative stress and secretory function of the salivary glands of Wistar rats”,
Protocol FOA n° 0215-2021, under the supervision of Antonio Hernandes Chaves
Neto presents an experimental protocol in accordance with the Ethical Principles of
Animal Experimentation and its implementation was approved by CEUA on May 27,
2021.

VALIDITY OF THIS CERTIFICATE: November 30, 2023.
DATE OF SUBMISSION OF THE FINAL REPORT: December 30, 2023.

Prof. Associado Joao Carlos Callera
Coordenador da CEUA
CEUA Coordinator

CEUA - Comisséo de Etica no Uso de Animais

Faculdade de Odontologia de Aragatuba

Faculdade de Medicina Veterinaria de Aragatuba

Rua José Bonifacio, 1193 — Vila Mendonga - CEP: 16015-050 — ARACATUBA — SP
Fone (18) 3636-3234 Email CEUA: ceua.foa@unesp.br
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