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O comportamento doentio ja foi bem descrito experimentalmente e
observacionalmente em diversas espécies animais. Nesse contexto, o0
lipopolissacarideo (LPS) € uma endotoxina oriunda de bactérias gram-negativas, o
qual é utilizado como modelo preditivo para indu¢do do comportamento doentio em
roedores. Assim, este estudo teve por objetivo investigar o efeito da suplementacéo
cronica com &cido graxo poliinsaturado émega-3 (AGPI n-3) e gordura vegetal
hidrogenada (GVH) no modelo de comportamento doentio induzido pelo LPS em
camundongos idosos. Os animais idosos receberam a suplementacdo com AGPI n-3
e GVH por seis meses, ap0s foi feita a administracdo do LPS para inducdo do
comportamento doentio. Vinte e quatro horas apds, foram realizados os testes
comportamentais e posteriormente as determinac¢des bioquimicas. De maneira geral,
o LPS causou uma grande perda de peso corporal e graves alteracdes nos testes
comportamentais. A suplementagcédo crénica com AGPI n-3 foi capaz de impedir
essas alteracfes geradas pelo LPS nos testes comportamentais em camundongos
idosos e a suplementagcdo com GVH ndao modulou essas alteracdes. Investigando o
envolvimento do sistema serotoninérgico, encontramos que o LPS gerou um
aumento nos niveis de serotonina (5-HT) e seu metabdlito acido 5-hidroxi-
indolacético (5-HIAA) no hipocampo, estriado e cortex pré-frontal dos animais. A
suplementacdo com AGPI n-3 protegeu contra o aumento nos niveis de 5-HT e 5-
HIAA gerados pelo LPS, ja a suplementacdo com GVH ndo modulou essas
alteracdes e ainda potencializou o aumento nos niveis de 5-HT no hipocampo. A
administracdo de LPS gerou um drastico aumento nos niveis das citocinas pro-
inflamatorias (IL-1B, IL-6, TNF-a e IFN-y), nas trés estruturas cerebrais estudadas.
Diante da suplementagcdo com AGPI n-3 houve uma atenuagdo no aumento dos
niveis das citocinas pro-inflamatérias. A suplementacdo com GVH nao alterou o
aumento nos niveis das citocinas causado pelo LPS e ainda potencializou o
aumento nos niveis de TNF-a nas estruturas cerebrais estudas. Esse aumento nos
niveis das citocinas pré-inflamatérias causado pelo LPS, acabou por ativar a via da
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quinurenina pela acdo da enzima indoleamina-2,3-dioxigenase (IDO). A
suplementacdo com AGPI n-3 modulou a atividade da enzima IDO impedindo a
alteracdo na atividade enzimatica causada pelo LPS, ja a suplementacdo com GVH
nao modulou a atividade da enzima nas trés estruturas cerebrais. Diante da ativagao
exacerbada na via da quinurenina causada pelo LPS, investigamos 0s ramos
neurotoxicos e neuroprotetores da via. Neste contexto, o LPS causou uma
diminuicdo nos niveis de acido quinurénico, o qual tem propriedade neuroprotetora.
A suplementacdo com AGPI n-3 foi capaz de impedir a diminuicdo nos niveis de
acido quinurénico causada pela administracdo de LPS no hipocampo, estriado e
cortex pré-frontal. Ja a suplementagdo com GVH nao influenciou nas alteracdes nos
niveis de acido quinurénico causadas pelo LPS e ainda contribuiu para a diminuicéao
na razao 4&cido quinurénico/quinurenina nas estruturas cerebrais estudadas.
Investigando o ramo neurotdxico da via, o LPS gerou um aumento nos niveis de 3-
hidroxiquinurenina (3-HQ) e &cido quinolinico (AQ) no hipocampo, estriado e cértex
pré-frontal dos animais idosos. A suplementacdo com AGPI n-3 foi capaz de impedir
0 aumento nos niveis de 3-HQ e AQ em todas as estruturas cerebrais. Ja a
suplementacdo com GVH agravou o aumento nos niveis de 3-HQ e AQ exacerbados
pelo LPS, aumentando a neurotoxicidade causada pelo comportamento doentio.
Assim, os dados do presente trabalho mostraram que a suplementacdo com AGPI n-
3 foi capaz de proteger contra as alteracdbes neurocomportamentais e
neurometabolicas causadas pelo comportamento doentio. Também demonstramos
que a suplementagdo com GVH agravou as alteragbes causadas pelo
comportamento doentio. (1)A suplementacdo com GVH, aumentou a
neuroinflamacéo via TNF-a que, por sua vez ativou ainda mais a via da quinurenina
e ainda deslocou o equilibrio da via em direcdo ao ramo neurotdxico. Finalmente,
contribuimos para elucidacdo dos efeitos farmacolégicos do AGPI n-3 e também
demonstramos os efeitos deletérios da GVH no modelo de comportamento doentio.
Esperamos, que os resultados do presente estudo possam servir de embasamento
para estudos epidemiolégicos e de saude publica na populacdo idosa que é
gravemente acometida por doencas neurolégicas.

Palavras-chave: Comportamento  doentio, quinurenina, neuroinflamacéo,
nutracéutico
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The sickness behavior has been well described experimentally and observationally in
several animal species. In this context, lipopolysaccharide (LPS) is an endotoxin
derived from gram-negative bacteria, which is used as a predictive model for the
induction of sickness behavior in rodents. Thus, this study aimed to investigate the
effect of chronic supplementation with omega-3 polyunsaturated fatty acid (n-3
PUFA) and hydrogenated vegetable fat (HVF) on the model of sickness behavior
LPS-induced in aged mice. Aged animals received supplementation with n-3 PUFA
and HVF for six months after administration of LPS for induction of sickness
behavior. Twenty-four hours later, behavioral tests and biochemical determinations
were performed. In general, LPS caused a severe body weight loss and alterations in
behavioral tests. Chronic n-3 PUFA supplementation was able to prevent these LPS-
generated alterations in behavioral tests in aged mice and HVF supplementation did
not modulate these alterations. We investigated the involvement of the serotonergic
system, LPS generated an increase in the levels of serotonin (5-HT) and its
metabolite 5-hydroxyindolacetic acid (5-HIAA) in the hippocampus, striatum and
prefrontal cortex of the animals. Supplementation with n-3 PUFA protected against
the increase in 5-HT and 5-HIAA levels generated by LPS, already HVF
supplementation did not modulate these alterations and even potentiated the
increase in 5-HT levels in the hippocampus. The administration of LPS generated a
drastic increase in the levels of proinflammatory cytokines (IL-18, IL-6, TNF-a and
IFN-y) in the three brain structures studied. In the presence of n-3 PUFA
supplementation there was an attenuation in the increase of the levels of
proinflammatory cytokines. HVF supplementation did not alter the increase in
cytokine levels caused by LPS and also potentiated the increase of TNF-a levels in
the brain structures studied. This increase in proinflammatory cytokines levels
caused by LPS eventually activated the kynurenine pathway by the action of the
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indoleamine-2,3-dioxygenase (IDO) enzyme. Supplementation with n-3 PUFA
modulated the activity of enzyme IDO, preventing the alteration in the enzymatic
activity caused by LPS, already HVF supplementation did not modulate enzyme
activity in the three brain structures. In view of the exacerbated activation in the
kynurenine pathway caused by LPS, we investigated the branches neurotoxic and
neuroprotective. In this context, LPS caused a decrease in the levels of kynurenic
acid, which has neuroprotective properties. Supplementation with n-3 PUFA was able
to prevent the decrease in levels of kynurenic acid caused by administration of LPS
in hippocampus, striatum and prefrontal cortex. However, HVF supplementation did
not influence alterations in levels of kynurenic acid caused by LPS and also
contributed to the decrease in kynurenic acid/kynurenine ratio in brain structures
studied. Investigating the pathway's neurotoxic branch, LPS generated an increase in
levels of 3-hydroxykynurenine (3-HQ) and quinolinic acid (AQ) in hippocampus,
striatum and prefrontal cortex of the aged animals. Supplementation with n-3 PUFA
was able to prevent the increase in 3-HQ and AQ levels in all brain structures. On the
other hand, supplementation with HVF aggravated the increase in 3-HQ and AQ
levels exacerbated by LPS, increasing the neurotoxicity caused by sickness
behavior. Thus, data from the present study showed that n-3 PUFA supplementation
was able to protect against neurobehavioral and neurometabolic alterations caused
by sickness behavior. We have also shown that HVF supplementation aggravated
the alterations caused by sickness behavior. HVF supplementation, increased
neuroinflammation via TNF-a which activated kynurenine pathway and further shifted
the pathway balance towards the neurotoxic branch. Finally, we contributed to
elucidate the pharmacological effects of n-3 PUFA and also demonstrated the
deleterious effects of HVF in sickness behavior model. We hope that results of the
present study may serve as a basis for epidemiological and public health studies in
aged population that is severely affected by neurological diseases.

Keywords: Sickness behavior, kynurenine, neuroinflammation, nutraceutical



LISTA DE FIGURAS

INTRODUGAO ...ttt e, 1
Figura 1: Estrutura quimica de um acido graxo saturado ..............ccccceevveevnnennne 1
Figura 2: Estrutura quimica de um &cido graxo insaturado.............cc.cccceverueenne. 2

Figura 3 (A, B, C): Estrutura quimica do acido a-linolénico (ALA). Estrutura
guimica do acido docosahexaendico (DHA). Estrutura quimica do acido
eicosapentaeniiCo (EPA) ... 3
Figura 4: Estrutura quimica do &cido elaidiCo ...........ccccceeviiiiieiiiiiiee 4
Figura 5: Ativacao da enzima IDO pelo LPS, IL-1B, TNF-a e doencgas cronicas
inflamatorias. Com a ativacao da IDO, se tem uma diminuicdo dos niveis de
triptofano e aumento no seu metabdlito a quinurenina, estando diretamente
relacionada com o comportamento tipo depressivo no modelo de comportamento
(0 [oT=7 o1 [0 LTRSS 9

Figura 6: Esquematizacdo dos metabdlitos neuroativos da via da quinurenina.

Figura 7: Processo fisiologico de envelhecimento e o aumento na ativacao da

micréglia, causando uma resposta inflamatéria exacerbada...............ccc.co...... 13

DS U S S A0 ettt e e 40

Figura 8: Principais efeitos das suplementa¢des com AGPI n-3 e GVH no modelo

de comportamento doentio induzido por LPS em camundongos idosos........ 49

N 1 Lo I PP 16

Figure 1: Overview of the study design demonstrating the experimental
procedures. The animals were supplemented with FO for 6 months. The sickness
behavior was induced by intraperitoneal injection of LPS. After 24 hours, the
behavioral and neurochemical analyzes were performed............cccccoveiieenne. 19
Figure 2: Effect of FO administration in the SPT, OFT and body weight in mice.

Data are expressed as means + S.E.M of 6 animals per group (Two-way



ANOVA/"Bonferroni Multiple Comparison Test"). a p<0.05 when compared to the
control group (CG). b p<0.05 when compared the (FO/LPS) with the (LPS). ¢
p<0.05 when compared the (FO) and (FO/LPS) .......ccccovvveiiiiiiie e 20
Figure 3: The effect of FO administration in the serotonergic 5-HT levels and 5-
HIAA metabolite in brain areas of mice. Data are expressed as means = S.E.M of 6
animals per group (Two-way ANOVA/"Bonferroni Multiple Comparison Test"). a
p<0.05 when compared to the control group (CG). b p<0.05 when compared the
(FO/LPS) with the (LPS). ¢ p<0.05 when compared the (FO) and (FO/LPS).22
Figure 4. Effect of FO administration in the TRP and KYN levels in brain areas of
mice. Data are expressed as means = S.E.M of 6 animals per group (Two-way
ANOVA/"Bonferroni Multiple Comparison Test"). a p<0.05 when compared to the
control group (CG). b p<0.05 when compared the (FO/LPS) with the (LPS). c
p<0.05 when compared the (FO) and (FO/LPS) .......cccccoovveiiiciiee e, 23
Figure 5: The effect of FO administration in the KYNA and KYNA/KYN ratio in
brain areas of mice. Data are expressed as means = S.E.M of 6 animals per group
(Two-way ANOVA/"Bonferroni Multiple Comparison Test"). a p<0.05 when
compared to the control group (CG). b p<0.05 when compared the (FO/LPS) with
the (LPS). ¢ p<0.05 when compared the (FO) and (FO/LPS).........c...ccoeen... 24
Figure 6: Effect of FO administration in the 3-HK and QA levels in brain area of
mice. Data are expressed as means = S.E.M of 6 animals per group (Two-way
ANOVA/"Bonferroni Multiple Comparison Test"). a p<0.05 when compared to the
control group (CG). b p<0.05 when compared the (FO/LPS) with the (LPS). ¢
p<0.05 when compared the (FO) and (FO/LPS) .......c.cccoovveiiiiiceeeceeec e, 24
Figure 7: The effect of FO administration in the IDO, KMO and KAT activities in
brain areas of mice. Data are expressed as means = S.E.M of 6 animals per group
(Two-way ANOVA/"Bonferroni Multiple Comparison Test"). a p<0.05 when
compared to the control group (CG). b p<0.05 when compared the (FO/LPS) with
the (LPS). c p<0.05 when compared the (FO) and (FO/LPS)..........cccoeovveneen. 25
Figure 8: Diagram showing the mechanistic links between neuroinflammation and
neurobehavioral alterations induced by LPS injection and the neuroprotective effect
of FO. On the one hand, the neuroinflammation response (IL-1p3, IL-6, TNF-a and
IFN-y) following a LPS injection caused KP activation and subsequent increase of
neurotoxic branch (3-HK and QA levels and KMO activity) and decrease of

neuroprotective branch (KYNA levels and KAT activity). The levels of 5-HT and 5-



Xi

HIAA were also altered in this model of sickness. Hence, KP activation within the

brain may activate neuroinflammation pathways that provoke sickness symptoms.
On the other hand, the FO administration prevented the behavioral and sickness

disturbances induced by LPS due the modulation effect in pro-inflammatory

cytokines and KP in hippocampus, striatum and prefrontal cortex of mice ....25

Y X o IR PP PP PP 29

Figure 1. Effect of HVF supplementation and LPS administration in the SPT, OFT,
TST, body weight and corticosterone serum levels in aged mice. Data are
expressed as means + S.E.M of 6 animals per group (Two-way
ANOVA/"Bonferroni Multiple Comparison Test"). a p<0.05 when compared to the
control group (CG). b p<0.05 when compared the (HVF/LPS) with the (LPS). c
p<0.05 when compared the (HVF) and (HVF/LPS).........cccccoooveiiie i, 34
Figure 2: Effect of HVF supplementation in KYNA and KYNA/KYN ratio levels in
the brain structures of aged mice. Data are expressed as means + S.E.M of 6
animals per group (Two-way ANOVA/"Bonferroni Multiple Comparison Test"). a
p<0.05 when compared to the control group (CG). b p<0.05 when compared the
(HVF/LPS) with the (LPS). ¢ p<0.05 when compared the (HVF) and (HVF/LPS)

Figure 3: Effect of HVF supplementation in 3-HK, 3-HK/KYN ratio and QUIN levels
in the brain structures of aged mice. Data are expressed as means + S.E.M of 6
animals per group (Two-way ANOVA/"Bonferroni Multiple Comparison Test"). a
p<0.05 when compared to the control group (CG). b p<0.05 when compared the
(HVF/LPS) with the (LPS). ¢ p<0.05 when compared the (HVF) and (HVF/LPS)



Xii

LISTA DE TABELAS

INTRODUGAO ..ottt a . 1

N 1 o o T P 16

Table 1: Effect of administration of FO on interleukins levels in brain structures of

mice in a sickness behavior MOAEL...... ..o 21

Table 2: Effect of administration of FO on interleukins levels in brain structures of

mice in a sickness behavior MOodel..............ccoiiiiiiiiiiiii e 21
Table 3. The fatty acid compositions of brain areas of mice............cccc.uuueen.. 25
N g o o TSP 29

Table 1: Effect of supplementation with HVF on IL-18 and IL-6 levels in brain

structures of mice in a sickness behavior model ...........ccovoiiiiiiiiciiien. 35

Table 2: Effect of supplementation with HVF on TNF-a and IFN-y levels in brain
structures of mice in a sickness behavior model............cccccoceiiiiiiiiiiiinnnn. 35

Table 3: Effect of supplementation with HVF on 5-HT and 5-HIAA metabolite levels

in brain structures of mice in a sickness behavior model ............cccvvvviiiiinl. 35

Table 4: Effect of supplementation with HVF on tryptophan and kynurenine levels

in brain structures of mice in a sickness behavior model ............cccooiiiiiiil. 36

Table 5: Effect of supplementation with HVF on IDO, KMO and KAT activities in

brain structures of mice in a sickness behavior model............ccceeein.. 38



LISTA DE ABREVIATURAS

3-HQ, 3-Hidroxiquinurenina;

5-HIAA, 5-hidroxi-indolacético;

5-HT, Serotonina;

AGPI n-3, Acido graxo poliinsaturado 6mega-3;
AGT, Acidos graxos trans;

ALA, Acido a-linolénico;

AQ, Acido quinolinico;

BCG, bacilo Calmette-Guérin;

CHM, Complexo de histocompatibilidade de membrana;
DHA, Acido docosahexaenoico;

EPA, Acido eicosapentaendico;
EROS, Espécies reativas de oxigénio;
GVH, Gordura vegetal hidrogenada;
HPA, Hipotalamo-hipéfise-adrenal;
IDO, Indoleamina-2,3-dioxigenase,;
IFN-y, Interferon gama;

IL-18, Interleucina 1-beta;

IL-6, Interleucina 6;

LPS, Lipopolisscarideo;

NMDA, N-metil-D-aspartato;

Poly I:C, Acido policitidilico;

QAT, Quinurenina aminotransferase;
QMO, Quinurenina 3-monooxigenase;
RTT, Receptores do tipo Toll;

SNC, Sistema nervoso central,

TDO, Triptofano 2,3-dioxigenase;
TNF-a, Fator de necrose tumoral alfa;
TRP, Triptofano;

a7nACh, Acetilcolina-7-nicotinica.

Xiii



SUMARIO
AGRADECIMENTOS ... e e eaa s iii
EPIGRAFE ...ttt ettt iv
1 11V P v
F N = S Y I 2 ¥ G L PP vii
LISTA DE FIGURAS ... et e e e e e e ea e e e eees IX
IS N B T A = N S Xii
LISTA DE ABREVIATURAS . ... Xiii
APRESENTAGAOD ...ttt ettt XVi
1. INTRODUGAO ...ttt 1
1.1, ACIAOS GIAXO0S ...ocvveieieieeeeeeeeeeeeeee ettt enen s, 1
1.1.1. Acido Graxo Poliinsaturado Omega-3 (AGPIN-3)......c.ccccovveuerererennne. 2
1.1.2. ACIAOS Grax0S TTANS ...cccvovevveececeeeeeeeeeeeees s en s nennes 4
1.2. Acidos Graxos e Sistema Nervoso Central ...........c.cocooveveveveeeseeenennnn. 4
1.3. Contextualizagdo do comportamento doentio..........cccoceeviieiiiineenncene 5
1.4. Mecanismo de indugcao do comportamento doentio pelo LPS............ 6
1.5. Mecanismo de agédo das citocinas na transmissao neural................... 7
1.6. Ativacao da via da quinurenina mediada pela enzima IDO .................. 8
1.7. Metabdlitos neuroativos da via da quinUrenina ..........ccceeeveveeeieeneeene. 9
1.8. Viada quinurening € dePreSSE0 ....ccceiuieieeeriee e siee e 11

1.9. Envolvimento do processo fisiolégico de envelhecimento e

NEUIOINTIAMAGED .....ooiiiiiiie e e 12

P2 O 1N 1 I LY 1 R 14
2.1, ODJELIVO GEIAl ... 14

Xiv



2.2. Objetivos ESPECITICOS ..oooiuiiiiiiice et 14

2.2.1. Objetivos especificos para suplementacédo crénica com AGPI n-3.14

2.2.2. Objetivos especificos para suplementacao crénica com GVH......14

3. ARTIGO CIENTIFICOS ..ottt 15
3.1. Artigo 1: O dOleo de peixe melhora comportamento doentio induzido por
lipopolissacarideo em camundongos idosos através da modulacéo da via da

(o (U110 10T ¢=1 ][ T USSP SO PP SPPPRSORRRRPRRN 16

XV

3.2. Artigo 2: A gordura vegetal hidrogenada dietética exacerba a ativacdo da via

da quinurenina causada pelo desafio imune periférico ao lipopolissacarideo em

CAMUNAONGOS IHOSOS ..ottt ettt ettt beeaneas 29
4. DISCUSSAOD ...ttt ettt ne st ananes 40
5. CONCLUSOES ..ottt 50
B. PERSPECTIVAS. .....ootieeeieteeceeeeteteeee et sttt es et en et neneaesnneans 51
7. REFERENCIAS BIBLIOGRAFICAS ......ooiieeeeeeeeeeeeeeeeeeee e, 52



XVi

APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
artigos publicados, os quais encontram-se no item ARTIGOS CIENTIFICOS. As
secdes Introducdo, Materiais e Métodos, Discussdo, Conclusdo e Referéncias
Bibliogréaficas encontram-se nos ARTIGOS CIENTIFICOS e representam a integra
deste estudo. Os itens DISCUSSAO E CONCLUSOES, encontram-se no final desta
tese e apresentam interpretacfes e comentarios gerais sobre os artigos cientificos
neste trabalho. As REFERENCIAS BIBLIOGRAFICAS referem-se somente as
citacBes que aparecem itens INTRODUGCAO e DISCUSSAO desta tese.



1. INTRODUCAO

1.1. Acidos Graxos

Os &cidos graxos sdo compostos com a caracteristica quimica de serem
insollveis em agua e soluveis em solventes organicos, pertencentes ao abrangente
grupo dos lipideos. Sendo, substancias encontradas em uma ampla variedade de
alimentos e possuem fungbes estruturais, protetoras e de fornecimento e
armazenamento de energia (COSTA E SILVA, 2002). Sua constituicdo quimica,
consiste de uma cadeia hidrocarbonada, contendo um grupo carboxila em um
extremo da cadeia carbonada e um grupo metil na extremidade oposta (GOGUS E
SMITH, 2010). Em relacdo a nomenclatura de acidos graxos, sdo classificados de
acordo com o numero de carbonos, quantidade e posicdo das duplas ligacdes em
relacdo ao grupamento metil. Em se tratando do tamanho de cadeia carbonada, os
acidos graxos podem variar de 4 a 30 carbonos (LEHNINGER, NELSON e COX,
2002). Para extensdo da cadeia, os acidos graxos classificam-se em: Acidos graxos
de cadeia curta (menos de 6 carbonos), de cadeia média (6 a 12 carbonos); de
cadeia longa (mais de 12 carbonos) e de cadeia muito longa (mais de 22 carbonos).
Séo classificados também de acordo com o nimero de insaturacdes presentes em
sua cadeia carbonada (LEHNINGER, NELSON e COX, 2002). Assim, os acidos
graxos saturados (Fig. 1), sdo aqueles que nao possuem duplas ligacbes e os
insaturados (Fig. 2) sdo os que contém em sua cadeia uma ou mais duplas ligacdes.
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Figura 1. Estrutura quimica de um acido graxo saturado (Elaborada pelo autor).
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Figura 2. Estrutura quimica de um acido graxo insaturado (Elaborada pelo autor).

1.1.1. Acido Graxo Poliinsaturado Omega-3 (AGPI n-3)

Os mamiferos em geral, ndo sdo capazes de sintetizar os acidos graxos
poliinsaturados (AGPI), assim esses acidos graxos sdo considerados essenciais,
pois 0s mesmos tém que ser oriundos de uma fonte dietética. Assim, as células
animais ndo possuem as enzimas dessaturases capazes de especificamente colocar
as duplas ligagcbes nas posi¢cOes n-3 e n-6, de forma que seu suprimento depende
unicamente da dieta alimentar (OKEN e BELFORT, 2010).

O acido a-linolénico (C18:3, ALA) (Fig. 3A), principal representante da série n-
3, € encontrado em peixes marinhos de aguas geladas e profundas (sardinha,
salmdo, cavala, truta, arenque), 6leos e produtos derivados de pescados, nozes e
Oleos vegetais (chia, canola e linhaca) (LARSSON et al., 2004). Quando o ALA é
consumido e posteriormente metabolizado, ele pode sofrer a acdo de enzimas
conhecidas como elongases, as quais desdobram o ALA dando a origem a outros
dois AGPI n-3, o acido eicosapentaendico (C20:5, EPA) e o acido docosahexaendico
(C22:6, DHA).

O DHA (Fig. 3B) é abundantemente presente no cérebro de mamiferos,
compreendendo 40% dos &cidos graxos cerebrais totais, em contraste o EPA (Fig.
3C) representa apenas menos de 1% da quantidade total de acidos graxos no
cérebro (MCNAMARA E CARLSON, 2006).

Sabe-se que os AGPI n-3 contribuem para a modulacédo, estrutura e fungdes

biolégicas das membranas celulares cerebrais, incluindo elasticidade, organizagéo



da membrana e permeabilidade aos ions (GORJAO et al., 2009). Podendo, portanto
facilitar a captacdo cerebral de glicose, neurotransmissdo e funcdo neuronal
(LUCHTMAN E SONG, 2013).

Nesse contexto, o EPA especificamente ja foi sugerido ter importantes
propriedades neuroprotetoras, atividade antioxidante e regulacdo de processos anti-
inflamatorios (CUNNANE et al.,, 2009;). O DHA é o principal componente dos
fosfolipidios das membranas neuronais, abrangendo cerca de 17% do total dos
acidos graxos nesse tecido (SALEM et al.,, 2001), sendo um dos principais
responsaveis por aumentar a fluidez da membrana e a plasticidade sinaptica,
contribuindo para as funcées cerebrais (MITCHELL et al., 2003).

A presencga do DHA nessas estruturas favorece a flexibilidade e a mobilidade
das proteinas na bicamada de fosfolipidios, caracteristicas essenciais para as
respectivas funcdes (INNIS, 2007). Diante do exposto, fica ressaltada a importancia
dos acidos graxos essenciais para que o sistema nervoso central (SNC), mantenha

suas funcgdes fisiol6gicas normais.
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Figura 3. (A) Estrutura quimica do acido a-linolénico (ALA). (B)Estrutura quimica do
acido docosahexaendico (DHA). (C) Estrutura quimica do acido eicosapentaendico
(EPA) (Elaborada pelo autor).

1.1.2. Acidos Graxos Trans
Os é&cidos graxos trans (AGT) sdo formados pela hidrogenacdo de oOleos

vegetais e encontrados principalmente em produtos industriais. Por definicdo, sao



um tipo de acidos graxos insaturados que contém pelo menos uma dupla ligacéao
nao conjugada na configuracdo molecular trans (TEEGALA et al., 2009). Os AGT
dietéticos basicamente séo provindos de duas fontes diferentes, natural e industrial.

Os AGT naturais sdo produzidos a partir da transformagéo microbiana de
acidos graxos insaturados em animais ruminantes e estao presentes principalmente
no leite, produtos lacteos e na propria carne dos animais ruminantes
(MOZAFFARIAN, 2010). Os AGT industriais sao formados pela hidrogenacgao parcial
de dleos vegetais que converte esses 0leos liquidos em gorduras semissolidas,
visando aumentar sua estabilidade e versatilidade (BHARDWAJ et al., 2011), sendo
0 acido elaidico (C18: 1 t9; Fig. 4) o principal isbmero trans formado na producéo de
AGT industriais.

Atualmente, vérios esforcos tém sido feitos para reduzir e ou eliminar os
acidos AGT dos alimentos em varios paises (MOZAFFARIAN, 2010; DOWNS et al.,
2013). Esses esforcos vém sendo feitos, devido a crescente evidéncia de que os
AGT afetam adversamente a saude cardiovascular (MOZAFFARIAN et al., 2009) e
aumentam os niveis séricos de colesterol (MENSINK e KATAN, 1990). Evidéncias
experimentais também demonstraram que ingestdées de AGT aumentam o risco de
inflamacdo (MOZAFFARIAN et al., 2009), disfuncdo cognitiva (KUHN et al., 2013;
PASE et al., 2017) e sintomas recorrentes de depressdao em mulheres (AKBARALY
et al., 2013). Além disso, os AGT podem ser facilmente incorporados nos
fosfolipidios da membrana neural, alterando a fluidez da membrana, propriedades

bioquimicas e assim afetando a funcéo celular (LARQUE et al., 2003).
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Figura 4. Estrutura quimica do &cido elaidico (Elaborada pelo autor).

1.2. Acidos Graxos e Sistema Nervoso Central

Desde a descoberta dos AGPI n-3 em 1929 por George Burr e Mildred Burr
(SPECTOR E KIM, 2015), vérios estudos foram realizados avaliando o papel dos
AGPI n-3 no risco cardiovascular, depressdo, ansiedade, declinio cognitivo e
doencas neurodegenerativas (BAZINET E LAYE, 2014; COULOMBE et al., 2017). A

relevancia dos lipideos na funcéo cerebral é comprovada, pelo fato de o SNC ter a



maior concentracdo de lipidios no organismo apos o tecido adiposo (50 a 60% do
peso seco do cérebro) (SASTRY, 1985). No cérebro humano, boa parte da
composicao lipidica é composta por AGPI. Assim, os AGPI séo indispensaveis para
o desenvolvimento normal e funcionamento do SNC (BAZINET E LAYE, 2014).

Uma hipétese que explica essa abundancia de AGPI no tecido cerebral € que
o Homo sapiens no periodo paleolitico, se estabeleceu em torno dos lagos e mares,
onde o acesso a alimentos ricos em AGPI n-3 era abundante (BRADBURY, 2011).
Nesse contexto, se considera que os seres humanos evoluiram com uma dieta com
proporcbes equivalentes de AGPI n-3 e n-6 (LARRIEU E LAYE, 2018). Porém,
durante a revolucdo industrial com as altas inovag¢des tecnoldgicas, a industria
alimenticia acabou por afetar a proporcdo dos AGPI dietéticos, acarretando na
diminuicdo na oferta do AGPI n-3 dietético.

Essa reducdo do suprimento dietético de AGPI n-3 para o cérebro esta
associada a muitas doencas cerebrais, incluindo depressdo e transtornos de
ansiedade (MULLER et al., 2015). O estudo epidemioldgico realizado por HIBBELN
(1998), associou a baixa ingesta de AGPI n-3, com a prevaléncia de depressao na
populacdo em geral. Estudos clinicos revelaram ainda que o0s pacientes
diagnosticados com depresséo ou ansiedade apresentam niveis baixos de AGPI n-3,
e uma alta proporcdo de AGPI n-6 para AGPI n-3, no sangue e no cérebro
respectivamente (MCNAMARA E LIU, 2011; PARLETTA et al., 2016). Apoiando
observacdes clinicas, estudos pré-clinicos realizados em roedores mostraram que 0
consumo deficiente de AGPI n-3 dietético induz sintomas tipo depressivos e de
ansiedade, bem como comportamento social anormal. (LAFOURCADE et al., 2011,
LARRIEU et al., 2012; BONDI et al., 2014).

Assim, é importante ressaltar que o uso de modelos animais envolvendo
alteracdes dietéticas é fundamental para estudar os mecanismos neurobiolégicos e

comportamentais os quais envolvem 4cidos graxos e func¢des cerebrais.

1.3. Contextualizagcdo do comportamento doentio

Quando ocorre a ativacdo do sistema imunolégico, independente da origem
da mesma, seja ocasional ou intencional acaba acarretando mudancas profundas no
comportamento. Por exemplo, a administracéo periférica de lipopolisscarideo (LPS),
o0 qual € um componente da parede celular de bactérias gram-negativas, diminui a

exploracdo social, atividade locomotora, ingestdo de alimentos, comportamento



motivado por alimentacdo e aumenta as horas de sono em roedores (DANTZER et
al., 1999; LARSON e DUNN, 2001). Quando se faz a administracdo periférica de
LPS o mesmo acaba por aumentar os niveis de citocinas pro-inflamatérias, as quais
geram uma cascata de sinalizacdo que desencadeia o comportamento doentio.
Como parte da via enddcrina, as citocinas pro-inflamatorias circulantes atingem o
cérebro, a nivel do plexo coroide e 6rgdos circunventriculares, assim induzem a
expressao de citocinas no interior do cérebro (DANTZER et al., 2000). A ativacéo do
sistema imune tantos a niveis centrais como periféricos ocorre basicamente por trés
vias.

Em primeiro lugar, a ativacdo imunologica acaba induzindo a
imunorreatividade do tipo C-FOS, um indicador de ativagdo neuronal dentro do
cérebro o qual pode fornecer percepcdes sobre as redes neurais subjacentes aos
sintomas da doenca (GAYKEMA e GOEHLER, 2011). Em segundo lugar, a ativacéo
imune leva a um aumento dos niveis circulantes de corticosterona indicando uma
estimulagdo do eixo hipotadlamo-hipofise-adrenal (HPA) (LENCZOWSKI et al., 1997).

Ainda ocorre uma terceira ativacdo, o catabolito do triptofano (TRP), a
quinurenina o qual é gerada pela indoleamina-2,3-dioxigenase (IDO) apos ativacao
pelas citocinas, tem emergido como principal mediador na inducdo de

comportamento tipo aneddnico e de ansiedade (HAROON et al, 2012).

1.4. Mecanismo de indugcdo do comportamento doentio pelo LPS

A administracao periférica de um indutor de citocinas como o LPS, ou de
citocinas recombinantes como por exemplo a interleucina 1-beta (IL-1B) ou fator de
necrose tumoral alfa (TNF-a), acabam mimetizando todos o0s sintomas nao
especificos de doenca, incluindo febre, ativagdo do eixo HPA, reducdo do consumo
de alimentos e outras atividades comportamentais e a reducéo das condicdes fisicas
e sociais do meio (DANTZER et al., 2008).

Basicamente o LPS tem seu mecanismo de acdo mediado por citocinas pro-
inflamatorias, quando usado um antagonista dessas citocinas o LPS tem seu efeito
nulo, entdo acredita-se que as citocinas sdo mediadoras fundamentais na resposta
clinica na instalagio da patologia. Consequentemente, as alteracdes
neurocomportamentais sao todas mediadas via SNC. As alteracOes fisiologicas e
comportamentais caracteristicas da doenca sdo mediadas no SNC. A febre, por

exemplo, representa um aumento regulado da temperatura corporal resultante da



producdo de calor (termogénese) e diminuicdo da perda térmica (termdlise) em
resposta a um ponto de ajuste elevado para a regulacdo da temperatura corporal
(DANTZER et al., 2008).

Chega um ponto que temperatura corporal € controlada por neurdnios
sensiveis no hipotalamo, citocinas pirogénicas, tais como IL-1f e interleucina 6 (IL-
6), atuam no SNC para induzir a febre (ROMANOVSKY et al, 2005). Da mesma
forma, a IL-1 B atua no nucleo paraventricular do hipotalamo onde estéo localizados
0S neurbnios que contém hormonio liberador de corticotropina (ERICSSON et
al.,1994). Assim, ocorre a liberacdo de corticotropina pela pituitaria, 0 que por sua
vez aumenta a liberacdo e secrecdo de glicocorticoides pelo coértex adrenal
(DANTZER et al., 2008). Os mecanismos pelo qual essa citocinas agem no SNC nao
estdo bem elucidados, acredita-se que o sistema imune tenha uma ligagdo com SNC
através de receptores saturaveis especificos ou ainda através da acdo de

prostaglandinas.

1.5. Mecanismo de agéo das citocinas natransmissao neural

Seguindo a hipotese que as citocinas atuam diretamente no SNC, a mesma
se sustenta porque elas causam um processo inflamatorio. Assim, requer um
processamento sensorial, ou seja, vai ocorrer a liberagcdo de uma sinalizacao a qual
atinge o SNC. Quando se administra o LPS ou citocinas na cavidade abdominal,
elas induzem inflamagé&o do peritonio (DANTZER, 2008). Uma das principais vias de
comunicacao visceral com o SNC é nos ramos aferentes do nervo vago (DANTZER,
2008). Estes ramos contém, na sua bainha perineural macréfagos e células
dendriticas que expressam receptores do tipo Toll (RTT) de membrana e produzem
IL-18 em resposta a uma injec¢ao intraperitoneal de LPS (GOEHLER et al., 1999). Os
neurbnios sensoriais do nervo vago expressam receptores de IL-1, e a IL-1B
circulante estimula a atividade sensorial vagal (EK et al., 1998).

A importancia da via neural na transmissdo da mensagem imunoldgica
periférica, ao cérebro ndo é a mesma para todos o0s componentes do
comportamento doentio (DANTZER, 2008). Por exemplo, ratos vagotomizados néo
desenvolveram alteracbes comportamentais, caracteristicas da doenca, mas eles
ainda séo capazes de ter os sintomas de uma febre (KONSMAN et al., 2000). Assim,
se demonstra que as aferéncias vagais sdo menos importantes para a febre induzida

por citocinas, do que a ativacdo do eixo HPA também induzido por citocinas para



gue o ocorra o comportamento doentio (DANTZER, 2008). Assim a hipétese mais
aceita atualmente € de que outras vias de comunicacdo funcionam em paralelo com

a via neural.

1.6. Ativacao da via da quinurenina mediada pela enzima IDO

O TRP é um aminoacido o qual € usado na sintese da serotonina (5-HT),
além de ser metabolizado e degradado pela enzima IDO, em condigbes normais o
seu produto é a quinurenina. A deplecdo aguda de TRP, junto com quantidades em
excesso de grandes aminoacidos neutros, provindos de uma alimentacao
inadequada, os quais competem com o TRP para a entrada no SNC, resulta no
desenvolvimento de humor deprimido em individuos com risco de depressao
(DANTZER, 2008).

A principal responsavel por esta diminuicdo do TRP plasmatico em humanos
com risco de depressdo, é a enzima IDO, que degrada o TRP em quinurenina e
acido quinolinico (AQ) (Fig. 5). A IDO est4 presente em macrofagos, mondcitos,
células endoteliais e células gliais cerebrais em seres humanos e animais. E
potencialmente ativada por citocinas pro-inflamatérias, como TNF-a e interferon
gama (IFN-y), tanto perifericamente quanto no SNC (LESTAGE et al., 2002). Sua
ativacao resulta em uma diminui¢do na biodisponibilidade do TRP para a sintese de
5-HT e na formacdo de compostos neuroativos, como a quinurenina, que atua como
um antagonista dos receptores do glutamato, e o AQ, que atua como um agonista
dos receptores do glutamato (MOREAU et al., 2008).

Experimentos realizados em camundongos submetidos a inflamacao aguda
em resposta ao LPS, ou a inflamacao crénica com bacilo Calmette-Guérin, uma
forma atenuada de Mycobacterium bovis, revelam o aparecimento gradual de
comportamento tipo depressivo apds o declinio da resposta a doenca (FRENOIS et
al.,, 2007). O surgimento de comportamento tipo depressivo esta diretamente
associado com a ativacédo de IDO (ANDRE et al., 2008). A interferéncia das citocinas
pro-inflamatérias na neurotransmissao serotoninérgica ndo € considerada anedonia,
fadiga ou atraso da psicomotricidade (CAPURON et al., 2004). Esses sintomas
refletem uma diminuicdo da neurotransmissdo dopaminérgica. Esta hipotese, é
suportada por estudos de neuroimagem o0s quais demonstram alteracdes na
atividade dos géanglios basais (JUENGLING et al., 2000).
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Figura 5. Ativacdo da enzima IDO pelo LPS, IL-18, TNF-a e doengas cronicas
inflamatorias. Com a ativacdo da IDO, se tem uma diminuicdo dos niveis de
triptofano e aumento no seu metabdlito a quinurenina, estando diretamente
relacionada com o comportamento tipo depressivo no modelo de comportamento
doentio (Adaptado de DANTZER, 2008).

1.7. Metabdlitos neuroativos da via da quinurenina

Basicamente, os metabdlitos da via da quinurenina apresentam propriedades
neuroativas, que causam efeitos contrastantes nos neurdnios, por iSSO Sao
conhecidos como “bragos” da via da quinurenina. Um dos bragos da via da
quinurenina, vém da metabolizagcdo da quinurenina quando catalisada pela enzima
quinurenina 3-monooxigenase (QMO), produz os metabdlitos 3-Hidroxiquinurenina
(3-HQ) e 0 AQ, ambos neurotéxicos (MADDISON E GIORGINI, 2015; Fig. 6). J& foi
exposto, que o AQ ativa seletivamente os receptores de N-metil-D-aspartato
(NMDA), assim foi identificado como uma neurotoxina em potencial, quando via
intracerebroventricular em camundongos causando fortes convulsdes (LAPIN, 1978).
Em estudo subsequente, foi descoberto que uma injecdo de AQ no estriado em
cérebro de ratos era excitotdxica, causando lesbes emparelhadas de tamanho
dependente da dose, proximo ao local da injecdo (SCHWARCZ et al., 1983). Um
aumento nos niveis do AQ, passando dos niveis fisiologicos ja foi demonstrado

como suficiente para causar uma rapida neurodegeneracdo em uma cultura de
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células corticoestriatais em ratos (WHETSELL E SCHWARCZ, 1989). Os
mecanismos pelo qual o AQ exerce seu potente efeito neurotdxico sao: Via
estimulacdo da liberagcdo neuronal do glutamato e inibicdo da recaptacdo astroglial
deste neurotransmissor (TAVARES et al.,, 2002), concentragbes elevadas de
glutamato extracelular e ativacdo persistente de neurdnios excitatérios causam
excitotoxicidade devido ao influxo aumentado de Ca?*, levando a disfungéo
mitocondrial, ativacdo de proteases e caspases, bem como ativagdo de 6xido nitrico
sintase (PEREZ et al.,, 2012); Peroxidacao lipidica de maneira dependente nos
receptores NMDA (SANTAMARIA E RIOS, 1993); Por conseguinte, o AQ forma um
complexo com ferro causando a producéo de espécies reativas de oxigénio (EROS)
e apos uma auto-oxidacdo (PLATENIK et al., 2001).

Ainda, nesse braco da via da quinurenina temos a sintese do 3-HQ,
metabdlito que gera a formacdo de radicais livres por interacdo com as moléculas
(GILES et al.,, 2003). Estudos demonstraram, que o tratamento com 3-HQ em
culturas celulares de neurbnios do estriado e cértex, resultou na diminuicdo da
viabilidade celular, esse efeito foi impedido pela acdo da enzima antioxidante
catalase, mas a enzima superoxido dismutase ndo teve essa mesma capacidade
(OKUDA et al., 1998; SMITH et al., 2009).

O outro braco da via da quinurenina, € o metabdlito acido quinurénico (Fig. 8)
0 qual possui propriedades ativas com capacidades neuroprotetoras, sendo gerado
pela acdo da enzima quinurenina aminotransferase (QAT). O acido quinurénico
possui propriedades antioxidantes, devido a sua capacidade de eliminar radicais
livres, como hidroxilas e anions superdxido (LUGO-HUITRON et al.,, 2011). Em
niveis fisiol6gicos, ele também atua como um antagonista ndo competitivo dos
receptores da acetilcolina-7-nicotinica (a7nACh), reduzindo subsequentemente a
sinalizacdo de acetilcolina, dopamina e glutamato (HILMAS et al., 2001). Sabe-se
que, em altas concentracdes micromolares, &cido quinurénico é um antagonista nao
seletivo dos receptores NMDA (PERKINS E STONE, 1982). Através, desta
modulacdo da sinalizacdo do glutamato e de sua atividade e antioxidante,
provavelmente seja 0 mecanismo pelo qual o acido quinurénico € capaz de
neutralizar a neurotoxicidade causada por AQ e 3-HQ (MADDISON E GIORGINI,
2015). Assim, durante condigdes fisiologicas normais € de fundamental importéancia
a manutencéo do equilibrio dos bracos da via da quinurenina, para assegurar que a

razdo destes metabdlitos seja mantida a um nivel que evite a toxicidade celular.



11

Via da Acido

AQ e 3-HK Braco neurotéxico T Braco neuroprotetor o inyrénico

Figura 6. Esquematizacdo dos metabdlitos neuroativos da via da quinurenina

(Elaborada pelo autor).

1.8. Viada quinurenina e depresséo

Sabe-se que a ativacdo da via da quinurenina esta relacionada com a
fisiopatologia da depressdo. Um aumento nas concentragbes de quinurenina, AQ
tem sido identificado no liquido cefalorraquidiano (RAISON et al., 2010), enquanto
diminuicdes nas concentracdes plasmaticas de acido quinurénico também foram
identificadas em pacientes com depressao (MYINT et al., 2007). Essas alteracdes,
indicam que a ativacdo da via da quinurenina pode estar mediando subtipos de
depressao (REUS et al.,, 2015). A primeira relagdo do envolvimento do processo
inflamatoério na patogénese da depressdo foi proposta por SMITH (1991), que
desenvolveu a teoria macrofagica da depressao, na qual ele enfatizou que era a
secrecdo excessiva de citocinas pelos macrofagos que causam depressao.
Posteriormente, varios estudos pré-clinicos e clinicos comprovaram essa relacao do
aumento dos niveis plasmaticos de citocinas pro-inflamatorias e depressédo (RAISON
et al., 2005; JESSE et al., 2010; SOUZA et al., 2017).

Pode ocorrer também a depressao secundaria a qual ocorre em detrimento de
uma infeccdo, inflamacgdo crbnica ou estresse oxidativo, a qual geralmente esta
relacionada a ativacdo da via da quinurenina pela enzima IDO (FUKUDA, 2014).
Nesse contexto, existe a depresséo reativa a qual estd associada a exposicdo de
fatores estressores relacionados com o estilo de vida, ativagdo e desregulacao do
eixo HPA via a inducéo pela enzima triptofano 2,3-dioxigenase (TDO), acarretando
também a ativacdo da via da quinurenina.

Assim, esses vinculos entre os tipos de depressdo, fatores estressores,
ativacdo da via da quinurenina ndo foram muito explorados em estudos clinicos

ainda. Nesse contexto, se destaca a importancia de estudos pré-clinicos os quais
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possam ajudar a elucidar e compreender os mecanismos da ativacdo da via

quinurenina os quais estao envolvidos na fisiopatologia da depresséo.

1.9. Envolvimento do processo fisiolégico de envelhecimento e
neuroinflamacéao

Sabe-se que em um cérebro adulto e saudavel, existe um equilibrio entre
mediadores pro-inflamatérios e anti-inflamatorios, assim as células da microglia
permanecem inativas. Porém, diante de uma doenca neurodegenerativa por
exemplo as células da microglia sofrem um processo de “ativacdo” (PERRY et al.,
2013). Uma vez ocorrida a ativacdo da micréglia, gera um aumento na expressao
génica de marcadores fisiol6gicos que sugerem a ativacdo de receptores do
complexo de histocompatibilidade de membrana classe Il (CHM) e alguns receptores
complementares (GODBOUT et al., 2005). Entretanto, € necessario a ativacdo das
células microgliais para que se tenham niveis expressivos de citocinas inflamatérias,
assim essas células sao hiperresponsivas a estimulos secundarios produzindo uma
resposta exacerbada quando necesséario. Essa resposta exacerbada da microglia,
diante de estimulos secundarios do sistema imunoldgico € importante por varias
razoes.

Primeiramente, as citocinas inflamatérias no SNC s&o importantes
mediadoras do comportamento doentio (KONSMAN et al., 2002). As citocinas
inflamatoérias, IL-1B, IL-6 e TNF-a, induzem anorexia, déficits na funcdo cognitiva e
motora podendo levar a depressdo em pacientes cronicamente infectados
(POLLMACHER et al., 2002). Em segundo lugar, as citocinas inflamatérias estao
envolvidas em doencas neurodegenerativas, como a esclerose multipla e a doenca
de Alzheimer (WILSON et al., 2002). Assim, pode-se inferir que individuos com
ativacdo das células microgliais quando comparados a individuos os quais a
micréglia esta inativada, apresentam um risco aumentado de déficits
neurocomportamentais graves e desencadeamento de uma neuropatologia.

Dessa maneira, um evento fisiolégico que pode estimular as células da
microglia a uma resposta exacerbada € o envelhecimento normal. Essa afirmacao
baseia-se no fato de que a expresséo do CHM classe II, um marcador da ativagao
da microglia, esta aumentado nos cérebros de humanos, primatas e roedores
idosos, porém todos saudaveis (SHEFFIELD E BERMAN, 1998; GODBOUT et al.,
2005; DANTZER et al., 2011). Assim, os individuos idosos por possuirem uma
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ativacdo maior da microglia devido ao processo fisiologico de senescéncia, diante de
uma infeccdo sistémica terdo uma resposta inflamatoria exagerada no cérebro (Fig.
7). Também, corrobora com a maior susceptibilidade da populacéo idosa a infec¢cdes
sistémicas, com altos niveis de mortalidade para individuos com 65 anos ou mais
(PINNER, 1996).

Processo
fisiolégico de
envelhecimento

Ativacdo da
microglia

N

65 anos ou
mais

Maior Resposta

susceptbilidade inflamatdria
a infecgbes exacerbada
sistémicas

Figura 7. Processo fisiolégico de envelhecimento e o aumento na ativagdo da

microglia, causando uma resposta inflamatéria exacerbada (Elaborada pelo autor).
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2. OBJETIVOS

2.1. Objetivo Geral
O objetivo do presente estudo foi avaliar o efeito da suplementacao cronica
com AGPI n-3 ou gordura vegetal hidrogenada (GVH) em um modelo de

comportamento doentio induzido por LPS em camundongos idosos.

2.2. Objetivos Especificos

2.2.1. Objetivos especificos para suplementacédo crénica com AGPI n-3
- Analisar alteracdes neurocomportamentais;
- Avaliar as alteragdes neuroquimicas de diferentes estruturas cerebrais;
- Investigar o processo inflamatério em diferentes estruturas cerebrais;
- Avaliar o envolvimento do sistema serotoninérgico;
- Verificar as alteracdes decorrentes da ativacao da via da quinurenina;

- Quantificar os AGPI n-3 em diferentes estruturas cerebrais.

2.2.2. Objetivos especificos para suplementacédo crénica com GVH
- Analisar alteracdes neurocomportamentais;
- Analisar alteracao hormonal (corticosterona);
- Avaliar as alterac6es neuroquimicas de diferentes estruturas cerebrais;
- Investigar o processo inflamatério em diferentes estruturas cerebrais;
- Avaliar o envolvimento do sistema serotoninérgico;

- Verificar as alteracdes decorrentes da ativacao da via da quinurenina.
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3. ARTIGO CIENTIFICOS

Os resultados inseridos nesta tese apresentam-se sob a forma de artigos
cientificos 1 e 2, os quais se encontram aqui estruturados. Os itens Materiais e
Métodos, Resultados, Discussdo e Referéncias Bibliograficas encontram-se nos

artigos, os quais estao dispostos na mesma maneira que foram publicados (1 e 2).
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O dleo de peixe melhora comportamento doentio induzido por lipopolissacarideo em

camundongos idosos através da modulagdo da via da quinurenina
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Abstract

Sickness behavior is an expression of a central motivational state triggered by activation of the immune system, being considered a strategy of the organism
to fight infection. Sickness behavior is induced by peripheral administration of lipopolysaccharide (LPS). LPS can increase the levels of proinflammatory
cytokines, which induce the activation of the kynurenine pathway (KP) and behavioral alterations. Previous studies have shown that omega-3 (n-3)
polyunsaturated fatty acid (PUFA) has anti-inflammatory properties. Because of this, the purpose of the present study was to evaluate the protective effect of fish
o0il (FO) supplementation against LPS-induced sickness behavior in aged mice with respect to anhedonia, locomotor activity and body weight. Moreover, we
evaluated the ability of FO treatment on the regulation of neurcinflammation (levels of interleukin-1f3, interleukin-6, tumor factor necrosis-a and interferon-y),
KP biomarkers (levels of tryptophan, kynurenine, kynurenic acid, 3-hydroxykynurenine and quinolinic acid and activities of indoleamine-2,3-dioxygenase,
kynurenine monooxygenase and kynurenine aminotransferase) and serotonergic system (levels of serotonin and 5-hydroxyindoleactic acid) in the
hippocampus, striatum and prefrontal cortex of LPS-treated mice. We found that FO prevented the LPS-mediated body weight loss, anhedonic behavior,
reduction of locomotor activity, up-regulation of the proinflammatory cytokines and serotoninergic alterations. We also found that FO was effective in
modulating the KP biomarkers, inhibiting or attenuating KP dysregulation induced by LPS. Together, our results indicated that FO may have beneficial effects on
LPS induced sickness-behavior in aged mice either by modulating central inflammation, KP and serotonergic signaling (indirectly effect) or by fatty acids
incorporation into neuronal membranes (direct effect).
© 2018 Elsevier Inc. All rights reserved.

Keywords: Neuroinflammation; Neurotoxic; Nutraceutical; Cytokines; Omega-3

1. Introduction

Sickness behavior is an expression of a motivational state triggered
by activation of the peripheral innate immune system whereby an
organism reorganizes its priorities to fight infection [1-3]. Sickness
behavioris easily induced in laboratory animals by the administration
of endotoxins, which are the main active components of the outer
membrane of gram-negative bacteria [4]. Activation of the immune
system by microbial invasion results in the production of proinflam-
matory cytokines leading to sickness behavior, an adaptive behavioral

response whose prototypical symptoms comprise a reduction of
locomotor activity, anorexia and anhedonia [2,5,6].

Experimentally, the increase of proinflammatory cytokines ex-
pression is commonly achieved through peripheral administration of
lipopolysaccharide (LPS), an isolated portion of gram-negative
bacteria [7]. The peripheral and central effects of LPS on immune
activation can be assessed by several biological parameters. First,
immune activation induces c-Fos-like immunoreactivity, an indicator
of neuronal activation within the brain, which precipitates sickness
symptoms [8,9]. Second, the inflammation-induced overstimulation

Abbreviations: 3-HK, 3-hydroxykynurenine; 5-HIAA, 5-hydroxyindoleactic acid; 5-HT, serotonin; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FO,
fish oil; IDO, indoleamine-2,3-dioxygenase; IFN-y, interferon-y; 1L-1p3, interleukin-1{3; IL-6, interleukin-6; KAT, kynurenine aminotransferase; KMO, kynurenine
monooxygenase; KP, kynurenine pathway; KYN, kynurenine; KYNA, kynurenic acid; LPS, lipopolysaccharide; n-3, omega-3; PUFA, polyunsaturated fatty acid; QA,
quinolinic acid; TNF-t, tumor necrosis factor-at; TRP, tryptophan

" Corresponding author at: Laboratério de Avaliacdes Farmacolégicas e Toxicolgicas Aplicadas as Maléculas Bioativas, LaftamBio Pampa, Universidade Federal do
Pampa, CEP 97650-000, [taqui, RS, Brazil. Tel./fax: +55 55 34321850.
E-mail address: marcelogomesdegomes@hotmail.com (M.G. de Gomes).

https://dei.org/10.1016/].jnutbio.2018.05.002
0955-2863/© 2018 Elsevier Inc. All rights reserved.
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of the tryptophan (TRP)-degrading route, kynurenine pathway (KP),
has emerged as a key mediator for the induction of anhedonic
behavior [10-12]. Effects of proinflammatory cytokines have been
linked to sickness symptoms via induction of indoleamine-2,3-
dioxygenase (IDO) activation [13], the first rate-limiting enzyme of
KP. Since exaggerated immune function in sickness behavior has been
associated with several neuropsychiatric disorders that are linked to
altered glutamate and serotonin (5-HT) neurotransmission [14,15],
the ability to use nutritional supplementation to modify neural
systems in a low-cost and physiologically safe manner is an attractive
proposition for the development of new treatments.

Previous clinical and epidemiological studies suggest that n-3
polyunsaturated fatty acids (PUFAs), composed of eicosapentaenoic
acid (EPA; 20:5n3) and docosahexaenoic acid (DHA; 22:6n3), are
effective in the treatment of sickness disturbances [16,17]. It has been
proposed that PUFA deficiency may affect neurotransmission, espe-
cially within the glutamatergic and serotonergic systems, as a
consequence of altered membrane fluidity and related receptor
functions [18]. Furthermore, PUFAs are important for the regulation
of synaptic plasticity [19] and anti-inflammatory effects, particularly
by inhibiting the tumor necrosis factor-a (TNF), interleukin-6 (IL-6)
andinterleukin-1f (IL-1) [20,21]. Thus, it has been suggested that n-
3 PUFAs represent a potential novel therapeutic agent for severely
injured patients who commonly present inflammation and severe
weight loss. The majority of studies in this area have focused on the
preventive effects of fish oil (FO) through dietary supplementation
[21.22].

Here, we tested the hypothesis that supplementation with FO is
able to prevent LPS-induced sickness behavior in aged mice. We
evaluated the FO administration on LPS-induced sickness state in aged
mice with respect to anhedonia, locomotor activity and body weight.
Moreover, we evaluated the ability of FO treatment on the regulation
of neuroinflammation (levels of [L-1(3, IL-6, TNF-ax and interferon-y),
KP biomarkers [levels of TRP, kynurenine (KYN), kynurenic acid, 3-
hydroxykynurenine and quinolinic acid and activities of indoleamine-
2 3-dioxygenase, kynurenine monooxygenase and kynurenine ami-
notransferase| and serotonergic system (levels of serotonin and 5-
hydroxyindoleactic acid) in the hippocampus, striatum and prefrontal
cortex of LPS-treated mice.

2. Methods
2.1. Animals

Experiments were performed using male C57B]/6 mice (30-40g, 2
years old). Animals were maintained at 22°C-25°C with free access to
water and food, under a 12-h:12-h light/dark cycle, with lights on at
7:00 a.m. All manipulations were carried out during light phase on the
day. All efforts were made to minimize animal suffering and to reduce
the number of animals used. The procedures of this study were
conducted according to the guidelines of the Committee on Care and
Use of Experimental Animals Resources and with the approval of
Ethical Committee for Animal Use (CEUA protocol #010/2016) of
Federal University of Pampa, Brazil.

2.2. Mouse treatments

Food was placed in dry-diet feeder jars to avoid significant food loss
that often accompanies overhead pellet feeding, and the jars were
weighed daily to determine the amount of food consumed. General
animal health was also monitored during the test periods. Diet
consisted of defined mouse diet AIN-93M (Puro Trato, RS). The
animals were divided into four groups: control group (corn oil,
equivoluminal to fish 0il+PBS), LPS group (LPS+corn oil), FO group
(FO+PBS) and FO/LPS group (FO-+LPS). Animals treated with FO

(Tratto Satide, Brazil; EPA 43%, DHA 20%, other n-3 2%) were daily
intragastrically administrated (per os) with 50 pl for 180 days prior
LPS injection (Fig. 1). The administered dose of FO was equivalent to a
human daily dose of 486 mg/kg/day when adjusted according to the
FDA converting factor [23]. The supplementation protocol was
performed as earlier described [23], and we normalized the doses
used in humans to be used in the mice. This diet was isocaloric,
isonitrogenous, 60.1% carbohydrate, 18.2% protein, 10.2% fat and
approximately 90% dry matter. LPS treatment involved an intraper-
itoneal (i.p.) injection of freshly made solutions of 0.15 mg/kg LPS (L-
020M4062, serotype 0127:B8; Sigma, St. Louis, MO, USA) prepared in
sterile pyrogen-free PBS, and control animals received the equivalent
volume of PBS. This dose of LPS was chosen to induce sickness
behaviors and cytokine activation at the time point of measurement
while still providing room for the potential of elevated responses. This
range of LPS doses was selected based upon previous studies
demonstrating that 0.33 mg/kg LPS produced prolonged sickness
behavior in aged compared to young mice [24] and 0.02 mg/kg being
the lowest dose capable of inducing statistically significant changesin
sickness behaviors when compared to saline-treated mice.

2.3. Measurement of sickness behavior: body weight loss and locomotor
activity

Sickness behavior was assessed by changesin body weight loss and
locomotor activity (LMA) at 24 h after LPS injection. Decreased LMAin
a novel environment is a sensitive measure of sickness behavior [25].
For this test, mice were individually placed into a clean, novel cage
[30x19x12 cm (LxWxH cm)] devoid of bedding or litter, and LMA was
video-recorded for a 5-min period. Videos were analyzed by dividing
the cage into four virtual quadrants and counting the number of
quadrant entrances over the 5-min period; counting was done by a
trained observer who was blind to experimental treatments. Changes
in locomotor activity and depression-like behavior were assessed 24 h
after drug administration. We selected behavioral end points that we
had already demonstrated to be very sensitive to systemic
inflammation-induced sickness [ 26].

2.4. Sucrose preference test (SPT)

At 24 hafter treatment, anhedonia was measured by preference for
a sucrose solution over water using a two-bottle free-choice method
[27]). Each animal was presented simultaneously two bottles, one
containing 1% sucrose solution (w/v) and the other containing tap
water. Blunted sucrose intake, in this test, is proposed to reflect
impaired sensitivity to reward and model anhedonia, a core symptom
of major depression [28]. Tap water and 1% sucrose solution were
placed in premeasured bottles in the cages, and fluid intake was
monitored for 24 h [2]. Before the start of the protocol, the mice were
exposed only to a 1% sucrose solution for 24 h aiming for the
adaptation to sucrose solution. Mice were deprived of food and water
for 20 h before the start of the test. Sucrose preference was evaluated
via the sucrose uptake rate, namely, the ratio of volume of sucrose
consumption to the volume of sucrose consumption plus tap water
consumption [sucrose preference=sucrose consumption/(sucrose
consumption+water consumption)x100%).

2.5. Tissue preparation for neurochemical determinations

After behavioral tests, mice were euthanized with barbiturate
overdose (pentobarbital sodium 150 mg/kg; i.p. route) and transcar-
diacally perfused with 10 ml ice-cold saline via the aorta. The brain
dissection was performed according to the method of Spijker [29], a
method to dissect multiple brain regions from a single brain based on
existing atlases [30]. Hippocampus, striatum and prefrontal cortex
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Fig. 1. Overview of the study design demonstrating the experimental procedures. The animals were supplemented with FO for 6 months. The sickness behavior was induced by
intraperitoneal injection of LPS. After 24 h, the behavioral and neurochemical analyzes were performed.

were bilaterally removed and rapidly homogenized in 50 mM Tris-Cl,
pH 74. The homogenate was centrifuged at 2400xg for 15 min at 4°C,
and a low-speed supernatant fraction (S1) was used for assays.

2.6. Neurochemical assays

2.6.1. Cytokine levels

Levels of IL-1f3, IL-6, TNF-oe and [FN-y in the hippocampus, striatum
and prefrontal cortex were measured using sample aliquots of 100 pl
and mouse cytokine ELISA DuoSet Kits from R&D Systems (Minneap-
alis, MN, USA) according to the manufacturer's instructions (protein
range of 31.25-2000 pg). The level of cytokine was estimated by
interpolation from a standard curve by colorimetric measurements at
450 nm (correction wavelength 540 nm) on an ELISA plate reader
(Berthold Technologies-Apollo 8-LB 912, KG, Germany). Results are
shown as pg/mg of protein.

2.62. TRP and KYN levels

The levels of TRP and its metabolite KYN in the hippocampus,
striatum and prefrontal cortex were performed in a Shimadzu LC-10A
liquid chromatograph according to Silva et al. [31]. The chromato-
graphic separation was achieved using a 250x4.6-mm (inner
diameter) C,g reverse-phase column (particle size, 4 pm; Aquapore
RP-300 C-18). For TRP measurement, the column was eluted
isocratically at flow rate of 1.0 ml/min with 0.015 M sodium acetate
(pH 4.5) containing 15% methanol. For KYN determination, the
column was eluted with acetonitrile at a 1:47 dilution in 0.1 M acetic
acid-0.1 M ammonium acetate (pH 4.65). The absorbance of the
column effluent was monitored at 280 and 365 nm for TRP and KYN,
respectively. The peaks of TRP or KYN were identified by comparison
with the retention times of standard compounds (Sigma), and
quantification was based on the ratios of the peak areas of compound
to the internal standard. The tissue levels were expressed in pg/mg
tissue. KYN/TRP ratio was calculated by ratio between KYN and TRP
concentrations.

2.6.3. Analysis of KYNA, 3-HK and QA levels

KYNA, 3-HK and QA levels were measured in the hippocampus,
striatum and prefrontal cortex samples using high-pressure liquid
chromatography (HPLC). The mobile phase contained 50 nM glacial
acetic acid, 100 mM zinc acetate and 3% acetonitrile dissolved in
double-distilled NANO pure water HPLC-grade H,0. The pH was
adjusted to 4.9 using 5 M NaOH. S1 of PFC and HP was sonicated in 1 ml
of mobile phase containing 7% perchloric acid spiked with 50 ng/20 pl
of N-methyl-5-HT as an internal standard. The resultant solution was
centrifuged at 20,000 rpm for 20 min, and the supernatants were
placed into new Eppendorf tubes using a syringe fitted with a 0.45-pum
filter (Phenomenex). Approximately 20 pl of the filtered supernatant
was injected using a Waters auto sampler, and a Reverse Phase

analytical column (Kinetex Core Shell Technology column with
specific area of 4.6 mm and particle size of 2.6 ul, Phenomenex) was
used for the separation of metabolites. A PDA-UV detector (Shimadzu
SPD-M10A VP), calibrated to integrate at 230 and 250 nm, as well asa
fluorescent detector (Shimadzu RF- 20A XS prominence fluorescence
detector), set to excitation wavelength 254 nm and emission
wavelength 404 nm, was used to detect the metabolites. Chromato-
graphs were generated by CLASS-VP software (Shimadzu). The results
are expressed as ng/g tissue.

2.6.4. 5-HT and 5-HIAA levels and 5-HIAA/5-HT ratio

The levels of 5-HT and its metabolite 5-HIAA in the hippocampus,
striatum and prefrontal cortex were analyzed by HPLC with electro-
chemical detection, as previously described [32]. The mobile phase,
used at a flow rate of 0.8 ml/min, consisted 0f 0.02 M phosphate/citrate
buffer and 90/10 methanol (v/v), 0.12 mM Na2 EDTA and 0.0556%
heptane sulfonic acid as ion pair. The pH was adjusted to 2.64 with
H3PO4 at 22°C. A 5-um (220x4.6) Spheri-5 RP-18 column from
Brownlee Laboratory was used. Electrochemical detection was
performed with a Shimadzu L-ECD-6A electrochemical detector with
a potential of 0.75 V. The peak area of the internal standard (DHBA)
was used to quantify the sample peaks. The tissue levels were
expressed in ng/g tissue. 5-HIAA/5-HT ratio was calculated by ratio
between 5-HIAA and 5-HT concentrations.

2.6.5. Determination of IDO, KMO and KAT activities

DO activity in the hippocampus, striatum and prefrontal cortex
was determined as previously described [33], with minor modifica-
tions: the amount of the enzyme was expressed in terms of its heme
content based on the absorbance at 406 nm, and in our method, the
protein concentration was measured by the method of Bradford [34]
using bovine serum albumin as the standard; the temperature was
25°C,and inour study, it was 37°C. The S1 (0.2 ml) was added to 0.8 ml
of the reaction mixture containing 400 uM L-TRP, 20 mM ascorbate, 10
M methylene blue and 100 pg catalase in 50 mM potassium
phosphate buffer, pH 6.5. The reaction was carried out at 37°C under
agitation for 60 min. Then, it was blocked by adding 0.2 ml of 30%
trichloroacetic acid and further incubated at 50°C for 30 min to convert
the N-formylkynurenine to L-KYN. Samples were centrifuged at
13,000:xg for 10 min at 4°C. The supernatants were filtered through
microspin ultrafiltrates with a cutoff of 10,000 M, before being taken
for measurement of IDO. The amount of L-KYN formed from TRP was
determined by reversed-phase HPLC. One hundred microliters of the
reaction product was injected onto a Merck LiChrospher column (150
mm long, 46 mm diameter, packed with 5 Im silica beads holding 18C
long-carbon chains). A cartridge guard column containing the same
material as the analytical column was used. The mobile phase
consisted of 0.1 M ammonium acetate buffer (pH 4.65) with 5%
acetonitrile, Flow rate was 1 ml/min. KYN was detected using a
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spectrometer measuring absorbency at a wavelength of 365 nm and
was quantified using known amounts of L-kynurenine. The retention
time of KYN was around 5.35 min. All determinations were performed
in duplicate. One unit of the activity was defined as 1 nmol KYN/h/mg
protein at 37°C.

For the determination of KMO activity in the hippocampus,
striatum and prefrontal cortex tissues were homogenized 1:5 (wt/
vol) in ultrapure water and further diluted 1:5 (vol/vol) in 100 mM
Tris-HCl buffer (pH 8.1) containing 10 mM KCl and 1 mM EDTA. Eighty
microliters of the tissue preparation was incubated for 40 min at 37°C
in a solution containing 1 mM NADPH, 3 mM glucose-6-phosphate, 1
U/ml glucose-6 phosphate dehydrogenase, 100 uM KYN, 10 mM KCl
and 1 mM EDTA in a total volume of 200 pl. The reaction was stopped
by the addition of 50 pl of 6% perchloric acid. Blanks were obtained by
adding the specific enzyme inhibitor Ro 61-8048 (100 pM) in the
incubation solution. After centrifugation (16,000xg, 15 min), 20 wl of
the supernatant was applied to HPLC to measure 3-HK.

The KAT activity was made using the method previously described
by Guidetti et al. [35]. Briefly, the hippocampus, striatum and
prefrontal cortex were harvested and homogenized in distilled
water. After centrifugation (12,000xg, 10 min), KAT activity was
measured in a total volume of 200 pl containing 80 pl of supernatant
fluid, 150 mm Tris-acetate buffer, pH 7.4, 2 Im KYN, 1 mm pyruvate
and 80 Im pyridoxal-5-phosphate. Samples were incubated for 24 h at
37°C, and the reaction was terminated by adding 50% (w/v)
trichloroacetic acid. After successive washes with 0.1 m HCI and
distilled water, KYNA was eluted from the column with 2x1 ml of
distilled water and quantified by HPLC.

2.7. Protein determination

Protein concentration was measured by the method of Bradford
[34] using bovine serum albumin as the standard.

A SPT
80~

1

% Sucrose Preference
[*] -
T T T

o ) o )
9 N ¢ o\\‘}
€
C OFT
50000
o b
c
% 40000
8
5 30000 I T
Pt
[#]
. 20000
2 a
£ 10000
=]
z
0 . T
o % 0 &
¢ 3 < K
&

2.8. Fatty acid compositions of brain areas

Hipocampus, striatuam and prefrontal cortex tissues (100 mg)
were mixed with 5 ml of chloroform:methanol:distilled water at a
ratio of 3:3:1 (vol:vol:vol). Tissue phospholipids were separated using
thin-layer chromatography (silica gel G, Analtech, Newark, DE, USA)
and reextracted in hexane:ether:acetic acid, 40:10:1 (vol:vol:vol).
Fatty acid methyl esters were analyzed using gas chromatography
(Shimadzu 2010AF; Shimadzu Scientific Instrument, Tokyo, Japan)
with a 100-m SP2555 capillary column (Supelco, Bellefonte, PA, USA).
Fatty acids were identified by comparison with standards (Elysian,
MN, USA) [36].

2.9. Statistical analysis

The data distribution was verified by applying the Kolmogorov-
Smirnov test. Results are presented as means+standard error of the
mean (S.E.M.). Comparisons between the experimental and the
control groups were performed by one-way analysis of variance
(ANOVA) followed by Tukey post hoc test or two-way ANOVA followed
by Bonferroni post hoc test when appropriate. A value of P<.05 was
considered to be statistically significant. All tests were carried out
using the GraphPad software 5.0 (San Diego, CA, USA).

3. Results
3.1. The behavioral alterations in SPT

Statistical analysis revealed no significant differences in sucrose
preference test basal (FOxLPS, F,;5,=0.07, P=.78; Fig. 2A). Two-way
ANOVA showed a significant effect for FOxLPS interaction (F; 24=8.61,
P<01; Fig. 2B) in SPT. Results of post hoc indicated that LPS
administration displayed a significant decrease in the sucrose intake
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Fig. 2. Effect of FO administration in the SPT, OFT and body weight in mice. Data are expressed as means+S.EM. of six animals per group (two-way ANOVA/Bonferroni-multiple
comparison test). (a) P<.05 when compared to the control group (CG). (b) P<.05 when comparing the FO/LPS with the LPS. (c) P<.05 when comparing the FO and FO/LPS.
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Table 1
Effect of administration of FO on interleukin levels in brain structures of mice in a sickness behavior model
Groups IL-1p (pg/ mg) IL-6 (pg/ mg)

Hippocampus Striatum Prefrontal cortex Hippocampus Striatum Prefrontal cortex
G 78.75+5.63 79.50+6.22 85.50+8.70 65.50+7.32 24.00+4.34 43.75+2.98
LPS 735.3+98.73° 687.0+105.0° 683.3+50.25¢ 220.84+24.88° 219.5+29.07° 267.3+28.06°
FO 43.00+7.55 36.25+4,19 60.25+10.96 31.50£7.05 2475+3.63 30.00+£5.21
FO/LPS 280.84+60.14¢ 22454 36.66" 268.8+62.44" 157541129 1833£18.00% 214.8+39.57°

Data are expressed as means+S.E.M. of six animals per group (two-way ANOVA/Bonferroni multiple-comparison test).

# P<05 when compared to the control group (CG).
P p<,05 when comparing the FO/LPS with the LPS.
© P=05 when comparing the FO and FO/LPS.

compared to control animals. Treatment with FO prevented the
decrease in the sucrose intake compared to LPS group, supporting the
antianhedonic-like effect of FO (Fig. 2B).

3.2. Open field test

Two-way ANOVA of number of crossing in OFT demonstrated a
significant effect of FOx LPS interaction (F, ,4=11.19, P<.001; Fig. 2C).
Results showed that LPS injection displayed a significant decrease in
the number of crossing in OFT when compared to control group. Post
hoc comparisons revealed that the FO treatment significantly blocked
the decrease in the number of crossing in OFT induced by LPS in mice.

3.3. Body weight loss

Two-way ANOVA of body weight loss demonstrated a significant
effect of FOxLPS interaction (F, 54=42.23, P<.001; Fig. 2D). Post hoc
comparisons revealed that the FO treatment significantly blocked the
body weight loss, a feature of the sickness model, induced by LPS when
compared to control group.

3.4. Neuroinflammatory markers

Statistical analysis of IL-13 levelsin the hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=13.55, P<.001; F24=25.68, P<.001; and F; 24=32.22, P<.001,
respectively) (Table 1). Post hoc comparisons revealed that FO
treatment significantly abrogated the increase of IL-1/3 levels in the
hippocampus, striatum and prefrontal cortex induced by LPS.

Two-way ANOVA of IL-6 levels in the hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=8.68, P<.001; F, 2,=48.35, P<001; and F,>,=22.58, P<.001,
respectively) (Table 1). Post hoc comparisons revealed that FO
treatment attenuated the increase of IL-6 levels caused by LPS in the
brain areas (hippocampus, striatum and prefrontal cortex).

Statistical analysis of TNF-at levels in the hippocampus, striatum
and prefrontal cortex demonstrated a significant FOxLPS interaction

Table 2

(F124=1287, P<001; F 24=9.41, P<.001; and F,2,=20.24, P<.001,
respectively) (Table 2). Post hoc comparisons revealed that LPS
significantly increased TNF-o levels in the hippocampus, striatum
and prefrontal cortex of mice compared to control group. FO treatment
partially protected against the increase of TNF-«t levels induced by LPS
in the brain areas in mice (Table 2).

Two-way ANOVA of IFN-y levels in the hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=10.01, P<001; F,54=8.66, P<001; and F,,4=11.37, P<.001,
respectively). Post hoc comparisons revealed that LPS significantly
increased IFN-vy levels in the hippocampus, striatum and prefrontal
cortex of mice compared to control group. FO treatment protected
against the increase of IFN-y levels induced by LPS in the brainareas in
mice but not at control levels (Table 2).

3.5. Serotonergic 5-HT and 5-HIAA levels

Two-way ANOVA of 5-HT levels in hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(Fi124=12.77, P<001, Fig. 3A; F;24=19.56, P<.001, Fig. 3B; and
Fi124=21.66, P<.001, Fig. 3C, respectively). Post hoc comparisons
revealed that LPS significantly increased 5-HT levels in hippocampus,
striatum and prefrontal cortex of mice compared to sham group. FO
treatment significantly attenuated the decrease of 5-HT levels in brain
areas induced by LPS.

Two-way ANOVA of 5-HIAA levels in hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=9.77, P<.001, Fig. 3D; F, 24=13.24, P<.001, Fig. 3E; and F;54=
17.29, P<.001, Fig. 3F, respectively). Post hoc comparisons revealed
that LPS significantly increased 5-HIAA levels in hippocampus,
striatum and prefrontal cortex of mice compared to control group.
FO treatment normalized the increase of 5-HIAA levels in these brain
areas induced by LPS.

Statistical analysis of 5-HIAA/5-HT ratio in the hippocampus,
striatum and prefrontal cortex demonstrated a significant FOxLPS
interaction (F; 24=15.65, P<.001, Fig. 3G; F; 24=10.25, P<.001, Fig. 3H;
and F; 24=13.55, P<001, Fig. 31, respectively). Post hoc comparisons

Effect of administration of FO on interleukin levels in brain structures of mice in a sickness behavior model

Groups TNF-a (pg/ mg) IFN-v (pg/ mg)

Hippocampus Striatum Prefrontal cortex Hippocampus Striatum Prefrontal cortex
G 58.50+11.38 34.75£3.81 28.50+5.33 34.00+£2.73 29251278 58.75+6.95
LPS 515846838 439.54+40.81° 4368+37.67° 330543857 3373444.82° 307.3455.80*
FO 30.254+2.05 2350433 2250+3.12 26.50+£4.57 43004841 54.00£9.46
FO/LPS 1983+27.13° 197.3£17.09"¢ 193.0+£17.48% 2465+50.05° 186.8+22.53*" 213.5+32.27°

Data are expressed as means+S.E.M. of six animals per group (two-way ANOVA/Bonferroni multiple-comparison test).

# P<.05 when compared to the control group (CG).
b p<05 when comparing the FO/LPS with the LPS.
€ P=05 when comparing the FO and FO/LPS.
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revealed that LPS significantly increased 5-HIAA/5-HT ratio in the
hippocampus, striatum and prefrontal cortex of mice compared to
control group. FO treatment protected against the increase of 5-HIAA/
5-HT ratio induced by LPS in the brain areas in mice.

3.6. TRP and KYN levels

Two-way ANOVA of TRP levels in the hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=06.72, P<.01, Fig. 4A; F;24=21.32, P<001, Fig. 4B; and F;24=
7.69, P<.01, Fig. 4C, respectively). Post hoc comparisons showed that
the increase of TRP levels (hippocampus, striatum and prefrontal
cortex) induced by LPS was prevented by FO treatment in mice.

Statistical analysis of KYN levels in hippocampus, striatum and
prefrontal cortex yielded a significant FOxIPS interaction (F;.4=
15.85, P<.001, Fig. 4D; F,2,=6.23, P<01, Fig. 4E; and F;,=8.12,
P<.01, Fig. 4F, respectively). Post hoc comparisons demonstrated that
the increase of KYN levels in brain areas induced by LPS was
significantly attenuated by FO treatment.

Two-way ANOVA of KYN/TRP ratio in the hippocampus, striatum
and prefrontal cortex demonstrated a significant FOxLPS interaction

(F124=6.22, P<01, Fig. 4G; F;4=25.22, P<.001, Fig. 4H; and F; »4=
18.11, P<.001, Fig. 41, respectively). Post hoc comparisons revealed that
the LPS-induced increase of KYN/TRP ratio was attenuated by FO
treatment.

3.7. Neuroprotective branch of KP

Two-way ANOVA of KYNA levels in the hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(Fi24=7.22, P<.01, Fig. 5A; F;24=15.68, P<.001, Fig. 5B; and F; »4=
28.55, P<.001, Fig. 5C, respectively). Post hoc comparisons revealed
that LPS significantly decreased the KYNA levels in the hippocampus,
striatum and prefrontal cortex of mice compared to control group. FO
supplementation increased KYNA levels in brain areas of mice when
compared to control group.

Two-way ANOVA of KYNA/KYN ratio in the hippocampus, striatum
and prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=26.88, P<.001, Fig. 5D; F; 24=41.02, P<001, Fig. 5E; and F; 54=
31.21, P<.01, Fig. 5F, respectively). Post hoc comparisons yield that the
decrease induced by LPS administration of KYNA/KYN ratio in brain
areas is reversed by FO treatment.
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Fig. 3. The effect of FO administration in the serotonergic 5-HT levels and 5-HIAA metabolite in brain areas of mice. Data are expressed as means+S.E.M. of six animals per group (two-
way ANOVA/Bonferroni multiple-comparison test). {a) P<.05 when compared to the control group (CG). (b) P<.05 when comparing the FO/LPS with the LPS. (¢) P<.05 when comparing

the FO and FO/LPS.



23

M.G. de Gomes et al / Journal of Nutritional Biochemistry 58 (2018) 3748 43
A Hippocampus B Striatum C Prefrontal Cortex
8000 8000 6000
. a 2 z -
> [4 a 2
j 6000 b 2 6000 H b
] —1 4000 —
c
R E 4000 b .f::"
g g & 2000
& 2000 2 2000 a
= 2 =
0. '_ '_
t:‘r c; o 0 T — 0 T —
& & ¢ K & & Qo & & & O &
& v S &
<
D Hippocampus E Striatum F Prefrontal Cortex
400 300 400
L) a [ L} a
3 E S
g W0 2 2 30
3 4 200 abc 4 b
2 abc E 2 a0 abc
c c c
g 2 100 2
Z 100 Z 2 100
=) =) =
iml Iml BENw ] =
0 ; . [ . : 0 ; ;
<] o O =] <] o =] (<) & =3
< 3 < & S < & © N & &
& < %
G Hippocampus H Striatum | Prefrontal Cortex
0.08 0.06 0.08
o o ac @2 a
S 006 a ] 2 006
0.04
3 abc 3 3 abe
& 0.04 & & 0.04
£ E o0z = = £
Z o002 Z = Z o002
i == Mml In
0.00 . 11 0.00 ; . 0.00 ; .
& & P \-3‘9 & P Q,;s & & & eﬁ"{g
8 &8 ¢

Fig. 4. Effect of FO administration in the TRP and KYN levels in brain areas of mice. Dataare expressed as means=S.E.M. of six animals per group ( two-way ANOVA/Bonferroni multiple-
comparison test). (a) P<05 when compared to the control group (CG). (b) P<.05 when comparing the FO/LPS with the LPS. (c) P<.05 when comparing the FO and FO/LPS.

3.8. Neurotoxic branch of KP

Two-way ANOVA of 3-HK levels in the hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=56.02, P<001, Fig. 6A; F24=42.30, P<001, Fig. 6B; and
Fi124=23.87, P<01, Fig. 6C, respectively). Post hoc comparisons
showed that the LPS-induced increase of 3-HK levels in the
hippocampus, striatum and prefrontal cortex was significantly
attenuated by FO treatment.

Statistical analysis of QA levels in hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(Fi24=48.91, P<001, Fig. 6D; F,24=28.52, P<001, Fig. 6E; and
F124=31.41, P<.01, Fig. 6F, respectively). Post hoc comparisons yield
that the increase of QA levels induced by LPS was significantly
prevented by FO treatment, but not to control levels.

3.9.1DO, KMO and KAT activities

Two-way ANOVA of IDO activity in hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction
(F124=24.10, P<.001, Fig. 7A; F124=29.71, P<001, Fig. 7B; and
F,24=30.21, P<01, Fg. 7C, respectively). Post hoc comparisons
revealed that LPS injection significantly increased IDO activity when
compared to control group. FO treatment notably blocked the
induction of IDO induced by LPS in the brain areas.

Statistical analysis of KMO activity in hippocampus, striatum and
prefrontal cortex demonstrated a significant FOxLPS interaction (F; 54=
24.10, P=001, Fig. 7D; F124=29.71, P<001, Fg. 7E; and F;24=30.21,
P<01, Fig. 7F, respectively). Post hoc comparisons showed that the
increase of KMO activity in hippocampus, striatum and prefrontal cortex
induced by LPS was significantly blocked by FO treatment in mice.

Two-way ANOVA of KAT activity in hippocampus, striatum and prefrontal
cortex showed a significant FOxLPS interaction (F,»,=854, P<01, Fig. 7G;
Fi24=1251, P<001, Fg. 7H; and F,24=19.54, P<001, Fig. 71, respectively).
Post hoc comparisons revealed that the [PS induced a decrease of KAT activity
in hippocampus, striatum and prefrontal cortex when compared to control
group. In addition, the FO treatment significantly attenuated the decrease of
KKAT activity in brain areas of mice (Fig. 7G, H and I).

3.10. Fatty acid compositions of hippocampus, striatum and prefrontal
cortex

Table 3 shows that the diets with FO demonstrated a significant
effect on the fatty acid composition of brain areas (hippocampus,
striatum and prefrontal cortex ) phospholipid. The levels of n-3 PUFA,
EPA and DHA in the brain areas were elevated in the FO group when
compared to control group. Monounsaturated fatty acid 16:1n7 levels
in the brain areas were also significantly increased in the FO group
comparing to control group. There were no significant differences in
other fatty acids in brain areas among the groups.
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Fig.5. Theeffect of FO administration in the KYNA and KYNA/KYN ratio inbrain areas of mice. Data are expressed as means+5.EM. ofsix animals per group (two-way ANOVA/Bonferroni
multiple-comparison test). (a) P<.05 when compared to the control group (CG). (b) P<.05 when comparing the FO/LPS with the LPS. (¢) P<.05 when comparing the FO and FO/LPS.

4. Discussion

The results of the present study showed that the blockade of
proinflammatory cytokines by FO treatment abrogated LPS-induced
sickness behavior in mice via modulation of KP in the brain of aged
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mice. PUFAs, such as EPA and DHA mainly found in FO, have been
shown to decrease the production of inflammatory cytokines and
exert beneficial effects on inflammation-related diseases in both
preclinical and clinical studies [20,21]. Thus, our findings corroborate
that LPS model is a well-designed methodology for identifying the
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Fig. 6. Effect of FO administration in the 3-HK and QA levels in brain area of mice. Data are expressed as means+S.E.M. of six animals per group (two-way ANOVA/Bonferroni multiple-
comparison test). (a) P<.05 when compared to the control group (CG). (b) P<.05 when comparing the FO/LPS with the LPS. (c) P<.05 when comparing the FO and FO/LPS.
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Fig. 7. The effect of FO administration in the IDO, KMO and KAT activities in brain areas of mice. Data are expressed as means+S.EM. of six animals per group (two-way ANOVA/
Bonferroni multiple-comparison test). (a) P<.05 when compared to the control group (CG). (b) P<.05 when comparing the FO/LPS with the LPS. (c) P<.05 when comparing the FO and

FO/LPS.

roles of KP metabolites and enzymes to investigate sickness behavior.
In addition, we also indicate that the FO supplementation is an
effective intervention in pathologic process that involves infection and
neuroinflammation.

Clinical symptoms of inflammation-mediated sickness are induced
through infections by pathogenic organisms [2]. The pathogenesis of
acute neurological complications has been studied in the past few

years, with growing understanding of the role of immunity with
nutraceutical supplementation [37,38]. LPS administration modifies
the immune system through the elevation of plasmatic proinflamma-
tory cytokines (IL-1@, IL-6, TNF-ac and IFN-y) [39,40]. These cytokines
are thought to play a key role in the link between activation of the
immune system and the sickness behavior [40]. It was hypothesized
that elevated proinflammatory cytokines lead to marker activation of

Table 3

The fatty acid compositions of brain areas of mice

Groups G FO

Fatty acids (%) Hippocampus Striatum Prefrontal cortex Hippocampus Striatum Prefrontal cortex
14:0 0.67+0.04 0.71+0.05 0.65+0.03 0.731+0.04 0.77+0.07 0.80+0.05
16:0 2444021 238+0.19 2344024 2454031 2414041 23.2+044
16:1n7 0.15£0.01 0.17+0.02 017001 0.23+002° 024002 0254002
18:0 19.840.25 204+031 201£035 19.540.22 20.7+£040 2031024
18:1n9 21.4+034 220+029 209+018 21.7£027 2231041 21.0+£0.44
18:2n6 0.34+0.01 0.37+0.02 037001 0.38+0.02 0.41+0.04 0.40+0.03
20:4n6 107054 107041 101035 102+0.29 109+050 10.9+046
20:5n3 0.07+0.01 0.04+0.01 0.05+0.01 0.27+0.01% 0310017 0.284+0.01%
22:5n6 1.58+0.05 1.74+0.04 1.79+0.08 027+0.01% 0.14+0.01% 0.294+0.01%
22:5n3 0.15+0.01 0.18+0.01 0.19+0.01 0.85+0.04% 0.98+0.05% 0.82+0.03%
22:6n3 1471024 15.7+035 16.4+041 19.7+0.21° 18.8+0.25° 18.7+£0.19%
Total n-3 PUFA 15.7+0.24 16.240.21 16.14+0.19 19.7+£0.35° 19.2+0.24° 19.340.17°
Total n-6 PUFA 17.44+0.24 18.14+031 18.0+0.41 15.4+0.34° 15.8+0.24° 15.74+0.11°

Data are expressed as means+S.EM. of six animals per group (two-way ANOVA/Bonferroni multiple-comparison test).

# P<.05 when compared to the control group (CG).
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KP in the brain [41]. In our study, we observed a sickness behavior in
mice 24 h after LPS injection, which was characterized by decreased
body weight, reduced locomotor activity and anhedonic-like state.
This behavior changes are associated with increased proinflammatory
cytokines in hippocampus, striatum and prefrontal cortex. Collective-
ly, this behavioral pattern observed in our study is referred to as
sickness behavior and includes a constellation of nonspecific symp-
toms [2]. These symptoms and behaviors are robustly expressed
across species following either an immune challenge or cytokine
administration, indicating a highly conserved connection between
sickness behaviors and proinflammatory cytokines [42]. In the present
study, we extend these observations by demonstrating that aged mice
exhibit sickness behavior parallels with activation neuroinflammation
and up-regulation of KP. On the other hand, the data of our study
demonstrated that intervention with FO treatment complete recovery
the sickness-related behavior, neuroinflammation and cytokines
alterations in mice, corroborating beneficial findings of the FO
(43,44). Thus, we demonstrated that FO treatment blocked the
neuroinflammation (attenuation the proinflammatory cytokines
production in hippocampus, striatum and prefrontal cortex) and
prevented the LPS-induced body weightloss, anhedonic-like state and
reduced locomotor activity in aged mice.

Central KP stimulation, mediated by IDO activation in the brain
[45], seems to play a key role in the modulation of sickness behavior
[7,46]. Several clinical works reported an overstimulation of the KPin
plasma of patients in situation similar to the sickness model [47,48].
Astrocytes express high amounts of KAT and degrade KYN to KYNA.
Microglia highly expressed the enzymes responsible for the genera-
tion of 3-HK and QA [49]. In this context, large clinical studies
suggested that activation of the KP is related to the expression of
anhedonic and locomotor alterations [50,51]. Several studies have
investigated the involvement of proinflammatory cytokines in
sickness model and comorbid conditions[14,15]. In our study, sickness
behavior induced by LPS administration was associated with en-

Pro-inflammatory
cytokines (TNF-a, IFN-
y, IL-<1B and IL-6)

Kynurenine
monoxygenase (KMO)/

3-Hydroxykynurenine

|

Quinolinic acid

| Kynurenine

hanced KP metabolites in the brain areas together with enhanced
brain IDO and KMO activities. These results are in line with several
lines of evidence suggesting that DO and KMO brain activation play an
impaortant role in the development of sickness symptoms [14,15,52].
In these studies, there are anumber of proinflammatory cytokines that
stimulated 1IDO (e.g., INF-y, IL-1p and TNF-a) and precipitated
sickness symptoms in mice after peripheral immunological chal-
lenges. Reciprocally, KP metabolites are involved in generation of the
inflammatory reaction induced by pathogens such as malaria parasites
or endotoxemia [53]. Following bacterial infection in mice, it was
found that cytokine mediates chronic IDO up-regulation, inducing
depressive-like behavior [14,52]. Induction of sickness symptoms in
our study may be explained by enhanced IDO and KMO activities due
to elevated cytokines levels, thereby increasing the KP metabolites in
brain areas. Qur findings that FO intervention suppressed LPS-induced
inflammatory cytokines and KP enzymes and metabolites support the
notion that modulation of KP signaling is the underlying mechanismof
anti-inflammatory properties of FO.

To explain the link between the behavior metabolic changes and
the KP, we also evaluated the levels of neuroactive metabolites of KP,
such as 3-HK and QA, involved in the overactivation of glutamatergic
neurotransmission. In the brain, both KYN produced locally and KYN
transported from periphery are metabolized along two pathways: one
pathway involving KATs, which results in the formation of the
glutamatergic NMDA receptor antagonist KYNA, and another pathway
involving KMO, which leads to the formation of 3-HK and QA [54,55].
In addition, endogenous KYNA can exert its antiglutamatergic action
by antagonizing o7 nicotinic receptors [55]. Microdialysis analysis
showed that KYNA is able to reduce the extracellular content of
glutamate in prefrontal cortex [56] and striatum [57], resulting in a
decrease of glutamate-related excitatory effect. These data suggested
that KP metabolites are involved in sickness-induced anhedonic and
locomotor alterations and are in agreement with clinical studies that
KP products may be related to behavior and metabolic characteristics

5-Hydroxyindoleacetic acid v A d
SeTrotonin q.D
| LA

Kynurenine
aminotransferase (KAT)

Kynurenic acid

Glutamatergic system

Fig. 8. Diagram showing the mechanistic links between neuroinflammation and neurobe havioral alterations induced by LPS injection and the neuroprotective effect of FO. On the one
hand, the neuroinflammation response (IL-1f3, IL-6, TNF-cc and IFN-v) following an LPS injection caused KP activation and subsequent increase of neurotoxic branch ( 3-HK and QA levels
and KMO activity) and decrease of neuroprotective branch (KYNA levels and KAT activity ). The levels of 5-HT and 5-HIAA were also altered in this model of sickness. Hence, KP activation
within the brain may activate neuroinflammation pathways that provoke sickness symptoms. On the other hand, the FO administration prevented the behavioral and sickness
disturbances induced by LPS due to the modulation effect in proinflammatory cytokines and KP in hippocampus, striatum and prefrontal contex of mice.



27

M.G. de Gomes et al / Journal of Nutritional Biochemistry 58 (2018) 3748 47

in humans [14,15,52]. Thus, we suggest that LPS-induced KP
imbalances may contribute to a modification to the glutamatergic
homeostasis. Recent data have demonstrated evidence for a determi-
nant role of glutamate in the pathophysiology of sickness model
[58,59]. Another hypothesis is that KYN levels in brain areas increased
24 h after the LPS administration, and the balance of KP metabolism is
shifted toward KMO-dependent neurotoxic branch, decreasing the
neuroprotective metabolites of the KP [60]. These studies suggest an
important role for neuroprotective/neurotoxic branches of the KP in
mediating in LPS-induced sickness behavior in mice. Other studies
need to be performed in order to clarify if brain-specific enrichment of
FO can block the LPS-induced neuroinflammation and the neurotoxic
branch activation of KP.

In our study, the up-regulation of KP induced by LPS was followed
by increased levels of TRP in the hippocampus, striatum and prefrontal
cortex. These findings are somewhat counterintuitive and certainly
argue against the hypothesis that KP enzymes depleted TRP
bioavailability for KP synthesis. However, this result could be
explained as a compensatory mechanism of the brain against the
inflammatory processes elicited by LPS. The observed increase in brain
levels of TRP and 5-HT metabolism in response to LPS has already been
described [61,62]. In addition, we observed alterations in 5-HIAA/5-HT
ratio in the hippocampus, striatum and prefrontal cortex, indicating
that serotonergic system may be involved in the body weight loss,
anhedonic and locomotor behavior induced by LPS. Thus, these results
reinforce that TRP, 5-HT and 5-HIAA levels were associated with
behavior and metabolic changes in sickness-like behavior induced by
LPS in aged mice. Taken together, these data indicate that, under
pathological conditions such as sickness, the activation of KP might be
associated with increase of TRP and altered 5-HIAA/5-HT ratio inin the
brain. Moreover, we demonstrated that FO supplementation has a
neuroprotective effect via modulation of the TRP metabolism and the
serotonergic system. Therefore, we hypothesize that the increase of
EPA+DHA and DPA/AA ratio observed in the brain of mice
supplemented with FO resulted in a reduction of inflammatory
responses via modification in the cellular membrane phospholipid
concentration that finally led to improvement in the serotonergic
system, contributing to the prevention of sickness behavior. A
summary of the mechanistic explanations for the protective effects
of FO against LPS-induced sickness behavior can be seen in Fig. 8.

5. Conclusions

Our results demonstrate a critical role for KP metabolism in
mediating sickness-like behavior and neuroinflammation induced by
LPS. Furthermore, we found that sickness symptoms and neuroin-
flammation were attenuated with FO supplementation. Consequently,
the PUFAs present in FO appear as ideal candidates for nutritional
interventions to promote the decrease of KP activation and neuroin-
flammation, conditions that are related to several neuropsychiatric
and neurodegenerative diseases affecting aged people. Therefore, it is
of great interest to further investigate the relation of sickness-
mediated impairments and the potential benefits of dietary PUFA
supplementation in humans.
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Sickness behavior is a normal immune response of body to fight infection, accompanied by endocrine and be-
havioral altérations. Lipopolysaccharide (LPS) causes sickness behavior in rodents through the increase of
proinflammatory cytokines, generating peripheral inflammation and thus overactivation of kynurenine pathway
(KF). In the present study we investigated the effects of dietary hydrogenated vegetable fat (HVF) in sickness
behavior induced by LPS in aged mice. Male (57BJ/6 aged mice received a supplementation with HVF for six
months. After HVF supplemen tation mice were treated with LPS (0.15mg/kg; i p. injection). Twenty-four hours
post LPS injection mice were submitted to behavioral tests and then, the hippocampus, stiatum and prefrontal
cortex were removed for neurochemical determinations. Our results showed that dietary HVF did not exacerbate
the behavioral alterations induced by LPS. Although HVF did not modulate the proinflammatory cytokines
analyzed, it caused a potentiation in the increase of brain tumor necrosis factor-alpha levels induced by LPS.
Moreover, dietary HVF aggravated LPS-induced KP activation in the brain of mice, mainly by further increase of
nedrotoxde metabolite quinolinie acld and further decrease of kynurenic acid/kynurenine ratio, a marker of
neuroprotective branch of KP. Overall, our study demonstrated that dietary HVF did not worsen the sickness
behavioral induced by LPS administration. However, HVF aggravated the activation of KP and exacerbated the
shift of KP metabolism towards the neurotoxic branch,

1. Introduction

interlukin-6 (IL-6) [3]. By this mechanism it generates an acute per-
ipheral inflammation, which activates an immune response. The in-

Sickness behavior has been well described both experimentally and
observationally, in a variety of animal species [1]. The sickness beha-
vior, which is a normal immune response of body to fight infection, is
manifested by reduced mobility, fatigue, cognitive impairment and
inability to derive pleasure from otherwise enjoyable situations [2].
This endocrine and behavioral alterations is triggered by proin-
flammatory cytokines.

The lipopolysaccharide (LPS) is a component of the outer cell wall
of gram-negative bacteria, and its administration has been used as a
predictive model for sickness behavior in rodents [2]. LPS stimulates
the immune system and induces a release of proinflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a), interleukin (IL)-13, and

teraction between the immune system and central nervous system
(CNS) isimportant for regulating the immunological, physiological, and
behavioral responses to immune stimulation [4]. Likewise, an in-
flammatory response that is generated peripherally can affect the brain
because cytokines can reach the CNS via neural and humoral pathways
[51.

It has been demonstrated that prinflammatory cytokines in the
CNS were able to activate the kynurenine pathway (KP). The kynur-
enine is a catabolite of the amino acid tryptophan, which is generated
by catalytic action of the rate-limiting enzyme of KP indoleamine-2,3-
dioxygenase (IDO) [6]. In the brain, IDO activation plays a key role in
the development of depressive-like behavior [7]. Thus, KP metabolism
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has been related to neurcinflammation and diseases of the CNS.

The hydrogenated vegetable fat (HVF) is obtained basically from
vegetable oils, by the hydmgenation process which generates trans
isomers. The consumption of HVF has been steadily increasing since the
20th century and now accounts for 1.7-8% of the world dietary fat
intake [8]. In fact, processed foods have been widely consumed in
Western countries in recent decades [9]. Due to great increase of HVF
consumption in the last decades, the number of studies began to in-
crease as a result of the effect of this type of fat on human health and
neurclogical diseases. It is well documented that dietary HVF can be
quickly incorporated into membrane phospholipids, thus decreasing
membrane fluidity and altering the biochemical properties as well the
functionality of their proteins [10]. By altering membrane properties
and functionality, HVF may contribute to CNS dysfunctions. Experi-
mental evidence has reported that HVF is proinflammatory [11]. HVF
can induce the increase of inflammatory eicosanocids and cytokines,
which adversely influence mental health [12].

In this context, the objective of the present study is to investigate
whether the consumption of HVF could exacerbates sickness behavior
induced by peripheral administration of LPS in mice. Moreover, neu-
rochemical parameters related to inflammatory status and KP activation
were evaluated in the hippocampus, striatum and prefrontal cortex.

2. Materials and methods
2.1. Amimals

Experiments were performed using male C57BJ/6 mice (30-40g, 2
years old). The aged mice were used because age is the most pre-
dominant risk factor for the development of neurodegenerative diseases
[13]. Our model induces a large neuroinflammation, which is involved
in the etiology of several neurodegenerative diseases that affect the
elderly population. Animals were maintained at 22-25°C with free
access to water and food, under a 12:12h light/dark cycle, with lights
on at 7:00 am. All manipulations were camried out during light phase
on the day. All efforts were made to minimize animal suffering and to
reduce the number of animals used. The procedures of this study were
conducted according to the guidelines of the Committee on Care and
Use of Experimental Animals Resources and with the approval of
Ethical Committee for Animal Use (CEUA protocol # 010/2016) of
Federal University of Pampa, Brazil.

2.2, Mouse treatments

Food was placed in dry-diet feeder jars to avoid significant food loss
that often accompanies overhead pellet feeding, and the jars were
weighed daily to determine the amount of food consumed General
animal health was also monitored during the test periods. Diet con-
sisted of defined mouse diet AIN-93 M (Puro Trato, RS). This diet was
isocaloric, isonitrogenous, 60.1% carbohydrate, 18.2% protein, 10.2%
fat, and approximately 90% dry matter. The animals were divided into
4 groups: Control group (Corn oil + PBS), LPS group (LPS + Com Qil),
HVF group (HVF + PBS) and LPS/HVF group (LPS + HVF). The ani-
mals were supplemented by gavage (3 g/kg; p. 0.) [14] with corn oil
(control) or hydmgenated vegetable fat (HVF-rich in trans fatty acids)
for 180 days [14]. The period of 180 days of HVF supplementation was
determined by the previous study by Trevisol et al. [14]. Thus, the
animals consumed hydrogenated vegetable fat almaost 1/4 of their life,
reproducing the chronic consumption of fat by elderly people. Aged
animals in the HVF group were treated with the diet for 180 days prior
LPS injection. LPS treatment involved an intraperitoneal injection of
freshly made solutions of 0.15mg/kg LPS (L-020M4062, serotype
0127:B8; Sigma, St. Louis, MO) prepared with sterile endotoxin free
isotonic PBS or PBS (equivolume). This dose of LPS was chosen to in-
duce sickness behaviors and cytokine activation at the time point of
measurement, while still providing room for the potential of elevated
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responses. This range of LPS doses was selected based upon previous
studies demaonstrating that 0.33 mg/kg LPS produced prolonged sick-
ness behavior in aged, compared to young mice and 0.02mg/kg being
the lowest dose capable of inducing statistically significant changes in
sickness behaviors when compared to saline treated mice [15].

2.3. Body weight and locomotor activity

Sickness behavior was assessed by changes in body weight and lo-
comaotor activity (LMA) at 24 h after LPS injection. Decreased LMA in a
novel environment is a sensitive measure of sickness behavior [16]. For
this test, mice were individually placed into a clean, novel cage (30L X
19W x 12 Hem) devoid of bedding or litter, and LMA was video-re-
corded for a 5-min period. Videos were analyzed by dividing the cage
into four virmual quadrants and counting the number of quadrant en-
trances over the 5 min period; counting was done by a trained observer
who was blind to experimental treatments. Changes in locomotor ac-
tivity and depression-like behavior were assessed 24h after drug ad-
ministration. We selected behavioral endpoints that we had already
demonstrated to be very sensitive to systemic inflaimmation-induced
sickness [17].

2.4. Corticosterone levels

Blood was collected on ice and separated in a refrigerated centrifuge
at 4 °C (4000 g for 10 min). Serum was stored at —20 °C until assays
were performed. Serum corticosterone levels were measured using a
commercial kit based on enzyme immune assay (ELISA). The corticos-
terone levels were expressed as ng/l.

2.5. Sucrose preference test

Separate groups of mice were evaluated in sucrose preference test.
At 24h after treatment, anhedonia was measured by preference for a
sucrose solution over water, using a two-bottle free choice method [18].
Each animal was presented simultanecusly to two bottles, one con-
taining 1% sucrose solution (w,v), and the other containing tap water.
Blunted sucrose intake, in this test, is proposed to reflect impaired
sensitivity to reward and model anhedonia, a core symptom of major
depression [19]. Tap water and 1% sucrose solution were placed in
premeasured bottles in the cages, and fluid intake was monitored for
24 h. Before the start of the pmotocol the mice were exposed only to a
1% sucrose solution for 24 h aiming the adaptation to sucrose solution.
Mice were private food and water for about 20 h before each sucrose
preference test. Sucrose preference was evaluated via the sucrose up-
take rate, namely, the ratio of volume of sucrose consumption to the
volume of sucrose consumption plus tap water consumption (sucrose
preference sucrose consumption/(sucrose consumption + water
consumption) x 100%).

2.6. Tail suspension test

Mice were suspended 50 am above the floor by adhesive tape placed
approximately 1 cm from the tip of the tail. The immobility time was
recorded for 6 min. The immobility behavior was defined according to
the method described previously [20].

2.7. Tissue preparation for newrochemical determinations

After behavioral tests, mice were euthanized with barbiturate
overdose (pentobarbital sodium 150mg/kg i. p. route) and transcar-
diacally perfused with 10ml ice-cold saline via the aorta. The brain
dissection was performed according to the method of Spijker [21], a
method to dissect multiple brain regions from a single brain based on
existing atlases [22]. Prefrontal cortex, striatum and hippocam pus were
bilaterally removed and rapidly homogenized in 50 mM Tris—Cl, pH 7.4,
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The homogenate was centrifuged at 2400 x g for 15minat 4 °C and a
low-speed supernatant fraction ($1) was used for assays. The blood was
also collected after perfusion with saline.

2.8. Cytokine levels

Levels of interferon-gamma (IFN-y), tumor necrosis factor-alpha
(TNF-at), interleukin 1-beta (IL-1#) and intedeukin-6 (IL-6) in the hip-
pocampus, striatum and prefrontal cortex were measured using sample
aliquots of 100 pL and mouse cytokine ELISA DuoSet Kits from R&D
Systems (Minneapolis, MN, USA), according to the manufacturer's in-
structions (protein range of 31.25-2000 pg). The level of cytokine was
estimated by interpolation from a standard curve by colordmetric
measurements at 450nm (correction wavelength 540 nm) on an ELISA
plate reader (Berthold Technologies-Apollo 8-LB 912, KG, Germany).
Results are shown as pg/mg of protein.

2.9, Analysis of TRF, KYN, KYNA, 3-HK and QUIN concentrations by high
performance liquid chromatgraphy (HPLC)

The levels of TRP and its metabolite KYN in the hippocampus,
striatum and prefrontal cortex were performed in a Shimadzu LC-10A
liquid chromatograph according to Silva et al. [23]. The chromato-
graphic separation was achieved using a 250 % 4.6-mm (inner dia-
meter) C18 reverse-phase column (particle size, 4pm; Aquapore RP-
300C-18). For TRP measurement, the column was eluted isocratically at
flow rate of 1.0ml/min with 0.015M sodium acetate (pH 4.5) con-
taining 15% methanol. For KYN determination, the column was eluted
with acetonitrile at a 1:47 dilution in 0.1 M acetic acid-0.1 M ammo-
nium acetate (pH 4.65). The absorbance of the column effluent was
monitored at 280 and 365 nm for TRP and KYN, respectively. The peaks
of TRP or KYN were identified by comparison with the retention times
of standard compounds (Sigma), and quantification was based on the
ratios of the peak areas of compound to the internal standard. The
tissue levels were expressed in ng/mg tissue. KYN/TRP ratio was cal-
culated by ratio between KYN and TRP concentrations. KYNA, 3-HK
and QUIN levels were measured in the hippocampus, striatum and
prefrontal cortex using HPLC. The mobile phase contained 50 nM gla-
cial acetic acid, 100 mM zinc acetate and 3% acetonitrile dissolved in
double-distilled NANO pure water HPLC grade H20. The pH was ad-
Jjusted to 4.9 using 5 M NaOH. S1 of PFC and HP were sonicated in 1 ml
of mobile phase containing 7% perchloric acid spiked with 50 ng/20 pl
of N-methyl 5-HT as an intemal standard. The resultant solution was
centrifuged at 44,800g for 20min and the supernatants were placed
into new Eppendorf tubes using a syringe fitted with a 0.45-pm filter
(Phenomenex). Approximately 20pl of the filtered supernatant was
injected using a Waters auto sampler and a Reverse Phase analytical
column (Kinetex™ Core Shell Technology column with specific area of
4.6 mm and particle size of 2.6 pl, Phenomenex) was used for the se-
paration of metabolites. A PDA-UV detector (Shimadzu SPD-M10A VP),
calibrated to integrate at 230 and 250 nm, as well as a fluorescent de-
tector (Shimadzu RF- 20 A XS prominence fluorescence detector), set to
excitation wavelength 254 nm and emission wavelength 404 nm, were
used to detect the metabolites. Chromatographs were generated by
CLASS-VP software (Shimadzu). The results are expressed as ng/g
tissue.

2.10. 5-HT and 5-HIAA levels and 5-HIAA/5-HT rato

The levels of 5-HT and its metabolite 5-Hydroxyindoleacetic acid (5-
HIAA) in the hippocampus, striatum and prefrontal cortex were ana-
Iyzed by HPLC with electrochemical detection, as previously described
[24]. The maobile phase, used at a flow rate of 0.8 ml/min, consisted of
0.02M phosphate/citrate buffer and 90/10 methanol (v/v), 0.12
mMNa2 EDTA, and 0.0556% heptane sulphonic acid as ion pair. The pH
was adjusted to 2.64 with H3PO4 at 22 °C. A 5-pm (220 = 4.6) Spheri-5
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RP-18 column from Brownlee Laboratory was used. Electrochemical
detection was performed with a Shimadzu L-ECD-6A electrochemical
detector with a potential of 0.75V. The peak area of the internal
standard, dihydroxybenzylamine (DHBA) was used to quantify the
sample peaks. The tissue levels were expressed in ng/g tissue, 5-HIAA/
5-HT ratio was calculated by ratio between 5-HIAA and 5-HT con-
centrations.

2.11. Determination of IDO, KMO and KAT activities

IDO activity in the hippocampus, striatum and prefrontal cortex was
determined as previously described [25], with minor modifications: the
tissue used in the original study was rabbit small intestine and in our
study it was prefrontal cortex (PFC) and hippocampus (HF) of mice; the
amount of the enzyme as expressed in terms of its heme content based
on the absorbance at 406nm and in our method, the protein con-
centration was measured by the method of Bradford [26], using bovine
serum albumin as the stardard; the temperature was 25 °C and in our
study was 37 “C; the original method did not describe the block with
trichloroacetic acid and the rotations of the centrifugation. The $1
(0.2ml) were added to 0.8ml of the reaction mixture containing
400 pM r-tryptophan, 20mM ascorbate, 10 pM methylene blue, and
100 pg catalase in 50 mM potassium phosphate buffer pH 6.5. The re-
action was carried out at 37 °C under agitation for 60 min. Then, it was
blocked by adding 0.2ml of 30% trichloroacetic acid and further in-
cubated at 50 °C for 30 min to convert the N-formylkynurenine to 1-
kynurenine. Samples were centrifuged at 13,000 g for 10 minat 4 °C.
The supernatants were filtered through microspin ultrafiltrates with a
cut-off of 10,000 Mr before being taken for measurement of IDO. The
amount of 1-kynurenine formed from TRP was determined by reversed
phase high performance liquid chromatography (HPLC). One hundred
pl of the reaction product was injected onto a Merck LiChrospher
column (150 mm long, 4.6 mm diameter, packed with 51m silica beads
holding 18C long-carbon chains). A cartridge guard column containing
the same material as the analytical column was used. The mobile phase
consisted of 0.1 M ammonium acetate buffer (pH 4.65) with 5% acet-
onitrile. Flow rate was 1 ml/min KYN was detected using a spectro-
meter measuring absorbency at a wavelength of 365nm and was
quantified using known amounts of L-kynurenine. The retention time of
KYN was around 5.35 min. All determinations were performed in du-
plicate. One unit of the activity was defined as 1nmol KYN/h/mg
protein at 37 C.

To measurement the KMO activity, the hippocampus tissue was
homogenized 1:5 (wt/vol) in ultrapure water and further diluted 1:5
(vol/val) in 100mM Trs-HCI buffer (pH 8.1) containing 10 mM KCI
and 1mM EDTA. Eighty pl of the tissue preparation were incubated for
40 min at 37 "Cin a solution containing 1 mM NADPH, 3 mM glucose-6-
phosphate, 1 U/ml glicose-6 phosphate dehydrogenase, 100 pM ky-
nurening, 10mM KCl and 1 mM EDTA in a total volume of 200 pL The
reaction was stopped by the addition of 50 pl of 6% perchlorc acid.
Blanks were obtained by adding the specific enzyme inhibitor Ro
61-8048 (100pM) in the incubation solution. After centrifugation
(16,000 = g, 15 min), 20 pl of the supematant were applied to HPLC to
measure 3-HK.

The KAT activity was made using the method previously described
by Guidetti et al. [27]. Brefly, the hippocampus was harvested and
homogenized in distilled water. After centrifugation (12,000 x g,
10min), KAT activity was measured in a total volume of 200pl, con-
taining 80 pl of supernatant fluid, 150 mm Tris-acetate buffer, pH 7.4,
21m kynurenine, 1 mm pyruvate and 801m pyridoxal-5-phosphate.
Samples were incubated for 24 h at 37 °C, and the reaction was termi-
nated by adding 50% (w/v) trichloroacetic acid. After successive wa-
shes with 0.1 m HCI and distilled water, KYNA was eluted from the
column with 2 % 1 mL of distilled water and quantified by HPLC.
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2.12. Protein determination

Protein concentration was measured by the method Bradford [26],
using bovine serum albumin as the standard.

2.13. Statistical analysis

The data distribution was verified by applying the Kolmogorov-
Smirnov test. Results are presented as means + standard error medium
(SEM). Comparisons between the experimental and the control groups
were performed by one-way analysis of variance (ANOVA), followed by
Tukey post hoc test or two-way ANOVA, followed by Bonferroni post
hoc test, when appropriate. A value of P < 0.05 was considered to be
statistically significant. All tests were carried out using the GraphPad
Prism software 5.0 (San Diego, California, USA).

3. Results

3.1. Sucrose preference test (SPT), Open field test (OFT), tail suspension
test (TST), body weight (BW) and corticosterone levels

The statistical analysis revealed no significant differences in basal
sucrose preference test, sucrose preference test and OFT (HVF X LPS,
Fioq = 007, p < 0.78; Fig. 1A), (HVF X LPS, Fy o4 = 0.04, p < 0.83;
Fig. 1B) and (HVF X LPS, Fy 2y = 0.07, p = 0.79; Fig. 1C) respectively.

Two-way ANOVA of TST, body weight and corticosterone serum
levels showed no significant differences in HVF x LPS interaction
(Fy24 = 059, p < 0.45; Fig. 1D), (Fj 24 = 0.00, p < 0.94; Fig. 1E)
and (F; z4 = 2.02, p = 0.18; Fig. 1F) respectively. Sickness behavior
induced by LPS was not aggravated by dietary HVF in the SPT, OFT,
TST, body weight and corticosterone serum levels compared to LPS
group (Fig. 1A, B, 1C, 1D, 1E and 1F respectively).

3.2, Cytokine levels

Statistical analysis of IL-1( levels in the hippocampus, striatum and
prefrontal cortex showed no significant HVF x LPS interaction
(Fy04 = 0.06, p < 0.80; Table 1), (Fy24 = 0.43, p = 0.52; Table 1)
and (Fy,24 = 2,18, p < 0.16; Table 1), respectively.

In a similar manner, two-way ANOVA of IL-6 levels in the hippo-
campus, stiatum and prefrontal cortex demonstrated no significant
HVF x LPS  interaction (F,24 =177, p =< 0.20; Table 1),
(Fiz24 =022, p = 065 Table 1) and (Fyz,=013, p =< 0.72;
Table 1). Post hoc comparisons showed that HVF supplementation did
not modulate the increase of IL-1f and IL-6 levels in brain structures
(Table 1).

Statistical analysis of TNF-c levels in the hippocampus, striatum and
prefrontal cortex revealed a no significant HVF % LPS interaction
(Fi 24 = 282, p = 0.11; Table 2), (Fy2 = 4.37, p = 0.05; Table 2)
and (py 24 = 228, p = 0.15; Table 2), respectively. In the hippo-
campus, striatum and prefrontal cortex, post hoc showed a HVF sup-
plementation potentiated the increase of TNF-a levels induced by LPS
(Table 2).

A two-way ANOVA of IFN-y levels demonstrated no significant
HVF x LPS interaction in hippocampus (F,.,= 001, p < 0.94;
Table 2) and striatum (Fy24 = 1.99, p < 0.18; Table 2). Statistical
analysis of IFN-y levels in the prefrontal cortex showed a significant
HVF x LPS interaction (F, 3, =5.17, p = 0.04; Table 2). Post hoc
comparisons revealed that HVF supplementation did not modulate the
increase of IFN-y levels caused by LPS in prefrontal cortex of the mice
(Table 2).

3.3. Serotonin (5-HT) and 5-Hydroxyindoleacetic acid (5-HIAA) levels

Statistical analysis of 5-HT levels in the hippocampus, striatum and
prefrontal cortex showed no significant HVF x LPS interaction
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(Fi24 = 0.87, p =< 0.36; Table 3), (F,2 = 0.18 p = 0.68; Table 3)
and (Fy 24 =071, p < 0.41; Table 3), respectively. Post hoc analysis
yielded that HVF supplementation did not decrease 5-HT levels in brain
structures (Table 3).

Two-way ANOVA of 5-HIAA levels in the hippocampus, striatum
and prefrontal cortex revealed no significant HVF » LPS interaction
(Fi 24 = 247, p = 0.14; Table 3), (Fy2¢ = 2.09, p = 0.17; Table 3)
and (g 24 = 1.56, p = 0.23; Table 3), respectively. In the hippo-
campus, striatum and prefrontal cortex post hoc showed a HVF sup-
plementation did not modulate to the decrease 5-HIAA levels caused by
LPS (Table 3).

Statistical analysis of 5-HIAA/S-HT ratio in hippocampus, striatum
and prefrontal cortex was not altered significantly by LPS injection
(Fi,24 = 3.24, p < 0.09; Table 3), (Fy24 = 0.35, p < 0.56; Table 3),
(Fy,24 =050, p < 0.61; Table 3). In the brain structures post hoc de-
monstrated that dietary HVF did not alter 5-HIAA/5-HT ratio (Table 3).

3.4. Tryptophan (TRP) and kynurenine (KYN) levels

Statistical analysis of TRP levels in the hippocampus, striatum and
prefrontal cortex revealed no significant HVF % LPS interaction
(Fi 24 =016, p < 0.69; Table 4), (Fi = 2.66, p < 0.12; Table 4)
and (g1 24 = 1.62, p < 0.22; Table 4), respectively. In the brain struc-
tures, post hoc analysis showed that dietary HVF was not able to further
decrease of TRP levels induced by LPS in hippocampus of the mice
(Table 4).

A two-way ANOVA of KYN levels in the hippocampus and prefrontal
cortex  demonstrated no  significant HVF x LPS  interaction
(Fiz4 =174, p = 0.21; Table 4) and (F,z4= 117, p =< 0.30;
Table 4). Post hoc comparisons revealed that HVF supplementation
potentiated the increase of KYN levels caused by LPS in striatum of the
mice (Table 4).

Statistical analysis of KYN/TRP ratio in the hippocampus and pre-
frontal cortex demonstrated no significant HVF % LPS interaction
(Fi24 =083, p < 038 and Fy2 =000, p = 0.97, respectively;
Table 4). Two-way ANOVA of KYN/TRP ratio in the striatum showed a
significant HVF = LPS interaction (F, 24 = 4.90, p < 0.04; Table 4).
Post hoc comparisons revealed that dietary HVF was potentiated the
KYN/TRP ratio caused by LPS in striatum of the mice (Table 4).

3.5. Kynurenic acid levels (KYNA) and kynurenic acid/kynurenine
(KYNA/KYN) ratio

Two-way ANOVA of KYNA levels in the hippocampus, striatum and
prefrontal cortex did not reveal significant HVF x LPS interaction
(Fyaq = 245, p = 0,14; Fig. 2A), (Fio4 = 2,50, p = 0.14; Fig. 2B)
and (Fy zq = 0.01, p = 0.94; Fig. 2C), respectively.

Statistical analysis of KYNA/KYN ratio in the hippocampus and
prefrontal cortex did not demonstrate significant HVF x LPS interac-
tion (Fy24= 474, p = 0.06; Fig. 2D) and (F, 24 = 0.06, p = 0.80;
Fig. 2F). A two-way ANOVA of KYNA/KYN ratio in the stiatum showed
a significant HVF x LPS interaction (F, 24 = 8.12, p < 0.01; Fig. 2E).
Post hoc comparisons revealed that HVF supplementation potentiated
the decrease of KYNA/KYN ratio caused by LPS in striatum of the mice
(Fig. 2E).

3.6. 3-Hydroxykynurenine (3-HK), quinolinic acid (QUIN) levels and 3-
hydroxykynurenine/kynurenine (3-HK/KYN) ratio

Statistical analysis of 3-HK levels in the hippocampus, striatum and
prefrontal cortex did not reveal significant HVF x LPS interaction
(Fiaq = 3.84, p = 0,07; Fig. 3A), (Fio4 = 001, p = 0.93; Fig. 3B)
and (Fy 24 = 2.00, p < 0.18; Fig. 30).

In a similar manner, two-way ANOVA of 3-HK/KYN ratio in the
hippocampus, stiatum and prefrontal cortex showed a not significant
HVF x LPS interaction (F, 54 = 3.84, p = 0.07; Fig. 30), (Fy 24 = 0.01,
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Fig. 1. Effect of HVF supplementation and LPS administration in the SPT, OFT, TST, body weight and corticosterone serum levels in aged mice, Data are expressed as

means + SEM of 6 animals per group (Two-way ANOVA/~Bonferroni Multiple Comparison Test™). * p < 0.05 when compared to the control group (0G
0,05 when compared the (HVF) and (HVF/LPS).

p < 0,05 when compared the (HVF/LPS) with the (LES). “p <

p = 0.93; Fig. 3E) and (Fy 24 = 2.00, p = 0.18; Fig. 3F), respectively.
In the hippocampus, striatum and prefrontal cortex, post hoc analysis
showed that HVF supplementation did not cause a decrease in 3-HK/
KYN ratio (Fig. 3E).

The statistical analysis of QUIN levels in the hippocampus, striatum
and prefrontal cortex did not demonstrate significant HVF % LPS in
teraction (Fy a4 = 083, p = 0.37; Fig. 3G), (Fy 2 = 002, p = 0.90;
Fig. 3H) and (Fy 24 = 1.24, p < 0.28; . 3I). In the hippocampus,

), B

striatum and prefrontal cortex, post hoc analysis showed that HVF
supplementation potentiated the QUIN levels (Figs. 3G, H and I).

3.7. Indoleamine-2, 3-dioxygenase (Ido), kynurening 3-monoxygenase
(KMO) and kynurenine aminowransferase (KAT) activities

Two-way ANOVA of IDO activity in hippocampus, striatum and
prefrontal cortex did mot demonstrate  significant HVF x LPS

34



M.G. de Gomes et al.

Chemico-Biological Interactions 293 (2018) 28-37

Table 1

Effect of supplementation with HVF on IL-1p and IL-6 levels in brain structures of mice in a sickness behavior model.
Groups IL-1p (pg/mg) IL-6 (pg /mg)

Hippocampus Striatum Prefrontal Cortex Hippocampus Stristum Prefrantal Cortex

oG TRT5 £ 563 79.50 + 622 8550 = 870 65.50 + 732 2400 = 434 4375 + 298
s 7353 £ 9873 6E7.0 = 1050* 6E3E £ 5025 2208 £ 24.88" 2195 = 2007 267.3 £ 28.06
HFV 1200 = 1329 1505 = 2207 1253 £ 1271 BR5D £ 278 3075 £ 464 5325 £ Q69
HFV/LPS BO7.3 £ 67.83" 6623 = 100.1* 5103 £ 1341™ 1815 = 36.05% 2515 = 18.42% 2645 £ 15.40%

Data are expressed as means + SE.M of 6 animals per group (Two-way ANOVA/*Tukey's Multiple Comparison Test").

*p < 0.05 when compared to the contral groups (CG).
®p = 0.05 when compared the (HVE/LPS) with the (LPS).
“p < 0.05 when compared the (HVF) or (HVF/LPS) interactions.

Table 2

Effect of supplementation with HVF on TNF-a and 1FN-y levels in brain structures of mice in a sickness behavior model,

Groups TNF- (pg/mg) IFN-y (pg./mg)

Hippocam pus Striatum Prefrontal Cortex Hippocampus Striatum Prefrontal Cortex
oG 5B50 = 11.38 3475 = 3.8 28.50 £ 533 3400 £ 273 2025 £ 278 5R.75 £ 695
LPE 5158 + 6R3E" 4305 + 40.81* 436.8 £ 3767 3305 £ 3BS5T 3373 £ 4482 307.3 £ 55.80%
HVF 5675 = 11.12 TLOD £ 1098 42.00 £ B58 4225 £ 1520 6975 £ 1275 1073 £ 15.35
HVE/LPS 727.5 = 1046 6348 = 6315 503.5 = 86,55 3348 = 3538° 28BS + 4267 2070 £ 22.70%

+

Data are expressed as means

S.EM of 6 animals per group (Two-way ANOVA/“Tukeys Multple Comparison Test™).

#p < 0.05 when compared to the contral groups (CG).

" p < 0.05 when compared the (HFV/LPS) with the (LPS).

“p < 0.05 when compared the (HFV) or (HVE/LPS) interactions,

Table 3

Effect of supplementation with HVF on 5-HT and 5-HIAA metabolite levels in brain structures of mice in a sickness behavior model.
Groups 5HT (ng/mg) 5-HIAA (ng/mg) 5-HIAA/S-HT ratio

Hippocampus Striatum Prefrontal Cortex Hippocampus Striatum Cortex Hippocampus  Striatum Prefrantal Cortex

oG 4063 = 40,07 3183 £ 2095 2683 £ 1306 2345 £ 1370 1880 + 1558 1908 + 17.11 060 = 0.08 060 £ 007 071 £ 007
P 520.8 + 3619 4340 £ 41.72 5760 = 1364° 3805 £ 1457 2853 = 10.11% 2898 = 621" 072 £ 005 067 = 008 077 = 0.03
HVF 4450 £ 5519 3328 = 444 3048 £ 1632 2763 £ 35.09 2405 £ 10.62° 2428 = 1558 062 £ 0.4 074 = 006 080 = 0.06
HVE/LPE 6458 = 30.06™ 4195 £ 37.66 3863 £ 1848 3488 = IALE" 2078 £ 17656 2805 = 330" 054 £ 0.02 072 £ 007 074 £ 047

-+

Data are expressed as means +
*p < 0.05 when compared to the contral groups (CG).

¥ p = 0,05 when compared the (HVF/LPS) with the (LPS).

“p < 0.05 when compared the (HVF) or (HVF/LPS) interactions.
interaction (Fy 24 = 1.69, p < 0.21; Table 5), (Fy 24 = 0,00, p = 0.96;
Table 5) and (Fy 24 = 0,16, p < 0.69; Table 5).

Similarly, statistical analysis of KMO activity in hippocampus,
striatum and prefrontal cortex did not yield HVF » LPS interaction
(Fi24 = 0.32, p < 0.58; Table 5), (Fyz4 = 0.33, p < 0.57; Table 5)
and (F 24 = 1.26, p < 0.28; Table 5). In the stratum, pest hoc analysis
showed that HVF supplementation modulated the increase of KMO
activity induced by LPS (Table 5).

A two-way ANOVA of KAT activity in hippocampus, striatum and
prefrontal cortex did not reveal HVF x LPS interaction (F, 24 = 0.06,
p < 0.80; Table 5), (Fi24=4.46, p < 0.06; Table 5) and
(F) 24 = 2,68, p = 0.12; Table 5). In the hippocampus, stdatum and
prefrontal cortex, post hoc analysis showed that HVF supplementation
was not modulate the KAT activity (Table 5).

4. Discussion

In the study, we investigated the effects of supplementation with
HVF in the aggravation of sickness behavior induced by peripheral
administration of LPS in aged mice. We found that sickness behavior
caused by LPS is mediated by the increase of proinflammatory cyto-
kines. In the behavioral parameters, LPS caused depressive-like
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S.EM of 6 animals per group (Two-way ANOVA/“Tukeys Multiple Comparison Test™).

behavior due to the excessively activation of KP in the brain of aged
mice. On the other hand, dietary HVF was unable to modulate neu-
roinflammation and behavioral alterations in aged mice. However, HVF
aggravated the KP activation induced by LPS.

Research has reported that IDO activation plays a key role in the
precipitation of depressive states both in rodents and humans [28]. SPT
is considered an indicator of a key symptom of depression, i.e., anhe-
donia, indicating loss of interest or pleasure [29]. The TST is a behavior
paradigm predictive for depression, which is based on immobility time
[20]. In addition, the depressive-like state in rodents is a feature of the
pathophysiology of sickness behavior [30]. In our study, dietary HVF
did not aggravate the alterations in SPT and TST caused by peripheral
administration of LPS. The LPS-induced sickness behavior is probably
mediated by IDO activation, in response to increase of proinflamma tory
cytokines in the brain [31].

A classic feature of sickness behavior is the loss of body weight [30].
It is known that sickness behavior can cause a great weight loss in ro-
dents, reaching values higher than 5% [32]. In the present study, LPS
caused a loss of 10-13% in the body weight of mice, but HVF supple-
mentation did not change it. Corticosterone is a hormone that at ele-
vated levels can generate a high catabolism or degradation of body
mass. Here, we observed that the immune response caused by LPS
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resulted in an increase of circulating corticosterone levels [32]. In ad-
dition, it is known that increased corticosterone levels are directly re-
lated to the elevation of proinflammatory cytokines [33]. In this con-
text, the dietary HVF contributed to a greater increase in brain TNF-a
levels, aggravating KP activation. Therefore, increased levels of corti-
costerone should mediate the results found for the weight loss in aged
mice, as a result of energetic-protein depletion.

It is well described that one of the mechanisms by which LPS in-
duces sickness behavior is through the increase of proinflammatory
cytokines, mainly IL-1f, TNF-a, and IL-6 [34]. In our study, we found
that HVF supplementation did not exacerbate the increase in the levels
of IL-1B, IL-6 and IFN-y in the hippocampus, striatum and prefrontal
cortex of mice treated with LPS. On the contrary, HVF further increase
TNF-o levels in these brain regions of LPS-treated mice. These results
corroborate that increased levels of proinflammatory cytokines in re-
sponse to LPS could be mediated by KP activation [30]. Thus, dietary
HVF aggravates the elevation of TNF-at levels in the brain of aged mice,
contributing to overstimulation of KP.

When the KP is overactivated, the TRP is used as substrate for
pathway [16,35]. It has known that semotonergic system is involved
with the depressive and anhedoniclike behaviors, where the TRP is
required for 5HT synthesis. An essential role of brin serotonergic
system was related to anorexia, which is another behavioral phenom-
enon observed in a few hours after LPS administration [36]. In our
study, we observed that 5-HT levels in the hippocampus and prefrontal
cortex in conjunction with its metabolite 5-HIAA in all brain regions
were higher when LPS was administered. On the other hand, HVF
supplementation did not increased the levels of 5-HT and 5-HIAA in the
brain of mice. These results are consistent with previous data where
LPS-induced neuroinflammation provoked an increase in brain 5-HIAA
levels, indicating an increase of 5-HT turnover [37]. Therefore, dietary
HVF did not cause or aggravate serotonergic dysfunction in response to
LPS administration in aged mice.

The IDO induction has been linked to depressive-like complications
in rodents and humans [38]. A previous work of our laboratory has
demonstrated that IDO is an important mediator of neuroinflammation
and neurobehavioral disturbances in a model of Alzheimers disease
induced by amyloid-beta (1-42) peptide in mice [35]. IDO is activated
by proinflaimmatory cytokines and provides the initial enzymatic ac-
tivity in the degradation of TRP in KP. In the present study, we de-
monstrated that LPS induced an increase in IDO activity in the hippo-
campus, striatum and prefrontal cortex of mice. This increase in DO
activity could be responsible for the increase in the levels of TRP, KYN
and its KYN,/TRP ratio in all brain regions analyzed of the LPS-treated
mice. Once again, dietary HVF did not cause IDO induction neither TRP
and KYN alterations.

It has been described that inflammation-related KYN pathway ac-
tivation results in KYN production and its neuroactive metabolites [39].
The metabolite KYN can undergo the action of the enzyme kynurenine
amino-transferase (KAT) generating kynurenic acid (KYNA). KYNA is
an endogenous TRP derivative, which multiple central actions have
emerged within last years, including its neuroprotective effect [40]. In
addition, kynurenine 3-monooxygenase (KMO) is used to deave KYN to
3-hydroxykynurenine (3-HK), which subsequently generates quinolinic
acid (QUIN). Increased QUIN concentrations have also been described
in postmortem brains of patients with inflammatory-infectious disorders
(bacterial, viral, autoimmune diseases and septicemia) [41]. It is known
that increased levels of QUIN in the brain means a potent neuroin-
flammation. In our study, dietary HVF did not modulate KAT activity
and KYNA levels in the brain regions studied. However, dietary HVF
aggravated the decrease of KYNA/KYN ratio in the brain of mice, an
important marker of neuroprotective branch of KP. In addition, the
dietary HVF aggravated the increase of brain KMO activity and 3-HK
and QUIN levels induced by LPS. Our results are in line with previous
studies reporting that QUIN is related to the development of depressive
symptomatology in both laboratory animals and depressed patients
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. [42,43]. Thus, this study provides evidence tha HVF consumption fur-
"] ther increase the shift towards neurotoxic branch of KP elicited by LPS,
mainly due to the excessive generation of QUIN.

o In conclusion, our study reinforces a critical role for KP metabolism
23 in mediating sickness-behavior induced by LPS in aged mice. Despite
dietary HVF did not aggravate sickness symptomatology, it has been
exacerbated KP activation probably due to the further increase in TNF-
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4. DISCUSSAO

Este estudo mostrou o efeito neuroprotetor da suplementacdo com AGPI n-3
e a potencializacdo dos efeitos neuroinflamatérios da suplementacdo com GVH em
um modelo de comportamento doentio induzido por LPS em camundongos idosos.
Assim, os camundongos foram expostos a suplementacédo diaria pelo periodo de 24
semanas consecutivas. Nesse sentido, somos 0s pioneiros na literatura cientifica a
demonstrar o efeito farmacoldégico da suplementacdo crénica com AGPI n-3 e o0s
efeitos deletérios da suplementacao crénica com GVH no modelo de comportamento
doentio. Ainda, demonstramos o0s efeitos comportamentais causados pelas
suplementacdes nos animais. Além disso, mostramos como diferentes acidos
graxos, oriundos de fonte dietética sdo capazes de mediar a ativacdo da via da
quinurenina  em camundongos idosos, 0S quais ja se apresentavam

imunocomprometidos, devido ao processo fisiolégico de envelhecimento.

Inducdo do comportamento doentio pelo LPS causando alteragcdes hormonais e

comportamentais

Nesse contexto, a injecdo de LPS induziu ao comportamento doentio nos
camundongos idosos. Um dos principais sintomas do comportamento doentio ao
organismo, € rapida e grande perda de peso corporal que a doenca ocasiona. Em
nosso estudo, o comportamento doentio causou uma perda de peso corporal de 10-
13% nos animais. A suplementacdo com AGPI n-3 foi capaz de proteger contra essa
drastica perda de peso corporal causada pelo LPS nos camundongos idosos,
enquanto a suplementacdo com GVH ndo modificou a perda de peso corporal
causada no comportamento doentio. Sabe-se, que o comportamento doentio pode
causar uma grande perda de peso em roedores, geralmente superior a 5%
(DANTZER, 2006), e que a perda de peso € uma caracteristica classica do
comportamento doentio (LEITE et al., 2016).

Nosso estudo, estd de acordo com a resposta classica inicial causada no
comportamento doentio. No intuido de corroborar com esse achado, verificamos os
niveis de corticosterona (artigo 2). Pois, a corticosterona € um horménio que em alto
niveis, gera um alto catabolismo energético, que culmina em uma grande perda de

peso corporal. Assim, a injecdo intraperitoneal de LPS causou um aumento nos
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niveis séricos de corticosterona, niveis 0s quais a suplementacdo com GVH nao
alterou o aumento causado pelo LPS. Além disso, sabe-se que o aumento dos niveis
de corticosterona esta diretamente relacionado a elevagdo das citocinas pro-
inflamatoérias (MAES et al., 2011). Portanto, acreditamos que a perda de peso esta
relacionada diretamente com aumento nas citocinas pro-inflamatérias. Como por
exemplo, o grande aumento nos niveis de TNF-a causados pela suplementagdo com
GVH, agravando a ativagdo da via da quinurenina. Ainda nesse contexto, n&o
fizemos a mensuragéo dos niveis de corticosterona no estudo com a suplementacéo
com AGPI n-3. Porém, a suplementacdo com AGPI n-3 foi eficaz em proteger contra
0 aumento das citocinas proé-inflamatérias causado pelo comportamento doentio.
Sendo que a suplementacgéo evitou a perda de peso corporal nos animais. Assim, a
modulacdo dos niveis das citocinas pré-inflamatérias por parte das suplementacfes
€ essencial para que ocorra a ativacdo da via da quinurenina e toda a colecédo de
sintomas nao especificos causados pelo comportamento doentio.

Nesse contexto, a alteracdo da funcdo locomotora apds 24 horas da injecao
de LPS é um dos primeiros sintomas comportamentais da doenca. A reducdo da
atividade locomotora € realizada pois € uma maneira de se comprovar O
comportamento doentio induzido pelo LPS (DANTZER, 2011). Assim, a injecdo com
LPS reduziu drasticamente a atividade locomotora dos animais, sendo essa
mensuracao realizada no teste do campo aberto (artigo 1). Esse resultado em
conjunto com a perda de peso, corrobora com os achados de um estudo similar
realizado por DANTZER, 2006. A suplementacdo com AGPI n-3, foi capaz de
impedir a diminuicdo da atividade locomotora no teste do campo aberto induzida
pelo LPS, bloqueando um dos principais sintomas do comportamento doentio. Esse
resultado, em conjunto com a inibicAo da perda de peso causada pela
suplementacdo com AGPI n-3, demonstram a efetividade em bloquear os principais
sintomas, que validam o modelo de comportamento doentio induzido pelo LPS.

Ainda, via mensuracdo do comportamento doentio, a injecdo com LPS nao
causou uma reducédo na atividade locomotora dos animais (artigo 2). Porém, causou
uma grande perda de peso dos animais, assim 0s animais exibiram um sintoma dos
dois os quais sdo usados para a validacdo e mensuragdo do comportamento
doentio. Em relacdo, ao LPS nado causar alteracdo na atividade locomotora no teste
do campo aberto, nosso estudo corroborou com os resultados encontrados no

estudo de DANG et al., 2018, o qual mimetizou o comportamento tipo-depressivo em
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ratos por repetidas inje¢cdes com LPS. Diante do exposto, a suplementacdo com
GVH néo alterou também a atividade locomotora dos camundongos no teste do
campo aberto. Porém, sabiamos que a suplementacdo crénica com GVH gera um
quadro de ansiedade em roedores (TREVIZOL et al., 2014) e que o modelo de
comportamento doentio causa comportamento tipo-depressivo em roedores
(DANTZER, 2006).

Assim, realizamos o teste de suspencédo de cauda (artigo 2), o qual é um teste
preditivo para depressédo (STERU et al., 1985). A injecdo com LPS aumentou o
tempo de imobilidade dos animais no teste de suspencdo de cauda, indicando um
comportamento tipo-depressivo o qual também faz parte dos sintomas causados
pelo comportamento doentio. Quando suplementados com GVH, o0s animais
apresentaram um aumento na imobilidade no teste de suspencdo de cauda, néo
sendo capaz de modular o comportamento tipo-depressivo causado pelo LPS. Deste
modo, nossos resultados corroboram com os estudos de DANTZER 2006 e 2011,
demonstrando o comportamento tipo-depressivo causado no modelo de
comportamento doentio.

Ainda, investigando o comportamento tipo-depressivo causado pela
administracdo de LPS a qual induz o comportamento doentio, realizamos o teste de
preferéncia da sacarose. O teste de preferéncia da sacarose € um modelo que
mimetiza o comportamento tipo-aneddnico em animais, sendo a anedonia um
sintoma central da depressao (TIZIANA et al.,, 2008). Dessa maneira, a
administracdo do LPS causou uma diminuicdo no consumo de sacarose pelos
camundongos (artigo 1), caracterizando o comportamento tipo-anedénico nos
animais. Ja quando os animais foram suplementados com AGPI n-3, a
suplementacdo impediu a diminuicdo do consumo de sacarose causado pelo LPS e
consequentemente impediu a manifestacdo do comportamento tipo-aneddnico.
Novamente, a suplementacdo com AGPI n-3 impediu a manifestacao
comportamental relacionada aos sintomas de depressédo em roedores. Resultados
similares também foram obtidos no estudo de DANG et al.,, 2018, em que a
suplementacdo com AGPI n-3 impediu parcialmente a diminuicdo no consumo de
sacarose em ratos induzida por LPS.

Também seguimos essa linha de raciocinio e investigamos 0 comportamento
tipo-anedonico no artigo 2. Conforme o esperado, a administragéo do LPS reduziu o

consumo de sacarose nos animais, no teste de preferéncia da sacarose. Quando os
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animais foram suplementados com GVH, a suplementacéo foi incapaz de impedir a
diminuicdo do consumo de sacarose causada pelo LPS. Assim, a suplementacdo
com GVH n&o alterou a manifestacdo do comportamento tipo-anedbnico nos
animais. Junto com o resultado do teste de suspencdo de cauda, fica claro que a
suplementacdo com GVH nao é capaz de evitar os sintomas depressivos causados
pelo comportamento doentio. Em um estudo realizado por DANTZER et al., 2008,
demonstra a relacdo das citocinas inflamatérias nos sintomas depressivos,
apresentados em reposta ao comportamento doentio induzido pelo LPS. Diante do
exposto, ressaltamos a relacdo entre as suplementacdes e o efeito direto nos niveis
das citocinas pro-inflamatérias, que acaba por modular a ativacdo da via da
quinurenina, com acdo direta nos sintomas comportamentais causados pelo

comportamento doentio.

Envolvimento do sistema serotoninérgico nas alteracbes comportamentais no

modelo de comportamento doentio

Ainda, relacionado as alteracbes comportamentais causadas pelo
comportamento doentio induzido pela administracdo de LPS nos camundongos
idosos, sabemos que o sistema serotoninérgico esta envolvido com o0s
comportamentos tipo-depressivo e anedbnico, onde o TRP é necessario para a
sintese de 5-HT. Sendo que, alguns estudos j4 observaram o aumento nos niveis
cerebrais do TRP e do metabolismo da 5-HT em resposta ao LPS (SCHNEIDERS et
al., 2015; SENS et al., 2017). Um papel essencial do sistema serotoninérgico esta
relacionado a anorexia, que é outro fenbmeno comportamental observado em
poucas horas ap6s a administracdo de LPS em roedores (ASARIAN et al., 2010). De
maneira geral, a injecdo de LPS causou um aumento nos nhiveis de 5-HT e seu
metabdlito acido 5-hidroxi-indolacético (5-HIAA) nas trés estruturas cerebrais
(hipocampo, estriado e cortex pré-frontal) dos camundongos idosos (artigo 1).
Quando os animais foram expostos a suplementacdo com AGPI n-3, acarretou na
protecdo contra o aumento dos niveis de 5-HT e 5-HIAA causado pelo LPS nas
estruturas cerebrais.

Dessa maneira, quando administrada a injecdo com LPS, acarretou em um
aumento nos niveis de 5-HT no cortex pré-frontal e aumento nos niveis de 5-HIAA

no hipocampo, estriado e coértex pré-frontal dos animais (artigo 2). A suplementagéo
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com GVH ndo modulou o aumento nos niveis de 5-HT e 5-HIAA causados pelo LPS
e ainda potencializou o aumento nos niveis de 5-HT no hipocampo dos
camundongos idosos. Tomados em conjunto, esses dados indicam que a
suplementacdo com AGPI n-3 esta exercendo um efeito neuroprotetor e impedindo
as alteracbes comportamentais causadas pelo comportamento doentio via a
modulacao do sistema serotoninérgico. Para a suplementacdo com GVH, ndo houve
uma modulacdo nos niveis de 5-HT e 5-HIAA. Assim, a suplementagdo com GVH foi
incapaz de proteger contra as alteragcbes comportamentais induzidas pelo LPS, pois
ndo mediou a modulacdo do sistema serotoninérgico o qual esta diretamente
relacionado com o0 comportamento tipo-depressivo apresentado pelos animais

idosos.

A acdo das citocinas pro-inflamatérias mediando o estabelecimento do

comportamento doentio e a ativacdo da enzima IDO

Em adicdo, a administragdo de LPS modifica o sistema imunoldgico através
do aumento dos niveis plasmaticos de citocinas pro-inflamatorias (IL-1p3, IL-6, TNF-a
e IFN-y) (BASU et al., 2016; CAl et al., 2016). Acredita-se que essas citocinas
desempenham um papel fundamental na ligacdo entre a ativacdo do sistema
imunolégico e o comportamento doentio (CAl et al., 2016). Corroborando, em nosso
estudo 24 horas ap06s a administracdo do LPS nos camundongos idosos gerou um
aumento expressivo nos niveis das citocinas pro-inflamatérias IL-183, IL-6, TNF-a e
IFN-y, no hipocampo, estriado e cortex pré-frontal (artigo 1). Diante da
suplementacao crénica com AGPI n-3 nos animais, acarretou em uma atenuacao do
aumento dos niveis dessas citocinas (IL-1p3, IL-6, TNF-a e IFN-y), nas trés estruturas
cerebrais estudas.

Novamente, no artigo 2, quando administrado LPS nos camundongos idosos
gerou um grande aumento nos niveis das citocinas (IL-1B, IL-6, TNF-a e IFN-y), no
hipocampo, estriado e cortex pré-frontal. A suplementacdo com GVH, foi incapaz de
impedir o aumento nos niveis das citocinas pro-inflamatérias IL-1B, IL-6 e IFN-y no
hipocampo, estriado e cortex pré-frontal dos animais causados pela administracéo
do LPS. Ainda, a suplementagdo com GVH potencializou um aumento ainda maior
nos niveis de TNF-a alterados pelo LPS, nas trés estruturas cerebrais (hipocampo,

estriado e cortex pré-frontal). Assim, de maneira geral a suplementagcdo com AGPI n-
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3 protegeu contra o aumento dos niveis das citocinas pro-inflamatérias nas
estruturas cerebrais estudadas. Resultados similares foram encontrados nos
estudos de MINGAM et al, 2008; LIU et al, 2015 e DANG et al, 2018.
Corroborando com os dados comportamentais, essa modulacdo das citocinas
atenuou o comportamento doentio e consequentemente houve uma menor ativagao
da via da quinurenina, acreditamos que esses mecanismos estdo envolvidos com a
neuroprotecado apresentada pela suplementacdo com AGPI n-3. A suplementacao
com GVH, ndo foi capaz de modular o aumento nos niveis das citocinas pro-
inflamatorias alterados pela administracdo de LPS. Pelo contrario a suplementacao
com GVH potencializou o aumento nos niveis de TNF-a no hipocampo, estriado e
cortex pré-frontal dos animais. Esse aumento excessivo nos niveis de TNF-a e a ndo
modulacdo das demais citocinas pré-inflamatérias esté diretamente relacionado com
0 aumento nos niveis de corticosterona encontrados. Assim, tomados em conjunto
os dados indicam que a suplementacdo com GVH, foi incapaz de proteger contra a
neuroinflamacdo causada pelo LPS nas estruturais cerebrais e acabou contribuindo
para aumentar neuroinflamacdo via o aumento nos niveis de TNF-a. Acreditamos
gue essa incapacidade de protecdo contra 0 aumento das citocinas pro-inflamatorias
e potencializacdo (TNF-a), contribuiu para uma exacerbacdo do comportamento
doentio nos animais.

Hipotetizou-se que as citocinas pro-inflamatorias elevadas servem como
marcadoras da ativagdo da via da quinurenina no cérebro (MAES et al., 2011).
Quando a via de quinurenina sofre uma ativacao excessiva, o TRP é utilizado como
substrato para via (DANTZER, 2011; SOUZA et al.,, 2016). Assim, quando
administrado LPS nos camundongos idosos gerou um drastico aumento nos niveis
de TRP, junto com aumento do seu metabdlito a quinurenina (artigo 1). De maneira
similar, o LPS também gerou um aumento na razado do aminoacido e seu metabdlito
no hipocampo, estriado e cortex pré-frontal. A suplementacdo com AGPI n-3 foi
capaz de proteger contra o aumento dos niveis de TRP, quinurenina e razao
TRP/quinurenina nas trés estruturas cerebrais estudadas. Resultado similar foi
encontrado no estudo de DANG et al., 2018, porém nesse estudo foi analisado o
conteudo de TRP e quinurenina apenas no cértex pré-frontal. JA para o estudo com
GVH, quando administrado o LPS novamente gerou um aumento nos niveis de TRP
e quinurenina e na razdo TRP/quinurenina nas estruturas cerebrais estudadas. A

suplementacdo cronica com GVH foi incapaz de proteger contra 0 aumento dos
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niveis de TRP, quinurenina e aumento da razdo TRP/quinurenina alterados pela
administracdo de LPS no hipocampo, estriado e coOrtex pré-frontal dos animais
idosos. Dessa maneira, demonstramos que o LPS induziu um aumento nos niveis de
TRP e quinurenina, nos levando a inferir que a via da quinurenina estava sofrendo
uma ativacao excessiva. Diante disso, a suplementacdo com AGPI n-3 foi capaz de
proteger contra 0 aumento dos niveis de TRP e quinurenina e a suplementacdo com
GVH néao teve esse efeito. Assim, acreditamos que um dos mecanismos pelo 0s
quais os AGPI n-3 exercem neuroprotecdo, seria justamente por modular a
neuroinflamacéo gerada pelo LPS no modelo de comportamento doentio. Via a
menor ativacdo da via de quinurenina, pois diminuiu os niveis do substrato para
ativagdo da via da quinurenina, isso é confirmado pela menor formagdo do seu
metabdlito. Para confirmar nossa hipétese seguimos com a investigagdo na
modulacdo ou ndo da atividade da enzima IDO.

A estimulacdo central da via da quinurenina é mediada pela ativacdo da
enzima IDO no cérebro (BADAWY, 2017). A inducdo da IDO tem sido associada a
complicagbes depressivas em roedores e humanos (CAPURON et al., 2011). Em um
trabalho anterior do nosso laboratério demonstrou que a IDO é um importante
mediador de neuroinflamacéo e distlrbios neurocomportamentais em um modelo de
doenca de Alzheimer induzida pelo peptideo beta-amildide (1-42) em camundongos
(SOUZA et al., 2016). Ainda, a ativacdo da IDO parece desempenhar um papel
fundamental na modulagdo do comportamento doentio (EIMERBRINK et al., 2016).
A injecdo de LPS gerou um aumento consideravel na atividade da enzima IDO dos
camundongos idosos no hipocampo, estriado e coértex pré-frontal (artigo 1). Nossos
resultados corroboram com estudos clinicos que relataram uma superestimulacéo da
via da quinurenina no plasma de pacientes em situagdo semelhante ao
comportamento doentio (MYINT et al., 2009; CAPURON et al., 2011). Diante da
suplementacdo crénica com AGPI n-3 houve modulacdo da atividade da IDO,
impedindo o aumento de sua atividade frente a alteracdo causada pelo LPS nas
estruturas cerebrais estudadas.

De maneira similar, a administracdo de LPS causou novamente um aumento
na atividade da enzima IDO em todas estruturas cerebrais analisadas em nosso
estudo (artigo 2). A suplementacdo com GVH, ndo bloqueou o aumento na atividade
de IDO gerado pelo LPS no hipocampo, estriado e cértex pré-frontal. Acreditamos

gue esse resultado é devido a GVH ndo modular as citocinas pré-inflamatérias e
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ainda contribuir no aumento dos niveis de TNF-a, devido as citocinas pro-
inflamatorias serem as principais mediadoras da ativacéo da via da quinurenina. Em
estudos anteriores do no nosso laboratorio ja haviamos demonstrado a importancia
da modulagdo da atividade enzimética da IDO em modelos animais que
mimetizaram a depressao e Alzheimer (SOUZA et al., 2016; SOUZA et al., 2018).
Assim, novamente destacamos a importancia da suplementacdo com AGPI n-3, pois
acabou modulando a atividade da enzima IDO e consequentemente atenuando a
ativacdo da via da quinurenina causada pelo comportamento doentio. Dessa
maneira, acreditamos que essa modulacdo da IDO por parte dos AGPI n-3 esta

relacionada com o efeito neuroprotetor encontrado em nosso estudo.

Metabdlitos neuroativos da via da quinurenina e sua acdo no comportamento doentio

Nesse contexto, sabe-se que a inflamacao esta relacionada com a ativacao
da via da quinurenina que resulta na producdo de quinurenina e seus metabdlitos
neuroativos (STONE e DARLINGTON, 2002). A quinurenina pode sofrer a acao da
enzima QAT gerando o acido quinurénico. Sendo que 0s astrocitos expressam
grandes quantidades de QAT degradando a quinurenina em &acido quinurénico. O
acido quinurénico foi bastante estudado nos ultimos anos e foi sugerido seu efeito
neuroprotetor (LUCHOWSKA et al., 2009). Outra, rota que a quinurenina pode sofrer
na via € a acado da enzima QMO, sendo clivada em 3-HQ e AQ. Sabe-se que a
micréglia expressa bastante QMO, responsavel direta pela geracdo de 3-HQ e AQ
(ALBERATI-GIANI et al.,, 1996). Concentracbes aumentadas de AQ foram
encontradas em cérebros post-mortem de pacientes com disturbios inflamatoérios-
infecciosos (bacterianos, virais, doencas autoimunes e septicemia) (La Cruz et al.,
2007). Assim, sabe-se que niveis aumentados de AQ no cérebro significam uma
neuroinflamacéo potente.

Diante do exposto, procuramos investigar o braco neuroprotetor da via da
quinurenina. Assim, quando administramos LPS houve uma diminui¢do na atividade
QAT e consequentemente nos niveis do acido quinurénico e na razdo acido
guinurénico/quinurenina no hipocampo, estriado e cortex pré-frontal dos animais
idosos (artigo 1). A suplementagdo crénica com AGPI n-3 foi efetiva em proteger
contra a alteragdes na atividade QAT, niveis do &cido quinurénico e na razéo acido

quinurénico/quinurenina em todas estruturas cerebrais estudadas, induzidas pelo
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LPS no modelo de comportamento doentio. Apdés a injecdo de LPS nos
camundongos idosos, ndo houve alteracdo na atividade de QAT e niveis de acido
quinurénico, porém aconteceu uma drastica diminuicdo na razdo &cido
quinurénico/quinurenina (artigo 2). Similarmente, a suplementagcdo com GVH nao
modulou a atividade de QAT e nédo alterou os niveis de acido quinurénico, mas
acabou agravando a diminuicdo na razao acido quinurénico/quinurenina gerada pelo
LPS no hipocampo, estriado e cortex pré-frontal dos animais idosos. Destacamos
novamente o efeito neuroprotetor da suplementagédo com AGPI n-3, agindo em favor
do braco neuroprotetor da via da quinurenina. Além disso, o acido quinurénico
enddgeno pode exercer sua acdo anti-glutamatérgica antagonizando os receptores
nicotinicos a7 (HILMAS et al., 2001). Alguns estudos ainda demonstraram que o
acido quinurénico é capaz de reduzir o contetdo extracelular de glutamato no cortex
pré-frontal e hipocampo, resultando em diminuicdo do efeito excitatorio relacionado
ao glutamato (CARPENEDO et al.,, 2002; WU et al., 2010). Sabendo, que dados
recentes demonstraram evidéncias de um determinante papel do glutamato na
fisiopatologia do comportamento doentio (FRUHAUF et al., 2015; CHASKIEL et al.,
2016). Inferimos que a suplementacdo com AGPI n-3 mediou sua neuroprotecao
diante das alteracbes neurocomportamentais causadas pelo comportamento
doentio, via modulacdo nos niveis de acido quinurénico e sua acéo direta no sistema
glutamateérgico.

Seguindo para investigacdo do braco neurotéxico da via da quinurenina, a
administracdo de LPS causou um aumento na atividade da enzima QMO e
consequentemente nos niveis de 3-HQ e AQ no hipocampo, estriado e cértex pré-
frontal dos animais idosos (artigo 1). A suplementacdo com AGPI n-3 foi capaz de
proteger contra essas graves alteracdes neurometabdlicas causadas pelo LPS, via a
modulacdo enzimatica de QMO e diminuicdo nos niveis de 3-HQ e AQ em todas
estruturas cerebrais estudadas. Diante do exposto, destacamos o0 efeito
neuroprotetor apresentado pelos AGPI n-3 nesse estudo mediando as citocinas pro-
inflamatorias, por sua vez diminuindo assim a ativagdo da via da quinurenina com
efeito direto na via, deslocando o equilibrio a favor de bragco neuroprotetor (Fig. 1).
Além disso, acreditamos que boa parte dos resultados farmacoldgicos apresentados
pelos AGPI n-3, foram devidos ao aumento da concentracdo de EPA e DHA na
membrana celular. Essa alteracdo de fosfolipidios da membrana celular, resultou na

reducdo da resposta inflamatéria com resposta direta sobre o sistema
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serotoninérgico, contribuindo diretamente para a prevencdo do comportamento
doentio.

De maneira similar a inje¢do de LPS gerou um aumento na atividade
enzimatica da QMO e nos niveis de 3-HQ e AQ nas trés estruturas cerebrais dos
camundongos idosos. A suplementacdo com GVH agravou as alteracdes
neurometabolicas causadas pelo comportamento doentio, via aumento na atividade
de QMO e maior formagdo dos metabdlitos 3-HQ e AQ. Tomados em conjunto,
nossos resultados corroboram com a literatura cientifica, pois 0 aumento de AQ esta
relacionado ao desenvolvimento da sintomatologia depressiva tanto em animais de
laboratorio quanto em pacientes deprimidos (RAISON et al., 2010; SALAZAR et al.,
2012). Resultados também que encontramos nos parametros comportamentais
nesse estudo com GVH. Assim, fornecemos dados pioneiros que 0 consumo cronico
de GVH diante uma potente doenca neuroinflamatéria, pode exacerbar os efeitos
patolégicos do comportamento doentio, por aumentar os niveis de TNF-a e induzir a
uma excessiva ativagdo da via da quinurenina deslocando o equilibrio da via para

seu ramo neurotoxico (Fig. 8).

Suplementacéo == Syplementagao com
com GVH AGPI n-3

Atenuacéo do Exacerbacéo do

comportamento comportamento
doentio doentio

Figura 8. Principais efeitos das suplementa¢gdes com AGPI n-3 e GVH no modelo de

comportamento doentio induzido por LPS em camundongos idosos.
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5. CONCLUSOES

O presente trabalho demonstrou o efeito da suplementacdo com AGPI n-3 e
GVH no modelo de comportamento doentio induzido pelo LPS em animais idosos
junto com a influéncia da ativacdo da via da quinurenina nas alteracbes
neurocomportamentais causadas pelo modelo.

Os dados do presente trabalho mostraram que a suplementagédo com AGPI n-
3 foi capaz de proteger contra as alteracdes neurocomportamentais e
neurometabodlicas causadas pelo comportamento doentio. Por prevenir contra o
aumento das citocinas inflamatdrias e excessiva ativacao da via da quinurenina com
deslocamento do equilibrio da via para o ramo neuroprotetor. Ainda, houve uma
incorporacdo dos acidos graxos EPA e DHA na membrana celular, protegendo
contra os efeitos deletérios causados pelo comportamento doentio.

Ademais, também demonstramos que a suplementacdo com GVH nédo foi
capaz de proteger contra as alteragbes causadas pelo comportamento doentio. Pelo
contrario, aumentou a neuroinflamacdo via TNF-a que ativou mais a via da
quinurenina e ainda deslocou o equilibrio da via em dire¢cdo ao ramo neurotoéxico,
potencializado as altera¢cdes neurocomportamentais e neurometabdlicas causadas
no modelo de comportamento doentio.

Por fim, demonstramos os efeitos do consumo cronico de AGPI n-3 e GVH no
modelo de comportamento doentio em animais idosos, 0s quais tem o0 sistema
imune mais comprometido devido ao processo fisiolégico normal de envelhecimento.
Fica evidente a acdo direta de cada tipo de suplementacdo aos animais. Portanto,
contribuimos para elucidacéo dos efeitos farmacol6gicos do AGPI n-3 e também de
maneira pioneira demonstramos os efeitos deletérios da GVH no modelo de
comportamento doentio. Esperamos, que os resultados do presente estudo possam
servir de embasamento para estudos epidemiolégicos e de saude publica na

populacao idosa que é gravemente acometida por doencas neuroldgicas.
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6. PERSPECTIVAS

- Pretende-se dar continuidade no presente estudo, buscando corroborar com
os resultados encontrados com a administracdo de LPS, usaremos modelos de
inducao direta de comportamento doentio via a administracdo de acido policitidilico
(Poly I:C) e bacilo Calmette-Guérin (BCG).

- Com esse propésito, verificaremos se 0 aminoacido triptofano esta sendo
desviado para via da melatonina, além da via da quinurenina e sistema
serotoninérgico.

- Também se pretende, verificar os resultados usando um modelo alternativo
a experimentacdo de animais na pesquisa. O modelo seria com Drosophila

melanogaster.
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