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“A ignorancia gera mais confianga do que o
conhecimento: sdo os que sabem pouco,
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Resumo

O colesterol ¢ um alcool ndo saturado pertencente a classe dos compostos esteroides que
desempenham intimeras funcdes bioldgicas. No entanto, em torno de 40% dos adultos
tém niveis plasmaticos altos de colesterol, tornando a hipercolesterolemia um problema
de saude publica. A hipercolesterolemia pode ser adquirida ou de origem genética.
Evidéncias clinicas e experimentais mostram que a hipercolesterolemia contribui para o
desenvolvimento de neuropatologias, como a doenca de Alzheimer (DA). Mecanismos
como a disfuncdo da barreira hematoencefalica (BHE) e o aumento da reatividade
microglial parecem conectar as alteracdes na homeostase do colesterol com as disfungdes
cerebrais caracteristicas das doencas neurodegenerativas. As microglias sdo as células
imunes inatas cerebrais ¢ o aumento de sua reatividade desempenha um papel crucial no
desenvolvimento da neuroinflamacao, e posteriormente da morte neuronal caracteristica
dos processos neurodegenerativos. Por este fato, a modulacao das microglias se mostrou
benéfica nas neuropatologias, incluindo a DA. De particular importancia, a
hipercolesterolemia parece exercer efeito direto sobre as células microgliais. Sendo
assim, a presente tese teve como principal objetivo estudar o papel das micrdoglias nos
danos cognitivos relacionados a hipercolesterolemia adquirida e genética. Para isso, em
um primeiro momento estudou-se o papel da micréglia nos danos de memodria em
camundongos nocautes para o receptor da lipoproteina de baixa densidade (LDLr”")
adultos jovens e de meia-idade. Posteriormente, administramos a minociclina, um
potencial modulador farmacoldgico das micréglias, em camundongos LDLr”" adultos.
Por fim, camundongos CF-1 adultos jovens expostos a dieta rica em colesterol, foram
tratados durante 4 semanas com a minociclina. Pardmetros metabolicos, bioquimicos, e
comportamentais foram avaliados para melhor investigar o envolvimento das microglias
nos efeitos deletérios da hipercolesterolemia, seja ela de origem genética ou adquirida,
no sistema nervoso central (SNC). Camundongos LDLt"" adultos jovens e de meia-idade
apresentaram aumento da microgliose e alteragdes morfoldgicas nas microglias,
compativeis com fendtipos mais reativos em estruturas cerebrais importantes para o
processo de memoria. Além disso, foi observado um aumento da presenca das microglias
na regido perivascular hipocampal nos camundongos LDLr”~. Este processo esteve
associado a alteracdes no imunoconteudo de proteinas sinapticas e de integridade da BHE.
Ainda, a intervencao farmacoldgica com a minociclina melhorou a memoria dependente
do hipocampo dos animais LDLr"" adultos, e reduziu a presenca da microglia na regido
perivascular. Efeitos benéficos do tratamento com a minociclina também puderam ser
observados nos camundongos CF-1 com hipercolesterolemia induzida por dieta, onde
observamos melhora na memoria, em marcadores de integridade da BHE e na
neuroinflamagdo, mas ndo na densidade, morfologia e atividade microglial. Portanto,
nossos resultados sugerem que as microglias contribuem para os déficits de memoria
relacionados aos distirbios do metabolismo do colesterol, principalmente nos
camundongos LDLr™".

Palavras-chaves: = Camundongos  LDLr’”,  Cogni¢do,  Hipercolesterolemia,
Neuroinflamagao, Microglias, Receptores de LDL.
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Abstract

Cholesterol is an unsaturated alcohol belonging to the class of steroid compounds that
play numerous biological roles. However, around 40% of adults have high plasma
cholesterol  levels, making hypercholesterolemia a public health issue.
Hypercholesterolemia can be acquired or of genetic origin. Clinical and experimental
evidence indicates that hypercholesterolemia contributes to the development of
neuropathologies, such as Alzheimer's disease (AD) and Parkinson's disease (PD).
Mechanisms such as blood-brain barrier (BBB) dysfunction and increased microglial
reactivity appear to link changes in cholesterol homeostasis with the cerebral
dysfunctions’ characteristic of neurodegenerative diseases. Specifically, microglia are
innate immune cells in the brain, and their reactivity plays a crucial role in the
development of neuroinflammation, followed by the characteristic neuronal death in
neurodegenerative processes. Because of this, modulating microglial reactivity has
proven beneficial in neuropathologies, including AD. Of particular importance,
hypercholesterolemia seems to directly affect microglial cells. Therefore, the main
objective of this thesis was to study the role of microglial reactivity in cognitive
impairments related to acquired and genetic hypercholesterolemia. To achieve this, we
initially investigated the role of microglia in memory impairments in young and middle-
aged adult mice with a knockout of the low-density lipoprotein receptor (LDLr”).
Subsequently, we administered minocycline, a pharmacological modulator of microglial
reactivity, to adult LDLr”" mice. Finally, young adult CF-1 mice exposed to a high-
cholesterol diet were treated with minocycline for 4 weeks. Metabolic, biochemical, and
behavioral parameters were assessed to further investigate the involvement of microglia
in the detrimental effects of hypercholesterolemia, whether of genetic or acquired origin,
on the central nervous system (CNS). Young and middle-aged adult LDLr"" mice
exhibited increased microgliosis and morphological changes in microglia, consistent with
more reactive phenotypes, in brain structures important for memory processes.
Furthermore, adult LDLr”" presented increased presence of microglia in the hippocampal
perivascular area. This process was associated with alterations in the immunocontent of
synaptic proteins and claudin-5, a tight-junction protein. Furthermore, pharmacological
intervention with minocycline improved hippocampal-dependent memory performance
in adult LDLr"" mice and reduced microglial presence in the perivascular region.
Beneficial effects of minocycline treatment were also observed in CF-1 mice with diet-
induced hypercholesterolemia, where improvements in memory, BBB integrity markers,
and neuroinflammation were observed. Thus, our findings suggest that microglial
reactivity contributes to the progression and establishment of memory deficits related to
cholesterol metabolism disorders.

Keywords: Cognition, Hypercholesterolemia, LDL receptors, LDLr”" mice, Microglia,
Neuroinflammation.
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Introducio

Os lipidios compreendem um grupo de macromoléculas, na qual a caracteristica
em comum ¢ a insolubilidade em 4gua. Os lipidios de maior relevancia clinica sdo os
triglicerideos e o colesterol (Nelson and Cox 2014). O colesterol (C27H460) € um alcool
ndo saturado pertencente a familia dos compostos esteroides que, desde que fora isolado
pela primeira vez a partir de célculos biliares em 1784, vem fascinando e sendo um alvo
de estudos por cientistas nas mais diversas areas (Brown and Goldstein 1986; Vance and
Van Den Bosch 2000; Mathew and Daniel 2008; Orth and Bellosta 2012; Goldstein and
Brown 2015).

As fungdes do colesterol englobam desde participar da constitui¢ao e estabilizagdo
das membranas celulares, até atuar como precursor biossintetico de hormodnios esteroides,
acidos biliares e vitamina D. Além disso, o colesterol desempenha papéis criticos em
processos de sinalizagao e proliferacdo celular (Goedeke and Fernandez-Hernando 2011;
McLean et al. 2012). De particular relevancia, o colesterol € o principal componente das
bainhas de mielina, sendo essencial para uma eficiente transmissao de impulsos
eletroquimicos entre os neurdnios (Dietschy and Turley 2004). No entanto, o excesso de
colesterol pode ser nocivo a satde, favorecendo o desenvolvimento de doengas. Os
defeitos na captagao e metabolizacdo do colesterol levam ao acumulo deste lipidio na
corrente sanguinea, i.e, hipercolesterolemia (Brown and Goldstein 1984). As células
precisam de suprimento continuo e controle preciso do metabolismo do colesterol. Tal
regulagdo ocorre tanto no processo de biossintese, quanto durante o seu transporte e
metabolizacdo. A biossintese do colesterol ocorre em praticamente todas as células, mas
cerca de 50% de sua sintese ¢ concentrada apenas nas células hepaticas. O figado tem

papel central no metabolismo periférico do colesterol (Repa and Mangelsdorf 2003). Em
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humanos, aproximadamente 80% de todo o colesterol ¢ sintetizado endogenamente
(sintese de novo) enquanto o restante ¢ proveniente da dieta (Nelson and Cox 2014).

O processo de sintese enddgena de colesterol ¢ um processo de alto custo
energético que requer um suprimento consideravel de acetilcoenzima A (acetil-CoA),
adenosina trifosfato (ATP), oxigénio e dos fatores redutores Fosfato de Dinucleotideo de
Nicotinamida ¢ Adenina (NADPH) e Nicotinamida Adenina Dinucleotideo (NADH). A
sua sintese inicia-se com uma molécula de acetil-CoA, a qual através de ao menos trinta
reagOes enzimaticas diferentes e com a participagdo de cerca de quinze enzimas presentes
no citosol e reticulo endoplasmatico, serve como precursor para a formacao da molécula
de colesterol (Sharpe and Brown 2013; Nelson and Cox 2014) (Figura 1). Ao longo desse
processo, a biossintese do colesterol ¢ regulada principalmente pela proteina de ligacao
ao elemento regulador de esterol 2 (SREBP-2), o qual funciona como um regulador
transcricional da sintese de colesterol, e pelas enzimas 3-hidroxi-3-metilglutaril-CoA
(HMGCoA) redutase e esqualeno mono-oxigenase (EM). Uma vez sintetizado, o
colesterol pode ser esterificado e convertido em ésteres de colesterol por meio da agdo da
enzima acil-CoA colesteril aciltransferase (ACAT). A esterificagdo do colesterol ¢ uma
etapa importante para o armazenamento do excesso de colesterol, ou para a sua saida da

célula associado as lipoproteinas (Luo et al. 2020).
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Figura 1. Principais etapas da sintese endogena de colesterol na periferia. A sintese
enddgena do colesterol na periferia, ocorre principalmente nas celulas hepaticas a partir
de moléculas de Acetil-CoA. Duas moléculas de acetil-CoA se condensam para formar
acetoacetil-CoA, que por sua vez se condensa novamente com uma nova molécula de
acetil-CoA formando a molécula 3-hidroxi-3metilglutaril-CoA (HMG-CoA). A reagao
subsequente, na qual 0 HMG-CoA ¢ reduzida a mevalonato por intermédio da agdo da
enzima HMG-CoA redutase, ¢ a reagdo limitante da sintese do colesterol e o principal
ponto de regulacdo de sua sintese. Uma vez sintetizado, o mevalonato ¢ convertido em
dois isoprenos ativados e posteriormente em isopentenil pirofosfato (Isopentanil-PP).
Entdo seis unidades de isoprenos ativos sdo utilizadas para formar o esqualeno linear,
com a respectiva eliminagdo dos grupos pirofosfatos. Por fim, o esqualeno passa pelo
processo de ciclizagdo dando origem ao lanosterol que por intermédio de
aproximadamente 20 reagdes catalisadas por enzimas, ¢ convertido em uma molécula de
colesterol (Adaptado de Song et al. 2013).
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O colesterol, particularmente o colesterol esterificado, devido a seu carater
hidrofobico, precisa ser acoplado a moléculas chamadas lipoproteinas para ser
transportado na corrente sanguinea. As lipoproteinas sao macromoléculas esferoidais
complexas formadas por uma por¢ao proteica denominada de Apolipoproteina (Apo), e
por uma porg¢ao lipidica composta por triglicerideos, colesterol esterificado, colesterol
livre e fosfolipidios (Hegele 2009). As principais classes de lipoproteinas diferem entre
si pela sua composi¢ao, fungdo e densidade (Kritchevsky 1976). Em conjunto, as
lipoproteinas regulam o transporte de colesterol no organismo. Dentre as lipoproteinas, a
lipoproteina de alta densidade (HDL) e a lipoproteina de baixa densidade (LDL) se
destacam por suas fungdes antagdnicas. A HDL participa do transporte reverso do
colesterol, isto €, a captacdo do excesso de colesterol armazenado em tecidos extra-
hepaticos, o que inclui as intimas das artérias, € o seu transporte em direcao ao figado
para que seja reutilizado ou excretado através da bile. Por outro lado, a LDL ¢ a principal
forma de carregar o colesterol no sangue para os tecidos periféricos ou de volta ao figado

(Nelson and Cox 2014) (Figura 2).
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Figura 2. Composicao estrutural das principais lipoproteinas plasmaticas humanas.
(A) Representacao grafica da estrutura das lipoproteinas, ressaltando as suas diferencas.
Os quilomicrons, moléculas maiores contendo altos teores de triacilglicerdis e as
apolipoproteinas (Apo) ApoB48, ApoCII e ApoCIll, sdo diferentes em composi¢ao € em
estrutura em relacao as moléculas de lipoproteina de baixa densidade (LDL), moléculas
menores com baixo teor de triacilglicerois, altos teores de colesterol e ésteres de
colesterila que contém a ApoB100 em sua estrutura. (B) As diferencas nas composigdes
das lipoproteinas determinam sua fung¢do, sua densidade e tambem seu tamanho. Os
quilomicrons sdo os principais responsaveis pela via exégena do transporte de lipideos
no organismo, participando do empacotamento dos lipideos da dieta e de seu transporte
ao figado. Na via endogena, os lipideos sintetizados ou empacotados no figado sao
distribuidos aos tecidos periféricos pela lipoproteina de muito baixa densidade (VLDL),
a qual posteriormente ¢ convertida em LDL. A LDL, lipoproteina com maior teor de
colesterol, participa do transporte de colesterol para os tecidos extra-hepaticos ou de volta
para o figado. O excesso de colesterol e de lipideos presente nos tecidos extra-hepaticos
retorna ao figado para ser metabolizado por intermédio da lipoproteina de alta densidade
(HDL), a qual participa diretamente do chamado transporte reverso do colesterol.
Imagens de microscopia eletronica mostram que a lipoproteina de maior tamanho ¢ os
quilomicrons, seguido pela VLDL, LDL e por fim pela HDL — lipoproteina de menor
tamanho, maior densidade e com maior conteudo proteico. (C) Composi¢ao detalhada das
principais classes de lipoproteinas plasmaticas humanas (Adaptado de Nelson e Cox,
2014).
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A captacao e posterior metabolizacao do colesterol associado as lipoproteinas, ¢
regulada principalmente pelo receptor de LDL (LDLr), uma vez que ele medeia a
remogao ¢ o catabolismo de moléculas de lipoproteinas contendo colesterol da circulagao
sanguinea (Brown and Goldstein 1984; Hobbs ef al. 1992). O LDLr, prototipo da familia
de receptores de LDL, ¢ um receptor de supertficie celular formado por ao menos cinco
dominios estruturais, cada qual com a sua finalidade especifica, crucial para a realizagao
da endocitose mediada por receptor das lipoproteinas (Yamamoto et al. 1984). Em
particular, o dominio amino-terminal do LDLr, possui residuos de cisteina os quais
reconhecem e interagem com os ligantes, incluindo a ApoB100 (principal Apo da LDL)
e a Apo E (presente em lipoproteinas, tais como a lipoproteina de muito baixa densidade
(VLDL), lipoproteina de densidade intermediaria (IDL) e a HDL), possibilitando a
posterior endocitose e metabolizagao do colesterol associado as lipoproteinas (Russell et
al. 1984; Brown and Goldstein 1984; Hobbs et al. 1992). Desta forma, o correto
funcionamento dos LDLr se torna importante para regular o conteudo de colesterol celular
e sanguineo (Jeon and Blacklow 2005; Nelson and Cox 2014). As etapas que compdem
a sintese de colesterol nos hepatdcitos, assim como seus mecanismos regulatorios estao

melhor apresentados na figura 3.
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Figura 3. Metabolismo do colesterol nas células hepaticas. (1) O colesterol na periferia
¢ sintetizado principalmente nas células hepaticas, por meio de uma sintese de novo a
partir de uma molécula de acetil-CoA. A sintese de novo do colesterol compreende uma
série de 30 reagdes intermediada por enzimas, regulada pelas enzimas 3-hidroxi-3-
metilglutaril-CoA redutase (HMGCR), esqualeno mono-oxigenase (EM) e pela regulacao
da proteina de ligacdo ao elemento regulador de esterol 2 (SREBP-2), a qual funciona
como uma reguladora transcricional da sintese de colesterol. (2) Além disso, o colesterol
associado as lipoproteinas, principalmente na LDL, pode ser captado via LDLr pelas
células hepéaticas em um processo chamado de endocitose mediada por receptor. Uma vez
dentro da célula, o complexo LDLr e LDL ¢ direcionado aos lisossomos onde ocorre a
metabolizacdo da lipoproteina, com a subsequente liberacdo de colesterol livre, e a
reciclagem do LDLr que retorna a membrana plasmatica. O colesterol na sua forma livre
também pode ser captado da circulagdo entero-hepatica ou da corrente sanguinea, via
transportadores do tipo ABC. (3) Por fim, o colesterol pode ser convertido a ésteres de
colesterol (EC), via enzima colesterol aciltransferase (ACAT), para ser armazenado nas
balsas lipidicas ou para ser excretado das células, associado as lipoproteinas. Adaptado
de Luo, Yang and Song, 2020.
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1.1 Os receptores de LDL e o metabolismo do colesterol no cérebro

Estima-se que aproximadamente 25% do colesterol corporal total em seres
humanos adultos seja encontrado no cérebro, principalmente na sua forma nao
esterificada (Dietschy and Turley 2004). No cérebro, o colesterol ¢ componente estrutural
das membranas neuronais e gliais. Além disso, este lipidio € um constituinte significativo
da bainha de mielina, sendo um componente essencial para uma eficiente transmissao de
impulsos eletroquimicos. Por este fato, a manutencao do metabolismo do colesterol no
SNC se faz de extrema importancia. Os principais reguladores do metabolismo cerebral
do colesterol sdao a ApoE, os transportadores do tipo ABC e os receptores da familia do
LDLr (Zhang and Liu 2015) (Figura 4).

Cabe ressaltar que o metabolismo cerebral do colesterol ¢ independente de seu
respectivo metabolismo periférico. Isso ocorre devido a seletividade da barreira
hematoencefalica (BHE), a qual impossibilita a captagdo de moléculas de colesterol
provenientes das lipoproteinas de circulacdo periférica (Bjorkhem et al. 2004). Portanto,
praticamente todo o suprimento de colesterol no cérebro, precisa ser produzido no proprio
parénquima cerebral via sintese de novo (Dietschy and Turley 2004; Nieweg et al. 2009).

A produgdo de colesterol no cérebro varia de acordo com a fase de
desenvolvimento, atingindo um pico durante a fase de mielinizagdo e diminuindo a
medida que o tecido cerebral amadurece. Os astrocitos sdo as principais células
responsaveis pela sintese de colesterol no cérebro desenvolvido (Dietschy and Turley
2004; Nieweg et al. 2009). Os astrocitos produzem colesterol por meio da via de Bloch,
a partir de precursores esteroides especificos tais como o desmosterol (Nieweg et al.
2009). Uma vez produzido, o colesterol nascente ¢ associado ainda nos astrocitos com
moléculas de ApoE e fosfolipideos, formando lipoproteinas similares as HDL plasmaticas

(Boyles et al. 1985). O complexo colesterol-ApoE ¢ posteriormente secretado das células
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astrocitarias, via transportadores ABC (principalmente ABCA1l). Uma vez no
parénquima cerebral, as lipoproteinas sdo captadas pelos neuronios por intermédio dos
LDLr, em um processo de endocitose mediada por receptor (Zhang and Liu 2015)

Nos neurdnios, as lipoproteinas contendo colesterol sao hidrolisadas nos
lisossomos neuronais permitindo a liberacao de colesterol livre. O colesterol pode ainda
ser armazenado nas balsas lipidicas ou ser convertido a oxisterois (principalmente em 24-
hidroxicolesterol, ou 24-OH), os quais conseguem atravessar a BHE e serem
metabolizados no figado (Zhang and Liu 2015). A conversao de colesterol em oxisterois
¢, portanto, um mecanismo importante para a eliminacdo do excesso de colesterol

presente no cérebro.
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Figura 4. Metabolismo do colesterol no sistema nervoso central (SNC). Por conta da
seletividade da barreira hematoencefalica (BHE), a metabolizacao do colesterol no SNC
ocorre de maneira independente do metabolismo periférico. No cérebro, o colesterol,
assim como a apolipoproteina E (ApoE), € sintetizado principalmente pelos astrdcitos por
meio da via Bloch, a partir de precursores esteroides como o desmosterol. O complexo
colesterol-ApoE sai dos astrocitos por intermédio dos transportadores do tipo ABC 1
(ABCA1), e s@o captados pelos neurdnios via endocitose mediada por receptor, processo
este realizado por receptores da familia dos receptores da lipoproteina de baixa densidade
(LDLr). Uma vez nos neur6nios, o colesterol pode ter diferentes destinos os quais incluem
a sua conversdao em 24 hidroxicolesterol (24-OH), o qual posteriormente ¢ excretado
através da BHE, e por fim metabolizado no figado. A conversdo de colesterol em 24-OH
¢ a principal causa de eliminagdo do excesso de colesterol cerebral. Adaptado de Moreira
e colaboradores (2015).
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1.2 Hipercolesterolemia como fator de risco cardiovascular

Existem duas formas de hipercolesterolemia: a de origem genética, representada
principalmente pela hipercolesterolemia familiar (HF), ou a forma adquirida, na qual os
niveis elevados de colesterol ocorrem devido a maus habitos de vida e de alimentagao
(Ibrahim et al. 2021). Aproximadamente 40% da populacdo adulta mundial tem
hipercolesterolemia, prevaléncia esta que pode ser ainda maior em determinadas
populagdes (World Health Organization 2008; Danese et al. 2018; Ibrahim et al. 2021).

A HF ¢ causada principalmente por mutagdes no gene que codifica o LDLr (Santos
2016). Estima-se que haja mais de 1.700 mutagdes no gene do LDLr ja descritas na
populagdo (Jiang et al. 2015). A HF ¢ possivelmente a doenga de origem genética mais
comum em humanos, classificada em duas formas de acordo com a presenca de mutagdes
em um ou dois alelos no gene do LDLr. Os portadores de HF heterozigotica herdam a
mutacdo genética de um unico progenitor, o que gera auséncia parcial dos LDLr no
organismo e niveis de colesterol elevados em torno de 310-580 mg/dL. Os portadores da
forma homozigoética, por outro lado, herdam a mutagdo no receptor de ambos os
progenitores e apresentam auséncia total de LDLr nas células. Esta forma da doenga &,
portanto, mais rara e acarreta niveis de colesterol muito acima dos valores de referéncia
(460-1160 mg/dL) (Santos 2016).

A prevaléncia da HF varia entre populagdes e deve ser interpretada com cuidado,
uma vez que apenas 9% dos paises em todo o mundo de fato avaliam a prevaléncia de HF
em suas populagdes (Beheshti ef al. 2020). A prevaléncia da HF na populagdo mundial
foi estimada por intermédio de estudos de metanalises, os quais relataram que a HF esta
presente em 1 a cada 313 pessoas, enquanto a prevaléncia da forma homozigoética ficou
estimada em 1 a cada 300.000 pessoas (Defesche et al. 2017; Beheshti et al. 2020).

Apesar de sua alta prevaléncia, a HF ¢ frequentemente ndo diagnosticada e ndo tratada,
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mesmo seu principal biomarcador sendo facilmente mensurado (colesterol presente na
LDL, LDL-colesterol).

O colesterol plasmatico, particularmente o LDL-colesterol, acima dos niveis
desejaveis € um grande fator de risco para as doengas cardiovasculares (DCV) associadas
a aterosclerose, principalmente a doenca arterial coronariana (Libby 2000; World Health
Organization 2008; Mozaffarian et al. 2015). Isto porque o excesso de colesterol no
plasma acaba se acumulando nos tecidos, principalmente nas paredes das artérias. Devido
a exposi¢ao cronica a altos niveis de LDL-colesterol, portadores de HF apresentam trés a
treze vezes mais chances de desenvolver DCV comparados a individuos com
concentracdo normal de colesterol. Os pacientes portadores de HF homozigoética nao
tratados adequadamente apresentam taxas muito altas de mortalidade ja aos trinta anos de
idade, e pacientes heterozigotos comecam a sofrer de DCV na quarta década de vida
(Mytilinaiou et al. 2018; Iyen et al. 2020; Coutinho et al. 2021) (Figura 5).

Considerando os riscos associados aos niveis altos de LDL plasmaticos, a
deteccao precoce e o respectivo tratamento da HF sdo de suma importancia. Atualmente
existem estratégias farmacolédgicas e nao farmacoldgicas para o tratamento da HF, sendo
as estatinas (inibidores da enzima HMG-CoA redutase) os farmacos de primeira escolha
para o tratamento desses pacientes (Pajak ef al. 2016). O principal objetivo associado ao
tratamento da HF ¢ prevenir e reduzir a mortalidade prematura associada as DCV e a
incidéncia de infarto do miocardio (Watts et al. 2015). De fato, com o passar dos anos e
com o advento das estatinas, a expectativa de vida de portadores da HF aumentou,
principalmente os individuos portadores da forma heterozigdtica (Mytilinaiou et al. 2018;
Harada et al. 2018). Atualmente, terapias baseadas na inibicdo da acdao da proteina
convertase subtilisina kexina tipo 9 (PCSK9), uma proteina que se liga aos LDLr e

catalisa a sua respectiva metabolizagao e reciclagem (Luo et al. 2020), auxiliam o
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tratamento da HF principalmente nos pacientes com historico de DCV (Santosa and
Jensen 2015).

As intervengdes terapéuticas no tratamento da HF tém se mostrado de fato
eficientes. Neil e colaboradores (Holven ef al. 2018) acompanharam 3.382 pacientes
portadores da forma heterozigotica da HF entre os anos de 1980 e 2006, antes e apds
intervengdo terapéutica com as estatinas. Os autores verificaram que a mortalidade por
DCYV foi significativamente menor nos pacientes tratados com as estatinas, com uma
porcentagem de redugdo de 48% em pacientes sem historico prévio de DCV e 25%
naqueles com DCV estabelecida. Resultados similares foram observados em um grande
estudo de coorte conduzido por pesquisadores na Holanda, os quais acompanharam os
pacientes por dez anos. Outro estudo realizado com individuos portadores de HF
homozigética na Africa do Sul, demonstrou aumento na expectativa de vida e atenuagdo
na ocorréncia de mortes em pacientes HF homozigotos em terapia farmacolédgica (Cuchel
etal. 2014).

Com isso, a expectativa de vida de pacientes com HF elevou-se
significativamente, permitindo com que seja possivel estudar os impactos da HF em
complicagdes relacionadas ao envelhecimento, tais como alteragdes na cognig¢ao. Neste
sentido, um estudo interessante mostrou que individuos portadores de HF com idade
avangada tratados por mais de 15 anos com estatinas, apresentaram melhor memoria
episodica do que pacientes portadores de HF nao tratados com as estatinas (Hyttinen et
al. 2011). Esses dados representam uma coorte particular de 37 portadores de HF com a
mesma mutagdo no gene que codifica o LDLr moradores da regido de North Karelia
(Finlandia). Nesta coorte, os pacientes reportaram que se exercitavam ao menos trés vezes
na semana. O estilo de vida sauddvel aliado ao controle dos niveis de colesterol

plasmaticos provavelmente contribuiram para o prolongamento da expectativa de vida e
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para a preservacao das funcdes cognitivas nesta populagdo estudada. Tais evidéncias
atrairam a atencao de pesquisadores que passaram a investigar com mais afinco a relagao
da HF com prejuizos cognitivos.

Desde entdo, estudos vém demonstrando que a auséncia de LDLr, bem como o
consequente aumento nos niveis de colesterol, parecem contribuir e atuar como um fator
de risco para o desenvolvimento de comprometimentos cognitivos associados a
neurodegeneracao (Figura 5) (Kivipelto et al. 2001; Kivipelto ef al. 2005; Zamboén et al.
2010; Ariza et al. 2016). Logo, modificagdes na homeostase do colesterol mostram ser
muito além de um simples fator de risco cardiovascular, contribuindo inclusive para o

desenvolvimento de doencas do sistema nervoso central (SNC).
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Figura 5. Consequéncias periféricas e centrais relacionadas a disfuncio dos LDLr.
(1) Em condigdes nao patologicas, a transcrigao dos receptores da lipoproteina de baixa
densidade (LDLr) ocorre normalmente no nicleo gerando LDLr funcionais, os quais
migram para a membrana plasmatica e realizam a captacdo do colesterol associado as
lipoproteinas. Uma vez dentro da célula, o complexo LDLr e lipoproteina de baixa
densidade (LDL) ¢ direcionado aos lisossomos onde ocorre a metabolizacdo da
lipoproteina, com a subsequente liberagao de colesterol livre, e a reciclagem do LDLr que
retorna a membrana plasmadtica. (2) No entanto, na hipercolesterolemia familiar, ha uma
desregulacao nos genes que codificam os LDLr no nucleo, gerando alteragdes na
producao e funcionalidade destes receptores. Por consequéncia, ocorre uma desregulacao
da sintese de novo do colesterol, na reciclagem dos LDLr nos lisossomos e na diminui¢ao
da captacao de colesterol associado as lipoproteinas, gerando o acimulo delas na corrente
sanguinea. (3) O aumento nos niveis plasmaticos de LDL, resultante da disfun¢@o dos
LDLr na periferia, contribui para a ocorréncia de doengas cardiovasculares associadas a
aterosclerose. (4) Ainda, a disfungdo / falta de LDLr no cérebro, gera prejuizos no
metabolismo e captagdo de colesterol pelas células. Disfun¢do dos LDLr prejudicam a
degradacdo do peptideo B-amiloide (AP) pelas células da glia e através da barreira
hematoencefalica (BHE), processo que resulta em aumento na deposi¢ao do AP no
cérebro. Por fim, a auséncia de LDLr esta relacionada a ocorréncia de danos de memoria,
atuando com um fator de risco em potencial para prejuizos de memoria associados as
neuropatologias.
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1.3 Rela¢ao dos LDLr e da hipercolesterolemia com as doenc¢as do sistema nervoso

central

Além de causar doencas cardiovasculares, particularmente a doenga arterial
coronariana, ¢ estar associada a um indice elevado de mortalidade, evidéncias clinicas e
experimentais apontam que a hipercolesterolemia ¢ um fator de risco em potencial para o
desenvolvimento de déficits cognitivos, incluindo aqueles relacionados as doencas
neurodegenerativas (Moreira et al. 2012a; Moreira et al. 2012b; de Oliveira et al. 2020a;
de Oliveira et al. 2020b). Estudos pioneiros apontaram a hipercolesterolemia como um
possivel desencadeador do acumulo do A, na doenca de Alzheimer (DA) de origem
esporadica (Sparks et al. 1990; Sparks et al. 1994; Solomon et al. 2009). O interesse na
relagdo entre os niveis de colesterol no plasma e a DA, iniciou-se a partir de uma
observacdao de Sparks e colaboradores (1990). Os pesquisadores identificaram placas
amiloides cerebrais em pacientes que morreram por doenca arterial coronariana.
Posteriormente, os mesmos pesquisadores (1994) demonstraram por meio de tratamento
cronico com dieta rica em colesterol a coelhos, que a conexado entre hipercolesterolemia
e DA parece envolver o aumento na formag¢ao de placas amiloides cerebrais. Do mesmo
modo, Refolo e colaboradores (2000) demonstraram que a exposi¢do a uma dieta
hipercolesterolémica resulta em um aumento significativo no acumulo de A no SNC de
camundongos transgénicos modelos de DA, e que esse aumento se correlaciona
fortemente com os niveis de colesterol plasmatico (Refolo ez al. 2000).

Na sequéncia, estudos epidemioldgicos e clinicos apontaram que individuos
hipercolesterolémicos sdo mais suscetiveis a desenvolver a DA e prejuizos cognitivos
associados (Kivipelto et al. 2001; Kivipelto et al. 2005; Kivipelto and Solomon 2006).
Por exemplo, em um estudo prospectivo de coorte, Kivipelto e colaboradores (2001)

verificaram que individuos que apresentam niveis elevados de colesterol plasmatico
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durante a meia-idade, apresentam um risco aumentado de desenvolver DA em idades mais
avangadas. Além disso, Sparks e colaboradores em 2005 demonstraram que quando
individuos com hipercolesterolemia sdo tratados com farmacos que reduzem os niveis de
colesterol, i.e., estatinas, apresentam uma menor prevaléncia da DA e diminui¢dao na
deterioragdo cognitiva (Sparks et al., 2005).

Alteragdes cognitivas também foram observadas em roedores com
hipercolesterolemia induzida por dieta. Moreira e colaboradores (2014) observaram que
camundongos Swiss expostos a uma dieta rica em colesterol por oito semanas,
apresentaram prejuizos de memoria e alteracdes na atividade da enzima
acetilcolinesterase (Moreira et al. 2014). Nesta mesma linha de evidéncia, ratos
hipercolesterolémicos apresentaram prejuizos de memoria espacial, o que foi associado a
diminui¢do em neurdnios colinérgicos, reducdo nos niveis de acetilcolina na regiao
cortical, aumento nos niveis de AP, neuroinflamagdo caracterizada por aumento da
densidade de microglias e alteragdes vasculares as quais indicam disfungdo da BHE
(Ullrich et al. 2010).

Nos recentemente, investigando os efeitos da exposi¢ao de camundongos a uma
dieta com alto teor de colesterol, verificamos que os animais alimentados com a dieta por
oito semanas além de desenvolverem hipercolesterolemia, apresentaram prejuizos na
memoria de reconhecimento e comportamento do tipo-depressivo. Os prejuizos
cognitivos nos camundongos hipercolesterolémicos foram associados a maior
permeabilidade da BHE no hipocampo. Além disso, as alteragdes comportamentais € o
dano da BHE foram atenuados quando os camundongos expostos a dieta
hipercolesterolémica receberam concomitantemente um tratamento anti-inflamatorio
(Rodrigues et al. 2021). De fato, estudos experimentais utilizando modelos animais de

hipercolesterolemia apontam que a neuroinflamacao, uma resposta imune inata complexa
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do SNC intermediada por varios grupos de células gliais e por células imunes periféricas
(Ransohoff 2016), ¢ a quebra da BHE, parecem preceder as alteragdes cerebrais
caracteristicas da DA (Moreira et al. 2012a; Lane-Donovan et al. 2014; Watts et al. 2015;
Santosa and Jensen 2015; Pajak et al. 2016; Harada et al. 2018).

Além disso, alteracdes na funcionalidade dos LDLr também parecem estar
implicadas com o desenvolvimento de alteracdes no SNC. Conforme mencionado no
topico anterior, os LDLr sdo indispensaveis para a correta metabolizagdo do colesterol e
da ApoE no SNC (Zhang and Liu 2015; Luo et al. 2020). Em modelos animais de
amiloidose, a delecdo do LDLr resultou em um aumento significativo na deposi¢ao
amiloide cerebral e dos prejuizos cognitivos associados (Cao et al. 2006; Katsouri and
Georgopoulos 2011). Por outro lado, a superexpressao de LDLr cerebral, reduziu o
conteutdo de AP no cortex e no hipocampo em um animal modelo para a DA
(camundongos APP/PS1)(Kim et al. 2009b). A superexpressao de LDLr no cérebro eleva
as taxas de eliminagdo de AP através da BHE, reduzindo assim a deposi¢ao deste peptideo
no cérebro em camundongos PDAPP, um modelo animal de amiloidose (Castellano et al.
2012) (Figura 5).

A auséncia de LDLr também eleva a expressao de apoE (Katsouri and
Georgopoulos 2011). A ApoE se mostra uma importante molécula com atividade
imunomodulatoria no cérebro. Ademais, a presenca de alelos da ApoE, principalmente a
ApoE4, ¢ um conhecido fator de risco para DA de inicio tardio (Shi ef al. 2017;
Krasemann et al. 2017). Shi e colaboradores em 2019 observaram que em modelos
animais onde os LDLr foram superexpressos, houve uma reducao significativa nos niveis
de ApoE, na reatividade microglial e diminuicdo da neurodegeneracdo associada a
taupatia (Shi et al. 2019). Na sequéncia, os mesmos autores investigando os possiveis

mecanismos por tras dos efeitos neuroprotetores da superexpressao de LDLr, verificaram
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que houve melhora em marcadores sindpticos e diminuicao significativa da reatividade
astrocitaria e microglial no hipocampo em camundongos modelos de taupatia
(camundongos P301S). Ainda, andlises de expressdo diferencial mostraram que a
superexpressao de LDLr na microglia elevou a expressdao de genes associados as vias
catabodlicas, a0 mesmo tempo em que reduziu a expressao de genes anabolicos e da
proteina mTOR (Shi et al. 2021). Estes dados mais recentes destacam outro mecanismo
critico por meio do qual o LDLr participa no funcionamento do cérebro.

Neste sentido, a HF ¢ uma condi¢ao que propicia uma observacao Unica entre as
alteracdes no metabolismo do colesterol ¢ o desenvolvimento de disfun¢ao cerebral. No
caso da HF, ndo s6 os niveis aumentados de colesterol no plasma, mas também a perda
de fungdo dos LDLr nas células cerebrais parece contribuir com o desenvolvimento de
prejuizos cognitivos (Defesche et al. 2017; Coutinho ef al. 2021). Um importante estudo
clinico realizado por Zambon e coautores (2010), mostrou que pacientes portadores de
HF com idade média de 60 anos (meia-idade) sdo mais suscetiveis a desenvolver
comprometimento cognitivo leve (CCL) (Zambon et al. 2010). Tal incidéncia se mostrou
maior em pacientes portadores de HF do que a prevaléncia estimada de CCL em pacientes
com hipercolesterolemia adquirida de mesma faixa etdria (Kivipelto et al. 2001).
Evidéncias mais recentes relatam danos neuropsicologicos, incluindo perda de memoria,
em portadores de HF ja na idade entre 18 e 40 anos (Ariza et al. 2016).

Corroborando com estas observagdes clinicas, pesquisas experimentais utilizando
camundongos nocautes para o LDLr (LDLr”"), um modelo experimental de HF e
aterosclerose, mostraram que estes animais também apresentam danos cognitivos (De
Oliveira et al. 2011; Moreira et al. 2012a; de Oliveira et al. 2020b). Os camundongos
LDL1"" j4 aos trés meses de idade apresentam prejuizos de memoria espacial e de trabalho

(Moreira et al. 2012b; de Oliveira et al. 2014; de Oliveira et al. 2020b), o que se torna
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mais severo na meia-idade (quatorze meses) (de Oliveira et al. 2020a; Moreira et al.
2012a). Ainda, animais LDLr”" se mostraram mais suscetiveis a neurotoxicidade
associada ao AP, apresentando maior atividade da enzima acetilcolinesterase, desbalango
oxidativo e astrogliose quando comparados aos camundongos selvagens também
expostos ao peptideo (de Oliveira et al. 2014). Apesar de serem mais suscetiveis a
neurotoxicidade associada ao AP, camundongos LDLr"" ndo apresentam alteracdes nos
niveis de AP no cérebro nem mesmo na meia-idade, mas parecem ter um aumento na
apoptose neuronal. Os camundongos LDLr”" aos trés meses apresentam tanto no
hipocampo quanto no cortex pré-frontal uma exacerbacao da apoptose, caracterizada por
modificagdes nos niveis de RNA mensageiro das proteinas Linfoma de células B2 (Bcl-
2) e Proteina X associado ao BCL-2 (Bax), e por um aumento dos niveis de caspase -3
clivada. Os niveis de caspase-3 ativada se colocalizam com células neuronais € ndo com
astrocitos (de Oliveira et al. 2020a). Ademais, os camundongos LDLr”" apresentam danos
na neurogénese hipocampal adulta (Engel et al. 2019).

Os camundongos LDLr”" hoje em dia considerados também modelos de prejuizo
cognitivo apresentam mecanismos mais complexos que levam aos déficits de memoria
quando comparados com camundongos transgénicos para a DA. Nos modelos cladssicos
de DA familiar, as alteragdes de memoria estao associadas a uma maior producao de A3
(de Bem et al. 2021). Entdo, quais seriam os mecanismos moleculares que explicam os
prejuizos cognitivos e morte neuronal nos LDLr""?

Camundongos LDLr” de trés meses de idade apresentam aumento da
permeabilidade da BHE e neuroinflamag¢do (Thirumangalakudi ez al. 2008; de Oliveira et
al. 2014; de Oliveira ef al. 2020b). A neuroinflamagdo caracterizada por astrogliose foi
visualizada no hipocampo de camundongos LDLr”" com 3 meses de idade. O aumento do

niimero de astrocitos no hipocampo de camundongos LDLr”" foi associado ao aumento
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da imunorreatividade da aquaporina-4 (AQP-4), o que indica disfungdo da BHE (de
Oliveira et al. 2014). Em um trabalho mais recente, de Oliveira e coautores (2020b)
submeteram camundongos selvagens e LDLr”" com 3 meses de idade a uma dieta rica em
colesterol por trinta dias e observaram que a permeabilidade da BHE nos camundongos
modelos de HF foi mais intensa. A disfuncdo da BHE no hipocampo e no cortex pré-
frontal em camundongos LDLr”* foi associada ao declinio cognitivo, enquanto os
camundongos tipo selvagens alimentados com uma dieta rica em colesterol exibiram
deficiéncias na funcdo da BHE, mas ndo na cogni¢do. Além disso, camundongos LDLr""
apresentaram astrogliose intensa, aumento do contetdo de microvasos e diminui¢ao dos
niveis de IL-6 no hipocampo (de Oliveira et al. 2020b). A neuroinflamagdo em
camundongos LDLr”" expostos a dieta rica em colesterol também ¢ caracterizada por
aumento na densidade de micréglias (Thirumangalakudi ef al. 2008).

A neuroinflamacgao caracterizada pela participagao das micréoglias parece ter papel
tanto nas alteragdes cerebrais induzidas pela dieta rica em colesterol em camundongos
como nos camundongos LDLr”", modelos de HF. Tais evidéncias demonstram que ndo
somente a funcionalidade dos LDLr, mas também a hipercolesterolemia per se sdo
capazes de modular a atividade microglial e atuar como um fator de risco para o

desenvolvimento de neuropatologias e prejuizos cognitivos associados.

1.4 A microglia como um agente nos déficits cognitivos relacionados a

hipercolesterolemia

As micréglias sdo as células de maior mobilidade no SNC e constantemente
monitoram o parénquima cerebral. Durante muito tempo, acreditou-se em uma visao
dicotomica sobre os estados fisiologicos da microglia no cérebro (Streit e al. 1988). Esta

caracterizacdo rigida descrevia a existéncia de uma microglia “ativada", conhecida como
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microglia M1 ou microglia “ma”. Nesse estado, as microglias adquiriam um hipotético
estado ativado, com alta atividade fagocitica e perfil pro-inflamatorio. Alteracdes
morfologicas tais como encurtamento de processos, diminui¢do no namero de
ramificacdes e aumento do tamanho do nucleo, caracterizavam a microglia em seu
fenotipo M1. Por outro lado, haveria a microglia em seu estado homeostatico ou de
“repouso”, também conhecida como microglia M2 ou micréglia “boa”. Nesse estado, as
microglias estariam em um estado de repouso, com baixa atividade fagocitica e perfil
anti-inflamatodrio. A morfologia desta célula caracteriza-se por um perfil hiper ramificado,
alongamento das ramificagdes e pelo nucleo pequeno (Sierra et al. 2016; Sierra et al.
2019). No entanto, conforme as pesquisas na area foram avanc¢ando e com o uso de
técnicas mais sensiveis, verificou-se que as microglias na verdade sdo células dinamicas,
as quais estdo constantemente se movimentando e desenvolvendo as mais diversas
fungdes e, portanto, nunca estariam em um estado de repouso no parénquima cerebral
(Paolicelli et al. 2022).

Em um elegante estudo, Paolicelli e colaboradores (2022) propdem que a
microglia de fato esta constantemente “ativa”, respondendo de maneiras diferentes a
alteragdes no parénquima cerebral, at¢é mesmo em condigdes fisiologicas normais
(Paolicelli et al. 2022). Portanto, a microglia coexiste em multiplos estados no cérebro, e
suas fungdes sdo determinadas por variacdes no contexto fisiologico. Em condi¢des
normais, as microglias auxiliam na manutengdo da homeostase sinaptica, oferecem
suporte para o desenvolvimento do SNC, alertam o SNC da presenca de agentes estranhos
e ajudam na sua respectiva eliminag¢do por meio da fagocitose (Sierra et al. 2010; Yang
and Zhou 2019; Sierra et al. 2019). J4, em condigdes patologicas, as microglias estariam

reativas e elevam a producao de citocinas pro-inflamatorias e 6xido nitrico contribuindo
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assim com a propagac¢ao da neuroinflamacao e com a morte neuronal caracteristica das
doencgas neurodegenerativas (Wang et al. 2019; Zhao et al. 2019; Nordengen et al. 2019).

A atividade microglial no SNC pode ser modulada de diversas maneiras. De
particular importancia, a utilizagdo de inibidores das microglias se mostrou benéfica no
contexto de patologias neurodegenerativas, incluindo a DA (Biscaro et al. 2012; Dhawan
and Combs 2012; Cui et al. 2020). Apesar de seu mecanismo de a¢ao ndo estar totalmente
elucidado, a minociclina, um fairmaco antibiotico de segunda geragdo pertencente a classe
das tetraciclinas (Garrido-Mesa et al. 2013), se mostrou um inibidor das microglias
(Kobayashi et al. 2013). A exemplo de outros inibidores, suas propriedades
neuroprotetoras vém sendo confirmadas em varios modelos experimentais de
neuropatologias (Du et al. 2001; Jackson-Lewis et al. 2002; Choi et al. 2007; Biscaro et
al. 2012; Ferretti et al. 2012; Garcez et al. 2017). Em modelos animais de doencas
metabolicas, a diminuicdo da reatividade microglial atenuou a neuroinflamagdo e
preveniu a ocorréncia de déficits cognitivos (Jackson et al. 2020). Ainda, camundongos
obesos tratados com a minociclina apresentaram melhora na performance cognitiva em
tarefas dependentes do hipocampo, e reducdo da atividade fagocitica microglial nessa
regido cerebral (Cope et al. 2018).

No que diz respeito a hipercolesterolemia, coelhos alimentados com uma dieta
contendo 2% de colesterol, apresentaram alteragdes microgliais no hipocampo, em um
processo independente da deposicao de AP (Xue et al. 2007). Em um estudo anterior,
Thirumangalakudi e colaboradores (2008) mostraram que camundongos LDLr”"
apresentaram aumento da microgliose no hipocampo em comparacao aos camundongos
LDLr"" alimentados com uma dieta normal (Thirumangalakudi e al. 2008). No entanto,

os autores ndo investigaram a influéncia do genotipo sob a densidade microglial.
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Logo, pouco ainda se conhece sobre o papel de alteragdes morfologicas e
funcionais das micrdglias nos déficits de memoria e alteragdes neuroquimicas
relacionados a hipercolesterolemia. Nos hipotetizamos que a modulacao das micréglias,
por intermédio do farmaco minociclina, seja uma estrategia interessante para estudar o
envolvimento da reatividade microglial nos danos de memoria associados as alteragdes
na homeostase do metabolismo do colesterol. Para comprovar esta hipdtese,
desenvolvemos protocolos experimentais para estudar os efeitos do envelhecimento e da
modulagdo da atividade microglial nos déficits cognitivos relacionados a HF - Parte II,
Capitulo 1. Além disso, o impacto da modulagdo farmacoldgica da reatividade microglial
sob a cogni¢ao em um modelo animal de hipercolesterolemia induzida por dieta também

foi investigado - Parte II, Capitulo 2.

37



Objetivos
Objetivo principal
Analisar a contribuicdo das microglias nas alteracdes cerebrais relacionadas a

hipercolesterolemia induzida por dieta ou de origem genética, em especial se a modulacao

farmacologica dessas células pela minociclina resulta em efeitos neuroprotetores.

Objetivos especificos

e Pesquisar os efeitos da HF e do envelhecimento na densidade e morfologia das
células microgliais em cortex pré-frontal e hipocampo de camundongos C57BL/6
selvagens e camundongos LDLr"".

e Estudar em camundongos C57BL/6 selvagens e LDLr”" adultos jovens e de meia-
idade o imunocontetido de proteinas sindpticas, proteinas estruturais de BHE e
mTOR no coértex pré-frontal e no hipocampo.

e Analisar os efeitos da HF e da modulagdo farmacoldgica das microglias, por
intermédio da minociclina, sob parametros cognitivos e metabdlicos em
camundongos LDLr""adultos.

e Pesquisar os efeitos da HF e do tratamento com minociclina sob a microgliose,
morfologia microglial, sua respectiva atividade fagocitica e interagdo com
microvasos no cortex pré-frontal e hipocampo de camundongos LDLr""adultos.

e Investigar se a dieta rica em colesterol e a intervencdo farmacoldgica com a
minociclina provocam alteragdes em parametros comportamentais € metabolicos
em camundongos CF-1 adultos jovens.

e Avaliar se a hipercolesterolemia induzida por dieta e a modulagdo farmacologica
da atividade microglial induzem alteragdes nas proteinas associadas a integridade

da BHE, no contetido de células positivas para lectina-tomato, na morfologia e em
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parametros de reatividade microglial em estruturas cerebrais importantes para a

cogni¢do, em camundongos CF-1 adultos jovens.
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PARTE II

Nesta secdo os materiais € métodos, bem como os resultados serdo apresentados
em formato de artigos, subdivididos em capitulos precedidos por um breve prefacio.
No capitulo I, estdo demonstrados os resultados obtidos a partir de experimentos em
animais LDLt”", cujo principal objetivo foi estudar qual o papel das microglias na
disfungdo cognitiva, neste modelo animal. No capitulo II, constam os resultados de
experimentos realizados para o entendimento da influéncia da reatividade microglial
sob os déficits cognitivos em camundongos submetidos a um modelo experimental de

hipercolesterolemia induzida por dieta.
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Capitulo 1. Microglia contribute to cognitive decline in hypercholesterolemic LDLr-/-

mice.

No capitulo I, apresentamos os nossos achados em forma de artigo aceito para

publicacao no Journal of Neurochemistry.

Neste estudo, procuramos entender primeiramente como a HF afeta a morfologia
e atividade microglial com o envelhecimento. Para isso, avaliamos a densidade e
morfologia microglial no cortex pré-frontal e hipocampo de animais C57BL/6 selvagens
e LDLr”" adultos jovens e de meia-idade. Verificamos que a microgliose foi mais severa
no hipocampo de camundongos LDLr”" de meia-idade, o que esteve associado a
alteragdes morfologicas nas células microgliais e com alteragdes no imunoconteudo de
proteinas sindpticas. Interessantemente, animais LDLr”" adultos jovens ja apresentavam
aumento da microgliose e diminui¢do do imunoconteudo de claudina-5 no cortex pré-
frontal. Tendo em mente que a morfologia microglial adquire um estado mais alterado e
caracteristico de microglias em um estado mais reativo quando camundongos LDLr”
atingem a meia-idade, na sequéncia tratamos camundongos C57BL/6 selvagens e LDLr
" adultos (6 meses de idade) com a minociclina (um modulador farmacolégico da
atividade microglial). Verificamos que a modulacdo farmacolégica da micréglia,
melhorou a cognicdo, reduziu a presenca da micrdglia na regido perivascular, causou
alteracdes na morfologia microglial sem alterar a sua respectiva atividade fagocitica no

hipocampo e no cortex pré-frontal dos animais LDLr™".
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Capitulo I1. Role of glial cells reactivity on the cognitive decline linked to diet- induced

hypercholesterolemia.

No capitulo II apresentamos os nossos achados em forma de artigo em processo

de preparagao para submissao em periddico.

Neste estudo, procuramos entender como a reatividade microglial e astrocitaria
contribuem para os déficits cognitivos associados a hipercolesterolemia induzida por
dieta. Para tal, camundongos CF-1 de trés meses de idade foram expostos a uma dieta rica
em colesterol durante 8 semanas, sendo que nas Ultimas 4 semanas os animais foram
concomitantemente tratados com a minociclina. Camundongos alimentados durante 8
semanas com uma dieta rica em colesterol apresentaram aumento significativo nos niveis
de colesterol total plasmatico, o que ndo foi afetado pelo tratamento com a minociclina.
Por outro lado, a dieta rica em colesterol e a minociclina ndo alteraram a tolerancia a
glicose nos animais. Ainda, animais hipercolesterolémicos apresentaram maior peso
corporal e ganho de peso em relagdo aos animais que receberam dieta normal, o que ndo
foi atenuado pelo tratamento com a minociclina. Analisando a performance dos animais
em tarefas comportamentais, percebemos que os animais hipercolesterolémicos
apresentaram prejuizos na memoria de habituacdo e em tarefas comportamentais
dependentes do hipocampo. Interessantemente, o tratamento com a minociclina melhorou
o desempenho cognitivo dos animais hipercolesterolémicos. Além disso, verificamos que
a minociclina elevou o imunocontetido da proteina claudina-5 no cortex pré-frontal e no
hipocampo, antes reduzida no grupo hipercolesterolémico nao tratado. Ao realizar a
avaliacdo da quantidade de microvasos usando a Lectina de Tomate nestas mesmas
estruturas cerebrais, notamos uma reducdo significativa na colora¢do para Lectina de

Tomate no cortex pré-frontal, mas ndo no hipocampo, dos animais hipercolesterolémicos.
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Animais hipercolesterolémicos apresentaram aumento da imunoreatividade para IBA-1
na sub-regiao hipocampal CA3, o que nao esteve relacionado a alteragdes na morfologia
e atividade fagocitica microglial. Ademais, verificamos que o tratamento com a
minociclina reduziu a imunorreatividade para GFAP nos animais hipercolesterolémicos,

mas nao alterou parametros relacionados a reatividade microglial.
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PARTE III
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Discussao

Atualmente existem cerca de 55 milhoes de pessoas que vivem com deméncia no
mundo, e devido ao aumento da expectativa de vida ¢ estimado que este nimero aumente
para aproximadamente 139 milhdes de pessoas em 2050 (World Health Organization
2023). De particular importancia, alteragcdes no metabolismo do colesterol vém sendo
consideradas como fatores de risco para o desenvolvimento de prejuizos cognitivos
(Kivipelto et al. 2001; Sparks et al. 2005; Zambon et al. 2010; Ariza et al. 2016; Anstey
et al. 2017; Wee et al. 2023). Por exemplo, a APOE ¢4 ¢ fortemente implicada na DA
(Tokuda et al. 2000; Kim et al. 2009a; Safieh et al. 2019). Além disso, o aumento dos
niveis de colesterol no sangue, i.e., a hipercolesterolemia, bem como a falta do LDLr
podem causar alteragdes neuroquimicas e comportamentais caracteristicas de deméncia
(De Oliveira et al. 2011; Moreira et al. 2012b; de Oliveira et al. 2014; de Oliveira et al.
2020a; de Oliveira et al. 2020b). Tendo em vista, a importancia epidemiologica dos
disturbios do metabolismo do colesterol, nas ultimas décadas inimeros pesquisadores
incluindo nosso grupo de pesquisa vém se dedicando ao estudo dos eventos celulares e
moleculares envolvidos nesta conexdao. Nesta tese investigamos experimentalmente o
envolvimento da microglia nos prejuizos cognitivos e disfungdo cerebral associados a
hipercolesterolemia, seja ela de origem genética ou de origem adquirida. Para tal,
utilizamos na parte II - capitulo 1 um modelo animal de HF (camundongos LDLr”).
Ademais, na parte II - capitulo 2, investigamos a participacao da reatividade microglial
nos déficits cognitivos e mecanismos associados, em um modelo animal de
hipercolesterolemia induzida por dieta. Com o intuito de modular a microglia in vivo,
utilizamos o tratamento com a minociclina, um farmaco conhecidamente capaz de alterar

a reatividade microglial em modelos experimentais.
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Os animais LDLr"" sio um modelo animal de extrema importincia para o estudo
experimental da HF. Esta linhagem de camundongos foi desenvolvida primeiramente por
Ishibashi e colaboradores no inicio dos anos 90, e mimetiza os defeitos genéticos
observados em humanos portadores de HF. Animais LDLr”" apresentam a delecdo do
gene que codifica os receptores de LDL e, como consequéncia, apresentam niveis de
colesterol plasmatico elevados similar a aqueles encontrados em pacientes portadores de
HF (Ishibashi et al. 1993). Os niveis de colesterol em camundongos LDLr”" giram em
torno de 250 mg/dL quando eles sdo mantidos sob dieta normal, niveis estes duas vezes
maiores comparados aos animais selvagens sem alteragdes genéticas. Quando
alimentados com dieta rica em gordura e colesterol, os niveis de colesterol se elevam
substancialmente nesses animais, podendo atingir os valores de 1500 mg/dL (Ishibashi et
al. 1993). Por outro lado, ao contrario de pacientes portadores de HF, animais com
deficiéncia heterozigotica no LDLr apresentam niveis normais de colesterol plasmatico,
sugerindo que uma unica copia do LDLr se mostra capaz de manter os niveis de colesterol
normais em camundongos (He et al. 2019). Camundongos da linhagem LDLr”" sio
comumente utilizados experimentalmente no estudo de DCV e da aterosclerose (Oppi et
al. 2019). No entanto, recentemente este modelo animal vem sendo usado também no
estudo dos mecanismos de disfun¢do cerebral e prejuizos cognitivos associados a HF (de
Bem et al. 2021).

O modelo animal de hipercolesterolemia utilizado no segundo estudo que
compodem essa tese, foi induzido por meio da oferta de uma dieta rica em colesterol aos
animais, pelo periodo de oito semanas. A exposi¢cdo de roedores (e.g., camundongos e
ratos) a dietas com alto teor de colesterol, ¢ uma estratégia experimental que se mostrou
eficaz na inducdo de um modelo animal de hipercolesterolemia (Ullrich et al. 2010; de

Oliveira et al. 2014; Paul et al. 2017; de Oliveira et al. 2020b). A escolha do periodo de
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oferta da dieta foi baseada em estudos anteriores do nosso grupo de pesquisa, onde a
oferta de uma dieta rica em colesterol por oito semanas se mostrou eficiente em elevar os
niveis de colesterol plasmatico em camundongos (Moreira et al. 2014; Rodrigues et al.
2021; Rodrigues et al. 2022). Nestes estudos, o consumo da dieta rica em colesterol
elevou os niveis de colesterol total, sem alterar a homeostase da glicose. Efeito similar
foi observado em nosso estudo, onde os animais se tornaram hipercolesterolémicos sem
sofrer alteragdes nos niveis de glicose em jejum ou na tolerancia a glicose. Ademais,
percebemos que os animais alimentados com a dieta rica em colesterol, apresentaram
aumento de peso comparados aos animais alimentados com dieta normal para roedores.
Tais alteragdes foram relatadas em estudos anteriores (de Souza et al. 2019; Rodrigues et
al. 2021) e se da em decorréncia do teor de gordura saturada presente na dieta rica em
colesterol. E importante ressaltar que o teor de gordura presente na dieta utilizada (45%),
¢ menor do que o teor de gordura geralmente utilizado em modelos animais de obesidade
e diabetes, nos quais geralmente também ¢ adicionado teores elevados de agucar a dieta
(Marques et al. 2016; de Moura e Dias et al. 2021). Ademais, dietas chamadas de ricas
em gordura e ocidentais contém pouco colesterol comparado a dieta utilizada em nosso
estudo.

As microéglias sao células com um perfil muito dindmico, alterando o seu estado
de acordo com o contexto e sob a influéncia do meio em que esta inserida. Sendo assim,
¢ possivel que as microglias apresentem um perfil inflamatoério associado a doengas, ou
um perfil resolutivo em que ha o favorecimento de mecanismos relacionados a
manuten¢ao da homeostase (Wolf et al. 2017; Paolicelli et al. 2022). De fato, células gliais
reativas desempenham um importante papel na resposta cerebral a insultos externos e na
subsequente resposta neuroinflamatoria (Yang and Zhou 2019). Uma vez desafiadas,

células gliais como a microglia e os astrocitos elevam a secrecao de substancias chamadas
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citocinas, as quais funcionam como mensageiros quimicos e intermedeiam a
comunicagdo entre microglia e astrdcitos, e das células gliais com os neurdnios (Kolliker-
Frers et al. 2021). Portanto, alteragdes no estado das células da glia potencialmente afetam
o funcionamento e a integridade neuronal (Ransohoff 2016; Kolliker-Frers et al. 2021).
Em contexto patologicos, microglia e astrdcitos alteram sua expressao génica para perfis
associados a doencas, adquirindo caracteristicas que prejudicam a integridade neuronal e
que favorecem a ocorréncia de neuropatologias (Liddelow et al. 2020). Ademais,
alteragdes no metabolismo do colesterol astrocitario e na captacao de colesterol pelas
microglias, afetam o estado fisiologico microglial (Bohlen et al. 2017). Mais
precisamente, o acimulo de colesterol na microglia, gera aumento da deposicdo de
colesterol nas balsas lipidicas e alteragdes na atividade fagocitica microglial
(Marschallinger et al. 2020). Microglias com altos teores de colesterol captam mais
lipidios do meio extracelular, gerando um efeito de ativagao cronica celular associado a
exacerba¢do da neuroinflamacao (Colombo et al. 2022).

Estudos demonstram que fatores como o envelhecimento e as doencas
metabolicas, incluindo a hipercolesterolemia, podem contribuir para a exacerbacao da
reatividade microglial (Streit and Sparks 1997; Koellhoffer et al. 2017; Chunchai et al.
2018). Em um contexto de envelhecimento, as microglias parecem adquirir um estado
disfuncional caracterizado por alta deposi¢do de goticulas lipidicas e baixa atividade
fagocitica (Marschallinger et al., 2020). Ja um estudo de revisao chegou a conclusao de
que alteracdes metabolicas periféricas resultantes da obesidade, modulam a atividade
microglial no cérebro. Ainda segundo o estudo, a microglia quando tem sua funcao
alterada favorece a ocorréncia de déficits cognitivos em modelos animais de obesidade
(Chunchai et al. 2018). No6s acreditamos que efeito similar ocorre com os altos niveis de

colesterol plasmatico. Um estudo pioneiro mostrou que pacientes que morreram em
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decorréncia de DCV, apresentaram maior nimero de microglias em seu fenotipo reativo
no cérebro. Tal processo, parece favorecer o envelhecimento cerebral e suas desordens
neuropatoldgicas associadas (Streit and Sparks 1997).

Por outro lado, um estudo recente mostrou que o LDLr estd envolvido na
neurodegeneracao associada a proteina TAU e parece compartilhar mecanismos com a
ApoE. Shi e colaboradores (2021) realizaram o cruzamento de animais transgénicos que
superexpressam o LDLr com camundongos P301S, um modelo experimental de tauopatia
(Shi et al. 2021). E importante mencionar que aos 9 meses de idade, camundongos P301S
exibem consideravel perda de volume cerebral. Neste sentido, os autores observaram que
aos 9 meses de idade, camundongos P301S superexpressando o LDLr apresentaram
redu¢do da neurodegeneracdo hipocampal, diminui¢do na perda sinaptica e nos niveis de
proteina TAU fosforilada. A redug¢dao nos danos cerebrais associados a proteina TAU
esteve relacionada a redugdo nos niveis de ApoE no liquido cefalorraquidiano e na area
cortical. Em adicao, os autores por meio de achados provenientes de experimentos in vitro
e in vivo mostraram que a redugdo na expressao de ApoE e de seu respectivo contetido
intracelular, parecem ser importantes eventos que levam a redugdo da reatividade
microglial, o que parecer uma causa primaria da neurodegeneracao nos camundongos
P301S super expressando LDLr. Ademais, a redu¢ao da reatividade microglial esteve
associada com modulagdes no imuno metabolismo celular. Portanto, tais evidéncias
demonstram um outro importante mecanismo pelo qual os LDLr participam do
funcionamento cerebral via modulacao da atividade microglial (Shi et al, 2021).

No entanto, pouco ainda se conhece sobre a influéncia da HF, doenga genética na
qual ocorre a associagdo entre altos niveis de colesterol no sangue e disfuncao dos LDLr,
na reatividade microglial. Em um estudo anterior, Thirumangalakudi e colaboradores

(2008) mostraram que camundongos LDLr”~ aos 6 meses de idade, quando desafiados
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com uma dieta rica em colesterol, apresentaram aumento da microgliose no hipocampo.
No entanto, os autores nao investigaram a influéncia do genotipo dos animais sob a
densidade microglial (Thirumangalakudi et al. 2008). Portanto, em um primeiro
momento, procuramos entender como o envelhecimento e a auséncia dos LDLr afetam a
densidade de microéglias em camundongos LDLr"". Nossos achados demonstram que
animais camundongos modelos de HF apresentam maior microgliose em regides
cerebrais responsaveis pela formagao e consolidacdo de memoria ja aos trés meses de
idade, mesmo sem terem sido desafiados com uma dieta com alto teor de colesterol.
Ainda, verificamos que a microgliose estava exacerbada no hipocampo dos animais
LDLr”" de meia-idade (14 meses de idade), mas ndo nos camundongos C57BL/6
selvagens de mesma idade. Tomados em conjunto, nossos resultados demonstram que a
reatividade microglial associada a4 HF nos animais LDLr”" ¢ um processo precoce, que se
inicia aos 3 meses de idade, e se agrava quando os animais envelhecem.

Animais envelhecidos e alimentados com dieta rica em colesterol, apresentaram
aumento da microgliose em regides cerebrais cruciais para a memoria (Chen et al. 2018).
Neste trabalho investigamos também a influéncia da hipercolesterolemia induzida por
dieta na densidade das micrdglias no hipocampo de camundongos adultos. Camundongos
com hipercolesterolemia induzida por dieta apresentaram aumento na microgliose na
regido CA3 do hipocampo. Nossos dados estdo de acordo com estudos anteriores, onde
demonstrou-se que animais alimentados com dietas ricas em colesterol apresentam
aumento na densidade de micréglias no cérebro, comparados ao grupo controle
alimentado com uma dieta normal (Xue et al. 2007; Ullrich et al. 2010). O aumento na
quantidade destas células gliais parece ocorrer de maneira independente de patologias

associadas, tais como a deposi¢ao amiloide cerebral (Xue ef al. 2007), demonstrando que
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a hipercolesterolemia de origem adquirida per se, exerce efeitos deletérios no cérebro
favorecendo a microgliose e mecanismos associados.

A fim de melhor investigar a reatividade glial em camundongos LDLr"" em
diferentes idades, assim como também nos animais CF-1 com hipercolesterolemia
induzida por dieta, realizamos a avaliagao da morfologia microglial em diferentes areas
hipocampais e cortex pré-frontal usando os plugins Skeletonize e Simple Neurite Tracer
para Image]. Ainda, avaliamos a atividade fagocitica microglial por meio da
quantificagdo do cluster de diferenciacao 68 (cd68), um marcador lisossomal, dentro da
micréglia. Verificamos que os animais LDLr”" aos 3 meses de idade, ndo apresentam
alteracdes morfologicas relevantes nas células microgliais. J4 aos 6 meses de idade
verificamos nos animais LDLr”" uma tendéncia & hiper ramificagdo microglial na regido
hipocampal CA3 e um encurtamento significativo das ramificagdes microgliais no giro
denteado (DG). O encurtamento das ramificagdes microgliais ¢ um indicativo de
microglias mais reativas (Sierra et al. 2016; Sierra et al. 2019). O possivel aumento da
reatividade microglial na regido do DG ¢ particularmente relevante, tendo em vista o
papel desta regido na neurogénese hipocampal adulta (Kempermann et al. 2015; Abbott
and Nigussie 2020). De particular importincia, camundongos LDLr”" apresentam
prejuizos na neurogénese hipocampal adulta, ja aos trés meses de idade (Engel et al.
2019). Apesar de ndo termos visualizada diferenca na complexidade das células
microgliais e sua respectiva atividade fagocitica nas regides hipocampal do DG aos trés
meses de idade, hipotetizamos que a microglia pode estar contribuindo para a
desregulagdo da neurogénese nesse modelo animal. No entanto, mais estudos sao
necessarios para melhor investigar o papel da reatividade microglial na neurogénese
hipocampal adulta em camundongos LDLr”". Assim como no DG, a analise morfologica

da micréglia ndo detectou diferengas significativas na complexidade e atividade
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fagocitica microglial nas demais regidoes hipocampais analisadas. Isso demonstra que as
alteragdes na morfologia e reatividade microglial em camundongos LDLr”" adultos
variam de acordo com a regido cerebral analisada. As micrdglias, portanto, apresentam
um perfil heterogéneo no cérebro de camundongos LDLr”". Colombo e colaboradores
(2022) encontraram um perfil semelhante ao analisar a presenga de diferentes fenotipos
microgliais no cérebro de camundongos. Os autores notaram que o fenotipo microglial
varia de acordo com a regido cerebral analisada, sexo e idade do animal e também de
acordo com o contexto patoldgico, a qual contribui significativamente na mudanca do
fenotipo microglial em camundongos (Colombo et al. 2022).

Os efeitos do envelhecimento na HF na morfologia e atividade fagocitica das
células microgliais também foram avaliados. Verificamos que camundongos LDLr”" aos
14 meses de idade apresentam alteragcdes morfologicas no hipocampo e cortex pré-frontal,
1.e., diminui¢ao do tamanho das ramificagdes microgliais no hipocampo e diminui¢do no
numero de processos no cortex pré-frontal. Essas evidéncias nos levaram a hipotetizar
que as alteragdes morfologicas da microglia nesse modelo animal de HF tem inicio na
fase adulta, ¢ regido-especifica e se agrava em fun¢ao do envelhecimento. Animais LDL1r
” se mostram mais suscetiveis ao processo de envelhecimento. Em um estudo prévio, aos
14 meses de idade, camundongos LDLr”" apresentaram comprometimento do sistema
colinérgico, desbalanco antioxidante, desbalango da sinalizacdo apoptotica e possivel
aumento do apoptose neuronal, levando a um prejuizo de memoria mais severo (Moreira
etal. 2012a; de Oliveira et al. 2020a). Entendemos, portanto, que animais LDLr”" também
se mostram mais suscetiveis a altera¢des na reatividade microglial comparados a animais
selvagens de mesma idade. Entretanto, nio podemos afirmar que animais LDLr”
apresentam aos 14 meses de idade, alteracdes na funcionalidade/atividade microglial. Isto

porque, conforme descrito por Paolicelli et al. (2022), alteragdes na morfologia microglial

144



servem apenas para gerar hipdteses sobre o estado funcional das microglias, o qual
deveria ser confirmado com técnicas sensiveis, visando detectar alteragcdoes de
transcriptoma e proteoma nas microglias em resposta ao contexto em que elas estdo
inseridas (Paolicelli et al. 2022).

Por sua vez, no modelo animal de hipercolesterolemia esporadica induzida por
dieta, verificamos que os niveis aumentados de colesterol elevaram a microgliose na
regido hipocampal CA3, mas ndo alteraram a morfologia, a complexidade e a atividade
fagocitica das microglias no hipocampo. Dessa forma, a morfologia e densidade
microglial, mas ndo sua funcionalidade, sdo mais afetadas no contexto da HF, onde os
animais sao expostos a altos niveis de colesterol e a disfuncionalidade do LDLr desde o
nascimento em uma condi¢do que se agrava com o envelhecimento, do que no contexto
da hipercolesterolemia induzida por dieta, uma condi¢do metabdlica adquirida ao
decorrer da vida do animal.

Estudos mostram que a reatividade microglial influéncia e modula os astrocitos,
tornando-os igualmente reativos (Liddelow et al. 2020). Microglia e astrdcitos interagem
por meio de contato célula-célula ou por intermédio da liberacao de citocinas especificas.
Tendo em vista que os astrocitos sdo as células gliais mais abundantes no parénquima
cerebral, a sua atividade ¢ fundamental para o funcionamento normal do SNC (Sofroniew
and Vinters 2010). Entretanto, a elevacdo da reatividade astrocitaria gera diversas
respostas imunologicas, as quais podem favorecer a progressao de doengas, incluindo a
DA (Sofroniew 2020; Bellaver et al. 2023). Camundongos LDLr”" apresentaram um
aumento basal da astrogliose no hipocampo, o que foi exacerbado quando os animais
foram expostos ao AP (de Oliveira et al. 2014). Sabendo disso, realizamos a analise da
astrogliose no hipocampo de animais com hipercolesterolemia induzida por dieta. Nossos

dados mostram que os animais hipercolesterolémicos nao apresentaram aumento na
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astrogliose hipocampal, ao menos na regido CA3 do hipocampo. Tais resultados
contrastam com estudos anteriores, onde a exposi¢cao de camundongos a uma dieta rica
em colesterol por oito semanas aumentou a imunorreatividade para GFAP no hipocampo
(Chen et al. 2016b). Ademais, camundongos fémeas alimentados com dieta
hipercolesterolémica mostraram aumento na imunorreatividade para GFAP no
hipocampo, em um processo que foi agravado pelo envelhecimento (Chen et al. 2018).
Alguns fatores ajudam a explicar a discrepancia entre os nossos achados e os artigos
citados. Os estudos de Chen e colaboradores (2016, 2018) investigaram os efeitos de uma
dieta contendo 3% de colesterol sobre a astrogliose hipocampal, em camundongos fémeas
com 6 meses de idade (Chen et al. 2016b; Chen et al. 2018). Desta forma, os fatores teor
de colesterol na dieta, idade e sexo do animal podem ter influenciado no aumento da
astrogliose hipocampal, processo este nao visualizado pelo nosso estudo ao investigar a
astrogliose hipocampal em camundongos machos e femeas de trés meses de idade.
Astrécitos e microglia frequentemente interagem com os neurdnios. Neste
sentido, as células microgliais por intermédio de moléculas de sinalizacao, tais como
fatores neurotréficos, se comunicam e regulam a plasticidade sinaptica além de
realizarem a poda sinaptica (Cornell et al. 2022). Sendo assim, nesta tese investigamos
a relacdo da microglia com a integridade sinaptica por meio da avaliagdo do
imunoconteudo das proteinas sinapticas PSD-95 e sinaptofisina-1. Nossos dados mostram
que animais LDLr”" apresentaram, aos trés meses de idade, redugio no imunocontetudo
de PSD-95 no hipocampo. J4 aos 14 meses de idade, animais LDLt”" apresentaram uma
redugdo significativa no imunoconteudo de sinaptofisina hipocampal. Nesta mesma linha
de evidéncia, Mulder et al., (2004) mostraram que animais LDLr"" aos 13 meses de idade
apresentam reducdo na quantidade de botdes sinapticos contendo sinaptofisina no

hipocampo (Mulder et al. 2004). Cabe ressaltar que fomos os primeiros a relatar
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alteragdes sinapticas em camundongos LDLr"" ja aos trés meses de idade. Por outro lado,
nao encontramos alteragdes no imunoconteudo dessas proteinas sindpticas no cortex pré-
frontal, mostrando que animais LDLr”" apresentam respostas diferentes no que diz
respeito ao imunoconteudo de proteinas sinapticas, de acordo com a idade e regido
cerebral analisada. Nossos achados estdo de acordo com os estudos de Mulder et., (2004;
2007), onde demonstrou-se que a funcionalidade sinaptica e neuronal esta alterada neste
modelo animal de HF e parece estar mais concentrada no hipocampo (Mulder et al. 2004;
Mulder et al. 2007).

A disfungado sinaptica pode ser desencadeada por inimeros mecanismos, dentre
os quais estd a alteracdo da permeabilidade da BHE e consequente neuroinflamacgao
(Takechi et al. 2017; Nation et al. 2019). Em camundongos LDLr”" aos trés meses de
idade, ocorre uma perda da integridade da BHE no coértex pré-frontal e hipocampo,
caracterizada pela diminuicao significativa na expressdao génica de proteinas associadas
as juncdes oclusivas no hipocampo, bem como pelo aumento do extravasamento cortical
e hipocampal do corante fluoresceina de sodio injetado perifericamente nos animais (de
Oliveira et al. 2020b). No primeiro artigo que compde este documento, verificamos que
animais LDLr’”~ também aos trés meses de idade, apresentaram redugdo no
imunoconteudo de claudina-5 no cortex pré-frontal, mas nao no hipocampo. Embora os
dados referentes aos efeitos da HF na expressao de claudina-5 sejam conflitantes, nossos
achados reforcam que a HF ou a auséncia de LDLr alteram o conteudo de proteinas das
juncdes oclusivas no cérebro de animais hipercolesterolémicos. Neste sentido, resultados
prévios do nosso grupo de pesquisa apontaram que a disfungdo da BHE ¢ exacerbada
quando camundongos LDLr"" sdo alimentados com dieta rica em colesterol (de Oliveira
et al. 2020b). Animais com hipercolesterolemia induzida por dieta apresentam disfungao

da BHE no hipocampo, o que contribuiu para o comprometimento de memoria nesses
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animais (Rodrigues et al. 2021). Deste modo, verificamos que a hipercolesterolemia
adquirida exerceu uma diminui¢ao do imunoconteudo da proteina claudina-5 no cortex
pré-frontal. Ademais, foi observado uma reducao no niamero de células positivas para
Lectina de tomate nessa mesma estrutura cerebral nos animais com hipercolesterolemia
induzida por dieta. Esses dados referentes a lectina de tomate, contrastam com resultados

observados em animais LDLr”

,onde a HF elevou a quantidade de microvasos no cérebro
(de Oliveira et al. 2020b). Aumento da quantidade de microvasos no cérebro, serve como
um indicativo de um processo chamado angiogénese patologica onde as células que
compodem a unidade neurovascular secretam fatores angiogénicos em demasia, alterando
a permeabilidade da BHE e exacerbando o processo neuroinflamatério associado (Jeong
etal. 2021).

Resultados prévios do nosso grupo de pesquisa apontaram que camundongos
LDLr”" apresentam uma neuroinflamacio e quebra de BHE ainda mais intensa quando
expostos a dieta hipercolesterolémica, se comparados aos animais que foram expostos a
dieta padrao e camundongos controles expostos a dieta rica em colesterol (de Oliveira et
al. 2020b). Levando em consideracdo estas evidéncias prévias, nossa proxima pergunta
foi: A reatividade microglial esta influenciando na manutengdo da integridade da BHE
em animais hipercolesterolémicos? Para responder esta questao, investigamos a presenga
da microglia na regido perivascular no cérebro de camundongos adultos C57BL/6

selvagens e LDLr”". Nos observamos que os animais LDLr”

apresentaram maior
presenca da microglia na regido perivascular no hipocampo, mas ndo no cortex pré-
frontal, em comparacao aos animais C57BL/6 selvagens de mesma idade. A presenga das
microglias na regido perivascular se faz importante para a atuagdo da microglia como

primeira linha de defesa contra estressores externos (Dudvarski Stankovic et al. 2015).

No entanto, em condigdes patologicas, o aumento de microglias nesta regiao pode ser
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prejudicial e elevar a disfungdo da BHE (Zhao et al. 2018; Haruwaka et al. 2019).
Haruwaka e colaboradores (2019), investigando os efeitos de uma inflamagao sistémica
persistente e da microglia perivascular na integridade da BHE em um modelo animal,
demonstraram que a microglia em um momento inicial se mostrou importante para a
manuten¢do da integridade da BHE, elevando de maneira interessante a expressao
microglial de claudina-5 e mantendo contato fisico com o endotélio. Todavia, os autores
também reportaram que a medida que a inflamacao sist€émica se torna persistente € nao
resolvida, a microglia associada aos microvasos se torna mais reativa, elevando sua
atividade fagocitica e reduzindo a expressao de claudina-5 na regido cortical (Haruwaka
etal. 2019).

Deste modo, a presenga da micrdglia na regido perivascular exerce efeitos dubios
sobre a manutencdo da BHE, em um processo que envolve a expressao da proteina
claudina-5. Em nosso estudo, percebemos que ocorreu a diminui¢ao do imunocontetdo
da proteina claudina-5 no cortex pré-frontal de animais LDLr”" ¢ de animais CF-1 com
hipercolesterolemia induzida por dieta. Interessantemente, tais processos estiveram
acompanhados por aumento da microgliose, mas nao de alteragdes em sua reatividade e
respectiva atividade fagocitica. Apesar de mais investigacoes serem necessarias, nos
acreditamos que na hipercolesterolemia (principalmente na HF), o aumento da presenca
da microglia na regido perivascular contribui para a disfungdo da BHE, também por
intermédio da redugdo na expressao de proteinas associadas as juncodes oclusivas. Deste
modo, mecanismos que visem reduzir a presenga da microglia reativa na regiao
perivascular, se tornam uma estratégia em potencial para mitigar a disfuncao da BHE
associada a hipercolesterolemia.

Ademais, a proteina alvo da rapamicina (mTOR) se mostra importante na

regulacao da reatividade microglial decorrente de estimulos inflamatoérios (Dello Russo
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et al. 2009; Cappoli et al. 2019; Keane et al. 2021). Em relagdao ao papel da mTOR na
resposta microglial a inflamacao, Dello Russo e colaboradores (2009) demonstraram que
amTOR se torna ativa quando estimulada com indutores inflamatérios. Por outro lado, a
inibicdo da mTOR reduziu a proliferacdo microglial em um processo que favoreceu a
resolucdo da resposta neuroinflamatoria (Dello Russo et al. 2009). No que diz respeito ao
envolvimento das doengas metabolicas na ativacdo da mTOR, evidéncias mostram que
camundongos obesos apresentam aumento na expressao de pmTOR no cérebro (Dasuri
et al. 2016). Além disso, inibigdo da mTOR foi associada a uma melhora na
permeabilidade da BHE em camundongos LDLr”" (Van Skike ez al. 2018). Sabendo que
a desregulacdo da sinalizagdo da mTOR esta associado com a ocorréncia de desordens
metabolicas, disfuncao da BHE e neuropatologias (Van Skike ez al. 2018; Mao and Zhang
2018), resolvemos avaliar o imunoconteido da proteina mTOR no cérebro de
camundongos LDLr”". Nossos dados demonstram que os animais LDLr”" aos trés meses
de idade apresentaram aumento no imunoconteido da mTOR no cortex pré-frontal, o que
foi reduzido pelo envelhecimento. Por outro lado, o envelhecimento elevou o
imunocontetdo de mTOR no hipocampo, demonstrando que os contetidos da proteina
mTOR variam de acordo com a regido cerebral analisada e com a idade no modelo animal
de HF.

A quebra da integridade da BHE e a subsequente neuroinflamagdo caracterizada
pela reatividade das células gliais, parecem ser eventos conectivos entre as desordens da
homeostase do colesterol e a ocorréncia de déficits cognitivos (Streit and Sparks 1997;
Sparks et al. 2000; Ullrich et al. 2010; de Oliveira et al. 2014). Individuos com altos niveis
de colesterol plasmatico durante a meia-idade, apresentam um risco aumentado de
apresentarem DA e prejuizos cognitivos em idades mais avangadas (Kivipelto et al. 2001;

Kivipelto and Solomon 2006; Solomon et al. 2009). Além disso, um importante estudo
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clinico realizado por Zambon e coautores (2010), mostrou que pacientes portadores da
HF de meia-idade sdo particularmente mais suscetiveis a desenvolver CCL (Zambon et
al. 2010). Evidéncias mais recentes relatam danos neuropsicoldgicos, incluindo perda de
memoria, em portadores de HF com idade entre 18 e 40 anos (Ariza et al. 2016). Nesta
tese, utilizamos testes comportamentais para estudar a relacdo da hipercolesterolemia
adquirida e de origem genética com déficits cognitivos. De acordo com dados prévios do
nosso e de outros grupos de pesquisa (Ramirez et al. 2011; Moreira et al. 2012a; Lopes et
al. 2015; de Oliveira et al. 2020a), observamos que os camundongos LDLr"" j4 aos trés
meses de idade apresentaram pior performance nos testes de realocacgao e reconhecimento
do objeto, evidenciando um prejuizo na fungao hipocampal. Além disso, notamos que
os animais LDLr"" apresentaram um padrdo de hiper locomogio, evidenciado pelo
aumento na distancia percorrida no campo aberto. Nossos dados estdo de acordo com
estudos anteriores, nos quais a atividade hiper locomotora dos camundongos LDLr"" pode
ser visualizada ja aos trés meses de idade (Elder et al. 2008; Moreira et al. 2012a; de
Oliveira et al. 2020b). Tal efeito persiste quando os animais envelhecem (Moreira et al.
2012a).

Efeitos similares na memoria puderam ser observados em nosso modelo de
hipercolesterolemia induzida por dieta, onde animais hipercolesterolémicos tiveram baixa
performance no teste de realocacdo do objeto, além de prejuizos na memoria de
habituacdo no campo aberto. Nossos dados estdo de acordo com estudos anteriores do
nosso grupo de pesquisa, 0s quais mostraram que camundongos alimentados por oito
semanas com uma dieta rica em colesterol, tiveram déficit em memorias dependentes do
hipocampo e comportamento do tipo-depressivo (Moreira et al. 2014; Rodrigues et al.

2021). No entanto, nenhuma alteracdo em padrdes de locomocao foi observada em
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animais com hipercolesterolemia induzida por dieta, demonstrando que o padrao de hiper
locomogao ¢ restrito aos camundongos LDLr"".

Na sequéncia, com o intuito de melhor investigar o envolvimento da
neuroinflamacao e da reatividade microglial nos déficits cognitivos relacionados as
alteragdes na homeostase do colesterol, tratamos tanto animais LDLr”" quanto CF-1
hipercolesterolémicos durante quatro semanas com a minociclina. A minociclina ¢ um
farmaco pertencente a classe das tetraciclinas, com importantes propriedades anti-
inflamatoérias e neuroprotetoras ja descritas na literatura (Du et al. 2001; Jackson-Lewis
et al. 2002; Choi et al. 2007; Ferretti et al. 2012; Garcez et al. 2017). O principal efeito
biologico associado a este composto no SNC parece ser a redugcdo da reatividade
microglial (Du et al. 2001; Scholz et al. 2015). A escolha da dose e periodo de tratamento,
50 mg/kg e quatro semanas, foi baseado em estudos prévios onde foi demonstrado que
esta estratégia de tratamento exerce importantes efeitos terapéuticos e anti-inflamatorios
em modelos animais de doencas neurodegenerativas (Ferretti et al. 2012; Garcez et al.
2017). Nossos resultados demonstraram que a modulacao farmacologica das microglias
exerceu efeito benéfico sobre a cogni¢do em tarefas comportamentais dependentes do
hipocampo, tanto em camundongos LDLr’”~ quanto em camundongos CF-1
hipercolesterolémicos. Nossos dados corroboram com evidéncias experimentais
provenientes de estudos com animais modelo de doengas metabodlicas e de amiloidose. A
modulagdo farmacoldgica da atividade microglial aliviou a neuroinflamagdo e preveniu
o declinio cognitivo em animais diabéticos (Jackson et al. 2020). Efeito semelhante pode
ser observado em modelos animais de amiloidose, onde o tratamento com a minociclina
melhorou a memoria dependente do hipocampo, reduziu marcadores inflamatorios e o
processamento da APP (Ferretti et al. 2012; Garcez et al. 2017). De particular interesse,

camundongos com obesidade induzida por dieta ao receberem a minociclina,
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apresentaram reducdo da reatividade microglial, evidenciado pela diminuicao da
imunorreatividade para CD68 nas células microgliais, e melhora na memoria dependente
do hipocampo (Cope ef al. 2018).

No que diz respeito aos camundongos LDLr", a escolha de realizar a intervengio
farmacologica com a minociclina aos 6 meses de idade, foi com o intuito de tentar
verificar melhora nos parametros de reatividade microglial visualizados no cérebro desses
animais ao longo do envelhecimento. No coértex pré-frontal, o tratamento de
camundongos modelo de HF, reduziu a imunorreatividade para IBA-1 sem alterar a
morfologia, a complexidade ou a atividade fagocitica dessas células. Ja no hipocampo, o
tratamento com a minociclina ndo reduziu a densidade microglial, mas causou alteragdes
morfologicas pontuais, as quais variaram de acordo com o genotipo do animal e a regiao
hipocampal analisada. A exemplo da densidade microglial, a intervencao farmacolédgica
com a minociclina também nao alterou a sua atividade fagocitica no hipocampo. Efeito
similar foi encontrado no hipocampo de animais com hipercolesterolemia induzida, onde
a minociclina ndo alterou os parametros de reatividade microglial avaliados. Tomados em
conjunto, nossos dados mostram que a minociclina ndo alterou de forma significativa a
reatividade microglial em animais hipercolesterolémicos. Nesta mesma linha de
evidéncia, a minociclina exerceu efeitos heterogéneos sobre a reatividade microglial em
um modelo animal de lesdo cerebral (Hanlon ef al. 2017), € ndo se mostrou eficiente em
alterar a morfologia microglial e sua reatividade no contexto de isquemia e reperfusao
(Ahmed et al. 2017). Efeito similar foi relatado em um modelo animal de hemorragia
cerebral, onde a minociclina ndo alterou a morfologia microglial na regido do talamo e
hipotalamo (Blecharz-Lang et al. 2022).

De particular interesse, nossos dados apontaram importantes acdes da minociclina

sobre o imunoconteudo de proteina associada a integridade da BHE e na presenca da
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microglia na regido perivascular. Especificamente, o tratamento com a minociclina
elevou o imunoconteudo da proteina claudina-5 tanto no cortex pré-frontal quanto no
hipocampo de camundongos com hipercolesterolemia induzida por dieta. Tendo em vista
o papel da microglia na regulagdo e elevacao dos niveis das proteinas de juncao oclusiva
na BHE (Yang et al. 2015b; Yan et al. 2015; Godinho-Pereira et al. 2022; Lu et al. 2022),
nods investigamos os efeitos da minociclina sobre a presenca da microglia na regido
perivascular em animais LDLr”". Nossos resultados mostram que a minociclina reduziu
significativamente a quantidade de microglias na regido perivascular, tanto no cortex pré-
frontal quanto no hipocampo dos camundongos LDLr”". Em um modelo animal de
isquemia e reperfusdo, o tratamento com a minociclina reduziu a presenca de microglias
reativas na regido perivascular, auxiliando no remodelamento neurovascular apos o

evento isquémico (Yang et al. 2015a). Sabendo que animais LDLr”

apresentam
disfungdo da BHE ja aos trés meses de idade, e que isso pode provocar uma maior
migracao da micréglia para a regido perivascular (Haruwaka et al. 2019; Kang et al.
2020), podemos propor que a reducao da micréglia perivascular pela minociclina ajude
na manuteng¢ao da integridade da BHE nesse modelo animal e consequentemente melhore
a cogni¢do dos animais. No entanto, novos estudos se fazem necessarios para melhor
investigar essa questao.

Apesar do efeito da minociclina ser mais estudado em micréglias, estudos
mostram que este fairmaco também exerce efeitos sobre a reatividade astrocitéria,
evidenciando que a a¢ao da minociclina no SNC nao fica restrita a microglia (Cai et al.
2010; Stokes et al. 2017). Tal efeito foi percebido em nosso segundo estudo, onde a

minociclina modulou a imunorreatividade astrocitaria em camundongos

hipercolesterolémicos.

154



Células gliais reativas podem liberar uma série de fatores pro-inflamatorios e
neurotoxicos, o que intensifica a cascata de neuroinflamagado (Chen et al. 2016a). Dentre
esses eventos, esta a cascata de sinalizagdo inflamatoria desencadeada pelo RAGE. Um
importante estudo demonstrou previamente que a exacerbacao da sinalizagdo inflamatoéria
mediada por RAGE nas microglias afeta as fungdes neuronais prejudicando a cognicao
em animais modelo para a DA (Fang et al. 2010). A hipercolesterolemia elevou a
expressao de RAGE no cérebro em camundongos modelo para DA alimentados com dieta
rica em colesterol (Zhou et al. 2021). Nossos dados demonstraram que na auséncia de
patologias a hipercolesterolemia nao alterou o imunoconteudo de RAGE em regides
cerebrais importantes para a cognicdo dos camundongos. Por outro lado, o tratamento
com a minociclina reduziu o imunocontetido da proteina RAGE no coértex pré-frontal, o
que pode ter levado a diminuicao da resposta inflamatoria por ele mediada. Apesar de
mais estudos serem necessarios, nossos resultados mostram que a cascata inflamatéria

desencadeada pelo RAGE pode ser modulada pela minociclina.

Conclusio e Perspectivas

Nesta tese observamos experimentalmente que alteracoes na densidade e
morfologia, mas ndo a sua respectiva atividade fagocitica, estdo envolvidas nos danos
cognitivos associados a hipercolesterolemia, principalmente na HF. Ademais,
percebemos que alteragdes no imunocontetdo de proteinas sindpticas, de claudina-5 e na
presenca da microglia na regido perivascular, acompanharam os efeitos negativos na
cognicdo relacionados aos altos niveis de colesterol e disfun¢do do receptor de LDL
(Figura 4). Por fim, notamos que o tratamento com a minociclina melhorou o desempenho
cognitivo dos animais hipercolesterolémicos, independentemente de sua etiologia.

Mecanismos como a redu¢do na presenca da micrdglia na regido perivascular, redugao da

155



microgliose e da astrogliose e aumento do imunoconteudo de claudina-5, acompanharam

a melhora na cogni¢cdo observado nos animais hipercolesterolémicos tratados com a

minociclina. No entanto, mais dados sao necessarios para melhor entender os mecanismos

relacionados ao impacto das alteragdes na homeostase do colesterol no cérebro. Portanto,

temos como perspectivas futuras:

Analisar se a morfologia e a atividade fagocitica da micréglia localizada na regiao
perivascular, muda em resposta a auséncia dos LDLr e aos altos niveis de
colesterol;

Investigar a influéncia da reatividade microglial sobre a reatividade astrocitaria,
sua presenca na regido perivascular e suas respectivas relagdes com a disfungao
da BHE observada em animais LDLr"";

Estudar os efeitos do dimorfismo sexual nos prejuizos cognitivos € mecanismos
associados, em um modelo animal de hipercolesterolemia induzida por dieta;
Verificar se o soro de animais hipercolesterolémicos gera alteracdes na
complexidade, na atividade fagocitica e no metabolismo de células da linhagem
BV?2 e se isso sofre variacao de acordo com a etiologia da hipercolesterolemia;
Pesquisar se as alteracdes descritas no item anterior, afetam a reatividade e o
metabolismo astrocitario através do tratamento de células da linhagem C6 com o

meio condicionado da BV2, expostas ao soro hipercolesterolémico.
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Figura 4. Representaciao esquematica contendo os principais resultados dos estudos
que compdem esta tese. (A) Animais hipercolesterolémicos apresentaram aumento da
microgliose, da presenga da microglia na regido perivascular, alteracdes na morfologia
microglial e em marcadores sindpticos e de juncdes oclusivas (claudina-5). Tais
alteragdes parecem ser mais significantes em animais modelo para a hipercolesterolemia
familiar (camundongos nocautes para o receptor da lipoproteina de baixa densidade -
LDLr""), e acarretaram piora no desempenho cognitivo dos animais
hipercolesterolémicos (independente da etiologia). (B) A modulagdo da reatividade
microglial com a minociclina, por outro lado, esteve associada a redu¢do na microgliose,
na astrogliose e na diminuicdo da presenca da microglia na regido perivascular. O
tratamento com a minociclina ainda elevou o imunocontetido de claudina-5 e melhorou o
desempenho cognitivo nos animais hipercolesterolémicos, independentemente de sua
etiologia. Por fim, nenhum efeito da hipercolesterolemia ou do tratamento com a
minociclina, fora observado em relagdo a atividade fagocitica microglial.
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ARTICLE INFO ABSTRACT

Hypercholesterolemia has been linked to neurodegenerative disease development. Previously others and we
demonstrated that high levels of plasma cholesterol-induced memory impairments and depressive-like behavior
in mice. More recently, some evidence reported that a hypercholesterolemic diet led to motor alterations in
rodents. Peripheral inflammation, blood-brain barrier (BBB) dysfunction, and neuroinflammation seem to be the
connective factors between hypercholesterolemia and brain disorders. Herein, we aimed to investigate whether
treatment with gold nanoparticles (GNPs) can prevent the inflammation, BBB disruption, and behavioral changes
related to neurodegenerative diseases and depression, induced by hypercholesterolemic diet intake in mice.
Adult Swiss mice were fed a standard or a high cholesterol diet for cight weeks and concomitantly treated with
either vehicle or GNPs by the oral route. At the end of treatments, mice were subjected to behavioral tests. After
that, the blood, liver, and brain structures were collected for biochemical analysis. The high cholesterol diet-
induced an increase in the plasma cholesterol levels and body weight of mice, which were not modified by
GNPs treatment. Hypercholesterolemia was associated with enhanced liver tumor necrosis factor- o (TNF-a), BBB
dysfunction in the hippocampus and olfactory bulb, memory impairment, cataleptic posture, and depressive-like
behavior. Notably, GNPs administration attenuated liver inflammation, BBB dysfunction, and improved
behavioral and memory deficits in hypercholesterolemic mice. Also, GNPs increased mitochondrial complex 1
activity in the prefrontal cortex of mice. It is worth highlight that GNPs’ administration did not cause toxic effects
in the liver and kidney of mice. Overall, our results indicated that GNPs treatment potentially mitigated pe-
ripheral, brain, and memory impairments related to hypercholesterolemia.

Keywords:
Hypercholesterolemia
Peripheral inflanmation
Blood-brain barrier disruption
Neurodegenerative diseases
Depression

Gold nanoparticles

the limits considered normal is a major cause of disease burden world-
wide as a risk factor for atherosclerotic cardiovascular disease and stroke

1. Introduction

Cholesterol, which is essential to all animal life, is an important cell
membrane component and a precursor of bile acids and steroid hor-
mones [1]. However, imbalances on cholesterol metabolism, i.e., hy-
percholesterolemia, have deleterious effects on biological tissues and are
related to diseases development [2]. Around 40 % of the global adult
population has hypercholesterolemia. Plasma cholesterol levels above

[3,4].

Also, high serum cholesterol levels have been considered a risk factor
for the occurrence of cognitive decline and Alzheimer’s disease (AD) [5,
6]. Sparks and collaborators [7] reported the first association between
hypercholesterolemia and AD. Using a post-mortem analysis, these au-
thors found an increase in the senile plaques’ content in brain specimens
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of individuals with cardiovascular disease. The enhanced amyloid pla-
que presence was also observed in rabbits fed a high cholesterol diet [&].
Of particular interest, Moreira and coauthors [2] observed that Swiss
mice exposed to a high cholesterol diet for eight weeks displayed
learning and memory impairments, which were associated with
biochemical alterations, such as the increased activity of acetylcholin-
esterase, in the prefrontal cortex and hippocampus.

More recently, hypercholesterclemia has also been linked to Par-
kinson’s disease (PD). For instance, Paul et al. [10] reported that mice
exposed to a high cholesterol diet displayed psychomotor alterations,
including depressive-like behavior, which were combined with a deficit
of biogenic amines (serotonin and dopamine) in the cortex and striatum,
and loss of neurons in the substantia nigra [11]. Moreover, the dopa-
minergic neurodegeneration and neurotoxicity were exacerbated by
hypercholesterolemia in a rodent model of PD induced by MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride) expo-
sure [11].

Furthermore, a higher depression incidence was observed in hyper-
cholesterolemic individuals [12-15]. Similar results were found in
experimental models of familial hypercholesterolemia and diet-induced
hypercholesterolemia. Hypercholesterolemic animals showed increased
depressive-like behavior when compared to their respective healthy
controls [16,17]. Importantly, depression is also comorbidity of neuro-
degenerative diseases, such as AD and PD [18]. Therefore, the man-
agement of hypercholesterolemia brain outcomes seems to be an
essential strategy to prevent brain disorders.

Evidence has reported that hypercholesterolemia triggers neuro-
inflammation and oxidative stress associated with loss of blood-brain
barrier (BBB) integrity [19-21]. Of note, inflammation and oxidative
stress are biological processes closely connected to the development of
neuropathologies such as PD, AD, and depression [22-24]. In this
context, gold nanoparticles (GNPs) have been explored due to their
antioxidant and anti-inflammatory properties, showing remarkable ef-
ficacy in non-toxic and non-immunogenic doses [25-28].

The GNPs beneficial effects were observed in both neurodegenera-
tive diseases and metabolic disorders experimental models [26,28,29].
Previously, GNPs treatment prevented the cognitive decline and the
brain oxidative damage and inflammatory response in a rodent model of
dementia [26]. In addition, the GNPs administration reduced the neu-
roinflammation, TAU phosphorylation, and prevented the cognitive
deficits induced by okadaic acid in an experimental model of AD [28]. In
obese mice, GNPs treatment ameliorated metabolic profile and inflam-
mation in the fat and hepatic tissue [29,30].

Taking into account the importance of controlling brain damage
caused by hypercholesterolemia, as well as the potential neuro-
protective effects of GNPs, herein, we hypothesized that GNPs could be
an interesting therapeutic strategy to ameliorate hypercholesterolemia-
induced neurodegenerative diseases and depression phenotypes in mice.
Importantly, we have investigated the anti-inflammatory and neuro-
protective actions of GNPs in a very low dosage, unlike previous works
that have used a higher dosage.

2. Materials and methods
2.1. Animals

At three months of age, male Swiss mice from the Central Animal
House of Universidade do Extremo Sul Catarinense (UNESC, Brazil)
were used. The animals were maintained in groups of 9-10 animals per
cage, under a 12 h light / 12 h dark cycle (light from 7 a.m. to 7 p.m.)
and controlled temperature (23 + 1 °C). All animals’ procedures were
performed following the local ethics committee and following the Guide
for the Care and Use of Laboratory Animals of the National Institutes of
Health (Bethesda, MD, USA). Process Number: 007/2018-1.
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2.2. Gold nanoparticles synthesis and characterization

Gold nanoparticles (GNPs) of 20 nm of diameter and a 70 mg/L
concentration were synthesized as described previously [21]. Briefly, an
aqueous solution of sodium citrate (NazCgHs07. 2H;0, 38 mM, Nuclear,
SP, Brazil), a reducing agent and stabilizer, was added to a hydrogen
tetrachloroaurate (HAuCl;, 4 mM Sigma-Aldrich, MO, USA) solution
previously heated to 90 °C. The system was maintained under reflux
with magnetic stirring for 20 min. A new 70 mg/L solution was syn-
thesized weekly, and the viability of GNPs was accompanied by a UV-vis
spectrum throughout the experimental period. Before each administra-
tion, the GNPs solution at 70 mg/L was diluted in water to reach the
working concentration of 0.25 pg/mlL, resulting in a dose equivalence of
2.5 pg/kg body weight in mice, GNPs were characterized by UV-vis
performed in a Shimadzu UV-1800 spectrophotometer (Shimadzu,
Tokye, Japan) and by transmission electron microscopy (TEM) using a
JEM-1011 (100 kV). A diagram of the preparation and characterization
of GNPs is demonstrated in Fig. 1A.

2.3. Experimental protocol

Three-month-old male Swiss mice were fed a normal diet (Puro
Trato®- Puro Lab 22bp) or a high cholesterol diet (Rhoster® -
RH19539C) continuously for eight weeks [9]. The details regarding the
caloric profile and compositions of experimental diets are shown in
Table 1. Also, the animals received oral gavage of GNPs (2.5 pg/kg
prepared in water) or vehicle (water) every two days (48 -h interval
between each administration) throughout the experimental period.
Considering diet manipulation and treatment, the animals were ran-
domized into four experimental groups (Fig. 1D). During the experi-
mental period, food consumption and body mass were measured. After
that, animals were submitted to behavioral tests (n = 8 animals per
experimental group in each experimental cohort) - open field, object
recognition, catalepsy and tail suspension. In the first experimental
cohort, animals were submitted to open field and object recognition test,
while in the second experimental cohort, we performed the catalepsy,
and then tail suspension test on mice. After the object recognition test,
sodium fluorescein assay (n = 8) was performed to evaluate the BBB
permeability. Following the catalepsy and tail suspension tests, mice
were food-deprived for 6 h, and blood was collected from the heart to
determine plasma cholesterol levels, tumor necrosis factor- @ (TNF-o)
levels, and toxicological parameters (n = 5 per experimental group). The
liver was dissected for TNF-o content evaluation (n = 5). Finally, the
hippocampus, prefrontal cortex, and striatum were also dissected to
assess mitochondrial complex I activity (n = 5 animals per group).
Fig. 1D presents a scheme of the study design.

2.4. Body weight, weight gain, and food consumption

Body mass was measured in alternate days for eight weeks and at the
end of the experimental period, while weight gain was evaluated by
subtraction of the final weight (last week) of each animal by their
respective initial weight (first week). Food consumption (in g) was
calculated by subtracting the initial feed weight by its respective final
weight. To calculate calorie intake (in kcal), we multiplied the amount
of feed consumed by their respective caloric values (regular diet 3.3
kcal/g and high cholesterol diet 4.7 kcal/g). It should be noted that food
consumption was assessed on alternate days for eight weeks.

2.5. Plasma total cholesterol levels and toxicological markers

The animals were food-deprived for 6 h, deeply anesthetized under
ketamine and xylazine mixture (75 and 10 mg/kg, respectively, i.p.),
and blood was collected from the heart, immediately centrifuged at
1000 x g for 5 min, and the plasma was frozen at -80 °C. Total cholesterol
levels were measured in plasma using the enzymatic kit according to the
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Fig. 1. Synthesis and characterization of gold nanoparticles (GNPs) and experimental protoeol. (A) Diagram of the preparation and charaeterization of GNPs. GNPs
of 20 nm of diameter (70 mg/L) were synthesized from hydrogen tetrachloroaurate (HAuCly) using sodium citrate (NayCeHgOz. 2H,0) as reducing agent and
stabilizer. Before each administration, the GNP solution at 70 mg/L was diluted in water to reach the working concentration of 0.25 pg/mlL. GNPs were characterized
by UV-vis and by transmission electron microscopy (TEM). (B) UV-vis absorption spectra in the visible region of GNPs and (C) TEM image, Seale bar = 20 nm (D)
Experimental protocol. Three-month-old male Swiss mice were fed a normal diet or a high cholesterol diet for eight weeks. During this time, the animals received

GNPs (2.5 pg/kg) or vehicle (water) by oral gavage in alternate days. Food consumption and mice’s body mass were evaluated. On day 56, the animals were
submitted to behavioral tests. After that, on day 60th, the mice were anesthetized and euthanized for the posterior performance of biochemical analysis in the plasma,

liver, and brain structures. We conducted two experimental cohorts.

Table 1
Composition and ealoric profile of experimental diets.

Component Normal diet High cholesterol diet
Protein, % 22.53 14.79

Carbohydrate, % 41,02 50.19

Fat*, % 8.75 23.64

Cholesterol, % - 1.25

Total, keal/g 3.3 4.7

*Normal diet: fat content derived from vegetable source (rice bran and ground
brown corn).

*High cholesterol diet: fat content detived from vegetable oils (soy oil and
refined coconut oil).

Additional information: the composition of both diets followed the American
Institute of Nutrition [32], and the levels of essential ingredients, such as vita-
mins and minerals, were adequate to the nutritional needs of adult animals
(AIN-93 M diets).

manufacturer’s instructions (Gold Analisa Diagnostica Ltda, Minas
Gerais, Brazil). The data are expressed as mg/dL.

To analyze the safety of the GNPs administration, we evaluated the
levels of alanine aminotransferase (ALT), gamma-glutamyl transferase
(v - GT) activities and creatinine, markers of hepatic and kidney damage.
The ALT, y — GT, and creatine levels were measured according to the
manufacturer’s instructions (Gold Analisa Diagnostica Ltda, Minas
Gerais, Brazil). The ALT and v - GT determination data are expressed as
U/L, while the results from creatine measure are expressed as mg/dL
[27].

2.6. Behavioral tests

For behavioral tests’ performance, the animals have moved to the
testing room at least 1 h before the start of behavioral tests to acclimate.
The testing room used presented controlled temperature and humidity,
similar to regular housing conditions. To minimize stress, we used
diffuse and low lighting (red light), and the animals were maintained
under normal environment noise. The room was also free from extra-
neous odors, including the emanating from the experimenter (i.e., the
use of perfume, deodorant, or lotion was avoided). All behavioral tests
were performed between 7 a.m. and 5 p.m. during the light phase of the
animals’ light / dark cycle.

2.7. Open field

The open-field test was used to investigate the spontaneous loco-
motor activity of mice. The open field apparatus consisted of a 45cm x
60cm brown plywood arena, which is surrounded by 50 em-high
wooden walls containing a frontal glass wall. The arena’s floor was
divided into nine rectangles (15cm x 20cm each) by black lines. For
evaluation of locomotor activity, each animal was gently placed on the
central quadrant, and the total crossings number was measured for 5
min. The animals were returned to their home cages immediately after
the performance of the test session. It is essential to mention that the
open field apparatus was cleaned with ethyl alcohol 10 % between each
test session to avoid any influence of the anterior animal on the posterior
animal’s behavior. A crossing was recorded when the animal crossed the
square with four legs [33].
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2.8. Object recognition task

The recognition memory of mice was assessed using the object
recognition task, according to Ainge et al. [34] protocol. The task is
based on rodents’ spontaneous tendency, previously exposed to two
identical objects, to later explore a new object on open field apparatus.
Exploration of the objects was recorded using a stopwatch when mice
sniffed, whisked, or looked at the objects from no more than 1 em away.
Twenty-four hours before the training session’s performance, the ani-
mals explored the open field apparatus for 5 min to adapt to that
apparatus. During the training session, the animals were exposed to two
identical objects for 5 min. After the training phase, the mice were
removed from the apparatus and immediately returned to their home
cages. One hour after the training, the animals returned to the open
field. A new object was introduced into the apparatus in the same po-
sition as one of two old objects previously contained in the apparatus.
After that, the animals’ time exploring the new and old objects was
recorded for over 5 min. The apparatus was cleaned with ethyl alcohol
10 % between each test session to avoid any influence of the anterior
animal on the behavior of the posterior animal. A discriminatory index
(total time spent with the new object/total time of objects exploration)
was used to measure recognition memory. The object recognition task
was used to assess the hippocampal-dependent memory.

2.9. Tail suspension test

Mice were individually suspended 50 cm above the floor by adhesive
tape placed approximately 1 cm from the tip of the tail. Mice were
visually isolated. This test is based on the fact that animals subjected to
the short-term, inescapable stress of being suspended by their tail, will
develop an immobile posture. Mice were considered immobile only
when they hung passively and completely motionless. The immobility
time was recorded for 6 min [35].

2.10. Catalepsy test

Catalepsy is a feature of PD. Gatalepsy behavior was assessed by
placing the animals’ forelimbs individually over a horizontal bar (3 mm
of diameter, 4.5 cm of height, and 10 cm of width), and the immobility
time was measured up to a maximum of 180 s. The duration of catalepsy,
which was defined as an immobile and cataleptic posture, was per-
formed and calculated as described by Shiozaki et al. [36].

2.11. Blood-brain barrier (BBB) functional analysis

The BBB permeability to low molecular weight dye, sodium fluo-
rescein, was evaluated in the hippocampus, prefrontal cortex, striatum,
and olfactory bulb as an indicator of BBB function and integrity. For
that, mice were anesthetized with isoflurane, and 4% sodium fluorescein
(4 mL/kg) was injected into the penile vein. Thirty minutes after
application, the animals were anesthetized (xylazine 10 mg/kg and
ketamine 75 mg/kg, i.p.) and then perfused with 0.9 % saline. Followed
by the perfusion, the brain structures were dissected and processed for
the sodium fluorescein concentration analyses [37]. The brain struc-
tures, the hippocampus, prefrontal cortex, striatum, and olfactory bulb
were diluted in trichloroacetic acid (TCA) 7.5 % (1:8, 1:7, 1:8, and 1:11,
respectively), homogenized and centrifuged at 10,000 g for 10 min.
Supernatants were diluted with 1:2.5 vol of 1 M phosphate buffer (TFK;
pH 7.0) before spectrophotometric determination of sodium fluorescein
(485 nm excitation/538 nm emission) fluorescence. Results are
expressed as ng/mg tissue.

2.12. Cytokine content

The determination of the TNF-w cytokine content was performed
evaluated in the plasma and liver samples by enzyme-linked
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immunosorbent assay (DuoSet ELISA) capture method (R&D System
Inc., Minneapolis, USA). The samples of liver were homogenized with a
specific buffer containing protease and phosphatase inhibitors diluted in
Phosphate Buffer Sodium (8 g Sodium Chloride; 0.2 g Potassium Chlo-
ride; 1.44 g Disodium Phosphate; 0.24 g Potassium hypophosphite in
800 mL distilled water; pH = 7.4) and centrifuged at 1000 x g at 4 °C
and the supernatant was maintained at -80 °C for further analysis. The
plasma was obtained after centrifugation of blood at 3000 rpm at 4 °C
for 10 min, and maintained at -80 “C for further analysis. After that, the
samples were processed, and plates sensitized for incubation with the
antibody. All experimental protocols were performed following the
manufacturers’ instructions (R&D System Inc., Minneapolis, USA). The
results are expressed as pg/mg of protein.

2.13. Mitochondrial complex I activity

For the determination of mitochondrial complex I activity, the hip-
pocampus, prefrontal cortex, and striatum were homogenized (1:10, w/
v) in SETH buffer (250 mM sucrose, 2 mM EDTA, 10 mM Trizma base, 50
IU/mL heparin), pH 7.4. The homogenates were centrifuged at 3000
rpm for 10 min, and the supernatants kept at —80 °C until the deter-
mination of complex I activity. The activity of complex I (NADPH de-
hydrogenase — EC 1.6.5.3) was evaluated by determining the rate of
NADH-dependent ferricyanide reduction at 420 nm for 4 min at 25 °C,
as described by Cassina and Radi [38]. Results are expressed as
nmol/min/mg protein.

2.14. MTT test

The 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyltetrazolium bromide
(MTT) test was used as cell integrity and GNPs toxicity parameter by
evaluating mitochondrial tissue integrity. MTT reduction by enzyme
succinate dehydrogenase occurs in the mitochondria. The MTT reduc-
tion was carried out according to Bhattacharya et al. [39], with minor
meodifications. Briefly, 100 mg of the liver slice was dissected, weighed,
and homogenized in 1 mL of Phosphate-Buffered Saline (PBS) (pH 7.4).
Next, the homogenate was centrifuged at 3000 x g for 5 min. After that,
250 pL of the supernatant was mixed with 750 pL of PBS and 200 pL of
MTT solution (2.5 mg/mL in PBS), then the mixture was incubated in the
dark at 37 °C for 90 min. During this time, the yellow-colored MTT was
reduced to a purple formazan salt. The absorbance of the formazan salt
was evaluated spectrophotometrically at 570 nm, and the values are
expressed as A570/g wet tissue.

2.15. Protein content

The protein content of samples was determined using bovine serum
albumin as a standard, as described by Lowry et al. [40]. Absorbance
was measured in a Spectra Max M5 microplate reader (Molecular De-
vices, USA) at a wavelength of 700 nm.

2.16. Statistical analysis

All data were expressed as mean =+ SEM. The statistical analysis was
carried out using unpaired f-test or two-way ANOVA with multiple post-
hoc comparisons performed using Duncan’s test. The level of signifi-
cance for all tests was P < 0.05. All tests were performed using the
STATISTICA® software package.

3. Results
3.1. GNPs characterization and toxicological study
As shown in Fig. 1B, the electron spectrum showed an absorption

peak at 528 nm, the characteristic peak of GNPs with a diameter of
approximately 20 nm. TEM image (Fig. 1C) validated the diameter of
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GNPs (20 nm). Also, TEM images presented GNPs with nearly spherical
morphology. Toxicity parameters are shown in Table 2. GNPs treatment
did not change the plasma activities of ALT and y — GT, and the levels of
creatinine. Moreover, the MTT and protein levels in the liver were not
altered by GNP treatment, regardless of the diet (Table 2).

3.2. Plasma cholesterol levels and body weight measures

As shown in Fig. 2A, the high cholesterol diet exposure induced a
significant increase in plasma cholesterol levels in mice. On the other
hand, GNPs treatment did not modify the level of cholesterol in the
plasma of animals fed both normal diet or high cholesterol diet (Fig. 2A).

Additionally, animals fed a high cholesterol diet presented decreased
food consumption compared to those fed a regular diet. GNPs admin-
istration also caused a reduction in food intake in normal-diet-fed mice,
but not in mice fed a high cholesterol diet (Fig. 2B). Mice exposed to a
hypercholesterolemic diet exhibited increased calorie intake, which was
not prevented by GNPs. Moreover, GNPs administration was associated
with a diminished calorie intake in mice fed a standard diet (Fig. 2C).

At the end of the experimental period, animals fed a high cholesterol
diet displayed a significant increase in body weight, which was not
modified by GNPs treatment (Fig. 2D). Finally, subtracting the final
weight of animals by their respective initial weight, we observed that
hypercholesterclemic mice presented increased weight gain when
compared with those animals that received a healthy diet. This param-
eter has not changed with GNPs exposure (Fig. 2E).

3.3. GNPs treatment prevented the behavioral alterations induced by
hypercholesterolemia

The effects of high cholesterol diet and GNPs treatment on mice’s
performance in the behavioral tests are shown in Fig. 3. Firstly, the high
cholesterol diet exposure and treatment with GNPs did not significantly
change the number of crossings in the open field arena (Fig. 3A). In the
sequence, the recognition memory of mice was accessed by the object
recognition test. The high cholesterol diet consumption reduced the
recognition index of the animals, i.e., induced memory impairment.
Notably, GNPs treatment prevented this cognitive decline in mice fed a
hypercholesterclemic diet (Fig. 3B).

In addition, hypercholesterolemic mice displayed an increase in the
immobility time in the tail suspension test, featuring a depressive-like
behavior. The GNPs treatment ameliorated the depressive-like
behavior in the animals fed a hypercholesterolemic diet (Fig. 3C).
High cholesterol diet exposure significantly increased the cataleptic
posture in mice in comparison to a normal diet exposure. Importantly,

Table 2
Toxicological study in the liver and plasma of mice exposed to GNPs treatment.
Parameters Normal High Normal High
diet + cholesterol diet diet + cholesterol diet
vehicle + vehicle GNP + GNP
Liver MTT 16.67 + 18.55 + 1.48 15.23 + 17.84 £ 2,19
*570/g 1.15 119
tissue)
Liver rotal 15.43 + 14.87 + 0.48 15.91 + 15.28 £ 0.47
protein (mg/  0.36 0.51
mL)
Plasma ALT 4.63 + 715+ 1.64 3.23 + 6.25 + 2.07
(u/L) 1.30 0.44
Plasma y.GT 3.39 £ 3.89 + 0.30 372+ 2.70 + 0.68
(U/L) 0.38 0.31
Plasma 134+ 1.32 £ 0.17 1.39 £ 1.24 + 0.09
creatinine 0.34 0.38
(mg/dL)

Results are expressed as mean =+ SEM (n = 5 per group). Data were analyzed by
two-way ANOVA followed by Duncan test. Abbreviations: GNP = gold nano-
particles, ALT = alanine aminotransferase, y-G1 = gamma-glutamyl transferase.

o
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GNPs treatment was able to reduce this cataleptic behavior induced by
hypercholesterclemia in mice (Fig. 3D).

3.4. GNPs reduced the levels of inflammatory cytokine in the liver in
hypercholesterolemic mice

To evaluate the inflammation in the plasma and liver, we performed
the ELISA assay for TNF-a, a pro-inflammatory cytokine. Hypercholes-
terolemic diet intake significantly increased TNF-« levels in the liver
(Fig. 4B), and the GNPs treatment restored the TNF-« content to control
levels in the liver of hypercholesterolemic mice (Fig. 4B). Plasma TNF-a
content was not changed by GNPs or hypercholesterolemic diet
(Fig. 4A).

3.5. GNPs ameliorated blood-brain barrier disruption induced by
hypercholesterolemia

The sodium fluorescein assay evaluated the BBB permeability in the
hippocampus, prefrontal cortex, striatum, and olfactory bulb. As shown
in Fig. 5, hypercholesterolemia increased sodium fluorescein fluores-
cence in the hippocampus (Fig. 5A) and olfactory bulb (Fig. 5D), but not
in the striatum (Fig. 5C), and prefrontal cortex (Fiz. 5B) of mice.
Treatment with GNPs, on the other hand, restored the BBB permeability
to sodium fluorescein in the hippocampus (p = 0.062; Fig. 5A) and ol-
factory bulb (p = 0.076 - Fig. 5D), improving the BBB integrity in these
brain structures.

3.6. GNPs treatment enhanced mitochondrial respiratory chain complex I
in mice’s prefrontal cortex

To assess the mitochondrial respiratory chain function, mitochon-
drial complex I activity was analyzed in the hippocampus, prefrontal
cortex, and striatum of the animals. As shown in Fig. 6B, GNPs treatment
per se increased the complex I activity in the prefrontal cortex of animals,
regardless of the diet (normal or high cholesterol diet). Mitochondrial
complex I activity was not modified by GNPs or the high cholesterol diet
in the hippocampus and striatum of animals (Fig. 6A, C).

4. Discussion

Dementia is a growing health concern. Nowadays, approximately 50
million people live with dementia worldwide, which is projected to in-
crease to 152 million by 2050 due to the increment in life expectancy
[41]. The neurodegenerative diseases, such as AD and PD, are the pri-
mary forms of dementia [41,42]. Epidemiological studies have reported
an association between vascular risk factors and the development of AD
and PD [5,6,43-45]. For instance, hypercholesterclemia has been
strongly associated with cognitive impairments and cerebral changes
characteristic of neurodegenerative diseases [8-10,46,47]. Specifically,
the BBB disruption and coexistent neuroinflimmation have been
considered the main events connecting hypercholesterclemia to cogni-
tive decline occurrence [48,49]. Importantly, GNPs, due to their sig-
nificant anti-inflammatory properties [25], may be a potential
therapeutic strategy to mitigate the pathophysiological features associ-
ated with hypercholesterolemia. In this regard, we investigated the ef-
fects of GNPs treatment on hypercholesterolemia-induced metabolic,
inflaimmatory, and brain dysfunction.

To induce an experimental hypercholesterolemia model, we fed
three-month-old Swiss mice with a high cholesterol diet (1.25 %
cholesterol plus 20 % fat) for eight weeks. According to a previous study
that used the same experimental protocol [9], we observed that mice fed
a hypercholesterolemic diet showed a 30 % increase in the plasma
cholesterol levels. The exposure of rodents (e.g., mice and rats) to a
cholesterol-enriched diet is widely used as an experimental model of
hypercholesterolemia with significant effects on plasma cholesterol
levels [9,10,37,50,51]. Also, in our study, the animals fed a high
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cholesterol diet gained more weight than animals fed a regular diet,
despite having eaten less food. These results agree with studies that used
high fat cholesterol-enriched and high fat diets to induce hypercholes-
terolemia and diabetes in mice, respectively [51,52]. The differences in
food consumption, weight gain and body mass observed between ani-
mals fed a hypercholesterolemic diet and animals fed a normal diet,
could be explained by the discrepancies between the energy values of
each diet. This high cholesterol diet has a caloric value of 4.7 kecal/g,
while the regular diet for rodents has a caloric value of 3.3 keal/g.
Looking at the calorie values of these diets, we can see that hypercho-
lesterolemic animals ingested less food and gained more weight due to
the increased caloric intake associated with the high cholesterol diet
consumption.

Additionally, to induce hypercholesterolemia and cause changes in
body weight, exposure to a high cholesterol diet-induced short-term

recognition memory impairment in mice, which is in agreement with a
previous study conducted by De Souza et al. [51]. In addition, it was
reported that Swiss mice exposed to the hypercholesterolemic diet
presented a cognitive decline in the object location task, another
hippocampus-dependent task [9]. We also observed that hypercholes-
terolemic mice exhibited a high cataleptic score, a movement alteration
characteristic of PD. In line with this, recently, Paul and collaborators
[10] demonstrated that mice exposed to a hypercholesterolemic diet
(5% of cholesterol) for 12 weeks displayed akinesia and catalepsy
posture. Of note, our results showed that even using a lower concen-
tration of hypercholesterolemic diet (1.25 %), a posture impairment
could be observed in mice. Another behavioral alteration found in mice
fed a high cholesterol diet was depressive like-behavior. The hyper-
cholesterolemic mice presented an increased immobility time in the
suspension tail test. Importantly, depression is a non-motor symptom
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commonly present in patients with PD and is also an AD comorbid [53,
54]. By contrast, Moreira and collaborators [9] did not observe
depressive-like behavior when hypercholesterolemic Swiss mice were
submitted to the forced swim test. On the other hand, C57BL/6 J mice
fed a high cholesterol diet (0.2 % cholesterol) for three weeks displayed
a depressive-like state observed in the forced swim and tail suspension
tests [16]. Paul and collaborators [10] also reported that Swiss mice fed
a 5% cholesterol diet exhibited depressive like-behavior in the forced
swim test.

An important question is which mechanisms are involved in the
connection between hypercholesterolemia and cognitive dysfunction
development. A possible underpinning mechanism is the
hypercholesterolemia-induced inflammatory disruption of BBB [55,56]
since hypercholesterclemia is associated with systemic inflammation
[57]. Cholesterol excess can accumulate in arteries and the liver,
contributing to the increase of the inflammatory process in these pe-
ripheral tissues [58]. In order to evaluate the impact of hypercholes-
terolemia in systemic and hepatic inflammation, we performed a
measure of TNF-a cytokine. Hypercholesterolemia did not alter serum
TNF-a levels. In this context, an analysis of plasma levels of TNF-a in
patients with familial hypercholesterolemia revealed that high serum
cholesterol levels might not be associated with increased plasma TNF-«
content [59]. By contrast, exposure of rats to a high-fat cholester-
ol-enriched diet (5% of cholesterol) for two weeks already induced an
increase in the plasmatic TNF-a levels, which worsened with more
prolonged exposure periods (8 and 12 weeks) [60].

Moreover, here we observed that hypercholesterolemic mice have
higher hepatic levels of TNF-a than those fed a regular diet. Similar
results were found when mice were fed a high cholesterol diets (0.2 %
and 1.25 % of cholesterol) for twelve weeks [61]. As the liver is a central
organ of lipid metabolism, the accumulation of cholesterol in hepatic
tissue leads to an exacerbation of inflammatory processes and contrib-
utes to hepatic disease development, such as non-alcoholic fatty liver
disease [58].

Importantly, BBB integrity is vulnerable to systemic inflammation.
During peripheral inflammatory processes, changes in the integrity and,
consequently, dysfunction of the BBB have been described [62 64]. The
BBB separates the brain from the periphery and is critical to neuronal
homeostasis. This barrier allows the brain to be an “immune privileged”
place. Herein, we observed that Swiss mice fed a high cholesterol diet
presented increased leakage of BBB in the hippocampus and olfactory
bulb. In this sense, Ullrich and collaborators [50] reported an increased
cortical BBB leakage to IgG in rats exposed to a high cholesterol diet.
These authors also observed an enhanced microglial immunoreactivity
in the cerebral cortex of hypercholesterolemic rats. We have previously
observed that hypercholesterolemic mice presented hippocampal BBB
dysfunction, associated with astrogliosis [49]. Hypercholesterolemic
mice also presented increased astrocyte density in the striatum and
substantia nigra [47]. The leaked BBB could cause brain inflammation

and, ultimately, neurodegeneration. Of note, BBB dysfunction was
detected in patients with dementia [65,66]. Evidence has pointed BBB
disruption as a possible triggering event for AD [67,68]. Regarding PD,
neuronal death regions coincide with increased BBB permeability [69].
In a recent study, we observed that in a mouse model of familial hy-
percholesterolemia, the same brain regions previously presenting BBB
increased permeability [49] also had an exacerbation of neuronal
apoptosis [70].

In this regard, anti-inflammatory molecules could be an attractive
therapeutic strategy to manage brain damage caused by hypercholes-
terolemia, and ultimately prevent neuropathologies. One example of
these promising compounds are the GNPs [25]. Of particular interest,
GNPs can easily cross the BBB and be found in significant concentrations
in the brain [71]. Herein, GNPs treatment attenuated the BBB
dysfunction induced by hypercholesterolemia in the mice’s hippocam-
pus and olfactory bulb. Additionally, GNPs prevented the recognition
memory impairment, posture alterations, and depressive-like behavior
associated with hypercholesterolemia. Our findings are in agreement
with recent studies from Muller et al. [26] and Dos Santos Tramontin
et al. [28], which showed that GNPs (2.5 mg/kg) modulated the neu-
roinflammatory response and ameliorated cognition functions in animal
models of AD. Muller et al. [26] attributed these beneficial effects of
GNPs to a decrease in NF-kB expression and subsequent inflammatory
reactions. Moreover, Hu et al. [72] treating MPTP-induced PD mice with
GNPs (2 mg/kg) observed reduced apoptosis of dopaminergic neurons in
the substantia nigra. Attenuation of neuroinflammation, oxidative
stress, and better motor coordination are other effects associated with
GNPs treatment in PD experimental model [73]. In line with this,
recently, Cérneo and collaborators [74] indicated that GNPs treatment
for five consecutive days reverted the behavioral alterations (such as
motor alterations) and oxidative stress in the brain structures in a mice
model of PD. Although the effects of GNP on depressive behavioral
changes are still unknown, there is evidence indicating that the treat-
ment with GNPs causes changes in the dopamine and serotonin con-
centrations in rats [75], demonstrating a possible antidepressant action
of GNPs through a modulation in the levels of excitatory neurotrans-
mitters. The improvement in the behavioral performance of hypercho-
lesterolemic mice treated with GNPs appeared to be related to the
impact of these molecules in the BBB function through
anti-inflammatory actions. It is worth mentioning that, in our study, the
treatment with GNPs in a lower dose (2.5 pg/kg), i.e., thousand times
smaller than the dose used in previous works, has already demonstrated
significant neuroprotective effects, which is essential to prevent possible
toxicological effects. In fact, it has been previously demonstrated that
chronic treatment with GNPs 2.5 mg/kg of 20 nm, besides effective, is
safe [27]. In line with this evidence, we did not observe any toxicolog-
ical effect caused by GNP administration at the dose of 2.5 pg/kg as
evidenced by no changes in plasma activities of ALT and y — GT (blood
markers of liver damage), as well as no alteration in plasma creatinine
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levels (a marker of kidney function). The mitochondrial tissue integrity
measured by MTT and protein levels in the liver were also not changed
by the GNPs treatment, regardless of the diet.

Neurcinflammation and neurodegeneration can be amplified
through the production of mitochondrial reactive oxygen species (ROS)
[76]. Of particular interest, impaired mitochondrial chain respiratory
complex 1is the primary ROS source in the brain [77]. Notably, our data
indicated that mice treated with GNPs, regardless of the diet, had an
upregulation of complex I activity in the prefrontal cortex. In this regard,
previously Muller and collaborators [27] observed that GNPs adminis-
tered every 48 h for 21 days induced an increase in the activity of
complex I of rats’ brain mitochondria, which was associated with
decreased levels of ROS. In this sense, the GNPs treatment associated
with an antioxidant enhanced the complex [ activity and reduced
oxidative stress in the brains of rats submitted to an experimental model
of sepsis, an inflammatory condition [78]. Although herein, the mod-
erate hypercholesterolemia was not associated with alterations in the
complex I function, others and we have pointed out the effects of high
cholesterol levels on cerebral mitochondrial respiratory complex activ-
ities [47,79].

We also investigated the effects of GNPs exposure on inflammatory
response in the liver and plasma of hypercholesterolemic mice. Our
results demonstrated that GNPs administration reduced inflammatory
cytokine (TNF-) in the liver of hypercholesterolemic mice. In line with
this, the treatment of obese mice with 0.785 pg/g of GNPs restored the
hepatic TNF-a expression, which was upregulated due to the exposure to
a high-fat diet [29]. Also, Chen and coauthors [29] observed a reduction
in the gene expression of toll-like receptor 4 (TLR-4) in the liver of mice
fed a high-fat diet. TLR-4-mediated inflammation is also involved in
chronic diseases, such as metabolic disorders [£0]. On the other hand,
we did not observe GNPs effects in the plasma TNF-a content. We could
speculate that the absence of anti-inflammatory effects of GNPs in the
blood and the presence of such effects in the liver were due to a large
amount of GNPs present in the hepatic tissue. Their pharmacokinetic
properties could explain this specific anti-inflammatory response of
GNPs. GNPs can penetrate the cells membrane, including in the liver.
The first organs to receive GNPs in large amounts are the liver and
spleen, thanks to their characteristic reticuloendothelial transport sys-
tems [81]. Thereby, the neuroprotective effects of GNPs were associated
with an attenuation of liver inflammation in hypercholesterolemic mice.

The treatment of hypercholesterolemic animals with GNPs did not
significantly affect the plasma cholesterol levels, body mass, and weight
gain. Contrasting with our findings, GNP’s daily administration at a dose
of 0.785 pg/g promoted corporal weight loss in obese mice [29]. One
possible explanation for this is the different doses used, ie., we
administered a lower dose of GNPs and the different periods of admin-
istration of these nanoparticles. While in our study, GNPs were admin-
istered on alternate days for eight weeks, Chen et al. [29] performed
daily administrations of GNP for nine weeks. Other works also observe
that GNPs did not alter cholesterol levels of animals [27]. Therefore, the
neuroprotective and anti-inflammatory actions of GNPs were not asso-
ciated with effects in the plasma cholesterol levels.

5. Conclusion

Our data showed that hypercholesterolemia in mice was associated
with cognitive deficits, depressive-like behavior, and cataleptic posture.
These cognitive and behavioral impairments in hypercholesterolemic
mice were associated with changes in body weight, liver inflammation,
and BBB dysfunction. We reinforced BBB disruption as a crucial event in
the brain alterations induced by hypercholesterolemia. Of particular
importance, GNPs treatment attenuated inflammatory and brain alter-
ations, mainly those associated with neurodegenerative diseases and
depression, induced by hypercholesterolemia. GNPs peripheral anti-
inflammatory effects and consequent improvements of BBB function
seemed to be involved in the attenuation of behavioral alterations

Colloids and Surfaces B: Bivinterfaces 201 (2021) 111608

related to hypercholesterolemia. However, in further studies, the
mechanisms involved with neuroprotective actions of GNPs should be
better investigated.
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Abstract

Nanotechnology 15 an emerging and expanding technology worldwide. The manipulation of matenals on a nanometnc
scale generates new products with unique properties called nanomatenals. Due to its significant expansion. nanotechnol-
ogy has been applied m several fields of study, including developing matenals for biomedical applications, 1.e., nano-
medicine. The use of nanomatenals, including nanoparticles, in nanomedicine, 15 promising and has been associated with
pharmacokmetics, bioavailability, and therapeutic advantages. In this regard, 1t 15 worth mentioning the Gold Nanoparticles
(AuNPs). AuNPs’ biomedical application 15 extensively investigated due to 1ts high biocompatibility, simple preparation,
catalytic, and redox properties. Experimental studies have pomnted out critical therapeutic actions related to AuNPs m duf-
ferent pathophysiological contexts, mamly due to their anti-inflammatory and antioxidant effects. Thus, m this review, we
will discuss the main expenmental findings related to the therapeutic properties of AuNP: m metabolic, neurodegenerative

diseases, and ultimately brain dysfunctions related to metabolic diseases.

Keywords Nanotechnology - Nanomedicine - Gold nanoparticles - Neuromnflammation - Bram oxidative damage -

Metabolic diseases - Newrodegenerative diseases

Introduction

Nanotechnology can be defined as the manipulation of mol-
ecules and structures at a nanometer scale (Jam et al 2012).
It 15 an emerging technology that has grown on a global
proportion. Notably. nanotechnology has been referred
to as the fifth technology revolution, after the steam (the
1700s), electncity (1800s), chemicals and mass produc-
tion (the 1900s), and computers (the 2000s millennmum)
revolutions (Gyles 2012). Nanotechnology has been used to
develop new matenals, devices, and systems and will likely
affect every aspect of our hving in the future, helping us
solve common problems in multiple fields (Roco 2011). In
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nanomedicine, the nano molecules’ application arouses tre-
mendous mterest and optimism due to the advances that its
use provides in diagnosing and treating pathologies (Sajja et
al. 2009; Ventola 2012a).

Nanomedicine 15 the science that uses nanomatenals for
biomedical pwrposes, including diagnosis, drug delivery,
and treatment of diseases (Tinkle et al. 2014). The employ
of these matenals 15 associated with a reduction of dose and
toxicity, an increase in the efficacy (1e., increase of the bio-
availability), providing drug targeting, and improving the
distmbution of drugs within the body and across biological
bamiers (Chan 2006; Zhang X et al 2008; Siddique and
Chow 2020; Moore and Chow 2021). Due to the numer-
ous beneficial pharmacokinetic properties, nanotherapeutics
can revolutionize the treatment of many diseases. In fact,
nanomedicines have been introduced in clinical practice for
therapeutic indications, e.g., treatment of won deficiency.
neoplasms, multiple sclerosis, psonasis, hepatitis B, and
other pathophysiological disorders (Soares et al. 2018). The
most popular application of nanomatenals to medicine 15
drug delivery (Wagner et al. 2006). Specifically, incorporat-
ing compounds 1n nanoparticles can increase intracellular
concentration and improve the effectiveness, selectivity, and

€ Springer
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therapeutic action of its active mngredient (Wilczewska et al.
2012; Xin et al 2017).

Nanoparticles are nanomatenals with a s1ze range from
10 nm to less than 1000 nm, which offer many different
sizes, shapes, compositions, and functionalites (Wang
EC and Wang AZ 2014). The 1deal size of nanoparticles
for therapeutic and biomedical pwrposes 15 estimated to
be below 200 nm (Biswas et al. 2014). In this regard, one
of the first biomedical applications of metal nanoparticles
15 from 1970 using colloidal gold nanoparticles (AuNPs),
which were applied for labeling antibodies, forming an
immunogold-labeling complex for biological stamming by
electron mucroscopy (Faulk and Taylor 1971). AuNPs are
gold-based products widely studied as a therapeutic agent
in expermmental models (Khlebtsov and Dykman 2011).
These nanoparticles’ applications are extensively mvest-
gated because they are biocompatble, have simple prepa-
ration, easy conjugation with biomolecules, catalytic and
redox properties (Daniel and Astruc 2004). The expenmen-
tal utilizattion of AuNPs has shown promising results. The
beneficial effects of AulNPs are mainly related to their anti-
inflammatory and antioxidant actions (Silveira et al. 2014;
Muller et al. 2017b; dos Santos Haupenthal et al 2020b;
Petronilho et al. 2020). In line with this, expenimentally, the
therapeutic use of AuNP: has proved to be efficient under
many pathophysiological conditions, such as neurodegen-
erative and metabolic diseases (Muller et al. 2017b; Chen et
al. 2018a, b; Rodngues et al. 2021).

Neurodegenerative diseases are charactenzed by a
marked and progressive loss of neuronal functions, the
consequences of which include memory loss, motor, and
psychiame disorders (Erkkinen et al 2018). Given thewr
complexity and progressive nature, the study of better pre-
vention strategies for these pathologies 15 of great impor-
tance, as their prevalence tends to grow with the increase
in the population’s life expectancy (Wyss-Coray 2016).
Besides that, there are a number of additional nsk factors
that contmbute to an mncreased nsk of developing neurode-
generative diseases, including metabolic disorders (May-
eux and Stern 2012). These diseases are charactenzed by
interrelated metabolic changes, including insulin resistance,
chronic low-grade inflammation, hypertension, hyperglyce-
mia, and atherogenic dyslipidemia (O'Neill and O'Dnscoll
2015). In fact, metabolic disorders act as sigmificant nsk fac-
tors for neuropathologies development, such as Alzheimer’s
disease (AD) (Kivipelto et al. 2005; Cai et al. 2012; Bharad-
waj et al. 2017). Since neurodegenerative diseases still do
not have a genuinely effective treatment (Noorbakhsh et al.
2009), the management of nsk factors associated wath thewr
development, such as metabolic disorders, could be a possi-
ble solution to mitigate the deletenous impact of this disease
on the population. As descnibed above, the use of AuNPs

m experimental studies has shown promising therapeutic
actions against the consequences of metabolic and neurode-
generative diseases, either by mmproving cogmtion (Muller
et al. 2017b; Sanati et al. 2019; dos Santos Tramontin et al.
2020) or contnbuting to the reestablishment of metabolic
homeostasis (Chen et al. 2018a, b).

Considering that pathology of both neurodegenerative
and metabolic diseases can be modified by AuNPs’ treat-
ment, 1n this review, we ammed to strengthen the potential
therapeutic effect of AuNPs admimistration to mitigate the
negative effects of metabolic diseases mn the brain especially
those related to newodegenerative diseases. The develop-
ment of AuNP-based therapies for the treatment of neuro-
degenerative disorders presents interesting perspectives
for pharmacological delivery strategies due to hmitations
mposed by the blood-bram bamer and also due to active
pro-oxidant and pro-inflammatory signaling of affected
areas. In this context, our focus 1s to identify and summanze
the potential advantages presented by the use of AuNPs that
have been demonstrated so far. For this, we used Pubmed
and Google Scholar databases. The search terms used
were: gold nanoparticles synthesis and biodistmbution; gold
nanoparticles and inflammation; gold nanoparticles and oxi-
dative stress; gold nanoparticles and neurodegenerative dis-
eases; gold nanoparticles and metabolic diseases.

Gold nanoparticles: synthesis and
pharmacokinetics

AuNPs can be synthesized by physical, chemical, photo-
chemical, thermal, and biological methods (Freitas de Frei-
tas et al. 2018; Siddique and Chow 2020; Chow 2021; Moore
and Chow 2021). Physical synthesis 15 based on the transfer
of energy from nradiation to a specific matenal that 15 com-
partmentalized and reduced at a nanometnc scale when ura-
diated. Examples of this method mclude gold processing by
lonmzing radiation (Abedim et al. 2013), microwave radia-
tion (Gangapuram et al. 2018), and photochemical process
(Wang et al. 2008). An ecological approach to the synthesis
of AuNPs 15 based on its reduction and processing by bac-
tena and fungi, a process called the biological synthesis of
AuNPs (Menon et al. 2017). In fact, the most used method
to produce AuNPs 15 chemical synthesis, also known as the
colloidal method (Siddique and Chow 2020). Chemical ways
of AuNPs synthesis are basically composed of a metallic
precursor, a strong or mild reducing, and a stabilized agent.
In 1951, Turkevich and collaborators mtroduced the most
classical chemical method to AuNP: production, in which
the metallic precursor tetrachloroauric acid (HAuCly) 15
reduced by sodium citrate. This method provides nanopar-
ticles with 15 nm diameter, but methodological changes
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allow synthesizing nanoparticles up to 150 nm in diameter
(Turkevich et al. 1951).

Regardless of the synthesis method used, knowmg
the pharmacokinetics of AuNPs 15 essential to offer safer
admumistration. In this context, the distnbution, toxicity, and
therapeutic efficacy of AuNP: can be regulated for innu-
merable pharmacological properties, including the route
of admimistration (Zhang et al. 2010; Chenthamara et al.
2019). It was shown that AuNPs administration when made
by oral route, only a small amount was absorbed by the tis-
sues. On the other hand, when this administration was made
intravenously, a greater concentration of AuNPs was present
in tissues, mamly m the liver, after feces and unne (Bed-
narski et al. 2015). Once in the bloodstream, the half-life of
AuNPs may vary according to their size. In general terms,
AuNP:s with a bigger size (more than 40 nm) have a short
plasma half-life, whereas AuNPs with less than 40 nm cur-
culate 1n the body for a longer time (Hoshyar et al. 2016).
In this sense, 1t 15 worth mentioning that smaller AuNPs
need to form conjugates to increase thewr thermodynamic
forces, which facilitates their cellular uptake (Moore and
Chow 2021). Since AuNP: are mmtially seen as a foreign
element for the body, their uptake by blood cells prevents
them from being transported out of the bloodstream through
the reticuloendothelial system and increases their plasma
half-life (Zhang et al. 2009). Organs belonging to the reticu-
loendothelial system (liver and spleen) are the first affected
by the accumulation of AuNPs, and thewr biodistribution 15
more uregular with smaller particle sizes (Khlebtsov and
Dykman 2011). Despite having a longer plasma half-life,
smaller AuNPs penetrate tissues and organs more easily
than AuNPs with a bigger size (Sonavane et al 2008).

Another cnitical aspect involved in the AuNPs biodistn-
bution, as well as in 1ts toxicity, 15 the administered dose.
Admmistering AuNPs of the same size but in different
doses (40, 100 and 400 ug/Kg/day for eight days) in mice,
Lasagna-Reeves et (Lasagna-Reeves et al. 2010) showed
that different doses affect the AuNPs biodistnbution but do
not influence thewr toxicity. The AuNPs were more accu-
mulated 1n the spleen, followed by liver, kidney, lungs, and
brain. In these organs, the gold concentration increased
according to the dose admimistered (Lasagna-Reeves et al.
2010). On the other hand. mice exposed to AuNP: in a hugh
doze (1.000 mg/kg) developed liver damage and increased
serum pro-inflammatory cytokines. In addition, rats treated
with high doses of AuNPs exhibited a higher accumula-
tion of these nanoparticles in the spleen and increased fecal
excretion. Also, the admimistration of AuNPs caused the
death of rats but not of mice (Bahamonde et al. 2018). In
other words, AuNPs toxicity can also vary among species.
Regarding their excretion, significant amounts of AuNPs
are found pnmanly in urine and after feces, which mdicates

AuNP:s could be excreted by both routes (Schleh et al. 2012;
Bahamonde et al. 2018).

Given that the biodistribution and toxicity of AuNPs are
relative, the development of protocols for the safe admumis-
tration of these nanomatenals in biological systems 15 very
relevant. In this sense, Muller et al. (2017b) developed a
safe protocol for the admmistration of AuNPs m rats. The
authors administered AuNPs imntrapentoneally at the dose of
2.5 mg/kg for 21 days every 24 or 48 h. Toxicity analyses
revealed low toxicity of AuNP:s when administered every
48 h for 21 days, which reveals a therapeutic potential in the
biomedical use of these nanoparticles at a dose of 2.5 mg’kg
(Muller et al. 2017a). Therefore, regardless of the synthesis
method used, many vanables (e.g.. size, route of adomums-
tration, and dose administered) contmbute to the biodisn-
bution and broavailability of AuNPs, which directly affects
thewr toxicity and beneficial effects. Among the mechanisms
related to 1ts therapeutic properties are the modulation of the
mflammatory response and the reduction of oxidative stress.

AuNPs: important anti-inflammatory and
antioxidant agent

Inflammation 15 an immune system response to cell dam-
age or pathogens to remove the mjunous stimulus and
reestablish homeostasis (Medzhitov 2010). The inflamma-
tory response can be divided mto two distinct biological
phases: acute or chronic inflammation. Acute inflammation
starts rapidly, and its symptoms usually last a few days.
This response 15 charactenzed by the exudation of proteins,
anglogenesis, migration of neutrophils and other leukocytes
to the damaged tissue, and an increase in the production
of pro-inflammatory cytokines and reactive oxygen spe-
cles (ROS), to favor phagocytosis (Freire and van Dyke
2013; Enung et al. 2017). If this pro-inflammatory signal-
g persists, an acute mmflammatory response can progress
to persistent chronic inflammation. It 15 a slow and long-
term mflammatory response, lasting from several months
to years, depending on the tnggenng stimuli (Pahwa et al.
2018). On the other hand, when the stimuli of the inflam-
matory response are elimmated, the leukocytes, mainly M2
macrophage, begin to secrete anti-inflammatory cytokines
and growth factors to complete tissue repair and promote
thewr homeostasis (Lawrence and Gilroy 2007).

As mentioned before, redox reactions play roles m
mflammatory responses since the generation of ROS and its
“respiratory burst” helps elimmate inflammatory response
triggers and reestablish cell homeostasis (Lugrnn et al.
2014). Given the mportance of ROS n the inflammatory
response, some studies treat ROS as a second messenger
for leukocytes activation and mflammatory mediators’
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production (Cruz et al. 2007; Forman et al. 2010; Lee and
Yang 2012). However, the mcrease of ROS production leads
to negative consequences, such as oxidative stress. Oxida-
tive stress 15 a condition charactenzed by an imbalance
between ROS production and 1ts respective neutralization
by antioxidant molecules in 2 movement that favors cell and
tissue damage, e.g., oxidative damage (Burton and Jauniaux
2011). Increased patterns of oxidative stress biomarkers can
be easily observed in metabolic(Cenello 2006) inflamma-
tory (Kooy et al. 1997; Karbach et al. 2014), cardiovascular
and neurodegenerative diseases (Gnendling and FitzGerald
2003; Kim et al. 2015).

Due to the importance of inflammatory processes and ox1-
dative stress in several diseases’ development, substances
capable of modulating these biological responses are essen-
tial to secure homeostasis when the body cannot respond
adequately to stressors agents. In this regard, experimental
findings support that AuNPs can modulate the mflammatory
and oxidative stress responses. To better investigate the anti-
inflammatory effect of AuNPs, Sumbayev et al.(Sumbayev
etal. 2013) administered mterleukin 1 beta (IL1-§) mtrapen-
toneally in mice and concomitantly performed the treatment
with AuNPs. In vivo treatment with AuNPs has been shown
to reduce the mtracellular expression of PI3K protein and
cytokine TNFa. Interestingly, the authors showed by trans-
mission microscopy that AuNPs bind extracellularly to IL1
molecules, thus reducing their respective interaction with
IL-1 cell receptors (Sumbayev et al. 2013). Decreasing of
the TLR-4-NFkB mflammatory signaling cascade (Pereira
et al 2012; Zhu et al. 2018; Gao et al. 2019; Vyas and Gos-
wami 2019), reduction of pro-inflammatory cytokines (Gao
et al. 2019; dos Santos Haupenthal et al. 2020b), inhibition
of angiogenesis (Mukherjee et al. 2005), acceleration of

Fig. 1 Effects of AuNPs
administration in
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macrophage phenotypic changes(Taratummarat et al. 2018)
and improve the therapeutic effect of anti-inflammatory
drugs(dos Santos Haupenthal et al. 2020¢, a) are among
the mechanisms behind the anti-mflammatory property of
AuNPs.

The antioxidant effect of AuNPs 15 also notable. Study-
mg the antioxidant effect of AuNPs in cell culture, Markus
et al. Markus et al. 2016) showed that AuNPs have mmpor-
tant scavenger activity against free radical molecules mn a
dose-dependent manner, but even more remarkable than
thewr precursor salt. This evidence helps to explan some of
AuNPs’ antioxidant activities found in expenmental stud-
1es. First, the treatment of rodents with AuNPs showed that
nanoparticles could reduce ROS production (Sul et al. 2010;
Pereira et al. 2012) and reactive mitrogen species (Mukher-
jee et al. 2005; Rizwan et al. 2017). Interestingly, AuNPs
treatment also mncreased the activity of antioxidant enzymes
(Leonaviéiensé et al. 2012; Kirdaite et al. 2019) by a mecha-
nism not yet fully understood. Consequently, AuNP: helps
to reduce oxidative damage to lipids, protems, and DNA
m the context of many pathologies (Victor et al. 2012;
Abdelmegid et al. 2019; Haupenthal et al. 2020), includ-
mg metabolic (Chen et al. 2018b, a) and neuwrodegenerative
diseases (dos Santos Tramontin et al. 2020).

Although many mechanisms were proposed to explamn
how AuNPs modulate the inflammatory response and oxida-
five stress, their anti-inflammatory and antioxidant proper-
ties are not yet fully understood. However, these therapeutic
actions of AuNPs in different pathological contexts rein-
force the potential of these molecules i the management
and treatment of complex pathologies, such as metabolic
disorders and neuropathologies.

# Spatial and recognition memory

# Motor coordination  § Cataleptic posture
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Effects of AuNPs on neuropathologies

Inflammation and oxidative stress play important roles
newropathologies, especially in neurodegenerative diseases
like Alzheimmer’s disease (AD), Parkmnson’s disease (PD),
and multiple sclerosis (Chen et al. 2016; de Oliveira et
al. 2021). In this sense, the study of therapeutic strategies
capable of attenuating these pathophysiological changes 15
potentially relevant. As pomnted out by Silveira et al. (Sil-
verwra et al. 2021), AuNPs, due to thewr well-known antioxi-
dant and anti-mflammatory properties, are better discussed
in the previous topic could potentially be used to treat neu-
ropathologies. In fact, the use of AuNPs in experimental
studies exhibited interesting effects for the management
of neuropathologies. Some of AulNP:’ beneficial effects n
brain diseases are summanzed in Fig. 1 and best discussed
in this topic.

AD 15 a progressive and ureversible neurodegenerative
disease and the most frequent cause of dementia worldwide
(Apostolova 2016). The prevalence of AD 15 approxmmately
24 million, a number that can quadruple up to 2050 (Reitz
and Mayeux 2014). Sporadic Alzhemmer’s disease 15 a mul-
tifactonal newrodegenerative disorder responsible for more
than 95% of AD cases m the world population; the other 5%
includes cases of genetic ongin (Reitz et al. 2011). In an
expenmental model of sporadic AD induced by streptozoto-
cin, AuNPs treatment prevented neuromflammation, oxida-
tive stress and improved the brain mitochondnal function.
Improvements in spatial and recognition memories have
also been observed in the AD animal model after AuNPs
treatment (Muller et al. 2017b; dos Santos Tramontin et al.
2020). Different protems play a central role in AD pathogen-
es1s, including B- amyloid peptide (AB) and TAU protein. In
this sense, negatively charged AuNPs significantly mhibit
the AP aggregation into fibnls (Liao et al. 2012). Likewise,
Kogan et al(Kogan et al. 2006) demonstrate that AuNPs
selectively bind to AP fibnls, preventing its aggregation
and neurotoxic effects in vinro. Studying the AuNPs’ effects
agamst the toxicity of AB in vivo, Sanati et al(Sanat et al.
2019) showed that AuNPs treatment improves the acqusi-
tion and retention of spatial memory damaged by AB accu-
mulation on the bramn. Moreover, AuNPs also increased the
expression of proteins involved with newral survival m this
model of AD mnduced by AP (Sanati et al. 2019). Regarding
TAU protem, intrapentoneal AuNPs admmistration helped
maintain normal TAU phosphorylation levels and prevented
the exacerbation of oxidative stress response in the hippo-
campus and cerebral cortex in an amimal model of AD (dos
Santos Tramontin et al. 2020).

Parkinson’s disease, mn its tumn, 15 charactenzed by pro-
gressive loss of dopaminergic neurons in the substantia
mgra, which leads to a decrease in brain dopamine resulting

m deficits of voluntary movements — mcluding bradykine-
sia, ngzidity, and tremor at rest (Dickson 2012; Mazzom et
al. 2012). Interestingly, the AuNPs synthesized using the
root extract of Paconia montan alleviated the neuroinflam-
matory response (1.e., reduced levels of IL-6, IL-1b, and
PGE?2), reduced the oxidative stress parameters in the sub-
stantia migra, and ameliorated the motor coordination 1n a
mice model of Parkinson’s dizease (ue et al. 2019). Simu-
lar effects of AuNPs treatment were descnbed by da Silva
Comeo et al. (da Silva Comeo et al. 2020), where AuNPs
significantly reduced oxidative stress, improved neuro-
trophic factors levels in brain structures and amehiorated the
latency of motor stimulus and the animal’s catalepsy score.
Moreover, AuNPs composites significantly mhibited the
apoptosis of dopaminergic neurons i the substantia nigra in
an amimal model of PD induced by MPTP (Hu et al. 2018).

Taken together, the studies have shown that treatment
with AuNP:s offers newroprotective actions through modu-
lation of neuroinflammation, oxidative stress, and reduc-
tion of neurotoxic protein aggregates. Thereby, AuNPs also
ameliorate the cogmitive deficits and motor coordination
charactenisics of neurodegenerative diseases, which rein-
force thewr newoprotective potential. Moreover, nsk fac-
tors for developing newropathologies, such as metabolic
diseases and their consequences, can also be treated with
AuNPs. In fact, promising effects of AuNPs admimistration
mn the context of metabolic disorders have been described in
the literature, which will be better addressed and discussed
m the next section.

Effects of AuNPs on metabolic diseases

Proper functioning of the metabolic system 15 vital for main-
taming body homeostasis (Hotamisligil 2006). Metabolism
15 understood as a set of biochemical reactions that occur n
order to generate (catabolic process) or to consume energy
(anabolic process) (DeBerardimis and Thompson 2012).
Therefore, metabolic dysfunctions are related to diseases,
such as obesity. Obesity 15 a multifactonal and complex
disease charactenzed by excess body weight and a body
mass index greater than 30 kg/m® (World Health Organiza-
tion, 2016). The increase of body mass also increases the
nsk for obese people to develop several associated diseases
such as type 2 diabetes mellitus (Al-Goblan et al. 2014),
cardiovascular diseases (Czermichow et al. 2011), musculo-
skeletal disorders (Anandacoomarasamy et al 2009), types
of cancers (Lauby-Secretan et al. 2016) and neurodegenera-
tive diseases (Mazon et al. 2017). It 15 important to say that
obese mdividuals generally have a condition of low-grade
chronic inflammation tggered by several factors, such
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as adipocyte hypertrophy (Monteiro and Azevedo 2010;
Longo et al. 2019).

The adoumstration of AuNPs shows promising therapeu-
tic effects 1n the context of metabolic diseases (Fig. 2). In
obese mice, AuNPs treatment ameliorated hyperlipidema,
improved glucose tolerance, and reduced the production of
TNF-a in adipose and hepatic tissue of obese mice (Chen
et al. 2018b). In mice with long-term obesity, daily AuNPs
administration for five weeks could promote weight loss,
better glycemic control, and serum lipid profile. Negative
regulation of inflammatory markers in the liver has also
been observed (Chen et al. 2018a). Lean mice who received
AuNPs show smaller fat mass and significant reduction of
TNF a and IL-6 mRNA levels in abdominal fat 72 h after
AuNPs admimstration (Chen et al. 2013). In mature adipo-
cytes (3T3L1 cells), AuNPs suppress adipogenesis through
downregulation of transcniption factors PPARy and CEBPa,
remforcing the anti-obesity activity of AuNP: (Smmu et al.
2019).

One of the obesity outcomes 15 insulin resistance, a clini-
cal condition charactenzed by low interaction of insulin
with 1ts cellular receptors and, consequently, by low cell
uptake of glucose (Wilcox 2005). In order to improve this
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clinical condition, some studies have used AuNPs as a car-
ner to improve msulin action. Insulin-coated AuNPs sig-
nificantly reduced the postprandial hyperglycemia (Joshi et
al. 2006) and decreased blood glucose levels by up to three
fimes compared to free msuln due to decreased degrada-
tion by enzymes in diabetic mice (Shilo et al. 2015). In thus
context, the AuNPs administration has demonstrated sev-
eral beneficial effects against hyperglycemia (Fig. 2). The
prolonged exposure of cells to hyperglycemia enhanced
the production of reactive oxygen species and the release
of pro-inflammatory factors from cells (Oguntibeju 2019).
Thus, AuNP:s mmprove the diabetic condition by reducmg
the inflammatory process, suppressing oxidative stress, and
mcreasing antioxidant defense (Shaheen etal. 2016; Sengam
2017). Diabetic mice treated with AuNPs showed mmproved
antioxidant defense, mhibition of hipid peroxidation and
ROS generation in the liver, as well as better glycemic con-
trol compared to untreated amimals (BarathMamKanth et
al. 2010). In a mice model of diabetes mnduced by alloxan
monohydrate, AuNPs reduce plasmatic glucose, choles-
terol, and tnglycende levels. In this same study, AuNPs
mcreased plasma msulin significantly, showing a potential
antidiabetic effect of AuNPs (Venkatachalam et al. 2013).
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Fig. 2 Effects of AuNPs administration on metabolic diseases and its complications. The AuNPs admunistration exercise beneficially effects
on diabetes and associated pathologies. Among the possible mechanisms involved with this therapeutic action are the modulation of oxidative
stress, inflammatory and cell death pathways. Hypoglycemic effect and improved insulin sensitivity are also among the beneficial effects related
to AuNPs admunistration. CAT = catalase; CEBPa = CCAAT-Enhancer-Binding Protein-alpha; CRP = C Reactive Protein; ERK = Extracellular
Signal-regulated Kinases; GPx = Glutathione Peroxidase; GSH = Reduced Glutathione; ICAM = Intercellular Adhesion Molecule; IL-1a = Inter-
leukin 1 alpha; IL-1f = Interleukin 1 beta; IL-6 = Interleukin 6; LPO = Lipoperoxidase; MDA = Malondialdehyde; MCP-1 = Monocyte Chemotac-

tic Proteins-1; NFkf = Factor Nuclear kappa B; NRF2 = Nuclear factor
Receptor gamma; ROS = Reactive Oxygen Species; SOD = Superoxide

(erythroid-denved 2)-like 2; PPAR-y = Peroxisome Proliferator-activated
Dismutase; TLR4 = Toll like Receptor 4; TNF a = Tumor Necrosis Factor

alpha; TGF-§ = Transforming Growth Factor beta; VEGF = Vascular Endothelial Growth Factor
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Biochemical parameters like better lipid profile, liver dam-
age, and mflammatory markers reinforce the therapeutic
effects of AuNPs on diabetes and its complications (Ansan
etal 2019).

Diabetes leads to a senes of secondary complications,
including microvascular changes such as retinopathy,
nephropathy, neuropathy, and atherosclerosis (Long and
Dagogo-Jack 2011). Thus, treatment of diabetic rats with
resveratrol coated-AuNPs marked reduced VEGF-1, TNF-
a, IL-6, IL-1B, MCP-1, and ICAM mRNA expressions on
retinal vessels (Dong et al. 2019). In addition, AuNPs mod-
ulated the ERK and NFkB signaling pathways, which con-
tmbutes to a better prognostic of diabetic retinopathy (Dong
etal 2019). A downregulation in renal protemn expression of
TGF-B, TNF-a, and VEGF are associated with AuNP:s treat-
ment on diabetic nephropathy expenmental model. Further-
more, AuNPs restored redox homeostasis, improving the
activity of antioxidant enzymes, and reducing MDA levels
in the kidney tissue of diabetic rats (Aloman et al. 2020).
The activation of NRF2 and its antioxidant activity also
appears to be a beneficial effect linked to AuNP: in diabetic
nephropathy (Manna et al. 2019). In addition, exposure of
macrophages to high glucose levels increases mflammation,
apoptosis, and oxidative-mitroszative stress. On the other
hand, admimistration of AuNPs to macrophage cells reduces
these oxidative profile effects promoted by high glucose

Fig. 3 Role of AuNPs in the

conditions through a modulation on the mTOR/NFkB path-
way (Rizwan et al. 2017).

As summanzed m Fig. 2, the admunistration of AuNPs
exerts therapeutic effects agamst metabolic disorders
and their complications. Modulation of the inflammatory
response, oxidative stress, and increased insulin bioavail-
ability in the penphery are among the main effects hinked
to treatment with AuNPs in these physiopathological condi-
tions. Thus, based on the evidence descnibed 1n this topic
and Sect. 4 of this review, it seems promusing that AuNPs
can exert therapeutic actions agamst bramn dysfunctions
related to metabolic diseases. This hypothesis will be better
explored m the following topic.

Effects of AuNPs on brain dysfunctions
linked to metabolic diseases

Our bramn plays a central role in the regulation of body
metabolism. Its regulatory activity involves releasing cen-
tral and penpheral signals through specialized neuronal
networks (Roh and Kim 2016). On the other hand, dys-
regulation of metabolism can be harmful to the bram and
mcreases the nsk of developing neuropathologies, including
neurodegenerative diseases (Procaccim et al. 2016). Midhife
obesity 15 considered a nsk factor for dementia i later life
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(Whitmer et al. 2008). In this sense, diabetic patients show
a higher nsk of developing AD than non-hyperglycemic
subjects (Ott et al. 1999), in a process that occurs regard-
less of age (Kloppenborg et al. 2008). Hypercholesterol-
emia also contributes to the development of brain diseases.
Epidemiological evidence shows that people diagnozed
with hypercholesterolemia in “middle-aged” exhibited an
increased nsk of cognitive impairment and dementia later n
life (Kmvipelto et al. 2001; Tolppanen et al. 2012). In addi-
tion, early exposure to elevated cholesterol levels 15 associ-
ated with a greater incidence of mild cognitive impairment,
a prodromal stage of AD (Zambon et al. 2010).

In fact, metabolic disorders can exert a wide range of
effects on the brain. An interesting review showed that
metabolic diseases, such as obesity and diabetes, enhance
vascular inflammation causing dysfunction of the BBB (van
Dyken and Lacoste 2018). Furthermore, the resulting neu-
romnflammation and oxidative stress i the brain contmbute
to the newrodegeneration and cognitive dechne observed
in many newropathologies (Thirumangalakud: et al 2008;
Craft 2009; Procaccin: et al. 2016; Arshad et al. 2018). As
discussed 1in the previous topics, AuNPs exhibited signifi-
cant therapeutic effects on treating metabolic and neurode-
generative diseases, mainly because of their antioxadant and
anti-inflammatory effects. Therefore, in this section, we will
discuss findings of the effects of AuNPs on brain dysfunc-
tions related to metabolic diseases (Fig. 3).

In addition to causing mmportant changes in the penph-
ery, obesity also has negative effects on the brain. Increased
BBB disruption, neuromflammation, mitochondnal impanr-
ment, oxidative stress, and alterations m synaptic plastic-
1ty are among the mechanisms modulated by obesity 1n this
organ (Tucsek et al 2014; Cavaliere et al. 2019; Mullins et
al. 2020). Evaluating the effect of AuNP:s on the brain con-
sequences of obesity, Pra et al. (Pra et al. 2021) observed
that obese mice treated with AuNPs showed a significant
reduction in inflammatory and oxidative stress parameters
in the prefrontal cortex and hippocampus. Smmilar effects
were observed in non-obese animals, m which AuNPs treat-
ment reduced the cerebral levels of TNF a, oxidative DNA
damage, pro-apoptotic markers, and miutochondnal dys-
function on the bramn of amimals with central and systemic
inflammation (Pedersen et al. 2009; Petronilho et al. 2020).
Since bram regions such as the hippocampus and prefrontal
cortex are mnvolved with memory formation, the admims-
tration of AuNPs might help manage the adverse effects of
obesity m the CNS.

Diabetes, an obesity complication, and insulin resistance
can also negatively affect the brain. Studies have shown that
brain insulin resistance conmbutes to AD-like neurodegen-
eration by many mechanisms, including the accumulation
of AB peptide i the bram (de la Monte and Wands 2008;
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M de la Monte 2012). Also, the aggregation of mnsulin mn
amyloid fibnls causes memory mmpaimment and increases
amyloid plaques formation m the rat’s brain (Khewrbakhsh
et al. 2015), which inhibition of their protein aggregation of
great relevance. In this sense, AuNPs significantly reduced
msulin amyloid fibnllation in viro (Hsieh et al. 2013).
Likewise, AuNPs reduced the toxicity of human 1slet amy-
loid polypeptide (IAPP), a protemn released by pancreatic
B-cells, which was shown to impawr BBB permeability and
contributes to diabetes-induced dementia (Raimundo et al.
2020), and promotes its immunogenic response by human
T cells in vitro (Javed et al. 2017). Although the effects of
AuNPs on the diabetic brain are not yet investigated, this
evidence suggests that AuNPs treatment could be effective
agamst toxic products related to diabetes-induced cogmitive
deficits.

Hypercholesterolemia, another wital cardiovascu-
lar nsk factor, also causes relevant consequences to the
bram. Expernimental studies reported that this metabolic
disorder enhances the BBB permeability, neuronal apop-
tosis, mmpaws adult hippocampal neurogenesis and cogm-
tion (Moreira et al. 2014; Engel et al 2019; de Oliverwra et
al. 2020z, b). Because of that, an important relationship
between high blood cholesterol levels and the development
of AD and PD has been reported in the literature (Zambon et
al. 2010; Paul et al. 2017). Notably, treating hypercholester-
olemic mice with AuNPs reduces the BBB permeability in
the olfactory bulb and hippocampus. Interestingly, AuNPs
treatment improved hippocampal-dependent memory and
reduced depressive-like behavior, as well as cataleptic pos-
ture in these animals (Rodngues et al. 2021). The neuropro-
tective effects of AuNPs 1n hypercholesterolemic mice were
associated with a reduction in penpheral inflammation, 1.e.,
decreased levels of liver TNF a.

The newroprotective effects related to the admimistra-
tion of AuNP: mentioned above and better summanzed
m Fig. 3, support the hypothesis that these nanoparticles
are important allies against bram dysfunctions related to
metabolic disorders, either reducing the nsk of develop-
mg neuropathologies or improving cognitive performance.
However, further studies are needed to better elucidate the
mechanisms behind the therapeutic effects of AuNPs in this
context.

Limitations on the use of AuNPs for
biomedical applications

The mampulation of matenals n a nanometer-scale gener-
ates matenals with different properties and charactenstics
of thewr respective precursor matenal on a nommal scale
(Uskokovic 2009). The exact process occurs with AuNPs m

196



Metabolic Brain Disease

relation to macroscopic gold (Giljohann et al. 2010). Thus,
there are several obstacles mn developing a nanotherapeutic
product and for these products to “reach the shelves”, which
hampers the translation from expenmental therapeutic use to
the pharmacological use of this new therapy by the general
population (Ventola 2012b). These obstacles include exten-
sive prechimical and clinical testing to better explore these
nanomatenals’ pharmacological, toxicological, and 1mmu-
nological properties (Resnik and Tinkle 2007). Still, 1s5ues
such as physicochemical charactenization, biocompatibility,
process control and scale reproducibility also impact its pro-
duction and, later, 1ts translation for biomedical applications
(Soares et al. 2018). Regarding AuNPs, the application of
those nanoparticles in humans remains uncertan since thewr
safety 15 not yet well established (Hornos Cameiro and Bar-
bosa Jr 2016).

As we demonstrated earhier, several expernimental find-
ings report therapeutic effects associated with AuNPs to
treat metabolic and brain dysfunctions related to metabolic
diseases. However, 1t 15 important to emphasize that AuNPs
are not biodegradable. Thus, its application m biological
systems must be carefully studied to avoid associated toxic
effects. In fact, the major limitation of using AuNPs for bio-
medical purposes 15 their toxicity (Homos Carneiro and Bar-
bosa Jr 2016). Factors such as the shape, size, concentration,
surface chemistry, and surface charge affect the toxicity of
AuNPs, which makes their toxicity very relative (Chithram
et al. 2006; Chithrani and Chan 2007). Despite this, AuNPs
also have important drug delivery properties. AuNPs can
improve the hypoglycemic action of insulin in diabetic mice
(Joshi et al. 2006), improve drug camier and radiation dose
absorption by the tumor cells (Jamn et al. 2012; Haume et
al. 2016). Due to 1ts excellent biocompatibility and ability
of AuNPs to easily bind with a broad range of matenals,
the use of AuNPs for drug delivery ends up bemg harmed
due to its mability to direct the drug to a specific target area
(Anderson et al. 2019). Lastly, it 15 important to say that
nanomatenals, including AuNPs, still have largely unknown
properties, which should be better studied for their safe bio-
medical application m the future.

Closing remarks and future perspectives

The use of nanoparticles in medicine provides a wide range
of possibiliies and the development of new treatments to
create new therapies or ameliorate the efficacy of the ones
already available. In particular, neurological and metabolic
diseases are complex in etiology and treatment, complicat-
ing the search for new therapeutic strategies. The exac-
erbation of inflammatory response, as well as oxidative
stress, are among the mechanisms that are underpinning

the progression of these pathologies and also with the bram
dysfunctions related to metabolic diseases. Although the use
of nano compounds mn the treatment of metabolic and bram
diseases 15 not yet well explored, the expenmental findings
discussed mn this review point out that AuNPs, inorganic
nanoparticles, are molecules that can exert cntical thera-
peutic effects 1n this context. Concerning thewr effects m
metabolic diseases, our literature review showed that reduc-
mg the inflammatory response, oxidative stress, increased
bioavailability of msulin, and reduction of hyperglycemia
are the main beneficial effects of AuNPs in amimal mod-
els. Likewise, anti-mflammatory and antioxidant actions
are also associated with the therapeutic effects of AuNPs
m the context of neuropathologies. Other important actions
such as reducing neurotoxic compounds in the brain, e.g. Ap
peptide and pTAU, and mproving cognitive performance
m anmimal models of newodegenerative diseases support the
neuroprotective action of AuNPs.

Additionally, expenimental findings have pointed towards
a neuroprotective action of AuNP: against the brain dys-
functions caused by metabolic diseases. Mechanisms such
as the prevention of neurodegeneration, reduction of the
BBB integnty, and improvement of cognitive performance
m animal models of metabolic diseases are the mechanisms
by which AuNPs exert beneficial effects in the cognition
m experimental models of metabolic disorders. Moreover,
as AuNPs have high compatibility and interact with phar-
maceuticals, the drug delivery properties of AuNP:s offer
unique potential to improve the therapeutic efficacy of drugs
already approved for the treatment of both neurological
and metabolic diseases. Nevertheless, some questions stll
need to be clanfied mn further studies, such as mechamisms
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1. Introduction

An estimated 50 million people worldwide have dementia, a number projected to
double every 20 years until 2050 [1,2]. The majority of demented individuals develop
Alzheimer’s disease (AD). Thus, AD represents a tremendous healthcare challenge of the
21st century [3,4]. The typical clinical presentation of this age-related neurodegenerative
disease is a gradual and progressive decline in different cognitive domains, most commonly
involving episodic memory and executive functions that cause socdial and occupational
deficits [5].

AD is characterized by pathological hallmarks such as extracellular amyloid plaques,
formed by the deposition of amyloid B-peptide (A), the appearance of intracellular neu-
rofibrillary tangles, composed of hyperphosphorylated tau and extensive synaptic and
neuronal loss in the cerebral cortex and hippocampus [6]. In addition, it has been proposed
that neuroinflammation is an early feature of AD [7,8]. Thus far, the amyloid cascade
hypothesis is the main influential model to explain the progression of AD pathogene-
sis [9,10]. However, the field is gradually moving away from the simplistic assumption
of linear causality proposed in the original amyloid hypothesis [11,12] Importantly, it
has been shown that tau pathogenesis could be associated with neurodegeneration and
neuroinflammation regardless of AR pathology [13,14]. Moreover, APOE4 is the strongest
genetic risk factor for LOAD. The presence of APOE4 is associated with increased Ap
deposition, but also tau pathology [15,16]. In fact, APOE is involved in tau pathogenesis
through neuroinflammation processes [17].

AD can be divided into early-onset AD (EOAD) and late-onset AD (LOAD). EOAD
is rare, accounting for less than 5% of the cases [18,19] and its onset occurs before 65
years. Mutations in three genes, which encode amyloid protein precursor (APP), presenilin-
1 (PSEN1), and presenilin-2 (PSEN2), are known to cause a proportion of autosomal
dominant inherent EOAD, or autosomal dominant AD (ADAD). In the genetic form of AD,
AP accumulation is due to a significant higher peptide production [20]. The most common
form, LOAD, is assumed to be a multifactorial and polygenic disease and, therefore, the
etiology of AB deposition and neurodegeneration in these cases is unknown [19].

Considering the high epidemiological impact of AD, it is fundamental to understand
the mechanisms involved in its pathological onset and advancement. In this regard,
inflammation seems to play an essential role in disease development and progression. On
one hand, clinical and preclinical studies analyzing brains from individuals with AD or
experimental models of AD provide evidence for the activation of inflammatory pathways.
On the other hand, anti-inflammatory compounds are associated with a reduced risk of
developing and disease progression [21-23]. During decades, inflammatory processes
have been explored in an effort to identify alternative therapeutic targets, alone or in
combination with other drugs. In this review, we discuss the most relevant evidences that
point out neuroinflammation as a crucial event in AD pathophysiology and its potential as
an innovative target to treat AD.

2. Pathogenic Mechanisms of Alzheimer’s Disease

Until now, amyloid hy pothesis has been the most stablished model of AD pathogenesis.
It proposes that the deposition of misfolded and aggregated A is a critical and the initial
pathological event in AD, triggering synaptic dysfunction, neuronal loss, and cognitive
impairment [10,24].

During the amyloidogenic pathway, A, a peptide of 3643 amino acids, is generated
by cleavage of the transmembrane amyloid precursor protein (APP) through sequential
proteolytic processing. In this via, APP is first cleaved by p-secretase (beta-site amyloid
precursor protein-cleaving enzyme 1, BACE-1), producing an extracellular soluble frag-
ment (i.e., sBAPP) and an intracellular C-terminal portion termed C99. Subsequently,
the resulting cell-associated C-terminal fragments are subjected to intramembrane pro-
teolysis mediated by y-secretase, which generates a spectrum of AP peptides of varied
lengths. Concurrently, the non-amyloidogenic APP proteolysis involves cleavage by a-
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and y-secretases, resulting in the generation of a long-secreted form of APP (sAPPa) and
C-terminal fragments (CTF 83, p3 and AICD50). The APP non-amyloidogenic processing
produces non-toxic fragments. The cleavage site for a-secretase in APP lies within the
AP sequence and thus precludes AB formation. Usually, about 90% of APP enters the
non-amyloidogenic pathway, while the rest follows the amyloidogenic via [25,26].

The total AR burden is regulated by synthesis and clearance rates. In fact, A clearance
or degradation, rather than its synthesis, has been considered critical in A accumulation.
The clearance of the peptide by transport into the cerebrospinal fluid (CSF), the blood across
the blood-brain barrier (BBB), and the removal by macrophages have been suggested as
the responsible mechanisms for controlling the brain A levels [27]. Furthermore, CSF
clearance seems to be impaired in AD, contributing to increase A burden and disease
progression [28]. Some proteases, such as some cathepsins and insulin-degrading enzyme
(IDE), play essential roles by cleaving A into shorter soluble fragments without neurotoxic
effect [29]. The central receptors for AB transport across the BBB from the brain to the
bloodstream and from the blood to the brain are low-density lipoprotein receptor (e.g.,
LRP-1) and the receptor for advanced glycation end products (RAGE), respectively [30]. A
chronic imbalance between A production and clearance may result in the agglomeration
of intracellular and extracellular aggregates in the brain

AP peptides spontaneously aggregate into soluble oligomers, fibrils, and deposit
as senile plaques. These events cause toxicity through several mechanisms, including
oxidative injury, microglial and astrocytic activation, as well as altering kinase/phosphatase
activity, eventually leading to synaptic damage and neuronal death. It is important to
mention that AP oligomers are the most neurotoxic form [24,31].

Besides the strong evidence about the relation between AB and neurodegeneration,
there is a continuous debate about the AB hypothesis [10,32]. This is mainly due to the
constant failure of developing disease-modifying drugs targeting A, preventing neither
its aggregation, accumulation, nor clearance. Nowadays, the Aducanumab efficiency has
been extensively discussed, a human IgG1 anti-A 8 monoclonal antibody specific for Ap
oligomers and fibrils [33]. Other reasons are the difficulty correlating the AB deposits
and AD pathology and the disconnection between AP and phosphorylated tau deposition.
In fact, tau pathology (tauopathy) has been related to neurodegeneration and neuroin-
flammation inde pendently of AB. In addition, there are substantial differences between
familial and sporadic diseases. Importantly, peripheral inflammatory diseases have been
considered risk factors for AD development, which may not be directly associated with the
AP dyshomeostasis [13,32]. This is a discussion that is far from over. Then, new insights
into AD pathophysiology are driving the development of drugs towards novel therapeutic
targets [34,35]. In this scenario, the inflammatory process has been evaluated as an impor-
tant component of AD pathogenesis. It is well known that Ap causes neuroinflammation,
and many studies have demonstrated the role of inflammation in the early stages of AD
development [36,37].

Moreover, the neurofibrillary tangles (NFT), which Alois Alzheimer first described,
are another crucial hallmark of AD pathogenesis [38-40]. In this case, the tau protein
is aberrantly misfolded and abnormally hyperphosphorylated [40,41]. Tau protein regu-
lates the assembly and stabilization of microtubules. It can be expressed in neurons and
oligodendrocytes [42-46].

In AD, the NFT could appear after AR accumulation. Considering that plaque-
associated dystrophic neurites are not associated with tau, it is probably true that Ap-
mediated neuritic dystrophy occurs first, and the tau accumulation is a consequence of
this [47-49]. Furthermore, a study conducted by Hurtado et al. [50] showed that AP accel-
erated NFT formation and enhanced tau amyloidosis. Thus, it seems in AD that A plaque
deposition drives cortical tau pathology and tau-mediated neurodegeneration [51,52]. In
AD neurodegeneration, A diffuse deposits, non-neuritic plaques occur first. Then, the
microglia are activated by AP deposits, inducing dystrophic neurites that lack tau. This
leads to the aggregation of tau hy perphosphorylated facilitating the spread of tau from the
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limbic system to the cerebral neocortex. The tau hyperphosphorylated distributes from
the plaque-associated dystrophic neurites forming NFT throughout the neuron, causing
neuronal damage and dementia [53-57].

These events showed the relationship between AR and tau, mediated by microglia,
causing neurodegeneration and the consequent development of dementia [56].

3. Inflammatory Cascade in Alzheimer’s Disease

The innate immune system is the first line of defense against pathogens [58]. The
microglia have a fundamental rok in early response to central nervous system (CNS)
alterations such as damage or infection, development, and homeostasis [59]. Microglia
activation is an important event during aging and in neurodegenerative diseases. These
cells participate in neuroinflammatory events directly via phagocytosis and cytokine
production, as shown by identifying disease-specific microglia, or indirectly responding to
cues from the adaptive immune system [60,61].

Neuroinflammation plays a crucial role in the pathogenesis of AD. Several studies have
reported the presence of inflammatory markers in the brain of patients, including elevated
levels of cytokines/chemokines in serum and CSE, along to microgliosis [62-66]. The
increase in these molecules is positively correlated to the cognitive impairment at different
stages of AD as well as in individuals with mild cognitive impairment (MCI) [67-69].

Recent genome-wide association studies have shown that most polymorphisms re-
cently found in AD patients are involved in the immune response and microglial func-
tion. For instance, complement receptor 1 (CR1), CD33, membrane-spanning 4A (MS4A),
clusterin (CLU), ATP-binding cassette sub-family A member 7 (ABCA7), sortilin-related
receptor 1 (SORL1), inositol polyphosphate-5-phosphatase D (INPP5D), and triggering re-
ceptor expressed on myeloid cells 1 and 2 (TREM1, TREM2) [70,71]. Among them, the most
prominent polymorphism was found in TREM2, which is associated with phagocytosis [72].

Several studies have shown that A can activate microglia and inflammatory cy-
tokines production [73-75]. Even in the prodromal stages of AD, AB soluble oligomers can
impair synaptic plasticity, inhibit long-term potentiation, and activate microglia [10]. The
intracerebral administration of AP causes neuroinflammation and memory impairment
even in normal adult rodents [74,76,77]. In addition, neuroinflammation and proinflam-
matory cytokines increase tau phosphorylation and decrease synaptophysin levels, which
leads to cytoskeletal instability and neuronal death [75].

The activation of the immune system in the brain occurs through microglial activation
of pattern recognition receptors (PRRs), which identify potentially harmful molecules,
activating the innate immune system [79]. Several studies have shown that AP species can
activate PRRs, consequently triggering an immune response [74,80-83].

AP activates several microglial receptors, such as CD36, a class B scavenger recep-
tor, causing secretion of cytokines, chemokines, and reactive oxygen species [84]. Its
binding to RAGE induces inflammatory pathways and increases expression of proinflam-
matory cytokines, such as TNFa and IL-6 [85]. However, the best described pathway is
through the activation of Toll-like receptors (TLRs), including TLR2, TLR4, and TLR6 and
TREM2 [86,87]. The TLR pathway is responsible for the maturation and release of 1L-1§,
one of the main pro-inflammatory cytokines involved in the pathophysiology of AD. In fact,
IL-1P polymorphism is correlated with the age at AD onset in humans, whereas inhibition
of its receptor recues cognitive impairment in animal models [88,89]. IL-1B is produced as
a precursor, pro-IL-18, and requires cleavage to become biologically active. To this end,
the pro-IL-1P is cleaved by a complex of intracellular proteins that form the nucleotide-
binding oligomerization domain-like receptor family pyrin domain containing 3, known
as the NLRP3 inflammasome [90,91]. For NLRP3 assembly, two signals are needed. The
first one is the activation of TLRs by A or another potentially harmful molecule. After
TLR activation, the signal is transduced through myeloid primary response protein 88
(MyD88), activating nuclear factor kappa B (NF-kB), which leads to transcription of NLRP3
components and proinflammatory cytokines, mainly IL-1p. The second signal is triggered
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by damage-associated molecular patterns (DAMPs), such as heat shock proteins or ATE,
released after cell death. It was proposed by Heneka and col. that this second signal also
occurs through phagocytosis of A fragments via TREM2 [90].

The AP overload leads to a deficient lysosome degradation of the AP fragments, lead-
ing to lysosome disruption, cathepsin B release, and the induction of NLRP3 inflammasome
assembly [90,92,93]. The inflammasome complex assembly includes the NLRP3 protein,
the adapter apoptosis-associated speck-like protein containing a CARD (ASC), and the
effector caspase-1. After the NLRP3 complex assembles, caspase-1 cleaves the pro-IL-1p
and pro-I1-18, generating the mature form of these cytokines, which activate neutrophils,
macrophages, and other microglial cells, amplifying the response inflammatory [94], as
represented in Figure 1. This inflammatory pathway has been increasingly described in
different neurodegenerative diseases [75,90,91,95,96].

Figure 1. The activation of Toll-like receptors by ligands such as LPS or AP species can tnigger the first signal for assembly
of the NLRP3 inflammasome through nudear factor kappa B (NF-kB). The second signal can be triggered after Ap-mediated
phagocytosis by TREM2. The A B overload causes lysosome distuption, releasing cathepsin B, which induces the signal for
assembly of NLRP2. The inflammasome contains caspase-1 that cleaves pro-1L-1p and pro-IL-18, generating the matune
forms of these mflammatory cytokines. IL-1B and I1-18, in turn, activate neutrophils, macrophages, and other microghal
alls, amplifying the mflammatory response.

The inflammasome activation finally causes cell death by apoptosis and pyroptosis.
Pyroptosis is a form of cell death less organized than apoptosis, triggered by inflammation,
as Gasdermin-D-mediated pore formation occurs in the membrane and osmotic lysis, with
extravasation of intracellular content [97]. When the NLRP3 inflammasome disassembles,
its ASC particles are released from the protein complex, which can activate neighboring
microglia, perpetuating the immune response. These particles can also bind to AB, con-
tributing to its aggregation [98]. Thus, the efficient degradation of the inflammasome
components is a critical step to limit the inflammatory response.
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The mechanisms of microglial activation by AB depositions have remained not fully
elucidated. However, the mechanism known is illustrated in Figure 1. Moreover, Ap
induces the secretion of a variety of additional inflammatory molecules. These molecules
include members of the minor compounds of the COX metabolism (prostaglandins), short-
lived molecules like nitric oxide (NO), and chemokines [90,99-103].

4. TREM2 and Alzheimer’s Pathogenesis

The interest in TREM2 increased after the identification of TREM2 variants as risk
factors for AD [104,105]. Individuals bearing the heterozygous mutation (rs75932628) in
exon 2 of TREM2, a single nucleotide polymorphism that changes arginine to histidine at
position 47 (R47H), produce a four-fold increase in the risk of developing AD [105]. This
polymorphism has been validated in neuropathology-confirmed cases and has been shown
to increase the risk of sporadic AD as significantly as the ApoE ¢4 allele [106]. TREM2
polymorphism causes structural changes in the receptor, leading to a partial loss of its
function. However, the role of TREM2 in neurodegeneration and AD remains unclear [107].

TREM2 is a single-pass transmembrane protein whose ligand-binding domain in-
cludes an extracellular immunoglobulin-like domain, anchoring the protein to the mem-
brane and contains the intramembranous lysine residue necessary for association with
its intracellular membrane adaptor, DAP12. The binding of agonists to TREM2 through
the DAP12 protein recruits the cytosolic spleen tyrosine kinase (Syk), which, in turn, acti-
vates signaling components including, phosphatidylinositol 3-kinase (PI3K), Akt, mitogen-
activated protein kinases (MAPK), and increases intracellular calcium levels. Thus, its
activation exerts functions such as cell maturation, survival, proliferation, phagocy tosis,
and inflammatory regulation [108]. TREM2 ligands include bacteria, bacterial cell compo-
nents such as lipopolysaccharide (LPS), lipoproteins, such as apolipoprotein A (ApoA),
ApoB, ApoE, low-density lipoprotein (LDL), DNA, HSP60 chaperone protein, and A [109].

TREM2 expressed on the cell surface can also undergo proteolysis by a-secretase and
y-secretase [110] to generate soluble TREM2 (sTREM2). The catalytically active components
of the y-secretase complex are PSEN 1 and 2, the same proteins mutated in familial AD
and responsible for A processing. Inhibition of y-secretase leads to accumulation of
TREM2 c-terminal fragments (CTFs) on the cell surface, impairing signaling and interfering
with normal receptor function [111]. This relationship between TREM and PSEN provides
evidence about a functional connection between genetic factors found in AD patients.

One of the main mechanisms of TREM2 is undoubtedly its phagocytic activity. In
addition, TREM2 expression increases myeloid cell number in response to inflammation or
disease [45], besides regulating the inflammatory responses and the clearance of apoptotic
neurons and A . However, it may depend on the activating by ligand and the availability of
the TREM2 signaling machinery [112]. The AD-associated TREM2 variant, R47H, reduces
receptor binding capacity and, consequently, decreases A phagocytosis [113].

In AD patients, microglial cells have decreased phagocytic capacity and a pro-inflammatory

phenotype and morphology [114,115]. Therefore, amyloidosis levels can be altered since
phagocytosis is one of the principal mechanisms for AP clearance. The increase in the
microglial TREM2 expression reduces A $1-42 soluble and insoluble forms, the forma-
tion of senile plaques, and improves cognitive impairment in AD transgenic mice [116].
Conversely, TREM2 deficiency seems to interrupt the formation of the neuroprotective
barrier composed of microglia around the amyloid plaques, responsible for their isolation,
increasing neuronal toxicity [117]. However, AP overload can cause phagocytosis disrup-
tion, cathepsin B release, and NLRP3 assembly, which leads to the amplification of the
inflammatory response.
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Thus, it is controversial whether phagocytosis and inflammation in AD are beneficial
or harmful. Perhaps, in the early stages of the disease, the activation of the immune system
and induction of phagocytosis can contribute to A B clearance, preventing its toxicity and
formation of amyloid deposits. However, chronic inflammation can become detrimental
because, if the amyloid load cannot be resolved, it can contribute to the progression
of AD [118]. This possible dual role of inflammation in AD progression can be related
to microglial function. The microglia are important to scavenging duties. However, it
produces reactive oxygen species, secretion of proinflammatory cytokines, or degradation
of neuroprotective retinoids when activated. In this case, it may thus unnecessarily put
surrounding healthy neurons in danger [119]. Then, the microglia are essential during
development and homeostasis, performing critical roles in synaptogenesis and synaptic
plasticity. However, in aging and AD, the microglial function is altered, leading the
detrimental inflammatory environment [120].

5. BBB as a Target of Systemic Inflammation: Importance to Alzheimer’s
Disease Development

In the brain, BBB blood vessels present particular properties. BBB essentially regulates
the passage of substances and cells between blood and the CNS [121]. Several cell types
interact to form and support the BBB, which is now referred to as the “neurovascular unit
(NVU)" and is composed of the cerebral endothelial cells, basal lamina, astrocytic foot
processes, microglia, and pericytes [122].

BBB disruption is closely associated with several neurological diseases [123]. Evidence
has pointed out the alteration of BBB as a trigger to AD pathology [124-127]. Previously,
Ujiie and col. observed that BBB permeability is higher in a 10-month-old transgenic mouse
model of AD than in age-matched non-transgenic animals [128]. In fact, the impairment in
the BBB is already evident in the AD mouse model at 4 months of age. The BBB leakage
seems to occur even before the AP deposition and the appearance of other pathological
hallmarks of the disease [128]. Corroborating the experimental data, the increased BBB
permeability has been demonstrated in early AD individuals [129]. Plasma proteins such as
immunoglobulin G (IgG), fibrinogen, and albumin, normally unable to pass the BBB, have
been detected around senile plaques in the brain of AD patients [130-132]. The presence
of peptides derived from hemoglobin and prothrombin in AD brains has been associated
with increased leakage of blood. Prothrombin is not produced by the normal brain but
shows increased levels in AD brains consistent with leakage across a disrupted BBB [133].

Another important point is that BBB is vital to regulate the brain AP metabolism and
load, and AB deposition could result from an inefficient clearance through BBB [132,134].
Firstly, Shibata et al. [135] and other authors pointed out that brain A is mainly cleared
across BBB via LRP-1. Importantly, the LRP-1 content is down-regulated in AD
brain [132,135-137]. After that, the function of other transporters in the AB clearance
and AD pathogenesis have been studied, such as RAGE [132,134,138]. On the other hand,
AP deposition appears to cause BBB damage but is not well evidenced [134]. In addition,
it has been demonstrated that BBB endothelial cells respond to truncated tau fragments,
ultimately resulting in BBB disruption [139,140]

In parallel, other research groups demonstrated the presence and accumulation of
peripheral immune cells and increase in pro-inflammatory cytokines, such as IL-18, in AD
patient’s brain [21,141-144]. The constituents of innate immunity seem to participate in
many processes of the underlying pathological cascade in AD. In addition, compiling stud-
ies show that innate immunity is involved in the etiology of LOAD [145,146]. In this regard,
increased peripheral inflammation levels can be detected in the early stages of AD [147].
A meta-analysis showed that the blood concentrations of several pro-inflammatory me-
diators, such as IL-6 and IL-1p, are increased in AD patients [62,148]. In line with this,
previous studies showed that inflammatory mediators’ levels are enhanced in the plasma
of AD patients 5 years before the clinical onset of dementia compared with age-matched
individuals [149,150]. However, it is not well established yet whether brain inflammation
in AD subjects is a cause or a consequence of the disease. Although it was previously
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thought that the CNS was an immune-privileged site, it is now admitted that inflammatory
processes occur in response to an injury, infection, or disease and the peripheral immune
system can infiltrate into the brain to mediate this response [151,152]. Indeed, the systemic
inflammation seems to be the causative factor of BBB disruption and, consequently, neu-
rodegeneration and cognitive dysfunction [153-156]. Although still debatable, evidence
suggests that early or lifelong systemic inflammation triggers long-lasting modulation of
CNS immune responses leading to AD development in late life [157].

6. Systemic Inflammatory Diseases and the Connection with Alzheimer's
Disease Development

The etiology of sporadic AD is complex and associated with several genetic and
behavioral risk factors, in addition to aging [19]. Some of these risk factors related to AD
are peripheral diseases, for example, metabolic disorders, such as hypercholesterolemia,
diabetes, obesity, and hypertension [158-160]. One possible common event between
systemic and brain diseases is chronic systemic inflammation [161]. In line with this, an
essential feature of the metabolic disorder’s physiopathology is the increased production
of pro-inflammatory cytokines [162].

The inflammatory response of the peripheral adipose tissue is an important event of
diabetes and obesity [163]. In obese individuals, adipocytes, and resident immune cells
of adipose tissue, especially lymphocytes and macrophages, contribute to the increased
levels of circulating cytokines, such as TNF-a, I1-6, and IL-1p, as well as C reactive protein
(CRP) [164]. Nowadays, white adipose tissue (WAT) is known to be a secretory tissue,
which seems crucial in brain dysfunction development [165]. In hyperglycemia conditions,
the NF-xB—a transcription factor that regulates the induction of several inflammatory
genes—is rapidly and strongly activated in vascular cells, resulting in enhanced leuko-
cytes adhesion and pro-inflammatory cytokines transcription [166]. Hyperlipidemias,
primarily hypercholesterolemia and hypertriglyceridemia, are also related to systemic
inflammation. For instance, the study of Lohmann et al. [167] demonstrated that mice
fed with a high cholesterol diet presented generalized inflammation, characterized by in-
creased in T lymphocytes and macrophage recruitment in adipose tissue, inducing cytokine
production [167].

Most of these metabolic risk factors are associated with BBB leakage and neuroin-
flammation. An epidemiological study showed that overweight or obesity in middle-aged
individuals is associated with loss of BBB integrity several years later [168]. Diabetes is
usually associated with macro- and microvascular complications, including CNS alter-
ations that result, at least in part, in BBB damage. Impairment of the cerebral microvascular
structure, characterized by reduction in capillary density and tight junctions damage, is
a relevant mechanism of BBB dysfunction induced by diabetes [169]. Our group have
recently demonstrated that hypercholesterolemic mice present high BBB permeability in
the hippocampus, associated with intense astrogliosis [170,171].

According to experimental and clinical studies, the BBB is altered in hypercholes-
terolemia, resulting in the infiltration of immune cells in the brain parenchyma and con-
sequently the production of inflammatory mediators [172-174]. On one hand, this in-
flammatory response, associated with persistent activation of glial cells, induces neuronal
damage and, ultimately, leads to cognitive dysfunction and dementia [170,171,175]. On
the other hand, when the BBB is damaged, the transport of AB is defective. RAGE is
overexpressed and the expression of LRPs decreases, leading to the accumulation of AB in
the brain [174,176].
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In obese individuals, there is a chronic systemic inflammation that induces production
of pro-inflammatory cytokines, such as I1-6, and adipokines (such as TNF-«), mainly
produced by WAT. These inflammatory molecules could cause alterations in BBB per-
meability and, consequently, brain inflammation and neurodegeneration. Deregulation
of these molecules could link obesity and AD development [165]. The effects of satu-
rated fatty acids (e.g., palmitic acid) on microglia and astrocyte activation have also been
demonstrated. For instance, these fatty acids promote the pro-inflammatory phenotype of
microglia, resulting in activation of NF-xB pathway, TLR-4 receptors, interferon-y (IFN-y),
and TNF-a production [177].

Metabolic diseases are not the only example of systemic inflammatory pathologies as-
sociated with BBB disruption and neurodegeneration. Sepsis is another relevant condition
that has been implicated in dysfunction and loss of neurons [178,179]. A possible conse-
quence of sepsis is the septic encephalopathy, which occurs in 8-70% of septic patients. It
is related to BBB disruption, leucocyte infiltration, up-regulation of aquaporin-4, activation
of microglia, astrocytosis, and neuronal death [178]. This relationship between sepsis and
brain alterations is an opportunity to better understand the effects of systemic inflammation
in cerebral function [179-181]. In fact, it has been reported that RAGE may be involved in
sepsis-mediated increase in amyloidogenic proteins and cognitive impairment [182]

In this context, viral infections associated with intense systemic inflammation have
been a concern in the neuroscience field. For instance, COVID-19 could lead to neurode-
generation and increase the risk of AD due to an intensive brain inflammatory process
as a result of systemic inflammation. Furthermore, SARS-CoV-2 (severe acute respiratory
syndrome coronavirus 2) is potentially neuroinvasive, suggesting that neurological con-
sequences could occur after direct brain infection [183,184]. Recent studies have reported
neurological complications in COVID-19 patients [185-188].

However, it is important to mention that although, growing evidence indicated the
relationship between infections and AD, more studies are needed to elucidate better the
mechanisms involved. Notably, chronic viral, bacterial, and other infections might be
causative factors for the BBB breakdown and coexistent brain inflammatory pathway
activation and consequently neurodegeneration [189,190].

Additionally, gut microbiota alterations can cause neuroinflammation and conse-
quently interfere in AD development. Several reports have pointed out the gut microbiota
as a moedulator of the neurocinflammatory process in AD [191,192]. Importantly, an imbal-
ance in the gut microbiome is related to systemic inflammation and peripheral conditions
like diabetes. Moreover, dietary changes may induce a loss of microbiota ecosystem
homeostasis [193,194]. Chronic dysbiosis appears to cause BBB leakage and release of
pro-inflammatory molecules, endotoxins, ultimately leading to microglia and astrocytes ac-
tivation [195]. This scenario also increases intestinal permeability, promoting translocation
of bacteria and endotoxins across the epithelial barrier and activation of both enteric neu-
rons and glial cells [191,196]. Moreover, the oral microbiota are also related to AD [197,198].
For instance, periodontitis, the most common chronic oral bacterial infection in adults,
is generally caused by Porphyromonas gingivalis [199]. This bacterium has been detected
in the brains of AD patients [197], indicating a strong association between periodontal
pathogens and AD [198]. Additionally, the reduction in GSK3p activation may help delay
the periodontitis-promoted pathological progression of AD [200]. Figure 2 represents some
events connecting systemic inflammatory conditions and AD development.
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Figure 2. Peripheral diseases are a risk factor for -amyloid peptide (AB) peptide accumulation,
neurodegeneration, and Azheimer’s disease development Systenuc inflammatory conditions, such
as metabolic disease, sepsis, virus infections, and dysbiosis, are assocated with blood-brain basrier
(BBB) disruption and coexistent neuroinflammation. Neuroinflammation is characterized by the
presence of the periphe ral immune system, activation of ghal cells (astrocytes and microglhia), and
increased production of pro-inflammatory molecules (e.g., cytokines).

7. Anti-Inflammatory Approaches in the Alzheimer’s Disease

Current approaches for AD management, based on neurotransmission dysfunctions,
are not sufficient. These therapies, such as acetylcholinesterase inhibitors and memantine,
do not modify the natural course and outcome of the disease. Available treatments are
palliative rather than curative or disease-modifying therapies [201]. In this regard, a series
of anti-inflammatory drugs have been pointed out as therapeutic strategies to control AD
progression [202].

Epidemiological and experimental studies suggest a positive effect of the treatment
with non-steroidal anti-inflammatory drugs (NSAIDs) in AD [203-208]. Earlier experi-
mental works indicated that BACE1 expression (mRNA and protein) is stimulated by
pro-inflammatory mediators and inhibited by NSAIDs [209,210]. Other studies indicated
that treatment with certain NSAIDs decreased brain A accumulation in animal models of
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AD, which was related to anti-inflammatory mechanisms [211-213]. In line with this, ina
preclinical study, Medeiros and col. [214] reported that aspirin, the most commonly used
NSAID, decreased activation of NF-xB and generation of pro-inflammatory molecules in
Tg2576 mice. These anti-inflammatory effects caused the activation of phagocy tic microglia,
resulting in AP clearance and improvement of memory. However, these compounds, con-
sidered classic anti-inflammatory molecules, have not convincingly shown any beneficial
effects during clinical trials in AD patients [215]. In fact, the actions of NSAIDs in dementia
depend on the stage of disease progression. Lichtenstein and col. [216] affirmed that the
motto for NSAID therapeutics in AD should be “the earlier, the better”.

Other studies have examined different anti-inflammatory drugs, e.g., glucocorticoids.
Minocycline, for instance, reduces inflammatory parameters in the brain and serum and
reverses memory impairment in a mouse model of AD [73]. Specifically, minocycline
administration reduces the production of IL-18, TNF-x, I1-4, and IL-10 induced by AB42
oligomer inoculation in the hippocampus and cortex of mice, which was associated with an
improvement in spatial memory. Moreover, the anti-inflammatory effects of minocycline
exposure involve TLR2 receptors and NLRP3 [75].

Natural products (e.g., nicotine, vitamin D, vitamin E, melatonin, and resveratrol)
also present promising effects in AD [217,218]. Experimental evidence demonstrates anti-
inflammatory effects and decreased A levels induced by natural compounds [219-223].
For instance, high vitamin D3 diet caused a decrease in amyloid plaques in the brain of
APP transgenic mice. The effect of the vitamin D3 supplementation was correlated with
diminished levels of TNF-a in the brains of the AD transgenic mouse model [220]. Zhao and
col. [221] showed that resveratrol administration in an experimental model of AD (female
rats ovariectomized treated with galactose) decreased the NF-xBp65 and RAGE expression
and increased the expression of claudin-5 in the hippocampus. The control induced by
resveratrol exposure on neuroinflammation, and BBB permeability reduced the content of
insoluble AP1-42 in the hippocampus of the rats. Omega-3 fatty acids (e.g., a-linolenic
acid) can regulate the microglial activation and control brain inflammation, which seems
to prevent AD [177,224,225]. Supplementation with oil fish, containing eicosapentaenoic
acid and docosahexaenoic acid, decreased neuroinflammation and improved cognitive
impairment in septic aged rats [226]

However, when some anti-inflammatory agents are tested in AD patients, the results
are not satisfactory. For instance, Nivaldipine that showed potential anti-inflammatory
effects in animals, was not beneficial in treating mild to moderate AD [227]. For cognitively
intact individuals, low-dose naproxen does not significantly reduce the progression of
presymptomatic AD [228]. A clinical trial showed that minocycline did not delay cognitive
or functional impairment progress in patients with mild AD over 2 years [229]. Other
clinical trials performed with aspirin showed no evidence of reducing the risk of dementia,
MC, or cognitive decline [230].

Nanotechnology has also been tested as an anti-inflammatory strategy to treat neu-
ropathologies, particularly in AD [231,232]. Gold nanoparticles treatment prevented neu-
roinflammation and cognitive impairment in a rat model of sporadic dementia [231].
Rats exposed to streptozotocin, a sporadic AD model, that present memory impairment,
increased levels of IL-1f and NF-kB, and showed to improve after gold nanoparticle treat-
ment. Additionally, gold nanoparticle administration ameliorated BBB disruption and brain
dysfunction in hypercholesterolemic mice by improving peripheral inflammation [233].
However, more studies are needed, especially to better establish the safety of gold nanopar-
ticle administration. Figure 3 summarizes the main mechanisms of anti-inflammatory
drugs and compounds that display anti-inflammatory effects in AD brains.
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Figure 3. Anti-inflammatory approaches, such as drugs and natural compounds, in Azheimer’s disease. Anti-inflammatory

therapeulic strategies improve the blood-brain barsier and neuroinflammation, decreasing activation of astrocytes and
microglia as well as generation of pro-inflammatory molecules.

8. Conclusions

AD is a complex, multifactorial, heterogeneous, and severe neurodegenerative disease.
It initiates many years before symptoms, as illustrated in Figure 4. Many risk factors are
responsible for the development of AD, including genetics, aging, bacteria, diabetes, gut
dysbiosis, hypercholesterolemia, obesity, and virus. These risk factors induced systemic
inflammation (1) and BBB disruption (2). Thus, AP aggregation, tau hyperphosphorylation
and, neuroinflammation occur as a possible consequence (3). The neuroinflammation
involves the glial activation and release of inflammatory mediators such as NO, IL1- 8, 1I-18,
TNF-«, prostaglandins, and chemokines such as fractalkine (CX3CL1), MIP-1a (CCI3), IP10
(CXCL10) and, MCP-1 (CCL2). These events lead to neuronal death (4) that culminates
in memory loss and changes in mood or personality, featuring dementia-like DA (5).
Therefore, anti-inflammatory drugs and compounds that display anti-inflammatory effects
in AD brains can be an interesting strategy for AD. Finally, it is essential to mention that
due to the existence of many failed pathways involved with AD pathogenesis, the success
of anti-inflammatory therapy to treat or prevent AD is still impaired. This phenomenon
is exemplified in clinical trials with anti-inflammatory molecules. Therefore, just one
anti-inflammatory agent does not have benefit enough in the disease. A combination of
therapeutic agents may be needed to have the most significant potential to prevent or treat
AD development and/or progression.
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Figure 4 Schematic mtegrated view of mechanisms involved in devel t and progression of AD.
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