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APRESENTACAO

Esta tese foi gerada mediante um embasamento tedrico prévio
que sugere a influéncia da disfuncdo do tecido adiposo sobre o
metabolismo do cortisol e que tal influéncia pode favorecer alteragdes
na homeostase dos minerais zinco, selénio e magnésio. A maioria dos
estudos avaliou a contribuicdo da adiposidade no aumento das
concentragdes do cortisol em individuos com obesidade, e ainda o efeito
dessa disfuncao hormonal sobre a homeostase dos minerais. No entanto,
existe uma lacuna na literatura que demonstre analises de associagédo
entre as concentracdes elevadas de cortisol, parametros de minerais e
marcadores da resisténcia a insulina e do estresse oxidativo, em
particular, na obesidade.

A presente tese apresenta, inicialmente, uma introducdo e
justificativa embasada em producdes cientificas, que permitiram a
compreensdo dos nossos resultados da pesquisa, bem como
apresentacdo dos objetivos que possibilitam melhor compreensdo da
relevancia do tema.

Em seguida é apresentada a publicacdo na revista Hormone and
Metabolic Research, que trata de uma revisdo narrativa sobre os
mecanismos envolvidos na disfungéo do tecido adiposo e repercussdes
metabolicas associadas a obesidade.

O segundo artigo foi publicado na revista Biological Trace and
Element Research e aborda aspectos relacionados a atuagéo do cortisol
no metabolismo do zinco e sua relagdo com a manifestacdo da
resisténcia a acdo da insulina.

Finalmente, o terceiro artigo analisa a relagdo entre parametros
do metabolismo do cortisol, biomarcadores dos minerais (magnésio,
zinco e selénio) e a resisténcia a insulina e estresse oxidativo em
mulheres com obesidade publicado na revista Biological Trace and
Element Research.

As consideragdes finais estdo descritas com o intuito apresentar
as principais contribuicdes para o desfecho da pesquisa e as novas
perspectivas para avangar no entendimento sobre a influéncia de



alteragcGes hormonais presentes na obesidade na homeostase de
minerais, bem como o impacto de tal influéncia na resisténcia a insulina
e estresse oxidativo.

As referéncias bibliogréficas estdo inseridas apds cada artigo e
no final desta tese aquelas citadas na introdugdo. Por fim, estdo
apresentados os apéndices e anexos, incluindo a descri¢do dos artigos
publicados como autora e coautora durante o periodo do doutorado.



Se pude ver mais longe, foi por
estar sobre ombros de gigantes
(Isaac Newton)



RESUMO

MORAIS, J. B. S. Relagdo entre parametros do metabolismo do
cortisol, biomarcadores dos minerais (magnésio, zinco e selénio) e
a resisténcia a insulina e estresse oxidativo em mulheres com
obesidade. 2023. Tese (Doutorado) — Programa de Pos-Graduacdo em
Alimentos e Nutri¢do, Universidade Federal do Piaui, Teresina-PlI.

A disfuncéo do tecido adiposo favorece alteracbes no metabolismo do
cortisol, o que pode contribuir para a hipozincemia, hiposelenemia e
hipamagnesemia em individuos com obesidade. No entanto, ainda ndo
existem dados na literatura sobre a relacdo entre o cortisol, o
metabolismo do zinco, selénio e magnésio e sua repercussao na
resisténcia a insulina e estresse oxidativo em individuos com obesidade.
Assim, esta tese teve como objetivos: 1) Apresentar 0s mecanismos
envolvidos na estrutura do tecido adiposo, expansibilidade do tecido,
disfuncdo dos adipdcitos, bem como o impacto desses eventos na
manifestacdo de importantes disturbios metabdlicos associados a
disfuncdo do tecido adiposo; 2) Atualizar aspectos constantes na
literatura sobre a participacdo do cortisol no desenvolvimento da
resisténcia a insulina, e ainda, a relacdo desse fato na distribuicdo do
zinco em organismos com obesidade, e 3) Verificar a associagao entre
parametros do metabolismo do cortisol, marcadores dos minerais
(magnésio, zinco e selénio) e sua repercussdo sobre a resisténcia a
insulina e o estresse oxidativo em mulheres com obesidade. No
primeiro estudo, foi conduzida busca nas bases de dados PubMed,
Scopus, Web of Science e Cochrane Library, sendo incluidos artigos
que apresentavam foco na estrutura e remodelagéo do tecido adiposo,
principais mecanismos relacionados a disfuncdo desse tecido e as
implicacbes metabolicas resultantes desse processo. O terceiro estudo
de natureza transversal, envolveu 174 mulheres com idade entre 18 e
50 anos, que foram distribuidas em dois grupos de acordo com o IMC:
grupo obesidade (n = 90) e grupo eutrofia (n = 94). Nesse estudo foram



avaliadas as concentrages séricas de cortisol, ACTH e CGB, urinarias
de cortisona, THF e THE, atividade das enzimas GPx, SOD e catalase
e as concentragbes plasmaticas de TBARs, marcadores do controle
glicémico e as concentragBes plasmaticas, eritrocitarias e urinarias de
zinco, selénio e magnésio. Os resultados revelaram diferencas
significativas entre todos os parametros do metabolismo do cortisol,
exceto 0 ACTH. As mulheres com obesidade apresentaram reducao nas
concentragdes plasmaticas e eritrocitarias de zinco, selénio e magnésio
e elevada excrecdo urinaria. Quanto aos marcadores do estresse
oxidativo, verificou-se GPX e TBARs e reduzidos de SOD nas
mulheres com obesidade quando comparadas o grupo controle. Houve
correlacdo positiva entre os parametros de adiposidade e marcadores do
metabolismo do cortisol, bem como do cortisol com marcadores dos
minerais avaliados. A correlacdo canbnica entre marcadores do
metabolismo do cortisol, minerais e marcadores do controle glicémico
e estresse oxidativo das participantes do estudo nédo revelou resultado
significativo. As mulheres com obesidade avaliadas neste estudo
apresentam desordens no metabolismo do cortisol, bem como
alteracBes na homeostase dos minerais avaliados, como hipozincemia,
hiposelenemia e hipomagnesemia. Além disso, os dados obtidos
sugerem a presenca de estresse oxidativo nas mulheres com obesidade
avaliadas. No entanto, o estudo de associacdo ndo permite identificar
que o impacto do cortisol sobre a homeostase dos minerais avaliados
compromete o sistema de defesa antioxidante e na sensibilidade a
insulina.

Palavras-chave: obesidade; cortisol; zinco; selénio; magnésio;
resisténcia a insulina; estresse oxidativo.



ABSTRACT

MORAIS, J. B. S. Association between parameters of cortisol
metabolism, biomarkers of minerals (zinc, selenium and
magnesium) and insulin resistance and oxidative stress in women
with obesity. 2023. Thesis (doctorate) — Postgraduate rogram in food
and nutrition, Federal University of Piaui, Teresina-PlI.

Adipose tissue dysfunction favors alterations in cortisol metabolism,
which may contribute to hypozincemia, hyposelenemia and
hypomagnesemia in individuals with obesity. However, there are still
no data in the literature on the relationship between cortisol, zinc,
selenium and magnesium metabolism and its impact on insulin
resistance and oxidative stress in obese individuals. Thus, this thesis
aimed to: 1) To present the mechanisms involved in the structure of
adipose tissue, tissue expandability, adipocyte dysfunction, as well as
the impact of these events on the manifestation of important metabolic
disorders associated with adipose tissue dysfunction; 2) To update
constant aspects in the literature about the participation of cortisol in
the development of insulin resistance, and also, the relationship of this
fact in the distribution of zinc in obese organisms; e 3) To verify the
association between parameters of cortisol metabolism, mineral
markers (magnesium, zinc and selenium) and their impact on insulin
resistance and oxidative stress in obese women. In the first study, a
search was conducted in the databases PubMed, Scopus, Web of Science
e Cochrane Library, including articles that focused on the structure and
remodeling of adipose tissue, main mechanisms related to dysfunction
of this tissue and the metabolic implications resulting from this process.
The third cross-sectional study involved 174 women aged between 18
and 50 years, who were divided into two groups according to BMI:
obesity group (n = 90) and normal weight group (n = 94). In this study,
serum concentrations of cortisol, ACTH and CGB, urinary cortisone,
THF and THE, activities of GPx, SOD and catalase enzymes and
plasma concentrations of TBARs, markers of glycemic control and



plasma, erythrocyte and urinary zinc concentrations, selenium and
magnesium were evaluated. The results revealed significant differences
between all parameters of cortisol metabolism, except ACTH. Obese
women had reduced plasma and erythrocyte concentrations of zinc,
selenium and magnesium and increased urinary excretion. Regarding
oxidative stress markers, reduced GPX and TBARs and SOD were
found in women with obesity when compared to the control group.
There was a positive correlation between adiposity parameters and
markers of cortisol metabolism, as well as between cortisol and markers
of the evaluated minerals. The canonical correlation between markers
of cortisol metabolism, minerals and markers of glycemic control and
oxidative stress of the study participants did not reveal a significant
result. The obese women evaluated in this study present disorders in the
metabolism of cortisol, as well as changes in the homeostasis of the
minerals evaluated, such as hypozincemia, hyposelenemia and
hypomagnesemia. n addition, the data obtained suggest the presence of
oxidative stress in the evaluated women with obesity. However, the
association study does not identify that the impact of cortisol on the
homeostasis of the evaluated minerals compromises the antioxidant
defense system and insulin sensitivity.

Keywords: obesity cortisol; zinc, selenium; magnesium; insulin
resistance; oxidative stress.
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1 INTRODUCAO

A obesidade é caracterizada pelo acimulo excessivo de gordura
corporal decorrente do desequilibrio entre 0 consumo de energia e 0
gasto energético, com etiologia complexa e multifatorial, envolvendo
fatores genéticos e ambientais que podem comprometer a saude e
aumentar a morbimortalidade!. Os dados disponiveis sobre a
prevaléncia de obesidade revelam que existem aproximadamente de
600 milhdes adultos obesos, 0 que corresponde a 13% da populacéo
mundial adulta®. No Brasil, a prevaléncia de obesidade triplicou nas
ultimas quatro décadas, sendo que de acordo com os dados da
Vigilancia de Fatores de Risco e Protecdo para Doengas Crénicas por
Inquérito Telefonico (VIGITEL)?, 20,3% da populagio adulta residente
nas capitais brasileiras encontra-se com obesidade.

Esse cenario epidemioldgico é preocupante, pois a adiposidade
corporal em valores elevados constitui fator de risco importante para a
mortalidade e ocorréncia de outras doencas cronicas nao transmissiveis,
como as doencas cardiovasculares, diabetes mellitus e alguns tipos de
cancer®. Nesse sentido, destaca-se que disfuncdo do tecido adiposo
constitui a base fisiopatolégica da obesidade e é caracterizada pela
hipertrofia de adipocitos, reducdo da angiogénese, inflamacdo cronica
de baixo grau e desordens hormonais importantes, como por exemplo
alteracdes no metabolismo do cortisol, um glicocorticoide com

secrec&o e sensibilidade comprometidas em individuos com obesidade®
7

E oportuno ressaltar que a literatura tem demonstrado a relevancia
da desregulacdo do eixo hipotalamico-pituitario-adrenal (HPA) na
presenca da disfuncdo do tecido adiposo como fator contribuinte para
acentuar a sintese e secrecdo de cortisol, 0 que consequentemente
favorece o aumento do risco para o desenvolvimento de desordens
metabolicas associadas a obesidade®. Destaca-se que o cortisol atua
como importante regulador da fungdo endocrina, do metabolismo e
diferenciacdo de adipdcitos, contribuindo na adipogénese e aumento
dos estoques de gordura visceral®. Além disso, esse horménio também



acentua o estresse oxidativo e pode contribuir para a manifestacdo da
resisténcia & acdo da insulina®.

Associado a isso, estudos tém demonstrado a influéncia do cortisol
no metabolismo de micronutrientes, em particular dos minerais zinco,
selénio e magnesio, com alguns mecanismos ja fundamentados.
Pesquisas realizadas com base molecular revelam a participacdo do
cortisol no aumento da expressdéo de genes codificantes para
metalotioneina e proteina transportadora de zinco ZIP-14, proteinas que
acumulam o zinco em tecidos especificos como hepético e adiposo,
favorecendo a manifestacdo do quadro de hipozincemia, em particular
em individuos com obesidade”*.

O cortisol também influencia na homeostase dos minerais
magnésio e selénio por favorecer a manifestacdo do estresse oxidativo,
bem como por alterar a atividade e a expressdo de enzimas do sistema
de defesa antioxidante. O estresse oxidativo, exacerbado pela presenca
do cortisol, por sua vez, favorece o esgotamento de componentes do
sistema de defesa antioxidante ndo enzimatico, a exemplo dos minerais
selénio e magnésio. Assim, a reducdo das concentracdes desses
nutrientes no soro de individuos com obesidade pode comprometer suas
fungBes no metabolismo lipidico, na acdo da insulina e na atividade
antioxidante!?16,

Nessa perspectiva, embora ja tenha sido demonstrado a influéncia
da disfuncdo do tecido adiposo no metabolismo do cortisol com
impacto importante na homeostase dos minerais magnésio, zinco e
selénio, ainda ha lacuna na literatura com dados robustos que possam
fundamentar o efeito de tais alteracdes na manifestacdo da resisténcia a
acdo da insulina e do estresse oxidativo na obesidade. Assim, este
estudo teve como objetivo verificar relacdo entre parametros do
metabolismo do cortisol, biomarcadores dos minerais (zinco, selénio e
magnésio) e sua repercussdo sobre a resisténcia a insulina e o estresse
oxidativo em mulheres com obesidade.

22



2 OBJETIVOS

2.1 Objetivos gerais
Artigo 1:

= Apresentar os mecanismos envolvidos na estrutura do tecido
adiposo, expansibilidade do tecido, disfungdo dos adipocitos,
bem como o impacto desses eventos na manifestacdo de
importantes disturbios metabolicos associados a disfungdo do
tecido adiposo.

Artigo 2:

= Atualizar aspectos constantes na literatura sobre a participagéo
do cortisol no desenvolvimento da resisténcia a insulina, e
ainda, a relacdo desse fato na distribuicdo do zinco em
organismos com obesidade.

Artigo 3:

= Verificar a associacdo entre parametros do metabolismo do
cortisol, marcadores dos minerais (zinco, selénio e magnésio) e
a resisténcia a insulina e o estresse oxidativo em mulheres com
obesidade.

2.2. Objetivos especificos
Artigo 1:

= Caracterizar a estrutura e remodelacéo do tecido adiposo;

= Descrever as fungdes metabolicas e enddcrinas do tecido
adiposo;

= Apresentar 0o impacto da disfuncdo do tecido adiposo na
manifestacdo de alteragdes metabolicas;



= Revisar os mecanismos envolvidos nas vias de sinalizagéo da
acao da insulina e no metabolismo lipidico na disfuncdo do
tecido adiposo.

Artigo 2:

= Atualizar os aspectos que caracterizam a disfuncdo do tecido
adiposo na obesidade e que possuem relacgdo com o
metabolismo do cortisol e a resisténcia a insulina;

= Descrever aspectos que caracterizam a contribui¢do do cortisol
sobre 0 metabolismo do zinco, e consequentemente, na
manifestacdo da resisténcia a acdo da insulina.

Artigo 3:

= Determinar marcadores do metabolismo do cortisol (cortisol
sérico e urinario, hormonio adrenocorticotrofico e globulina
ligadora de cortisol e as concentracdes urinarias de cortisona,
tetrahidrocortisol e tetrahidrocortisona);

= Estimar a atividade enzimatica da 11pB-hidroxiesteroide
desidrogenase e 5B-redutase;

= Auvaliar as concentracdes plasmaticas, eritrocitarias e urinarias
de zinco, selénio e magnésio;

= Auvaliar o indice de resisténcia a insulina (HOMA-IR);

= Determinar parametros do estresse oxidativo (concentragdes
plasmaticas de substancias reativas ao acido tiobarbitarico) e a
atividade eritrocitaria de enzimas do sistema de defesa
antioxidante;

= Estimar a quantidade de energia, macronutrientes, zinco, selénio
e magnesio na dieta.
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ABSTRACT

Adipose tissue is a metabolically dynamic organ that is the pri-
mary site of storage for excess energy, but it serves as an endo-
crine organ capable of synthesizing a number of biologically
active compounds that regulate metabolic homeostasis. How-
ever, when the capacity of expansion of this tissue exceeds, dys-
function occurs, favoring ectopic accumulation of fat in the
visceral, which has been implicated in several disease states,
most notably obesity. This review highlights the mechanisms
involved in the structure of adipose tissue, tissue expandability,
adipocyte dysfunction, as well as the impact of these events on
the manifestation of important metabolic disorders associated
with adipose tissue dysfunction. A literature search using Pu-
bmed, Web of Science, Scopus, and Cochrane databases were
used toidentify relevant studies, using clinical trials, experimen-
tal studies in animals and humans, case-control studies, case
series, letters to the editor, and review articles published in Eng-
lish, without restrictions on year of publication. The excessive
ectopic lipid accumulation leads to local inflammation and insu-
lin resistance. Indeed, overnutrition triggers uncontrolled inflam-
matory responses white adipose tissue, leading to chronic low-
grade inflammation, therefore fostering the progression of
important metabolic disorders. Thus, it is essential to advance
the understanding of the molecular mechanisms involved in

Brazil adipose tissue dysfunction in order to mitigate the negative
)1 55 5
Tel.: 55(86)98845-9778, Fax: 32372062 metabolic consequences of obesity.
dilina.marreiro@gmail.com
Introduction

Adipose tissue is an organ that performs a lot of significant physio-
logical functions, which is why excess of adipose tissue in the body re-
sults in pathological states in many of its organs and systems [1]. Adi-
pose tissue is not only a tissue, which stores fat and plays a protective
role, it is also an important endocrine organ where signals sent from
different tissues are generated and integrated. Adipose tissue is both
morphologically and physiologically differentiated [2].

Adipose tissue consists of three types of adipocytes: white,
brown, and beige, which have markedly different functions [3].
White adipose tissue (WAT) is the body’s main energy reservoir,
providing substrates for other tissues, such as muscle and liver [2].
Brown adipose tissue (BAT), on the other hand, specializes in heat
generation by mechanisms associated with the oxidation of fatty
acids, mainly through specific mitochondrial decoupling protein
(UCP1), which dissipates the proton gradient along the inner mi-
tochondrial membrane [1].

Morais |85 et al. Adipose Tissue Dysfunction: Impact... Horm Metab Res 2022; 54: 785-794 | © 2022, Thieme, All rights reserved.

The beige adipocytes (also called inducible brown adipocytes,
brown-in-white, or brite adipocytes) appear to differ from brown
adipocytes not only in their respective location in WAT versus BAT
depots, but also in their developmental program, and their respon-
siveness to adrenergic signaling with respect to mitochondrial reg-
ulation and UCP1 expression [3,4].

Associated with this, we highlight the compartmentalization of
adipose tissue in subcutaneous and visceral [5]. Subcutaneous fat
is located beneath the skin and typically represents 80 % or more
of total fat mass in humans, concentrated in the abdominal and
gluteofemoral depots [4, 5]. In visceral adipose tissue, fat s locat-
ed in the peritoneal cavity, corresponding to the omental and mes-
enteric depots [3]. WAT is an essential endocrine organ, secreting
numerous hormones and other factors, collectively termed adi-
paokines. Adipokines play major roles in regulating whole-body me-
tabolism, including promoting insulin sensitivity (e. g., adiponec-
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Este capitulo apresenta o artigo cientifico: Morais J. B. S.; Dias, T.
M. D. S.; Cardoso, B. E. P.; Sousa, M. P.; Sousa, T. G. V., Araljo, D.
S. C.; Marreiro, D.D. N. Adipose Tissue Dysfunction: Impact on
Metabolic Changes? Hormone and Metabolic Research. 2022
Dec;54(12):785-794. doi: 10.1055/a-1922-7052.

3.1 Abstract

Adipose tissue is a metabolically dynamic organ that is the primary site
of storage for excess energy, but it serves as an endocrine organ capable
of synthesizing a number of biologically active compounds that regulate
metabolic homeostasis. However, when the capacity of expansion of
this tissue exceeds, dysfunction occurs, favoring ectopic accumulation
of fat in the visceral, which has been implicated in several disease
states, most notably obesity. This review highlights the mechanisms
involved in the structure of adipose tissue, tissue expandability,
adipocyte dysfunction, as well as the impact of these events on the
manifestation of important metabolic disorders associated with adipose
tissue dysfunction. A literature search using Pubmed, Web of Science,
Scopus, and Cochrane databases were used to identify relevant studies,
using clinical trials, experimental studies in animals and humans, case-
control studies, case series, letters to the editor, and review articles
published in English, without restrictions on year of publication. The
excessive ectopic lipid accumulation leads to local inflammation and
insulin resistance. Indeed, overnutrition triggers uncontrolled
inflammatory responses white adipose tissue, leading to chronic low-
grade inflammation, therefore fostering the progression of important
metabolic disorders. Thus, it is essential to advance the understanding
of the molecular mechanisms involved in adipose tissue dysfunction in
order to mitigate the negative metabolic consequences of obesity.
Adipose tissue is a metabolically dynamic organ that is the primary site
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of storage for excess energy, but it serves as an endocrine organ capable
of synthesizing a number of biologically active compounds that regulate
metabolic homeostasis. However, when the capacity of expansion of
this tissue exceeds, dysfunction occurs, favoring ectopic accumulation
of fat in the visceral, which has been implicated in several disease
states, most notably obesity. This review highlights the mechanisms
involved in the structure of adipose tissue, tissue expandability,
adipocyte dysfunction, as well as the impact of these events on the
manifestation of important metabolic disorders associated with adipose
tissue dysfunction. A literature search using Pubmed, Web of Science,
Scopus, and Cochrane databases were used to identify relevant studies,
using clinical trials, experimental studies in animals and humans, case-
control studies, case series, letters to the editor, and review articles
published in English, without restrictions on year of publication. The
excessive ectopic lipid accumulation leads to local inflammation and
insulin  resistance. Indeed, overnutrition triggers uncontrolled
inflammatory responses white adipose tissue, leading to chronic low-
grade inflammation, therefore fostering the progression of important
metabolic disorders. Thus, it is essential to advance the understanding
of the molecular mechanisms involved in adipose tissue dysfunction in
order to mitigate the negative metabolic consequences of obesity.

Keywords: structure of adipose tissue; adipose tissue dysfunction;
metabolic dysfunction; tissue expandability.

3.2 Introduction

Adipose tissue is an organ that performs a lot of significant
physiological functions, which is why excess of adipose tissue in the
body results in pathological states in many of its organs and systems?.
Adipose tissue is not only a tissue, which stores fat and plays a
protective role, it is also an important endocrine organ where signals
sent from different tissues are generated and integrated. Adipose tissue
is both morphologically and physiologically differentiated?.

Adipose tissue consists of three types of adipocytes: white,
brown, and beige, which have markedly different functions®. White
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adipose tissue (WAT) is the body’s main energy reservoir, providing
substrates for other tissues, such as muscle and liver 2. Brown adipose
tissue (BAT), on the other hand, specializes in heat generation by
mechanisms associated with the oxidation of fatty acids, mainly
through specific mitochondrial decoupling protein (UCP1), which
dissipates the proton gradient along the inner mitochondrial
membranel.

The beige adipocytes (also called inducible brown adipocytes,
brown-in-white, or brite adipocytes) appear to differ from brown
adipocytes not only in their respective location in WAT versus BAT
depots, but also in their developmental program, and their
responsiveness to adrenergic signaling with respect to mitochondrial
regulation and UCP1 expression >4,

Associated with this, we highlight the compartmentalization of
adipose tissue in subcutaneous and visceral®. Subcutaneous fat is
located beneath the skin and typically represents 80% or more of total
fat mass in humans, concentrated in the abdominal and gluteofemoral
depots*®. In visceral adipose tissue, fat is located in the peritoneal
cavity, corresponding to the omental and mesenteric depots 3. WAT is
an essential endocrine organ, secreting numerous hormones and other
factors, collectively termed adipokines. Adipokines play major roles in
regulating whole-body metabolism, including promoting insulin
sensitivity (e. g., adiponectin), insulin resistance (e. g., resistin, RBP4,
lipocalin), and inflammation (e. g., TNF-a, IL-6, IL-1b, IL-8, IL-18, and
SFRP5)°®.

An important aspect is the fact that the physiological expansion
of subcutaneous adipose tissue, in particular, constitutes a safe storage
place for excess lipids, a factor that contributes to the protection of the
individual against lipotoxicity, with reduction of ectopic fat
accumulation, mainly in the liver and skeletal muscle’. However, when
the capacity of expansion of this tissue is exceeded, dysfunction occurs
and does not expand properly to store the energy excess. This induces
ectopic fat deposition in other tissues that regulates glucose
homeostasis, an event commonly defined as “lipotoxicity”. This
mechanism leads to systemic insulin resistance and an increased risk of
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type 2 diabetes®®°. Numerous deleterious effects have been associated
with the unhealthy expansion of the WAT, including inflammation,
fibrosis, hypoxia, altered adipokines secretion, and mitochondrial
dysfunction *°.

Therefore, the objective of this review is to bring knowledge on
mechanisms involved in the structure of adipose tissue, tissue
expandability, adipocyte dysfunction, as well as the impact of these
events on the manifestation of important metabolic disorders associated
with adipose tissue dysfunction.

3.3 Literature search

A literature search using Pubmed, Web of Science, Scopus, and
Cochrane databases were used to identify relevant studies, using
clinical trials, experimental studies in animals and humans, case-control
studies, case series, letters to the editor , and review articles published
in English, without restrictions on year of publication. The following
keywords, alone or in conjunction, were used to find relevant articles:
“adipose tissue”, “adipose tissue dysfunction”, “white adipose tissue”,
“brown adipose tissue”, “adipocytes”, “adipogenesis”, “lipolysis”,
“lipogenesis”, “metabolic dysfunction” and “obesity”. All eligible
studies were in English. For this review, the inclusion criteria focused
on structure and remodeling of adipose tissue, adipose tissue
dysfunction and metabolic implications and main metabolic disorders
arising from adipose tissue dysfunction.

3.4 Structure and Remodeling of Adipose Tissue

The adipose tissue is a specialized connective tissue, formed by
adipocytes, surrounded by a basal lamina and reticular fibers and
constitutes the largest reserve of energy of the human body. The excess
energy is stored in the form of triglyclycerides, and its efficiency is due
to the ability to be stored in large quantities, dispensing with the
presence of water as a solvent 142,
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The WAT presents large and spherical cells, which are formed
by a single drop of fat that forms after the fusion of numerous smaller
droplets and presents septa of connective tissue containing vessels and
nerves 3. BAT, on the other hand, has its staining determined by the
large amount of mitochondria and blood vessels, as well as having
smaller cells than unilocular ones and presenting a polygonal shape and
numerous droplets of fat in its cytoplasm. This tissue has a reduced
amount in adults, being more present in fetuses and newborns due to its
specialty in heat production, a process stimulated by the action of
norepinephrine 4.

Recent studies have shown that in addition to white and brown
adipocytes, there is also beige adipocyte, which does not present the
same embryonic expression profile in all white fat deposits’**°. These
differences are important because beige adipocytes may present
different origins and characteristics of other tissues, such as the amount
of nerve fibers, vascularization and environmental exposure conditions.
It is noteworthy that subcutaneous fat presents expressive amounts of
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beige cells, occurring mainly by cold stimulation and 3-adrenergic
receptors®.

Fat cells develop derived from cells called pre-adipocytes,
which are associated with blood vessels and derived from endothelial
cells of adipose tissue (Figure 1). During embryonic development, the
vascular network develops before the adipocytes and the extracellular
matrix that supports the blood vessels is the first to be deposited,
showing a crucial role of the vascular system in the development of
adipose tissue. Thus, at this stage of development there is a close
communication between stroma-vascular fraction and adipocytes,
which results in a mutual control between angiogenesis and
adipogenesis®’.

Pre-adipocytes are multipotent cells, capable of differentiating
into macrophages, muscle or bone progenitors, brown fat, and other cell
types. Pre-adipocytes generate adipokines, paracrine factors, hormones
and metabolic signals differently from mature adipose cells®. In
addition, they exhibit robust innate immune responses to bacterial
antigens, recruit macrophages and other immune effectors, as well as
participate in the process of regulating the immunological activity of
adipose tissue'®. Thus, the gene expression profiles of these cells are

closer to those of macrophages than to those of the fat cells themselves
20

Figure 1. White adipose tissue dysfunction.

Hypertrophic expansion through increased adipocyte size is associated with harmful
phenomena such as increased release of basal fatty acids, release of pro-inflammatory
cytokines, recruitment of immune cells, hypoxia, fibrosis, decreased adiponectin, and
impaired insulin sensitivity.

Pre-adipocytes differ in fat cells in response to insulin-like
growth factor 1 (IGF-1), lipids, glucocorticoids, and other signs. IGF-
1, for example, is probably the main promoter of adipogenesis, and not
insulin itself, as insulin receptors are not expressed in high amounts
until the pre-adipocytes become mature adipose cells'’.

There are at least two pre-adipocyte subtypes identified in
adipose tissue, the first with the highest response to replication,
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differentiation, and expression of adipogenic transcription factors and
lower apoptosis in response to tumor necrosis factor oo (TNF-a). The
second is a subtype resistant to adipogenesis, ensuring that not all pre-
adipocytes become adipose cells under favorable conditions. Such
subtypes may facilitate tissue plasticity, for example by differentiating
into fat cells with distinct properties, or by selecting for the apoptosis-
resistant subtype?!. It is noteworthy that adipocytes have different
characteristics in the various stages of development, and in adulthood,
there is a well-developed vascular network, where each adipocyte is
surrounded by at least one capillary, fenestrated and rich in
transendothelial channels, which allow communication with
adipocytes. This vascular network is dynamic and continuously adapted
to the changes in nutritional flows, which influences the behavior of
adipocytes during WAT expansion??.

About the expansion of subcutaneous adipose tissue, this is
determined by the formation of new adipocytes and by the growth
capacity from those already formed. New adipocytes develop from their
precursors, known as pre-adipocytes, vascular stroma, as well as
adipose or mesenchymal stem cells. The expansion of this tissue is
regulated by the expression of genes, proteins and metabolites of
different cell types, and depends mainly on the total number of stem
cells available to differentiate into new adipocytes 323,

Adipocyte hypertrophy is usually associated with abnormal
capillary formation, while hyperplasia is associated with increased
angiogenesis and the development of new capillaries, the latter being
the least harmful form of adipose tissue expansion, given the formation
of small, well-irrigated adipocytes with less inflammatory activity than
hypertrophic ones,

In order to store excess energy, the adipose tissue undergoes
remodeling processes, among them: (1) Higher nutrient flux!; (2)
Tissue expansion through coordination of hypertrophy and/or
hyperplasia?; (3) Microvascular compression by the adipocytes'
hypertrophy?; (4) Reduction of O, saturation on the cells®; (5) Increase
mitochondrial dysfunction and Reactive Oxygen Species (ROS)
generation on mitochondria! (6) Impairment on Redox homeostasis,
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increasing ROS production?; (7) Pro-oxidative environment and with
endoplasmic reticulum (ER) stress?; (8) ER stress and mitochondrial
dysfunction®; (09) Oxidative Stress®; (10) increase the macrophage
migration and polarization to a pro-inflammatory phenotype, and (11)
Remodeling of the vasculature and extracellular matrix?.

It is worth mentioning that during the process of expansion of
adipose tissue, local hypoxia phenomena may occur, which increases
the expression of angiogenic, cytokine and adipokine factors. The
balance between these factors determines the density and permeability
of the vessel and, therefore, the physiological or pathophysiological
expansion of the adipose tissue?.

That being the case, angiogenesis is a physiological process
through which new blood vessels form from preexisting vessels, being
important for the maintenance of adequate tissue remodeling and
expansion?’. In WAT remodeling, the angiogenesis frequently precedes
adipogenesis, however, in an inefficiency situation, such process seems
to play an important role in adipose tissue dysfunction 282°,

It is appropriate to mention the important role of the
extracellular matrix in the tissue expansion process of adipose tissue as
it deals with a complex structure composed of different proteins,
proteoglycans and polysaccharides and is involved in the modulation of
biological processes such as cell adhesion, migration, repair, survival
and development. In adipose tissue, in particular, the extracellular
matrix is composed mainly of collagen types I, 11, I1l and 1V, fibronectin
and laminin, besides allowing the formation of new blood vessels,
essential process in the expansion of healthy adipose tissue®.

The adipose tissue expansion depends on extracellular matrix
remodeling through hydrolysis/collagen redeposition cycles. However,
when its expansion occurs in a dysfunctional way, excessive and
unregulated accumulation of collagen and other extracellular matrix
components occurs, resulting in fibrosis, which limits the adipocyte
expansion capacity®!.
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3.5 Metabolic and Endocrine Functions of the Adipose Tissue

Regarding the metabolic functions of WAT, it must be noted
that in a situation of positive energy balance, this tissue has the function
of storing energy in the form of lipids, mainly in intracellular
triacylglycerol droplets®2. These droplets are coated by a group of
proteins, the main one being Perilipin A (Per), which prevents the
contact of the triacylglycerols stored with the cytoplasm3334,

However, in a negative energy balance situation, lipolysis
occurs, a process characterized by the hydrolysis of triacylglycerols in
free fatty acids and glycerol, which in turn, are released into the
bloodstream and later used by other tissues®. In this way, adipose tissue
is able to recognize the metabolic state of the organism, not only by
local energy sensors, but also by means of different signaling pathways,
mainly of the intestine!!. In addition, adipose tissue has other functions
such as thermal insulation, action in inflammatory processes, besides
playing an important role in glucose homeostasis and endocrine
function, such as leptin release?.

The main metabolic actions of WAT are classified into
lipogenic and lipolytic activities. Lipogenic activity involves all
metabolic processes that result in biosynthesis, incorporation and
storage of triacylglycerols in the intracytoplasmic fat droplet. While the
lipolytic activity concerns the hydrolysis of the stored TAG and the
release of free fatty acids (FFA) and glycerol®®.

For the lipogenesis process, there is a need for a glycerol 3-
phosphate and FFA source complexed with coenzyme A (CoA),
making up acetyl-CoA, derived from glycolytic pathway and
biosynthesis from acetyl-CoA or FFL uptake, respectively. Once in the
cytosol, the FFL binds to fatty acid-binding proteins (FABP), which
transports it to coenzyme A. This process is performed by another
integral membrane protein, acyl-CoA synthase (ACS). At the end of
this stage, acyl-CoA is taken by another protein, the acyl-CoA-binding
protein, to the glycerol 3-P esterification sites, finalizing the synthesis
of TAG, which are transferred to the cytoplasmic fat droplet®*,
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About the lipolytic action, this is characterized by the hydrolysis
of the stored triacylglycerol and consequent release of fatty acids and
glycerol into the bloodstream. This process is dependent on the
activation of the enzyme lipase hormone sensitive and stimulated by
catecholamines, particularly in fasting situation, high energy demand,
such as physical exercise, or under stress conditions. Thus, these
catecholamines interact with f3-adrenergic receptors, increasing free
fatty acids in the bloodstream?®’.

Regarding the endocrine function of adipose tissue, it is
emphasized that this plays a central role in the control of metabolism
and interacts with different organs and systems, through substances and
hormones that act stimulating actions such as adipogenesis, substrate
secretion and metabolization site of steroid molecules®,

Another aspect that has been extensively investigated among the
actions of adipose tissue, deals with its role in antimicrobial defense,
wound healing and inflammation®®. In this sense, we highlight the
immune cells presented in adipose tissue include macrophages,
neutrophils, dendritic cells, eosinophils, natural killer cells (NK) and
innate lymphoid cells, as well as adaptive immunity cells such as B and
T cells (CD4 and CD8) and regulatory cells T (TREG)*04L,

Macrophages are the most widely studied myeloid cells present
in adipose tissue, and currently two phenotypes with distinct functions
have been identified: classically activated macrophages (M1) and
alternatively activated macrophages (M2). The M1 phenotype differs
under the influence of pro-inflammatory cytokines and acts in the
beginning and maintenance of inflammation by producing reactive
oxygen and nitrogen species, nitric oxide synthase and pro-
inflammatory cytokines such as TNF-a, interleukin 1B (IL-1B) and
interleukin 6 (IL-6)*>%3%. The M2 phenotype, induced by anti-
inflammatory cytokines such as IL-4, I1L-10 and IL-13, act in the
resolution of inflammation and tissue regeneration 4>46:47,

In this sense, adipose tissue synthesizes and releases several
adipokines, including interleukin-6 (IL-6), transforming growth factor-
B (TGF-P), adipsins, angiotensinogen, plasminogen activator inhibitor-
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1 (PAI-1), adiponectin, resistin, visfatin, leptin, and vascular
endothelial growth factor (VEGF)*. These substances perform relevant
physiological functions, such as the regulation of immune response,
blood pressure control and glycemic homeostasis 4.

3.6 Adipose Tissue Dysfunction and Metabolic Implications

Adipose tissue has a safe threshold of expansion for fat storage,
without development of dysfunction. However, in a situation of
prolonged positive energy balance, the limit of expansion of adipocytes
of subcutaneous adipose tissue is reached. From then on, lipids are
stored in the visceral compartment and ectopic form in several organs
in the body, mainly in the liver, heart, kidney, pancreas and muscles®?.

In this perspective, it should be considered that the absolute fat
mass is not the determining factor for the development of metabolic
disorders in obese individuals, but rather the inability of the white
adipose tissue to expand and adequately accommodate the energy
surplus, since the hyperplasia process is limited and hypertrophy does
not meet the high energy demand®?°3. One of the mechanisms that
explains the association between adipocyte hypertrophy and the
manifestation of metabolic disorders, involves alterations in the process
of angiogenesis, because the vascularization of these cells does not
follow proportionally the increase in their size, which results in
inadequate supply of oxygen and nutrients, favoring tissue
dysfunction?,

The hypoxia in adipose tissue during its initial expansion
induces stress signaling, which in turn facilitates angiogenesis through
positive regulation of a number of genes, including VEGF**. However,
continuous signaling via stress resulting from hypoxia reduces VEGF
signaling, resulting in impairment of angiogenesis, which contributes to
increased macrophage infiltration and chronic inflammation °°,

Associated with this, the limited oxygen supply and excessive
deposition of extracellular matrix components, such as collagen and
osteopontin, also trigger adipocyte necrosis and low-grade chronic
inflammation, being the latter characterized predominantly by
infiltration of pro-inflammatory macrophages °%°’. Hypoxia also
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promotes positive regulation of hypoxia-inducible factor 1a (HIF-1a),
favoring adipose tissue fibrosis. It is worth mentioning that HIF-1a. is
overexpressed in the adipose tissue of obese people and stimulates the
attraction and retention of macrophages in adipocytes. Thus, in addition
to contributing to physical restriction to adipose tissue expansion,
excess deposition of the extracellular matrix can contribute to adipocyte
death, tissue inflammation and metabolic dysfunction®°,

A study on the subject found a lower amount of fibrosis in the
visceral adipose tissue of diabetic individuals®. Similarly, Lackey et al.
[60] found lower collagen content in the visceral adipose tissue of
metabolically unhealthy obese patients when compared to
metabolically healthy obese patients. Thus, fibrosis reduction seems to
be associated with increased adipocyte hypertrophy, reduced
preadipocyte hyperplasia, evidencing the role of extracellular matrix
remodeling and fibrosis in tissue dysfunction®.

These events induce macrophage infiltration into obese adipose
tissue through increased expression of both leptin and macrophage
migration inhibition factor, which inhibits tissue macrophage
emigration®%2, In addition, the supernutrition present in obesity
stimulates the secretion of chemokines by adipocytes, such as the
monocyte chemoattractant protein-1 (MCP-1), attracting monocytes to
adipose tissue, which later differentiate into macrophages®?.

The infiltration of macrophages in adipose tissue and the pro-
inflammatory microenvironment installed in obesity leads to the
alteration of the phenotype of these cells to type M1. These, in turn,
accumulate around the hypoxic regions, forming "Crown-like
Structures"”, producing pro-inflammatory cytokines, such as IL-6 and
TNFa, which have a great impact on the insulin signaling cascade, in
addition to contributing to local and systemic inflammation 3864,

It is important to point out that the polarization of macrophages
to type M1 is also favored by the accumulation of lipids within these
cells, since, in an attempt to reduce lipotoxicity, these cells phagocytize
the triglyceride droplets, which results in the accumulation of lipids
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within macrophages, transforming them into foamy cells that, in turn,
secrete pro-inflammatory cytokines, such as 1L-6%.

The chemokines and cytokines produced in adipose tissue are
key regulators not only in the recruitment of macrophages, but also of
other immune cells. With regard to T-lymphocytes, studies show that
the CD8 fraction increases with the progression of obesity, while the
CD4 and TREG fractions decrease. In addition, CD8 cell infiltration
precedes macrophage accumulation in adipose tissue, while
immunological depletion of these cells reduces the infiltration of M1
macrophages and the expression of inflammatory cytokines, indicating
that these cells may be involved in the beginning and maintenance of
the inflammatory cascade in obesity*:%,

It is worth noting that the abnormal polarization of macrophages
for type M1 mediates metabolic changes in this tissue, and some studies
indicate that the degree of visceral adiposity and the frequency of
infiltrated macrophages in obese adipose tissue correlate significantly
with the progress of atherosclerosis, insulin resistance and low-grade
chronic inflammation®’ 8,

Neutrophils are also cells that stand out for their recruitment at
places of acute inflammation in obese adipose tissue, being mediated
by cytosolic phospholipase A2a. These cells, in turn, produce elastases,
a substance that can induce insulin resistance by degrading the insulin
receptor substrate 1 in adipocytes and hepatocytes®® 0. In addition,
neutrophils also secrete myeloperoxidase, which contributes to
systemic inflammation and tyrosine nitration, leading to a reduction in
the levels of this protein and modification in the function of the insulin
B receptor’t. In this way, the recruitment of these cells contributes to
the development of inflammation and insulin resistance in obese
adipose tissue.

Differently, eosinophils are cells involved in the regulation of
adipose tissue homeostasis, through the production of IL-4, a cytokine
essential for the maintenance of M2 macrophages®. Recently, studies
have shown that the number of eosinophils is linked to another
population of immune cells called innate lymphoid cells (ILC). These
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cells, in turn, are categorized into three subtypes: (i) ILC1, which are
activated by I1L-12, IL-15 and IL-18 and secrete interferon-gamma
(IFN-y) and TNF; (ii) ILC2, which are activated by 1L-25 and IL-33
and express IL-4, IL-5 and 1L-13, and (iii) ILC3 which are triggered by
IL-1p and IL-23 and release IL-17 and IL-227273,

In this context, it was identified that the subtype ILC2
predominates in lean WAT and contributes to its homeostasis by
maintaining the numbers of eosinophils and macrophages of type M2,
since it secretes the cytokines IL-5 and IL-13. In obesity, the ILC1
subtype produces large amounts of IFN-y, thus contributing to the
polarization of M1 macrophages and promoting obesity-related insulin
resistance’.

Similar to the ILC1 subtype, NK, after activation by I1L-12, IL-
15 and IL-18, secrete cytokines and chemokines such as TNF, IFN-y,
GMCSF and CCL2 and promote the recruitment and activation of other
immune cells at the place of inflammation. In this sense, several studies
have observed an increase in the number of these cells in the adipose
tissue and in the blood circulation of obese individuals or with type 2
diabetes mellitus, when compared to the control group, highlighting the
harmful role of NK cells in obesity-related inflammation and metabolic
dysregulation, as well as contributing to insulin resistance in obesity
(Figure 2)™8,
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Figure 2. Role of the immune system in lean versus obese adipose tissue.

In lean adipose tissue, CD4-type helper T cells produce anti-inflammatory cytokines,
such as interleukin (IL)-4 and 13, which promote macrophage polarization to type
M2. M2 polarization is also induced by regulatory T cells (Tregs) and eosinophils via
IL-4. M2 macrophages secrete other anti-inflammatory signals, such as IL-10, which
maintain insulin sensitivity in lean adipose tissue. On the other hand, cytokines
secreted by CD8-type T cells, such as IL-6, stimulate the polarization of M1-type
macrophages in obese adipose tissue. Other immune cells are also higher in obese
adipose tissue, which contribute to insulin resistance, including natural killer cells and
ILC1. Furthermore, in obese adipose tissue, macrophages are not homogeneously
distributed, but aggregated around dead adipocytes, forming crown-like structures.
Foam cells are also present in order to phagocytose lipids from overloaded adipocytes.
M1 macrophages are pro-inflammatory, secreting cytokines such as TNF-o and IL-
1B, which perpetuates inflammation in obese adipose tissue and causes other
metabolic disorders, such as insulin resistance.

Systemic oxidative stress constitutes another disorder present in
the dysfunctional expansion of adipose tissue, due to an imbalance
between reactive oxygen species production and antioxidant capacity,
leading to disruption of redox signaling and control and/or molecular
damage’’. This disturbance can be classified according to intensity,
ranging from physiological oxidative stress (eustress) to toxic oxidative
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load (dysstress), which impairs redox signaling and promotes damage
to biomolecules, with pathophysiological consequences’®. About this
disorder, several studies have already demonstrated that hypertrophy of
adipocytes increases the secretion of pro-inflammatory cytokines and
adipokines, the main contributing factor to the excessive production of
reactive oxygen and nitrogen species nitrogen species in obese
organisms’°#°,

The accumulation of reactive species induces DNA damage,
including point mutations and chromosomal aberrations, as well as
activates signal translation pathways, altering the expression of several
genes’®. Chronicity of this process promotes peroxidation of membrane
lipids and aggression to tissue proteins, contributing to the pathogenesis
of several metabolic diseases®..

When adipocytes reach their expansion limit due to increased
fat deposition, it disrupts metabolic homeostasis causing adipose
inflammation and alterations in autophagy and ER functions (induced
ER stress)®?. Several factors alter ER functions, leading to metabolic
dysfunction within the cell. One of the mechanisms is through, over
accretion of fat in adipocytes, which disrupts normal ER activities, such
as protein folding/maturation and lipid homeostasis. This, in turn,
stresses the ER and activates numerous adaptive responses including
unfolded protein responses (UPRs), ER-associated protein degradation
(ERAD) as well as autophagy to reinstate metabolic homeostasis’"®,

The UPRs are primarily involved in maintaining metabolic
stability by governing proper protein folding or degradation. Yet,
continuous activation of UPRs in adipocytes is detrimental, coinciding
with adipose dysfunction leading to obesity and its related
comorbidities’”82, Uncontrolled ER stress in adipose tissue indeed
could alter cellular functions, including lipid and glucose metabolism,
inflammation, insulin signaling, and autophagy, disturbing the
metabolic equilibrium of adipocytes®3,

In this area, an important aspect that should be highlighted is the
effect of interventions for weight loss, for example bariatric surgery and
low-calorie diets in reducing the number of circulating immune cells in
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adipose tissue that implies the attenuation of local and systemic
inflammation®48°,

3.7 Insulin Resistance and Dyslipidemia

Regarding the impact of adipose tissue dysfunction on glycemic
control and dyslipidemias, the influence of body fat distribution on
changes in glucose metabolism and dyslipidemias stands out, large
visceral fat cells are more strongly linked to disorders in lipid
metabolism, while large subcutaneous adipose cells correlate with
hyperinsulinemia and insulin resistance (Figure. 3)?48¢,

Regarding the contribution of adipose tissue dysfunction to
insulin resistance, it is worth noting that, in situations where positive
energy balance is associated with dysfunction of subcutaneous adipose
tissue, there is an increase of basal lipolysis in hypertrophic adipocytes,
favoring the release of non-esterified fatty acids (NEFA) into the
bloodstream. This process triggers multiple inflammatory signaling
pathways in macrophages and adipocytes, as NEFA may promote
inflammation by binding to Toll-like 2 and 4 receptors through the
Adaptive Protein Fetuin-A (FetA), which results in the activation of
Nuclear Factor Kappa B (NF-kB)®’.

Inflammation favors the manifestation of insulin resistance via
activation mechanisms of NF-«B transcription factor signaling. In this
sense, adipose tissue dysfunction activates the IKK kinase complex,
favoring proteasomal degradation of IxBa, which induces nuclear
translocation of NF-xB, which consequently increases the expression
of target genes of this transcription factor, such as IL-6, TNF-a,
transforming growth factor beta (TGF-B) and receptor for advanced
glycosylation end product, important molecules in the induction of
insulin resistance 88,

The ectopic fat deposition is also an important factor in reducing
local and systemic insulin sensitivity, and the accumulation of
diacylglycerides in hepatocytes activates protein kinase C (PKC),
which reduces insulin-stimulated phosphorylation of (Insulin receptor
substract 2) IRS-2 and AKT serine/threonine kinase 2 (AKT2), as well
as the ability to activate glycogen synthesis %%, Thus, the ectopic
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accumulation of fat in the liver results in a reduction of glucose uptake
and increased production of this substrate, which consequently
potentiates insulin resistance 888,
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Figure. 3 Mechanisms of lipid storage in adipocytes and their mobilization from lipid
droplets.

Lipolysis is inhibited by insulin signaling and promoted by other hormones like glucagon, GH,
cortisol, T3, or adrenaline, due to the stimulation of AMPc and HSL. cAMP: Cyclic adenosine
monophosphate; FATP: Fatty acid binding protein; FFA: Free fatty acids; HSL: Hormone-
sensitive lipase; IRS-1: Insulin receptor substract-1; LPL: Lipoprotein lipase; PerA: Perilipin
A; VLDL: Very-low density lipoprotein.

The ectopic accumulation of diacylglycerols and ceramides in
muscle tissue also activates PKC, favoring the phosphorylation of IRS1
in serine residues impairing the activation of PI3K, with consequent
reduction of glucose transporter activity (GLUT4) and glucose
uptake®. Ectopic lipid deposition in the heart results in a form of
"cardiac lipotoxicity” characterized by cardiac insulin resistance,
cardiac myocyte apoptosis and contractile dysfunction, for the reason
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that diacylglycerols can also activate various PKC isoforms, involved
in the development of insulin resistance®.

Regarding dyslipidemia associated with adipose tissue
dysfunction, changes in the performance of important enzymes stand
out, such as the increased activity of hormone-sensitive lipase, as well
as the inhibition of lipoprotein lipase, which contributes to promoting
the flow of free fatty acids to hepatocytes, which increases the synthesis
of very-low-density lipoproteins (VLDL-c), and consequently
hypertriglyceridemia®.

The excess of triglycerides in the bloodstream induces a
reduction in the activity of lecithin cholesterol acyl transferase, an
important substrate in the synthesis of high-density lipoproteins (HDL-
c¢) and phospholipid transport protein, being the latter responsible for
the transfer of triglyceride-rich lipoprotein phospholipids to HDL-c.
This metabolic dysfunction implies the impairment of the maturation of
HDL-c lipoprotein and consequently its role in the reverse transport of
cholesterol®,

Associated with this, hypertriglyceridemia also accentuates the
activity of cholesterol ester transfer protein, an enzyme that acts on the
exchange of cholesterol esters and triglyceride between lipoproteins
and, as a consequence, with formation of LDL-c and HDL-c particles
with low cholesterol concentrations and rich in triglyceride®4,

In this regard, it is worth noting that the high serum
concentration of LDL-c and HDL-c particles rich in triglycerides
stimulates the activity of the enzyme hepatic lipase to release
apoprotein apoA-I from the HDL-c particle, forming remnants of HDL -
c, these being possibly eliminated by bile, reducing their serum
concentration. Thus, as a result of the reduced HDL-c values associated
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with the formation of small and dense LDL-c particles, there is a higher
risk for the development of cardiovascular disease (Figure. 4)%°.
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Figure. 4 Development of dyslipidemia in obesity.

In dysfunctional adipose tissue there is an increase in lipolysis and, consequently, a higher
concentration of triglycerides and free fatty acids, which contribute to a lower activity of
lipoprotein lipase. There is then an increased release of free fatty acids from the adipose tissue
to the liver, which leads to greater production of VLDL-c in this tissue, thus promoting
hypertriglyceridemia. The triglyceride present in the VLDL-c structure is exchanged for low-
density lipoprotein (LDL) cholesterol esters and high-density lipoprotein (HDL) cholesterol
esters for the esterified cholesterol transport protein, producing triglyceride-rich LDL and HDL.
Triglycerides in these lipoproteins are hydrolyzed by hepatic lipase, producing small, dense
LDL and HDL. Decreased HDL concentration and the formation of small, dense LDL particles
are associated with an increased risk of cardiovascular disease. EC: Cholesterol esters; CETP:
Esterified cholesterol transport protein; FFA: Free fatty acids; HDL: High density lipoproteins;
HL: Hepatic lipase; LDL: Low-density lipoproteins; LPL: Lipoprotein lipase; TG: Triglyceride;
VLDL: Very low density lipoprotein. hepatic lipase.

46



In this scenario, based on the information obtained on the
subject, it is verified that the literature clearly brings the various
mechanisms involved in the dysfunction of adipose tissue, as well as its
impact on the development of important disorders associated with
obesity. Associated with this, it is highlighted that such dysfunction can
be achieved in different degrees of adiposity and is not necessarily
related to total adipose mass, which allows its classification into
different phenotypes, such as metabolically healthy and unhealthy
obesity.

3.8 Conclusions

The data presented in this review emphasize the function,
growth, and expansion of human adipose tissue, along with the
development of complications associated with dysfunction of this
tissue, including inflammation, accumulation of ectopic fat, insulin
resistance, and dyslipidemia.

The limited storage capacity of excess lipids in adipose tissue
favors the development of metabolic disorders associated with obesity.
Thus, it is essential to advance the understanding of the molecular
mechanisms involved in adipose tissue dysfunction in order to mitigate
the negative metabolic consequences of obesity.
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Abstract

Adipose tissue is considered an endocrine organ and its excess compromises the immune response and the metabolism of
hormones and nutrients. Furthermore, visceral fat accumulation contributes to increased cortisol synthesis, which in turn induces
metallothionein and Zip14 expression, which are proteins that contribute to reducing plasma zinc levels, Zinc plays a critical role
in the seerction and signaling of insulin. Changes in the biochemical parameters of zinc, as observed in individuals who are obese,
contribute to the manifestation of related disorders such as insulin resistance. Thus, the purpose of this review is to provide an
update on the current information on the relationship between cortisol, zine, and insulin resistance in obesity. The data in the
literature provide evidence that cortisol affects zine metabolism, and indicate possible repercussions on insulin signaling that

might contribute to the development of resistance to the actions of insulin in obesity.

Keywords Zinc - Cortisol - Insulin resistance - Obesity - Metabolism

Introduction

Obesity is defined as the accumulation of excessive body fat
that can impair health and increase mortality [1]. This disease
increases the risk of development of several comorbidities
such as type 2 diabetes mellitus, cardiovascular diseases, and
cancer [2-4]. In the pathogenesis of obesity, certain aspects
that are considered important because they contribute to the
manifestation of comorbidities are highlighted such as hor-
monal and metabolic disorders including oxidative stress,
chronie low-grade inflammation, and insulin resistance [5, 6].

Recently, there has been a growing interest in hormonal
disorders associated with obesity. Furthermore, related studies
have demonstrated alterations in cortisol metabolism, which
presents changes in its secretion and action in obese individ-
uals [7, 8]. Deregulation of the hypothalamic adrenal-pituitary
axis contributes to its hyperresponsiveness, increasing cortisol
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seeretion, which is arisk factor for various metabolic disorders
[9, 10].

Cortisol is an important regulator of endocrine function,
metabolism, and differentiation of adipocytes, contributing
to adipogenesis and increased visceral fat stores [10~12]. In
addition, this glucocorticoid plays a significant role in the
signaling pathway of insulin, since it impairs insulin sensitiv-
ity in several tissues, consequently reducing glucose uptake
and contributing to insulin resistance [7].

Another important point to be highlighted on endocrine
regulation by cortisol is its effects on the metabolism of
micronutrients such as zine. Cortisol induces the gene expres-
sion of metallothionein and the zine transporter Zip14, which
favors the redistribution of plasma zine for various tissues
such as hepatic and adipose, leading to the development of
hypozincemia in obesity [12, 13].

Furthermore, the fundamental role of zinc has been
highlighted in the synthesis, storage, and action of insulin by
stimulating its receptors, which protects the liver and pancre-
atic cells against free radicals. In addition, as a nutrient with an
important function in insulin sensitivity, zinc participates in
the stabilization of insulin hexamers [14].

Cortisol affects the distribution of zinc in individuals who
are obese, which may consequently be a contributing factor to
compromising the action of insulin; however, the data in the
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4.1 Abstract

Adipose tissue is considered an endocrine organ and its excess
compromises the immune response and the metabolism of hormones
and nutrients. Furthermore, visceral fat accumulation contributes to
increased cortisol synthesis, which in turn induces metallothionein and
Zip14 expression, which are proteins that contribute to reducing plasma
zinc levels. Zinc plays a critical role in the secretion and signaling of
insulin. Changes in the biochemical parameters of zinc, as observed in
individuals who are obese, contribute to the manifestation of related
disorders such as insulin resistance. Thus, the purpose of this review is
to provide na update on the current information on the relationship
between cortisol, zinc, and insulin resistance in obesity. The data in the
literature provide evidence that cortisol affects zinc metabolism, and
indicate possible repercussions on insulin signaling that might
contribute to the development of resistance to the actions of insulin in
obesity.

Keywords: Zinc; Cortisol; Insulin resistance; Obesity; Metabolism
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4.2 Introduction

Obesity is defined as the accumulation of excessive body fat that
can impair health and increase mortality®. This disease increases the risk
of development of several comorbidities such as type 2 diabetes
mellitus, cardiovascular diseases, and cancer?*. In the pathogenesis of
obesity, certain aspects that are considered important because they
contribute to the manifestation of comorbidities are highlighted such as
hormonal and metabolic disorders including oxidative stress, chronic
low-grade inflammation, and insulin resistance®®,

Recently, there has been a growing interest in hormonal
disorders associated with obesity. Furthermore, related studies have
demonstrated alterations in cortisol metabolism, which presents
changes in its secretion and action in obese individuals’®. Deregulation
of the hypothalamic adrenal-pituitary axis contributes to its
hyperresponsiveness, increasing cortisol secretion, which is a risk
factor for various metabolic disorders®<°.

Cortisol is an important regulator of endocrine function,
metabolism, and differentiation of adipocytes, contributing to
adipogenesis and increased visceral fat stores!®'?. In addition, this
glucocorticoid plays a significant role in the signaling pathway of
insulin, since it impairs insulin sensitivity in several tissues,
consequently reducing glucose uptake and contributing to insulin
resistance’.

Another important point to be highlighted on endocrine
regulation by cortisol is its effects on the metabolism of micronutrients
such as zinc. Cortisol induces the gene expression of metallothionein
and the zinc transporter Zipl4, which favors the redistribution of
plasma zinc for various tissues such as hepatic and adipose, leading to
the development of hypozincemia in obesity 213,

Furthermore, the fundamental role of zinc has been highlighted
in the synthesis, storage, and action of insulin by stimulating its
receptors, which protects the liver and pancreatic cells against free
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radicals. In addition, as a nutrient with na important function in insulin
sensitivity, zinc participates in the stabilization of insulin hexamers'#.

Cortisol affects the distribution of zinc in individuals who are
obese, which may consequently be a contributing factor to
compromising the action of insulin; however, the data in the literature
on this subject is inconsistent. Therefore, there is a need for studies that
provide evidence of the association between these markers and the
mechanisms that mediate this interaction.

This review summarizes the mechanisms involved in the role of
cortisol in the development of insulin resistance and zinc involvement
as a key micronutrient in obesity metabolic change.

4.3 Obesity, Insulin Resistance, and Cortisol

The adipose tissue secretes hormones and signaling molecules
with biological effects on metabolism and inflammation. In obesity, the
expansion of adipose tissue leads to its dysfunction, which is
characterized by changes in the cellular composition (hypertrophy of
adipocytes and infiltration of imune cells), hypoxia, oxidative stress,
and increased secretion of inflammatory adipokines #*°.

It is worth mentioning that adipose tissue dysfunction favors the
development of metabolic and endocrine disorders, associated with
changes in serum concentrations, patterns of secretion, and action of
various hormones!®!®, In this regard, studies have evidenced the anti-
inflammatory and immunosuppressive role of glucocorticoids, which in
normal concentrations inhibit the secretion of inflammatory cytokines,
such as TNF-a and IL-61. However, the excess of these hormones,
particularly cortisol, exacerbates chronic inflammatory condition of
obesity.

It is worth mentioning that adipokines can act in the central
nervous system through receptors for IL-1 and IL-6 cytokines in the
brain, especially in the hypothalamic region. The interaction of these
cytokines with specific receptors in hypothalamic paraventricular
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nuclei results in the synthesis and release of mineralocorticoids and
glucocorticoids, such as corticotropin-releasing hormone and,
consequently, ACTH and cortisol*8,

The metabolism of cortisol is regulated by two hydroxysteroid
113 dehydrogenase enzymes. The 11B dehydrogenase 1 enzyme
converts the inactive form, cortisone, into the active form, cortisol,
whereas 11 dehydrogenase 2 converts the active cortisol into inactive,
maintaining the homeostasis of that hormone’.

Increased expression of 11 dehydrogenase 1 enzyme is
associated with the pathogenesis of central obesity, metabolic
syndrome, and dysregulation of glucose and lipid metabolism. Studies
have shown an association between increased expression and activity
of this enzyme in visceral white adipose tissue and reduced plasma
concentrations of adiponectin, which may contribute indirectly to a
greater production and release of pro-inflammatory cytokines such as
TNF-a and IL1p*%,

Chronic exposure to elevated circulating levels of
glucocorticoids is associated with the onset of obesity and associated
metabolic disorders, considering that these hormones are required for
the differentiation of preadipocytes into mature adipocytes®.

The various actions of glucocorticoids are mediated in part by
intracellular receptors, the glucocorticoid receptors, which belong to the
steroid/sterol/thyroid/retinoid receptors superfamily, and function as
hormone dependent transcription factors??.

It is worth mentioning the contribution of glucocorticoid and
mineralocorticoid receptors on the inflammatory process. These
receptors have anti-inflammatory action due to two properties, genomic
and non-genomic. The non-genomic pathway involves the direct
interaction of these receptors with the JNK, MAPK protein in the
cytoplasm, suppressing the activation of this pro-inflammatory
pathway?2.

Genomic action, in turn, is mediated by nuclear receptor
translocation and activation of key anti-inflammatory genes (MKP-1,
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IL-10, annexin-1) and repression of proinflammatory genes
(TNF-0, IL-6, IL-1B)?2. Therefore, the impaired function of the
glucocorticoid receptor is likely a mechanism for this chronic
inflammation in obesity. In obesity, there is also the presence of insulin
resistance; this refers to the decreased sensitivity of peripheral tissues
to insulin action, especially adipose, muscular, and hepatic tissue?.

Therefore, it is important to highlight the fact that excessive
visceral adipose tissue contributes to the increase of free fatty acids.
Visceral adipocytes are more sensitive to catecholamine-induced
lipolytic effects and have a greater number of B-adrenoreceptors than
subcutaneous adipocytes do. Thus, the stimulation of [3-
adrenoreceptor by catecholamines increases free fatty acids?3,

Excessive levels of free fatty acids might reduce glucose
utilization by competing as substrates for the synthesis of adenosine
triphosphate (ATP) in skeletal and adipocyte muscle. The mechanisms
of action of fatty acids involve inhibition of hexokinase,
phosphofructokinase, and the pyruvate dehydrogenase complex and,
consequently, oxidation of glucose?.

In addition, studies have shown that fatty acids and
intermediates of lipid metabolism inhibit glucose uptake by impairing
the signaling pathway of insulin action to activate protein kinase C,
which favors phosphorylation at the serine residue of the receptor
substrate of insulin 1 (IRS-1). These actions prevent the interaction of
the insulin receptor with its substrate, causing IRS-1 degradation and,
consequently, the development of insulin resistance?%,

In obesity, the function and number of pancreatic B cells also
increase, as well as the reduction of hepatic and renal clearance of
insulin, resulting in hyperinsulinemia. This disorder inhibits IRS2 gene
transcription and IRS-1 and -2 activity by a negative feedback
mechanism, which induces insulin resistance 2% 25

The role of glucocorticoids in the development of insulin
resistance in individuals who are obese involves the functional
antagonism of insulin and negative regulation of glucose uptake
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because they release energy substrates for mitochondrial oxidation
during stress to increase muscle proteolysis and lipolysis®.

The role of glucocorticoids in the regulation of adipose tissue
function is quite complex and controversial. These substances induce
the differentiation of pre-adipocytes into mature adipocytes, as well as
lipolysis of adipose tissue under certain conditions. Chronic exposure
to glucocorticoids promotes the expansion of adipose tissue, which
impairs the action of insulin, resulting in hyperglycemia and
dyslipidemial®®,

Glucocorticoids appear to stimulate lipolysis through their
action on the enzyme hormone-sensitive lipase, following their free
fatty acid—mediated release and, thus, contribute to the development of
insulin resistance?®. The enzyme 11B-dehydrogenase 1 (11B-HSD1),
expressed in adipose tissue, converts the inactive cortisone into its
active form, cortisol, which increases the local action of
glucocorticoids, regardless of their circulating concentrations?®2. In
subcutaneous adipose tissue, an increase in 113-HSD1 expression and
activity correlates positively with obesity and insulin resistance?. In
addition, the inhibition of 11B-HSD1 action in patients with type 2
diabetes, for example, has demonstrated clinical efficacy in improving
insulin sensitivity®.

Cortisol also inhibits the translocation of GLUT4 to the plasma
membrane, thereby reducing the uptake of glucose by the cell, resulting
in hyperglycemia®. In addition, it may reduce the affinity of the insulin
receptor or even the number of receptors, which contributes to the
manifestation of resistance to the action of this hormone’.

It is noteworthy that there are specific biological differences
between body fat deposits, which might affect the actions of
glucocorticoids on insulin  sensitivity?®. In skeletal muscle,
glucocorticoids reduce glucose uptake by increasing the activation of
serine kinases, which phosphorylates and inactivates the insulin
receptor and IRS”°. The accumulation of intramyocellular lipids
induced by glucocorticoids appears to contribute to the development of
insulin resistance®!. Studies on cell culture and animal models have
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shown that glucocorticoids deregulate lipid metabolism in skeletal
muscle, increasing B-oxidation and lipolysis®.

In the liver, cortisol may affect glucose metabolism by
increasing the expression of genes encoding gluconeogenic enzymes
such as phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase, which catalyze rate-limiting steps in gluconeogenesis and
promote plasma glucose concentrations?”.

The effect of acute doses of glucocorticoids on insulin secretion
involves the reduction of insulin secretion by pancreatic 3 cells, by their
alteration of the oxidative metabolism of glucose, activation of K+
channel repolarization of, and reduction of the activation of A and C.
These actions induce the generation of reactive oxygen species and
endoplasmic reticulum dismutase, increase the activity of 11p-HSD1,
and compromise the efficiency of intracellular Ca+ ions in the
secretory response (Figure 1)%.

On the other hand, chronic exposure to glucocorticoids, as
occurs in obesity, promotes important morphological changes to the 3-
pancreatic cells such as hypertrophy and hyperplasia, which results in
increased synthesis and secretion of insulin with consequent
hyperinsulinemia. In addition, glucocorticoids also play a central role
in promoting vagal stimulation and, thus, increase insulin secretion,
contributing to the manifestation of insulin resistance in obesity %30,

4.4 Influence of Cortisol on Zinc Metabolism: What Are Its Effect
on Insulin Resistance?

The literature reports changes in the metabolism of various
minerals in obesity such as zinc®*34, Studies have also shown reduced
serum or erythrocyte concentrations of zinc in individuals who are
obese, which is associated with the development of various metabolic
disorders such as oxidative stress, chronic inflammation, and insulin
resistance®=°. In discussing this topic, it is important to highlight that
cortisol induces the activation of metal-regulatory transcription factor 1
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(MTF1) and, thus, increases the gene expression. of metallothionein
and Zip14, which reduces plasma zinc concentrations (Figure. 2)37:%,
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Figure 1 Mechanisms involved in the participation of glucocorticoids on the manifestation
of insulin resistance

AGNE: non-esterified fatty acids; HPA: Hypothalamic Pituitary Adrenal axis. The
hyperresponsiveness of HPA present in obesity increases the secretion of glucocorticoids by
the adrenal cortex, which plays important roles in several tissues. In skeletal muscle, they
increase muscle proteolysis, 3-oxidation, and lipolysis and reduce GLUT4 translocation, with
consequent impairment in glucose uptake. In the liver, they increase lipogenesis and
gluconeogenesis. In adipose tissue, these hormones promote adipogenesis and increase
lipolysis. In the pancreas, they act to induce hypertrophy and hyperplasia of B-pancreatic cells,
with consequent hyperinsulinemia and organ dysfunction. All these effects contribute to the
reduction of insulin sensitivity in the body.
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Figure 2. Action of cortisol on zinc metabolism

HPA: Hypothalamic Adrenal Pituitary Axis; IL-6: interleukin 6; ACTH:
Adrenocorticotrophic hormone; MTF1: regulatory metal transcription factor 1; Zn:
Zinc. Increased inflammation and stress promote HPA hyperresponsiveness by
increasing cortisol secretion. This glucocorticoid, in turn, induces the activation of
metal regulatory transcription factor 1 (MTF1) and increased gene expression of
metallothionein and Zip14, favoring the compartmentalization of zinc in liver and
adipose tissue and, consequently, zincemia.

These data are confirmed in the literature in studies
demonstrating that patients with Cushing’s syndrome, characterized by
excess production of cortisol, exhibit a reduction in serum zinc
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concentrations, whereas individuals with adrenal insufficiency, in
which there is reduced cortisol production, exhibit increased serum zinc
levels®’ 3,

Takeda et al.® evaluated the role of glucocorticoid on signaling
of zinc in brain and demonstrate that it acts as corticosterone on
excitatory synaptic vesicles of neurons that contain zinc in the
hippocampus, increasing its release. Thus, zinc can bind to membrane
receptors or enter the postsynaptic neuron through protein channels or
by the action of transporters, triggering protein kinase cascades that can
induce gene expression of zinc-carrying proteins.

Furthermore, it should be noted that changes in zinc
homeostasiseinduced particularly by cortisol might contribute to the
development of insulin resistance in individuals who are obese since
adequatg concentrations of zinc affect the secretion and action of
insulin®,

Zinc plays a key role in the formation and crystallization of
insulin, which is essential to the activity of this hormone. In addition, it
stimulates the phosphorylation of the B-subunit of the insulin receptor
and promotes activation of phosphatidylinositol 3-kinase and protein
kinase B (Akt) proteins, to potentiate the transport of glucose into the
cells?42,

Zinc also allows activation of Akt signaling pathway proteins
by inhibiting the action of proteins such as phosphatidylinositol 3-
kinase (PI13K) phosphatase, which promotes the dephosphorylation of
phosphatidylinositol 3,4,5-triphosphate (PIP3) and inhibition of the Akt
protein. Thus, zinc favors GLUTA4 translocation and glucose uptake 2.

Zinc as a structural component of insulin-responsive
aminopeptidase (IRAP), facilitates the transport of glucose into the cell
since this protein is necessary for the adequate maintenance of GLUT4
concentration in adipose and muscle cells*,

Another relevant action of zinc, which is similar to that of
insulin, involves stimulating phosphorylation of the serine residue of
the glycogen synthase kinase 3 (GSK-3) enzyme, inhibiting its action.
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This action activates glycogen synthase,the enzyme involved in
glycogen synthesis. Zinc also induces the phosphorylation of the
transcription factor forkhead box protein O1 (FOXO1), inducing its
translocation from the nucleus to the cytoplasm, inhibiting the
expression of gluconeogenic genes. Thus, zinc inhibits glucose
production and increases glycogen synthesis, contributing to glycemic
homeostasis*2.

In skeletal muscle, zinc-a2-glycoprotein (ZAG) is involved in
lipid mobilization, and zinc forms part of the structure of ZAG and has
binding sites, which stimulate the phosphorylation of AMP-activated
protein kinase (AMPK) and increase GLUT4 protein in cell®®. A study
by Balaz et al.* found a positive association between insulin sensitivity
in subcutaneous adipose tissue and ZAG expression.

In addition, zinc modulates the transcription of the insulin
receptor gene, which is mediated by zinc finger proteins that contain
zinc in their structure. The binding sites of such proteins are required to
activate expression of the gene encoding the insulin receptor. Zinc
finger 407 regulates glucose uptake by increasing GLUT4 messenger
RNA levels and stimulating its transcription®.

Thus, alterations in the biochemical parameters of zinc observed
in individuals who are obese contribute to the development of disorders
in the synthesis, secretion, and action of insulin (Figure 3).

Importantly, both the increase and reduction of serum zinc
concentrations promote changes in adrenal secretion*®. The results of
the study by Chen et al.*’ reveal zinc action on the glucocorticoid
receptor. This study verified that zinc inhibits the binding of
glucocorticoids to their receptor because there is a region of zinc
binding in the receptor of these hormones. Therefore, this micronutrient
reduces the effects of glucocorticoids in the body.
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Figure 3. Zinc participation in mechanisms involved in the insulin signaling
pathway.

AKT: protein kinase B; FOXO: forkhead box protein O1; GRB: growth factor 2;
GSK: glycogen synthase kinase 3; IRAP: insulin-responsive aminopeptidase; MAPK:
mitogenactivated protein kinase; mTOR: mammalian target of rapamycin; PDK:
phosphatidylinositol kinase-dependent;PIP3: phosphatidylinositol 3,4,5-triphosphate;
PTEN: phosphataseand tensin homolog; PI3K: phosphatidylinositol 3-kinase; Ras:
protein codified by ras proto-oncogene; Shc: proteinhomologous to collagen with SH2
domain; SOS; son of sevenless.

Studies have shown that excess zinc in the adrenal gland exerts
effects on the synthesis and secretion of cortisol, since zinc acts on the
sulfhydryl groups of the cell membranes and, thereby, inhibits several
membrane enzymes including ATPase and adenyl cyclase, which block
cortisol secretion by the reticular and fascicular cells of the adrenal
cortex®.
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On the other hand, zinc deficiency in the diet has been shown to
be a contributing factor in increased cortisol secretion, since the
reduction of its serum concentration increases the HPA axis activity,
followed by an increase in glucocorticoid secretion from of the adrenal
cortex*649,

Obesity is currently a public health problem, and this global
concern is complicated by the incidence of critical metabolic disorders
such as insulin resistance and the inconsistency of information on the
probable mechanisms involving disorders of zinc metabolism in this
disease. From the data obtained through this literature review, the
presence of hormonal changes in obesity, such as cortisol metabolism
and impaired insulin action, is evident, as well as the interaction
between these metabolic pathways that may have relevant
repercussions on zinc metabolism.

Author Contributions The authors contributed equally.
Conflicts of Interest The authors declare that they have no conflict of

interest.

73



4.5 References

1. World Health Organization. Word health statistics. Technical report
series, Geneva (2012).

2. Cruz, K. J. C. et al. The effect of zinc supplementation on insulin
resistance in obese subjects: a systematic review. Biol Trace Elem Res.,
176, 239-243 (2017).

3. Morais, J. B. S. et al. Magnesium status and its association with
oxidative stress in obese women. Biol Trace Elem Res., 175, 306-331
(2017).

4. Oliveira, A. R et al. Magnesium status and its relationship with c-
reactive proteinin obese women. Biol Trace Elem Res., 168, 296-302
(2015).

5. Scherer, T. et al. Short term voluntary overfeeding disrupts brain
insulin control of adipose tissue lipolysis. J Biol Chem., 287, 33061—
33069 (2012).

6. Shibata, R., Ouchi, N., Ohashi, K., Murohara, T. The role of
adipokines in cardiovascular disease. J Cardiol., 70, 329-334 (2017).

7. Geer, E. B., Islam, J., Buettner, C. Mechanisms of glucocorticoid-
induced insulin resistance: focus on adipose tissue function and lipid
metabolism. Endocrinol Metab Clin North Am., 43, 75-102 (2014).

8. Martins, L. M et al. Influence of cortisol on zinc metabolism in
morbidly obese women. Nutr Hosp., 29, 57-63 (2014).

9. Rodriguez, A. C. | et al. Hypothalamic-pituitary-adrenal axis
dysregulation and cortisol activity in obesity: a systematic review.
Psychoneuroendocrinology., 62, 301-318 (2015).

10. Chao, A. M., Jastreboff, A. M., White, M. A., Grilo, C. M., Sinha,
R. Stress, cortisol, and other appetite-related hormones: prospective
prediction of 6-month changes in food cravings and weight. Obesity
(Silver Spring)., 25, 713-720 (2017).

74



11. Desarzens, S.& Faresse, N. Adipocyte glucocorticoid receptor has
aminor contribution in adipose tissue growth. J Endocrinol., 230, 1-11
(2016).

12. Bury, N. R., Chung, M. J.., Sturm, A., Walker, P. A., Hogstrand, C.
Cortisol stimulates the zinc signaling pathway and expression of
metallothioneins and ZnT1 in rainbow trout gill epithelial cells. Am J
Physiol Regulintegr Comp Physiol., 294, 623-629 (2008).

13. Noh, H., Paik, H. Y., Kim, J., Chung, J. The changes of zinc
transporter ZnT gene expression in response to zinc supplementation in
obese women. Biol Trace Elem Res., 162, 38-45 (2014).

14. Cooper-Capetini, V. et al. Zinc supplementation improves glucose
homeostasis in high fat-fed mice by enhancing pancreatic [-cell
function. Nutrients., 9, 1-12 (2017).

15. Troche, C., Aydemir, T. B., Cousins, R. J. Zinc transporter Slc39al4
regulates inflammatory signaling associated with hypertrophic
adiposity. Am J Physiol Endocrinol Metab., 310, 258-268 (2016).

16. Papafotiou, C. Hair cortisol concentrations exhibit a positive
association with salivary cortisol profiles and are increased in obese
prepubertal girls. Stress., 20, 217-222 (2017).

17. Huang, C. J., Acevedo. E. O., Mari, D. C., Randazzo, C., Shibata,
Y. Glucocorticoid inhibition of leptin- and lipopolysaccharide-induced
interleukin-6 production in obesity. Brain Behav Immun., 35, 163-168
(2014).

18. Edwards C (2012) Sixty years after Hench—corticosteroids and
chronic inflammatory disease. J Clin Endocrinol Metab 97(5): 1443—
1451.

19. Kaur, K. et al. Synergistic induction of local glucocorticoid
generation by inflammatory cytokines and glucocorticoids:
implications for inflammation associated bone loss. Ann Rheum Dis.,
69, 1185-1190 (2010).

75



20. Gathercole, L. L. et al. Regulation of lipogenesis by glucocorticoids
and insulin in human adipose tissue. PLoS One., 6, 26223 (2011).

21. Pavlatou, M. G et al. Circulating cortisol-associated signature of
glucocorticoid-related gene expression in subcutaneous fat of obese
subjects. Obesity (Silver Spring)., 21, 960-967 9 (2013).

22. De Bosscher, K. & Haegeman, G. Minireview: latest perspectives
on antiinflammatory actions of glucocorticoids. Mol Endocrinol., 23,
281-291 (2009).

23. Schweiger, M., Romauch, M., Schreiber, R., Grabner, G. F., Hutter,
S. Pharmacological inhibition of adipose triglyceride lipase corrects
high-fat diet-induced insulin resistance and hepatosteatosis in mice. Nat
Commun., 22, 14859 (2017).

24.Yang, X. D., Xiang, D. X., Yang, Y. Y. Role of E3 ubiquitin ligases
in insulin resistance. Diabetes Obes Metab., 18, 747-754 (2016).

25. Kim, D. K. et al. PKB/Akt phosphorylation of ERRgamma
contributes to insulin-mediated inhibition of hepatic gluconeogenesis.
Diabetology., 57, 2576-2585 (2014).

26. Benbaibeche, H et al. Implication of corticotropic hormone axis in
eating behaviour pattern in obese and type 2 diabetic participants. Br J
Nutr., 113, 1237-1243 (2015).

27. Yuan, X et al. The 11B- hydroxysteroid dehydrogenase type 1
inhibitor protects against the insulin resistance and hepatic steatosis in
db/db mice. Eur J Pharmacol., 27, 140-151 (2016).

28. Shao. S., Zhang, X., Zhang, M. Inhibition of 11p-hydroxysteroid
dehydrogenase type 1 ameliorates obesity-related insulin resistance.
Biochem Biophys Res Commun., 478, 474-480 (2016).

29. Rosenstock, J et al. The 11-beta-hydroxysteroid dehydrogenase
type 1 inhibitor INCB13739 improves hyperglycemia in patients with
type 2 diabetes. Diabetes Care., 33, 1516-1522 (2010).

30. Macfarlane, D. P. Effects of acute glucocorticoid blockade on
metabolic dysfunction in patients with type 2 diabetes with and without

76



fatty liver. Am J Physiol Gastrointest Liver Physiol., 307, 760—768
(2014).

31. Hazlehurst, J. M et al. Glucocorticoids fail to cause insulin
resistance in human subcutaneous adipose tissue in vivo. J Clin
Endocrinol Metab., 98, 1631- 1640 (2013).

32. Linssen, M. M et al. Prednisolone-induced beta cell dysfunction is
associated with impaired endoplasmic reticulum homeostasis in INS-
1E cells. Cell Signal., 23, 1708-1715 (2011).

33. Garcia, O. P et al. Zinc, iron and vitamins A, C and E are associated
with obesity, inflammation, lipid profile and insulin resistance in
Mexican school-aged children. Nutrients., 5, 5012-5030 (2013).

34. Kelishadi, R et al. Effect of zinc supplementation on markers of
insulin resistance, oxidative stress.. Metab Syndr Relat Disord., 8, 505—
510 (2010).

35. Suliburska, J et al. The evaluation of selected serum mineral
concentrations and their association with insulin resistance in obese
adolescents. Eur Ver Med Pharmacol Sci., 17, 2396-2400 (2013).

36. Kim, J. & Ahn, J. Effect of zinc supplementation on inflammatory
markers and adipokines in young obese women. Biol Trace Elem Res.,
157, 101-106 (2014).

37. Takeda, A et al. Significance of serum glucocorticoid and chelatable
zinc in depression and cognition in zinc deficiency. Behav Brain Res
226, 259-264 (2012).

38. Takeda, A. & Tamano, H. Zinc signaling through glucocorticoid
and glutamate signaling in stressful circumstances. Neurosci Res., 88,
3002-3010 (2010).

39. Brandao-Neto, J et al. Zinc acutely and temporarily inhibits adrenal
cortisol secretion in humans. Biol Trace ElemRes., 24, 83-89 (1990).

40. Capdor, J., Foster, M., Petocz, P., Samman, S. Zinc and glycemic
control: a meta-analysis of randomised placebo controlled

77



supplementation trials in humans. J Trace Elem Med Biol., 27, 137-142
(2013).

41. Marreiro, D. N et al. Effect of zinc supplementation on sérum leptin
levels and insulin resistance of obese women. Biol Trace Elem Res.,
112, 109-118 (2006).

42. Vardatsikos, G., Pandey, N. R., Srivastava, A. K. Insulino-mimetic
and anti-diabetic effects of zinc. J Inorg Biochem., 120, 8-17 (2013)

43.Demaegdt, H., De Backer, J. P., Lukaszuka, T. G., Szemenyeie,
T.D., Vauquelin, G. Angiotensin IV displays only low affinity for
native insulin-regulated aminopeptidase (IRAP). Fundam Clin
Pharmacol., 26, 194-197 (2012).

44, Balaz, M et al. Subcutaneous adipose tissue zinc-alpha2-
glycoprotein is associated with adipose tissue and whole-body insulin
sensitivity. Obesity (Silver Spring)., 22, 1821-1829 (2014).

45. Buchner, D. A et al. Zinc finger protein 407 (ZFP407) regulates
insulin-stimulated glucose uptake and glucose transporter 4 (Glut4)
mRNA. J Biol Chem., 290, 6376-6386 (2015).

46. Fraker, P. J., Osati-Ashtiani, F., Wagner, M. A., King, L. E.
Possible roles for glucocorticoids and apoptosis in the suppression of
lymphopoiesis during zinc deficiency: a review. J Am Coll Nutr., 14,
11-17 (1995).

47. Chen, D, Li, X., Zhai, Z., Shu, H. B. A novel zinc finger protein
interacts with receptor-interacting protein (RIP) and inhibits tumor
necrosis factor (TNF)- and IL1-induced NF-kappa B activation. J Biol
Chem., 277, 15985-15991 (2002).

48. Takeda, A. & Tamano, H. Insight into zinc signaling from dietary
zinc deficiency. Brain Res Ver., 62, 33-44 (2009).

49. Hackett, R. A., Kiviméaki, M., Kumari, M. S. A. Diurnal cortisol
patterns, future diabetes, and impaired glucose metabolism in the
Whitehall 11 cohort study. J Clin Endocrinol Metab., 101, 619-625
(2016).

78



5 RELACAO ENTRE PARAMETROS DO
METABOLISMO DO CORTISOL,
BIOMARCADORES DOS MINERAIS (ZINCO,
SELENIO E MAGNESIO) E A RESISTENCIA A
INSULINA E ESTRESSE OXIDATIVO EM
MULHERES COM OBESIDADE

Este capitulo apresenta a versdo traduzida do artigo cientifico
intitulado “Association between parameters of cortisol metabolism,
biomarkers of minerals (zinc, selenium and magnesium) and insulin
resistance and oxidative stress in women with obesity”, publicado no
periddico Biological Trace Element Research (ISSN 1559-0720).

5.1 Resumo

Estudo transversal envolvendo 174 mulheres que foram divididas em
grupo de mulheres com obesidade (n=80) e grupo controle (n=94). A
analise estatistica foi realizada por meio do programa SPSS. As
mulheres obesas apresentaram concentragfes aumentadas de cortisol no
soro e na urina, bem como hipozincemia, hiposselenemia e
hipomagnesemia e aumento da excre¢do urinaria desses minerais.
Houve uma correlacdo negativa entre a relacdo cortisol/cortisona e as
concentracOes de zinco e selénio eritrocitarios, uma correlacéo positiva
significativa entre a GPx e a atividade da SOD e as concentraces de
zinco e selénio eritrocitarios e plasmaticos. Os resultados do estudo
sugerem a influéncia da adiposidade no aumento das concentracfes de
cortisol, o papel desse hormonio na compartimentalizacdo dos minerais
zinco, selénio e magnésio. No entanto, o estudo de associa¢do néo
permite identificar o impacto dessa acdo no sistema de defesa
antioxidante e na sensibilidade a insulina.

Palavras-chave: obesidade; cortisol; zinco, selénio; magnésio;

resisténcia a insulina e estresse oxidativo
5.2 Introducao
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A obesidade € caracterizada pelo acimulo excessivo de gordura
corporal decorrente do desequilibrio entre 0 consumo de energia e 0
gasto energético, com etiologia complexa e multifatorial, envolvendo
fatores genéticos e ambientais que podem comprometer a saude e
aumentar a morbimortalidade®. Essa doenca contribui para o aumento
do risco de desenvolvimento de outras doengas cronicas importantes
como diabetes mellitus tipo 2, doengas cardiovasculares e alguns tipos
de céncer 2.

A disfuncdo do tecido adiposo constitui a base fisiopatolégica
da obesidade e é caracterizada pela hipertrofia de adipocitos, reducao
da angiogénese, hipdxia local, fibrose, inflamacdo crénica de baixo
grau e desordens hormonais importantes, como por exemplo alteracdes
no metabolismo do cortisol, um glicocorticoide com secrecdo e
sensibilidade comprometidas em individuos com obesidade®®.

Nessa tematica, € oportuno ressaltar que a literatura tem
demonstrado a relevancia da desregulacdo do eixo hipotalamico-
pituitario-adrenal (HPA) na presenca da disfuncdo do tecido adiposo
como fator contribuinte para acentuar a sintese e secrecdo de cortisol, 0
que consequentemente favorece 0 aumento do risco para 0
desenvolvimento de desordens metabdlicas associadas a obesidade®
Destaca-se que o cortisol atua como importante regulador da funcgéo
enddcrina, do metabolismo e diferenciacdo de adipécitos, contribuindo
na adipogénese e aumento dos estoques de gordura visceral’. Além
disso, esse hormonio também esta envolvido na resposta central ao
estresse e influencia indiretamente os mecanismos de neuroprotecao®.

Associado a isso, estudos tém demonstrado a influéncia do
cortisol no metabolismo de micronutrientes, em particular dos minerais
zinco, selénio e magnésio, com alguns mecanismos ja fundamentados.
Pesquisas realizadas com base molecular revelam a participacdo do
cortisol no aumento da expressdo de genes codificantes para
metalotioneina e proteina transportadora de zinco ZIP-14, proteinas que
acumulam o zinco em tecidos especificos como hepatico e adiposo,
favorecendo a manifestacdo do quadro de hipozincemia, em particular
em individuos com obesidade®’.
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O cortisol também influencia na homeostase dos minerais
magnésio e selénio por favorecer a manifestacdo do estresse oxidativo,
bem como por alterar a atividade e a expressdo de enzimas do sistema
de defesa antioxidante. O estresse oxidativo, exacerbado pela presenca
do cortisol, por sua vez, favorece o esgotamento de componentes do
sistema de defesa antioxidante ndo enzimatico, como por exemplo, 0s
minerais selénio e magnésio. Assim, a redugdo das concentracdes
desses nutrientes no soro de individuos com obesidade pode
comprometer suas fungdes no metabolismo lipidico, na a¢do da insulina
e na atividade antioxidante®10-14,

Nessa perspectiva, embora ja tenha sido demonstrado a
influéncia da disfuncéo do tecido adiposo no metabolismo do cortisol
com impacto importante na homeostase dos minerais magnésio, zinco
e selénio, ainda ha lacuna na literatura com dados robustos que possam
fundamentar o efeito de tais alteracdes na manifestacdo da resisténcia a
acao da insulina e do estresse oxidativo na obesidade. Assim, este
estudo teve como objetivo verificar relacdo entre parametros do
metabolismo do cortisol, biomarcadores dos minerais (zinco, selénio e
magnésio) e a resisténcia a insulina e o estresse oxidativo em mulheres
com obesidade.

5.3 METODOS

5.3.1 Caracterizacdo do estudo e protocolo experimental

Trata-se de um estudo de natureza transversal envolvendo 174
mulheres adultas na faixa etaria entre 20 e 50 anos, as quais foram
alocadas em dois grupos distintos de acordo com o indice de Massa
Corpérea (IMC): grupo obesidade (n = 80) constituido por mulheres
com IMC a partir de 35,00 kg/m2 e o grupo eutrofia (n = 94) formado
por mulheres com IMC entre 18,50 e 24,99 kg/m2. O recrutamento das
participantes do estudo ocorreu nos anos de 2018 a 2020 conforme a
demanda dos atendimentos nas instituicdes de saude e mediante o
consentimento informado.
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A selecdo das voluntarias foi baseada nos seguintes critérios de
elegibilidade:

e Apresentar eutrofia ou diagnostico de obesidade grau Il ou Ill;
e NA&o estar gestante, lactante ou na pds-menopausa;

e Nao ser fumante ou ex-fumante;

e Nao ingerir alcool de forma cronica;

e Na&o apresentar diabetes, doencas hepéticas (exceto hepatopatia
gordurosa ndo alcodlica), cancer, insuficiéncia renal, doencas
inflamatorias intestinais, infecciosas ou cardiovasculares (dados
autorreferidos);

e Nao fazer uso regular de suplemento vitaminico-mineral e de
medicamentos anti-inflamatorios.

Este estudo foi aprovado pelo Comité de Etica em Pesquisa da
Universidade Federal do Piaui (n° do parecer 2.014.100 - ANEXOL1).
Todas as participantes assinaram o termo de consentimento livre e
esclarecido apds serem informadas a respeito da natureza da pesquisa
(APENDICE 1).

5.3.2 Avaliacdo dos parametros antropométricos

A avaliacdo antropomeétrica foi realizada por meio da afericdo
do peso corporal, estatura e das circunferéncias da cintura e quadril,
conforme os procedimentos técnicos estabelecidos (APENDICE 2)!518,
Para avaliacdo do estado nutricional das participantes do estudo, o IMC
foi calculado a partir da divisdo entre o peso da participante e a sua
estatura elevada ao quadrado®’. Além disso, foi calculada a relagéo
cintura/quadril.
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5.3.3 Avaliagdo do consumo alimentar

A quantidade de energia, macronutrientes e magnésio, zinco e
selénio consumidas pelas participantes do estudo foram obtidas por
meio da analise do registro alimentar de 3 dias utilizando o programa
Nutwin (versdo 1.5) a partir dos dados da Tabela Brasileira de
Composicao de Alimentos (APENDICE 3)*. A analise das quantidades
dos minerais magnésio, zinco e selénio foi conduzida a partir da
insercdo dos dados do estudo de Ferreira et al.'°, da Tabela de
Composicdo de Alimentos do Instituto Brasileiro de Geografia e
Estatistica e do National Nutrient Database for Standard Reference do
Departamento de Agricultura dos Estados Unidos no programa Nutwin
(versdo 1.5) 2021

Os valores de referéncia utilizados para os minerais foram: 255
mg de magnésio/dia para mulheres com idade de 19 a 30 anos e 265 mg
de magnésio/dia para aquelas com mais de 30 anos?’; 45ug de
selénio/dia®® e 6,8 mg de zinco/dia®®. A ingestdo de energia,
macronutrientes magnésio, zinco e selénio foi corrigida conforme
variacdo intra e interpessoal. Além disso, a ingestdo dietética desses
minerais também foi ajustada para o consumo de energia.

Os valores da ingestdo de energia, macronutrientes e minerais
foram inseridos na plataforma online Multiple Source Method (MSM),
versdo 1.0.1, para ajustes da variabilidade intrapessoal e interpessoal,
corrigida por técnicas de modelagem estatistica, bem como para
estimativa do consumo alimentar habitual de energia e desses nutrientes
por meio de andlise de regressdo logistica. Este programa pode ser
acessado por meio do website MSM (https://nugo.dife.de/msm/)?>28,

Os valores dietéticos de macronutrientes e minerais também
foram ajustados em relacdo a energia por meio do método residual,
evitando distor¢bes geradas por diferengas no consumo energético.
Apos verificar a normalidade da distribuicdo dos dados, os valores de
ingestdo foram ajustados em relacdo a energia pelo célculo do
nutriente?®-3L,
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5.3.4 Coleta e processamento do material bioldgico

A coleta de sangue foi realizada no periodo da manha, entre 7 e
9 horas, estando as participantes em jejum de no minimo 12 horas,
sendo coletados 20 mL de sangue, os quais foram distribuidos em tubos
distintos: (1) tubo a vacuo contendo &cido etilenodiaminotetracético
(EDTA) para analise de selénio, marcadores de estresse oxidativo e
hemoglobina glicada (8 mL), (2) tubo a vacuo com ativador de coagulo
para analise de parametros do controle glicémico (4 mL), (3) tubo seco
para analise de marcadores do metabolismo do cortisol (4mL) e (4) tubo
contendo citrato para analise de zinco e magnésio (4mL).

Separacdo dos componentes sanguineos

Para separacdo do plasma e da massa eritrocitaria, os tubos
contendo EDTA e citrato foram centrifugados a 1764 x g durante 15
minutos a 4°C, sendo posteriormente armazenado a —20°C. A massa
eritrocitaria, resultante do processo de centrifugacdo dos dos tubos foi
lavada com 3,5 mL de solucdo salina isoténica (NaCl a 0,9%), sendo
cuidadosamente homogeneizada por inversdao e, posteriormente,
centrifugada a 2401 x g por 10 minutos. Este procedimento foi repetido
trés vezes para remover contaminantes dos eritrocitos (plaquetas e
leucdcitos). Apos a ultima centrifugacdo, a solucdo salina foi aspirada
e descartada, e a massa eritrocitaria foi extraida cuidadosamente com o
auxilio de uma pipeta automatica e transferida para microtubos
desmineralizados para andlise do magnésio, zinco e selénio
eritrocitarios e hemoglobina. Os tubos secos e com ativador de codgulo
foram centrifugados a 1764 x g durante 15 minutos a 4°C para obtengéo
do soro que foi acondicionado a —80°C para andlise dos demais
parametros.

A urina de 24 horas foi coletada em frasco plastico ambar
previamente desmineralizado (APENDICE 4). Ap6s homogeneizagio
do conteudo total de urina’, foi retirada uma aliquota de 4 mL, que foi
transferida para microtubos devidamente desmineralizados e
conservados em freezer a -20°C para posterior analise de selénio e
zinco. Uma aliquota de 4 ml foi transferida para microtubos e
conservados em freezer a -80°C para andlise posterior dos marcadores
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urinérios do metabolismo do cortisol. O volume restante foi acidificado
com &cido cloridrico a 3 mol/L e homogeneizado para evitar a
precipitagdo do magnésio e para melhor preservacdo do mineral na
urina®. Posteriormente foram retirados 4 mL de urina e distribuidos em
dois microtubos, os quais foram conservados em freezer a -20°C.

Para o célculo do volume urinario, considerou-se a densidade
(1,015 g/mL) e a massa da urina (diferenca entre o peso do frasco antes
e apods a coleta da urina de 24 horas, aferido em balanca semianalitica).

5.3.5 Avaliagdo dos Parametros Bioguimicos do Magnésio, Selénio e
Zinco

As analises das concentracdes plasmaticas, eritrocitarias e
urinarias dos minerais foram realizadas no Laboratério de
Espectrometria de Emissdo Atdmica - Embrapa (Centro Nacional de
Pesquisa de Milho e Sorgo, Sete Lagoas — MG. A andlise elementar dos
minerais foi realizada em espectrometro de plasma indutivamente
acoplado - Espectrometria de Emissdo Optica com uma configuracio
de vista axial e um nebulizador V-Groove (720 ICP/OES, Varian Inc.,
California, Estados Unidos). Os valores de referéncia adotados estdo
apresentados no quadro 1.

Minerais Valores de Referéncia
Zn Plasmatico 75 a 110 pg/dL%®
Zn Eritrocitario 40 a 44 pg/gHb®

Zn Urinario 300-600 pg/24 horas®®
Se Plasmatico 80 a 95 ng/L¥
Se Eritrocitério 0,18 2 0,55 ng/gHb™®
Se Urinério Calculo do clearance®®
Mg Plasmatico 0,75 a 1,05 mmol/L*
Mg Eritrocitario 1,65 a 2,65 mmol/L**
Mg Urinario 3,00 a 5,00 mmol/dia®
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Quadro 1. Valores de referéncia adotados para os minerais zinco, selénio e
magnésio.

5.3.6 Determinacdo dos Parametros do Controle Glicémico

As concentragdes plasméticas da glicose de jejum foram
determinadas por meio do método enzimatico colorimétrico, sendo
considerados indicativos de diabetes os valores iguais ou superiores a
125 mg/dL, segundo os critérios definidos pela American Diabetes
Association (ADA)*,

As concentracgdes de insulina no soro foram analisadas por meio
do método de quimioluminescéncia, tendo como padrdo de referéncia
os valores entre 6 e 27 pU/mL. A hemoglobina glicada (HbA1C) foi
analisada pelo método de cromatografia de troca idnica, e valores iguais
ou superiores a 6,5% foram adotados como ponto de corte para o
diagndstico de diabetes.

Para avaliacdo da resisténcia a insulina, utilizou-se a versdo
atualizada do modelo matematico de avaliacdo da homeostase para
resisténcia a insulina (Homeostasis Model Assessment — HOMA),
calculado a partir das concentragdes de glicose em jejum e insulina em
jejum. Valores HOMA-IR maiores que 2,71 significam resisténcia a
insulina®#2,

5.3.7 Determinacdo da Atividade de Enzimas Antioxidantes

A atividade das enzimas glutationa peroxidase e superdxido
dismutase nos eritrocitos foi avaliada em analisador biogquimico
automatico (modelo Labmax 240, Lagoa Santa, Mg, Brasil); utilizando-
se kit Ransel 505 (Laboratorio Randox, Crumlin, Reino Unido), de
acordo com metodologia proposta por Paglia e Valentine*® e kit Ransod
(Laboratorio Randox, Crumlin, Reino Unido), respectivamente,
conforme metodologia recomendada pelo fabricante. A concentracdo
de hemoglobina do hemolisado foi determinada para expressar a
atividade enzimatica em unidades de enzima por grama de hemoglobina
(U/g Hg). Foram usados os valores de referéncia propostos pela Randox
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para atividade da glutationa peroxidase (27,5 a 73,6 U/gHg) e
superdxido dismutase (1.102 a 1.601 U/gHg).

A atividade da catalase foi determinada em espectrofotdmetro
Bel Photonics UV/Vis (modelo SF200DM, Osasco, SP, Brasil) a 240
nm, segundo método proposto por Aebi*t, que se baseia no decaimento
da absorbancia decorrente da reducdo de H>O: a agua, pela catalase
presente na amostra, medido durante tempo de 30 segundos. Para o
meio de reacdo, utilizou-se a solucdo de perdxido de hidrogénio (30
mM) em tampdo fosfato de sédio e potassio 50 mM (pH 7,0). Em uma
cubeta de quartzo, foram adicionados 1 mL de solucdo de H2O2e 2 mL
da diluigdo da amostra. A atividade enzimética foi expressa em mmol
de H>O> consumido por minuto e grama por grama de hemoglobina
(mmol.mint.g™/gHb).

5.3.8 Determinagdo das ConcentragOes Plasmaticas de Substancias
Reativas ao Acido Tiobarbitdrico

A determinacdo das concentra¢fes plasmaticas das substancias
reativas ao acido tiobarbiturico (TBARS) foi realizada segundo método
proposto por Ohkawa; Ohishi; Yagi®. A curva de calibragio foi
preparada utilizando as concentrac@es de 0,5 a 8,0 nmol/mL do reagente
padrdo 1,1,3,3-tetraetoxiproprano (Sigma-Aldrich®). A absorbancia
foi medida em comprimento de onda de 532nm, utilizando
espectrofotometro Bel Photonics UV/Vis (modelo 1102, Osasco, SP,
Brasil).

5.3.9 Determinagéo dos Marcadores do Metabolismo do Cortisol
Cortisol Sérico

As concentragdes séricas de cortisol foram determinadas por
meio do método de quimioluminescéncia, tendo como padrdo de
referéncia os valores de 6,70 a 22,60 pg/dL para o periodo da manha“®.

Hormdnio Adrenocorticotrofico (ACTH) Sérico
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As concentragcdes de ACTH no soro foram determinadas por
meio do método de quimioluminescéncia, tendo como padrdo de
referéncia os valores inferiores a 46,0 pg/mL.

Globulina Ligadora do Cortisol (CBG) Seérica

As concentracdes de CGB no soro foram determinadas por meio
do método de radioimunoensaio, tendo como padréo de referéncia os
valores de 40,0 a 154,0 pg/mL

Cortisol, Cortisona, Tetrahidrocortisol (THF) e Tetrahidrocortisona
(THE) Urinarios

As concentracdes urinarias de cortisol, cortisona,
tetrahidrocortisol (THF) e tetrahidrocortisona (THE) foram analisadas
em amostras de urina de 24 horas por cromatografia liquida de diluicdo
de isétopos e espectrometria de massa em tandem, sendo adotados 0s
seguintes valores de referéncia: 3,0 a 43,0 pg /24h  para o cortisol
urindrio, 5 a 122 pg /24h para cortisona urinaria, 0,5 a 1,5 mg/24h para
THF e 1,2 a 3,5 mg/24h para THE.

Atividade Enzimatica das enzimas 11p-hidroxiesteroide desidrogenase
(118-HSD)

A atividade das enzimas 11B-HSD foi calculada utilizando a
proporcdo de metabdlitos urinarios de cortisol e de cortisona
(THF/THE), considerando que tal proporcdo reflete a atividade
enzimatica da 11B3-HSD tipo 2 nos rins, adotando o valor de referéncia
0,11 a 0,67 pg /24h, conforme mostra o Quadro 1.

Atividade Enzimadtica da 5-redutase
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A atividade da enzima 5B-redutase pode ser inferida pela razdo
THF/cortisol e THE/cortisona, com as propor¢des apresentadas no
Quadro 2.

Razdes Indices
Cortisol/cortisona Atividade da enzima 11B-HSD
tipo 2
THF/THE Atividade geral das enzimas 11f3-
HSD
THF/cortisol Atividade da enzima 5B-redutase
THE/cortisona Atividade da enzima 5B-redutase

Quadro 2. Indices da atividade das enzimas que participam do metabolismo do
cortisol.

11B-HSD: 11p-hidroxiesterdide desidrogenase; THE: tetrahidrocortisona; THF:
tetrahidrocortisol.
Fonte: Schutten et al.®

2.11 Anélise Estatistica

Considerando o nimero de dados ausentes no banco de dados,
23% no grupo controle e 3,6% no grupo de mulheres com obesidade,
optou-se por realizar um processo de imputacdo de dados, com o
objetivo de “completar” o banco e possibilitar a analise com todos os
individuos do estudo.

A imputacdo Unica foi realizada pelo método Predictive Mean
Matching (PMM), o qual é indicado para variaveis quantitativas. Foi
conduzida em trés etapas*’, utilizando a funcio criada por Andreozzi“®:
(1) estimagdo de um modelo de regressdo, sendo que a variavel de
interesse (a imputar) foi a varidvel resposta e as variaveis recolhidas
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restantes foram as explicativas; (2) estimacdo do valor da variavel de
interesse para 0s sujeitos com o dado omisso; (3) emparelhamento do
valor da varidvel de interesse predito, para os sujeitos com o dado
omisso, com o valor ajustado mais proximo (feito a partir do calculo da
distancia euclidiana). No caso em que houve mais de um valor ajustado
com distancia igual a distdncia minima encontrada, foi escolhido
aleatoriamente o valor a imputar, dentre os que sofreram empate. O
processo foi realizado no programa R (R Development Core Team).

Os dados foram organizados em planilhas do Microsoft Excel®
para realizacdo da analise descritiva das variaveis observadas, sendo
posteriormente exportados para o programa SPSS (versdo 25.0) para
analise estatistica dos resultados. As variaveis continuas foram
expressas como media = DP.

A pressuposi¢do de normalidade das variaveis foi avaliada por
meio do teste de Kolmogorov-Smirnov. Em seguida, para fins de
comparacdo entre 0s grupos, o teste t de Student foi utilizado para as
variaveis continuas com distribuicdo normal, e o teste de Mann-Whitney
para aquelas com distribuicdo ndo paramétrica. Para o estudo de
correlagdes, utilizou-se o coeficiente de correlacdo de Pearson ou de
Spearman para variaveis com distribuicdo paramétrica e nao
paramétrica, respectivamente. Os testes foram considerados
significativos quando os valores de p < 0,05.

Utilizou-se a analise de correlacdo canénica generalizada de
kernel (KGCCA) de acordo com a metodologia de Tenenhaus, Philippe
e Frouin®®, a fim de melhor compreender as inter-relagdes existentes
entre os blocos de variaveis, sendo um método que combina a néao
linearidade e a analise multigrupo. Para esta analise, todas as variaveis
foram padronizadas (média zero e variancia um) para tornar os blocos
comparaveis, sendo que uma estratégia possivel é padronizar as
variaveis e depois dividir cada bloco pela raiz quadrada de seu numero
de variaveis®.

Neste estudo, analisou-se quatro dominios de varidveis que
foram denominadas: metabolismo do cortisol, minerais, controle
glicémico e estresse oxidativo. O presente estudo ndo foi apenas para
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definir a ligacdo entre os quatro dominios acima, mas também para
revelar as variaveis que mais participam de cada dominio sob a hipotese
de que o metabolismo do cortisol influencia na deficiéncia de minerais
e que essa deficiéncia pode impactar de alguma forma no controle
glicémico e no estresse oxidativo. Para aplicar o método KGCCA, foi
utilizada a funcéo de esquema centrdide e a matriz de design totalmente
conectada a partir da hipotese citada.

Tambeém utilizou-se a anélise de correlacdo candnica com kernel
(KCCA) para determinar a correlacdo entre os dominios, sendo que a
funcdo kernel escolhida foi a gaussiana. A extensdo ndo linear do
KGCCA e KCCA torna o0 modelo mais complexo, portanto, ndo é
possivel formular estatisticas de teste com base na funcdo nédo linear
desconhecida. Assim, consideramos uma abordagem de teste de
permutacdo para determinacdo dos p-valores. Além disso, definiu-se o
namero de amostras para o teste de permutacdo em 1.000. Empregou-
se 0s pacotes RGCCA e kernlab do software R version 4.2.2 (R CORE
TEAMP®Y) para processamento dessas analises.
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5.4 Resultados

5.4.1 Caracterizacao antropomeétrica, bioquimica e dietética

Os valores médios e desvios padrao da idade e dos parametros
antropométricos utilizados na avaliagdo do estado nutricional das
participantes do estudo estdo apresentados na tabela 1. Observa-se que
houve diferenca estatistica entre os pardmetros antropométricos
avaliados (p<0,05). O estudo ndo revelou diferenca estatistica
significativa em relagdo aos parametros do controle glicémico entre as
mulheres com obesidade e grupo controle. Além disso, verificou-se
valores elevados de triacilgliceréis, GPX e TBARS, e reduzidos de
SOD nas mulheres com obesidade quando comparadas o grupo
controle. Os resultados mostram diferenca estatistica significativa em
relacdo a ingestdo de magnésio e selénio entre os grupos avaliados

(Tabela 1).
Caso Controle
Parametros (n=80) (n=94) p
Média + DP Média + DP
Idade (anos) 33,75+ 8,45 34,05 + 8,84 0,804
Peso corporal (kg) 107,90 + 16,47* 55,10 + 5,76 <0,001
Estatura (m) 1,60 + 0,06* 1,58 + 0,06 0,016
IMC (kg/m?) 41,90 £ 5,97* 22,01 +1,73 <0,001
CC (cm) 114,18 + 12,66* 73,64 + 5,02 <0,001
CQ (cm) 131,06 + 11,57* 95,72 + 4,82 <0,001
RCQ (cm) 0,87 £0,07* 0,77 £ 0,05 <0,001
Energia (Kcal) 1736,61 + 663,19 1601,00 + 440,08 0,122
Carboidratos (%) 50,79 £ 8,44 50,27 £ 7,65 0,363
Proteinas (%) 19,58 + 4,93 19,30 £ 3,35 0,659
Lipidios (%) 29,63 + 4,94 30,43 + 6,05 0,346
Zn dietético (mg/dia) 10,74 £ 5,26 10,04 + 3,37 0,964
Mg dietético (mg/dia) 175,12 + 49,70* 157,38 + 36,09 0,002
Se dietético (ug/dia) 136,02 + 22,86* 67,57 + 24,77 <0,001
Glicose (mg/dL) 84,52 + 15,58 81,58 +11,90 0,406
Insulina (uU/mL) 11,50 + 4,68 11,11 + 4,07 0,891
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Hemoglobina glicada (%) 5,17 £ 0,68 5,01 +0,40 0,175

HOMA-IR 2,50 £ 1,60 2,27 £ 0,96 0,811

SOD (U/gHb) 2206,68 + 486,26™ 2971,48 + 630,30 <0,001

CAT (mmol.min-1.g-1/g Hb) 2,34+1,16 2,44 + 152 0,950
GPX (U/gHb) 44,30 + 12,72* 39,87 +9,84 0,012
TBARS (nmol/mL) 5,95 + 4,56* 1,26 + 0,53 <0,001

Tabela 1 - Valores médios e desvios padrdo da idade, parametros
antropométricos, consumo alimentar e marcadores bioguimicos das mulheres
com obesidade e grupo controle.

*Valores significativamente diferentes entre as pacientes obesas e grupo controle,
teste t de Student ou teste Mann-Whitney (p<0,05). IMC = indice de massa corpérea;
DP = desvio padrdo; CC = circunferéncia da cintura; CQ = circunferéncia do quadril;
RCQ = relagdo cintura-circunferéncia do quadril; *Valores significativamente
diferentes entre as pacientes obesas e grupo controle, teste t de Student ou teste Mann-

Whitney (p<0,05). DP = desvio padrdo; HOMA-IR = Homeostasis Model Assessment
Insulin Resistance;
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5.4.2 Anélise de marcadores do metabolismo do cortisol

A tabela 2 apresenta os valores médios e desvios padrdo dos
marcadores do metabolismo do cortisol das mulheres com obesidade e
grupo controle. Verificou-se que houve diferenca estatistica

significativa entre os parametros avaliados.

Caso Controle
Parametros (n=80) (n=94) p
Média + DP Média + DP
Cortisol sérico (ug/dL) 16,52 + 9,22* 10,08 + 5,36 <0,001
Cortisol urinario (pg/24h) 22,52 + 14,22* 13,15+ 7,24 <0,001
ACTH (pg/mL) 22,33+ 13,76 21,55 + 10,62 0,822
Cortisona urinaria (ug/24h) 55,55 + 31,90* 74,50 + 36,98 0,001
CBG (ug/mL) 57,67 + 13,92* 49,82 + 6,67 <0,001
THF (mg/24h) 0,68 £ 0,15* 0,62 +0,10 0,009
THE (mg/24h) 1,90 + 0,54* 2,17 £ 0,69 0,014
Cortisol/Cortisona 0,43 +£0,19* 0,28 £ 0,56 <0,001
THF/THE 0,38 +0,11* 0,31+0,11 <0,001
THF/Cortisol 0,04 £ 0,02* 0,06 £ 0,02 <0,001
THE/Cortisona 0,05 + 0,03* 0,03 + 0,02 0,009

Tabela 2. Valores médios e desvios padrdo dos marcadores do metabolismo do
das mulheres com obesidade e grupo controle.

*Valores significativamente diferentes entre as pacientes obesas e grupo controle,
teste Mann-Whitney (p<0,05). ACTH=hormdnio adrenocorticotréfico; CBG=
globulina ligadora do cortisol; THF: Tetrahidrocortisol; THE: Tetrahidrocortisona.
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5.4.3 Avaliagdo do estado nutricional relativo ao zinco, selénio e
magnésio

As mulheres com obesidade apresentaram concentragoes
plasmaticas e eritrocitarias de magnésio, selénio e zinco reduzidas, bem
como valores elevados desses minerais na urina em relacdo ao grupo
controle, conforme demonstra a tabela 3.

Caso Controle
Parametros (n=80) (n=94) P
Média + DP Média + DP
Zn plasmatico (pg/dL) 67,58 + 5,57 87,07 + 11,25 <0,001
Zn eritrocitéario (ugZn/gHb) 38,05 + 5,16* 42,18 + 3,62 <0,001
Zn urinario (pg/dia) 389,87 £172,21* 248,09 + 129,95 <0,001
Se plasmético (pug/L) 59,94 + 5,66* 79,50 + 7,81 <0,001
Se eritrocitario (ng/gHb) 0,25 +0,03* 0,49+0,16 <0,001
Se urinario (pg/dia) 63,88 + 10,17* 37,03 + 10,31 <0,001
Mg plasmatico (mmol/L) 0,60 + 0,10* 0,89 + 0,10 <0,001
Mg eritrocitario (mmol/L) 1,50 + 0,21* 3,52+1,89 <0,001
Mg urinario (mmol/dia) 5,87 £ 2,44* 3,09+£0,70 <0,001

Tabela 3 - Valores médios e desvios padrdo das concentragdes plasmaéticas,
eritrocitarias e urinarias de zinco, selénio e magnésio das mulheres com
obesidade e grupo controle.

*Valores significativamente diferentes entre as pacientes obesas e grupo controle,
teste t de Student ou teste Mann-Whitney (p<0,05). Zn= zinco; Se= selénio; Mg=
magnésio.
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5.4.4 Relagdo entre parametros de adiposidade e marcadores do
metabolismo do cortisol

A andlise de correlacdo linear simples entre os parametros de
adiposidade e marcadores do metabolismo do cortisol: cortisol sérico e
urinério das participantes do estudo é apresentada na figura 1. Os
resultados revelam correlacdo positiva significativa entre os todos os
parametros antropométricos avaliados e o cortisol sérico e urinario.
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Figura 1. Anélise de correlacdo linear simples entre pardmetros de adiposidade e as
concentracdes séricas e urinarias de cortisol.

*Coeficiente de correlaco linear de Pearson ou Spearman (p<0,05).



5.4.5 Relagéo entre marcadores do cortisol e minerais

A analise de correlacdo linear simples entre marcadores do
metabolismo do cortisol e as concentragdes plasmaticas, eritrocitarias e
urinérias dos minerais das mulheres com obesidade é apresentada na
tabela 4. Houve correlacdo positiva entre as concentragdes urinarias de
tetrahidrocortisona (THE) e o zinco e selénio plasmético, bem como
com magnésio urinario. Os dados também evidenciaram correlacédo
negativa entre a razdo cortisol/cortisona e as concentragdes
eritrocitarias de zinco e selénio. Também se verificou correlagédo
negativa entre as concentragdes urinarias de cortisol e selénio
eritrocitario, bem como correlacdo positiva entre as concentracfes
urinarias de cortisol, cortisol sérico e magnésio na urina. N&o foram
observados resultados significativos entre os marcadores do cortisol e
minerais no grupo controle (dados n&o apresentados).
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Zn : Se Se Se Mg Mg Mg
Parametros Zn plasma Eritrocito AL, Plasma Eritrocito Urina Plasma Eritrocito Urina
r r r r r r r r r
Csirrtl'csg' 0,013 -0,192 -0,012 0,354 0,201  -0171  -0,178 -0,217 0,371
Cortisol -0,201* -0,317* -0,191 0,005 0,005 0015* 0,091 0,101 0,125*
Urinario
Cortisona -0,012 -0,003 0,313 -0,052 0,152 0,364 0,048 0,194 0,049
Urinaria
ACTH -0,226 -0,045 -0,252 -0,048 -0,013 0,098 0,130 0,175 0,226
CGB 0,002 -0,106 0,217 0,389 -0,129 0,082  -0,213 0,222 0,331
THF -0,083 -0,187 -0,153 0,001 0,036 -0,064 0,038 0,029 0,175
THE 0,142 0,070 0,268 0,497* 0,099 -0,031 0,044 0,175 -0,157
Cortisol/ - -
Comio -0,043 -0,156 0,085 0,055 -0,297 0,197 0,089 -0,155 0,017
THF/THE 0,086 -0,192 0,072 0,095 -0,055 0,399  -0,030 -0,184 0,160
THF/ 0,067 0,126 0,182 0,028 -0,100 0,018  -0,013 -0,203 -0,297
Cortisol
THE/ -0,003 -0,024 0,264 0,036 0154  -0181 0133 -0,157 -0.281
Cortisona

Tabela 4 - Anélise de correlagdo linear simples entre marcadores do metabolismo do cortisol e as concentragfes
plasmaticas, eritrocitarias e urinarias de zinco, selénio e magnésio das mulheres com obesidade.

* Coeficiente de correlacdo linear de Pearson ou Spearman (p<0,05).
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5.4.6 Relagdo entre marcadores do cortisol, minerais, resisténcia a
insulina e estresse oxidativo

A figura 2 apresenta os resultados significativos da andlise de
correlacdo linear simples entre 0 magneésio, zinco e selénio e
marcadores do estresse oxidativo das participantes do estudo. Os
resultados revelam correlacao positiva significativa entre a atividade da
enzima glutationa peroxidase, selénio e zinco nos eritrécitos, correlagéo
positiva entre a atividade da enzima superoxido dismutase e as
concentragfes plasmaticas e eritrocitarias de zinco, bem como
correlagdo negativa entre as concentracbes de TBARS e as
concentragfes de zinco e selénio nos eritrocitos das mulheres com
obesidade.

A figura 3 apresenta os resultados significativos da analise de
correlacdo linear simples entre o magnésio, zinco e selénio e
marcadores do controle glicémico das participantes do estudo. Os
resultados demonstram correlacdo positiva entre as concentragdes
séricas de insulina, HOMA-IR e as concentracdes urinarias de zinco nas
mulheres com obesidade. Os dados também revelam existéncia de
correlacdo negativa entre as concentracdes séricas de insulina, HOMA-
IR e as concentracBes urinarias de selénio das participantes do grupo
controle, bem como correlacéo positiva entre as concentracdes urinarias
de zinco e glicemia de jejum dessas participantes.
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Figura 2. - Andlise de correlacéo linear simples entre 0 magnésio, zinco e selénio e marcadores
do estresse oxidativo das participantes do estudo.

* Coeficiente de correlagdo linear de Pearson ou Spearman (p<0,05).
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A Figura 4 mostra a correlagéo entre os blocos para definir a
ligacdo entre os quatro dominios: metabolismo do cortisol, minerais,
controle glicémico e estresse oxidativo e revelar as variaveis que mais
participam de cada dominio sob a hipotese de que o metabolismo do
cortisol influencia a deficiéncia de minerais e que essa deficiéncia pode
impactar de alguma forma no controle glicémico e no estresse
oxidativo, sendo importante, portanto, para um melhor entendimento da
relacdo entre tais variaveis.

Apesar de a correlagdo entre os marcadores do metabolismo do
cortisol e do estado nutricional relativo aos minerais também nao ser
significativa, verificou-se que a tetrahidrocortisona é a varidvel do
grupo que contribui de forma significativa para uma possivel relacao
entre 0 metabolismo do cortisol e os minerais. No entanto, foi
evidenciada correlacdo significativa entre parametros dos minerais e
controle glicémico (r = 0,949 com p-valor 0,024), destacando-se que 0
magnésio na dieta contribui significativamente para a relacao entre o
grupo dos minerais e 0s demais grupos.
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5.5 Discussao

No presente estudo, foram avaliados marcadores do
metabolismo do cortisol, as concentracfes dos minerais magnésio,
zinco e selénio, bem como foi investigada a associacdo entre estes
parametros e o indice de resisténcia a insulina e marcadores do estresse
oxidativo em mulheres com obesidade.

A avaliacdo dos parametros do metabolismo do cortisol revelou
diferenca estatistica significativa entre todos os parametros entre 0s
grupos avaliados, com excecdo do ACTH. Os resultados mostram
concentragdes elevadas do cortisol no soro e na urina, bem como
também revelam reducdo dos valores de cortisona urindria, tal fato
demonstra a ocorréncia de alteragdes no HPA nas mulheres com
obesidade, provavelmente devido a ineficiéncia do cortisol sérico em
inibir o hormonio liberador de corticotropina (CRH) e da
adrenocorticotropina (ACTH), substancias indutoras da secrecdo de
cortisol®°2,

Associado a isso, esse resultado também pode ser ratificado pelo
fato do estudo revelar aumento das razées THF/THE, cortisol/cortisona
e cortisol/THF nas mulheres com obesidade, as quais refletem reducao
na atividade da enzima 11B-HSD tipo 2, demonstrando prejuizo na
inativacdo do cortisol pela acdo dessa enzima, o que reforga um possivel
comprometimento no mecanismo de feedback negativo do HPA, e
consequentemente, alteracdes no metabolismo do cortisol®2,

Os dados desse estudo demonstram existir correlagdo positiva
entre os parametros de adiposidade e marcadores do metabolismo do
cortisol, o que pode sugerir a influéncia da disfuncdo do tecido adiposo,
caracterizada pela presenca da inflamacéo cronica de baixo grau e do
estresse oxidativo, fatores contribuintes importantes para a
manifestagéo de alteragdes no metabolismo do cortisol.

Na perspectiva de avaliar a provavel influéncia do cortisol na
homeostase dos minerais zinco, magnésio e selénio nas participantes do
estudo, conduziu-se analise de correlacdo que revelou resultado
negativo entre as concentracdes de cortisol na urina e os valores de
zinco encontrados no plasma e eritrocitos. Além disso, foi verificada
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correlacdo negativa entre a razdo cortisol/cortisona e as concentracfes
de zinco eritrocitarias.

Sobre esse aspecto, o fato das concentracoes elevadas de cortisol
favorecer a expressdo de genes codificantes para metalotioneina e para
proteina transportadora de zinco ZIP-14, provavelmente seja o fator que
contribuiu para a manifestacdo do quadro de hipozincemia verificado
nas mulheres com obesidade avaliadas nesse estudo®.

O presente estudo também demonstrou correlacdo negativa
entre as concentracdes séricas de cortisol e a razdo cortisol/cortisona e
os valores de selénio nos eritrocitos, bem como correlagdo positiva
entre as concentracdes urinarias de cortisol e selénio na urina. Esse
resultado reforca a influéncia do cortisol sobre a distribui¢éo do selénio
nos compartimentos bioldgicos avaliados, sendo tal fato em decorréncia
da acdo do cortisol como agente estressor cronico do organismo, o que
favorece aumento da demanda de nutrientes antioxidantes, como por
exemplo o selénio.

Os dados da andlise de correlacdo demonstraram resultado
positivo entre o cortisol sérico e urinario e a concentracdo de magnésio
na urina, sugerindo a atuagéo do cortisol, embora de forma indireta,
sobre a excrecdo desse mineral em individuos com obesidade. Sobre
este aspecto, destaca-se que o cortisol em concentracgdes elevadas, como
ocorre na presenca de disfuncao do tecido adiposo, pode constituir fator
contribuinte importante para aumentar a excrecao urinaria de magnésio,
uma vez que esse hormonio favorece a producao excessiva de espécies
reativas de oxigénio, contribuindo para acentuar o quadro de
hipomagnesemia nas mulheres com obesidade avaliadas nesse estudo.

Por outro lado, a literatura mostra que a hipomagnesemia
contribui para aumentar as concentracbes de cortisol e de seus
metabolitos no organismo, sendo que tal fato pode contribuir para
justificar os valores elevados desse hormdnio nas participantes com
obesidade. E oportuno reforcar que em situagdes de concentragdes
adequadas de magnésio, esse mineral favorece a reducdo e liberacdo de
ACTH, embora de forma indireta, 0 que consequentemente reduz a
secrecdo de cortisol*?,
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Em relacdo ao zinco, estudos mostram que tanto altas quanto
baixas concentracGes desse mineral no soro promovem alteracdes na
secrecéo adrenal >+*°, No estudo de Chen et al. °, verificou-se que esse
mineral inibe a ligacdo dos glicocorticoides ao seu receptor, pois existe
uma regido de ligagdo do zinco no receptor desses hormonios,
diminuindo os efeitos do cortisol no organismo. Por outro lado, tem sido
demonstrado que a deficiéncia de zinco na dieta pode ser um fator
contribuinte para 0 aumento da secrecdo de cortisol, uma vez que a
reducdo da concentracao sérica desse nutriente aumenta a atividade do
eixo hipotalamo-hipofise-adrenal, seguida de um aumento da secrecéo.
desse glicocorticoide do cortex adrenal®’>8,

A deficiéncia de selénio, por sua vez, pode contribuir para
alteracBes na glandula adrenal, o que limita a sintese de cortisol. Este
fato ocorre em decorréncia da deficiéncia deste mineral,
comprometendo a atividade da GPx, acentuando o estresse oxidativo na
glandula adrenal®®.

Nessa discussdo, destaca-se que as concentracdes dos minerais
magnésio, selénio e zinco nos componentes sanguineos estavam
reduzidas nas mulheres com obesidade, o que possivelmente favoreceu
a producdo excessiva de espécies reativas, conforme verificado nos
dados obtidos nesse estudo. Assim, os resultados desse estudo revelam
a existéncia de correlacdo positiva entre as concentracdes eritrocitarias
de selénio e a atividade da enzima antioxidante superéxido dismutase.
Além disso, também foi verificado correlacdo positiva entre as
concentracdes de selénio no plasma e a atividade da enzima glutationa
peroxidase, o que demonstra 0 importante papel do selénio como centro
ativo da enzima glutationa peroxidase. Assim, a deficiéncia em selénio
altera a atividade dessas importantes enzimas antioxidantes, fato este
confirmado nas associacGes identificadas no presente estudo.

A correlagdo positiva entre as concentragcdes plasmaticas e
eritrocitarias de zinco e a atividade das enzimas antioxidantes
superdxido dismutase e glutationa peroxidase, demonstra a importancia
dos valores adequados desse micronutriente na manutencdo do sistema
de defesa antioxidante. O zinco faz parte da estrutura da superoxido
dismutase e regula a ativacdo do fator nuclear eritrdide associado ao
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fator 2 (Nrf2), que por sua vez, estimula a expresséo de enzimas do
sistema de defesa antioxidante, justificando a possivel influéncia deste
nutriente sobre as enzimas antioxidantes avaliadas®.

A deficiéncia em zinco em individuos com obesidade parece
influenciar os parametros do controle glicémico. Nesse estudo, foi
verificado correlacdo positiva significativa entre a excrecdo urinaria de
zinco e os valores de insulina de jejum e HOMA-IR nas mulheres com
obesidade. Sobre este dado, a reducdo de zinco nos componentes
sanguineos em decorréncia da excre¢do elevada na urina pode ter
limitado o controle glicémico das participantes, visto que esse mineral
participa da secre¢do de insulina e manutencdo da homeostase
glicémica®®®3, A deficiéncia de zinco contribui para a resisténcia a
insulina, reduzindo a fosforilagdo da subunidade B do receptor de
insulina e a ativacdo das proteinas PI3K e Akt. Assim, a deficiéncia do
mineral reduz o transporte de glicose para o interior das células,
favorecendo a hiperglicemia®5°,

Embora o estudo da associacdo entre magnésio, selénio e
resisténcia a insulina ndo tenha revelado resultado significativo nas
mulheres obesas avaliadas, € importante ressaltar que a deficiéncia de
magnésio também reduz a autofosforilagdo da subunidade 3 do receptor
de insulina e das enzimas AKT e PI3K , comprometendo a translocagao
do GLUT-4 para a membrana plasmatica, favorecendo a
hiperglicemia®®. Além disso, o selénio é um mineral com importante
papel na expressdo do receptor do peptideo semelhante ao glucagon nas
células B, favorecendo a acao desse peptideo no estimulo da expressao
génica da pro-insulina em resposta a ingestdo de carboidratos e na
regulacdo da fosforilacdo de substratos da cascata de sinalizacdo da
insulina®”. Assim, a deficiéncia de selénio também pode favorecer a
resisténcia a insulina.

Vale ressaltar que, embora as mulheres obesas consumam
quantidades elevadas de magnésio e selénio quando comparadas ao
grupo controle, os dados deste estudo mostram que esse fato néo parece
ter influenciado as concentracdes sanguineas desses minerais, uma vez
que estas estavam reduzidas. Outro aspecto interessante diz respeito ao
fato de o estudo ndo ter revelado a possivel influéncia de valores tdo
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reduzidos desses minerais nos marcadores de resisténcia & insulina, uma
vez que ndo foi evidenciada associacgdo significativa.

Os resultados desse estudo permitem identificar a influéncia da
adiposidade sobre 0 metabolismo do cortisol, o impacto desse horménio
na homeostase do zinco, selénio e magnésio. No entanto, os dados dessa
pesquisa ndo sugerem que a influéncia do cortisol sobre a distribuicéo
dos minerais analisados seja capaz de potencializar a resisténcia a
insulina e o estresse oxidativo presente na obesidade. Nessa discusséo,
destaca-se a contribuicdo de fatores importantes que podem ter
influenciado tais resultados como o controle glicémico adequado das
mulheres com obesidade. Além disso, outros fatores além da deficiéncia
em minerais também sdo importantes para a manifestacdo do estresse
oxidativo nesse grupo populacional.

E oportuno ressaltar que a avaliacdo da concentracéo de cortisol
na urina de 24 horas e excre¢do de cortisona e de seus metabdlitos, em
particular, a determina¢ao da atividade enzimatica das enzimas 11p-
HSD intracelulares e redutases do anel A, permite avaliar mecanismos
subjacentes constituem marcadores relevantes na analise do
metabolismo do cortisol, permitindo obter informacbes importantes
sobre a sua regulacéo intracelular.

Algumas limitagdes deste estudo podem ser destacadas, por
exemplo, a natureza transversal do estudo, a falta de dados sobre os
niveis de selenoproteina P e concentracfes de parametros inflamatorios,
bem como marcadores moleculares que permitiram uma melhor
discussdo dos resultados encontrados em este estudo. Adicionalmente,
a utilizacdo de outros parametros para avaliar o estresse oxidativo neste
estudo poderia ter contribuido para um melhor entendimento da acéo
dos minerais na reducdo das espécies reativas de oxigénio presentes na
obesidade.

5.6 Conclusodes

As mulheres com obesidade avaliadas neste estudo apresentam
desordens no metabolismo do cortisol, caracterizadas pelas
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concentragdes séricas e urinarias aumentadas, reducdo de cortisona
urinaria e da atividade da enzima 113-HSD 2.

O estudo demonstra a presenca de alteracbes na homeostase dos
minerais  avaliados, como hipozincemia, hiposelenemia e
hipomagnesemia. Além disso, as mulheres com obesidade também
apresentam concentracdes elevadas de TBARS, aumento da atividade
da GPX e reducdo da SOD, sugerindo a presenca de estresse oxidativo.

Os resultados do estudo sugerem a influéncia da adiposidade no
aumento das concentracdes de cortisol, o possivel papel desse horménio
nas concentracdes dos minerais zinco, selénio e magnésio em mulheres
obesas. No entanto, o estudo de associacdo ndo permite identificar o
impacto de tal atuagcdo no sistema de defesa antioxidante e na
sensibilidade a insulina.
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6 CONCLUSOES

O primeiro artigo apresentado nesta tese abrangeu uma revisao
narrativa sobre os mecanismos envolvidos na estrutura do tecido
adiposo, expansibilidade do tecido, disfuncdo dos adipdcitos, bem
como o0 impacto desses eventos na manifestacdo de importantes
distdrbios metabdlicos associados a disfuncdo do tecido adiposo. As
evidéncias obtidas por meio do estudo apontam que a capacidade
limitada do tecido adiposo em armazenar 0 excesso de gordura, em
particular no tecido adiposo subcutaneo, favorece o desenvolvimento
de desordens metabdlicas associada a obesidade, como a resisténcia a
acdo da insulina e dislipidemias

No segundo artigo desta tese foram atualizados os dados sobre os
mecanismos envolvidos no papel do cortisol no desenvolvimento da
resisténcia a insulina e no envolvimento do zinco como um
micronutriente chave nessa alteragdo metabdlica presente na obesidade.
A partir dos dados obtidos por meio dessa revisdo narrativa torna-se
possivel verificar alteragdes hormonais na obesidade, como por
exemplo no metabolismo do cortisol e na acdo da insulina, podem
exercer repercussoes relevantes no metabolismo do zinco.

O terceiro artigo desta tese trata de um estudo experimental que
evidencia alteracdes no metabolismo cortisol em mulheres com
obesidade, caracterizadas pelo aumento das concentracfes desse
horménio no soro e na urina, e ainda, alteracbes nas concentracdes dos
metabolitos avaliados. Além disso, os resultados do estudo demonstram
que as mulheres com obesidade apresentam desordens na homeostase
dos minerais zinco, selénio e magnésio, com reducéo das concentracfes
desses minerais no plasma e eritrcitos concomitante ao aumento de
suas excrec¢des na urina.

Os resultados desse estudo permitem identificar a influéncia da
adiposidade sobre 0 metabolismo do cortisol, o impacto desse horménio
na homeostase do zinco, selénio e magnésio. No entanto, os dados dessa
pesquisa ndo sugerem que a influéncia do cortisol sobre a distribuicéo
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dos minerais analisados seja capaz de potencializar a resisténcia a
insulina e o estresse oxidativo presente na obesidade. Nessa discusséo,
destaca-se a contribuicdo de fatores importantes que podem ter
influenciado tais resultados como o controle glicémico adequado das
mulheres com obesidade. Além disso, outros fatores além da deficiéncia
em minerais também sdo importantes para a manifestacdo do estresse
oxidativo nesse grupo populacional.

Assim, os principais achados verificados neste estudo observacional
foram:

= Adeterminagdo dos marcadores do cortisol revela alteragdes no
metabolismo desse hormonio, caracterizadas pelo aumento das
concentracdes séricas e urinarias de cortisol e tetrahidrocortisol,
bem como reducdo dos valores urinarios de cortisona e
tetrahidrocortisona;

= O aumento das razdes cortisol/cortisona, THF/THE,
THE/Cortisona e reducdo da razdo THF/Cortisol, permitiu
estimar a redugdo da atividade das enzimas 11jB-
hidroxielsteroide desidrogenase 2 e 5B-redutase nas mulheres
com obesidade;

= O estudo aponta a existéncia de desregulacdo na homeostase dos
minerais zinco, selénio e magnésio nas mulheres obesas,
caracterizada por concentracdes plasmaticas e eritrocitarias
reduzidas, e valores urinarios elevados;

= Aavaliacdo dos parametros bioguimicos ndo revela a existéncia
de alteracbes metabdlicas relacionadas ao perfil glicémico e
resisténcia a acao da insulina nas mulheres com obesidade;

= O estudo evidencia a presenca de estresse oxidativo nas
mulheres com obesidade identificada por aumento das
concentragdes plasmaticas de substancias reativas ao &cido
tiobarbiturico e a atividade eritrocitaria da enzima GPx e
reducdo da atividade da enzima SOD.
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DADOS DO PARECER

Homene do Parecer: 2.012.100

Apresantagio do Projsto;

Estudo de natureza Tansversal, analfico, com cash & conbrole, envolvendo 200 mulherss, na falxa stara
entr2 20 @ 50 anoe de ldage. As participantes do estudo serio distibultas em trés grupos: grupo
expenmental | (obesas baraticas, n=100), grupe expenmental 1| (obesas ndo bararicas, n=100) & controle
{eutrtficas, n=100). SerSo reallzadas avalap$o anfopométnica, coleta de material biokdgico 2 reglstro
allmentar. A avallagao antropometrica serd reallzada por mefo do indice de massa corporea, da
circunferdnela da cintwra @ do pescogo, & da relagdo cintura-guadsl. A analls2 da Ingestio de
macronuirientss, ZINCo, Magnasio & selenio sera realizada por melo do reglstro alimentar de trés dias,
utliizando o programa Mubain. A anallse dos minerals no plasma, eriirdcio & urina serd reallzada por
espacinimetna de emissio dotica com plasma acoplado Induthamente. As conceniracies séncas de glcose
& Insullna serdn determinadas por melo do métpdo ercimatico colodmetrice e quimkluminescancia,
respectivamente. A resisi2ncia 3 Insuling serd avalada por meio do céicuio do indice HOMAIR. A avallagio
das concenraglies de cortisol s8Mcn e urinano serd reallzada sequndo 0 MEtndo de quimiciuminescancia.
A5 concentragdes sencas oe colesterol total, LDL-colestersd, HOL-colesterol & tiglicérides serdo
determinadas segundo metodo enzimatico coloimetrico, por anallsador boquimics automatico. A
determinagdo da concentragdo sénca de zinco-2-glicoproieina sera reallzada de acordo com o metodns
ELISA do fipo sanduiche. Serdo analisados os hormonios TSH, T3 e T4 Ivies, & T3 e T4 totals peio meébodn
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de Imunoensals por guimicluminescencla. Os anticorpos trecideancs antitrecperwitase (TPOAD) &
antitireogiobuling {TgAb) serdo determinados peio metodo de quimicluminescénda. As concentraghes
plasmaticas do malondlaldeldo serdo determinadas pela produgdo das substancias reativas ao acido
tobarbitunico (TEARS). A alhidads da engima supencddo dismutass edirocitana & gluiationa perowidass
erirocitina sario delamminadas nos erfrboites pelo metodo In viro & da oxidaglo da glutationa reduzida por
um higropendi®o, respectivaments. A determinagdo da atividads 03 enzima catalase sera reallzada
corfonme metodologa desata por Takahars et A A anallse de 50prsianos uinanos sera determinada por
ELISA. A determinagdo da concenagio pasmaica de THF-, IL-6, IL-1, IL-18, IL-10, TGF-, adponecina e
lepiing sera reallzada de acomo com o metoda Luminex xMAR. A conceniracio s&nca da proteina C rediva
serd realzada por Imunolurbidimetria. & oreatining sérca e a crealininra de 24h serdo determinadas pelo
metodo Lusisa-Basques. Serdo coietadas amosTas de ecido adiposo Wisceral @ subcuianen das pacientes
ob=6as durante o Intraoperatdno de clrurgia baratrca para Investigar o padrdp de expressdo dos
maradones AkL IRS, GLUTS, PI3K, AMPE, leptina, adponecing, 2noo-2-gicoprateing, Selenoproteina P,
TRPM?, ATGL, LHS, CD36, FAS, UCP, PPAR-, SREEP-1c, Receptores B3-adrenérglcos, WFKE,
metalotionaina, Zlp 14, THF-, IL-G, IL-1, IL-18, IL-10, TGF-, delodinasas, receptores de hormonlos
tirzoidianos e de glcoricoldes, 11-HSD1, supenixido dismutase, glutationa peroxddase & catalasa.
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Ob|stivo da Pesquiza;
Objesvo Primaria;
- Awallar o Impacto de Minerdls em dlstroios endoaing-meabaleos em mulheres coesas.

Chietvo Sacundano:
1.0et=minar 3s concentracies de zinco, magnasio 2 selénio plasmatico, erfinocitano & uninara;

ZERIMA 0 cOnsUMo AlMentar feenengla, MacrD & micronuinenes & sU3 aoequacan na dieta;

3. Determinar as concentragies decortisal, cotisona, ACTH,zinco-2-glicooroteina, adponacting, lepira,
protedna C reativa, hommanios @ anticorpos drecidiancs, THF-, IL-E, IL-1, IL-18, IL-10 & TGF- subsiancias
reailvas a0 acido tobarnihlnco 2 soonestanos;

4. Avalizr o perfl ipidieo, o controie gllesmics, 3 resisiancia 3 Insuling & a fungSo renai;

5. Detarmingr a aividade da enama supsentaddo dismutase gutaiionaperoxidase e catalase;

6. Quanificar a expressdo de genes codficantes para Akt, IRS, GLUTS, PI3K, AMPE, leplna,
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atlponecting, Zinco-2-glicoproteina, Selenoprateina P, TRPMT, ATGL, LHS, CO3E, FAS, UCP, PPAR-,
FREEP-1c, Recapiores B3-adrendngicos, NFKE, metalotionsina, ap 14, THF-, IL-E, IL-1, IL-18, IL-10, TGF-,
delodinagses, recepiores de hormdnios treoldlanos e de glicorticoldes, 11-HSD1, superduido dismutase,
glutationapenxiiase & catalase.

Avallagao dos Riscos & Beneniclos:

Rlszo: a FIH'U[HFII'II:E FIOCEI'& sendlr leve desconforto, ocomencla de eventuals hematomas, dor e
SANQTAMENID 2, &M C3505 Mals rares, IMeccS0. & 1m de minimiZsr esses Nscos, 3 Coieta sera realzada por
profissional de anfarmagem experients, ulliizanto materals estansls @ GSGCartavals, & 3 equips estars
preparada para awdliar 3 paridpants diante ge qualguer Intercomancla,

Baneficios:
Az pacientes terio 3c2E50 305 MSEUItados 906 BEUS SKEMEEs DioguUImicos, que sardo omecdos apis 3
realizagdo dos mesmos pelos pesquisadores, além de odentagdo nutricional.

Comentaros & Conslderagies sobre a Peaquisa:

Pesquisa reélevante para o processt ensnd‘aprendzado.

Consleragios sobre o8 Termmos de apressntagao obrgatoria:

Todos o6 [ENTs de ApFEseniapan ToMEm ansxaos.

Recomendagies:

Sam Recomendaches.

Conclusdes ou Pendéncias & Liata de Inadaquagies:

Projeto apto 3 ser iniclado pols ENCOMIE-62 SialoNaio &m consonancia com a Resolugan N° 4562012,

Conslderagi=ag Finala a critgrio do CEP:

Este parscer fol slaborado baseado Nos documentios abalxo relacionados:
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MINISTERIO DA EDUCACAOD E CULTURA
_ UNIVERSIDADE FEDERAL DOPIAUI
PRO-REITORIA DE FESQUISA E POS-GRADUACAD
Campus Unnversitario Ministro Petrrdnip Portella - Bavrro Ininga — Teresina/P{ CEP:
63049550 - Fone (86) 3115 5437,

TEFMO DE CONSENTIMENTO LTVEE EESCLARECIIMD

Titule de projets: Impacto de minerais am distarbios endocrino-metabolicos
Pesquisador responsivel: Dra. Dilina do Mascimento Mameiro
InstitnigioDepartaments: UFPL Departamento de MNumigdo

T elefone para contato (Inclusive a cobrar): (BS) ¢B343-9778

Viocé est sendo convidada para participar, como volumtaria, em wma pesquiza. Vecé
preciza decidir se quer participar ou ndo. Por favor, pdo se apresse em fomar a decisdo. Leia
cuidadosaments o que 52 s8g0e & pergunte a0 msponsavel pelo estado sobre qualquer dovida
gue tiver. Este estado sem conduzide pelo grupo de pesquiza do Laboratdrieo de MNutrigdo
Experimertal {L/FFT}, sob orisntacs da Profa Dra. Dilina do Mascimento Marreiro. Apas ser
asclarecida sobre as informacdes a sepuir, no caso de aceitar fazer parte do estudo, assine este
docmmento, que sta em duas vizs. Uma delas & sua @ a outra é do pesquisador respensavel Em
caso de recusa, vock nio serd peralizada Em caso de dimvida, wocé pode procarar o Comité de
Eitica em Desguiza da Universidade Federal do Diaui pelo telefore (D85) 3237-1332 efou e-mail:
cep ufpiaui adu br

DESCRICAO DA PESQUISA

Esta pesguiza tem por objetive avaliar o impacto de minemis em distirhios endocrine-
metabalicos em mulheres abesas.

Caso aceffe participar da pesquisa, serdo realizados os sepuintes procedimentos aferigdo
do peso, estatura e cirunferéncias (Cintura, quadril e pescoge), afericio da press3o arterial,
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VI

2des

avaliagio do consumo alimentar, coleta de sanzae (30 mL) e coleta da urina de 24 boras.
W30 sera realizada extrevista gravada ou filmada.

O marerial biologico coletado {sangue & urira) sera wilizzdo para 3 determinacdo das
concentragdes de minerais (Znco, selénie & magmesio); das concentracdes dos hormonios
cortisol cortisena, ACTH, leptira e adiponectma; de mamaderes do estresse oxidativo; da
atividade de enzimas antioxidantes; de marcadares da inflamagdo; para avaliacio da fimgde
tireidiana, da fimgdo remal, do perfil LEpidice, do controle glicémico e da resisténcia a
insuling; & para quandficacio da expressdo de genes envolvides com os pardmerros acima
ciados.

Para a avaliagdo do consume alimentar, se13 soliciado que vocé anote e um formenlarie
o5 alimentos & suas guantidades copsumidas em trés dias durante uma semana. Para a coleta
da urina de 24 boras, sera solicitado gue vocé colete sua urina dutante o periodo de 24
boras (um dia & uma oofte consecutives) em wWm recipienfe a ser formecide pelos
pesquizadores. Esses procedimentos ndo causardo dor @ nio acametardo em nenbum misco
1 FIEj Uiz 2 participante:

Ma coleta de sangne (30 ml), a participante podera sentir leve desconforto, ocomencia de
evenmaiz hepptonm:, dor e SANETAMSDNN e BM CAS0s mais maros, infeccdo. A fim de
minimizar esses fscos, A coleta sara realizada por profssional de enfermazesm experients,
utilizande materiais estérsis e descartaveis, e @ equipe estara prepamda para awsdliar a
participante diante de quakyuer intercorrencia.

A participacdo meste projeso ndo tem como objetivo fomerer assisténcia muiricional pars
mArten;a ou perda de peso, mas sim conmibuir no nesso entendimento sobre a influénciy
dos minerak: nes dishrbies endocrinometabolicos associades 3 obesidade.

Vocé nio terd qualquer despesa firanceita com relacio ae: procedimentes clinices e
laboratoriais efshmdos no estudo.

Viocé ndo receben compensacio Snancein por participacio do estada.
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Vocé terd acesse 205 resultados dos seus exames bioguimices das amestras de sanzne e de
umina, que serdo fomecidos apos a realizacie dos mesmos pelos pesquisaderss, alem de
orientagdo momiciomal

Voce tem a liverdade de desistir ou de interromper a colaboragdo neste estdo Do maments
em que desejar, sem mecessidade de qualquer explicacdo. A desisténcia odo caunsara
penkum prefiize 2 sua sande ou bem estar fsico.

Seu nome, ifentidade & dados serdo mantidos em sigile. A menos que requerido por lei on
par sua solicitagio, soments o pesquisadar, a equipe do estudo, Comité de Efica
independente & inspetorss de apéncias regulamentadoras do Eoverno (quande necessATio)
TErdD 202550 A Suas informagtes para verificar as informagdes do estudo. Mo entamio, wocé
deve concardar que 05 resultados obtides pesta pesquisa s2jam divilzados em publicacdes
cienfificas (resumes de conpresses, livios e artges de periodicos clentifices), desde que
s2us dados pessoais ndo sejam menciomados. [ss0 @ IMportante par SATANNT que 3 pesquisa
possa ser conhecida e pessivelments melhorar o diagnastico, o atendimento 2 o Tafamerto
de pacientes com obesidade.

O material coletade podera ser armazerado em sokugdes especificas para cada técmica, em
freeger — 80°C, para manter a intepridade das amaostras e posterior wtilizagdo, ssmpre dentro
da mesma linha de pesquisa. Apos a wilizacio do material coletado para a pesquisa, caso
baja material remanescents, este serd incinerado (queimado) local para descare de

Casovore desajar, poder, pessoalments, tomar cophecimento dos resultados 20 final desta
pesquiza-

{ ) Dessjo conhecer os resultados desta pesquiza.
{ 3 Wao desejo conbecer os resaliados desta pesquisa.

XIV)

X

) projeto terd duragio de quatre anes, com fmine prevista pam o sepmdo semestre de
2020, e ser2 desenvolvido a Universidade Federal do Piaul

Em qualouer etapa do estado, voce 18ra acesse aos profissionais responsaveis pela pesquisa
para esclarecimento de eventuais dividas. Se vocé tiver alpuma consideragdo ou divida
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s0bT= a etica da pesquisa, entre em comfaco com o Comité de Efica em Pesquiza (CEF) da
Universidade Federal do Pimn (Campus Universitario Ministro Petronio Partela, Bairro
Ininga, Pro Beitoria de Pesquisa — PROPES(), CEP: 64.042-350, Teresina, Pine, Brasil;
telefone: (86) 3237-2332 e'ou e-mail: cepfpigiufpiedubr). Este & o orgio que avalia a
realizacdo de pesquizas Com pesseas @ garante que 3 pesquisa da qual vocé pardcipa sja de
importincia clinica e/ou cismtifica e que esta sendo conduzida de forma apropriada.

Profa. Dra. Dilina do Nascimento AMarreiro
Pesquizadora responsave] Departamento de Nutricio — UFPL
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CONSENTIMENTO DA P:!RT.[LII?‘.—!.I;.S.D DA FESS0A COMO SUJEITO

En, .

RG JCPF . abaimo assipado, concordo em
participar do estado “Impacte de minerais em distirbios endocrinometabalicos™, como sujeito.
Tive pleno conhecimente das informagdes que b ou que foram Edas para mim, descrevenda o
estado. Discuti com o pesguisadores sobre 2 minha decizdo em participar desse estudo.

Ficaram claros pam mim guais serdo os propositos do estude. os procedimentos a sersm
realizades, sens desconfortos e risces, as garamtias de confidencialidade e de esclarecimentos
permanentes. Ficou claro tambem que minha participagdo & isenfa de despesas. Concordo,
vwohmanamente, &m participar deste estudo e poderel refirar o meu consentiments 3 qualquer
mament, anfss ou durants o mesmo. A retirada do consentiments an sstuds nio acaTetara
penalidades ou prejuzos.

Teresina,

Aszmamra da participamie

Presenciamos a solicitacio de consentimento, esclarecimentos sobre a pesquisa e aceite do
smjeito em participar.
Testemunhas (ndo lizadas a equipe de pesquisadores):

Observagoes complementares:
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APENDICE 2 - FICHA DE CADASTRO

@

MINISTERIO DA EDUCACAO E CULTURA - MEC
UNIVERSIDADE FEDERAL D0 FIAUT - UFPI
PRO-REITORIA DE PESQUISA E POS- GRADUACAQ
Campus Universizario Minisiro Potronio Porrela, Bloco 06 — Bairo Ininga
Cp: §4049-550 — Teresina-FI — Brasil — Fone (36) 321 5-3563 — Fone/Fex (36)3213-3360

IDENTIFICACAQ
® Formulario:

HMome:

Data: _ [ [
Enderego:
Baimo: Cidade:

Telefone: Calular 1: Calular 2:

DiN: Idada: anas

Ocupagio: Himero de pessoss em casa:

HISTORIA CLINICA
a) Fumsanta? Gravida ou Amamentando?

b} Menopausa: Sim { ) Mo { ) Sesim ha anos.
) Uso de medicamentos: Sim ( ) Mao { ) Chazis?
d) Consumeo de Bebidas alcodlicas: Sim ( ) Wio () Frequéncia?
&) Uso de Suplementos: Sim ) N&o { ) Quais?
f) Dresengs de doengas: Sim { ) ME0 { ) Qual?

{ )Disbetes { )DRC ( ) Doenga Hepdtica ( )DCV [ ) Clncer ( ) Disf Tireoide
f) Pratica exercicio fisico? Sim { ) MNio { ) Tipo de exercicio fsico:

PARAMETROS ANTROPOMETRICOS E BIOQUIMICOS

Peso (k=)

Estatura {m)

IMC (kg/m®)

Circunferéncia da Cintura (cm)

Circunferéncia do Quadril {cm)

Circunferéncia do Pescogo (cm)

Volume Urinario (mL)

PAS

PAD
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APENDICE 3 - REGISTRO ALIMENTAR

Registro diario de zua alimentacio

Numero do Formulario:

% Nos vamos avaliar sua alimentagio. Pedimos que anote neste registro alimentar tudo
que vocé comer e beber durante todo o dia e a noite. Vocé devera anotar todos os
alimentos consumidos, sendo 2 dias durante a semana e um dia no final de semana
totalizando 3 dias.

% Durante o preenchimento deste rezistro alimentar. alguns aspectos sic importantes:

Preencher logo apos o consumeo do alimento:

Espectﬁcar as marcas dos alimentos industmalizados;

Procwrar identificar o tamanho das frutas, vegetais, pedagos de came. ou a

quantidade que cada alimento é consumido, bem como o tipo de preparagio

(frito, cozido, assado) e caso haja molho. que tipo for utilizado.

4. Daferenciar qual o utensilio é usado, por exemplo:
1. Colher — de cha, de sobremesa, de sopa, de servir ou concha
2. XNicara —de cha oude cafs
3. Copo — grande ou de requeijio (amerncano)
4. Prato de sobremesa
5. Consumo mensal de oleo e zal da familia:

W

A: Colher de servir; Bi Coher de =opa; € Colher de  Fi Prato de sobremesa
sobremesa; D Colher da chi; E: Concha de serar

G:xicaracheia; M: Xicara
nivelada; I Xicara média

Copd americano
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BEECISTED ALIMENTAR DE 3 DIAS - N°

1" DIA
NUMERD DO FORMULARIO: Diata
Sepunda () Terga () Quarta () OQumta () Seca () Sabado () Damingo ()
REFEICOES
’ ALTMENTOS QUANTIDADES
(Hora) MARCA

(Medidas caseiras)
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BEECGISTED ALTMENTAR DE 3 DIAS - N°

r DIA
NUMER.OQ DO FORMULARIO: Data
Sepunda () Terga () Quarta () Quimta () Sexta () Sabads () Dominge [ )
REFEICOES
’ ALIMENTOS QUANTIDADES
(Hora) MARCA

(Medidas caveiras)
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REGISTRO ALIMENTAR DE 3 DIAS - N°

¥ DILA
WUMERQ DO FORMULARIC: Data_ ¢
Segunda () Terga () Quarta () Ouinta ()} Sexta | ) Sabado () Dominga ()
REFEICOES _
ALIMENTOS QUANTIDADES
{Hora) MARCA

(Aledidas caseiras)
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APENDICE 4 - INSTRUCOES PARA COLETA DE URINA DE
24 HORAS

Para se obter exatdic do remultzde & omuto importante que 2 wina seja coletada
cdadosaments. A obtencio da uwrina serd reahizada em fasco plastico de 5 lifros, previamente
desmimeralizado, sem conservante e deve ser manfyda EEFRIGER ADA ate o horano da entrega.

A wnna devera ser obiida da sepminfe forma: pela machd, ac acordar, 3 paciente wa
esvaziar a bexiga (desprezar a primelra wrina, ou seja, n&do devera guarda-la no frasco) e marcar
ngorosamente este horane. Dl por diante, coletar todas as wmas do dia e da noite,
mtegralmente a cada micgdo, colocando-as no frasco de coleta e manfido em geladerra (nio
congelar) entre as muegdes.

Mo diz segunte coletar a 1* uwnna da manhd no mesmo hordno que desprezeou a 1*
unna do dia anterior e no mesmo frasco completando assim o periodo de 24 horas.

.’.LTEN(_:.-ED: Todo o material sera fornecido pelo pesquisador.
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APENDICE 5 - ARTIGOS PUBLICADOS COMO AUTORA E
COAUTORA DURANTE O PERIODO DO DOUTORADO

TITULO

PERIODICO/ANO

AUTORES

1. Participation of
Magnesium in the

Secretion and

Signaling Pathways

of Insulin: An

Updated Review.

2. Antiviral and

(2002)

BIOLOGICAL TRACE
ELEMENT RESEARCH

MELO, S.R. S; SANTOS, L. R;
SOARES, T. C; CARDOSO, B. E. P;
DIAS, T. M. S;; MORAIS, J.B. S, ;

SOUSA, M. P.; SOUSA, T.G. V,;
SILVA, N. C,; SILVA, L. D. ; CRUZ,
K.J. C.; MARREIRO, D. N.

immunological

activity of zinc and

possible role in
covid-19

NUTRITION (2022)

BRITISH JOURNAL OF

MARREIRO, D.N.; CRUZ, KJ.C,;
OLIVEIRA, AR.S,; MORAIS, J. B.
S.; FREITAS, B. J. S. A,; MELO, S. R.

S.; SANTOS, L. R.; CARDOSO,
B.E.P.; DIAS, T.M.S

3. Dietary intake of
vitamin d and its
relation to an
inflammatory
marker in obese
women

DE OBESIDADE,
NUTRICAO E
EMAGRECIMENTO
(2022)

REVISTA BRASILEIRA

MELO, S. R. S; SANTOS, R. O;
SANTOS, L. R.; OLIVEIRA, A.R. S;
CRUZ, K. J.C.; MORAIS, J.B. S,;
SEVERO, J. S.; SOUSA, T. G. V,;
ARAUJO, D. S. C,; MARREIRO, D. N.

4. Leptinand its
relationship with
magnesium
biomarkers in
women with obesity

BIOMETALS (2022)

MELO, S.R. S; SANTOS, L. R;
SOARES, T. C; MORAIS, J.B. S;;
CRUZ, K.J.C.; OLIVEIRA, AR.S,
CUNHA, N.; SOUSA, G. S;;
PAYOLLA, T. B; BORDIN, S,;
HENRIQUES, G. S.; MARREIRO,

5. Relationship
between selenium
nutritional status and
markers of low-
grade chronic

BIOLOGICAL TRACE
ELEMENT RESEARCH
(2022)

D.N.
FONTENELLE, L.C.; SOUSA, M.P;
SANTOS, L. R.; CARDOSO, B.E. P,
SOUSA, T.G.V,; CUNHA, T.S,;
MELO, S.R. S; MORAIS, J. B. S; DA

DIAS, T. M. S,; OLIVEIRA, F. E;
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inflammation in
obese women

J.M.; TORRES-LEAL, F. L.;
HENRIQUES, G. S.; MARREIRO, D.
N

6. Association between
calcium/magnesium
ratio and insulin
resistance in obese
women and normal-
weight women

REVISTA CHILENA DE
NUTRICION (2021)

CRUZ, K. J. C,; OLIVEIRA, A.R. S;;
MORAIS, J.B. S.; MELO, S.R. S;;
SANTOS, L. R; FONTENELLE, L. C;
SILVA, V.; COSTA, C. H. N;
SIMEONE, G. H.; MATOS NETO, E.
M.; MARREIRO, D. N

7. Cardiovascular
diseases in obesity:
what is the role of

BIOLOGICAL TRACE
ELEMENT RESEARCH

SANTOS, L. R;; MELO, S.R. S;;
SEVERQO, J. S.; MORAIS, J.B. S,;
SILVA, L. D.; SOUSA, M. P.; SOUSA,

_ (2021) T.G. V.; HENRIQUES, G. S.;
magnesium? MARREIRO, D. N.
8. Expresséo das
metaloproteinases 2
REVISTA DA MARTINS, L. M.; OLIVEIRA, A.R.

e 9 e concentraces
plasmaticas de zinco
em mulheres com
fibroadenoma

ASSOCIACAO MEDICA
BRASILEIRA (2021)

S.; MORAIS, J. B. S,; SILVA, B. B;
MARREIRO, D. N.

9. Magnesium
nutritional status and
its relationship to
metabolism of
thyroid hormones in
obese women

INTERNATIONAL
JOURNAL OF
DEVELOPMENT
RESEARCH (2021)

DIAS, T. M. S,; PEREIRA, B. E,;
SOARES, T. C.; MORAIS, J.B. S,;
FONTENELLE, L. C.; SANTOS, L. R.;
MELO, S.R. S.; PAIVA, M. S,;
SOUSA, T.G. V.; OLIVEIRA, F.E;
SOUSA, G. S.; SIMEONE, G. H.;
MARREIRO, D. N.

10. Magnesium
parameters and their
association with
lipid metabolism
markers in obese
women

REVISTA CHILENA DE
NUTRICION (2021)

SANTOS, L. R.; MELO, S.R. S;;
SEVERQ, J. S.; MORAIS, J. B. S,;
BESERRA, J. B.; FONTENELLE, L.

C.;OLIVEIRA, A.R.S.; CRUZ, K. J.
C.; SOUSA, M. P.; OLIVEIRA FE;
SOUSA, G.S ; HENRIQUES, G. S

11. No association
between zinc and

INTERNATIONAL
JOURNAL FOR VITAMIN

BESERRA, J. B.; MORAIS, J.B. S;
SEVERO, J. S.; CRUZ, K. J. C;
OLIVEIRA, A.R. S.; OLIVEIRA, F.
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thyroid activity in
obese women

AND NUTRITION
RESEARCH (2021)

E.; MATOS, E. M.; HENRIQUES, G.
S.; MARREIRO, D. N.

12. Relation between
zinc and thyroid
hormones in
humans: a
systematic review

BIOLOGICAL TRACE
ELEMENT RESEARCH
(2021)

BESERRA, J. B.; MORAIS, J.B. S;
SEVERO, J. S.; CRUZ, K. J. C;
OLIVEIRA, A. R. S; HENRIQUES, G.
S.; MARRREIRO, D. N.

13. Selenium status and
its relationship with
thyroid hormones in

obese women

CLINICAL NUTRITION
ESPEN (2021)

FONTENELLE, L. C.; FEITOSA, M.
M; FREITAS, T. E. C.; SEVERO, J. S;;
MORAIS, J. B. S.; HENRIQUES, G.
S.; OLIVEIRA, F. E.; MOITA NETO,
J. M.; MARREIRO, D. N.

14. Selenium status and
oxidative stress in
obese: influence of

adiposity

EUROPEAN JOURNAL OF
CLINICAL
INVESTIGATION (2021)

OLIVEIRA, A.R. S.;; CRUZ, K. J. C,;
MORAIS, J. B. S.; SANTOS, L. R,;
MELO, S.R. S.; FONTENELLE, L. C,;
SOUSA, G. S,; MAIA,C.S. C;
ARAUJO, C. 0. D.; MENDES, I. L.;
SIMEONE, G. H.; SILVA, V,;
MARREIRO, D. N

15. Associagéo entre
ingestdo dietética de
magnésio e
parametros do perfil
lipidico em
mulheres obesas

RESEARCH, SOCIETY
AND DEVELOPMENT
(2020)

SOUSA, M. P.; CRUZ, K. J. C.
MARREIRO, D. N.; MORAIS, J.
S.; SANTOS, L. R.; MELO, S. R.
OLIVEIRA, A.R. S.; OLIVEIRA,

E.; HENRIQUES, G. S.

B.
S.;
F

16. Association between
magnesium and
oxidative stress in
patients with obesity

CURRENT NUTRITION &
FOOD SCIENCE (2020)

OLIVEIRA, A.R.S.;; CRUZ, K. J. C,;
MORAIS, J. B. S.; SEVERO, J. S;
BESERRA, J. B.; SANTOS, L. R;;

MELO, S.R. S.; SOUSA, L. A;;
MATOS NETO, E. M.; FREITAS, B. J.
E.S. A, NOGUEIRA, N. N,
MARREIRO, D. N.

17. Biomarkers of
cardiovascular risk
in obese women and
their relationship
with zinc status

CURRENT NUTRITION
AND FOOD SCIENCE
(2020)

SEVERO, J. S.; MORAIS, J.B.S.:
BESERRA, J. B.; CLIMACO CRUZ,
KYRIA J.; OLIVEIRA, ANAR.S:;
SANTOS, L. R.; DE MATOS NETO,
E.M.; DE MACEDO, G. F.S.;
FREITAS, B. J.S.A.; HENRIQUES, G.

S.; MARREIRO, D. N.
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18. Papel da vitamina e
no estresse oxidativo
em individuos
obesos

REVISTA ELETRONICA -
NUTRICAO EM PAUTA
(2020)

VALCARENGHI, T. Q. L.; BARROS,
I.S.,; SIMAO, R. A,; PAIVA, M. S. ;
MORAIS, J.B. S.; SEVERO, J. S. ;

MARREIRO, D. N.

19. Relacdo da vitamina
d sobre a inflamagéo
na obesidade

RESEARCH, SOCIETY
AND
DEVELOPMENT(2020)

MELO, S.R.S.; SANTOS, R. O;
SANTOS, L. R.;; MORAIS, J.B. S
SEVERGO, J. S.; SOUSA, M. P.; CRUZ,
K.J.C.; OLIVEIRA, ARS,
MARREIRO, D.N.

20. Role of zinc in zinc-
a2-glycoprotein
metabolism in
obesity: a review of
literature

BIOLOGICAL TRACE
ELEMENT RESEARCH
(2020)

SEVERQ, J. S.; MORAIS, J. B. S,;
BESERRA, J. B.; SANTOS, L. R;;
MELO, S.R. S.; MATOS NETO, E.
M.; HENRIQUES, G. S.; MARREIRO,
D.N.

21. Effect of zinc
supplementation on
lipid profile in obese
people: a systematic
review

CURRENT NUTRITION
AND FOOD SCIENCE
(2020)

SEVERQO, J. S.; MORAIS, J.B.S,;
BESERRA, J.B.; DE FARIAS, L.M.;
SANTOS, L.R.; MELO, STEFANY,

R.S.; NOGUEIRA, N.N.; MARREIRA,
D.N

22. Ingestdo de vitamina
e na dieta e sua
relacdo com
marcadores do
estresse oxidativo
em mulheres obesas

REVISTA ELETRONICA -
NUTRICAO EM PAUTA
(2019)

VALCARENGHI, T. Q. L.; BARROS,

1. S.,; PAIVA, M. S.; MORAIS, J. B.

S.; SEVERO, J. S.; BESERRA, J. B,;

FEITOSA, M. M.; FONTENELLE, L.
C.; MARREIRO, D. N

23. No difference in
magnesium intake
between obese
women and healthy
controls

INTERNATIONAL
JOURNAL FOR VITAMIN
AND NUTRITION
RESEARCH (2020)

MORAIS, J.B. S.; SEVERO, J. S;
FREITAS, T.E.C.; CRUZ, K. J. C,;
OLIVEIRA, A.R.S.; COLLI, C;
MARREIRO, D. N.

24. The role of zinc in
thyroid hormones
metabolism

INTERNATIONAL
JOURNAL FOR VITAMIN
AND NUTRITION
RESEARCH (2019)

SEVERO, J. S.; MORAIS, J.B. S,;
FREITAS, T. E. C.; ANDRADE, A. L.
P.; FEITOSA, M. M. ; FONTENELLE,
L. C.; OLIVEIRA, A.R. S, ; CRUZ, K.

J. C.; MARREIRO, D.
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25. Concentracdes de
cobre em mulheres
obesas e sua relacdo

com marcador da
peroxidacdo lipidica

NUTRICION CLINICA,
DIETETICA
HOSPITALARIA (2018)

BRITO, G.H.R;; TAJRA, V. E. F,;
SANTOS, L. R.; MELO, S.R. S.;
MORAIS, J. B. S.; SEVERO, J. S. ;
HENRIQUES, G. S. ; MARREIRO, D.
N

26. Magnesium in breast
cancer: what is its
influence on the
progression of this
disease?

BIOLOGICAL TRACE
ELEMENT RESEARCH
(2018))

MENDES, P. M. V.; BEZERRA, D. L.
C.; SANTOS, L. R.; SANTOS, R. O,;
MELO, S.R. S.; MORAIS, J.B. S

SEVERO, J. S;; VIEIRA, S. C;
MARREIRO, D. N.

27. No relation between
zinc status and
inflammatory
biomarkers in

adolescent judokas

INTERNATIONAL
JOURNAL FOR VITAMIN
AND NUTRITION
RESEARCH (2018)

SOUSA, A. F,; MESQUITA, L. S. A,
CRUZ, K. J. C,; OLIVEIRA, A.R. S,
MORAIS, J. B. S.; SEVERO, J. S;
BESERRA, J. B. ; NOGUEIRA, N. N. ;
MARREIRO, D. N.

28. The role of selenium
in insulin resistance.

BRAZILIAN JOURNAL
OF PHARMACEUTICAL
SCIENCES (2018)

FONTENELLE, L. C.; FEITOSA, M.
M.; MORAIS, J. B. S.; SEVERO, J. S,;
FREITAS, T. E. C.; BESERRA, J. B;;
HENRIQUES, G. S.; MARREIRO, D.
N.

29. Zinc and insulin
resistance:
biochemical and
molecular aspects.

BIOLOGICAL TRACE
ELEMENT RESEARCH
(2018)

CRUZ, K.J.C.; OLIVEIRA, A.R. S;;
MORAIS, J. B. S.; SEVERO, J. S. ;
MENDES, P. M. V. ; MELO, S.R. S. ;
SOUSA, G. S. ; Marreiro DN

148




