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Abstract

Experimental models of thiamine deficiency (TD) have primarily focused on male rodents, meaning that the effects of
TD in females and the pathogenesis associated with neurological disorders remain unknown. This article aimed to
present an investigation on the effects of TD with amprolium in female mice, evaluating metabolic and behavioral
effects, as well as the modulation of ERK1/2 phosphorylation in the cerebral cortex and thalamus. Furthermore, we used
the antioxidant Trolox and anti-inflammatory agent dimethyl sulfoxide to investigate the role of oxidative stress and
neuroinflammation in this process. The animals were exposed to a thiamine-deficient diet with the additional
administration of amprolium (60 mg/kg) for 20 days. After treatment, we observed a reduction in food consumption and
animal body weight, with a decrease in motor coordination and exploratory activity, and, in parallel, an increase in the
phosphorylation of ERK1/2, both in the cerebral cortex and thalamus in deficient animals. Deficient animals that
received Trolox or dimethyl sulfoxide presented with attenuation of these effects, with the maintenance of motor
coordination and total blockage of ERK1/2 activation. The results showed that female mice could be used as a valid TD
model, compatible with other methods, showing important neurological changes. This study showed that in females,
TD also involves mechanisms of oxidative stress and inflammation, responds positively, and can be used as a model
animal.

Keywords: Cell signaling; MAPK; Behavior; Sex differences; Trolox; Dimethyl sulfoxide.

Resumo

Modelos experimentais de deficiéncia de tiamina (DT) tém se desenvolvido principalmente em roedores machos,
fazendo com que os efeitos da DT em fémeas e a patogénese associada a distirbios neuroldgicos permanecem
desconhecidos. O objetivo deste artigo foi apresentar uma investigacdo sobre os efeitos da DT com amprolio em
camundongos fémeas, avaliando efeitos metabolicos e comportamentais, bem como a modulagdo da fosforilagdo de
ERK1/2 no cortex cerebral e no talamo. Além disso, utilizamos o antioxidante Trolox e o anti-inflamatorio

1


http://dx.doi.org/10.33448/rsd-v14i6.49065

Research, Society and Development, v. 14, n. 6, €7914649065, 2025
(CC BY 4.0) | ISSN 2525-3409 | DOLI: http://dx.doi.org/10.33448/rsd-v14i6.49065

dimetilsulfoxido para investigar o papel do estresse oxidativo e da neuroinflamagao nesse processo. Os animais foram
expostos a uma dieta deficiente em tiamina com a administra¢do adicional de amprolio (60 mg/kg) por 20 dias. Apds o
tratamento, observamos redugdo no consumo alimentar e no peso corporal dos animais, com diminui¢@o da coordenagéo
motora e da atividade exploratoria e, paralelamente, aumento da fosforilagdo de ERK1/2, tanto no cortex cerebral quanto
no talamo dos animais deficientes. Animais deficientes que receberam Trolox ou dimetilsulféxido apresentaram
atenuagdo desses efeitos, com manutengdo da coordenagdo motora e bloqueio total da ativagdo de ERKI1/2. Os
resultados mostram que camundongos fémeas podem ser usados como um modelo valido de DT, compativel com outros
métodos, apresentando alteracdes neuroldgicas importantes. Este estudo evidencia que, em fémeas, a DT também
envolve mecanismos de estresse oxidativo e inflamagao, respondem positivamente e podem ser usadas como modelo
animal.

Palavras-chave: Sinalizagdo celular; MAPK; Comportamento; Diferengas sexuais; Trolox; Dimetilsulféxido.

Resumen

Los modelos experimentales de deficiencia de tiamina (DT) se han centrado principalmente en roedores machos, lo que
significa que los efectos de la DT en hembras y la patogénesis asociada con trastornos neurologicos siguen siendo
desconocidos. El objetivo de este articulo fue presentar una investigacion sobre los efectos de la DT con amprolio en
ratones hembra, evaluando los efectos metaboélicos y conductuales, asi como la modulacion de la fosforilacion de
ERK1/2 en la corteza cerebral y el talamo. Ademas, utilizamos el antioxidante Trolox y el antiinflamatorio
dimetilsulfoxido para investigar el papel del estrés oxidativo y la neuroinflamacion en este proceso. Los animales fueron
expuestos a una dieta deficiente en tiamina con la administracion adicional de amprolio (60 mg/kg) durante 20 dias.
Tras el tratamiento, observamos una reduccion del consumo de alimento y del peso corporal de los animales, con una
disminucion de la coordinacion motora y la actividad exploratoria, y, paralelamente, un aumento de la fosforilacion de
ERK1/2, tanto en la corteza cerebral como en el tdlamo en los animales deficientes. Los animales deficientes que
recibieron Trolox o dimetilsulfoxido presentaron una atenuacion de estos efectos, con el mantenimiento de la
coordinacion motora y un bloqueo total de la activacion de ERK1/2. Los resultados mostraron que las hembras de raton
podrian utilizarse como un modelo valido de DT, compatible con otros métodos, mostrando importantes cambios
neurologicos. Este estudio demostrd que, en las hembras, la DT también implica mecanismos de estrés oxidativo e
inflamacion, responde positivamente y puede utilizarse como modelo animal.

Palabras clave: Sefializacion celular; MAPK; Comportamiento; Diferencias sexuales; Trolox; Dimetilsulfoxido.

1. Introduction

To establish an effective treatment for a disease, it is important to understand its pathogenesis. Neurological diseases
are commonly associated with metabolic disorders involving energy deficits and oxidative changes (Di Domenico et al., 2024;
Wal et al., 2024). Indeed, thiamine deficiency (TD) has been implicated in several neurological disorders (Abdou & Hazell,
2015; Chandrakumar et al., 2019), showing associations with cellular and systemic changes including impaired neurotransmitter
metabolism and glucose utilization, induction of lactic acidosis, oxidative stress, inflammation, and cell death (Abdou & Hazell,
2015; Hazell, 2009; Hazell & Butterworth, 2009). Thiamine acts as a cofactor in glycolysis, and its deficiency is related to
impaired oxidative metabolism, which is associated with low adenosine triphosphate (ATP) levels in tissues with high-energy
metabolism, such as the nervous tissues, leading to excitotoxicity and neurodegeneration (Hazell et al., 2013; Hazell &
Butterworth, 2009; Vetreno et al., 2012).

In addition to metabolic disorders, inflammation is also relevant in many important neurological diseases, such as
multiple sclerosis and Alzheimer's, in addition to TD itself (Bettendorff, 2023; Y. Liu et al., 2024; Tyczynska et al., 2024). In
TD, the inflammatory process includes edema, the formation of phagocytic vacuoles, changes in glial cell morphology, and
increased microglial reactivity, resulting in the upregulation of inflammatory processes, their transcription genes, and pro-
inflammatory molecules (Cassiano et al., 2022; Hazell & Butterworth, 2009; Vemuganti et al., 2000).

Oxidative stress is of significant importance in neurodegeneration and the induction of cell death due to the imbalance
between the generation and neutralization of reactive oxygen species (ROS) (Gonsette, 2008; D. Liu et al., 2017; J.-Y. Wang et
al., 2006). Oxidative stress and inflammation commonly occur in conjunction with neurological diseases (Calingasan & Gibson,
2000; Hazell & Butterworth, 2009; Vemuganti et al., 2006). Interestingly, studies have demonstrated that TD causes

neurodegeneration through both processes, possibly synergistically determining changes in the modulation of cellular signaling
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pathways, such as the mitogen-activated protein kinase (MAPK) pathway, resulting in neuronal death and neurological disorders
(da Silva et al., 2024; Gomes et al., 2021; Medeiros et al., 2020).

In neurological disorders that trigger inflammation and oxidative stress in neurodegenerative processes, it is crucial to
use neuroprotective antioxidants (such as Trolox) and anti-inflammatory substances (such as dimethyl sulfoxide; DMSO) to
understand the pathogenesis of neurodegeneration, in addition to evaluating potential neuroprotective therapeutic substances
(Cordova et al., 2012, 2013; Gomes et al., 2021; Medeiros et al., 2020; Moraes et al., 2018). Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) is an exogenous antioxidant analogous to vitamin E, which is soluble in water and is well
known for its role in the pathogenesis of oxidative disorders (Barclay et al., 1995; Cordova et al., 2013; Diaz et al., 2007; Raspor
et al., 2005; Satoh et al., 1997; Seker et al., 2020; Wongmekiat et al., 2007; Wu et al., 1990, 1991). Dimethyl sulfoxide (DMSO)
is an organic compound with several pharmacological properties, including potent anti-inflammatory activity (Colucci et al.,
2008; de Abreu Costa et al., 2017; Santos et al., 2003; Shimizu et al., 1997). DMSO is considered safe, with no toxicity at
therapeutic doses, and is excreted via the respiratory and urinary tracts (Blythe et al., 1986; Brayton, 1986; Hucker et al., 1967;
Jacob & de la Torre, 2009). The use of these compounds in the investigation of TD-induced neurodegeneration has revealed
important aspects of its pathogenesis (Gomes et al., 2021; Medeiros et al., 2020; Moraes et al., 2018).

Experimental models of TD for in vivo studies in laboratory animals allow for an in-depth investigation of the
anatomical, physiological, and cellular bases of the neurological disorders associated with this deficiency (Nardone et al., 2013).
The most widely used TD model combines feeding mice with thiamine-free feed concurrent with the intraperitoneal injections
(i.p.) administration of pyrithiamine (a thiamine pyrophosphokinase inhibitor) (Nardone et al., 2013; Vetreno et al., 2012). Thus,
in pyrithiamine-induced TD, there is a stereotypical progression of neurological and behavioral signs that are mapped to changes
in neuroanatomy and neurochemistry, mimicking the natural disease associated with TD (Hazell, 2009). However, some studies
have used other thiamine analog antagonists, such as amprolium (da Silva et al., 2024; Greenwood & Pratt, 1985; Moraes et al.,
2018; L. M. Pereira et al., 2017; Rindi et al., 2003). It has been suggested that the in vivo action of amprolium in inducing TD
may be superior to that of the pyrithiamine model (Bunik et al., 2013), because of its ability to block the cellular uptake of
vitamins, prevent intracellular diphosphorylation, and inhibit thiamine diphosphorylation. In this sense, amprolium could be
considered as an analog that affects thiamine-dependent processes, rather than the thiamine diphosphate-dependent processes
(Bunik et al., 2013). Recent studies have demonstrated significant behavioral and metabolic disturbances in thiamine-deficient
mice treated with amprolium (da Silva et al., 2024; Moraes et al., 2018; L. M. Pereira et al., 2017).

Despite the model being extensively used for decades, TD studies with experimental rodent models have predominantly
been conducted in male animals, and the manifestations of the disorder in female rodents are essentially unknown. More recently,
there has been a significant trend of including both sexes in animal studies (Hughes, 2019) with research showing sex-based
biological differences in several respects that may restrict the use of rodents of both sexes in research. The different behavioral
manifestations of interference associated with sex are also well known (Altemus, 2006; W. Wang et al., 2018). Hormonal
variations associated with the female reproductive phases can interfere with several behavioral aspects (Altemus et al., 2014).
Similarly, differences in antioxidant resistance and inflammation between males and females have been well characterized (Netto
et al., 2017; Rietjens et al., 2018). Indeed, several studies have demonstrated greater resistance to oxidative stress and
neuroinflammation in females (Cole et al., 2016; Das et al., 2017; Fogle et al., 2011). However, depending on the study and
experimental model, the use of both sexes may be valid, thereby optimizing the use of laboratory animals in scientific research
(da Silva et al., 2024).

In the present study, we aimed to present an investigation on the effects of TD with amprolium in female mice,
evaluating metabolic and behavioral effects, as well as the modulation of ERK1/2 phosphorylation in the cerebral cortex and

thalamus. We tried to deepen our knowledge of the use of female rodents in experimental models of TD, investigate the
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involvement of oxidative stress and inflammation in the neurological disorders of female mice deficient in thiamine with
amprolium, and to evaluate whether there is any interference in the response to the experimental model previously used in males
(da Silva et al., 2024; Moraes et al., 2018). To this end, we evaluated the modulation of extracellular signal-regulated protein
kinases 1 and 2 (ERK1/2) phosphorylation in the central nervous tissue, as it is an important signaling pathway for various
cellular functions which is sensitive to various stress factors, including TD (da Silva et al., 2024; Gomes et al., 2021), in addition
to the use of behavioral tests, which are recognized as important in the evaluation of neurological disorders (Gomes et al., 2021;

Medeiros et al., 2020; Moraes et al., 2018; Patti et al., 2005; Prut & Belzung, 2003).

2. Methodology

An experimental, laboratory, quantitative research was carried out (A. S. Pereira et al., 2018) using simple descriptive
statistics using mean values, standard deviation (Shitsuka et al., 2014) and statistical analysis (Vieira, 2021) studying a total of

36 female mice.

2.1 Animals

A total of 36 female 50-day-old Swiss mice (Mus musculus) were provided by the Vivarium of the Universidade Federal
do Norte do Tocantins (Araguaina, TO, Brazil). At weaning, the animals were randomly culled and housed by sex in open-top
cages (3-4 per cage), maintained in an air-conditioned cabinet (23 £ 1 °C; humidity, 55 £ 5%;) on a 12 h light/dark cycle with
tap water and food (AIN-93; PRAG Solugdes Biociéncias, Jau, SP, Brazil) provided ad libitum. All mice were maintained in the
Institutional Experimental Pathology Laboratory under environmentally controlled conditions in accordance with the
Universidade Federal do Tocantins Ethics Committee on Animal Use (CEUA-UFT), following the regulations of the National
Council for Animal Experimentation Control (CONCEA) of the Ministry of Science, Technology, and Innovation, which follow
international guidelines, including EU Directive 2010/63. All treatments and euthanasia by decapitation were performed in
accordance with the Ethics Code of Animal Use in Research, and were approved by the CEUA-UFT (process
23.101.001.708/2019-63). All efforts were made to minimize animal suffering and to reduce the number of animals used.
Euthanasia by decapitation is a necessary method to study intracellular signaling pathways, as commonly used anesthetics can
interfere with response modulation (Salort et al., 2019). The sample size was selected based on pilot studies and previous
experience (da Silva et al., 2024; Moraes et al., 2018). Nest building materials were provided, and all cages contained enrichment
objects, such as tunnels. The animals were handled with sterile gloves, and the material for nests and bedding (autoclaved
shavings) was monitored daily and changed every three days. The animals were also monitored daily for welfare control, to

observe any possible important changes in food and water consumption as well as signs of pain, suffering, and distress.

2.2 Reagents

The primary antibodies used were: anti-phospho-ERK1/2 (Cat# M8159, RRID: AB 477245), anti-ERK1/2 (Cat#
M5670, RRID: AB 477216), and anti-B-actin (Cat# A5441, RRID: AB_476744), and the secondary antibodies were: rabbit anti-
mouse IgG-horseradish peroxidase (HRP)-conjugated (Cat# A9044, RRID: AB 258431) and goat anti-rabbit [gG-horseradish
peroxidase (HRP)-conjugated (Cat# A9169, RRID: AB 258434) (Sigma-Aldrich, MO, USA). Acrylamide, Folin and Ciocalteu's
phenol reagent, 3,3'- diaminobenzidine tetrahydrochloride (DAB), and ammonium persulfate were purchased from Sigma-
Aldrich. Amprolium and 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Sodium dodecyl sulfate (SDS), N,N,N,N-tetramethylethylenediamine (TEMED), Tween®
20, Tris-HCI, bovine serum albumin, and dimethyl sulfoxide (DMSO) were purchased from Amresco (Solon, OH, USA). AIN-
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93M (standard) and AIN-93TD (thiamine-deficient) chow were purchased from PRAG Soluc¢des Biociéncias (Jau, SP, Brazil).

Glycine was obtained from Uniscience (Osasco, SP, Brazil) and all other reagents were of the highest analytical grade.

2.3 Treatments

A dietary TD model with amprolium injections was used as the model in this study (da Silva et al., 2024; Moraes et al.,
2018). The mice were divided into six groups (n = 6 per group), and subjected to different treatments (Table 1). The animals
were randomly assigned to each treatment group, and treatments were performed at the same time each day (2:00 p.m.). The
three control groups received saline solution (Cont group, 0.9% NaCl), Trolox antioxidant (Tr Group, 1 mg/kg), or anti-
inflammatory DMSO (Dmso group, 1 ml/kg), and three deficient groups received amprolium alone (Amp group, 60 mg/kg) or
amprolium associated with the neuroprotectors Trolox (Amp+Tr group) or DMSO (Amp+Dmso group). All substances were
administered intraperitoneally (i.p.) for 20 consecutive days. The injected volumes were adjusted to 0.1 ml/10 g of body weight
(Cordova et al., 2012). The control groups (Cont, Tr, and Dmso) received the standard AIN-93M diet (PRAG Solugdes
Biociéncias, SP, Brazil) throughout the treatment, in accordance with the American Institute of Nutrition (Reeves et al., 1993).
The deficient groups (Amp, Amp+Tr, and Amp+Dmso) received thiamine deficient diet AIN-93TD (PRAG Solugdes
Biociéncias, SP, Brazil) throughout the treatment period. The constituents of the thiamine-deficient diet were identical to those
of the standard diet, except for the lack of vitamin. The animals received water and food ad libitum, and their body weight and

food consumption were monitored daily.

Table 1 - Experimental design and distribution of the treatment groups among female mice with amprolium-induced thiamine

deficiency.

Experimental Group Treatment
Control (Cont) Saline

Deficient (Amp) Amprolium

Deficient with Trolox (Amp+Tr) Amprolium, followed by Trolox
Deficient with DMSO (Amp+Dmso) Amprolium, followed by dimethyl sulfoxide
Control Trolox (Tr) Trolox
Control DMSO (Dmso) Dimethyl sulfoxide

Saline: NaCl 0.9% solution. Amprolium, Trolox, and DMSO were dissolved or diluted in saline solution. Source: Research data (2025).

2.4 Behavioral analysis

For behavioral tests, the animals were tested on a rotarod and in an open-field arena. Before testing, animals were
habituated for 1 h in a sound- and light-attenuated room (30 1x). The tests were performed during the light phase of the circadian
cycle (10 AM to 5 PM).

The rotarod test (Insight Equipamentos Cientificos, SP, Brazil) was performed to assess motor coordination. The
animals were subjected to conditioning (training) and testing (Aguiar Jr. et al., 2009; Medeiros et al., 2020; Moraes et al., 2018;
L. M. Pereira et al., 2017). Conditioning was performed on a stationary cylinder for 30 s, followed by a 90-s period with the
cylinder rotating at a speed of 5 rpm. Animals that failed the first stage were subsequently subjected to no more than two
additional conditioning sessions. Failure in the third session was set as the exclusion criterion for the test sessions. All animals
were properly conditioned. Next, the animals were tested and the latency to fall was recorded to determine the degree of motor

coordination (30 min after the conditioning session). The test comprised two sessions in the rotarod with a maximum duration
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of 5 min with a 30 min interval between the sessions, starting at a speed of 5 rpm with an increase of 0.1 rpm/s, and performed
24 h after the last day of treatment. The results are expressed as standard deviation (SD) in seconds.

The open-field test was used to study motor and exploratory behaviors (Patti et al., 2005). The tests were performed in
a 300-mm diameter circular arena (Bonther, SP, Brazil), with an acrylic base divided into 12 quadrants and a transparent acrylic
cylindrical wall. In the 10-min tests, we evaluated the distance traveled (quadrants outdone with the four limbs), rearing (number
of times the animal stood on hind legs), and grooming (number of times the mouth or paws were on the body and the head). The
tests were performed in two stages: the first (day zero, basal behavior) on the first day of treatment (before drug application),
and the second 24 h after the last day of treatment. The results were expressed as a percentage of the measurements on the last
day relative to day zero (100%) = SD (Cordova et al., 2012; Medeiros et al., 2020; Moraes et al., 2018; L. M. Pereira et al.,
2017).

2.5 Western blotting

The frontal cerebral cortex and thalamus were dissected, mechanically homogenized in 300 pl of sample buffer (200
mM Tris, 40 mM EDTA, 4% SDS, pH 6.8), and immediately boiled for 5 min. A sample dilution solution (1:4 v/v; 40% glycerol,
50 mM Tris, and minimal bromophenol blue) and -mercaptoethanol (at a final concentration of 5%) were added to each sample.
Protein content was estimated by assessing absorbance at 750 nm, and the concentration was calculated using a bovine serum
albumin (BSA) standard curve (Peterson, 1977). The samples (60 pg of total protein) were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (VERT-i10® electrophoresis system, Loccus, SP, Brazil) using 10% gels
(Cordova et al., 2004, 2012). Proteins were transferred to nitrocellulose membranes (1.2 mA/cm?; 1.5 h) using a wet-blotting
apparatus (WEST-i10®, Loccus) (Gomes et al., 2021). The membranes were then blocked for 1 h with 2% bovine serum albumin
in Tris-buffered saline (TBS; 10 mM Tris, 150 mM NaCl, pH 7.5). ERK1/2 total and phosphorylated forms, as well as B-actin,
were detected by overnight incubation with specific antibodies diluted 1:10,000 (P-ERK1/2 and B-actin) or 1:40,000 (T-ERK1/2)
in TBS-T (10 mM Tris, 150 mM NaCl, 0.1% Tween® 20, pH 7.5) containing 2.5% BSA. Thereafter, membranes were incubated
with anti-rabbit or anti-mouse peroxidase-linked secondary antibodies (1:5,000) for 1 h, and the reactions were developed using
DAB chromogen (Gomes et al., 2021). All blocking and incubation steps were followed by three washes (5 min each) with TBS-
T. The optical density (OD) of the bands was quantified using ImageJ version 1.52k software (RRID: SCR_003070; National
Institutes of Health, Bethesda, MD, USA). The phosphorylation level of ERK1/2 was determined as the ratio of the OD of the
phosphorylated band to that of the total band, and the data were expressed as a percentage of the control (100%) (Cordova et al.,
2012; Gomes et al., 2021; Medeiros et al., 2020). The values are presented as the mean + SD. -actin was used as the control for

protein loading.

2.6 Statistical analysis

Data are expressed as the mean = SD, while statistical significance was determined by analysis of variance, followed
by Duncan's posthoc test, when appropriate (Cordova et al., 2012; da Silva et al., 2024; Medeiros et al., 2020). Statistical
significance was set at P < 0.05. The data were processed using STATISTICA '98 Edition software (RRID: SCR 014213,
StatSoft, Tulsa, OK, USA).

3. Results

3.1 Weight gain and feed consumption

A reduction in body weight was observed in thiamine-deficient female mice treated with amprolium (Amp group)
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compared to the control group (Cont group; P = 0.002) after 20 days of treatment (Table 2). The same profile was observed in
deficient females treated with Trolox (Amp+Tr group; P = 0.0001 compared to the control) and DMSO (Amp+Dmso group; P
= 0.0004 compared to the control). In the control groups treated with neuroprotective substances, the use of Trolox and DMSO

did not change the body weight of the animals (Tr group, P = 0.570; Dmso group, P = 0.156, relative to the Cont group).

Table 2 - Body weight gain of female mice with amprolium-induced thiamine deficiency, treated or untreated with Trolox or

DMSO.
s Coma Weightgain 9

Cont 35.68 +£1.68 41.17 £2.40 548 £1.22
Amp 33.77£0.29 30.60 £ 0.35 -3.17£0.17%
Amp+Tr 3530+5.10 27.65+3.75 -7.65+£1.35%
Amp+Dmso 37.80 £3.90 3220 £2.54 -5.60+2.00°

Tr 39.30 £4.30 46.05 +4.75 6.75+£0.45

Dmso 31.75+£3.15 33.95+3.25 2.20+0.10

Female mice in different treatment groups were provided with AIN-93M chow and saline (control, 0.9% NaCl), AIN-93TD chow and
amprolium (Amp), AIN-93TD chow and amprolium with Trolox (Amp+Tr), AIN-93TD chow and amprolium with DMSO (Amp+Dmso),
AIN-93M chow and Trolox (Tr), and AIN-93M chow and DMSO (Dmso). The results represent the mean + SD of weight gain (g) during the
experimental period, derived from six independent replicates. The results were analyzed using ANOVA followed by Duncan's test. a Denotes
P <0.05, compared with the control. Source: Research data (2025).

Regarding feed consumption (Table 3), amprolium-deficient females showed a marked reduction in consumption
compared to the control group (P = 0.004). Similar results were observed in deficient animals treated with Trolox (Amp+Tr
group, P = 0.007 relative to the control group) or DMSO (Amp+DMSO group, P = 0.002 relative to the control group). The use
of Trolox and DMSO (groups Tr and Dmso) did not alter the feed consumption of these animals (Tr group, P = 0.628; Dmso
group, P = 0.116, relative to the Cont group).

Table 3 - Feed intake of female mice with amprolium-induced thiamine deficiency, treated or not with Trolox or DMSO.

Consumption (g) Consumption (g)

Day zero Day 20 Varlation (@)

Cont 5.00 £0.55 3.80 £0.55 -1.20+£0.34
Amp 4.55+0.34 2.02+0.46 -2.53+0.21°
Amp+Tr 4.55+£0.36 2.18£0.44 -237+0.13¢
Amp+Dmso 4.99 £0.20 2.27£0.10 -2.72+£0.16*
Tr 5.03£0.32 4.01 £0.51 -1.02£0.19
Dmso 4.78 £ 0.30 4.24+0.24 -0.55+0.42

The female mice in different treatment groups were treated with AIN-93M chow and saline (control, 0.9% NaCl), AIN-93TD chow and
amprolium (Amp), AIN-93TD chow and amprolium with Trolox (Amp+Tr), AIN-93TD chow and amprolium with DMSO (Amp+Dmso),
AIN-93M chow and Trolox (Tr), and AIN-93M chow and DMSO (Dmso). The results represent the mean + SD of feed consumption (g) during
the experimental period, derived from six independent replicates. The results were analyzed using ANOVA followed by Duncan's test. a
Denotes P < 0.05, compared with the control. Source: Research data (2025).
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3.2 Behavioral analysis

In the rotarod test (Figure 1A), thiamine-deficient females (Amp group) showed a shorter latency time to fall (161.08 s
+ 8.9, P =0.043) compared to the control group (Cont = 206.60 s £ 10.10) after 20 days of treatment. However, the concomitant
use of Trolox and DMSO reversed the effects of TD in the animals (Amp+Tr group, 197.00 s £ 8.17, P = 0.032; Amp+Dmso
group, 204.83 s + 14.98, P = 0.041, in relation to the amp). In addition, Trolox and DMSO per se did not influence motor
coordination.

In the open field test (Figure 1B), Amp-deficient females (Amp group) showed a 28.91% reduction in the distance
covered compared with the control group (P = 0.025). The association with Trolox or DMSO did not reverse this effect (Amp+Tr
group, P =0.599; Amp+Dmso group, P = 0.136, compared to the Amp group). Interestingly, in relation to exploratory activity,
we observed a reduction in activity only in the DMSO-treated deficient group (Amp+Dmso group, P = 0.012, compared to the
Cont group). The Trolox and DMSO controls (Tr and Dmso groups) showed no changes in locomotor and exploratory activities.

Additionally, no changes in grooming parameters were observed in any group.

Figure 1 - Results of the behavioral evaluation of female thiamine deficiency model mice induced with amprolium.
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The animals performed the rotarod (A) and open field (B) tests after treatment for 20 d with AIN-93M chow and saline (control, 0.9% NaCl),
AIN-93TD chow and amprolium (Amp), AIN-93TD chow and amprolium with Trolox (Amp+Tr), AIN-93TD chow and amprolium with
DMSO (Amp+Dmso), AIN-93M chow and Trolox (Tr), and AIN-93M chow and DMSO (Dmso). Values represent the means + SD of the
evaluations performed on day 20 as a percentage of those performed on day zero (basal value, considered 100%) for the open field test, and
the latency to fall (in seconds) for the rotarod test, derived from six independent replicates. The results were analyzed using ANOVA, followed
by Duncan's test. a denotes P < 0.05 compared with the control, b P < 0.05 compared with the Amp group. Source: Research data (2025).
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3.3 Evaluation of ERK1/2 modulation

When evaluating the role of oxidative stress and inflammation in the modulation of cell signaling pathways in the central
nervous system (CNS) of thiamine-deficient female mice, we observed an interesting effect on the ERK1/2 pathway (Figure 2).
In both the cerebral cortex (Figure 2B) and thalamus (Figure 2C), deficient animals (Amp group) exhibited an increase in ERK1/2
phosphorylation of approximately 100% (P < 0.0001 compared to controls). However, in both deficient groups treated with
Trolox (Amp+Tr group) or DMSO (Amp+Dmso group), we observed complete suppression of the increase in ERK1/2
phosphorylation (P < 0.0001, in relation to the Amp group), both in the cerebral cortex and thalamus, highlighting the strong
participation of oxidative stress and inflammation in the modulation of this pathway in deficient females. Treatment with Trolox

(Tr group) or DMSO (Dmso group) did not alter ERK1/2 phosphorylation.

Figure 2 - Modulation of ERK1/2 phosphorylation in the brain of female mice in the thiamine deficiency model induced with

amprolium.
A Cortex Thalamus
Saline + - - - - - +
Amprolium - + + + - - - + * +
Trolox - - + - + - - - - - + -
DMSO - - - + - + - - - + - +
e — e p— . nison, i i BN e P-ERK

AR o S ———— —— i I oo s Sp———" —— P-ERK2
. 1

S — g— | — T— — — i — T p— a— W T.ERK1
h—-‘*_ T — — — g —~&— T-ERK2

u-“'-*~~‘~““ & [r-actin

mERK1

250
BERK2

200

-
()
o

ERK1/2 phosphorylation
(% of Control)

100
50
0
Amp Amp+Tr Amp+Dmso Tr Dmso
C
250 a mERK1

BERK2

Y - n
o [ o
o o o
1

ERK1/2 phosphorylation
(% of Control)

L2
o

Amp Amp+Tr Amp+Dmso Tr Dmso

9


http://dx.doi.org/10.33448/rsd-v14i6.49065

Research, Society and Development, v. 14, n. 6, €7914649065, 2025
(CC BY 4.0) | ISSN 2525-3409 | DOLI: http://dx.doi.org/10.33448/rsd-v14i6.49065

The panel shows the representative immunoblotting (A) and quantification of ERK1/2 phosphorylation in the cerebral cortex (B) and thalamus
(C) from female mice treated for 20 d with AIN-93M chow and saline (control, 0.9% NaCl), AIN-93TD chow and amprolium (Amp), AIN-
93TD chow and amprolium with Trolox (Amp+Tr), AIN-93TD chow and amprolium with DMSO (Amp+Dmso), AIN-93M chow and Trolox
(Tr), and AIN-93M chow and DMSO (Dmso). Total and phosphorylated forms of ERK1/2 and B-actin were detected using specific antibodies,
and the reaction was developed using DAB chromogen. The level of phosphorylation was determined as a ratio of the OD of the phosphorylated
band over the OD of the total band. The data are expressed as the percentage of the control (considered 100%). Values are presented as the
mean + SD derived from six independent replicates. The results were analyzed using ANOVA followed by Duncan's test. @ denotes P < 0.05
compared with the control, b P < 0.05 compared with the Amp group. Source: Research data (2025).

4. Discussion

The biological effects of TD (Manzetti et al., 2014) have been widely investigated rodent models (Nardone et al., 2013;
Vetreno et al., 2012). Although pyrithiamine is the most commonly used thiamine analog in animal models, other antagonists,
such as oxythiamine, amprolium, and 3-deazathiamine (Bunik et al., 2013; Dudeja et al., 2001; Greenwood & Pratt, 1985; Rindi
et al., 2003; Tylicki et al., 2018), have also been used in in vitro models (Chornyy et al., 2007; X. Wang et al., 2007). In in vivo
models, the association of an inadequate diet with antagonists is interesting, as it accelerates the progression and appearance of
neurological signs in animals, which can be observed from the 10" day of thiamine deficiency induction (Vetreno et al., 2012).
However, in this study, we chose to intraperitoneally administer amprolium, an analog of thiamine that is more readily available.
Unlike pyrithiamine, amprolium acts primarily extracellularly, competitively inhibiting the transport of thiamine into the cell,
thus generating cellular deficits even when nutrients are still present in the body (Tylicki et al., 2018). Amprolium has been
widely used in TD models in ruminants (Nogueira et al., 2010; Sant’Ana et al., 2009; Sedaghat & Javanbakht, 2014; Tanwar et
al., 1994); however, recent studies on TD in laboratory rodents have shown that the use of amprolium is viable, showing
manifestations of behavioral and metabolic changes characteristic of TD (Moraes et al., 2018; L. M. Pereira et al., 2017) within
a reduced exposure time (da Silva et al., 2024; Moraes et al., 2018).

Mice are commonly used in in vivo experiments. Experiments investigating the neurological effects of TD in
predominantly male animals are no exception. To optimize the use of laboratory animals, it is necessary to analyze the effects of
TD induction on the nervous tissue of both sexes, and to investigate whether differences occur, whether this makes the use of
females infeasible, or whether the use of males is simply a paradigm. The aspects considered most critical for the use of females
are related to behavior (Altemus, 2006; W. Wang et al., 2018) and oxidative stress (Netto et al., 2017; Rietjens et al., 2018),
which are possibly related to hormonal variations during the reproductive cycle (Altemus et al., 2014), in addition to greater
antioxidant resistance when compared to males (Cole et al., 2016; Das et al., 2017; Fogle et al., 2011).

In this study, the first manifestation observed in the deficient females was a reduction in body weight and feed
consumption. These manifestations are very important because, first, they occurred identically to the effect previously observed
in male mice (Moraes et al., 2018) and, second, the effects of inducing anorexia by TD and increasing resting energy expenditure
are known, resulting in a generalized loss of body weight (B4, 2012; M. Liu et al., 2014), demonstrating that females manifest
the effect of TD in the same manner as males. Hyporexia was reversed within 3 days of restoring dietary thiamine levels (Ba,
2012; Ke et al., 2003), indicating that thiamine plays a crucial physiological role in programming body weight homeostasis,
increment, and set-point regulation (B4, 2012). However, as observed in this study, the use of neuroprotective substances (Trolox
and DMSO) did not reverse weight loss and reduction in food consumption observed in female mice. This effect was identical
to that observed in male animals (Moraes et al., 2018), indicating that thiamine plays an important role in regulating feed
consumption and body weight gain but is not entirely dependent on oxidative stress and inflammation. The protective effects of
Trolox on weight gain in animals have also been demonstrated (Cordova et al., 2012); however, other mechanisms are likely

involved.
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In contrast, the effects of Trolox and DMSO were observed in the motor coordination test (rotarod), with maintenance
of the latency time for falling in deficient females that received the substances, highlighting the influence of inflammation and
oxidative stress on the motor activity of the animal. However, in the open-field test, no reversal of the effects of TD was observed
when Trolox and DMSO were used. Deficient female mice showed reduced locomotor and exploratory activities, with a slight
improvement in the distance covered by Trolox during the test. Interestingly, a similar pattern was observed in TD induction
experiments in male mice (Moraes et al., 2018). Animals deficient in thiamine present oxidative stress and inflammation in the
CNS, which can interfere with the metabolism of neurotransmitters (Abdou & Hazell, 2015), resulting in behavioral changes
(Carvalho et al., 2006, Ferreira-Vieira et al., 2016). However, our findings suggest that oxidative stress and inflammation are not
the only mechanisms involved in behavioral disorders.

Additionally, despite the known neurobiological differences between males and females, these factors did not prevent
the detection of neural changes in females in our amprolium TD model. Notably, the animals showed evident changes in the
modulation of ERK1/2 phosphorylation, with a complete reversal of the effect observed when deficient females received Trolox
or DMSO in parallel, both in the thalamus and cerebral cortex. This finding is important as oxidative stress and inflammation
are considered the primary mechanisms associated with the neurodegenerative processes in TD (Vetreno et al., 2012), and are
directly related to the activation of MAPKs (Irving et al., 2000; Kaminska, 2005; Kyriakis & Avruch, 2012). Even considering
the differences between males and females (Altemus, 2006; Netto et al., 2017; Rietjens et al., 2018; W. Wang et al., 2018) under
different biological conditions (Altemus et al., 2014; Cole et al., 2016; Das et al., 2017; Fogle et al., 2011), oxidative stress and
inflammatory responses are most likely involved in the activation of ERK1/2, as the effect of TD on ERK was abolished by
Trolox and DMSO. This suggests that TD-mediated ERK1/2 activation occurs via mechanisms dependent on ROS and
inflammatory mediators. Neuroinflammation is an important component of the pathogenesis of TD. Some regions of the brain
are more vulnerable to TD because of the increased transcription of genes related to pro-inflammatory cytokines, in addition to
the occurrence of damage to the mitochondrial membrane and its function, resulting in an increase in ROS related to oxidative
stress (Hazell et al., 2013). In our study, the possible involvement of inflammation and oxidative stress in female mice was
observed, both in the cerebral cortex and thalamus; using Trolox (antioxidant) and DMSO (anti-inflammatory), there was a total

blockade of increased phosphorylation of ERK1/2.

5. Conclusion

In this study, we highlighted the relevance of the dietary induction model of thiamine deficiency associated with the
administration of amprolium developed by our group, which is efficient at observing important neural changes in mice.
Compared with the TD model with pyrithiamine, amprolium-induced deficiency, in addition to being involved in oxidative stress
and inflammation, induces the process less aggressively, and has a much lower acquisition cost, favoring its adoption in future
research. Furthermore, female mice showed significant metabolic, behavioral, and neural changes when subjected to the model,
including reduced food consumption, weight gain, behavioral changes, and modulation of the MAPK ERK1/2 signaling pathway.
Associated with this, females demonstrated positive responses to the use of tools such as the antioxidant Trolox and the anti-
inflammatory DMSO, similar to what was observed in previous studies with males, indicating that both sexes could be used in

experimental models of inducing thiamine deficiency, thus optimizing the use of laboratory animals in scientific research.

Acknowledgments
FWBL is a fellow of the Institutional Program of Scientific Initiation Scholarships at Universidade Federal do Tocantins

(PIBIC/CNPg/UFT). We would like to thank PPGSaspt/UFNT (Public Notice No. 004/2023) for their support with English

11


http://dx.doi.org/10.33448/rsd-v14i6.49065

Research, Society and Development, v. 14, n. 6, €7914649065, 2025
(CC BY 4.0) | ISSN 2525-3409 | DOLI: http://dx.doi.org/10.33448/rsd-v14i6.49065

language editing. We would like to thank Editage (www.editage.com.br) for English language editing.

Funding

This research received no specific grants from any funding agency in the public, commercial, or not-for-profit sectors.

Availability of data and materials

Data can be made available upon reasonable request.

Authors’ contributions
All listed authors meet the authorship requirements. MPS, CASC, and FMC conceived and designed the experiments.
MPS, FWBL, AGSM, JPN, and FMC performed the experiments. MPS, CASC, and FMC performed the experiments and wrote

the manuscript. All the authors have read and approved the final manuscript.

Ethics approval
All procedures performed in studies involving animals were in accordance with the ethical standards of the institution

or practice at which the studies were conducted (Universidade Federal do Tocantins Ethics Committee on Animal Use, CEUA -

UFT, permit number 23.101.001.708/2019-63).

Competing interests

The authors declare that there are no conflicts of interest.

References

Abdou, E., & Hazell, A. S. (2015). Thiamine Deficiency: An Update of Pathophysiologic Mechanisms and Future Therapeutic Considerations. Neurochemical
Research, 40(2), 353-361. https://doi.org/10.1007/s11064-014-1430-z

Aguiar Jr.,, A. S., Aratijo, A. L., Da-Cunha, T. R., Speck, A. E., Ignacio, Z. M., De-Mello, N., & Prediger, R. D. S. (2009). Physical exercise improves motor
and short-term social memory deficits in reserpinized rats. Brain Research Bulletin, 79(6), 452-457.
https://doi.org/http://dx.doi.org/10.1016/j.brainresbull.2009.05.005

Altemus, M. (2006). Sex differences in depression and anxiety disorders: Potential biological determinants. Hormones and Behavior, 50(4), 534-538.
https://doi.org/10.1016/j.yhbeh.2006.06.031

Altemus, M., Sarvaiya, N., & Neill Epperson, C. (2014). Sex differences in anxiety and depression clinical perspectives. Frontiers in Neuroendocrinology,
35(3), 320-330. https://doi.org/10.1016/j.yfrne.2014.05.004

Ba, A. (2012). Effects of thiamine deficiency on food intake and body weight increment in adult female and growing rats. Behavioural Pharmacology, 23(5—
6), 575-581. https://doi.org/10.1097/FBP.0b013e32835724al

Barclay, L. R., Artz, J. D., & Mowat, J. J. (1995). Partitioning and antioxidant action of the water-soluble antioxidant, Trolox, between the aqueous and lipid
phases of phosphatidylcholine membranes: 14C tracer and product studies. Biochimica et Biophysica Acta, 1237(1), 77-85.
http://www.ncbi.nlm.nih.gov/pubmed/7619846

Bettendorft, L. (2023). Synthetic Thioesters of Thiamine: Promising Tools for Slowing Progression of Neurodegenerative Diseases. International Journal of
Molecular Sciences, 24(14), 11296. https://doi.org/10.3390/ijms241411296

Blythe, L. L., Craig, A. M., Christensen, J. M., Appell, L. H., & Slizeski, M. L. (1986). Pharmacokinetic disposition of dimethyl sulfoxide administered
intravenously to horses. American Journal of Veterinary Research, 47(8), 1739-1743. http://www.ncbi.nlm.nih.gov/pubmed/3752683

Brayton, C. F. (1986). Dimethyl sulfoxide (DMSO): a review. The Cornell Veterinarian, 76(1), 61-90. http://www.ncbi.nlm.nih.gov/pubmed/3510103

Bunik, V. I, Tylicki, A., & Lukashev, N. V. (2013). Thiamin diphosphate-dependent enzymes: from enzymology to metabolic regulation, drug design and
disease models. FEBS Journal, 280(24), 6412—6442. https://doi.org/10.1111/febs.12512

Calingasan, N. Y., & Gibson, G. E. (2000). Vascular Endothelium Is a Site of Free Radical Production and Inflammation in Areas of Neuronal Loss in
Thiamine-deficient Brain. Annals of the New York Academy of Sciences, 903(1), 353-356. https://doi.org/10.1111/§.1749-6632.2000.tb06386.x

12


http://dx.doi.org/10.33448/rsd-v14i6.49065
https://doi.org/10.1007/s11064-014-1430-z
https://doi.org/http:/dx.doi.org/10.1016/j.brainresbull.2009.05.005
https://doi.org/10.1016/j.yhbeh.2006.06.031
https://doi.org/10.1016/j.yfrne.2014.05.004
https://doi.org/10.1097/FBP.0b013e32835724a1
http://www.ncbi.nlm.nih.gov/pubmed/7619846
https://doi.org/10.3390/ijms241411296
http://www.ncbi.nlm.nih.gov/pubmed/3752683
http://www.ncbi.nlm.nih.gov/pubmed/3510103
https://doi.org/10.1111/febs.12512
https://doi.org/10.1111/j.1749-6632.2000.tb06386.x

Research, Society and Development, v. 14, n. 6, €7914649065, 2025
(CC BY 4.0) | ISSN 2525-3409 | DOLI: http://dx.doi.org/10.33448/rsd-v14i6.49065

Carvalho, F. M., Pereira, S. R. C., Pires, R. G. W., Ferraz, V. P., Romano-Silva, M. A., Oliveira-Silva, L. F., & Ribeiro, A. M. (2006). Thiamine deficiency
decreases glutamate uptake in the prefrontal cortex and impairs spatial memory performance in a water maze test. Pharmacology Biochemistry and Behavior,
83(4), 481-489. https://doi.org/10.1016/j.pbb.2006.03.004

Cassiano, L. M. G., Oliveira, M. S., Pioline, J., Salim, A. C. M., & Coimbra, R. S. (2022). Neuroinflammation regulates the balance between hippocampal
neuron death and neurogenesis in an ex vivo model of thiamine deficiency. Journal of Neuroinflammation, 19(1), 272. https://doi.org/10.1186/s12974-022-
02624-6

Chandrakumar, A., Bhardwaj, A., & ‘t Jong, G. W. (2019). Review of thiamine deficiency disorders: Wernicke encephalopathy and Korsakoff psychosis.
Journal of Basic and Clinical Physiology and Pharmacology, 30(2), 153—162. https://doi.org/10.1515/jbcpp-2018-0075

Chornyy, S., Parkhomenko, J., & Chorna, N. (2007). Thiamine deficiency caused by thiamine antagonists triggers upregulation of apoptosis inducing factor
gene expression and leads to caspase 3-mediated apoptosis in neuronally differentiated rat PC-12 cells. Acta Biochimica Polonica, 54(2), 315-322.
http://www.actabp.pl/pdf/2_2007/315s.pdf

Cole, T. B., Coburn, J., Dao, K., Roqué, P., Chang, Y.-C., Kalia, V., Guilarte, T. R., Dziedzic, J., & Costa, L. G. (2016). Sex and genetic differences in the
effects of acute diesel exhaust exposure on inflammation and oxidative stress in mouse brain. Toxicology, 374, 1-9. https://doi.org/10.1016/j.tox.2016.11.010

Colucci, M., Maione, F., Bonito, M. C., Piscopo, A., Di Giannuario, A., & Pieretti, S. (2008). New insights of dimethyl sulphoxide effects (DMSO) on
experimental in vivo models of nociception and inflammation. Pharmacological Research, 57(6), 419—425. https://doi.org/10.1016/j.phrs.2008.04.004

Cordova, F. M., Aguiar, A. S., Peres, T. V, Lopes, M. W., Gongalves, F. M., Pedro, D. Z., Lopes, S. C., Pilati, C., Prediger, R. D. S., Farina, M., Erikson, K.
M., Aschner, M., & Leal, R. B. (2013). Manganese-exposed developing rats display motor deficits and striatal oxidative stress that are reversed by Trolox.
Archives of Toxicology, 87(7), 1231-1244. https://doi.org/10.1007/s00204-013-1017-5

Cordova, F. M., Aguiar Jr., A. S., Peres, T. V, Lopes, M. W., Goncalves, F. M., Remor, A. P., Lopes, S. C., Pilati, C., Latini, A. S., Prediger, R. D., Erikson,
K. M., Aschner, M., & Leal, R. B. (2012). In vivo manganese exposure modulates Erk, Akt and Darpp-32 in the striatum of developing rats, and impairs their
motor function. PLoS ONE, 7(3), €33057. https://doi.org/10.1371/journal.pone.0033057

Cordova, F. M., Rodrigues, A. L. S., Giacomelli, M. B. O., Oliveira, C. S., Posser, T., Dunkley, P. R., & Leal, R. B. (2004). Lead stimulates ERK1/2 and
p38MAPK phosphorylation in the hippocampus of immature rats. Brain Research, 998(1), 65-72. https://doi.org/10.1016/j.brainres.2003.11.012

da Silva, M. P., Lima, F. W., Moura, A. G., Nunes, J. P., de Cordova, C. A., & de Cordova, F. M. (2024). ERK1/2 modulation in the central nervous system of
male and female thiamine-deficient mice with amprolium. Laboratory Animals, 58(1), 22-33. https://doi.org/10.1177/00236772231191586

Das, S. K., Patel, V. B., Basu, R., Wang, W., DesAulniers, J., Kassiri, Z., & Oudit, G. Y. (2017). Females Are Protected From Iron-Overload Cardiomyopathy
Independent of Iron Metabolism: Key Role of Oxidative Stress. Journal of the American Heart Association, 6(1), €003456.
https://doi.org/10.1161/JAHA.116.003456

de Abreu Costa, L., Henrique Fernandes Ottoni, M., Dos Santos, M. G., Meireles, A. B., Gomes de Almeida, V., de Fatima Pereira, W., Alves de Avelar-
Freitas, B., & Eustaquio Alvim Brito-Melo, G. (2017). Dimethyl Sulfoxide (DMSO) Decreases Cell Proliferation and TNF-a, IFN-y, and IL-2 Cytokines
Production in Cultures of Peripheral Blood Lymphocytes. Molecules, 22(11), 1789. https://doi.org/10.3390/molecules22111789

Di Domenico, F., Lanzillotta, C., & Perluigi, M. (2024). Redox imbalance and metabolic defects in the context of Alzheimer disease. FEBS Letters, 598,
2047-2066. https://doi.org/10.1002/1873-3468.14840

Diaz, Z., Laurenzana, A., Mann, K. K., Bismar, T. A., Schipper, H. M., & Miller, W. H. (2007). Trolox enhances the anti-lymphoma effects of arsenic
trioxide, while protecting against liver toxicity. Leukemia, 21(10), 2117-2127. https://doi.org/10.1038/sj.leu.2404891

Dudeja, P. K., Tyagi, S., Kavilaveettil, R. J., Gill, R., & Said, H. M. (2001). Mechanism of thiamine uptake by human jejunal brush-border membrane vesicles
Mechanism of thiamine uptake by human jejunal brush-border membrane vesicles. American Journal of Physiology - Cell Physiology, 281, 786—792.
https://medicine.dp.ua/index.php/med/article/view/021708

Ferreira-Vieira, T. H., Freitas-Silva, D. M. de, Ribeiro, A. F., Pereira, S. R. C., & Ribeiro, A. M. (2016). Perinatal thiamine restriction affects central GABA
and glutamate concentrations and motor behavior of adult rat offspring. Neuroscience Letters, 617, 182—187. https://doi.org/10.1016/j.neulet.2016.01.060

Fogle, R. L., Hollenbeak, C. S., Stanley, B. A., Vary, T. C., Kimball, S. R., & Lynch, C. J. (2011). Functional proteomic analysis reveals sex-dependent
differences in structural and energy-producing myocardial proteins in rat model of alcoholic cardiomyopathy. Physiological Genomics, 43(7), 346-356.
https://doi.org/10.1152/physiolgenomics.00203.2010

Gomes, K. C., Lima, F. W. B., da Silva Aguiar, H. Q., de Aragjo, S. S., de Cordova, C. A. S., & de Cordova, F. M. (2021). Thiamine deficiency and recovery:
impact of recurrent episodes and beneficial effect of treatment with Trolox and dimethyl sulfoxide. Naunyn-Schmiedeberg’s Archives of Pharmacology,

394(11), 2289-2307. https://doi.org/10.1007/s00210-021-02148-5

Gonsette, R. E. (2008). Neurodegeneration in multiple sclerosis: the role of oxidative stress and excitotoxicity. Journal of the Neurological Sciences, 274(1-2),
48-53. https://doi.org/10.1016/j.jns.2008.06.029

Greenwood, J., & Pratt, O. E. (1985). Comparison of the effects of some thiamine analogues upon thiamine transport across the blood-brain barrier of the rat.
The Journal of Physiology, 369(1), 79-91. https://doi.org/10.1113/jphysiol.1985.sp015889

Hazell, A. S. (2009). Astrocytes are a major target in thiamine deficiency and Wermicke’s encephalopathy. Neurochemistry International, 55(1-3), 129-135.
https://doi.org/10.1016/j.neuint.2009.02.020

Hazell, A. S., & Butterworth, R. F. (2009). Update of Cell Damage Mechanisms in Thiamine Deficiency: Focus on Oxidative Stress, Excitotoxicity and
Inflammation. Alcohol and Alcoholism, 44(2), 141-147. https://doi.org/10.1093/alcalc/agn120

13


http://dx.doi.org/10.33448/rsd-v14i6.49065
https://doi.org/10.1016/j.pbb.2006.03.004
https://doi.org/10.1186/s12974-022-02624-6
https://doi.org/10.1186/s12974-022-02624-6
https://doi.org/10.1515/jbcpp-2018-0075
http://www.actabp.pl/pdf/2_2007/315s.pdf
https://doi.org/10.1016/j.tox.2016.11.010
https://doi.org/10.1016/j.phrs.2008.04.004
https://doi.org/10.1007/s00204-013-1017-5
https://doi.org/10.1371/journal.pone.0033057
https://doi.org/10.1016/j.brainres.2003.11.012
https://doi.org/10.1177/00236772231191586
https://doi.org/10.1161/JAHA.116.003456
https://doi.org/10.3390/molecules22111789
https://doi.org/10.1002/1873-3468.14840
https://doi.org/10.1038/sj.leu.2404891
https://medicine.dp.ua/index.php/med/article/view/021708
https://doi.org/10.1016/j.neulet.2016.01.060
https://doi.org/10.1152/physiolgenomics.00203.2010
https://doi.org/10.1007/s00210-021-02148-5
https://doi.org/10.1016/j.jns.2008.06.029
https://doi.org/10.1113/jphysiol.1985.sp015889
https://doi.org/10.1016/j.neuint.2009.02.020
https://doi.org/10.1093/alcalc/agn120

Research, Society and Development, v. 14, n. 6, €7914649065, 2025
(CC BY 4.0) | ISSN 2525-3409 | DOLI: http://dx.doi.org/10.33448/rsd-v14i6.49065

Hazell, A. S., Faim, S., Wertheimer, G., Silva, V. R., & Marques, C. S. (2013). The impact of oxidative stress in thiamine deficiency: A multifactorial
targeting issue. Neurochemistry International, 62(5), 796—802. https://doi.org/10.1016/j.neuint.2013.01.009

Hucker, H. B., Miller, J. K., Hochberg, A., Brobyn, R. D., Riordan, F. H., & Calesnick, B. (1967). Studies on the absorption, excretion and metabolism of
dimethylsulfoxide (DMSO) in man. The Journal of Pharmacology and Experimental Therapeutics, 155(2), 309-317.
http://www.ncbi.nlm.nih.gov/pubmed/6025521

Hughes, R. N. (2019). Sex still matters: has the prevalence of male-only studies of drug effects on rodent behaviour changed during the past decade?
Behavioural Pharmacology, 30(1), 95-99. https://doi.org/10.1097/FBP.0000000000000410

Irving, E. A., Barone, F. C., Reith, A. D., Hadingham, S. J., & Parsons, A. A. (2000). Differential activation of MAPK/ERK and p38/SAPK in neurones and
glia following focal cerebral ischaemia in the rat. Molecular Brain Research, 77(1), 65-75. https://doi.org/10.1016/S0169-328X(00)00043-7

Jacob, S. W., & de la Torre, J. C. (2009). Pharmacology of dimethyl sulfoxide in cardiac and CNS damage. Pharmacological Reports, 61(2), 225-235.
https://doi.org/10.1016/S1734-1140(09)70026-X

Kaminska, B. (2005). MAPK signalling pathways as molecular targets for anti-inflammatory therapy - from molecular mechanisms to therapeutic benefits.
Biochimica et Biophysica Acta - Proteins and Proteomics, 1754(1-2), 253-262. https://doi.org/10.1016/j.bbapap.2005.08.017

Ke, Z.-J., Degiorgio, L. A., Volpe, B. T., & Gibson, G. E. (2003). Reversal of Thiamine Deficiency-Induced Neurodegeneration. Journal of Neuropathology &
Experimental Neurology, 62(2), 195-207. https://doi.org/10.1093/jnen/62.2.195

Kyriakis, J. M., & Avruch, J. (2012). Mammalian MAPK Signal Transduction Pathways Activated by Stress and Inflammation: A 10-Year Update.
Physiological Reviews, 92(2), 689-737. https://doi.org/10.1152/physrev.00028.2011

Liu, D, Ke, Z., & Luo, J. (2017). Thiamine Deficiency and Neurodegeneration: the Interplay Among Oxidative Stress, Endoplasmic Reticulum Stress, and
Autophagy. Molecular Neurobiology, 54(7), 5440-5448. https://doi.org/10.1007/s12035-016-0079-9

Liu, M., Alimov, A. P., Wang, H., Frank, J. A., Katz, W., Xu, M., Ke, Z.-J., & Luo, J. (2014). Thiamine deficiency induces anorexia by inhibiting
hypothalamic AMPK. Neuroscience, 267, 102—113. https://doi.org/10.1016/j.neuroscience.2014.02.033

Liu, Y., Zhang, B., Duan, R., & Liu, Y. (2024). Mitochondrial DNA Leakage and cGas/STING Pathway in Microglia: Crosstalk Between Neuroinflammation
and Neurodegeneration. Neuroscience, 548, 1-8. https://doi.org/10.1016/j.neuroscience.2024.04.009

Manzetti, S., Zhang, J., & Van Der Spoel, D. (2014). Thiamin function, metabolism, uptake, and transport. Biochemistry, 53(5), 821-835.
https://doi.org/10.1021/bi401618y

Medeiros, R. de C. N., Moraes, J. O., Rodrigues, S. D. C., Pereira, L. M., Aguiar, H. Q. da S., de Cordova, C. A. S., Yim Junior, A., & de Cordova, F. M.
(2020). Thiamine Deficiency Modulates p38MAPK and Heme Oxygenase-1 in Mouse Brain: Association with Early Tissue and Behavioral Changes.
Neurochemical Research, 45(4), 940-955. https://doi.org/10.1007/s11064-020-02975-7

Moraes, J. O., Rodrigues, S. D. C., Pereira, L. M., Medeiros, R. de C. N., de Cordova, C. A. S., & de Cordova, F. M. (2018). Amprolium exposure alters mice
behavior and metabolism in vivo. Animal Models and Experimental Medicine, 1(4), 272-281. https://doi.org/10.1002/ame2.12040

Nardone, R., Héller, Y., Storti, M., Christova, M., Tezzon, F., Golaszewski, S., Trinka, E., & Brigo, F. (2013). Thiamine Deficiency Induced Neurochemical,
Neuroanatomical, and Neuropsychological Alterations: A Reappraisal. The Scientific World Journal, 2013, 1-8. https://doi.org/10.1155/2013/309143

Netto, C. A., Sanches, E., Odorcyk, F. K., Duran-Carabali, L. E., & Weis, S. N. (2017). Sex-dependent consequences of neonatal brain hypoxia-ischemia in
the rat. Journal of Neuroscience Research, 95(1-2), 409—421. https://doi.org/10.1002/jnr.23828

Nogueira, A. P. A., Souza, R. I. C., Santos, B. S., Pinto, A. P., Ribas, N. L. K. S., Lemos, R. A. A., & de Sant’Ana, F. J. F. (2010). Polioencefalomalacia
experimental induzida por amprolio em bovinos. Pesquisa Veterinaria Brasileira, 30(8), 631-636. https://doi.org/10.1590/S0100-736X2010000800004

Patti, C. L., Frussa-Filho, R., Silva, R. H., Carvalho, R. C., Kameda, S. R., Takatsu-Coleman, A. L., Cunha, J. L. S., & Abilio, V. C. (2005). Behavioral
characterization of morphine effects on motor activity in mice. Pharmacology Biochemistry and Behavior, 81(4), 923-927.
https://doi.org/10.1016/j.pbb.2005.07.004

Pereira, A. S., Shitsuka, D. M., Parreira, F. J., & Shitsuka, R. (2018). Metodologia da pesquisa cientifica. UAB/NTE/UFSM.
http://repositorio.ufsm.br/handle/1/15824

Pereira, L. M., Aguiar, H. Q. da S., Rodrigues, S. D. C., Moraes, J. O., Medeiros, R. de C. N., de Cordova, C. A. S., & de Cordova, F. M. (2017). Amprolium-
induced thiamine deficiency in mice: evaluation of a practical model by oral administration. Acta Veterinaria Brasilica, 11(3), 164—174.
https://doi.org/10.21708/avb.2017.11.0.7101

Peterson, G. L. (1977). A simplification of the protein assay method of Lowry et al. which is more generally applicable. Analytical Biochemistry, 83(2), 346—
356. https://doi.org/10.1016/0003-2697(77)90043-4

Prut, L., & Belzung, C. (2003). The open field as a paradigm to measure the effects of drugs on anxiety-like behaviors: a review. European Journal of
Pharmacology, 463(1-3), 3-33. http://www.ncbi.nlm.nih.gov/pubmed/12600700

Raspor, P., Plesnicar, S., Gazdag, Z., Pesti, M., Miklavcic, M., Lah, B., Logarmarinsek, R., & Poljsak, B. (2005). Prevention of intracellular oxidation in yeast:

the role of vitamin E analogue, Trolox (6-hydroxy-2,5,7,8-tetramethylkroman-2-carboxyl acid). Cell Biology International, 29(1), 57-63.
https://doi.org/10.1016/j.cellbi.2004.11.010

14


http://dx.doi.org/10.33448/rsd-v14i6.49065
https://doi.org/10.1016/j.neuint.2013.01.009
http://www.ncbi.nlm.nih.gov/pubmed/6025521
https://doi.org/10.1097/FBP.0000000000000410
https://doi.org/10.1016/S0169-328X(00)00043-7
https://doi.org/10.1016/S1734-1140(09)70026-X
https://doi.org/10.1016/j.bbapap.2005.08.017
https://doi.org/10.1093/jnen/62.2.195
https://doi.org/10.1152/physrev.00028.2011
https://doi.org/10.1007/s12035-016-0079-9
https://doi.org/10.1016/j.neuroscience.2014.02.033
https://doi.org/10.1016/j.neuroscience.2024.04.009
https://doi.org/10.1021/bi401618y
https://doi.org/10.1007/s11064-020-02975-7
https://doi.org/10.1002/ame2.12040
https://doi.org/10.1155/2013/309143
https://doi.org/10.1002/jnr.23828
https://doi.org/10.1590/S0100-736X2010000800004
https://doi.org/10.1016/j.pbb.2005.07.004
http://repositorio.ufsm.br/handle/1/15824
https://doi.org/10.21708/avb.2017.11.0.7101
https://doi.org/10.1016/0003-2697(77)90043-4
http://www.ncbi.nlm.nih.gov/pubmed/12600700
https://doi.org/10.1016/j.cellbi.2004.11.010

Research, Society and Development, v. 14, n. 6, €7914649065, 2025
(CC BY 4.0) | ISSN 2525-3409 | DOLI: http://dx.doi.org/10.33448/rsd-v14i6.49065

Reeves, P. G., Nielsen, F. H., & Fahey, G. C. (1993). AIN-93 Purified Diets for Laboratory Rodents: Final Report of the American Institute of Nutrition Ad
Hoc Writing Committee on the Reformulation of the AIN-76A Rodent Diet. The Journal of Nutrition, 123(11), 1939-1951.
https://doi.org/10.1093/jn/123.11.1939

Rietjens, I. M. C. M., Vervoort, J., Maslowska-Gornicz, A., Van den Brink, N., & Beekmann, K. (2018). Use of proteomics to detect sex-related differences in
effects of toxicants: implications for using proteomics in toxicology. Critical Reviews in Toxicology, 48(8), 666—681.
https://doi.org/10.1080/10408444.2018.1509941

Rindi, G., Patrini, C., Nauti, A., Bellazzi, R., & Magni, P. (2003). Three thiamine analogues differently alter thiamine transport and metabolism in nervous
tissue: an in vivo kinetic study using rats. Metabolic Brain Disease, 18(4), 245-263. http://www.ncbi.nlm.nih.gov/pubmed/15128183

Salort, G., Alvaro-Bartolomé, M., & Garcia-Sevilla, J. A. (2019). Ketamine-induced hypnosis and neuroplasticity in mice is associated with disrupted p-
MEK/p-ERK sequential activation and sustained upregulation of survival p-FADD in brain cortex: Involvement of GABAA receptor. Progress in Neuro-
Psychopharmacology and Biological Psychiatry, 88, 121-131. https://doi.org/10.1016/j.pnpbp.2018.07.006

Sant’Ana, F. J. F., Rissi, D. R., Lucena, R. B., Lemos, R. A. A., Nogueira, A. P. A., & Barros, C. S. L. (2009). Polioencefalomalacia em bovinos:
Epidemiologia, sinais clinicos e distribui¢@o das lesdes no encéfalo. Pesquisa Veterinaria Brasileira, 29(7), 487-497. https://doi.org/10.1590/S0100-
736X2009000700002

Santos, N. C., Figueira-Coelho, J., Martins-Silva, J., & Saldanha, C. (2003). Multidisciplinary utilization of dimethyl sulfoxide: pharmacological, cellular, and
molecular aspects. Biochemical Pharmacology, 65(7), 1035-1041. https://doi.org/10.1016/S0006-2952(03)00002-9

Satoh, K., Kadofuku, T., & Sakagami, H. (1997). Effect of Trolox, a synthetic analog of alpha-tocopherol, on cytotoxicity induced by UV irradiation and
antioxidants. Anticancer Research, 17(4A), 2459-2463. http://www.ncbi.nlm.nih.gov/pubmed/9252663

Sedaghat, R., & Javanbakht, J. (2014). Neurohistopathological findings of the effects of amprolium on the brain and spinal cord changes in the a animal
model : An experimental study. American Journal of Internal Medicine, 2(4), 67-71. https://doi.org/10.11648/j.ajim.20140204.13

Seker, U., Nergiz, Y., Aktas, A., Akkus, M., Ozmen, M. F., Uyar, E., & Soker, S. (2020). Trolox is more successful than allopurinol to reduce degenerative
effects of testicular ischemia/reperfusion injury in rats. Journal of Pediatric Urology, 16(4), 465.e1-465.¢e8. https://doi.org/10.1016/j.jpurol.2020.05.008
Shimizu, S., Simon, R. P., & Graham, S. H. (1997). Dimethylsulfoxide (DMSO) treatment reduces infarction volume after permanent focal cerebral ischemia
in rats. Neuroscience Letters, 239(2-3), 125-127. http://www.ncbi.nlm.nih.gov/pubmed/9469672

Shitsuka, C. D. W. M., Shitsuka, R., & Shitsuka, R. I. C. M. (2014). Matemdtica fundamental para tecnologia. Editora Erica.

Tanwar, R. K., Malik, K. S., & Gahlot, A. K. (1994). Polioencephalomalacia induced with amprolium in buffalo calves: clinicopathologic findings.
Zentralblatt Fur Veterinarmedizin. Reihe A, 41(5), 396—404.

Tyczynska, M., Gedek, M., Brachet, A., Strek, W., Flieger, J., Teresinski, G., & Baj, J. (2024). Trace Elements in Alzheimer’s Disease and Dementia: The
Current State of Knowledge. Journal of Clinical Medicine, 13(8), 2381. https://doi.org/10.3390/jcm13082381

Tylicki, A., Lotowski, Z., Siemieniuk, M., & Ratkiewicz, A. (2018). Thiamine and selected thiamine antivitamins - biological activity and methods of
synthesis. Bioscience Reports, 38(1), BSR20171148. https://doi.org/10.1042/BSR20171148

Vemuganti, R., Kalluri, H., Yi, J.-H., Bowen, K. K., & Hazell, A. S. (2006). Gene expression changes in thalamus and inferior colliculus associated with
inflammation, cellular stress, metabolism and structural damage in thiamine deficiency. European Journal of Neuroscience, 23(5), 1172-1188.
https://doi.org/10.1111/j.1460-9568.2006.04651.x

Vetreno, R. P., Ramos, R. L., Anzalone, S., & Savage, L. M. (2012). Brain and behavioral pathology in an animal model of Wernicke’s encephalopathy and
Wernicke-Korsakoff Syndrome. Brain Research, 1436, 178—192. https://doi.org/10.1016/j.brainres.2011.11.038

Vieira, S. (2021). Introdugado a Bioestatistica (6th ed.). GEN Guanabara Koogan. https://www.grupogen.com.br/introducao-a-bioestatistica-9788595157996
Wal, P., Wal, A., Vig, H., Mahmood, D., & Khan, M. M. U. (2024). Potential applications of mitochondrial therapy with a focus on Parkinson’s disease and
mitochondrial transplantation. Advanced Pharmaceutical Bulletin, 14(1), 147-160. https://doi.org/10.34172/apb.2024.019

Wang, J.-Y., Wen, L.-L., Huang, Y.-N., Chen, Y.-T., & Ku, M.-C. (2006). Dual effects of antioxidants in neurodegeneration: direct neuroprotection against
oxidative stress and indirect protection via suppression of glia-mediated inflammation. Current Pharmaceutical Design, 12(27), 3521-3533.

http://www.ncbi.nlm.nih.gov/pubmed/17017945

Wang, W., Le, A. A., Hou, B., Lauterborn, J. C., Cox, C. D., Levin, E. R., Lynch, G., & Gall, C. M. (2018). Memory-Related Synaptic Plasticity Is Sexually
Dimorphic in Rodent Hippocampus. The Journal of Neuroscience, 38(37), 7935-7951. https://doi.org/10.1523/JNEUROSCI.0801-18.2018

Wang, X., Wang, B., Fan, Z., Shi, X., Ke, Z.-J., & Luo, J. (2007). Thiamine deficiency induces endoplasmic reticulum stress in neurons. Neuroscience, 144(3),
1045-1056. https://doi.org/10.1016/j.neuroscience.2006.10.008

Wongmekiat, O., Thamprasert, K., & Lumlertgul, D. (2007). Renoprotective effect of Trolox against ischaemia-reperfusion injury in rats. Clinical and
Experimental Pharmacology and Physiology, 34(8), 753—759. https://doi.org/10.1111/j.1440-1681.2007.04651.x

Wu, T.-W., Hashimoto, N., Au, J.-X., Wu, J., Mickle, D. A. G., & Carey, D. (1991). Trolox protects rat hepatocytes against oxyradical damage and the
ischemic rat liver from reperfusion injury. Hepatology, 13(3), 575-580. https://doi.org/10.1002/hep.1840130328

Wu, T.-W., Hashimoto, N., Wu, J., Carey, D., Li, R.-K., Mickle, D. A. G., & Weisel, R. D. (1990). The cytoprotective effect of Trolox demonstrated with
three types of human cells. Biochemistry and Cell Biology, 68(10), 1189—1194. https://doi.org/10.1139/090-176

15


http://dx.doi.org/10.33448/rsd-v14i6.49065
https://doi.org/10.1093/jn/123.11.1939
https://doi.org/10.1080/10408444.2018.1509941
http://www.ncbi.nlm.nih.gov/pubmed/15128183
https://doi.org/10.1016/j.pnpbp.2018.07.006
https://doi.org/10.1590/S0100-736X2009000700002
https://doi.org/10.1590/S0100-736X2009000700002
https://doi.org/10.1016/S0006-2952(03)00002-9
http://www.ncbi.nlm.nih.gov/pubmed/9252663
https://doi.org/10.11648/j.ajim.20140204.13
http://www.ncbi.nlm.nih.gov/pubmed/9469672
https://doi.org/10.3390/jcm13082381
https://doi.org/10.1042/BSR20171148
https://doi.org/10.1111/j.1460-9568.2006.04651.x
https://doi.org/10.1016/j.brainres.2011.11.038
https://doi.org/10.34172/apb.2024.019
http://www.ncbi.nlm.nih.gov/pubmed/17017945
https://doi.org/10.1523/JNEUROSCI.0801-18.2018
https://doi.org/10.1016/j.neuroscience.2006.10.008
https://doi.org/10.1111/j.1440-1681.2007.04651.x
https://doi.org/10.1002/hep.1840130328

