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RESUMO

A obesidade ¢ um disturbio multifatorial que envolve fatores hereditarios e ambientais e estilo
de vida; seus efeitos adversos ndo sdo apenas sociais ou psicoldgicos, mas também relacionados
a presenga de comorbidades como diabetes tipo 2 e disturbios neurologicos, sendo considerado
pela Organizacdo Mundial da Satide como uma epidemia global. Nos ultimos anos, varios
trabalhos relatam uma relagdo entre deficiéncia de zinco (Zn) e obesidade em humanos. A
obesidade denota expansdes desproporcionais do tecido adiposo branco com hipertrofia
adipocitaria e esta associada a inflamagdo cronica de baixo grau, caracterizada por
concentragdes significativas de citocinas pro-inflamatorias circulantes. A produgdo de citocinas
pro-inflamatérias provenientes do tecido adiposo hipertrofiado pode resultar na expressao e
ativacdo periférica ou central da enzima indoleamina 2,3-dioxigenase (IDO) na via do
triptofano (Trp), levando a um aumento nas concentragdes de quinurenina (Quin), promovendo
altera¢des neurocomportamentais. Nesse contexto, o presente estudo examina in vivo € in vitro
o papel do Zn em certos aspectos da conversao metabolica do Trp. No primeiro estudo, foram
utilizados camundongos Swis albino expostos a uma dieta padrao (SD), dieta padrao deficiente
em Zn (SD-ZD), dieta hiperlipidica (HFD) e dieta hiperlipidica deficiente em Zn (HFD-ZD)
por oito semanas. Demonstrou-se que os grupos HFD e HFD-ZD tiveram um aumento na
adiposidade, bem como na circunferéncia abdominal, apresentando hipertrofia do tecido
adiposo e apresentaram um aumento nas concentragdes de leptina sérica. Em relacdo a
conversdo de Trp em Quin periférica, ndo houve alteragdes significativas nos grupos expostos
as dietas hiperlipidicas. Foram investigados os efeitos das dietas hiperlipidicas em modelo
comportamental como o teste de respingo (splash test). Enquanto o grupo HFD nao demostrou
alteragdes comportamentais, o grupo HFD-ZD demonstrou comportamentos anedonicos no
teste de respingo. Esses resultados sugerem que, pelo menos em camundongos, a obesidade em
combinag¢do com a deficiéncia de Zn desacelera os impulsos de autocuidado e comportamentos
motivacionais. O tratamento com fluoxetina foi capaz de reverter o comportamento anedonico
no teste de respingo e diminuir as concentragdes de leptina sérica e aumentar as concentragoes
de adiponectina sérica em animais que receberam HFD-ZD. O papel do Zn livre na regulagao
da via das Quin foi investigado no estudo in vitro. Houve um aumento nas concentragdes de
Quin e uma diminui¢do nas concentragdes de Trp nos sobrenadantes de células de glioma
cerebral T98G e A172 mantidas sob condicoes de Zn suficiente ou deficiente sendo tratadas
com sobrenadante de macréfagos THP-1 estimulados por lipopolissacarideo (LPS). Concluiu-
se que o Zn ndo tem efeito direto no catabolismo do Trp. No entanto, efeitos indiretos foram
observados em um experimento diferente. Quando as células T98G foram tratadas com
sobrenadante de macrofagos THP-1 deficientes em Zn estimulados por LPS, houve um aumento
nos niveis de Quin e na razao Quin/Trp no sobrenadante da cultura celular T98G. Como descrito
na literatura, o LPS ativa a cascata de sinalizagdo NF-«B, resultando na producao e secrecao de
citocinas pro-inflamatorias no meio de cultura em THP-1 macrofagos. De fato, a RT-PCR
revelou que os genes que codificam citocinas pro-inflamatorias (IL6, TNFA e IFNG) foram
expressos em macrofagos THP-1 estimulados por LPS, tanto em condi¢des de Zn suficiente
quanto deficiente. Os resultados mostraram concentragdes aumentadas de IL-6 no sobrenadante
e uma expressao aumentada de /FFNG em macrofagos THP-1 deficientes em Zn estimulados por
LPS em comparagdo com células adequadas em Zn. Por fim, ¢ sugerido que uma combinagao
de citocinas pro-inflamatorias podem estar significativamente envolvidas na potencializagdo da
conversao do triptofano pela via das Quin em células T98G. Estes resultados fornecem
evidéncias adicionais que implicam a deficiéncia de Zn e inflamacdo de baixo grau associado a
obesidade no desenvolvimento de distirbios neurologicos.

Palavras-chave: Obesidade. Deficiéncia de Zinco. Disturbios Neurocomportamentais.



RESUMO EXPANDIDO

Introducio

A abundancia de alimentos de alta densidade energética e o estilo de vida cada vez mais
sedentario das sociedades ocidentais modernas estdo intimamente relacionados a epidemia de
obesidade (LEISEGANG, 2019). A obesidade também esta associada a deficiéncia de Zn (DI
MARTINO et al., 1993; MARREIRO et al., 2002; 2004). O Zn pode estar implicado no
metabolismo adiposo, contribuindo para a exacerbagdo da resisténcia a insulina e o
desenvolvimento de um estado pro-inflamatorio (TALLMAN e TAYLOR 2003; LIU et al.,
2013). A obesidade esta associada a um estado cronico de inflamagdo de baixo grau
caracterizado por secre¢ao anormal de mediadores pro-inflamatérios, como fator de necrose
tumoral-alfa (TNF-a) e interleucina (IL)-6 tanto no tecido adiposo como no soro de animais e
humanos (CINTI, 2005). Pacientes obesos com baixa ingestao de Zn na dieta apresentaram uma
condicdo inflamatdria sistémica marcada por um aumento de IL-1a, IL-1B e IL-6 em células
mononucleares do sangue periférico (COSTARELLI et al., 2010). A obesidade ¢ um fator de
risco para varias comorbidades, incluindo diabetes, doengas cardiometabolicas e disturbios
neuroldgicos. Os sintomas depressivos aparecem com uma taxa de prevaléncia mais elevada
quando comparados com outros transtornos observados em individuos obesos (COHEN, 2010).
Os mecanismos fisiopatologicos da obesidade e da fungdo cognitiva ainda precisam ser
totalmente compreendidos. Recentemente, Mangge ef al. (2014) demonstraram uma relagao
entre o catabolismo do triptofano (Trp) e a inflamagao imuno-mediada relacionada a obesidade.
Trp € convertido pela indoleamina 2,3-dioxigenase-1 (IDO) resultando em quinurenina (Quin)
como um produto intermediario (SAINIO et al., 1996; BADAWY, 2017). O aumento da
expressao/ativagdao da IDO por citocinas pro-inflamatorias periféricas ou centrais pode causar
uma mudanca para a via das quinureninas, aumentando a producdo de Quin e,
consequentemente, levando a deplecdo de serotonina; esses efeitos sdo provavelmente
responsaveis por alteragdes emocionais e cognitivas relevantes em pacientes obesos (JENKINS
et al., 2016). De acordo com a literatura, individuos com deficiéncia dietética de Zn estdo
sujeitos a alteragdes comportamentais. H4 uma relacdo entre o catabolismo do Trp e a
inflamacdo imunomediada associada a obesidade, que, por sua vez, pode aumentar a expressao
e ativagao da IDO. A presente tese teve como objetivo realizar estudos in vivo e in vitro para
avaliar o papel do Zn na conversao metabdlica do Trp pela via das quinureninas e investigar até
que ponto a deficiéncia de Zn associada a obesidade pode desencadear disturbios
comportamentais.

Objetivos

Esta tese teve como objetivo investigar a influéncia da deficiéncia de Zn associada a obesidade
e o desenvolvimento de alteragdes comportamentais. A pesquisa foi dividida em dois
subestudos, como segue: um estudo in vivo investigando a influéncia da deficiéncia de Zn na
conversdao metabolica do Trp pela via das quinureninas em camundongos obesos alimentados
com uma dieta hiperlipidica (HFD) ou uma dieta hiperlipidica deficiente em Zn (HFD-ZD); e
um estudo in vitro avaliando os efeitos da deficiéncia de Zn na conversdo metabolica do Trp
pela via das quinureninas em uma combinacdo de dois subconjuntos de linhagens celulares
humanas, macr6fagos THP-1 e células de glioblastoma A172 / T98G.

Metodologia

Para o estudo in vivo, os animais (n = 10 por grupo) foram aleatoriamente designados a uma
das quatro diferentes dietas por 8 semanas: dieta padrao (SD), dieta padrdo deficiente em Zn
(SD-ZD), dieta hiperlipidica (HFD), dieta hiperlipidica deficiente em Zn (HFD-ZD). O peso
corporeo, comprimento naso-anal e circunferéncia abdominal foram registrados uma vez por



semana. Ao final do periodo experimental, os camundongos (n =5 por grupo) foram submetidos
ao teste de respingo (splash test) para avaliacdo comportamental e o sangue foi coletado para
avaliacdo dos parametros bioquimicos e hematoldgicos. Na segunda parte do estudo in vivo, os
camundongos remanescentes (n = 5 por grupo) foram mantidos com suas respectivas dietas e
foram submetidos a tratamento com cloridrato de fluoxetina (antidepressivo). Apods duas
semanas os camundongos foram submetidos a avaliacdo comportamental pelo teste de respingo
(splash test) e as amostras de sangue foram coletadas para analise bioquimica.

Para o estudo in vitro avaliou-se os efeitos da deficiéncia de Zn na conversdao metabdlica do
Trp pela via das Quin. Os ensaios in vitro de estimulacdo de glioblastoma humano foram
realizados em diferentes condi¢des de incubagdo. Primeiro regime de incubagdo: células A172
e T98G foram tratadas com diferentes concentragdes com sobrenadante de macrofagos THP-1
estimulados por LPS. Segundo regime de incubagao: as células T98G foram pré-incubadas com
TPEN em por 2, 4 ou 24 h. Apds o periodo de pré-incubagao, os sobrenadantes da cultura foram
substituidos por sobrenadantes de macréfagos THP-1 estimulados por LPS mantidos sob
condi¢des adequadas de Zn ou deficientes em Zn (TPEN) por 24 h. Terceiro regime de
incubagdo: as células T98G foram tratadas com (i) sobrenadante de macrofagos THP-1 nao
estimulados, (i1) sobrenadante de macréfagos THP-1 estimulados por LPS, (iii) sobrenadante
de macrofagos THP-1 tratados com TPEN, ou (iv) sobrenadante de macréfagos THP-1
incubados em meio LPS/TPEN por 24 h. Todos os sobrenadantes obtidos foram submetidos a
quantificagdo de Trp e Quin por HPLC-UV.

Resultados e Discussio

Os resultados do estudo in vivo, demonstrou-se que os grupos HFD e HFD-ZD tiveram um
aumento na adiposidade, bem como na circunferéncia abdominal, apresentando hipertrofia do
tecido adiposo e apresentaram um aumento nas concentragdes de leptina sérica. Em relacao a
conversao de Trp em Quin periférica, ndo houve alteragdes significativas nos grupos expostos
as dietas hiperlipidicas. Foram investigados os efeitos das dietas hiperlipidicas em modelo
comportamental como o teste de respingo (splash test). Enquanto o grupo HFD ndo demostrou
alteragdes comportamentais, o grupo HFD-ZD demonstrou comportamentos anedonicos no
teste de respingo. Esses resultados sugerem que, pelo menos em camundongos, a obesidade em
combinagdo com a deficiéncia de Zn até certo ponto desacelera os impulsos de autocuidado e
comportamentos motivacionais. Em animais que receberam HFD-ZD o tratamento com
fluoxetina foi capaz de reverter o comportamento anedonico no teste de respingo e diminuir as
concentragdes de leptina sérica e também aumentar as concentragdes de adiponectina sérica.
O papel do Zn livre na regulagdo da via das quinureninas foi investigado no estudo in vitro.
Houve um aumento nas concentra¢des de Quin e uma diminui¢ao nas concentragdes de Trp nos
sobrenadantes de cé€lulas de glioma cerebral T98G e A172 mantidas sob condi¢des de Zn
suficiente ou deficiente sendo tratadas com sobrenadante de macrofagos THP-1 estimulados
por lipopolissacarideo (LPS). Concluiu-se que o Zn ndo tem efeito direto no catabolismo do
Trp. No entanto, efeitos indiretos foram observados em um experimento diferente. Quando as
células T98G foram tratadas com sobrenadante de macrofagos THP-1 deficientes em Zn
estimulados por LPS, houve um aumento nas concentragdes de Quin e na razdo Quin/Trp no
sobrenadante da cultura celular T98G. Como descrito na literatura, o LPS ativa a cascata de
sinalizacdo NF-kB, resultando na produgdo e secrecao de citocinas pro-inflamatdrias no meio
de cultura. De fato, a RT-PCR revelou que os genes que codificam citocinas pro-inflamatorias
(IL6, TNFA e IFNG) foram expressos em macrofagos THP-1 estimulados por LPS, tanto em
condigdes de Zn suficiente quanto deficiente. Os resultados mostraram concentragdes
aumentadas de IL-6 no sobrenadante e uma expressdo aumentada de /FNG em macrofagos
THP-1 deficientes em Zn estimulados por LPS em comparagao com células adequadas em Zn.



Consideracoes Finais

Essas descobertas sugerem que, pelo menos em camundongos, a obesidade em combinagao
com a deficiéncia de Zn até certo ponto desacelera os impulsos de autocuidado e
comportamentos motivacionais. Em animais que receberam HFD-ZD o tratamento com
fluoxetina foi capaz de reverter o comportamento anedonico no teste de respingo e diminuir as
concentragdes de leptina sérica e também aumentar as concentragdes de adiponectina sérica.
Além disso, o estudo in vitro revelou um aumento na conversao de Quin/Trp em células T98G
induzida por sobrenadante obtido de macrofagos THP-1 estimulados por LPS mantidos sob
condigdes deficientes de Zn. Os resultados destes estudos fornecem evidéncias de que a
obesidade associada a deficiéncia de Zn pode aumentar a vulnerabilidade aos sintomas
depressivos imunomediados.

Palavras-chave: Obesidade. Deficiéncia de Zinco. Disturbios Neurocomportamentais.



ABSTRACT

Obesity, a multifactorial disorder associated with lifestyle, hereditary, and environmental
factors, has been described by the World Health Organization as a global epidemic. Its adverse
effects are not only social and psychological but also related to the development of
comorbidities such as cardiovascular disease, type 2 diabetes, and neurological disorders. In
recent years, several studies reported a relationship between zinc (Zn) deficiency and obesity
in humans. Obesity denotes excessive white adipose tissue expansion and adipocyte
hypertrophy, conditions that may lead to chronic low-grade inflammation and increased levels
of circulating proinflammatory cytokines. Excessive production of proinflammatory cytokines
may promote the expression and activation of indoleamine 2,3-dioxygenase (IDO), in both the
central nervous system and peripheral organs, resulting in tryptophan (Trp) depletion and
increased kynurenine (Kyn) levels, which ultimately leads to neurobehavioral alterations. This
study used in vivo and in vitro assays to examine the role of Zn in different aspects of metabolic
Trp conversion. In the first experiment, Swiss albino mice were fed a standard diet (SD),
standard Zn-deficient diet (SD-ZD), high-fat diet (HFD), or high-fat Zn-deficient diet (HFD-
ZD) for 8 weeks. It was found that HFD groups had increased adiposity markers, abdominal
circumference, white adipocyte hypertrophy, and serum leptin levels. Peripheral Kyn—Trp
breakdown was not altered in HFD groups. The effect of HFD on behavior was investigated
using the splash test. Whereas HFD mice did not show behavioral alterations, HFD-ZD mice
showed anhedonic behaviors in the splash test. These findings suggest that, at least in mice,
obesity combined with Zn deficiency decelerates impulses for self-care and motivation
behaviors to a certain extent. Fluoxetine treatment was able to reverse anhedonic behavior in
the splash test, decrease serum leptin, and increase serum adiponectin levels in animals
receiving HFD-ZD. The role of free Zn in regulating the Kyn—Trp pathway was investigated in
vitro. There was an increase in Kyn and a decrease in Trp levels in supernatant from T98G and
A172 brain glioma cells maintained under Zn-sufficient or -deficient conditions and treated
with supernatant from lipopolysaccharide (LPS)-stimulated THP-1 macrophages. Thus, it was
concluded that Zn does not have a direct effect on Kyn/Trp breakdown. However, indirect
effects were observed in a different experiment. When T98G cells were treated with supernatant
from LPS-stimulated Zn-deficient THP-1 macrophages, there was an increase in Kyn levels
and Kyn/Trp ratio in culture supernatant. As described in the literature, LPS activates the NF-
kB signaling cascade, resulting in the production and secretion of proinflammatory cytokines
into the culture medium. Indeed, RT-PCR revealed that genes encoding proinflammatory
cytokines (IL6, TNFA, and IFNG) were expressed in LPS-stimulated THP-1 macrophages,
under both Zn-sufficient and -deficient conditions. The results showed increased IL-6
supernatant levels and increased /FNG expression in LPS-stimulated Zn-deficient THP-1
macrophages as compared with Zn-adequate cells. It is suggested that a combination of
proinflammatory cytokines were significantly involved in potentiating Kyn/Trp breakdown in
T98G cells. Overall, these results provide further evidence implicating Zn deficiency and low
grade-inflammation in the development of obesity-associated neurological disorders.

Keywords: Obesity. Zinc deficiency. Behavioral disturbance.



ZUSAMMENFASSUNG

Fettleibigkeit, eine multifaktorielle Storung, die mit Lebensstil-, Erb- und Umweltfaktoren
verbunden ist, wurde von der Weltgesundheitsorganisation als globale Epidemie beschrieben.
Die nachteiligen Auswirkungen sind nicht nur sozial und psychisch, sondern hiangen auch mit
der Entwicklung von Komorbidititen wie Herz-Kreislauf-Erkrankungen, Typ-2-Diabetes und
neurologischen Stérungen zusammen. In den letzten Jahren wurde in mehreren Studien ein
Zusammenhang zwischen Zinkmangel (Zn) und Fettleibigkeit beim Menschen festgestellt.
Fettleibigkeit bedeutet eine iiberméfige Expansion des weillen Fettgewebes und eine
Hypertrophie der Adipozyten, Zustinde, die zu einer chronischen, leicht entziindlichen
Erkrankung und einem erhdhten Spiegel an zirkulierenden proinflammatorischen Zytokinen
filhren konnen. Eine iiberméBige Produktion von proinflammatorischen Zytokinen kann die
Expression und Aktivierung von Indoleamin-2,3-Dioxygenase (IDO) sowohl im
Zentralnervensystem als auch in den peripheren Organen fordern, was zu einer Tryptophan
(Trp) -Verarmung und erhéhten Kynurenin (Kyn) -Spiegeln fiihrt, was letztendlich dazu fiihrt
zu neurobehavioralen Verdanderungen. Diese Studie verwendete In-vivo- und In-vitro-Tests, um
die Rolle von Zn in verschiedenen Aspekten der metabolischen Trp-Umwandlung zu
untersuchen. Im ersten Experiment erhielten Schweizer Albino-M4iuse eine Standarddidt (SD),
eine Standarddidt mit Zn-Mangel (SD-ZD), eine Didt mit hohem Fettgehalt (HFD) oder eine
Didt mit hohem Fettgehalt mit Zn-Mangel (HFD-ZD) fiir § Wochen. Es wurde festgestellt, dass
HFD-Gruppen erhohte Adipositas-Marker, Bauchumfang, Hypertrophie der weillen
Adipozyten und Serum-Leptin-Spiegel aufwiesen. Der periphere Kyn-Trp-Abbau wurde in
HFD-Gruppen nicht verdndert. Der Einfluss von HFD auf das Verhalten wurde mit dem Splash-
Test untersucht. Wahrend HFD-Méuse keine Verhaltensédnderungen zeigten, zeigten HFD-ZD-
Mause im Splash-Test anhedonisches Verhalten. Diese Ergebnisse legen nahe, dass zumindest
bei Miausen Fettleibigkeit in Kombination mit Zn-Mangel die Impulse fiir das Selbstpflege- und
Motivationsverhalten bis zu einem gewissen Grad verlangsamt. Die Behandlung mit Fluoxetin
war in der Lage, das anhedonische Verhalten im Spritztest umzukehren, das Serum-Leptin zu
senken und die Serum-Adiponektin-Spiegel bei Tieren zu erhdhen, die HFD-ZD erhielten. Die
Rolle von freiem Zn bei der Regulierung des Kyn-Trp-Signalwegs wurde in vitro untersucht.
Es gab eine Zunahme von Kyn und eine Abnahme der Trp-Spiegel im Uberstand von T98G-
und A172-Hirngliomzellen, die unter Zn-ausreichenden oder defizienten Bedingungen gehalten
und mit Uberstand von Lipopolysaccharid (LPS) -stimulierten THP-1-Makrophagen behandelt
wurden. Daher wurde der Schluss gezogen, dass Zn keinen direkten Einfluss auf den Kyn / Trp-
Abbau hat. In einem anderen Experiment wurden jedoch indirekte Effekte beobachtet. Wenn
T98G-Zellen mit Uberstand von LPS-stimulierten Zn-defizienten THP-1-Makrophagen
behandelt wurden, gab es einen Anstieg der Kyn-Spiegel und des Kyn/Trp-Verhiltnisses im
Kulturiiberstand. Wie in der Literatur beschrieben, aktiviert LPS die NF-kB-Signalkaskade,
was zur Produktion und Sekretion von proinflammatorischen Zytokinen in das Kulturmedium
fiihrt. Tatsdchlich zeigte die RT-PCR, dass Gene, die fiir proinflammatorische Zytokine (/L6,
TNFA und IFNG) kodieren, in LPS-stimulierten THP-1-Makrophagen sowohl unter
ausreichenden als auch unter unzureichenden Zn-Bedingungen exprimiert wurden. Die
Ergebnisse zeigten erhdhte IL-6-Uberstandsspiegel und erhdhte IFNG-Expression in LPS-
stimulierten Zn-defizienten THP-1-Makrophagen im Vergleich zu Zn-adidquaten Zellen. Es
wird vermutet, dass eine Kombination von proinflammatorischen Zytokinen signifikant an der
Potenzierung des Kyn/Trp-Abbaus in T98G-Zellen beteiligt war. Insgesamt liefern diese
Ergebnisse weitere Hinweise auf einen Zn-Mangel und eine niedriggradige Entziindung bei der
Entwicklung von mit Fettleibigkeit verbundenen neurologischen Stérungen.

Schliisselworter: Fettleibigkeit. Zinkmangel.Verhaltensstorungen.
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1 INTRODUCTION

The abundance of energy-dense foods and the increasingly sedentary lifestyle of
modern Western societies are closely related to the obesity epidemic (LEISEGANG, 2019).
Obesity has also been associated with Zn deficiency (DI MARTINO et al., 1993; MARREIRO
et al., 2002; 2004). Zn was found to be implicated in altered adipose metabolism, contributing
to the exacerbation of insulin resistance and the development of a proinflammatory state
(TALLMAN and TAYLOR 2003; LIU et al., 2013).

Obesity is associated with a chronic state of low-grade inflammation characterized by
abnormal secretion of proinflammatory mediators such as tumor necrosis factor-alpha (TNF-a)
and interleukin (IL)-6 in adipose tissue and serum (CINTI, 2005). Obese patients with low
dietary Zn intake display a systemic inflammatory condition marked by upregulation of IL-1a,
IL-1PB, and IL-6 in peripheral blood mononuclear cells. Costarelli et al. (2010) suggested that
hypozincemia can aggravate obesity-related disturbances, such as insulin resistance and
inflammation, thereby worsening the preexisting obesity status.

Obesity is a risk factor for several comorbidities, including diabetes, cardiometabolic
diseases, and neurological disorders. Depressive symptoms appear at a higher prevalence rate
when compared with other disorders observed in obese subjects (COHEN, 2010). The
pathophysiological mechanisms of obesity and cognitive function remain to be fully
understood. Recently, Mangge et al. (2014) demonstrated the relationship between L-Trp
catabolism and obesity-related immune-mediated inflammation.

Trp 1s an essential amino acid. It is catabolized through four distinct pathways: (1) the
serotonergic pathway, which leads to the formation of the neurotransmitter serotonin in the
brain and melatonin in the pineal gland, (2) the tryptamine pathway (decarboxylation), (3) the
indole pyruvic acid pathway (transamination) (RICHARD et al., 2009; BADAWY, 2017), and
(4) the Kyn pathway. The first three routes are of minor quantitative importance. The fourth
accounts for 95% of Trp catabolism, whereby Trp is converted by indoleamine 2,3-
dioxygenase-1 (IDO) and Trp 2,3-dioxygenase (TDO) to give Kyn as an intermediate product
(SAINIO et al., 1996; BADAWY, 2017). The increase in IDO expression/activation by
peripheral or central proinflammatory cytokines can cause a shift in the Kyn pathway,
increasing Kyn production and consequently leading to serotonin depletion; these effects are
likely responsible for relevant emotional and cognitive alterations in obese patients (JENKINS
etal.,2016). Increased Kyn levels can also stimulate the production of other neurotransmitters,

such as 3-hydroxykynurenine and quinolinic acid, which have neurotoxic effects because of
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their ability to generate oxidative radicals and act as N-methyl-D-aspartate (NMDA) receptor
agonists. 3-Hydroxykynurenine and quinolinic acid (QUIN) are well known to be involved in
neuropsychiatric and neurodegenerative diseases (CASTANON et al., 2014; CHAVES FILHO
etal., 2018).

Zn acts as a cofactor in the rate-limiting step of serotonin synthesis catalyzed by L-
amino acid decarboxylase (BEDIZ, 2003). Previous studies showed that Zn deficiency exerts
depressant-like effects, and may induce depressive behaviors, in which case Zn
supplementation can produce anxiolytic and antidepressant-like responses, as demonstrated in
animal models (SWARDFAGER et al., 2013).

According to the literature, individuals with dietary Zn deficiency are more prone to
behavioral alterations. There is a relationship between Trp catabolism and obesity-related
immune-mediated inflammation, which, in turn, can enhance IDO expression and activation in
the Kyn—Trp pathway in the periphery and central nervous system (CNS), thereby increasing
the levels of neurotoxic catabolites. The present thesis, therefore, aimed to perform in vivo and
in vitro studies to assess the role of Zn in the Kyn—Trp pathway and investigate the extent to

which Zn deficiency causes behavioral disturbances associated with obesity.
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2 LITERATURE REVIEW

2.1 OBESITY

2.1.1 The concept of obesity and its epidemiology

Obesity is associated with a sedentary lifestyle and excessive intake of high-energy
foods and; its prevalence is higher in women than in men (SCHOETTL et al., 2018). The
disease has a complex etiology. Factors such as socioeconomic status, environment, personal
behavior, and genotype—phenotype interactions must be considered (GONZALEZ-MUNIESA
et al., 2017). This multifactorial phenomenon is implicated in the development of several
comorbidities, including insulin resistance, type 2 diabetes, hyperlipidemia, atherosclerosis,
and cardiovascular diseases, in addition to a variety of effects on the CNS (BHAT et al., 2017).

Overweight and obesity are recognized worldwide as health problems that reduce life
expectancy. Their rates have increased rapidly in recent decades, leading the World Health
Organization (WHO) to formally recognize the global nature of the obesity epidemic in 1997
(CABALLERO, 2007). WHO describes obesity as an excessive fat accumulation that can
impair health and defines obese individuals as those with a body mass index (BMI) of 30 kg/m?
or higher (WHO, 2019). BMI, calculated as weight in kilograms divided by the square of height
in meters, is generally well accepted in epidemiological studies, public health services, and
clinical practice as a defining criterion for the disease (OKORODUDU et al., 2010). Obesity
can be subdivided into class 1 (30 < BMI < 35 kg/m?), class 2 (35 < BMI < 40 kg/m?), and class
3 (BMI > 40 kg/m?), with commensurate rates of disability and mortality (FRUH, 2017).

Despite the fact the BMI is the most widely used index for classifying obesity, other
parameters have been suggested for the definition of obesity and metabolic risk factors, such as
waist circumference, waist/hip ratio, and waist/height ratio (SOHN, 2014; QIAN et al.,
2019). Waist/hip and waist/height ratios reflect the distribution of body fat, whereas waist
circumference indicates abdominal adiposity. Abdominal adiposity is a primarily visceral,
metabolically active fat associated with metabolic dysregulation, which predisposes
individuals to comorbidity development (HRUBY and HU, 2015). These three obesity
indices are possibly correlated with morbidity and mortality in obese individuals (GU et al.,
2018).

There are various physicochemical methods to assess adiposity that are

complementary to obesity diagnosis. One of them is hydrostatic underwater weighing, a specific
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type of densitometry that derives body composition from body density and volume using the
Archimedes principle (NIHR, 2020). Dual-energy X-ray absorptiometry is a validated method
for the determination of soft tissue composition and bone mineral density through the
generation of two X-ray beams at different energy levels (LASKEY, 1996). Body fat
composition can be determined by the difference between lean soft tissue and total soft tissue
mass (WANG et al., 2010). Computed tomography and magnetic resonance imaging have been
successfully applied to investigate the distribution of subcutaneous and visceral adipose tissues
(PESCATORI et al., 2019).

Worldwide prevalence of obesity increased from 3.2 to 10.8% in adult men and from
6.4 to 14.9% in adult women between 1975 and 2014 (BLUHER, 2019). According to recent
global data (WHO, 2016), more than 650 million adults were obese in 2016, corresponding to
13% of the adult population (11% of adult men and 15% of adult women aged 18 years and
older). In Brazil, according to Gomes et al. (2019), obesity prevalence increased from 7.5 to
17% in adults aged 20-39 years and from 14.7 to 25.7% in adults aged 4059 years between
2002 and 2013, with a slightly higher prevalence in young women. From 2008 to 2013, a
substantial increase in prevalence was observed among women with secondary (90%) and pre-
primary (42%) education (GOMES et al., 2019). The role of socioeconomic status and
education level in obesity will be discussed in Section 2.1.2. Recent reports of the Brazilian
Association for the Study of Obesity and Metabolic Syndrome (ABESO, Associa¢do Brasileira
para o Estudo da Obesidade e da Sindrome Metabdlica) revealed that 110 million adults are
overweight (52.5%) and 38 million are obese (17.9%) (VIGITEL, 2014). These findings are
consistent with the latest data provided by the 2016 Surveillance of Risk and Protective Factors
for Chronic Diseases by Telephone Survey showing that 53.8% of Brazilian adults are
overweight and 18.9% are obese (BRASIL 2016).

Obesity has a significant impact on healthcare costs (CAWLEY and
MEYERHOEFER, 2012). In a systematic review of 32 articles (published between 1990 and
2009) about the direct treatment costs of obesity worldwide, Withrow and Alter (2011) found
that the disease accounts for 0.7 to 2.8% of a country’s total healthcare expenditures. Obese
individuals were found to have about 30% higher medical costs than normal-weight individuals
(WITHROW and ALTER, 2011). In Brazil, the direct costs of obesity in the public health
system in 2011 were estimated at US$ 269.6 million, demonstrating that the prevalence and
costs are gradually increasing in the country, a fact that can have severe implications for the

financial sustainability of the public health system (de OLIVEIRA et al., 2015).
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In summary, obesity has been associated with an increase in morbidity and mortality
of the worldwide population, and the costs of obesity have had a significant economic impact.
To better deal with these problems, we need a comprehensive understanding of the biology and
physiopathology of adipose tissue. In particular, it is crucial to elucidate the mechanisms
underlying the role of white adipose tissue (WAT) in the development of obesity and related

disorders.

2.1.2 Causes of obesity

The fundamental cause of obesity is the energy imbalance between consumption and
expenditure of calories, leading to WAT accumulation (BLUHER, 2019). However, the
etiology of obesity is highly complex, associated with interactions between genetics and
epigenetics, the environment, and human behavior (NGUYEN and EL-SERAG, 2010;
McGILL, 2011; WRIGHT and ARONNE, 2012; MELDRUM et al., 2017).

The human genome sequence has not been substantially altered in the last centuries;
thus, it is believed that the rapid rise in obesity prevalence is linked to a profound shift in
lifestyle, characterized by excessive food consumption and physical inactivity (MILAGRO et
al., 2020). The level of physical activity has decreased with the increased use of labor-saving
devices, mechanization of work, and pursuit of sedentary leisure activities (e.g., cell phone,
television, and computer use) (BAQAI and WILDING, 2014). Nevertheless, it is important to
recognize the contribution of hereditary factors to weight gain in humans.

Several genes associated with weight gain were identified in nonhuman animals, as
well in humans. The most common obesity-related mutations occur in genes encoding
melanocortin-4 receptor, long leptin receptor (ObRb), and pro-opiomelanocortin (POMC),
expressed mainly in the hypothalamus (NGUYEN and EL-SERAG, 2010). Other genes related
to obesity include the peroxisome proliferator activator receptor gene and prohormone
convertase-1 gene (FAROOQI and O’RAHILLY, 2006; SELASSIE and SINHA, 2011).

Studies have reported that low education level and socioeconomic status are risk
factors for obesity (PAERATAKUL et al., 2002; NOCON et al., 2007). One explanation could
be that food and nutrition education is not sufficiently taught at school, at either primary or
secondary levels (NICOLAIDIS, 2019). As a result, food choices are generally driven by taste
preferences, convenience, and price instead of healthiness (DREWNOWSKI and SPECTER,
2004).
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With the advances in food technology, food innovations have been directed toward
ready-to-eat and ready-to-use products. Energy-dense foods are frequently available in large
portions and are easily found in grocery stores, fast-food restaurants, food machines, and other
retail food establishments (SELASSIE and SINHA, 2011; McGILL, 2011; MYLES, 2014;
STATOVCI et al., 2017). Packaged foods are generally highly palatable and rich in saturated
fat, refined sugar, and sodium, contributing greatly to daily energy intake but poorly to satiety
(WRIGHT and ARONNE, 2012; MAHER and CLEGG, 2018). Palatable foods are a powerful
source of neurobiological rewards, as they produce feelings of comfort that can lead to positive
emotional reactions, thereby playing a crucial role in overeating and obesity development
(DREWNOWSKI and SPECTER, 2004; FULTON, 2010). Several authors have suggested that
high consumption of palatable foods can induce addiction-like behaviors (PANDIT et al.,
2012). Palatable foods frequently lack dietary fibers (which exert important satiating effects)
and are poor in micronutrients (McGILL, 2008). These facts explain why micronutrient
deficiency is frequently observed in obese individuals (VIA, 2012).

Obese individuals have lower blood levels of selenium, iron, folate, vitamin B12,
vitamin A, vitamin E, 25-hydroxyvitamin D, and Zn than normal-weight controls (GARCIA et
al., 2009). There are some hypotheses to describe the etiology of micronutrient deficiencies in
obese individuals. For example, 25-hydroxyvitamin D can be sequestered by WAT as a
consequence of increased fat deposition, thereby decreasing 25-hydroxyvitamin D
bioavailability. Iron deficiency in obese individuals results from reduced iron intake and
absorption; moreover, in the chronic low-grade inflammatory state of obesity, macrophages
may sequester iron (GARCIA et al., 2009; TUSSING-HUMPHREYS and NGUYEN, 2014).

The implications of Zn deficiency in obesity will be discussed in Section 2.3.1

2.1.2.1 Diet-induced obesity (DIO) models

Given the rapid increase in the prevalence of obesity and related comorbidities
worldwide, animal models have become indispensable for the study of the physiopathological
mechanisms of this disease (CASTANON et al., 2014; LANG et al., 2019). Preclinical animal
models can provide important information about obesity and neuropsychiatric alterations.
Laboratory mice and rats represent a suitable model for translational research because their
physiology is similar to that of humans. Compared with other laboratory animals, rats and mice

are small, have high fecundity and short life cycle (KLEINERT et al., 2018).
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Over the years, a wide variety of genetic and nongenetic animal models have been
used in obesity studies. Genetic models can be monogenic, polygenic, or transgenic and seem
to be better suited for drug testing (SULEIMAN et al., 2020). There are over 200 mouse models
of monogenic obesity with mutations in the leptin pathway; other genetically engineered
mutants include alterations in glucose transporter subtype 4, neuropeptide Y (NPY)-1 receptor,
and insulin receptor knockout mice (BARRETT et al., 2016; LUTZ and WOODS, 2012).
Although studies with monogenic mouse models have made considerable advances in the
mechanistic understanding of obesity, they have some limitations. A common argument against
these models is the deficiency in the leptin system, a condition that is not entirely representative
of obesity pathogenesis in humans. DIO rats and mice have been commonly used in obesity
research and are believed to mimic the various physiological conditions observed in obese
humans (BUETTNER et al., 2007; NILSSON et al., 2012).

Inbred (isogenic) mouse strains are mainly used as DIO models, such as the inbred
strain C57BL/6J, which gains weight progressively, develops severe obesity, and shows
elevated adiposity. Their homogeneity reduces variability in experimental settings (KLEINERT
et al., 2018; MAREI et al., 2020). However, inbreeding may increase genetic drift and the
occurrence of undiscovered mutations, leading to the misunderstanding of experimental
variables. Consequently, extrapolation of data obtained with inbred models to human
physiology is practically impossible. On the other hand, outbred strains, such as Swiss mice,
have wide genetic variability, are metabolically sensitive to high-fat diets (HFDs), and develop
obesity and insulin resistance (MAREI et al., 2020).

DIO rodent models have been used to assess the effects of switching from a low
energy-dense, low-fat, and high complex-carbohydrate diet to high-fat, high-sugar diets. HFDs
are designed to provide 40-60% of energy from fat, and animals receive diets for 12 to 20
weeks (BARRETT et al., 2016; AVTANSKI et al., 2019). An important factor contributing to
the development of obesity in animal models is the type of fat used in the diet. According to a
literature review carried out by Buettner et al. (2007), the best method to induce obesity in
animals is to use HFDs containing saturated fatty acids (SFA) of animal origin (e.g., lard). HFD
containing SFA was more effective in inducing obesity and insulin resistance than HFD
containing polyunsaturated fat (BUETTNER et al., 2007), in agreement with the findings of
Hariri and Thibault (2010) showing that SFA is more obesogenic than polyunsaturated fatty
acids. The higher body weight and prominent body fat accumulation in animals fed SFA can be
explained by the fact that SFA is inadequately used for energy production, resulting in acylation

to triglycerides and storage in adipose tissue. The development of chronic low-grade
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inflammation and SFA-induced neuroinflammation in obesity will be discussed in Sections

2.2.3 and 2.4.2, respectively.

2.2. ADIPOSE TISSUE

The adipose tissue is considered the largest endocrine organ, recognized as a
significant player in systemic metabolic homeostasis (LUO and LIU, 2016; STOLARCZYK,
2017). This organ is involved in the regulation of glucose and lipid metabolism, insulin
sensitivity, and inflammatory responses (KWOK et al., 2016).

Adipose tissue exists in two functionally and morphologically distinct forms: brown
adipose tissue (BAT), comprising 1-2% of the total body fat in human adults, and WAT, which
stores 95% of body fat (LEE et al., 2013; SAITO, 2013). Brown adipocytes are specialized for
energy expenditure and heat production. These cells are rich in mitochondria expressing
uncoupling protein 1, whose function is to uncouple oxidative phosphorylation, resulting in the
dissipation of chemical energy as heat. BAT is found in cervical-supraclavicular, perirenal, and
paravertebral regions (SCHOETTL et al., 2018; LUO and LIU, 2016; CYPESS et al., 2009;
LEE et al., 2011).

In most mammals, including rodents and humans, WAT adipocytes are organized in
anatomically distinct depots, classified as visceral (omental, mesenteric, retroperitoneal,
pericardial, and gonadal) and subcutaneous fat. Most of the body fat (80-90%) is stored in
subcutaneous adipose tissues in the abdominal, subscapular, gluteal, and femoral regions, and
a smaller portion (10-20%, depending on sex and individual factors) resides viscerally in the
abdominal cavity (HEINONEN, 2016; SCHOETTL et al., 2018). WAT is primarily constituted
of adipocytes, although other cell types are present, including preadipocytes, endothelial cells,
fibroblasts, mast cells, and immune cells (LEE et al., 2011; OUCHI et al., 2011). White
adipocytes have a unique morphology of unilocular lipid droplets with high capacity to store
triglycerides (BERRY et al., 2013).

The apparent simplicity of WAT, both histologically and metabolically, might make
this fatty tissue seem like a passive organ of energy storage. Until recently, this view led
researchers to ignore the metabolic importance of fatty tissues (ROSEN and SPIEGELMAN,
2006). A closer examination of WAT at the cellular level reveals an underestimated complexity.
Adipocytes express and secrete a variety of factors collectively known as adipokines, which act
at local (autocrine and paracrine) and systemic (endocrine) levels to modulate systemic

metabolism (ROSEN and SPIEGELMAN, 2014).
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2.2.1 Relationship between energy homeostasis, integration of satiety signals, and

adiposity

Energy homeostasis refers to the balance between energy intake, energy storage, and
energy expenditure, whose effects are primarily associated with the maintenance of body
weight. Body weight, however, is the result of several metabolic processes controlled by a
complex physiological system (ENRIORI ez al., 2006). It involves, for instance, interactions
between peripheral neuron and hormone signals that have short-term effects on substrate supply
(pancreas and gastrointestinal system), long-term effects on energy availability (WAT), and a
modulatory action on the CNS, particularly in the hypothalamus (WILSON and ENRIORI,
2015; KOLIAKI et al., 2020). The hypothalamus regulates body temperature, circadian
rhythms, fatigue, sleep and in particular feeding behavior and energy homeostasis through
neuronal circuits that project into the brainstem and other brain regions (BENOMAR and
TAOUIS, 2019; KOLIAKI et al., 2020; MURPHY and BLOOM, 2006). In the median
eminence, a small region at the inferior part of the hypothalamus, fenestrated capillaries lacking
a blood—brain barrier (BBB) facilitate the transport of peripheral hormones and nutrients from
the blood (RODRIGUEZ et al., 2010). At the base of the hypothalamus and adjacent to the
median eminence, there is an aggregation of neuronal cells known as the arcuate nucleus,
comprising orexigenic neurons expressing NPY and agouti-related protein (AgRP) as well as
anorexigenic neurons that express POMC and cocaine- and amphetamine-regulated transcript
(CART) (MURPHY and BLOOM, 2006; KOLIAKI et al., 2020). Neuronal connections extend
from the arcuate nucleus to other hypothalamic sites, including paraventricular, ventromedial,
dorsomedial, and lateral nuclei (AMITANI et al., 2013). Both the arcuate nucleus and vagal
sensory terminals are known to express receptors for peptides involved in metabolic regulation
(YI and TSCHOP, 2012).

Peripheral metabolic signals can be categorized as long- or short-acting. Several
hormones have a short-term effect on food intake, whereas others, such as insulin and leptin,
have long-lasting effects on energy stores (WILSON and ENRIORI, 2015). In the
gastrointestinal tract, food digestion and absorption trigger the release of short-acting factors in
a nutrient-sensitive manner. The majority of peripheral signaling molecules are anorexigenic,
including cholecystokinin, whose magnitude of secretion is proportional to energy intake.
Cholecystokinin activates specific receptors on sensory nerves in the duodenum that send
satiety information to the brain via the vagus nerve (MURPHY and BLOOM, 2006; WOODS
and D’ALESSIO, 2008). Peptide Y'Y, glucagon-like peptides 1 and 2, and oxyntomodulin are
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released from the large intestine after a meal and, through the vagus nerve, stimulate anorectic
pathways in the hypothalamus and brainstem (MURPHY and BLOOM, 2006). Ghrelin, on the
other hand, is secreted by the stomach during starvation and binds to growth hormone
secretagogue receptors on the vagus nerve and hypothalamus (WILSON and ENRIORI, 2015;
ZANCHI et al., 2017). This stimulus leads to activation of NPY/AgRP neurons in the
paraventricular nucleus and suppression of POMC neuronal activity, culminating in increased
food intake, a positive energy balance, and, ultimately, weight gain (AMITANI et al., 2013;
KOLIAKI et al., 2020).

Some peripheral signaling molecules, such as insulin and leptin, play an important role
in the hypothalamic control of energy homeostasis (SUZUKI et al., 2012; WILSON and
ENRIORI, 2015). Insulin is secreted by pancreatic B-cells in response to food intake to
modulate energy and glucose homeostasis. Circulating levels of insulin are directly related to
body fat content. Insulin crosses the BBB via a receptor-mediated transport mechanism to the
hypothalamus, reaching POMC/CART and NPY/AgRP neurons in the arcuate nucleus, which
contain high levels of insulin receptors (SUZUKI et al., 2012; TIMPER and BRUNING, 2017).
Central levels of insulin enhance CART and inhibit NPY/AgRP expression, resulting in a
decrease in food intake and body weight (BENOMAR and TAOUIS, 2019).

WAT releases both anti-inflammatory (adiponectin) and proinflammatory (leptin)
adipokines. Adiponectin is functionally analogous to insulin in its antiobesity, antiatherogenic,
and antidiabetic effects; it enhances insulin sensitivity in skeletal muscle while increasing fatty
acid oxidation and reducing glucose production in the liver (STOLARCZYK, 2017). Leptin is
considered the most crucial peripheral signal for long-term energy homeostasis, as it is sensitive
to the levels of triglycerides stored in adipocytes (LUO and LIU, 2016). The hormone is also
implicated in autonomic regulation of the cardiovascular system, reproductive function, and
immune system (YI and TSCHOP, 2012; PAZ-FILHO et al., 2012; CUl et al., 2017).

Leptin relays information about peripheral energy storage to the CNS (TIMPER and
BRUNING, 2017). Circulating leptin is transported across the BBB and acts on POMC
neuronal excitability and CART and POMC expression (AL-SUHAIMI and SHEHZAD, 2013;
AMITANI et al.,2013; de GIT and ADAN, 2015; TIMPER and BRUNING, 2017). The peptide
regulates neuronal activity by binding to and activating ObRb in multiple regions of the
hypothalamus, including the arcuate, ventromedial, and paraventricular nuclei (ZHOU and
RUI, 2013). Upon binding to ObRb, leptin activates Janus kinase 2 (JAK2). JAK2, in turn,
phosphorylates ObRb at Tyr985, Tyr1077, and Tyr1138, triggering the initiation of several
signal transduction pathways (ZHOU and RUI, 2013). Suppressor of cytokine signaling 3
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(SOCS3) then binds to phospho-Tyr985 and inhibits ObRb signaling in a negative feedback
manner. Transduction of leptin signaling is also marked by increased phosphorylation of signal
transducer and activator of transcript 3 (STAT3), which binds to phospho-Tyr1138 and
activates target genes coding for anorexigenic effectors (MOORIS and RUI, 2009; de GIT and
ADAN, 2015). In summary, the brain responds to peripheral leptin levels by increasing energy
expenditure and reducing food intake to maintain energy homeostasis and body weight (de GIT

and ADAN, 2015).

2.2.2 Dysregulation of energy metabolism in obesity

Obesity results from dysregulation of energy metabolism in association with chronic
systemic low-grade inflammation, a hypothalamic inflammatory state, and resistance to
hormone signals, such as leptin and insulin, not only in the periphery but also in the CNS
(TIMPER and BRUNING, 2017; SAMODIEN et al., 2019).

Circulating leptin levels are abnormally higher in obese humans and rodents than in
controls. Leptin resistance is linked to endogenous hyperleptinemia evoked by the inability to
decrease food intake or increased energy expenditure, being a primary risk factor for obesity
(MORRIS and RUI, 2009; CUI et al., 2017). Various mechanisms are responsible for the
development of leptin resistance. The mechanisms include impaired leptin transport, altered
leptin signaling, hypothalamic inflammation, and endoplasmic reticulum stress (MORRIS and
RUI, 2009; ZHOU and RUI, 2013; AMITANI et al., 2013). The BBB is a specialized interface
between the blood and the brain that promotes active transport and controls exchanges with the
periphery (LAMPRON et al., 2013; GUILLEMOT-LEGRIS and MUCCIOLI, 2017). Leptin
and insulin can cross the BBB via specific transporters. In situations of increased hormone
levels, the sensitivity of transporters may be affected, impairing transport across the BBB and
decreasing hypothalamic uptake (BENOMAR and TAOUIS, 2019).

Hyperleptinemia and hyperinsulinemia downregulate receptor expression in the CNS
and stimulate that of regulators, such as SOCS3 and STAT3. Chronic activation of STAT3 leads
to increased SOCS3 activation, which, in turn, inhibits STAT3 signaling, resulting in leptin and
insulin resistance (TIMPER and BRUNING, 2017). In addition to the brain, multiple peripheral
tissues respond to leptin. ObRb is also present in pancreatic B-cells, where leptin directly
inhibits insulin expression and secretion (AMITANI et al., 2013; MORRIS and RUI, 2009).
Conversely, insulin has a stimulatory action on leptin secretion from adipose tissue. Thus,

hyperleptinemia disrupts the adipo-insular crosstalk (AMITANTI et al., 2013).
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Long-term ingestion of HFD may increase SFA levels in the periphery. After crossing
the BBB, SFA may induce inflammatory responses in hypothalamic neurons, particularly in
microglia. Hypothalamic inflammation (involving activation of NK-kB by SFA and/or
proinflammatory cytokines) promotes endoplasmic reticulum stress in neurons, contributing to
insulin and leptin resistance (CUI et al., 2017; TIMPER and BRUNING, 2017). More details

regarding hypothalamic inflammation will be provided in Section 2.4.2.

2.2.3 Chronic low-grade inflammation in obesity

When energy intake exceeds energy expenditure, there is increased storage of
triglycerides in adipose cells. This can be accomplished by adipocyte hypertrophy (cell
expansion) or hyperplasia (cell number increase); the latter only occurs at the early stages of
adipose tissue development (GUSTAFSON et al., 2009; JO et al., 2009). Hypertrophied
adipocytes eventually reach a threshold at which cell and tissue expansion are no longer
possible (REILLY and SALTIEL, 2017). Excessive storage of triglycerides causes mechanical
stresses that may reduce oxygen tension and restrict blood flow in WAT, leading to hypoxia.
These stresses trigger inflammatory cascades that regulate cell death (CINTI et al., 2005;
REILLY and SALTIEL, 2017).

Obesity is associated with a chronic state of low-grade inflammation characterized by
abnormal secretion of proinflammatory mediators, macrophage-dependent immune responses,
and activation of inflammatory signaling pathways in adipose tissues (SCHAFFLER and
SCHOLMERICH, 2010; OUCHI et al., 2011; BAI and SUN, 2015). These associations were
first observed by Hotamisligil ef al. (1993), who found elevated levels of the proinflammatory
cytokine TNF-a in the blood and adipose tissue of obese rats. In 2003, Weisberg et al.
demonstrated that adipocyte volume is a strong predictor of the percentage of macrophages in
adipose tissues, both in humans and mice.

Macroscopic changes in WAT weight are indicative of hypertrophy, fibrosis,
neovascularization, and alterations in tissue cell composition, such as monocytic infiltration
(SCHAFFLER and SCHOLMERICH, 2010). Hypertrophic adipocytes secrete chemokines
(such as leukotriene B4, monocyte chemotactic protein-1, and C—C motif chemokine receptors-
2 and -5) in a manner that creates a chemotactic gradient for the recruitment of monocytes (SUN
etal.,2010; CASTOLDI et al., 2015; SHI et al., 2006; OSBORN and OLEFSKY, 2012). After
entering WAT, more than 90% of infiltrated monocytes differentiate into classically activated

macrophages (M1). The condition can be further aggravated by inflammatory mediators, such
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as lipopolysaccharides (LPS) and IFN-y, which promote the switch of resident M2 macrophages
wich secretes IL-10 and adiponectin (anti-inflammatory environment) to the M1-like
phenotype, characterized by CD11c surface expression and production of proinflammatory
cytokines (pro-inflammatory environment) (CASTOLDI et al., 2015). This crosstalk between
hypertrophic adipocytes and macrophages generates a sustained inflammatory state, continually
recruiting more macrophages/monocytes from circulation (BAI and SUN, 2015).

In obesity, macrophages adopt a metabolic activation state with prominent lysosomal
activity, with the main purpose of eliminating apoptotic/dead adipocytes in an immunologically
specific manner to prevent the release of detrimental substances (RUSSO and LUMENG,
2018). Histological examination of hypertrophic WAT reveals crown-like structures formed by
accumulation of macrophages around hypertrophic/necrotic adipocytes, suggesting impairment

of macrophage-mediated phagocytic processes, as depicted in Fig. 1 (OUCHI et al., 2011).

Figure 1. Lean and obese dysfunctional adipose tissue

A Lean adipose tissue B Obese dysfunctional adipose tissue
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(A) Lean WAT composed of adipocytes and M2 macrophages that secret IL-10 and adiponectin. This panel
exemplifies an anti-inflammatory environment. (B) Enlarged adipocytes storing triglycerides that accumulate
during excess energy intake. WAT is hypertrophic and infiltrated by proinflammatory M1 macrophages. This

panel exemplifies a pro-inflammatory environment. Tumor necrosis factor-alpha (TNF-a) and interleukin (IL)-6
and -10, monocyte chemoattractant protein—1 (MCP-1). Source: adapted from Bijland et al. (2013).

Although the precise triggers of obesity-associated inflammation are not fully
understood, some potential inducers have been suggested, such as gut-derived antigens and
dietary or endogenous lipids (REILLY and SALTIEL, 2017). For instance, endotoxemia,
defined as elevated levels of LPS (a cell wall component of Gram-negative bacteria) in blood,

is a trigger of chronic inflammation in obese individuals. HFD results in increased circulating
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levels of LPS by inducing changes in the composition of the gut microbiota and/or affecting the
integrity of the gastrointestinal barrier (PENDYALA et al., 2012; SCHACHTER et al., 2017).
These effects may promote the growth of toxigenic bacteria and increase LPS absorption
through chylomicron-driven transport; the increased intestinal permeability syndrome is
commonly known as “leaky gut” (RADILLA-VAZQUEZ et al., 2016; GUILLEMOT-LEGRIS
and MUCCIOLI, 2017; SCHACHTER et al., 2017).

In obese individuals, WAT cells overexpress toll-like receptors (TLR) 2 and 4, a
finding that may be associated with obesity-related inflammatory signaling (REILLY and
SALTIEL, 2017). The inflammatory cascade can be activated by the binding of gut-derived
LPS to TLR4 and by the interaction of SFA with the TLR2 or TLR4 complex, inducing NF-kB
activation in monocytes, macrophages, and adipocytes, thereby leading to proinflammatory
cytokine production (SCHAFFLER and SCHOLMERICH, 2010).

Upon binding to free fatty acids or LPS, TLR4 complexes with CD-14 and myeloid
differentiation factor 2 (MD-2) and triggers the initiation of two pathways, one dependent and
the other independent of myeloid differentiation primary response 88 (MyD88) (ZHOU et al.,
2020). Induction of the MyD88-dependent pathway involves phosphorylation and activation of
IL-1 receptor-associated kinase (IRAK). IRAK-1, together with TNF receptor-associated factor
6, activates the IkB kinase (IKK) complex, which phosphorylates NF-kB. NF-kB forms a
heterodimer with p65/p50 and is translocated to the cell nucleus, where it binds to promoters of
inflammatory genes, increasing the expression and release of inflammatory cytokines such as
IL-6 and TNF-a (JIALAL et al., 2014). MyD88-independent signaling, also known as the TRIF
related-adaptor molecule pathway, involves activation of interferon-responsive factor 3 (IRF3)
and late phase activation of NF-kB, culminating in increased expression of inflammatory genes

and secretion of type I IFNs, as depicted in Fig. 2 (IFN-a and IFN-B) (WANG et al., 2014).
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Figure 2. Obese dysfunctional adipose tissue and activation of TLR2 and TLR4 complexes in

M1 macrophages by inflammatory factors inducing the release of proinflammatory cytokines

i3
Th1 cytokines
LPS, FFA, IFN-y, TNF-a, LIB4
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v

Inflammation, obesity
M1 macrophages are activated by inflammatory inducers such as lipopolysaccharides (LPS), free fatty acids
(FFA), or proinflammatory factors, leading to the expression and release of proinflammatory cytokines. Tumor
necrosis factor-alpha (TNF-a), interleukins (IL)-6 and 1, interferon gamma (IFN-y), nitric oxide (NO), nuclear
factor-kappa B (NF-«kB), reactive oxygen species (ROS), signal transducer and activator of transcription 6
(STAT®), toll-like receptor (TLR), monocyte chemoattractant protein—1 (MCP-1). Source: adapted from Appari
etal. (2018).

Thus, obesity is characterized by dysregulation of energy metabolism and chronic low-
grade inflammation. Systemic inflammation arises from inflammatory inducers, including SFA
and LPS, which bind to the TLR2 or TLR4 complex, thereby activating NF-«B in macrophages
and WAT adipocytes and increasing peripheral levels of proinflammatory cytokines (COPE et
al., 2018). Peripheral circulating proinflammatory cytokines, SFA, and immune cells then cross
the BBB and reach the hypothalamus, causing neuroinflammation (TAN and NORHAIZAN,
2019). The role of peripheral proinflammatory cytokines and CNS inflammation will be

explored in Section 2.4.2.
2.3 ZINC

Zn is an essential micronutrient with numerous structural, biochemical, and regulatory
functions. Second only to iron, Zn is the most abundant micromineral in the human body, found
in large quantities in all tissues (ROOHANI et al., 2013). In 1961, Zn was identified as an
essential micronutrient for humans (PRASAD et al., 1961). Zn ions act as catalytic, structural,
and regulatory cofactors. There are 2800-3000 proteins encoded in the human genome that

require Zn for physiological function (MARET, 2013A). The sequency of events in the research
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of Zn biology demonstrates an ever-increasing range of functions. Three phases of discovery
can be observed: (i) recognition that Zn is essential for all forms of life, (ii) comprehension of
Zn in enzymes and other proteins as a basis of their catalytic and structural functions, and (iii)
identification of the role of Zn(II) ions in cellular regulation (MARET, 2013B).

The total amount of Zn within the body is 2-3 g (JACKSON, 1989; KAMBE et al.
2015). Humans do not have the capacity to store Zn, thereby requiring sufficient daily intake
and/or reabsorption to maintain adequate levels and prevent Zn deficiency (KING et al., 2015).
Rich dietary Zn sources are meat, legumes, eggs, fish, grains, and grain-based products (OLZA
etal.,2017; KLOUBERT and RINK, 2015). Regarding the bioavailability of Zn from foods, it
is known that plant-based foods are rich in phytates, which severely decrease intestinal Zn
absorption; thus, Zn from animal-based foods is better absorbed (HAASE et al., 2020). Phytates
effectively bind to Zn and form stable and insoluble complexes in the duodenum, consequently
impairing Zn absorption and leading to excretion in the feces (MIQUEL and FARRE, 2007).
Recommendations for Zn intake are divided into three levels to account for endogenous Zn
losses (sweat, menstrual bleeding, renal, and intestinal losses) and phytate intake. The
recommended Zn intake is 11 mg/day for adult men with a low phytate intake, 14 mg/day for
adult men with a moderate phytate intake, and 16 mg/day for adult men with a high phytate
intake; for adult women, the recommended intake levels are 7, 8, and 10 mg/day, respectively
(HAASE et al., 2020).

Zn is found in all tissues and secretions at relatively high concentrations, with 80-90%
of whole-body Zn in bone and skeletal muscle and 5% in the skin and liver. The remaining Zn
1s distributed in other tissues, with the highest concentrations in the prostate and parts of the
eye (TAPIERO and TEW, 2003; CHASAPIS et al., 2012; KAMBE et al., 2015). Less than
1% of total Zn is found in the serum, from where it is distributed to the body to maintain
biological processes. Of this small fraction, 80—-90% of the serum Zn pool is bound to serum
albumin and 10-20% is strongly bound to a2-macroglobulin (KAMBE ef al., 2015). A small
fraction of the serum pool is free Zn, which is relatively weakly bound to low molecular weight
ligands. The free Zn pool is also known as labile, mobile, bioavailable, or rapidly exchangeable
Zn (ZALEWSKI et al., 2006; MARET, 2015; ALKER et al., 2019). At the cellular level, 30—
40% of intracellular Zn is located in the nucleus, 50% in the cytoplasm, 10% in cell membranes,
and the remainder in organelles and specialized vesicles (TAPIERO and TEW 2003; KAMBE
et al. 2015). Cytoplasmic Zn comprises three main pools: protein-bound Zn, Zn stored in
vesicles (known as zincosomes), and free Zn, which is bound to low molecular weight ligands

(MARET, W. 2017). This pool of free Zn is biologically active, as shown by its involvement
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in numerous signaling pathways (FUKADA ef al., 2011; CARTER et al., 2014). Intracellular
free Zn acts as an intracellular molecule and second messenger, transmitting information
between cells. Changes in its homeostasis can lead to diverse types of abnormalities in humans
and animal models (FUKADA et al., 2011).

Zn ions play essential roles in numerous intracellular signaling pathways. For instance,
free Zn acts as a signaling molecule in immune cells and as a neurotransmitter in synaptic
vesicles (FREDERICKSON et al., 2005; FUKADA et al., 2011 WELLENREUTHER et al.,
2009; FUKADA and KAMBE, 2018). In brain cells, free Zn is released from presynaptic
terminals and modulates various receptors. It inhibits the glutamatergic NMDA receptor and
activates signaling pathways via GPR39 receptors (MLYNIEC et al., 2013; WANG et al.,
2018). Disruption of Zn homeostasis in the hippocampus and cortex has been implicated in
behavioral cognition and emotional disturbances (WANG et al., 2018). Numerous preclinical
and clinical studies demonstrated the role of Zn deficiency in the development of depressive
symptoms (MAES et al., 1994; 1997, SWARDFAGER et al., 2013; NGUYEN et al., 2009;
STYCZEN et al.,2017). Zn ions also play an important role in the regulation of immune system
and inflammatory processes (MAARES and HAASE, 2016). The relationship between Zn and
inflammatory signaling is based particularly on TLR-4 signaling in monocytes and
macrophages (MAARES and HAASE, 2016; GAO et al., 2018). Zn ions have the ability to
regulate the signaling pathway of TLR receptors, which, in turn, and can inhibit or induce NF-
kB activation, influencing the expression and production of proinflammatory cytokines, such
as IL-6, TNF-a, and IL-1B (FOSTER and SAMMAN, 2012).

Given the biological importance of intracellular free Zn, its precise determination is
crucial and of current interest (CARTER et al., 2014; KAMBE et al. 2015). Free Zn
determination can be achieved using fluorescent probes. The analytes (metal ions) recognize
the site and bind to metal ion chemosensors; as a result, the complex emits intense fluorescence
(LIM et al., 2004; CARTER et al., 2014; ALKER and HAASE, 2020). The most common cell-
permeable and Zn-selective dyes used for free Zn determination are Zinpyr-1 and FluoZin3-
AM (WALKUP et al., 2000; BURDETTE et al., 2001; KREZEL and MARET, 2006; ALKER
and HAASE, 2020). The formula introduced by Grynkiewicz and coworkers (GRYNKIEWICZ
et al. 1985) allows estimation of the concentration of labile Zn, when Zn and TPEN (N,N,N',N'-
tetrakis(2-pyridylmethyl)-1,2-ethanediamine) are used to determine the maximal and minimal
fluorescence, respectively (HAASE et al., 2006). Whereas EDTA (ethylenediaminetetraacetic
acid) is a membrane-impermeable chelator (RICHARDSON and BAKER, 1994), TPEN is a
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well-known membrane-permeable chelating agent that primarily depletes intracellular free Zn,

which has a femtomolar affinity of 15.6 L/mol (pH 7.2) (MARET, W. 2015).

2.3.1 Zinc deficiency in obesity

The relationship between Zn deficiency and obesity in humans was established in the
1970s (ATKINSON et al., 1978). In the past decades, numerous epidemiological studies have
supported that obesity is associated with hypozincemia, which might have implications in the
development of obesity-related diseases (CHEN et al., 1988; SINGH et al., 1998). A study
conducted by de Luis et al. (2013) showed a high prevalence (73.9%) of micronutrient
deficiencies in obese women before bariatric surgery. Other studies reported reduced serum Zn
levels in obese individuals both before and after bariatric surgery (MADAN et al., 2006;
XANTHAKOS, 2009). In India, a probable association was observed between hypozincemia
and increased body fat in adults (SINGH et al., 1998).

In a systematic review of 17 articles (published up to April, 2018) about the association
between serum Zn level and overweight/obesity, Gu ef al. (2018) found that serum Zn levels
were significantly decreased in obese children and adults. The authors also described some of
the possible mechanisms underlying the association between hypozincemia and obesity (GU et
al.,2018). One explanation for Zn deficiency in obesity is that chronic low-grade inflammation
can affect cortisol metabolism and increase proinflammatory cytokine levels. Glucocorticoids
and proinflammatory cytokines may stimulate the expression of genes encoding Zn transporters
and metallothionein. Such proteins increase cytoplasmatic concentrations of Zn by increasing
influx and release in intracellular organelles, thereby decreasing serum Zn levels (MOTA
MARTINS et al., 2014; GU et al., 2018). Schmidt et al. (2007) observed that Zn transporter
proteins were more expressed in subcutaneous WAT. The authors suggested that obesity may
increase the transport of Zn in WAT, favoring hypozincemia in obese individuals.

Ozata et al. (2002) found low plasma levels of Zn and alterations in plasma antioxidant
defense mechanisms in obese adult men; the authors suggested that obesity leads to oxidative
stress. Rodent studies demonstrated that Zn deficiency in obesity causes increased oxidative
stress and altered adipose metabolism (TALLMAN and TAYLOR, 2003; LIU et al., 2013).
Tallman and Taylor (2003) demonstrated that C57BL/6J mice fed diets rich in SFA and low in
Zn had reduced fatty acid content in adipose triglycerides than mice fed HFDs. The authors
proposed that Zn status influences fatty acid accumulation in WAT (TALLMAN and
TAYLOR, 2003). Interestingly, Liu ef al. (2013) showed that C57BL/6J mice fed an HFD low
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in Zn had increased circulating leptin levels and altered leptin signaling in the liver. The results
further showed an increase in the infiltration of activated macrophages into visceral WAT of
Zn-deficient obese mice. The authors suggested that leptin acts as a chemoattractant that recruits
monocytes and macrophages into WAT, contributing to exacerbation of the proinflammatory
state (LIU et al., 2013). Furthermore, decreased dietary Zn intake in obesity can contribute to a
chronic inflammatory state. IL-la, IL-1B, and IL-6 were upregulated in peripheral blood
mononuclear cells of overweight and obese Zn-deficient adults (with low dietary Zn intake)
compared with overweight and obese subjects with normal dietary Zn intake (COSTARELLI
et al., 2010). In the referred study, micronutrient dietary intakes were estimated using a
semiquantitative food frequency questionnaire. The authors suggested that hypozincemia can
aggravate obesity-related disturbances, such as insulin resistance and inflammation, thereby
worsening the preexisting obesity status (COSTARELLI et al., 2010).

Zn is an important regulator of zinc-a-2-glycoprotein activity. The protein mediates
lipolysis and adiponectin production. The low Zn serum levels associated with obesity appear
to inhibit zinc-a-2-glycoprotein, leading to a decrease in serum adiponectin and an increase in
leptin levels (GU et al., 2018; SEVERO et al., 2020). Leptin enhances the expression of
proinflammatory cytokines, such as IL-6, IL-8, and TNF-a, contributing to the persistence of
inflammation in obese individuals (GU et al., 2018). Evidence has shown that alterations in
immune—inflammatory responses and oxidative stress are linked to several types of psychiatric
disorders, for instance, the pathophysiology of depression (WANG et al., 2018). Clinical and
experimental studies have demonstrated that dietary Zn insufficiency is associated with
depressive behaviors and that plasma Zn levels are lower in depressive patients
(SWARDFAGER et al., 2013; GRONLI et al., 2013). Tassabehji et al. (2008) reported that rats
fed Zn-deficient diets for 3 weeks developed depression-like symptoms, including anorexia,
anhedonia, and increased anxiety-like behavior. Treatment with the antidepressant drug
fluoxetine (10 mg/kg) was ineffective in Zn-deficient rats. Interestingly, low serum Zn in
depressed patients was correlated with immune—inflammatory responses and neuroprogression
(MAES et al., 1997). A possible hypothesis for the relationship between hypozincemia and
depression is that Zn deficiency exacerbates low-grade systemic inflammation, which
stimulates IDO expression and activation. The increase in IDO expression/activation by
peripheral or central proinflammatory cytokines can cause a shift in the Kyn pathway,
increasing Kyn production and consequently leading to serotonin depletion; these effects are
likely responsible for relevant emotional and cognitive alterations in obese patients

(SWARDFAGER et al.,2013; JENKINS et al., 2016). The effect of proinflammatory cytokines
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on IDO expression/activation in the Kyn—Trp pathway and the development of depression-like
symptoms will be explored in Sections 2.4.3 and 2.4.4.

Despite all clinical and experimental studies demonstrating the relationship between
Zn deficiency, obesity, and neuropsychiatric disorders, the physiopathological mechanism
connecting these factors still not completely understood and needs to be clarified at cellular and

tissue levels.

2.4 OBESITY AND NEUROPSYCHIATRIC COMORBIDITIES

Obesity is associated with comorbidities such as diabetes, cardiovascular disease, and
several neurological disorders, particularly sleep disturbance, as well as psychiatric and
psychosocial problems. Depressive symptoms are observed in obese individuals at a higher rate
than symptoms of other disorders observed in obese subjects (COHEN, 2010). Obesity
significantly contributes to the development of neuropsychiatric comorbidity, and there is a
bidirectional association between depression and obesity. Depressed individuals are more likely
to gain weight and increase abdominal adiposity because of poor diet quality and reduced
physical activity (PAN et al., 2012; ZHAO et al., 2011).

Mood and anxiety disorders, depressive symptoms, cognitive impairment, and binge
eating are some of the neuropsychiatric comorbidities frequently seen in obese individuals,
often leading to a reduction in quality of life (CASTANON et al., 2014). The major depression
symptoms experienced by obese individuals are low self-esteem, anhedonia (hyposensitivity to
pleasure), hopelessness, altered appetite, sleep disturbance, lack of energy, self-destructive
behavior, and suicidal ideation (SMITH and JAKOBSEN, 2013).

The development of functional neuroimaging techniques such as magnetic resonance
imaging, single-photon emission computed tomography, and positron emission tomography,
has allowed investigation of brain regions involved in the pathophysiology of obesity
(TATARANNI and DELPARIGI, 2003; PALAZIDOU, 2012; WHITTEN, 2012) and in vivo
characterization of anatomy, physiology, and neurochemistry in human subjects with mood
disorders. Neuronal atrophy was observed in the medial prefrontal cortex and hippocampus of
individuals with such disorders (PRICE and DREVETS, 2012).

A previous study investigated the effects of high BMI and regional cerebral blood flow
in healthy subjects using single-photon emission computed tomography (WILLEUMIER et al.,
2011). The findings revealed that overweight is associated with lower blood flow in the brain,

particularly in the prefrontal cortex and anterior cingulate gyrus, which may impair brain



44

functions (WILLEUMIER ef al., 2011). In another study, positron emission tomography
indicated an increase in cerebral metabolic activity in obese women, particularly in the posterior

cingulate gyrus, attributed to functional compensation (MARQUES et al., 2014).

2.4.1 Neurobiology of depression

Over the past decades, the pathophysiology of depression has been explained by the
monoamine hypothesis. This theory suggests that depression results from a decrease in the
synthesis of biogenic amine neurotransmitters (noradrenaline and/or serotonin) in the CNS
(LOPEZ-MUNOZ and ALAMO, 2009). Serotonin, a catabolite of Trp formed by the action of
Trp hydroxylase, has important functions, including appetite suppression, energy expenditure,
and behavior regulation (YABUT et al., 2019). After several clinical experiments, researchers
concluded that serotonin metabolism is reduced in depressed subjects, giving way to the
development of a class of antidepressants known as selective serotonin reuptake inhibitors (e.g.,
citalopram, fluoxetine, paroxetine, and sertraline). These antidepressant drugs were shown to
increase serotonin neurotransmission (WOHLEB et al., 2016; LILLY, 2017); however, despite
the advances in depression treatment, one-third of depressed patients fail to respond to
conventional antidepressant medication, revealing limitations in the monoaminergic hypothesis
of depression.

Modern theories have been proposed to better explain the pathophysiology of mental
disorders (RUSH et al., 2006; CHAVES FILHO et al., 2018). The pathophysiological
mechanisms of obesity and cognitive function remain to be fully understood. It is possible that
multiple biological systems are involved and interconnected (COHEN, 2010; ARNONE et al.,
2018). Therefore, it is important to identify the mechanisms underlying neuropsychiatric
symptoms in obesity. Some clinical studies reported strong evidence of the role of inflammatory
processes in obesity development. After administration of cytokines as therapeutic agents for
cancer or viral disease treatment, patients began to experience depressive symptoms
(CAPURON et al., 2002). Recent reports showed that depression is associated with increased
levels of proinflammatory cytokines in peripheral blood and the CNS (BAUNE et al., 2012;
PAPAKOSTAS et al., 2013).
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2.4.2 Obesity and neuroinflammation

Obese individuals display hypertrophied WAT and resident immune cells that cause
an elevation of the peripheral inflammatory response, affecting the organism as a whole and
producing neuroinflammation, particularly in the hypothalamus (GUILLEMOT-LEGRIS and
MUCCIOLI, 2017). Peripheral circulating proinflammatory cytokines, SFA, and immune cells
can cross the BBB and reach the hypothalamus, where they activate cytokine receptors that
initiate and modulate inflammatory cascades (TAN and NORHAIZAN, 2019).

The CNS is a complex organ composed of numerous cell types. Examples are neurons,
glial cells, and endothelial cells. Some resident brain cells lie in close contact with the
BBB (LAMPRON et al., 2013; GUILLEMOT-LEGRIS and MUCCIOLI, 2017). Because most
peripheral cytokines are large molecules, they cannot freely cross the BBB. However, there is
evidence that proinflammatory cytokines such as TNF-a and IL-6 increase BBB permeability
(ROCHFORT and CUMMINS, 2015). Moreover, proinflammatory cytokines can gain access
to the brain through leaky regions of the BBB (seen, for instance, in the choroid plexus and
circumventricular organs) via volume diffusion or through cytokine transporters known as
saturable transport systems (DANTZER et al., 2008). It has also been proposed that receptors
for IL-1B, IL-6, and TNF-a, which are expressed on the cerebral endothelium, could induce the
synthesis of these and other proinflammatory cytokines (VARATHARAJ and GALEA, 2017).

Elevated SFA levels induced by HFD can also disrupt BBB integrity (NGUYEN et
al., 2014). Evidence indicates that HFD consumption produces a decrease in the mRNA
expression of tight junction proteins in the choroid plexus and BBB of rodents, consequently
increasing blood-to-brain permeability in the hypothalamus (KANOSKI et al., 2010). Some
observations indicate that BBB breakdown in obesity impairs cognition by allowing the traffic
of peripheral macrophages into the brain parenchyma (STRANAHAN et al., 2016).

The mechanisms responsible for HFD-induced neuroinflammation were investigated
by de Souza et al. (2005). The authors demonstrated that HFDs induce the expression of
proinflammatory cytokines and activation of NF-kB in the hypothalamus of rodents.
Subsequent studies showed that HFDs high in SFA cause hypothalamic inflammation in DIO
rodent models (MILANSKI et al., 2009; MARIC et al. 2014; THALER et al., 2012). Milanski
et al. (2009) revealed that SFA could enter the brain and act as a molecular target for the TLR4
receptor, triggering intracellular inflammatory signaling in the hypothalamus of rats. Further
data from a study conducted by Maric et al. (2014) suggested that different fat sources can
induce different proinflammatory profiles. The researchers found a higher TLR4 mRNA


https://www.frontiersin.org/articles/10.3389/fnins.2018.00930/full#B212

46

expression, followed by a more pronounced upregulation of IL-6, IL-1B, and TNF-q, in the
hypothalamus of rats fed diets rich in SFA from butter compared with those fed diets rich in
SFA from coconut oil. It has been shown that markers of hypothalamic inflammation such as
IL-1P and IL-6 increase within 24 h of feeding on an HFD in rodent models; these effects occur
before any substantial weight gain can be detected (THALER et al., 2012).

Clinical and experimental studies have demonstrated that overproduction of central
and/or peripheral proinflammatory cytokines can enhance the expression or activate IDO, an
enzyme that catabolizes Trp into Kyn and neuroactive derivatives of Kyn (BRANDACHER et
al., 2006; CAPURON and MILLER, 2011). Recently, Mangge et al. (2014) demonstrated the

relationship between Trp catabolism and obesity-related immune-mediated inflammation.

2.4.3 Kyn—Trp pathway

Trp is one of the nine essential amino acids for humans. In the body, it follows complex
metabolic pathways. About 90-95% of the circulating Trp is complexed with albumin and
cannot cross the BBB. However, the remaining fraction exists in its free form in the blood and
has access to the brain (RUDDICK et al., 2006; BADAWY, 2016; REFAEY et al., 2017).

Trp can be metabolized via four pathways, three of which are of minor quantitative
relevance, namely the hydroxylation (serotonin), decarboxylation (tryptamine), and
transamination (indole-pyruvic acid) pathways. The major pathway is the Kyn route, which
accounts for 95% of Trp catabolism (BADAWY, 2016). Trp is converted to N-
formylkynurenine by TDO (EC 1.13.11.11). This reaction occurs mainly in the liver (an organ
rich in enzymes necessary for NAD" synthesis), kidney, and immune cells and is responsible
for 90% of peripheral Trp metabolism under physiological conditions (AGUDELO et al., 2014;
BADAWY, 2017).

Trp can also be converted to N-formylkynurenine by IDO (EC 1.13.11.17) and further
hydrolyzed to Kyn by N-formylkynurenine formamidase (BADAWY, 2016). IDO is broadly
distributed in peripheral tissues and immune cells and, more importantly, in the brain,
particularly in astrocytes, infiltrating macrophages/microglia, and dendritic cells (BADAWY,
2016; CHAVES FILHO et al., 2018). IDO exists in two forms: IDO 1 and IDO 2. Human IDO
2 has a much higher K for Trp than IDO 1 but exhibits reduced catalytic activity. Thus, the
Kyn pathway is controlled mainly by circulating free Trp, TDO activity in the liver, and IDO
activity elsewhere (BADAWY, 2016). The Kyn/Trp ratio can be used to estimate IDO

activity/expression and as a readout for peripheral or central Trp catabolism (ARNONE et al.,
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2018). In physiological situations, the control of plasma Trp availability is exerted mainly by
hepatic TDO. However, when the immune system is activated, IDO takes center stage in Trp
catabolism, being expressed and activated by several proinflammatory cytokines, alone or in
combination, such as IFN-y, IL-6, TNF-a, IL-2, and IL-1p. TDO may also play an important
part under immune-stimulatory conditions (CAMPBELL et al., 2014; BADAWY, 2016).

Kyn is degraded through three specific pathways to generate different neuroactive
metabolites. (1) Kyn hydroxylase (monooxygenase) converts Kyn into anthranilic acid. (2)
Irreversible transamination by Kyn aminotransferases in astrocytes, oligodendrocytes, and
neurons metabolizes Kyn into kynurenic acid (KYNA) (CAPURON and MILLER 2011; QIN
et al., 2018; HAROON et al., 2020). (3) Kyn-3-monooxygenase converts Kyn into 3-
hydroxykynurenine. Only Trp, Kyn, and 3-hydroxykynurenine efficiently cross the BBB, as
these molecules can be actively transported to the CNS by L-type amino acid transporter 1, the
large neutral amino acid carrier system (GOSTNER et al., 2020). Further cleavage of 3-
hydroxykynurenine by kynureninase B yields 3-hydroxyanthranilic acid, which is then oxidized
by 3-hydroxyanthranilic acid oxidase into 2-amino-3-carboxymuconic-6-semialdehyde. After
production of 2-amino-3-carboxymuconic-6- semialdehyde, there are two possible degradation
routes. One branch leads to the formation of small quantities of picolinic acid, and the other
produces QUIN. In the brain, QUIN is synthesized by infiltrating macrophages and microglial
cells (BADAWY, 2016; CAPURON and MILLER 2011; CHAVES FILHO et al., 2018;
HAROON et al., 2020).

All of the aforementioned Kyn catabolites exert different biological and
neurobehavioral effects. For example, KYNA and picolinic acid have neuroprotective
properties, as they are able to block NMDA receptors. By contrast, 3-hydroxykynurenine and
QUIN have neurotoxic effects as a result of their ability to generate oxidative radicals and act
as NMDA receptor agonists (CHAVES FILHO et al., 2018). On the basis of these findings,
studies proposed the use of the KYNA/QUIN ratio as a neuroprotective index, where low values
indicate an inflammation-induced pathology (QIN et al., 2018; ARNONE et al., 2018).
Recently, Bay-Richter et al. (2015) found an excessive production of QUIN concomitant with
elevated levels of [L-6 and decreased levels of KYNA in cerebrospinal fluid of suicidal patients
compared with healthy controls. The researchers reported a relationship of clinical vulnerability
to severe depressive symptoms with inflammatory conditions and altered levels of Kyn
catabolites, corroborating the inflammatory hypothesis that depression is associated with
microglial Kyn pathway expression/activation in an inflammation-related state (DANTZER et

al., 2011).
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2.4.4 Effect of proinflammatory cytokines on IDO expression/activation in the Kyn-Trp

pathway and the development of depression-like symptoms

Recent studies have proposed that imbalance of Kyn/Trp catabolites is a consequence
of IDO expression/activation by proinflammatory cytokines. Such results suggest a link
between increased neuroinflammation and behavioral alterations in obesity. Reininghaus ef al.
(2014) found increased Kyn levels and KYNA/QUIN ratio caused by inflammatory mediators
in the blood of bipolar overweight individuals. A preclinical study demonstrated that DIO mice
fed palatable energy-dense food had a significant behavioral change after 9 weeks and anxiety-
like behavior after 18 weeks (ANDRE et al., 2014). At 20 weeks, DIO mice showed LPS-
induced depressive-like behavior compared with LPS-treated lean mice, exhibiting elevated
levels of TNF-a and IL-6 in plasma and increased Kyn/Trp ratio in the lungs and brain.
Upregulation of IL-6 and IDO was observed in the hypothalamus and that of TNF-a, IFN-y,
and IDO in the hippocampus. The authors concluded that energy-dense diets alter cognition and
anxiety and enhance activation of neurobiological mechanisms underlying depression after
immune stimulation (ANDRE et al., 2014).

Overall, the findings of this literature review show that the obesity pandemic might be
contributing to the increased prevalence of depression and vice-versa. Several epidemiologic
studies revealed a relationship between Zn deficiency and obesity. Thus, obesity, Zn deficiency,
and depression might share a crucial, pivotal mediator: the inflammatory process. Excessive
production of proinflammatory cytokines from WAT can result in enhanced IDO expression
and activation in the Kyn—Trp pathway in the CNS, thereby increasing the levels of neurotoxic
catabolites. Questions arise about the impact of Zn deficiency in obesity and the onset of
neuropsychiatric alterations. This study examines the role of Zn deficiency in certain aspects of

Kyn—Trp metabolic conversion in vivo and in vitro.
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3 AIMS

This thesis aimed to investigate the influence of Zn deficiency on obesity and the
development of behavioral alterations. The research was divided into two substudies, as
follows: an in vivo study investigating the influence of Zn deficiency in Kyn—Trp catabolism in
obese mice fed an HFD or a Zn-deprived HFD and an in vitro study assessing the effects of Zn
deficiency on Kyn—Trp catabolism in a combination of two human cell line subsets, THP-1

macrophages and A172/T98G glioblastoma cells.

In the in vivo study, we aimed to:

(1) induce obesity in experimental animals fed a restrictive HFD or a Zn-deprived
HFD;

(2) evaluate morphometric parameters;

(3) subject animals to behavioral tests, such as the splash test;

(4) analyze the effect of obesity on biochemical, hematological, and histological
parameters; and

(5) determine plasma levels of Kyn, Trp, Kyn/Trp ratio, adipokines such as leptin and
adiponectin, as well as serum levels of Zn and the ability of fluoxetine to reverse these

parameters.

The goals of the in vitro study were to:

(1) establish an in vitro cell culture model suitable for the investigation of the effects
of Zn deficiency on Trp—Kyn pathway under proinflammatory conditions by combining two
human cell line subsets: THP-1 macrophages, capable of synthesizing proinflammatory
mediators upon LPS stimulation, and A172/T98G glioblastoma cells, active in the Trp—Kyn
pathway cascade;

(2) measure Trp and Kyn levels and calculate the Kyn/Trp ratio in A172 and T98G
culture media treated with supernatant from LPS-stimulated THP-1 macrophages;

(3) investigate the effect of Zn deficiency on Kyn/Trp breakdown by measuring total
Kyn levels and Kyn/Trp ratio produced by T98G cells following treatment with supernatant
from LPS-stimulated THP-1 macrophages;

(4) investigate the impact of Zn deficiency on Kyn/Trp breakdown by measuring total
Kyn levels and Kyn/Trp ratio produced by T98G cells treated with supernatant from LPS-

stimulated THP-1 macrophages cultivated under Zn-deficient conditions;
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(5) determine intracellular labile Zn levels in THP-1 macrophages when post-treated
with LPS, TPEN, or a combined LPS/TPEN treatment;

(6) determine LPS-induced gene expression of proinflammatory cytokines, such as
TNF-a, IFN-a, IFN-B, and IFN-y, in LPS-stimulated THP-1 macrophages cultivated under Zn-
adequate and Zn-deficient conditions; and

(7) determine levels of proinflammatory cytokines IL-6 and TNF-a in supernatant
from LPS-stimulated THP-1 macrophages cultivated under Zn-adequate and Zn-deficient

conditions by an enzyme-linked immunosorbent assay.
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4 MATERIALS AND METHODS

4.1 INVIVO STUDY

4.1.1 Mice and diets

Adult female Swiss albino mice (8-9 weeks of age, 39.0 + 2.0 g body weight) were
obtained from the animal breeding center of the Federal University of Santa Catarina (UFSC).
Experimental procedures were approved by the local animal ethics committee (CEUA/UFSC
protocol PP00892) and are in accordance with animal ethics and welfare requirements of
Brazilian legislation (Law no. 11.794/2008). The animals were maintained in standard
polypropylene cages with stainless steel mesh cover under controlled temperature (22 + 2 °C)
and relative humidity (65—75%) conditions on a 12:12 h light/dark cycle with ad libitum access
to food and water.

After 1 week of adaptation, the animals (# = 10 per group) were randomly assigned to
one of four dietary groups for 8 weeks: standard diet (SD), standard Zn-deficient diet (SD-ZD),
HFD, and high-fat Zn-deficient diet (HFD-ZD). Diets were formulated based on the American
Institute of Nutrition (REEVES et al., 1993). HFDs contained 30% lard. The composition of
experimental diets is presented in Table S1 (Supplementary Material), and vitamin and mineral
contents are provided respectively in Tables S2 and S3 (Supplementary Material). Daily food
intake was calculated by subtracting the weight of leftovers from the initial weight of feed
(ASAKAWA et al., 2003). Energy intake (kcal/day) was calculated by multiplying the daily
food intake by the energy value of each diet (SD and SD-ZD, 3.5 kcal/g; HFD and HFD-ZD,
5.2 kcal/g). Body weight, naso-anal length, and abdominal circumference were recorded once
a week. Feed efficiency was estimated as weight gain (g) divided by energy intake (kcal) during
the 8-week experimental period (NOVELLI et al., 2007; HEENEY et al., 2019). The Lee index
was calculated as the cube root of body weight (g) divided by naso-anal length (cm) (NOVELLI
etal.,2007).

At the end of the experimental period, mice (n = 5 per group) were subjected to the
splash test for behavioral assessment, as described in Section 4.1.4. At 24 h after the splash test,
blood was collected by decapitation into EDTA-containing tubes (BD Vacutainer®, Franklin
Lakes, USA) for evaluation of hematological parameters and into no-additive tubes (No
Additive Vacuette®, Greiner Bio-one, Monroe, USA) for biochemical analysis of serum leptin,

adiponectin, total Zn, Trp, and Kyn levels. The experimental protocol is illustrated in Fig. 3.
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For biochemical analysis, samples were allowed to coagulate for 30 min at room temperature
and were then centrifuged at 3000 x g for 10 min. Serum was separated and stored at —80 °C
until measurement (GOLDE et al., 2005). Organs (liver, lung, heart, spleen, kidney, brain, and
WAT) were dissected, weighed, and stored in 70% ethanol (CHAURAND et al., 2008).

In the second part of this study, the remaining mice (n = 5 per group) were maintained
on their respective feeding regimens while placed on antidepressant treatment with fluoxetine
hydrochloride (Pharmanostra®, Sdo Paulo, Brazil) for an additional 2 weeks (Fig. 3). Fluoxetine
was freshly prepared in saline solution (0.9% NaCl) and administered orally by gavage at a
dose of 10 mg/mL once a day (FREITAS et al., 2013). Following behavioral assessment by the
splash test, mice were sacrificed by decapitation, and blood samples were collected for

biochemical analysis.
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Figure 3. In vivo experimental design

Adaptation  Dietary Mice sacrificed Diets + fluoxetine  Mice sacrificed
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Schematic representation of the experimental protocol indicating the feeding period (8 weeks) and four dietary groups: standard diet, standard zinc (Zn)-deficient diet, high-fat
diet, and high-fat Zn-deficient diet (» = 10 per group). The splash test (ST) was used to assess motivation behaviors. At 24 h after the behavioral test, the mice (n =5 per
group) were sacrificed by decapitation, blood samples were collected for hematological and biochemical analyses, and organs were dissected, weighed, and stored in
preservation solution. In the second part of the experimental protocol, mice (n =5 per group) were maintained on their respective diets, treated with fluoxetine for 2 weeks,
subjected to the behavioral test, and sacrificed by decapitation. Blood samples were collected for biochemical analysis.
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4.1.2 Measurement of adiposity and WAT morphology

Visceral (perigonadal region) and subcutanecous WAT fat pads were excised
separately, weighed, and stored in 70% ethanol (CHAURAND et al., 2008). The adiposity
index was calculated as total adipose tissue weight divided by total body weight (%) (TERRA
et al., 2009). Adipose tissue morphology was analyzed in terms of adipocyte cell number and
size distribution (volume) within the WAT compartment (TANDON et al., 2018). For
histological analysis, small fragments (~0.5 g) of WAT were collected from SD, SD-ZD, HFD,
and HFD-ZD mice and fixed in 4% paraformaldehyde solution for 24 h. The SD-ZD group
samples were preserved in incorrect conditions therefore were not possible to be analyzed. After
fixation, tissues were dehydrated (80% ethanol for 1 h, 90% ethanol for 1 h, 100% ethanol for
1.5 h, 1:1 (v/v) xylol/ethanol for 10 min, and xylol for 10 min) and embedded in paraffin at 52
°C using an automatic tissue processor (Leica TP 1020, Leica Biosystems, Nussloch,
Germany). Paraffin blocks were cut into successive 5 um thick sections (Leica RM 2255, Leica
Biosystems, Nussloch, Germany). Sections were mounted on slides and subjected to automated
staining (Leica Autostainer XL, Leica Biosystems, Nussloch, Germany) with
hematoxylin/eosin or Prussian blue. Photomicrographs of WAT sections were captured at 100x
and 200x magnification using an inverted microscope (Olympus IX83, Olympus Corporation,
Tokyo, Japan) equipped with a digital camera and CellSens Dimension software version 1.12
(Olympus Corporation, Tokyo, Japan). Images of five slides containing three sections from
each group were analyzed for mean relative cell number using ImagelJ software (NIH, Bethesda,
USA). Adipocyte volume (V) was calculated by the equation V' = 4x x radius® + 3 (ROTONDO
etal. 2016).

4.1.3 Biochemical and hematological analyses

Mice were sacrificed by decapitation, and blood samples were collected for total serum
Zn analysis into no-additive tubes (No Additive Vacuette®, Greiner Bio-one, Monroe, USA).
Samples were allowed to coagulate for 30 min at room temperature and were then centrifuged
at 3000 x g for 10 min. Serum was separated and stored at =80 °C until measurement (GOLDE
et al., 2005). All laboratory glassware and materials were washed with 1% chloridric acid to
avoid any sources of contamination prior to analysis. Total serum Zn levels were determined
using a Zn colorimetric assay kit (chromogen 2-(5-bromo-2-pyridylazo)-5-(N-propyl-N-
sulphopropylamino)-phenol, catalogue number ZN2341, Randox Laboratories Ltd., Crumlin,
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UK). Prior to Zn analysis, serum calibrators were obtained from Sigma—Aldrich (Mau4, Brazil),
and samples were deproteinized with trichloroacetic acid at 8000 x g for 10 min. Zn
colorimetric analysis were performed using a UV/Vis spectrophotometer (Pharmacia LKB,
Ultrospec III, Biochrom, Holliston, USA) at a wavelength of 550 nm following the parameters
outlined in the Randox protocol.

Serum leptin and adiponectin were quantified by an enzyme-linked immunosorbent
assay (ELISA), according to the manufacturer’s protocol (R&D Systems, Inc. Minneapolis,
USA). Linear calibration curves were constructed for determination of leptin and adiponectin
concentrations in the ranges of 0.06 to 4 ng/mL and 156 to 10,000 ng/mL, respectively, with a
lower detection limit of 0.02 ng/mL for both leptin and adiponectin. Hematological parameters
(red blood cell count, hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular
hemoglobin concentration, total and differential leukocyte, and platelet counts) were measured
using a veterinary hematology analyzer (BC-2800 Vet, Mindray Bio-Medical. Electronics Co.
Ltd, Shenzhen, China).

4.1.4 Splash test

The splash test, a behavioral assay used to assess self-care and motivation behaviors,
was carried out as described by Isingrini et al. (2010), with minor modifications. Briefly, mice
were placed individually in clear Plexiglas boxes, sprayed with 10% sucrose solution on the
dorsal coat, and monitored for latency (time between spraying and grooming) and duration of
grooming behavior (FREITAS et al., 2013). The high viscosity of sucrose solution is expected
to induce grooming in mice; increased latency and decreased grooming duration are analogous
to some symptoms of depression, such as anhedonia (WILLNER, 2005; YALCIN ef al., 2005;
d'AUDIFFRET et al., 2010). The apparatus was cleaned with 10% ethanol between each test to
eliminate animal clues. All tests were video-recorded (GoPro HERO 3+, San Mateo, USA) for

5 min after spraying.

4.1.5 Determination of serum Trp and Kyn

Trp and Kyn standard solutions (analytical grade, >99% purity) were obtained from
Sigma—Aldrich (Maud, Brazil). Calibration curves were constructed by diluting Trp (5, 10, 25,
50, 100, and 150 uM) and Kyn (0.5, 1, 1.5, 2, 3, and 6 uM) in Milli-Q water. Trp and Kyn were
quantified using a Shimadzu LC-20A high-performance liquid chromatography (HPLC)
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apparatus (Shimadzu do Brasil Comércio Ltd., Barueri, Brazil), according to previously
described methods (XIAO et al., 2014; VIGNAU et al., 2004), with modifications. The HPLC
system was equipped with an SCL-10A VP controller, an SIL-10AF automatic injector, LC-
10A VP pumps, and a DGV-14A degasser. Elution was achieved by using a C18 column (150
x 4.60 mm, 4 um, 80 A) and mobile phases A (5% acetonitrile in Milli-Q water) and B (95%
acetonitrile in Milli-Q water). Linear gradient conditions were as follows: 100% A to 100% B
during 20 min, followed by 100% B for 5 min to clean the system. The flow rate was set at 1
mL/min, and the column temperature at 35 °C. Trp was determined at 280 nm and Kyn at 365
nm by using SPDM 10A VP diode array detectors. Calibration curves were established by linear
regression of peak area ratios (y-axis) vs. analyte concentrations (x-axis). The coefficients of
determination (R?) and regression equations of calibration curves were R*> = 0.9988 and y =
9654.4x + 5619 for Trp and R*> = 0.999 and y = 111416x — 2441.8 for Kyn.

Prior to HPLC analysis, serum samples (100 pL) were deproteinized by addition of an
equal volume of 10% perchloric acid. The mixture was vortexed for 1 min and centrifuged for
10 s at 25 °C and 14,000 x g. Then, 40 pL of the supernatant was injected into the HPLC.
Retention time and area under the curve were determined using Class VP software (Shimadzu
LC-20A, Shimadzu Corporation, Prague, Czech Republic). Kyn and Trp concentrations were
calculated using the regression equations of calibration curves. The Kyn/Trp ratio was
determined by dividing serum Kyn levels (uM) by serum Trp levels (uM) and multiplying by
1000 (DARCY et al., 2011).

4.1.6 Statistical analysis

Results are present as mean and standard deviation. Data were analyzed using one-
way analysis of variance (ANOVA) followed by Bonferroni post hoc test to compare effects of
HFD or a Zn-deprived HFD or two-way ANOVA followed by Bonferroni post hoc test to
determine if the interaction effects of diets and fluoxetine treatment were significant. The level
of significance was set at p < 0.05. Statistical analyses were performed using GraphPad Prism

software version 5 (GraphPad Software Inc., San Diego, USA).
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4.2 IN VITRO STUDY

4.2.1 Cell lines

The human glioblastoma cell lines A-172 (ATCC® CRL-1620™) (GIARD et al.,
1973) and T98G (ATCC® CRL-1690™) (STEIN, 1979) were kindly provided by Professor
Nils Cordes (OncoRay, National Center for Radiation Research in Oncology, Technische
Universitdt Dresden, Germany) and Anna Happe-Kramer (Translational Radiobiology &
Radiooncology = Research  Laboratory, Department of Radiotherapy, Charité-
Universitidtsmedizin Berlin, Germany), respectively. The human monocytic cell line THP-1
(ATCC® TIB-202™) (TSUCHIY A et al., 1982) was obtained from the Leibniz Institute DSMZ
(German Collection of Microorganisms and Cell Cultures GmbH, Germany). All cell lines were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM; PAN-Biotech, Aidenbach, Germany)
supplemented with 10% heat-inactivated fetal calf serum (FCS; CCPro, Oberdorla, Germany)
and 100 U/mL penicillin + 100 pg/mL streptomycin (P/S). Cells were maintained at 37 °C

under a humidified atmosphere containing 5% CO».

4.2.2 In vitro experimental design

4.2.2.1 Stimulation of THP-1 macrophages

Culture supernatant containing proinflammatory cytokines was obtained by
differentiating THP-1 cells into macrophages with phorbol 12-myristate-13-acetate (PMA) and
then stimulating active macrophages with lipopolysaccharides (LPS) from Escherichia coli
O111:B4, according to the method of Takashiba ef al. (1999), with minor modifications. THP-
1 cells were cultured at a density of 1 x 10° cells/mL in DMEMEcs:p/s premixed with 200 nM
PMA in 75 cm? tissue culture flasks for 24 h. After incubation, unattached cells were removed
by aspiration, and adherent cells were washed three times with fresh medium (DMEMgcs:+p/s).
For cell stimulation, THP-1 cells were incubated in either (i) fresh medium (control), (ii)
medium containing 100 ng/mL LPS, (ii1) medium containing 3 uM TPEN (membrane-
permeable Zn-chelator), or (iv) LPS/TPEN-premix (100 ng/mL and 3 uM, respectively) diluted
in DMEMEcs+pss. After 4 h of incubation, cells were centrifuged at 300 x g and 4 °C for 5 min,

and supernatants were collected and stored at —80 °C.
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4.2.2.2 Stimulation of human glioblastoma cells

Human glioblastoma stimulation assays were performed under different incubation
conditions. First, T98G and A172 cells were trypsinized from tissue culture flasks by 1 mM
EDTA/0.25% (w/v) trypsin treatment and transferred to new 24-well plates in 500 pL of fresh
medium. A172 and T98G cells were seeded at a density of 2 x 10* cells per well in early
experiments, and T98G cells were seeded at 6 x 10* cells per well in later experiments. Plates
were incubated for 24 h until reaching 60% confluency. Then, cells were subjected to three
different incubation conditions, as described below.

First incubation regime: A172 and T98G cells were treated with different
concentrations (0, 25%, 50%, and 100% v/v) of supernatant from LPS-stimulated THP-1
macrophages diluted in fresh medium. Fresh media containing 25, 50, or 100 ng/mL LPS were
used as negative controls for proinflammatory effects of LPS on A172 and T98G cells. These
LPS concentrations were similar to those used to activate THP-1 cells. All plates were incubated
for 24 h.

Second incubation regime: T98G cells were preincubated with 3 uM TPEN in
DMEMErcs+pis for 2, 4, or 24 h. After the preincubation period, culture supernatants were
replaced with supernatant from LPS-stimulated THP-1 macrophages maintained under Zn-
adequate or Zn-deficient (3 uM TPEN) conditions for 24 h.

Third incubation regime: T98G cells were treated with (i) supernatant from
nonstimulated THP-1 macrophages, (ii) supernatant from LPS-stimulated THP-1 macrophages,
(111) supernatant from TPEN-treated THP-1 macrophages, or (iv) supernatant from THP-1
macrophages incubated in LPS/TPEN medium for 24 h.

All the supernatants obtained were subjected to Trp and Kyn quantification by HPLC-
UV.

4.2.3 Cytotoxicity assays

T98G and A172 cells were plated on 96-well plates at a density of 4 x 10*/mL. On the
following day, the culture medium was removed, and cells were exposed to serial dilutions of
TPEN (0, 0.5, 1, 1.5, 2, 2.5, 3,3.5,4,4.5, 5, and 7.5 uM) in supernatant from LPS-stimulated
THP-1 macrophages incubated for 24 h under standard conditions. Cell viability was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,

which is based on the metabolization of yellow tetrazolium salt to purple formazan crystals by
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viable cells (MOSMANN, 1983). Cells were incubated with a 5 mg/mL MTT solution in
DMEM (without phenol red or FCS) for 40 min. Next, the medium was removed, and 100 pL.
of MTT stop solution (50% dimethyl sulfoxide and 50% ethanol v/v) was added to each well.
The product was quantified spectrophotometrically at 540 nm using an Infinite M200
microplate reader (Tecan, Ménnedorf, Switzerland).

T98G cells were seeded at a density of 4 x 10* cells/mL in early experiments and at 12
x 10* cells/mL in later experiments. Plates were incubated for 24 h until reaching 60%
confluency. Cells were subjected to the second and third incubation conditions, as described in

Section 4.2.2.2. Then, cell viability was determined by the MTT assay.

4.2.4 Determination of Trp and Kyn in cell supernatant

Trp and Kyn analytical standards (99% purity) were purchased from VWR
International (Darmstadt, Germany). Other chemicals were of analytical grade and obtained
from Sigma—Aldrich (Munich, Germany). Chromatographic-grade water was prepared using a
Millipore water purification system (Milford, USA).

Trp and Kyn were quantified using HPLC system consisted of a Shimadzu LC-20A
chromatograph (Shimadzu Europe Corporation, Duisburg, Germany), a variable wavelength
UV detector (SPD 20A VP), a delivery pump (LC-10AD), a system controller (CBM-20A), and
an automatic injector (SIL-10A), according to previously described methods (XIAO et al.,
2014; VIGNAU et al., 2004), with modifications. Separation was achieved on a C18 column
(150 x 4.60 mm, 4 um, 80 A) at 35 °C using 8% acetonitrile in ultrapure water at a flow rate of
I mL/min in isocratic mode. The running time was 15 min. Elution of Trp and Kyn was
monitored at 280 and 365 nm, respectively. Areas under the curves were calculated using
Shimadzu LC Solution software.

Stock solutions of Trp and Kyn at 10 mM were prepared in ultrapure water and stored
at —20 °C. A series of standard solutions of Trp and Kyn at different concentrations (0.5, 1, 2.5,
5,7.5,10, 25, 50, and 100 uM) were prepared by diluting stock solutions in 60 mg/mL bovine
serum albumin (BSA) solution in Milli-Q water. The average protein content of standard
solutions corresponds to that of DMEMEcs:p/s.

For protein precipitation, 440 pL of standard solution or culture medium sample was
mixed with 40 uL of 60% perchloric acid, vortex-mixed for 1 min, and centrifuged at 14,000 X
g and 25 °C for 10 min. The supernatants were immediately diluted 1:10 (v/v) in Milli-Q water,
and 20 pL of these solutions was directly injected into the HPLC system for analysis. Three
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independent replicates were conducted to obtain the retention times and calibration curves for
compound identification and quantification, respectively. Calibration curves were generated by
linear regression of peak area ratios (y-axis) vs. analyte concentrations (x-axis). R* values and
regression equations of calibration curves are presented in the Results section. Trp and Kyn
concentrations in cell supernatant samples were determined from calibration curves. Then, the
Kyn/Trp ratio was calculated by dividing the Kyn concentration (uM) by the Trp concentration
(uM) and multiplying the result by 1000 (DARCY et al., 2011).

4.2.5 Intracellular Zn quantification

Intracellular labile Zn levels were analyzed using the fluorescent Zn probes Zinpyr-1
(Santa Cruz Biotechnology, Dallas, USA) (WALKUP et al., 2000) and FluoZin-3AM
(Invitrogen, Karlsruhe, Germany) (HAUGLAND, 2000), according to the methods described
by Maares et al. (2018), with minor modifications. THP-1 cells were seeded in DMEM enriched
with 200 nM PMA in 96-well plates at a density of 1 x 10% cells/mL and incubated for 24 h to
promote macrophage differentiation. Then, cells were loaded with 2.5 uM Zinpyr-1 or 1 pM
FluoZin-3AM in incubation buffer (120 mM NaCl, 5.4 mM KCIl, 5 mM glucose, 1| mM CaCl,,
1 mM MgCl,, 1 mM NaH>POs4, 10 mM HEPES, and 0.3% w/v BSA, pH 7.35) for 30 min at 37
°C. After incubation, the supernatants were removed, and the adherent cell monolayers were
washed twice with assay buffer (incubation buffer without BSA) to remove extracellular
Zinpyr-1 or FluoZin-3AM. Minimal (Fmin) and maximal (Fmax) fluorescence signals were
determined by adding 100 pL of assay buffer containing 20 uM TPEN and 600 uM
ZnS04-7TH20, respectively, to a subset of wells used for calibration. All other wells were filled
with 100 pL of assay buffer. After 30 min of incubation at 37 °C, baseline Zinpyr-1 (Aex = 492
nm and Aem = 527 nm) or FluoZin-3AM (Aex = 485 nm and Aem = 516 nm) fluorescence was
measured using a fluorescence plate reader (Infinite M200, Tecan, Ziirich, Austria).
Subsequently, 10 pL of 11-fold concentrated solutions containing either LPS, TPEN, or an
LPS/TPEN mixture was added to the cells. Fluorescence was measured again after incubation
for a further 50 min at 37 °C. Intracellular labile Zn concentration was calculated using the
equation described by Grynkiewicz ef al. (1985), [Zn] = K4 X [(F — Fmin)/(Fmax — F)], assuming
a dissociation constant (Kq) of 0.7 nM for the Zn—Zinpyr-1 complex (WALKUP et al., 2000;
BURDETTE et al., 2001) and of 8.9 nM for the Zn—FluoZin-3AM complex (KREZEL and
MARET, 2006).
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4.2.6 Quantitative RT-PCR and ELISA

THP-1 macrophages activated by the protocol described in Section 4.2.2.1 were
washed with pre-cooled phosphate-buffered saline (PBS) and scratched on ice using a cell
scraper. The cell suspension was transferred into fresh tubes and centrifuged (300 x g for 5 min
at 4 °C). Pellets were stored at —80 °C until RNA isolation. Total RNA was extracted from
THP-1 cells using the NucleoSpin II Kit (Takara, Tokyo, Japan) or TRIzol (Invitrogen,
Carlsbad, USA), according to the manufacturers’ instructions. Single-stranded complementary
DNA (cDNA) was synthesized from 1 pg of total RNA using the iScript cDNA Synthesis Kit
or High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, USA),
according to the manufacturer’s protocols. Finally, RT-PCR was carried out using an iCycler
1Q Multi-Color system (Bio-Rad Laboratories, Hercules, USA) or a StepOne system (Applied
Biosystems, Beverly, USA). Each amplification reaction was carried out in a total volume of
10 pL, comprising 5 uL of the double-stranded DNA-binding dye SYBR™ Green, 1 pL of
cDNA (equivalent to 15-20 ng RNA), 0.45 pL of each primer stock solution at 10 uM, and 3.1
nL of water. Detailed information on the primers used is provided in Table 1. Thermal cycling
conditions were 95 °C for 2 min, followed by 40 cycles of 95 °C for 15 s, 56 °C for 1 min, and
72 °C for 15 s. Quantitative values of gene expression were calculated by the ACt method and
normalized to expression levels of the housekeeping B-actin gene. Relative quantification was

performed by the 222 method (LIVAK and SCHMITTGEN, 2001).



Table 1. Primers used for quantitative real-time PCR
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Gene target NCBI reference sequence Primer sequences (5" -3" ) Reference
F: CCACACAGACAGCCACTCAC
IL-6 NM_000600.5 (KATO et al., 2004)
R: AGGTTGTTTTCTGCCAGTGC
F: GACTCCATCTTGGCTGTGA (COLAN-TONIO et al.,
IFN-a
NM_024013.2 R: TGATTTCTGCTCTGACAACCT 2011)
IFN-p F: TGCTCTCCTGTTGTGCTTCTCC (KATO ef al., 2004)
- etal.,
NM_002176.4 R: CATCTCATAGATGGTCAATGCGG
F: CTTGGCTTTTCAGCTCTGCA
IFN-y NM_000619.3 (MASU-NAGA et al., 2018)
R: TCCGCTACATCTGAATGACCTG
F: ATCTACTCCCAGGTCCTCTTCAA
TNF-a NM_000594.4 (KATO et al., 2004)
- R: GCAATGATCCCAAAGTAGACCT
F: CGCCCCAGGCACCAGGGC
B-actin NG_007992.1 (WOLF et al., 2002)

R: GCTGGGGTGTTGAAGGT

F, forward; R, reverse.
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Proinflammatory cytokines IL-6 and TNF-o were quantified in the supernatants
obtained from THP-1 macrophages (as described in Section 4.2.2.1) using the BD Biosciences
OptEIA™ Human IL-6 ELISA Kit II and OptEIA™ Human TNF-o ELISA Kit (Becton,
Dickinson and Company, Franklin Lakes, USA), according to the manufacturer’s protocol. IL-
6 and TNF-a concentrations were determined against linear calibration curves both in the ranges

of 15.6 to 1,000 pg/mL, with a lower detection limit of 2 pg/mL.

4.2.7 Statistical analysis

Statistical significance was analyzed by one-way ANOVA followed by Bonferroni
post hoc test. The Shapiro—Wilk test was used to assess the normality of data distribution.
Statistical analyses were performed using GraphPad Prism software version 5 (GraphPad
Software Inc., San Diego, USA). Results are the mean and standard deviation of three

independent experiments.
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5 RESULTS

5.1 INVIVO STUDY

5.1.1. Energy intake, feed efficiency, body parameters, and total serum Zn

Energy intake data revealed that the SD-ZD group had higher energy consumption
than the other dietary groups (SD-ZD, 20.6 £ 1.2 kcal/day; SD, 15.6 &+ 1.3 kcal/day; HFD, 15.9
+ 1.5 kcal/day; and HFD-ZD, 16.2 + 2.2 kcal/day) (Fig. 4A). However, feed efficiency
(calculated as weight gain in grams divided by kilocalories consumed) was significantly higher
(p <0.001) for HFD and HFD-ZD than for SD-ZD and SD (Fig. 4B). The high energy density
of HFD treatments promoted a greater increase (p < 0.001) in body weight than that observed
in SD treatments during the experimental period (HFD, 51.9 + 6.9 g; HFD-ZD, 51.9 + 6.4 g;
SD, 42.2 +4.9 g; and SD-ZD, 41.3 £ 6.5 g) (Fig. 4C). Mice were also evaluated for abdominal
circumference and Lee index. HFD and HFD-ZD groups showed significantly higher (p <
0.001) abdominal circumference and Lee index than SD and SD-ZD groups (Fig. 4E and F).

Blood biochemical analysis confirmed the presence of serum Zn deficiency in SD-ZD
and HFD-ZD mice. Mice fed Zn-deficient diets showed significantly lower (p < 0.05) total
serum Zn levels than those fed Zn-sufficient diets (SD-ZD, 40.9 + 13.9 pg/dL; HFD-ZD, 37.8
+ 11.6 ng/dL; SD, 82.4 + 18.8 pg/dL; and HFD, 99.6 + 21.7 ug/dL) (Fig. 4F).
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Figure 4. Effect of experimental diets on energy intake, feed efficiency, body parameters, and

total serum zinc in mice
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(A) Energy intake, (B) feed efficiency, (C) body weight, (D) Lee index, (E) abdominal circumference, and (F)
serum zinc. SD, standard diet; SD-ZD, standard zinc-deficient diet; HFD, high-fat diet; HFD-ZD, high-fat zinc-
deficient diet. Each column represents the mean + standard deviation of five mice per group. * p <0.05 and ***
» <0.001 compared with SD; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with SD-ZD; **¢ p <0.001

for HFD-ZD vs. HFD (one-way ANOVA, Bonferroni post hoc test).

5.1.2 WAT depots, organs weights, and WAT histology

HFD and HFD-ZD groups showed higher total WAT weight in relation to their
respective controls (HFD vs. SD, p < 0.001; HFD-ZD vs. SD-ZD, p < 0.001) (Fig. 5A).
Moreover, adiposity index data demonstrated that both HFD and HFD-ZD groups had a

significant increase (p < 0.001) in adiposity percentage relative to body weight compared with
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SD and SD-ZD groups. Interestingly, mice fed HFD had higher (p <0. 05) adiposity index than
those fed HFD-ZD (Fig.5B). Analysis of WAT distribution within body compartments showed
that HFD and HFD-ZD mice had higher (p < 0.001) subcutaneous WAT weight than SD and
SD-ZD (Fig. 5C). It was also found that the HFD group had a 2-fold higher visceral WAT
weight than the SD group (p < 0.001). However, no differences were observed between HFD-
ZD and SD-ZD groups (Fig. 5D). Organ weights did not differ between any of the groups (Table
2).

Figure 5. Effect of experimental diets on white adipose tissue weights and adiposity index
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(A) Total white adipose tissue (WAT) weight, (B) adiposity index, (C) subcutaneous WAT weight, and (D)
visceral WAT weight in mice. SD, standard diet; SD-ZD, standard zinc-deficient diet; HFD, high-fat diet; HFD-
ZD, high-fat zinc-deficient diet. Each column represents the mean + standard deviation of five mice per group.
** p <0.01 and *** p <0.001 compared with SD; # p <0.05, ## p < 0.01, and ### p < 0.001 compared with SD-
ZD; ¢ p <0.05 for HFD vs. HFD-ZD (one-way ANOVA, Bonferroni post hoc test).



Table 2. Organ weights (g) of mice fed experimental diets for 8§ weeks
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Organ SD SD-ZD HFD HFD-ZD
Liver 1.93+0.11 2.02+0.11 2.02+0.35 2.14+£0.12
Lung 0.29 +0.09 0.27 £0.05 0.38+0.12 0.39+0.17
Heart 0.15+0.10 0.17+£0.02 0.14£0.01 0.16 £ 0.02
Spleen 0.17+0.03 0.20 £ 0.02 0.16 £0.03 0.15+0.01

Kidney 0.45+0.03 0.44 +0.05 0.42+0.03 0.40 +0.04
Brain 0.48+0.03 0.47+0.03 0.47 +0.04 0.46 +0.04

Values represents the mean + standard deviation of five mice per group; n.s., not significantly different (one-way
ANOVA, Bonferroni post hoc test). SD, standard diet; SD-ZD, standard Zn-deficient diet; HFD, high-fat diet;
HFD-ZD, high-fat Zn-deficient diet.

Representative WAT micrographs for all groups are presented in Figs. 6A—F. The
WAT of mice fed HFD and HFD-ZD was hypertrophic, with significantly lower (p < 0.001)

adipocyte numbers (Fig. 6G), higher adipocyte volume (p < 0.001) (Fig. 6H), and greater (p <

0.001) macrophage infiltration (Fig. 6I) when compared with WAT of mice fed SD. In contrast,

HFD-ZD mice showed lower (p < 0.01) adipocyte volume than the HFD group (Fig. 6H).
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Figure 6. Impact of experimental diets on white adipose tissue morphology in mice
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SD, ¢ p <0.01 for HFD vs. HFD-ZD (one-way ANOV A, Bonferroni post hoc test).
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5.1.3 Hematological parameters and serum adipokine levels

Administration of SD-ZD, HFD, and HFD-ZD for 8 weeks did not affect hematological
parameters (Table 3). As mentioned above, HFD and HFD-ZD groups had a higher proportion
of total WAT weight, attributed to increased macrophage infiltration, and, as shown in Fig. 7A,
a significant increase (p < 0.001) in serum leptin levels compared with the respective controls
(Fig. 7A). However, serum leptin and adiponectin levels were not significantly altered by Zn
deficiency (Fig. 7A and B). No significant changes in serum adiponectin levels were observed

between groups (Fig. 7B).

Table 3. Effect of experimental diets on hematological parameters of mice

Parameter Diet
SD SD-ZD HFD HFD-ZD

Red blood cells (x10'%/L) 7.55+0.65 6.77 £ 1.41 7.69 £ 0.35 7.84 +£0.40
Hemoglobin (g/L) 120.88 +£8.05 11620+ 11.39  123.90+£8.05 120.60 +4.55
Hematocrit (%) 38.32+2.75 36.57+5.20 39.89 +2.27 39.12+2.35
MCYV (fL) 50.85+1.71 49.60 +1.23 51.87+1.09 49.92 +0.73
MCH (pg) 15.96 £ 0.60 15.12+0.47 16.05+0.24 15.34 +0.89
MCHC (g/L) 31511 +£7.04  306.00£4.50 301.21+£24.75 308.92+20.07
RDW (%) 14.84 +£0.30 14.85 +1.27 15.17 £ 0.50 14.92 +0.47
White blood cells (x10°/L) 726 +2.61 9.21 £2.45 7.91+£2.33 6.17 £1.78
Lymphocytes (x10°/L) 537+1.79 6.45 +£1.30 5.61+1.72 4.69+£1.23
Monocytes (x10°/L) 0.24+0.15 0.26 £0.30 0.32+£0.12 0.18 £0.06
Granulocytes (x10°/L) 1.64 £0.77 1.71 £0.66 2.01 £0.79 1.31+£0.17
Lymphocytes (%) 74.35+5.79 78.62 +2.60 71.12+5.49 76.32 +3.46
Monocytes (%) 3.37+£0.97 3.05+0.35 3.66 + 0.65 3.17+0.54
Granulocytes (%) 22.15+4.77 18.32+£2.59 25.22+4.87 20.51+3.05
Platelet count (x10°/L) 431.66 +229.10 376.25+88.36 543.91+£158.49 519.22+77.47
Mean platelet volume (fL) 6.11+0.39 528 +0.27 5.92+0.17 5.87+0.42
PDW 15.62 +0.37 14.91 £0.47 15.47£0.19 15.33£0.36

Values are the mean + standard deviation of five mice per group. n.s., not significantly different (one-way
ANOVA, Bonferroni post hoc test). SD, standard diet; SD-ZD, standard zinc-deficient diet; HFD, high-fat diet;
HFD-ZD, high-fat zinc-deficient diet; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;

MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width; PDW, platelet
distribution width.
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Figure 7. Effect of experimental diets on serum leptin and adiponectin levels
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(A) Serum leptin, (B) serum adiponectin. SD, standard diet; SD-ZD, standard zinc-deficient diet; HFD, high-fat
diet; HFD-ZD, high-fat zinc-deficient diet. Each column represents the mean + standard deviation of five mice
per group. *** p <0.001 compared with SD; ## p < 0.01 compared with SD-ZD (one-way ANOVA, Bonferroni
post hoc test).

5.1.4 Splash test

The anhedonic behavior of mice fed HFD (Zn-sufficient diet) and SD-ZD and HFD-
ZD (Zn-deficient diets) was analyzed by determining the latency to initiate grooming behavior
(Fig. 8A) and the time spent grooming (Fig. 8B). Splash test results showed an increased latency
in mice fed SD-ZD and HFD-ZD compared with mice fed SD (p < 0.05) (Fig. 8A). However,
no significant differences were observed between HFD and SD groups (Fig. 8A and B). Mice
fed HFD-ZD spent less time grooming, which is an anhedonic-like behavior (p < 0.05) (Fig.
&B).

Figure 8. Anhedonia in mice fed experimental diets for 8 weeks
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(A) Latency to initiate grooming, (B) time spent grooming. SD, standard diet; SD-ZD, standard zinc-deficient
diet; HFD, high-fat diet; HFD-ZD, high-fat zinc-deficient diet. Each column represents the mean + standard
deviation of five mice per group. * p < 0.05 (one-way ANOVA, Bonferroni post hoc test).
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5.1.5 Serum Trp and Kyn levels and Kyn/Trp ratio

Considering that HFD (rich in SFA) and HFD-ZD (rich in SFA and Zn-deficient) may
lead to behavioral disturbances, it was hypothesized that Kyn levels and Kyn/Trp ratio would
be enhanced in the serum of mice fed HFD or HFD-ZD. Serum Trp and Kyn levels of mice fed
HFD or HFD-ZD were significantly lower than those of the SD group (Fig. 9A and B). The
SD-ZD group samples were insufficient to be determined serum Kyn levels using HPLC;
consequently, the Kyn/Trp ratio was not calculated. No significant differences in Kyn/Trp ratio,
which reflects Trp catabolism, were observed (Fig. 9C).

Figure 9. Effect of experimental diets on serum tryptophan, kynurenine, and

kynurenine/tryptophan ratio
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(A) Serum tryptophan, (B) kynurenine, (C) kynurenine/tryptophan ratio. SD, standard diet; SD-ZD, standard
zinc-deficient diet; HFD, high-fat diet; HFD-ZD, high-fat zinc-deficient diet. Each column represents the mean +
standard deviation of five mice per group. * p <0.05; ** p <0.01 (one-way ANOVA, Bonferroni post hoc test).
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5.1.6 Assessment of obesity parameters and motivation behaviors after fluoxetine

treatment

In the second part of the in vivo experiment, mice were treated daily with fluoxetine
for 2 weeks following the 8 weeks of chronic exposure to experimental diets (SD-ZD, HFD,
and HFD-ZD). Fluoxetine is a selective serotonin reuptake inhibitor widely prescribed for the
treatment of depression and anxiety disorders. We investigated the ability of fluoxetine to alter
biochemical parameters and reverse behavioral alterations of chronic exposure to SD-ZD or
HFD-ZD in the splash test. At the end of fluoxetine treatment, the HFD-ZD group showed a
lower energy intake than the SD-ZD group (p < 0.001) (Fig. 10A). Adiposity index (Fig. 10B)
was not altered by fluoxetine treatment in comparison with pretreatment levels (Fig. 5B).
Interestingly, fluoxetine treatment decreased serum leptin levels and significantly increased
serum adiponectin levels in HFD-ZD mice (Fig. 10C and D) compared with pretreatment values

(Fig. 7A and B).

Figure 10. Energy intake, adiposity index, serum leptin, and serum adiponectin in mice treated

with fluoxetine (10 mg/kg for 2 weeks) and fed experimental diets
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(A) Energy intake, (B) adiposity index, (C) serum leptin, and (D) serum adiponectin. SD, standard diet; SD-ZD,
standard zinc-deficient diet; HFD, high-fat diet; HFD-ZD, high-fat zinc-deficient diet. Each column represents
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the mean + standard deviation of five mice per group. Adiposity index was calculated as adipose tissue weight
divided by body weight times 100. ** p <0.01 and *** p <0.001 compared with SD; # p < 0.05, ## p <0.01,
and ### p < 0.001 compared with SD-ZD (two-way ANOVA, Bonferroni post hoc test).
The groups did not differ in latency or grooming time in the splash test, as depicted in

Fig. 11A and B, demonstrating the ability of fluoxetine to revert anhedonic-like behaviors

induced by HFD-ZD.

Figure 11. Splash test results of mice treated with fluoxetine (10 mg/kg) for 2 weeks and fed

experimental diets for 10 weeks
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(A) Latency and (B) grooming time. SD, standard diet; SD-ZD, standard zinc-deficient diet; HFD, high-fat diet;
HFD-ZD, high-fat zinc-deficient diet. Each column represents the mean + standard deviation of five mice per

group.

The ability of fluoxetine treatment to alter serum Trp, Kyn, or Kyn/Trp ratio was
assessed, but no significant differences were found between groups (Fig. 12A—C). The SD-ZD
group samples were insufficient to be determined serum Kyn levels using HPLC; consequently,

the Kyn/Trp ratio was not calculated.
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Figure 12. Serum tryptophan, kynurenine, and kynurenine/tryptophan ratio in mice treated

with fluoxetine (10 mg/kg) for 2 weeks and fed experimental diets for 10 weeks
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(A) Tryptophan, (B) kynurenine, and (C) kynurenine/tryptophan ratio. SD, standard diet; SD-ZD, standard zinc-
deficient diet; HFD, high-fat diet; HFD-ZD, high-fat zinc-deficient diet. Each column represents the mean +
standard deviation of five mice per group.
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5.2 IN VITRO STUDY

5.2.1 Determination and quantification of Trp and Kyn in cell supernatant by HPLC

First, we established and validated an HPLC analytical method for determination and
quantification of Trp and Kyn in cell culture supernatant, the method was validated and
described previously by Julio (2015). The linearity of the method (Table 4) was assessed using
three standard calibrations. Calibration curves were constructed using standard Trp and Kyn
solutions at nine nominal concentrations (0.5, 1, 2.5, 5, 7.5, 10, 25, 50, and 100 uM). In the
development of HPLC methods, matrix effects constitute a significant issue that should be
minimized as much as possible (van de STEENE and LAMBERT, 2008). With this in mind,
a series of standards solutions were prepared in BSA solution in Milli-Q water, which
corresponds to the average protein content in DMEM FCS + Penstrep medium. Both the
standard solutions and the samples analyzed had the same preparation conditions (protein
precipitation followed by dilution) and chromatography separation conditions. As result, this
protocol can minimize the effect of different matrix considering that DMEM FCS+ Penstrep

medium contained 80 uM of Trp.

Table 4. Linearity of the developed HPLC analytical method for quantification of

tryptophan and kynurenine in cell culture supernatant

Retention time

Analyte Calibration curve R?
(min)
y=1207.2x + 993.9 0.99
Trp y=1207x + 1527.4 0.99 11
y=1088.8x +263.3 0.99
y=2998.7x +1522.7 0.99
Kyn y=989.5x +1902.7 0.99 6
y=998.4x +1008.1 0.99

The coefficient of determination (R?) was used as a measure of linearity. Validation assays were performed in
triplicate using standard solutions prepared and analyzed on different days.
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5.2.2 Differentiation of THP-1 monocytes into macrophage-like cells and LPS stimulation

Cell culture supernatants enriched in proinflammatory cytokines were obtained by
using the methodological setup described by Takashiba et al. (1999), with minor modifications.
The human monocyte cell line THP-1 was differentiated into macrophage-like cells by exposure
to 200 nM PMA, which promotes cellular adhesion. Then, THP-1 macrophages were stimulated
with a 100 ng/mL LPS solution for 4 h. As described in the literature, upon binding to TLR-4
membrane receptors, LPS activates the NF-kB signaling cascade, resulting in the production
and secretion of proinflammatory cytokines into the culture medium (TREDE et al., 1995).
Indeed, LPS-stimulated THP-1 macrophages released a significant amount of the
proinflammatory cytokines IL-6 and TNF-a (p < 0.05 and p < 0.01, respectively) into culture
medium, as determined by specific ELISA assays (Fig. 13).

Figure 13. Levels of the proinflammatory cytokines in the supernatant of lipopolysaccharide-

stimulated THP-1 macrophages
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(A) Interleukin 6 (IL-6), (B) tumor necrosis factor-alpha (TNF-a) in LPS-stimulated THP-1 macrophages
supernatant, as determined by ELISA. Each column represents the mean + standard deviation of three
independent experiments. Control cells were cultivated in DMEM only; * p < 0.05 and ** p <0.01 (Mann—
Whitney U-test).

5.2.3 Effect of proinflammatory THP-1 supernatant on human glioma cell viability and

Trp—Kyn pathway regulation

The human adherent glioma cells A172 and T98G were chosen because they express
IDO (GRANT et al., 2000; MIYAZAKI et al., 2009). IDO catalyzes the first enzymatic reaction
of the Kyn—Trp pathway (oxidation of the essential amino acid Trp). IDO expression and

activation result in accumulation of downstream metabolites, such as Kyn. Trp and Kyn levels
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were measured in the culture supernatant of A172 and T98G cells. Cells were seeded at 2 x 10*
cells/500 pL and incubated for 24 h until reaching 60% confluency. Then, T98G and A172 cells
were treated or not with different concentrations of proinflammatory THP-1 supernatant, as
described in Section 4.2.2.2.

Kyn levels were significantly higher (p < 0.001) in the supernatant of A172 cells
treated with 25 (10.88 = 1.24 vs. 6.75 = 1.22 uM), 50 (11.92 £+ 2.87 vs. 7.14 = 0.74 uM), or
100% (11.24 = 1.48 vs. 6.99 £ 0.91 uM) proinflammatory THP-1 supernatant as compared with
the control (6.03 £ 1.43) (Fig. 14A). The same was true for T98G cells 25 (3.16 = 0.84 vs. 1.07
+ 0.50 uM), 50 (3.51 + 0.48 vs. 0.98 + 0.27 uM), and 100% (3.93 £ 0.63 vs. 1.04 £ 0.25 uM)
vs control (1.18 = 0.87, p < 0.001) (Fig. 15A). A reduction in Trp levels was also observed in
both cell lines after treatment with 25, 50, or 100% proinflammatory THP-1 supernatant (Fig.
14B and 15B).

The Kyn/Trp ratio provides a measure of Trp breakdown and can be used as an
indicator of IDO activity in conjunction with other immune activation markers (ARNONE et
al.,2018). This parameter was significantly higher (» <0.001) in treated supernatant from A172
cells (Fig. 14C) and T98G cells (Fig. 15C) compared with the control.

According to Figs. 14A and 15A, the baseline levels of Kyn produced and released by
A172 cells were notably higher than those released by T98G cells. After treatment with
proinflammatory THP-1 supernatant, A172 cells had a nearly 2-fold increase in Kyn levels
compared with the control. For stimulated T98G cells, Kyn production was nearly 3-fold that

of control cells.
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Figure 14. Effect of different concentrations of proinflammatory THP-1 supernatant on
kynurenine levels, tryptophan levels, and kynurenine/tryptophan ratio in the culture
supernatant of A172 cells
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(A) Kynurenine levels, (B) tryptophan levels, and (C) kynurenine/tryptophan ratio. A172 cells were treated with
increasing concentrations (0, 25, 50, and 100%) of the supernatant of lipopolysaccharide (LPS)-stimulated THP-
1 macrophages or DMEM containing corresponding LPS levels (control, black bars). Columns represent the
mean + standard deviation of three independent biological replicates, each performed in triplicate. ** p < 0.01,
**%* p <0.001 (two-way ANOVA, post hoc Bonferroni).
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Figure 15. Effect of different concentrations of proinflammatory THP-1 supernatant on
kynurenine levels, tryptophan levels, and kynurenine/tryptophan ratio in the culture

supernatant of T98G cells
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(A) Kynurenine levels, (B) tryptophan levels, and (C) kynurenine/tryptophan ratio. T98G cells were treated with
increasing concentrations (0, 25, 50, and 100%) of the supernatant of lipopolysaccharide (LPS)-stimulated THP-
1 macrophages or DMEM containing corresponding LPS levels (control, black bars). Columns represent the
mean + standard deviation of three independent biological replicates, each performed in triplicate. * p <0.05, **
p <0.01, *** p <0.001 (two-way ANOVA, Bonferroni post hoc test).

5.2.4 Viability of A172 and T98G cells treated with TPEN

Before investigating the effect of Zn deficiency on Kyn/Trp breakdown in T98G cells
treated with supernatant of LPS-stimulated THP-1 macrophages, it was first necessary to
determine the viability of A172 and T98G cells treated with different concentrations of TPEN.
Cell viability was assessed using an MTT viability assay. Different from EDTA, which is a
membrane-impermeable chelator (RICHARDSON and BAKER, 1994), TPEN is a well-
described membrane-permeable chelating agent that primarily depletes intracellular free Zn
(femtomolar affinity of 15.6 L/mol, pH 7.2) (MARET, 2015). Fig. 16A and B presents the dose—
response curve of TPEN (0.5, 1, 1.5, 2, 2.5, 3, 3.5,4,4.5,5, and 7.5 uM) on A172 and T98G
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cells, respectively. Both cell lines showed similar sensitivity to TPEN. Viability decreased

substantially between extracellular TPEN concentrations of 2 and 3.5 uM.

Figure 16. Viability of A172 and T98G cells treated with different concentrations of TPEN

for 24 h
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(A) A172 and (B) T98G cells. Cell viability was quantified using an MTT assay. Results (mean =+ standard
deviation) were obtained from two independent experiments, each performed in triplicate.

As described above, T98G cells showed lower basal levels of Kyn but a stronger
response to treatment with proinflammatory supernatant. Because of these results, subsequent

experiments on the Zn-dependency of the Kyn pathway were performed with this cell line only.

5.2.5 Impact of Zn status and proinflammatory THP-1 supernatant on Trp—Kyn pathway
regulation in T98G cells

After defining nontoxic TPEN concentrations for T98G cells, we subjected cells to the
second incubation regime, as described in Section 4.2.2.2. Briefly, T98G cells were seeded at
2 x 10* cells/500 pL and incubated for 24 h until reaching 60% confluency. Next, cells were
preincubated for 2, 4, or 24 h with either DMEMgcs+ps or DMEMEgcs+ps + 3 uM TPEN.
Pretreatment solutions were removed, and cells were incubated for 24 h with one of the
following solutions: DMEMEgcs+ps + 100 ng/mL LPS (control), proinflammatory THP-1
supernatant, DMEMEkcs+ps + 3 uM TPEN, or proinflammatory THP-1 supernatant + 3 uM
TPEN. Solutions that contained TPEN were Zn-deficient and those without TPEN were Zn-
adequate. After this period, cell viability was assessed by an MTT method and Trp and Kyn

levels in cell supernatants were determined by HPLC.
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Under Zn-deficient conditions, 3 uM TPEN was toxic to T98G cells. Viability was
reduced by about 30% in T98G cells preincubated for 2 or 4 h with DMEMErcs+ps + 3 uM

TPEN, followed by incubation with proinflammatory THP-1 supernatant + 3 uM TPEN for 24
h (Fig. 17A and B).

Figure 17. Cell viability in the culture supernatant of T98G cells pretreated for 2, 4, or 24 h in
DMEM with or without TPEN followed by 24 h of incubation with supernatant from
lipopolysaccharide-stimulated THP-1 macrophages with or without TPEN
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(A) Cell viability 2h, (B) cell viability 4h, and (C) cell viability 24h. ZA, zinc-adequate conditions (without
TPEN); ZD, zinc-deficient conditions (with TPEN). T98G cells were preincubated with DMEMEgcs+p/s with or
without 3 uM TPEN (Zn chelator) for 2, 4, or 24h h followed by incubation with proinflammatory THP-1 culture
supernatant or DMEM (control) with or without 3 uM TPEN for 24 h. Columns represent the mean + standard
deviation of three independent biological replicates, each performed in triplicate.

Because of the reduction in viability, T98G cells did not release Kyn in the supernatant
(Figs. 18A and 19A). Under Zn-adequate conditions, on the other hand, cells preincubated for
4 h with fresh medium, followed by incubation with proinflammatory THP-1 supernatant for
24 h, released higher concentrations of Kyn (p <0.05) (Fig. 19A), resulting in a higher Kyn/Trp
ratio (p < 0.01) (Fig. 19C). The increased Kyn levels can be explained by the high viability
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(~100%) of Zn-adequate cells (Fig. 17B) compared with the reduced viability (~70%) of Zn-

deficient cells.

Figure 18. Kynurenine levels, tryptophan levels, and kynurenine/tryptophan ratio in the
culture supernatant of T98G cells pretreated for 2 h in DMEM with or without TPEN
followed by 24 h of incubation with supernatant from lipopolysaccharide-stimulated THP-1
macrophages with or without TPEN
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(A) Kynurenine levels, (B) tryptophan levels, and (D) kynurenine/tryptophan ratio. ZA, zinc-adequate conditions
(without TPEN); ZD, zinc-deficient conditions (with TPEN). T98G cells were preincubated with DMEMEgcs:p/s
with or without 3 uM TPEN (Zn chelator) for 2 h followed by incubation with proinflammatory THP-1 culture
supernatant or DMEM (control) with or without 3 uM TPEN for 24 h. Columns represent the mean + standard

deviation of three independent biological replicates, each performed in triplicate.
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Figure 19. Kynurenine levels, tryptophan levels, and kynurenine/tryptophan ratio in the
culture supernatant of T98G cells pretreated for 4 h in DMEM with or without TPEN
followed by 24 h of incubation with supernatant from lipopolysaccharide-stimulated THP-1
macrophages with or without TPEN
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(A) Kynurenine levels, (B) tryptophan levels, and (C) kynurenine/tryptophan ratio. ZA, zinc-adequate
conditions (without TPEN); ZD, zinc-deficient conditions (with TPEN). T98G cells were preincubated
with DMEMgcs+pis with or without 3 uM TPEN (Zn chelator) for 4 h followed by incubation with
proinflammatory THP-1 culture supernatant or DMEM (control) with or without 3 uM TPEN for 24 h.
Columns represent the mean + standard deviation of three independent biological replicates, each
performed in triplicate. * p <0.05, ** p <0 .01 (two-way ANOVA, Bonferroni post hoc test).

Interestingly, preincubation of T98G cells for 24 h with TPEN, followed by incubation
for 24 h with proinflammatory THP-1 supernatant + 3 uM TPEN, resulted in 100% cell viability
(Fig. 17C). Supernatant Kyn concentrations and, consequently, Kyn/Trp ratio (p < 0.05) (Fig.
20A) were increased (p < 0.05) (Fig. 20C) under both Zn-adequate and -deficient conditions.
There was a decrease in Trp supernatant levels of T98G cells treated with Zn-deficient
proinflammatory THP-1 supernatant (p < 0.05) (Fig. 20B). However, no differences in Kyn
concentration or Kyn/Trp ratio were observed between the supernatants of T98G cells treated
with Zn-deficient and -adequate proinflammatory THP-1 supernatant, as shown in Fig. 20A and

C. Overall, these findings suggested that Zn did not participate in Kyn/Trp breakdown.
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Figure 20. Kynurenine levels, tryptophan levels, and kynurenine/tryptophan ratio in the
culture supernatant of T98G cells pretreated for 24 h in DMEM with or without TPEN
followed by 24 h of incubation with supernatant from lipopolysaccharide-stimulated THP-1
macrophages with or without TPEN
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(A) Kynurenine levels, (B) tryptophan levels, and (C) kynurenine/tryptophan ratio. ZA, zinc-adequate conditions
(without TPEN); ZD, zinc-deficient conditions (with TPEN). T98G cells were preincubated with DMEMEFcs:+p/s
with or without 3 uM TPEN (Zn chelator) for 24 h followed by incubation with proinflammatory THP-1 culture

supernatant or DMEM (control) with or without 3 uM TPEN for 24 h. Columns represent the mean + standard
deviation of three independent biological replicates, each performed in triplicate. * p < 0.05 (two-way ANOVA,
Bonferroni post hoc test).

5.2.6 Impact of Zn status on the production of inflammatory mediators of the Trp—Kyn

pathway in T98G cells

This next part of the in vitro study was aimed at understanding the influence of Zn on
LPS-stimulated THP-1 macrophages. As mentioned in Section 2, one of the most exciting
findings in Zn biochemistry is the compound’s molecular role as a second messenger in immune
cells. A variety of signaling pathways were found to involve Zn signals, including activation of
immune cells (HAASE and RINK, 2014a). Several reports investigated the ability of
intracellular free Zn to influence signaling and production of proinflammatory cytokines in vitro
(VON BULOW et al., 2007; BAO et al., 2003). Here, Zn-deficient conditions were induced by

pretreating THP-1 macrophages prior to LPS stimulation.
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THP-1 cells were treated for 4 h with one of the following solutions: (i) DMEMgcs+p/s
alone, (ii) DMEMEkcs+p;s + 100 ng/mL LPS, (iii) DMEMgcs+ps + 3 uM TPEN, or (iv)
DMEMEkcs+ps + 100 ng/mL LPS + 3 uM TPEN. After incubation, supernatants were collected
and applied to T98G cells for stimulation (third incubation regime, Section 4.2.2.2).

T98G cells were seeded at 2 x 10* cells/500 uL and incubated for 24 h until reaching
60% confluency. Then, T98G cells were treated with the respective supernatants (i-iv) and
subjected to Kyn and Trp determination. As shown in Fig. 21A, no differences in Kyn levels
were observed between the supernatants of T98G cells treated with LPS, TPEN, or LPS + TPEN
and the control with 100% cell viability for all conditions (Fig. 21B). This indicates that T98G

cells were not activated by treatment with proinflammatory THP-1 supernatant.

Figure 21. Kynurenine levels in the supernatant of T98G cells treated with zinc-adequate or -

deficient lipopolysaccharide-stimulated THP-1 macrophage supernatant and cell viability
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(A) Kynurenine and (B) cell viability. T98G cells were treated with supernatant from THP-1 macrophages
(control), supernatant from lipopolysaccharide (LPS)-stimulated THP-1 macrophages, supernatant from THP-1
macrophages treated with 3 uM TPEN, or supernatant from LPS-stimulated THP-1 macrophages treated with 3

uM TPEN. Columns are the mean + standard deviation of three independent biological replicates, each
performed in triplicate.

Next, cells were subjected to the first incubation regime described in Section 4.2.2.2.
The results of the first incubation regime, showing that incubation with proinflammatory THP-

1 supernatant did not increase Kyn levels (Fig. 22), confirmed these findings (Fig. 21A)



86

Figure 22. Effect of different concentrations of proinflammatory THP-1 supernatant on

kynurenine levels in the culture supernatant of T98G cells
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Kynurenine levels in the supernatant of T98G cells treated with increasing concentrations (0, 25, 50, and 100%)
of the proinflammatory THP-1 supernatant (gray bars) or DMEM containing corresponding LPS levels (control,
black bars). Columns represent the mean + standard deviation of three independent biological replicates, each
performed in triplicate.

The following step was to increase T98G cell density. Five seeding densities were
tested, and T98G cells were treated with proinflammatory THP-1 supernatant or DMEM
(control) to investigate why T98G cells did not respond to treatment with proinflammatory
THP-1 supernatant. As depicted in Fig. 23, the increase in Kyn levels was proportional to T98G
cell seeding density. In the following experiments, cells were seeded at 6 x 10* cells/500 pL

instead of 2 x 10* cells/500 pL.

Figure 23. Kynurenine levels in the culture supernatant of T98G cells seeded at different

densities.
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Kynurenine levels in the supernatant of T98G cells seeded at different densities (cells/S00 pL) and
treated with proinflammatory THP-1 supernatant (gray bars) or DMEM containing corresponding LPS
levels (control, black bars). Columns are the mean + standard deviation of three independent biological
replicates, each performed in triplicate. ** p < 0.01, *** p <0.001 (two-way ANOVA, Bonferroni post
hoc test).

As shown in Fig. 24B, T98G cells were almost 100% viable, regardless of treatment.
Kyn levels released by T98G cells were significantly higher (p < 0.05) after treatment with
proinflammatory THP-1 supernatant (Fig. 24A); as a result, Trp concentrations decreased (p <
0.001) (Fig. 24D) and Kyn/Trp ratio increased (p < 0.05) (Fig. 24C).

This experiment aimed to determine the role of Zn deficiency in LPS-stimulated THP-
1 macrophages and in the stimulation of Kyn/Trp breakdown in T98G cells. Interestingly, Kyn
levels were much higher in T98G supernatant incubated with LPS/TPEN-treated THP-1
supernatant than in T98G supernatant incubated with LPS-stimulated THP-1 supernatant (10.83
+ 1.48 vs. 6.87 £ 0.94 uM, p < 0.01) (Fig. 24A), as was the Kyn/Trp ratio (274.41 = 11.34 vs.
166.97 + 23.60, p < 0.05) (Fig. 24C). Overall, these results indicate that Zn deficiency in LPS-
stimulated THP-1 supernatant increased Kyn/Trp breakdown in T98G cells.
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Figure 24. Kynurenine levels, cell viability, kynurenine/tryptophan ratio, and tryptophan
levels in the supernatant of T98G cells treated with zinc-adequate or -deficient

lipopolysaccharide-stimulated THP-1 macrophage supernatant
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(A) Kynurenine, (B) cell viability, (C) kynurenine/tryptophan ratio, and (D) tryptophan. T98G cells were treated
with supernatant from THP-1 macrophages (control), supernatant from lipopolysaccharide (LPS)-stimulated
THP-1 macrophages, supernatant from THP-1 macrophages treated with 3 uM TPEN, or supernatant from LPS-
stimulated THP-1 macrophages treated with 3 uM TPEN. Columns are the mean + standard deviation of three
independent biological replicates, each performed in triplicate. * p < 0.05, ** p <0.01, and *** p < 0.001,
compared with the control; # p < 0.05 and ## p < 0.01 for LPS + TPEN vs. LPS (two-way ANOVA, Bonferroni
post hoc test).

5.2.7 Determination of intracellular free Zn in THP-1 macrophages

The effects of LPS and/or TPEN incubation on intracellular free Zn levels in THP-1
cells were estimated by using the Zn fluorescent sensor Zinpyr-1 (WALKUP et al., 2000).
Zinpyr-1-bound Zn in THP-1 macrophages was determined after application of different
inducers. According to the results of Fig. 25, LPS stimulation slightly increased intracellular
free Zn levels in THP-1 macrophages compared with LPS + TPEN stimulation. In LPS-
stimulated THP-1 macrophages, the maximum Zn signal occurred within less than 2 min,
followed by 12 min of gradual reduction compared with the control (Fig. 25). Treatment with
LPS did not change the patterns of intracellular free Zn distribution in THP-1 macrophages but

rather increased free Zn in the entire cell.
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Figure 25. Effects of lipopolysaccharide (LPS) and/or TPEN on intracellular free Zn
concentrations in THP-1 macrophages, as determined using the fluorescent Zn sensor
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(A) THP-1 macrophages were loaded with Zinpyr-1 (2.5 uM), incubated, and washed twice with assay buffer.
Minimal (Fin) and maximal (Fimax) fluorescence signals were determined by adding 100 puL of assay buffer
containing 20 uM TPEN or 600 uM ZnSO4-7H,0, respectively, to a subset of wells used for calibration.
Fluorescence was recorded at 2-min intervals. After 10 min of baseline fluorescence determination, cells were
treated with buffer (control), 100 ng/mL LPS, 3 uM TPEN, or 100 ng/mL LPS + 3 uM TPEN. Fluorescence was
recorded for an additional 50 min. Intracellular labile Zn was calculated using the equation [Zn] = Kq x [(F —
Frin)/(Frmax — F)] (GRYNKIEWICZ et al., 1985), assuming a dissociation constant (Kq) of 0.7 nM for the Zn—
Zinpyr-1-complex (WALKUP et al., 2000; BURDETTE et al., 2001). Data from a representative experiment are
shown as the mean of triplicates + standard deviation of three experiments.

A similar experiment was carried out using the Zn fluorophore FluoZin-3AM
(HAUGLAND, 2000). The Zinpyr-1 demonstrated a relatively increased free Zn in the entire
cell, while FluoZin-3AM exclusively labeled cellular ornganelles which contained storage free
Zn (KALTENBERG et al., 2010).

LPS stimulation led to a maximal Zn signal within the first 2 min, followed by a
gradual reduction compared with the control for the following 30 min (Fig. 26A). Even though
LPS was applied at different concentrations, Zn signals in THP-1 macrophages were found to
not be dose-dependent. However, free Zn levels increased 1.5-fold compared with the control
after 2 min with addition of LPS solutions at different concentrations (Fig. 26B). Treatment
with the Zn chelator TPEN (at 3 or 20 pM) confirmed the specificity of the FluoZin-3AM signal
within 2 min of treatment, inducing a sharp decline (Fig. 26A).
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Figure 26. Effects of lipopolysaccharide (LPS) and/or TPEN on intracellular free Zn

concentrations in THP-1 macrophages, as determined using the Zn fluorophore FluoZin-3AM

3.0- LPS -+ Control

I -+ 100 ng/mL LPS
: 100 ng/mL LPS

fiipeekes  t3MMTPEN

= 3 uM TPEN
= 20 pM TPEN

[=
in
1

Free Zn [nM]
2

=
in
1

2 6 10 14 18 22 26 30 34 38 42 46 50 54
-0.5- Time [min]

2.51

2.04

1.54

1.01

0.54

Free Zn (Fold of Control)

0.0-
100 ng/mL 250 ng/mL 1000 ng/mL

(A) THP-1 macrophages were loaded with FluoZin-3AM (1 pM), incubated, and washed twice with assay
buffer. Minimal (Fiin) and maximal (Fimax) fluorescence signals were determined by adding 100 uL of assay
buffer containing 20 uM TPEN or 600 uM ZnSO4-7H,0, respectively, to a subset of wells used for calibration.
Fluorescence was recorded at 2-min intervals. After 10 min of baseline fluorescence determination, cells were
treated with buffer (control), 100 ng/mL LPS, 3 uM TPEN, or 100 ng/mL LPS + 3 uM TPEN. Fluorescence was
recorded for an additional 50 min. Intracellular labile Zn was calculated using the equation [Zn] = Kq x [(F —
Frin)/(Frmax — F)] (GRYNKIEWICZ et al., 1985), assuming a dissociation constant (Kq) of 8.9 nM for the Zn—
FluoZin 3-AM complex (KREZEL and MARET, 2006). (B) Free zinc in cells treated with 100, 250 or 1000
ng/mL LPS was expressed as the fold of control after 2 min. Data from a representative experiment are shown as
the mean of triplicates + standard deviation of three experiments.

5.2.8 Impact of Zn status on the production of inflammatory mediators of the Trp—Kyn

pathway in T98G cells before RT-PCR assays

RT-PCR gene expression analyses were performed to investigate which
proinflammatory cytokines are expressed in LPS-stimulated and unstimulated THP-1

macrophages under Zn-adequate and -deficient conditions. However, before carrying out RT-
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PCR, it was necessary to evaluate whether the cells used for transcript analysis were effectively
stimulated by LPS.

The results of Fig. 27 confirm those demonstrated in Fig. 24. One-way ANOVA
revealed significant differences in Kyn levels and Kyn/Trp ratio in the supernatant of T98G
cells treated with proinflammatory THP-1 supernatant + TPEN (Zn-deficient) compared with
supernatant of proinflammatory THP-1 (Zn-adequate). The results of RT-PCR gene expression
analysis of proinflammatory cytokines in LPS-stimulated THP-1 under Zn-adequate or -
deficient conditions are comparable to the results of Kyn/Trp breakdown in T98G cells (Fig.

27), as the evaluated cells and supernatant were obtained from the same three independent

biological replicates.

Figure 27. Kynurenine, tryptophan, and kynurenine/tryptophan ratio in the culture supernatant
of T98G cells stimulated with supernatant of lipopolysaccharide (LPS)-stimulated THP-1

macrophages under zinc-adequate or -deficient conditions
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(A) Kynurenine, (B) tryptophan, and (C) kynurenine/tryptophan ratio. T98G cells were treated with supernatant
from THP-1 macrophages (control), supernatant from LPS-stimulated THP-1 macrophages, supernatant from
THP-1 macrophages treated with 3 uM TPEN, or supernatant from LPS-stimulated THP-1 macrophages in the
presence of TPEN. Columns are the mean + standard deviation of three independent biological replicates, each
performed in triplicate. * p <0.05, ** p <0 .01, and *** p <0.001 compared with the control; # p < 0.05 and ##
p <0.01 for LPS + TPEN vs. LPS (one-way ANOV A, Bonferroni post hoc test).
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5.2.9 Gene expression profiling of proinflammatory cytokines in LPS-stimulated THP-1

macrophages under Zn-adequate and -deficient conditions

RT-PCR was used to assess the expression of /L6, TNFA, IFNA, IFNB, and IFNG in
THP-1 macrophages incubated with either fresh medium (control), medium containing 100
ng/mL LPS, medium containing 3 pM TPEN, or medium containing LPS/TPEN (LPS and
TPEN were added simultaneously). The analysis revealed that /L6 expression in LPS-
stimulated THP-1 macrophages under both Zn-adequate (7.53 + 1.46) and Zn-deficient (10.27
+ 0.43) conditions was significantly higher than in the control (p <0.001, Fig. 28A).

However, no significant differences in /L6 expression were observed between LPS-
and LPS/TPEN-treated cells. Thus, the labile Zn status of THP-1 macrophages seemed to be
less influenced by /L6 expression. TNFA expression was also higher in LPS-stimulated THP-1
macrophages under both Zn-adequate (2.82 + 0.31) and Zn-deficient conditions (2.64 + 0.35)
(p <0.01, Fig. 28B).

Figure 28. Influence of TPEN on lipopolysaccharide (LPS)-induced expression of /L6 and
TNFA by THP-1 macrophages
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(A, B) Relative mRNA expression of /L6 and TNFA genes in THP-1 macrophages, as determined by RT-PCR.
Expression levels are relative to those of untreated THP-1 macrophages and normalized to that of the B-actin
gene. THP-1 cell cultures were treated with fresh medium (control), 100 ng/mL LPS (Zn-adequate condition), 3
uM TPEN (Zn-deficient condition), or 100 ng/mL LPS + 3 uM TPEN (Zn-deficient condition) for 4 h. Columns
are the mean =+ standard deviation of three independent biological replicates, each performed in triplicate. ** p <
0.01, *** p <0.001 (two-way ANOV A, Bonferroni post hoc test).

IL-6 and TNF-a levels in the supernatant of LPS stimulated THP-1 macrophages were
determined by ELISA. In line with RT-PCR results, IL-6 levels were significantly higher in Zn-
adequate and -deficient LPS-stimulated THP-1 supernatant than in unstimulated THP-1
supernatant (p < 0.001) (Fig. 29A). The same was observed for TNF-a levels (p < 0.05) (Fig.

29B). Of note, there was a significant difference in IL-6 levels between supernatant from LPS-
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stimulated THP-1 macrophages incubated under Zn-deficient and Zn-adequate conditions (p <

0.05) (Fig. 29A).

Figure 29. Levels of interleukin 6 and tumor necrosis factor-alpha in the supernatants of
differentiated THP-1, lipopolysaccharide (LPS)-stimulated differentiated THP-1,
differentiated THP-1 treated with TPEN, and differentiated THP-1 treated with TPEN/LPS
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(A, B) interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-a) levels determined using ELISA. THP-1 cell
cultures were treated with fresh medium (control), 100 ng/mL LPS (Zn-adequate condition), 3 uM TPEN (Zn-
deficient condition), or 100 ng/mL LPS + 3 uM TPEN (Zn-deficient condition) for 4 h. Columns are the mean +
standard deviation of three independent biological replicates, each performed in triplicate. * p <0.05, ** p <
0.01, *** p <0.001; # p < 0.05 (one-way ANOVA, Bonferroni post hoc test).

IFNA and IFNB mRNA levels in THP-1 macrophages did not differ between
treatments (Fig. 30A and B). LPS/TPEN treatment substantially enhanced /FFNG transcription

by about 4-fold compared with LPS treatment. Thus, the labile Zn status of THP-1 macrophages
is greatly influenced by /FNG expression (p < 0.01) (Fig. 30C).
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Figure 30. Impact of TPEN on lipopolysaccharide-induced expression of interferon genes in

THP-1 macrophages.
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(A, B, and C) Relative mRNA expression of /FNA, IFNB, and IFNG in THP-1 macrophages, as assessed by RT-
PCR. Expression levels are relative to those of untreated THP-1 macrophages and normalized to that of the -
actin gene. THP-1 macrophages were treated with fresh medium (control), 100 ng/mL LPS (Zn-adequate
condition), 3 uM TPEN (Zn-deficient condition), or 3 uM TPEN + 100 ng/mL LPS (Zn-deficient condition) for
4 h. Columns are the mean + standard deviation of three independent biological replicates, each performed in
triplicate. *** p < 0.001, ## p <0.01 (one-way ANOVA, Bonferroni post hoc test).

Taken together, the in vitro data demonstrated that Zn deficiency may enhance LPS-
induced proinflammatory responses in THP-1 macrophages, as evidenced by the increase in
IFNG expression and IL-6 levels. Higher levels of proinflammatory cytokines in THP-1
macrophage supernatant increased Kyn/Trp breakdown in T98G cells, as shown by the higher

Kyn levels.
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6 DISCUSSION

6.1 IN VIVO EXPERIMENTS

Modern Western diets are characterized by high SFA intake, a well-known risk
factor for obesity, and limited intake of micronutrients such as Zn (COSTARELLI et al.,
2010; RIOS-LUGO et al., 2020). Numerous animal and human studies have concluded that
individuals with dietary Zn deficiency are more prone to behavioral alterations
(SWARDFAGER et al., 2013). Furthermore, obesity significantly contributes to the
development of neuropsychiatric comorbidities (PAN et al., 2012; ZHAO et al., 2011). In this
thesis, we sought to investigate the role of Zn in DIO and adipose tissue hypertrophy in mice
and assess to what extent Zn deficiency is linked with behavioral disturbances. This was
achieved by evaluating the effects of different diets on the Kyn—Trp pathway and the ability
of fluoxetine treatment to reverse behavioral alterations and biochemical parameters.

Various animal studies used the C57B1/6J inbred mouse strain as a DIO model, as the
strain is highly susceptible to developing obesity (SURWIT and COLLINS, 2001). However,
C57BL/6J mice are resistant to the development of dietary Zn deficiency compared with other
rodents (LUECKE and FRAKER, 1979). Thus, for the experiments carried out in this thesis,
we used outbred Swiss albino mice, which are metabolically sensitive to HFD and whose wide
genetic variability is similar to that found in humans (WHITE et al., 2013; MAREI et al., 2020).
Notably, obesity and depression are more prevalent in adult women than in men, which is why
experiments were performed with adult female Swiss albino mice only (WONG and LICINIO,
2001; BLUHER, 2019). Behavioral assays are frequently performed using Swiss albino mice,
with reliable results when using antidepressants (CAN et al., 2012). In the present thesis, female
Swiss albino mice were susceptible to DIO, and obese mice had a greater feed efficiency
(weight gain divided by energy intake). The results showed that energy conversion from HFD
resulted in body composition changes, such as increased body weight, Lee index, and
abdominal circumference, in obese mice with equal or lower energy intake than their respective
controls. Our experimental model provided results that agreed with those of other DIO studies
(PORTOVEDO et al., 2015; MAREI et al., 2020).

Total serum Zn concentration was assessed using a Randox Zn colorimetric assay and
the results confirmed that mice fed SD-ZD and HFD-ZD achieved a Zn-deficient state. Waqar
Rabbani et al. (2013) used the same kit on an auto-analyzer to determine total serum Zn in

children presenting with febrile seizures. Other methods have been used to assess total serum
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or plasma Zn levels in humans and rodents, including atomic absorption spectrometry and
inductively coupled plasma optical emission spectroscopy (ZALEWSKI et al., 2006; OMU et
al.,2015). Liu et al. (2013) used inductively coupled plasma optical emission spectrometry for
Zn quantification and found that C57BL/6 mice fed Zn-deficient diets for 3 weeks had
significantly lower total serum Zn concentrations.

Less than 1% of total body Zn is found in the serum. About 80-90% of serum Zn is
bound to serum albumin, 10-20% is strongly bound to a2-macroglobulin, and the remainder is
known as free Zn (ZALEWSKI et al., 2006; KAMBE et al., 2015). The free Zn pool is
biologically active and involved in numerous signaling pathways (FUKADA et al., 2011,
MARET, W. 2015). Changes in its homeostasis can lead to a diversity of abnormalities in
humans and animal models (FUKADA et al., 2011). Motivated by the importance of
determining serum free Zn, Alker ef al. (2019) have been developing reliable biomarkers of
free Zn status.

The fat content of HFD resembles the fat intake of the US adult population (US
NHANES, 2012). HFD and HFD-ZD, composed of 30% lard (rich in SFA), effectively induced
obesity in mice. According to the review study carried out by Buettner et al. (2007), the best
method to induce obesity in animals is to use HFDs containing lard. SFA was more effective in
promoting obesity and insulin resistance than polyunsaturated fat (BUETTNER et al., 2007).
Hariri and Thibault (2010), in a review study, showed that SFAs are highly obesogenic because
they are inadequately used for energy production, resulting in acylation to triglycerides and
storage in WAT. Increased lipid storage in WAT has been reported as a characteristic feature
of obesity in both humans and animals (GREENBERG et al., 2011). The results of in vivo
experiments showed that obese mice (HFD and HFD-ZD groups) had a marked increase in the
proportions of visceral and subcutaneous WAT, resulting from increased lipid storage and
adipocyte volume. Huang et al. (2017) reported that C57BL/J mice supplemented with Zn
sulfate for 20 weeks showed increased visceral WAT, greater adipocyte size, and higher leptin
and IL-6 expression in visceral WAT. The authors suggested that leptin may stimulate the
expression of proinflammatory cytokines in adipocytes and macrophages (HUANG et al.,
2017).

Furthermore, obese mice showed increased macrophage infiltration in WAT, increased
serum leptin, and decreased serum adiponectin. These results are in agreement with those of
other studies showing that serum leptin is proportional to WAT and macrophage number and
that adipocytes contribute to the production of proinflammatory adipokines, such as leptin

(FRIEDMAN and HALAAS, 1998; MAKKI et al., 2013). WAT expansion and dysfunction is
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associated with chronic obesity and results in altered immune function and systemic
inflammation. Leptin has been implicated in the aggravation of systemic inflammation for its
role in the secretion of the proinflammatory cytokines TNF-a and IL-6 and its function as a
chemoattractant for macrophages (LOFFREDA et al., 1998; GRUEN et al., 2007; POPKO et
al., 2010). A previous study (LIU et al., 2013) reported that Zn deficiency increased serum
leptin levels and macrophage infiltration in WATSs of Zn-deficient obese C57BL/6J mice. Liu
et al. (2013) argued that Zn deficiency can contribute to exacerbation of a proinflammatory
state in WAT. In contrast, in the present experiments, differences in leptin levels between Swiss
albino mice fed HFD and HFD-ZD were not observed. Such discrepancies may be due to the
inbred strain C57BL/6J used in Liu et al. (2013); these animals are known to develop a more
severe form of obesity (KLEINERT et al., 2018; MAREI et al., 2020) than outbred Swiss albino
mice, whose wide genetic variability is similar to that found in humans (WHITE et al., 2013;
MAREI et al., 2020). Moreover, treatment duration and dietary fat levels differed between
studies. Mice subjected to the feeding protocol developed in the current study mimicked human
obesity more closely than C57BL/6J mice in the study of Liu ef al. (2013).

Obesity is associated with several comorbidities, including psychiatric and
psychosocial problems. Depressive symptoms are observed in obese individuals at higher rates
than symptoms of other disorders (COHEN, 2010). Recent reports showed that depression is
associated with increased levels of proinflammatory cytokines in peripheral blood and the CNS
(BAUNE et al., 2012; PAPAKOSTAS et al., 2013). A study performed using a rodent model
showed that increased cytokine expression in the hippocampus, which is involved in mood
regulation and memory formation, is associated with emotional behavior disturbances and
cognitive impairments (PISTELL et al., 2010). Obesity t is strongly linked to an increase in
leptin, TNF-a, and IL-6 levels in adipose tissue and serum (CINTI, 2005). Notably, Zn
deficiency was shown to increase proinflammatory cytokine (IL-1p and TNF-a) synthesis in
the HL-60 promyelocytic cell line (WESSELS et al., 2013). Low serum Zn in depressed
patients was correlated with immune—inflammatory responses and neuroprogression (MAES et
al., 1997). In a previous clinical study, the proinflammatory cytokines IL-1a, IL-1p, and IL-6
were upregulated in peripheral blood mononuclear cells of overweight and obese Zn-deficient
adults (with low dietary Zn intake) compared with overweight and obese subjects with adequate
dietary Zn intake (COSTARELLI et al., 2010). In the referred study, dietary micronutrient
intake was estimated using a semiquantitative food frequency questionnaire. The authors
suggested that hypozincemia can aggravate obesity-related disturbances, such as insulin

resistance and inflammation, thereby worsening the preexisting obesity status (COSTARELLI
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et al., 2010). In an in vivo study conducted by De Oliveira et al., a cafeteria diet promoted
metabolic disturbances and impaired recognition memory in Wistar rats after 20 weeks. The
cafeteria diet increased plasma glucose and triglyceride levels, visceral WAT, weight gain, and
TNF-o levels. Animals were then supplemented with Zn for 4 weeks. Zn reduced
hyperglycemia and decreased IL-6 levels. The authors demonstrated that Zn supplementation
of obese animals can reverse obesity-related metabolic dysfunction, reduce neuroinflammation,
and ameliorate memory impairment induced by the cafeteria diet (DE OLIVEIRA et al., 2021).

Therefore, obesity, Zn deficiency, and depression might share a crucial, pivotal
mediator: the inflammatory process. Indeed, obesity-related proinflammatory cytokines
contribute to increased IDO expression and activity, leading to a shift in the Kyn pathway
(JENKINS et al., 2016). Recently, an association was proposed between enhanced IDO
expression and activity and obesity genesis and development (MANGGE ef al., 2014). High
IDO expression/activation induced peripherally by proinflammatory cytokines might play an
important role in emotional and cognitive alterations in obesity.

Serum Trp, Kyn, and Kyn/Trp ratio were determined in mice models. Kyn/Trp ratio
can be used as an indicator of IDO activity, together with immune activation markers, as it
provides a measure of Trp breakdown (ARNONE et al., 2018). Obese mice had lower serum
Trp and Kyn levels. Studies have shown that excess dietary fats and carbohydrates in mice can
induce hepatic steatosis and alter Trp metabolism (NAGANO et al., 2013). This fact suggests
involvement of the Kyn pathway in liver lipid metabolism. The changes in gut microbiota
associated with metabolic syndrome and obesity are at least partially mediated by impaired Trp
metabolism (AGUS et al., 2018). No differences in peripheral Kyn/Trp were observed in the
experiments. However, in a prior in vivo study, LPS-challenged C57B1/6 mice fed a Western
diet showed exacerbated expression of proinflammatory cytokines and IDO activation in the
hippocampus and hypothalamus (ANDRE et al., 2014).

Anhedonia is one of two symptoms required for diagnosis of depression in humans
(DUNLOP and NEMEROF, 2007). In mice, anhedonic behavior is frequently determined as a
high latency and short time spent grooming in the splash test (ISINGRINI et al., 2010;
d'AUDIFFRET et al., 2010; MACHADO et al., 2012). A previous rodent study demonstrated
that intake of HFD (60% of fat from lard) for 16 weeks induced depressive behaviors, as
assessed in sucrose preference and forced-swim tests (YAMADA et al., 2011). However, in the
present experiments, mice fed HFD did not show altered behaviors. These differences may be
due to the short duration of dietary treatment or the lower fat levels used in the present

experiments (30% compared with 60% used by Yamada et al., 2011). Noteworthy, 8 weeks of
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Zn-deficient diets were sufficient to increase latency to initiate grooming in the splash test, but
only mice fed HFD-ZD exhibited anhedonic-like behavior (increased latency and reduced
grooming time). In most studies using the splash test, total grooming time and frequency are
the only parameters used to measure anhedonic behavior as a model of depression (DETANICO
et al.,2009; YALCIN et al., 2005).

In the second part of the in vivo experiment, the ability of fluoxetine to reverse
behavioral changes and biochemical parameters in Zn-deficient obese mice was evaluated.
Fluoxetine, a selective serotonin reuptake inhibitor, is the most widely antidepressant
prescribed for psychiatric patients. In a preclinical study, fluoxetine was administered daily at
10 to 18 mg/kg to mice for 24 days; plasma levels of the drug were comparable to those
observed in patients taking 20-80 mg/day (DULAWA et al., 2004). Here, fluoxetine was
administered orally at 10 mg/kg once a day for 14 days to study its antidepressant action at a
clinically relevant concentration. The anhedonic behavior of Zn-deficient obese mice induced
by HFD-ZD was reversed by fluoxetine treatment. These findings corroborate a preclinical
study showing that treatment with fluoxetine for 2 weeks reduces depressive-like behavior
caused by 4-week dietary Zn restriction (DOBOSZEWSKA et al., 2015).

Fluoxetine, in addition to having antidepressant properties, exerts anti-inflammatory
effects (ROUMESTAN et al., 2007). In an in vitro study, fluoxetine inhibited LPS-induced
expression and production of proinflammatory cytokines (TNF-a and IL-6) in microglial cells
(LIU et al., 2011). In rodents, TNF-a administration induced an anhedonic effect in the sucrose
preference test, which was reversed by administration of anti-TNF-a antibody or fluoxetine,
showing that anhedonic effects promoted by this cytokine are sensitive to fluoxetine treatment
(KASTER et al., 2012). Previous in vitro studies showed that adiponectin suppresses TNF-a
production in macrophages (YOKOTA et al., 2000). Here, fluoxetine treatment reduced energy
intake and serum leptin and increased serum adiponectin in Zn-deficient obese mice. These
results are in agreement with literature data reporting that fluoxetine can decrease energy intake
and promote weight loss both in mice and humans as a result of an elevation in serotonin levels
in the synaptic cleft. These effects induce a feeling of satiety, resulting in hypophagia and
decreased plasma leptin levels (LAUZURICA et al., 2013).

The results of in vivo experiments suggest that obesity and Zn deficiency increase
leptin levels and consequently aggravate systemic inflammation by enhancing secretion of
proinflammatory cytokines, such as TNF-a. These effects may be associated with the anhedonic
behavior observed in HFD-ZD mice. The ability of fluoxetine to reverse anhedonic behavior

could be due to a reduction in serum leptin levels and an increase in adiponectin levels, which
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consequently reduces TNF-a production. Proinflammatory cytokines are involved in mood
regulation through activation of Trp catabolism; however, no differences in peripheral Kyn/Trp
breakdown were observed. It is possible that HFD-ZD elevates proinflammatory cytokines and
IDO expression and activity in the brain, particularly in microglial cells. To the best of our
knowledge, no previous study, whether clinical or experimental, has examined Zn deficiency
in obese individuals with psychiatric disorders such as depression. Thus, further studies are
needed to elucidate the mechanisms underlying neuroinflammatory responses to Zn deprivation
and HFD.

The present study constitutes an important step toward a better understanding of Zn
deficiency and its association with obesity and neuropsychiatric alterations. Overall, the results
demonstrated the effects of obesity combined with Zn deficiency on anhedonic behavior,
associated with exacerbation of the inflammatory state. Fluoxetine treatment was able to reverse
behavioral and adipokine alterations, in agreement with the potential anti-inflammatory effects
of the drug. The findings provide evidence that obesity associated with Zn deficiency may

increase vulnerability to immune-mediated depressive symptoms.
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6.2 IN VITRO EXPERIMENTS

Several studies reported a relationship between Zn deficiency and obesity in humans
(SWARDFAGER et al., 2013; NAZEM et al., 2016). Obesity is characterized by
disproportionate WAT distribution, adipocyte hypertrophy, inflammation, and increased
circulating levels of proinflammatory cytokines (CINTIL, 2005). Excessive production of
proinflammatory cytokines can result in greater expression and activity of IDO in the Trp
pathway, leading to Trp depletion and increased Kyn levels (MIYAZAKI et al., 2009). The
current in vitro study examined the interrelation between Zn deficiency and the Trp—Kyn
pathway under proinflammatory conditions.

This study developed an in vitro cell culture model suitable for investigation of the
effects of Zn deficiency on Trp—Kyn pathway under proinflammatory conditions by combining
two human cell line subsets: THP-1 macrophages, capable of synthesizing proinflammatory
mediators upon LPS stimulation, and A172/T98G glioma cells, active in the Trp—Kyn pathway
cascade. As recently demonstrated by Ozawa et al. (2020), IDO1 is greatly expressed in glioma
stem cells. Acute monocytic leukemia THP-1 cells were differentiated into macrophages by
treatment with PMA (LUND et al., 2016). Differentiation of THP-1 monocytes by PMA or
other stimuli makes these cells acquire a macrophage-like phenotype that mimics primary
human macrophages (TEDESCO et al., 2018). Takashiba ef al. (1999) showed that, following
incubation with 200 nM PMA for 20 h, THP-1 cells adhered and expressed morphological
characteristics of macrophages; then, cells were washed and received the addition of 100 ng
mL~! LPS. The authors evaluated the kinetics of TNF-a secretion during 6 h and observed a
peak at 4 h, followed by a decline. NF-xB in the cytoplasm of differentiated THP-1 cells was
translocated into the nucleus within 30 min of LPS stimulation. Translocation preceded the peak
in TNF-a transcription rate (TAKASHIBA et al., 1999). LPS acts as a prototypical M1 stimulus
(inflammatory stimulus) in vitro, causing macrophage activation and polarization, resulting in
stimulation of proinflammatory mediators and high levels of proinflammatory cytokines
(DIERICHS et al., 2018). Kim and collaborators (2010) used THP-1 cells that were
differentiated with 100 nM PMA for 72 h and stimulated with 1000 ng/mL LPS for 24 h. The
authors observed an increase in TNF-a, IL-1p, and IL-6 levels and gene expression. In
accordance with literature data, the results of the current study showed an increase in /L6 and
TNFA expression in THP-1 macrophages after 4 h of LPS treatment as well as an increase in

IL-6 and TNF-a levels in proinflammatory THP-1 supernatant.
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HPLC-UYV analysis showed that Kyn levels were increased in the culture supernatant
of A172 and T98G cells treated with proinflammatory THP-1 supernatant. This result agrees
partially with a previous in vitro study showing that IDO expression and activity is mediated
by combined IL-6, TNF-a, and IL-1 action (FUJIGAKI et al., 2006).

Control solutions were prepared by addition of LPS at concentrations used to stimulate
THP-1 cells to investigate whether LPS can induce IDO activity in A172 and T98G cells, which
would lead to the release of Kyn in culture medium. Previous in vitro studies demonstrated that
LPS induces IDO expression in dendritic cells and primary murine microglial cells (JUNG et
al., 2007; WANG et al., 2010). Addition of LPS to culture medium did not influence Kyn/Trp
ratio or Kyn levels, thus, it was used as negative control.

It has been demonstrated that A172 and T98G cells express IDO-1/2 and respond to
IFN-y dependently or independently, resulting in Kyn accumulation in cell supernatants
(TOURINO et al., 2013; MIYAZAKI et al., 2009). A high supernatant Kyn/Trp ratio is
indicative of increased intracellular IDO expression and activation; this enzyme catalyzes Trp
oxidation, as observed here in both glioma cell lines. We found that basal Kyn levels were
markedly higher in A172 cells than in T98G cells. This might be attributed to TDO expression
and activity in A172 cells, contributing to the formation of a pool of Kyn (YANG et al., 2019).
TI98G cells, on the other hand, only express IDO, explaining the lower basal levels of Kyn
(JULIO, 2016). Thus, further experiments on the Zn-dependency of the Kyn pathway were
carried out using T98G cells only.

The following investigations were aimed at determining the sensitivity of the two
human glioma cell lines to intracellular free Zn depletion, induced by TPEN. In the current
study, the toxic concentration of TPEN to A172 and T98G cells was found to be 3 uM. These
findings are similar to those reported by Miinnich et al. (2016), who found ECs values of 2.5
uM for TPEN on A172 cells incubated for 24 h. Different from these findings, Ollig et al.
(2016) observed that 3 uM TPEN was nontoxic to THP-1 monocytes.

Cousins ef al. (2003) remarked that acute Zn deprivation is commonly used to identify
genes directly regulated by intracellular free Zn in THP-1 cells. In an effort to investigate the
indirect effects of Zn on THP-1 gene expression and monocyte function, Mazzatti et al. (2008)
developed a method that relies on longer incubation times to deplete labile Zn. In this study,
the goal was to investigate the role of Zn deprivation in acute and long-term metabolic and
behavioral processes and its effects on the Kyn—Trp pathway in T98G human glioma cells. It
was found that 2 and 4 h of preincubation of T98G cells with TPEN produced a considerable

decrease in cell viability; therefore, the results of Kyn release and Trp consumption for the acute
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incubation period were discarded. T98G cells preincubated for 24 h showed a viability
comparable to that of controls; thus, Kyn and Trp data were considered valid. The results
indicated that Zn depletion had no effect on T98G Kyn/Trp breakdown. Because IDO is an
iron-containing enzyme, reduced iron levels may downregulate IDO expression and activity
(JOHNSON, 2001). A study conducted by Tanaka et al. (2013) examined the association of
peripheral IDO activity with serum Kyn/Trp ratio and levels of trace elements such as selenium
and Zn in hemodialysis patients. No relationship was found between peripheral Kyn/Trp ratio
(an indicator of IDO activity) and total serum Zn.

The next phase of the in vitro study was designed to investigate the effects of Zn on
LPS-stimulated THP-1 macrophages. As mentioned in the literature review, the most exciting
findings in Zn biochemistry is perhaps its role as a second messenger in immune cells. A
growing number of signaling pathways were found to involve Zn signals, including pathways
for immune cell activation (HAASE and RINK, 2014a). Several in vitro studies investigated
the ability of intracellular free Zn to modulate the effects and production of numerous
proinflammatory cytokines (von BULOW et al., 2007; BAO et al., 2003). Experiments
including a Zn deprivation step, in which THP-1 macrophages were treated with TPEN and
activated with LPS, demonstrated that Kyn concentrations and Kyn/Trp ratio were significantly
higher in T98G medium following treatment with supernatant from LPS-stimulated Zn-
deficient THP-1 macrophages as compared with medium from cells treated with supernatant
from LPS-stimulated Zn-adequate macrophages.

Given the importance of signals mediated by free Zn** for signal transduction in
monocytes and macrophages (HAASE and RINK, 2007), fluorescent probe assays were
performed to investigate the impact of intracellular free Zn on THP-1 macrophages. The
functional principle of fluorescent probes is based on the binding of the analyte to a metal-
specific binding site, which alters the optical properties of the attached fluorophore (ALKER
and HAASE, 2020). Free Zn concentrations in the high picomolar to low nanomolar range are
sufficiently high to allow detection by membrane-permeable fluorescent Zn probes (MARET,
2015). In this study, the free Zn concentration of THP-1 cells was determined using two Zn-
selective fluorescent probes, Zinpyr-1 and FluoZin3-AM. Zinpyr-1 is a membrane-permeant
fluorescent sensor for Zn with high selectivity and affinity (BURDETTE et al., 2001). FluoZin-
3AM is a well-suited probe because it is easily loaded into cells in the form of an acetoxymethyl
ester and is retained during measurements (LI et al., 2009). The formula introduced by
Grynkiewicz and coworkers (GRYNKIEWICZ et al., 1985) allows estimating Fmax and Fmin
from the concentration of free Zn detected when Zn and TPEN are used, respectively (HAASE
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et al.,2006; ALKER and HAASE, 2020). Thus, even though FluoZin3-AM (K4 = 8.9 nM) has
a lower affinity for Zn than Zinpyr-1 (K¢ = 0.7 £ 0.1 nM).

Calculated free Zn levels were about 2.5 nM in THP-1 cells incubated with FluoZin-
3AM and about 0.08 nM in cells incubated with Zinpyr-1. These results are consistent with
previous findings that showed free Zn concentrations of 2.5 nM and 4.4 nM in peripheral blood
monocytes and lymphocytes, respectively, incubated with FluoZin-3AM (HAASE et al., 2008).
As intracellular free Zn participates in signal transduction and acts as a second messenger in
immune cells, alterations in intracellular free Zn concentrations are expected to occur in
response to LPS stimulation. Accordingly, THP-1 macrophages loaded with Zinpyr-1 or
FluoZin-3AM showed a rapid rise in free Zn after 2 min of LPS exposure. Treatment with the
Zn chelator TPEN at 3 or 20 uM confirmed the specificity of the FluoZin-3AM signal observed
at 2 min after treatment, inducing a fast decline in free Zn levels. These results are in agreement
with those reported by Haase et al. (2008), who found that the maximal Zn signal in RAW
264.7 murine macrophages occurred within 2 min of LPS stimulation.

Zn plays an essential role in the release of proinflammatory cytokines. Free Zn has
been found to act either as a negative or a positive regulator of NF-kB activation depending on
the cell model (FOSTER and SAMMAN, 2012). von Biilow et al. (2007) investigated the
mechanism by which Zn-mediated elevation of cellular cGMP affects signal transduction to
suppress TNF-a synthesis in human monocytes. Upon binding to LPS, TLR4 complexes with
CD-14 and MD-2 and triggers the initiation of two pathways, one dependent and the other
independent of MyD88 (ZHOU et al., 2020). The MyD88-indepdent pathway leads to the
production of proinflammatory cytokines via NF-xB and is activated by fast Zn signals, which
occur within seconds to minutes of receptor binding (HAASE and RINK, 2014). Induction of
the MyD88-dependent pathway involves phosphorylation and activation of IRAK. IRAK-1,
together with TNF receptor-associated factor 6, activates the IkB—IKK complex, which
phosphorylates NF-kB. NF-kB then forms a heterodimer with p65/p50 and is translocated to
the cell nucleus, where it binds to promoters of inflammatory genes, increasing the expression
and release of inflammatory cytokines such as IL-6 and TNF-a (JIALAL et al., 2014). In
agreement with these findings, the current results showed an increase in both /L6 and TNFA
gene expression in THP-1 macrophages at 4 h after LPS-treatment. Subsequently, TLR4—
TIRAP-MyD88 the receptor complex is internalized and binds to TRAM and TRIF, inducing
the delayed activation of NF-«B and the phosphorylation of interferon regulatory factor 3
(IRF3). Zn signaling can inhibit IRF3 phosphorylation and thus prevent IFN-f secretion. A
study using RAW 264.7 murine macrophages showed that the transcription of TRIF-dependent
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genes, such as Ifub and the Ifnub—induced genes Cd80 and Cd86, are enhanced by TPEN
chelation of intracellular Zn>* (BRIEGER et al., 2013). This investigation showed that IFNB
was expressed both in Zn-deficient and -adequate LPS-stimulated THP-1 macrophages.
Previous observations revealed that Zn deficiency reduces IL-6 and TNF-a production in
peripheral human monocytes (MAYER et al., 2014). On the other hand, Wong et al. (2013)
found that Zn deficiency increased the production of TNF-a and IL-1p in LPS-stimulated Zn-
deficient THP-1 cells (WONG et al., 2013). In the present study, supernatant from LPS-
stimulated Zn-deficient THP-1 macrophages had significantly higher levels of IL-6 than
supernatant from Zn-adequate cells. Overall, findings of proinflammatory cytokine release in
Zn-insufficient states are controversial and may depend on the cell line, experimental
conditions, and duration of Zn depletion (MAARES and HAASE, 2016).

One of the most interesting results was the increase in /FFNG expression in LPS-
stimulated Zn-deficient THP-1 macrophages. IFN-y is the predominant proinflammatory
cytokine implicated in the induction of IDO, as shown in monocytes, macrophages, and
microglial cells (CAMBPELL et al., 2014). It is suggested that increased /FNG expression and
increased IL-6 supernatant levels in LPS-stimulated Zn-deficient THP-1 macrophages may be
potential stimulators of the Kyn/Trp pathway by promoting IDO expression and activity in
TI98G cells, leading to the conversion of Trp into Kyn. This study reports, for the first time, an
increase in Kyn/Trp breakdown in T98G cells induced by supernatant obtained from LPS-
stimulated THP-1 macrophages maintained under Zn-deficient conditions. This study also
demonstrated the relationship between changes in proinflammatory cytokine expression,
particularly in /NG expression and increased IL-6 protein release at the metabolite level. These
results can provide essential insights into the role of Zn in the Kyn—Trp pathway and its

association with inflammation and neurological pathogenesis.
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7 CONCLUSIONS

In conclusion, in vivo experiments showed that mice fed fat-rich diets (HFD and HFD-
7ZD) had increased body weight gain, WAT hypertrophy and expansion, and, as a consequence,
increased serum leptin levels and exacerbated macrophage infiltration into WAT. HFD groups
also showed lower serum Trp and Kyn levels, but no differences were observed in peripheral
Kyn/Trp breakdown. In the splash test, mice fed HFD-ZD exhibited abnormalities in
motivational behaviors suggestive of anhedonia, a core symptom of depression. Two weeks of
fluoxetine treatment reversed anhedonic-like behaviors, decreased serum leptin, and increased
serum adiponectin in mice fed HFD-ZD. The first conclusion drawn from the in vivo study was
that Zn did not have a direct effect on peripheral Kyn/Trp breakdown. However, exposure of
glioblastoma cells to supernatant from LPS-stimulated THP-1 macrophages in a Zn-deficient
state produced secondary effects on the Trp—Kyn pathway, as indicated by an increase in Kyn
levels and Kyn/Trp ratio in T98G cell supernatant. RT-PCR revealed that /L6, TNFA, and IFNG
were expressed in LPS-stimulated THP-1 macrophages, both under Zn-adequate and -deficient
conditions. Another finding was that Zn deficiency promoted an increase in IL-6 levels in
supernatant from LPS-stimulated Zn-deficient THP-1 macrophages as compared Zn-adequate
conditions. It is suggested that these cytokines are involved in potentiating IDO expression and
activation in T98G cells.

Overall, the in vivo results demonstrated that Zn deficient-HFD mice showed
anhedonic-like behaviors, and fluoxetine treatment reversed such behaviors. Moreover, the in
vitro study revealed an increase in Kyn/Trp breakdown in T98G cells induced by supernatant
obtained from LPS-stimulated THP-1 macrophages maintained under Zn-deficient conditions.
The current results provide evidence that obesity associated with Zn deficiency may increase

vulnerability to immune-mediated depressive symptoms.
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8 OUTLOOK

Further investigations of the relationship between Zn deficiency and low-grade
inflammation, a well-characterized state of obesity, are needed to bridge the knowledge gaps
on the topic. In line with the in vivo and in vitro findings of this thesis, future studies should
aim to:

o Investigate the impact of HFD-ZD on the hippocampus and hypothalamus of
mice by determining the expression of //6, Ifng, Tnfa, and Idol.

J Determine Kyn and Trp levels and Kyn/Trp ratio in T98G cells treated with
monoclonal anti-IFN-y antibody and supernatant from LPS-stimulated Zn-deficient THP-1
macrophages.

o Quantify Kyn catabolites, such as KYNA and QUIN, in culture medium using
the model developed in this in vitro study, which requires LC—mass spectrometry.

o Determine KYNA/QUIN ratio in culture medium using the developed in vitro
model and investigate its potential as a neuroprotective index, in which low values indicate

inflammation-induced pathology.



GRAPHICAL ABSTRACT

108

In vivo study

Standard diet Standard zinc-deficient High-fat diet High-fat zinc-deficient
(sD) diet (SD-ZD) (HFD) diet (HFD-ZD)

1 Serum leptin levels
Pheripheral Kynurenine-Tryptophan
breakdown was not altered in HFD groups

HFD-ZD mice showed anhedonic
behavior in the Splash test

In vitro study Proinflammatory

cytokines molecules
LPS (IFN-y, TNF-acand IL-6)

inc-sufficient
Zinc-sufficient
or -deficient

THP-1 macrophages T98G glioblastoma

. cells
Proinflammatory
cytokines molecules - ’

(IFN-y, TNF-ccand IL-6)

Zinc does

not have

effecton
Kynurenine/
Tryptophan

Proinflammatory
cytokines molecules
LPS (MFN-y, TNF-ccand 1 IL-6)

A 4 ¥

inc-deficient

THP-1 macrophages T98G glioblastoma

* %

Proinflammatory
cytokines molecules
(TIFN-y, TNF-a and TIL-6)




109

SUPPLEMENTAL INFORMATION

Supplemental Table 1. Ingredient composition (g/kg diet) of experimental diets fed to mice in

the in vivo study

Ingredient SD SD-ZD HFD HFD-ZD
Corn starch 533 533 193.4 193.4
Sugar cane 100 100 133.6 133.6
Albumin 220 220 187 187
Corn oil 40 40 53 53
Pork fat - - 300 300
Cellulose 50 50 66.8 66.8
Minerals 42.2 422 46.8 46.8
Vitamins 10.5 10.5 13.4 13.4
L-Cystine 1.8 1.8 2.4 24
Choline bitartrate 2.5 2.5 3.6 3.6
Energy (kcal/g) 3.5 3.5 52 52

SD, standard diet; SD-ZD, standard zinc-deficient diet; HFD, high-fat diet; HFD-ZD, high-fat zinc-deficient diet.
Diets were formulated in accordance with American Institute of Nutrition guidelines (REEVES et al., 1993).
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Supplemental Table 2. Vitamin composition of experimental diets fed to mice in the in vivo

study

Vitamin Content (g/kg diet)
Nicotinic acid 3.00
Calcium pantothenate 1.60
Pyridoxine-HCI 0.70
Thiamine-HCI 0.60
Riboflavin 0.60
Folic acid 0.20
D-Biotin 2.00
Vitamin B12 2.50
Vitamin E 5.00
Vitamin A 0.80
Vitamin D; 0.25
Vitamin K 0.70
Excipient 974.85
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Supplemental Table 3. Mineral composition (g/kg diet) of experimental diets fed to mice in

the in vivo study

Mineral salt SD and HFD SD-ZD and HFD-ZD
Anhydrous calcium carbonate 142.9 142.9
Potassium phosphate monobasic 102.8 102.8
Sodium chloride 29.4 29.4
Potassium citrate 39.0 28.0
Potassium sulphate 46.6 46.6
Magnesium oxide 24.0 24.0
Ferric citrate 6.0 6.0
Zinc carbonate 1.65 <0.004
Manganese carbonate 0.6 0.6
Cupric carbonate 0.3 0.3
Potassium iodate 0.01 0.01
Sodium metasilicate nonahydrate 1.4 1.4
Potassium and chromium sulfate 0.2 0.2
Lithium chloride 0.002 0.002
Boric acid 0.02 0.02
Sodium fluoride 0.03 0.03
Nickel carbonate 0.02 0.02
Ammonium vanadate 0.02 0.02
Excipient 212.646 209.8

SD, standard diet; HFD, high-fat diet; SD-ZD, standard zinc-deficient diet; HFD-ZD, high-fat zinc-deficient diet.
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Supplemental Table 4. Leptin, adiponectin, tryptophan and kynurenine calibration curves of
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Supplemental Table 5. Tryptophan, kynurenine, IL-6 and TNF-a calibration curves of the in
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