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RESUMO

BERTO-PEREIRA, Leonardo. Estudo da sindrome metabdélica em camundongos
Swiss fémeas submetidos a sepse severa: avaliagdo dos parametros
cardiovasculares, inflamatérios e hematolégicos. Dissertagcdo de Mestrado —
Programa de Pés-Graduacdo em Patologia Experimental, Departamento de
Imunologia, Parasitologia e Patologia Geral, Centro de Ciéncias Bioldgicas —
Universidade Estadual de Londrina, Parana, Brasil, 2024.

A obesidade é considerada uma doenca complexa que ocorre mediante interagao
entre uma predisposi¢ao genética e fatores ambientais, definida como um excesso de
gordura corporal resultante de um balango energético inadequado por um longo
periodo. O quadro de obesidade esta também associado ao desenvolvimento de
diversas outras complicagdes, como hiperglicemia, hipertrigliceridemia, dislipidemia e
hipertensdo. Quando individuos apresentam pelo menos trés dessas complicagoes,
clinicamente sédo diagnosticados com sindrome metabdlica (Smet). Outro problema de
saude publica é a sepse, definida como uma disfungédo organica com risco de vida
causada por uma resposta desregulada do hospedeiro a infeccdo. A sepse é
considerada uma das causas mais comuns de morte em unidades de terapia intensiva
(UTI), apresentando um diagnéstico dificil devido as multiplas comorbidades e
doencgas subjacentes que os individuos desenvolvem. Dados recentes mostraram que
camundongos machos com sindrome metabdlica apresentam melhor prognadstico e
sobrevida quando submetidos a uma condigao séptica moderada, corroborando com
a teoria do paradoxo da obesidade. Nesse estudo, animais com Smet apresentam
hipertensado e quando estes sdo submetidos a condi¢ao séptica por ligadura e pungao
do ceco (CLP) que, em animais controle promove hipotensao, estes néo apresentam
alteracdes significativas na pressao arterial. No entanto, essa associacdo nao foi
avaliada ainda em fémeas, inclusive se as mesmas apresentam um perfil dentro do
paradoxo da obesidade. Dessa maneira, o objetivo do trabalho foi avaliar o efeito da
Smet em camundongos Swiss fémeas submetidos a sepse polimicrobiana severa
induzida por CLP. A Smet foi induzida em camundongos Swiss neonatos através de
injecdo subcutanea de glutamato monossédico (MSG) com 4mg/g de peso corporal
do dia 1 ao dia 5 apdés o nascimento.Os animais do grupo controle (CTL) foram
tratados com solucao salina equimolar na mesma concentracao e periodo. No 75° dia
de vida, o modelo CLP foi utilizado para induzir sepse polimicrobiana severa. Para os
parametros inflamatdrios avaliamos o 6xido nitrico (NO), determinado pela técnica de
cadmio e Griess e a quantificagdo de IL-6 através da técnica de ELISA. A dosagem
de glicose foi realizada 24 horas antes e 24 horas apds CLP por monitor de glicose, e
o perfil lipidico foi dosado a partir de kit comercial. Os parametros cardiovasculares
foram mensurados utilizando a plataforma CODA e a avaliagdo hematoldgica foi
determinada por contagem padrdo. A Smet nao alterou a sobrevida dos animais
submetidos a sepse, visto que os grupos CTL e Smet CLP apresentaram quadro de
hipotensao e hipoglicemia, acompanhado de leucopenia e aumento de citocina
inflamatadria IL-6. Com isso, podemos concluir que a teoria do paradoxo da obesidade
nao € observada nas fémeas, embora tenha sido observado que a Smet atenue alguns
parametros durante a sepse, como hematoldgicos e resisténcia ao aumento de NO.
Esses achados fornecem novas informacdes para a literatura relacionando a Smet e
sepse.



Palavras-chave: Ligadura e puncdo do ceco; Oxido nitrico; Obesidade; Glicemia;

Hipertenséo; Citocinas.



ABSTRACT

BERTO-PEREIRA, Leonardo. Study of metabolic syndrome in female Swiss mice
subjected to severe sepsis: evaluation of cardiovascular, inflammatory, and
hematological parameters. Dissertation — Postgraduate in Experimental Pathology,
Department of Immunology, Parasitology and General Pathology, Biological Science
Center - State University of Londrina, Parana, Brazil, 2024.

Obesity is considered a complex disease that occurs through the interaction between
genetic predisposition and environmental factors, defined as an excess of body fat
resulting from an inadequate energy balance over a long period. Obesity is also
associated with the development of various other complications such as
hyperglycemia, hypertriglyceridemia, dyslipidemia, and hypertension. When
individuals present at least three of these complications, they are clinically diagnosed
with metabolic syndrome (MetS). Another public health problem is sepsis, defined as
organ dysfunction with life-threatening risks caused by a dysregulated host response
to infection. Sepsis is considered one of the most common causes of death in intensive
care units (ICUs), presenting a difficult diagnosis due to the multiple comorbidities and
underlying diseases individuals develop. Recent data have shown that male mice with
metabolic syndrome have a better prognosis and survival when subjected to moderate
septic conditions, corroborating the theory of the obesity paradox. In this study, animals
with MetS present hypertension, and when subjected to septic condition by cecal
ligation and puncture (CLP), which in control animals promotes hypotension, they do
not present significant changes in blood pressure. However, this association has not
yet been evaluated in females, including whether they exhibit a profile within the
obesity paradox. Thus, the aim of this study was to evaluate the effect of MetS in
female Swiss mice subjected to severe polymicrobial sepsis induced by CLP. MetS
was induced in neonatal Swiss mice by subcutaneous injection of monosodium
glutamate (MSG) at 4mg/g body weight from day 1 to day 5 after birth, while animals
in the control group (CTL) were treated with equimolar saline solution at the same
concentration and period. On the 75th day of life, the CLP model was used to induce
severe polymicrobial sepsis. For inflammatory parameters, we evaluated nitric oxide
(NO), determined by the cadmium and Griess technique, and quantification of IL-6
using the ELISA technique. Glucose dosage was performed 24 hours before and 24
hours after CLP by glucose monitor, and lipid profile was measured using a commercial
kit. Cardiovascular parameters were measured using the CODA platform, and
hematological evaluation was determined by standard counting. MetS did not alter the
survival of animals subjected to sepsis, as both CTL and MetS CLP groups showed
hypotension and hypoglycemia, accompanied by leukopenia and increased
inflammatory cytokine IL-6. Thus, we can conclude that the theory of the obesity
paradox is not observed in females, although it was observed that MetS attenuates
some parameters during sepsis, such as hematological and resistance to NO increase.
These findings provide new information for the literature regarding the relationship
between MetS and sepsis.

Key-words: Ligation and perforation of the cecum; Nitric oxide; Obesity; Blood
glucose; Hypertension; Cytokines.



“Quando eu era menino, os mais velhos
perguntavam:

- O que vocé quer ser quando crescer?

Hoje nao perguntam mais. Se perguntassem,
eu diria que quero ser, menino.”

Fernando Sabino
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1 INTRODUGAO

1.1 OBESIDADE E SINDROME METABOLICA

A obesidade tornou-se um problema de saude publica em todo mundo e as
condicdes relacionadas variam conforme a regido (Mayoral, Andrade et al. 2020). E
considerada uma doenga complexa que ocorre mediante interacdo entre uma
predisposi¢cao genética e fatores ambientais, definida como um excesso de gordura
corporal resultante de um balango energético inadequado por um longo periodo
(Faccioli, Poitou et al. 2023). Em 2015, foi estimado pelo Global Burden of Disease
Obesity Collaborator que mais de 603,7 milhdes de adultos apresentavam quadro de
obesidade, e 0 mesmo, estimou que valores maiores de IMC foram responsaveis por
4 milhdes de mortes, sendo dois tercos deste numero associado a doencas
cardiovasculares (Piché, Tchernof et al. 2020).

O tecido adiposo é considerado um importante 6rgdo enddcrino, sendo
responsavel pela homeostase energética, em condigdes de hiperadiposidade, onde
ha perda da homeostase energética, acarretando disturbios metabdlicos, produgao
alterada de hormoénios esteroides, como o estrogénio e, inflamagao cronica (lyengar,
Gucalp et al. 2016). A inflamacado causada pela obesidade é diferente de outros
padroes inflamatdrios pois envolve a ativacdo da imunidade inata, impactando na
homeostase energética. Esse quadro inflamatério também pode levar a respostas
inadequadas do organismo, como quadros de fibrose e necrose, podendo também,
causar danos significativos nos tecidos (Saltiel and Olefsky 2017).

A obesidade, vem sendo associada a um estado de inflamagao sistémica,
caracterizado por uma resposta desencadeada pelo tecido adiposo, com aumentos
nas citocinas: IL-6, IL-1, IL-8 e TNF- a e ocasionando o aumento de proteinas de fase
aguda, como a proteina C reativa (PCR) (Purdy and Shatzel 2021). A obesidade
apresenta uma relagao direta com a hipertensao arterial sistémica, conhecida como
hipertensao, definida pelo aumento da pressao arterial (PA) nas artérias sistémicas
de modo persistente (Luft 2001). Isso ocorre pelo aumento do débito cardiaco e o
volume do plasma em individuos obesos em comparagdo com individuos que nao
apresentam quadro de obesidade. Também podem ocorrer alteragdes na resisténcia
periférica pelo aumento nos fatores vasoconstritores ou a diminuicdo dos

vasodilatadores que contribuem para a elevagao da PA (Oparil, Acelajado et al. 2018).
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As doengas cardiovasculares (DCV) sao consideradas um grande problema de
saude em todo o mundo, conhecidas como uma das principais causas de morte. A
obesidade apresenta um papel muito significativo no desenvolvimento de DCV,
estando intimamente associada ao quadro de resisténcia a insulina, que ocorre devido
ao fato das células responderem menos aos efeitos da insulina, podendo resultar em
complicagbes como hiperglicemia e o desenvolvimento de diabetes mellitus tipo 2.
Esse quadro de resisténcia a insulina prejudica o estado normal do metabolismo da
glicose, levando a um aumento do estresse oxidativo e uma reacao inflamatoria (Irfan
2024). O quadro de obesidade esta também associado ao desenvolvimento de
diversas outras complicagdes, como hiperglicemia, hipertrigliceridemia, dislipidemia e
hipertensdo. Quando individuos apresentam pelo menos trés dessas complicacgoes,
clinicamente s&o diagnosticados com sindrome metabdlica (Smet) (Boulange, Neves
et al. 2016).

A Smet foi descrita originalmente em 1988, conhecida antes como sindrome de
resisténcia a insulina ou sindrome X (McCracken, Monaghan et al. 2018). Atualmente
a Smet é caracterizada como um conjunto de anormalidades metabdlicas associadas
ao aumento do risco de desenvolver doencgas cardiovasculares (Rochlani, Pothineni
et al. 2017). Estudos recentes mostram que a disfuncao endotelial, estresse oxidativo
cronico e inflamacgao sistémica também foram incluidos como fatores importantes para
caracterizar a Smet. Esses fatores clinicos recentes se unem também a uma
suscetibilidade genética e aos fatores patogénicos classicos para construir a
fisiopatologia complexa e variada da Smet (Bovolini, Garcia et al. 2021).

As células do sistema imunolégico desempenham um papel fundamental na
disfungdo fisiolégica associada a Smet, incluindo sua patogénese e o
desenvolvimento de doencgas crénicas. A perda da homeostase metabdlica leva a
ativagao do sistema imunoldgico em diversos tecidos, como adiposo, figado, pancreas
e vascular, onde consequentemente os individuos notavelmente apresentam
marcadores plasmaticos elevados caracteristicos de inflamacao crénica. O quadro de
obesidade também pode afetar diretamente a imunidade devido a mudangas nas
populacdes de leucdcitos e fendtipos inflamatérios, podendo levar ao aumento do
risco de desenvolver doencas infecciosas e crbnicas, além de complicagcdes ainda

maiores na disfungdo metabdlica (Andersen, Murphy et al. 2016).

1.2 INDUGAO DA OBESIDADE POR GLUTAMATO MONOSSODICO



o N oo o0 A WN -

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

17

O glutamato € o neurotransmissor excitatério mais abundante no sistema
nervoso central (SNC) sendo mais conhecido como glutamato monossédico (MSG)
(Hernandez Bautista, Mahmoud et al. 2019). A utilizagdo do MSG para a indugéo da
obesidade € um modelo muito utilizado e conhecido na literatura. A principal alteragao
causada por esse aminoacido € o dano e a morte celular dos neurénios dos nucleos
hipotalamicos, principalmente aqueles do nucleo arqueado (ARC). Essa perda de
neurénios afeta a sinalizagdo mediada pela insulina prejudicando o equilibrio
energético (Zazula, Saraiva et al. 2023). O ARC sendo uma estrutura do SNC
relacionada a ingestéo de alimentos, faz com que animais com Smet induzidos por
MSG apresentem caracteristicas tipicas, como um atraso no crescimento devido a
lesdo que ocorre no ARC causando diminuicdo da secreg¢ao do horménio liberador do
horménio do crescimento (GHRH), o que pode explicar as alteragcbes no tamanho
reduzido (Hernandez Bautista, Mahmoud et al. 2019).

Diversos estudos presentes na literatura ja mostraram o efeito do MSG no
metabolismo homeostatico e sua eficacia no desenvolvimento da Smet. Lucchetti e
colaboradores em 2019, através da indugdo da Smet em camundongos Swiss
demonstraram que a Smet pode ser um fator exacerbador da fase aguda da doenca
de Chagas (Lucchetti, Boaretto et al. 2019). Nakama e colaboradores em 2021
observou que a Smet melhorou a sobrevida de camundongos submetidos a sepse
moderada e atenuou o aumento de oxido nitrico (NO) plasmatico, caracteristica tipica
da sepse, corroborando com a teoria do paradoxo da obesidade (Nakama, Malvezi et
al. 2021).

Os efeitos da administragdo do MSG também ja foram observados utilizando
ratos como modelo experimental avaliando parametros cardiovasculares. Foi
observado que a administracdo de MSG em ratos induziu alteragdes metabdlicas e
cardiovasculares e a suplementacado apenas com L-Arginina ou treinamento fisico foi
capaz de reverter esses parametros impostos pela Smet (Reginato, de Jager et al.
2023). Outros trabalhos presentes na literatura como de Da Cunha e colaboradores
em 2017, em ratos que passaram pela administracao de MSG foi observado aumento
da ativagao da iNOS cardiaca, contribuindo para a disfuncao autonémica do coracao,
aumento de prostaglandina E2 e perfil oxidativo, todos revertidos pela inibicdo da
enzima iINOS (da Cunha, Lopes et al. 2017). Leite e colaboradores em 2015

observaram que a esplenectomia em ratos obesos por MSG pode diminuir o quadro
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de obesidade e modular a fungao das ilhotas pancreaticas, demonstrando a sinergia
entre o bago e o pancreas enddcrino (Leite Nde, Montes et al. 2015). Dessa forma,
tanto em ratos como em camundongos o modelo MSG tem mostrado ser um bom

modelo de sindrome metabdlica.

1.3 SEPSE POLIMICROBIANA

A partir da terceira conferéncia de consenso internacional, publicada em 2016,
a sepse passou a ser definida como uma disfungdo organica com risco de vida
causada por uma resposta desregulada do hospedeiro a infeccao (Esposito, De
Simone et al. 2017). A sepse é considerada uma das causas mais comuns de morte
em unidades de terapia intensiva (UTl), apresentando um diagndstico dificil devido as
multiplas comorbidades e doengas subjacentes que os individuos desenvolvem (Rello,
Valenzuela-Sanchez et al. 2017). E estimado que 48,9 milhdes de pessoas em todo o
mundo sejam diagnosticadas com quadro de sepse a cada ano, sendo responsavel
por 11 milhdes de mortes apresentando 19,7% do total de todas as mortes globais. A
porcentagem de mortes globais causadas pela sepse em 2017 atingiu o pico na
primeira infancia, diminuiu no inicio da idade adulta e atingiu o pico novamente em
adultos mais velhos (Wang and Liu 2023).

A fisiopatologia da sepse atualmente € conceituada como um desequilibrio que
ocorre na resposta inflamatéria sistémica que influencia e afeta a fungao do sistema
imunoldgico, o eixo neuroenddcrino e a cascata de coagulagao, resultando em lesao
e faléncia de 6rgaos. A inflamacao possui um papel muito importante na patogénese
da sepse, que se inicia com a resposta a patdégenos invasivos, liberagao de citocinas,
padrées moleculares associados a danos (DAMP) e padrées moleculares associados
a patégenos (PAMP). Os PAMP sao responsaveis por estimular monécitos a realizar
liberacdo de pré-coagulantes e outros mediadores para ativagcdo de plaquetas,
neutréfilos e células endoteliais, j4& os DAMP, compreendendo as histonas, DNA
cromossOmico, DNA mitocondrial, nucleossomos e proteinas liberadas por neutréfilos
ativando o processo inflamatério e a cascata de coagulagdo. Como a resposta
inflamatadria a nivel sistémico é mais agressiva, existem mecanismos enddgenos para
que seja possivel regular a inflamacao que sao importantes para a sobrevivéncia dos
individuos. O quadro de sepse é conhecido como a forma mais comum de inflamacéao

desregulada, mas também existem outras como a sindrome de ativagdo macrofagica



o N oo o0~ WN -

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

19

(SAM), sindrome hemolitico-urémica atipica (SHUa) e o choque endotoxémico
(Kellum, Formeck et al. 2022).

A resposta inflamatdria do individuo frente a uma infeccéo se inicia quando as
células da imunidade inata, principalmente macrofagos, vao reconhecer e se ligar aos
componentes dos patdégenos. Os receptores de reconhecimento de padrdes (PRR)
localizados na superficie das células do sistema imunolégico vao reconhecer e se ligar
aos PAMP. Os PRR também podem reconhecer sinais de danos enddgenos,
conhecidos como alarminas ou DAMP, liberados durante o processo inflamatério. A
partir disso, o receptor desencadeador que esta expresso nas células mieloides
(TREM-1) e os receptores mieloides de lectina associada a DAP12 (MDL-1) presente
nas células do sistema imunoldgico que vao reconhecer e se ligar aos patdgenos. A
ligacdo desses receptores de superficie das células do sistema imunolégico aos
componentes dos patdgenos resulta na fagocitose, morte e fagocitose dos detritos do
tecido que sofreu injuria. Todos esses processos levam a ativagdo de um conjunto de
genes com subsequente sintese e sinalizagéo proteica. As moléculas de sinalizagao
liberam citocinas pro-inflamatérias por macréfagos que estdo envolvidos na resposta
inflamatdria, como TNF-a e IL-1, moléculas de adesdo como a de adesao intercelular
1 (ICAM-1) e de adesao celular vascular 1 (VCAM-1) e mediadores derivados de
nitrogénio, como o NO, aumentando o recrutamento de leucdcitos, além dos efeitos
vasculares hipotensivos que se caracterizam pela intensa producdo de NO pela via
induzivel (iNOS) que séo observados frequentemente em condigdes sépticas. Se os
mediadores pro-inflamatorios e anti-inflamatoérios estiverem em equilibrio e o quadro
infeccioso for controlado, a homeostase no individuo sera restaurada, ocorrendo a
reparagao e cicatrizagédo dos tecidos injuriados (Taeb, Hooper et al. 2017).

Para estudar os mecanismos envolvidos na sepse, varios modelos animais
experimentais sao desenvolvidos, um deles € o modelo de ligadura e puncéo do ceco,
padrdo-ouro para que seja possivel imitar as alteragdes fisiopatoldgicas que sao
frequentemente observadas em pacientes sépticos. O modelo de CLP consiste na
ligadura realizada na regiao ileocecal, seguida de pung¢ao com agulha no ceco. Sabe-
se que o ceco é uma fonte endégena de contaminagao bacteriana, devido a isso, a
perfuracao leva a uma translocacao de bactérias entéricas para a corrente sanguinea,
levando a ativagao do sistema imunoldgico, choque séptico, disfungdo multipla de
orgaos, podendo evoluir para a morte. Uma das maiores vantagens de se utilizar o

modelo CLP é poder adaptar a severidade da sepse, isso se da através do local de
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1 ligadura que é realizada no ceco, assim como o calibre da agulha e a quantidade de

2  pungobes (Rittirsch, Huber-Lang et al. 2009).
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2 JUSTIFICATIVA

Dados recentes mostraram que camundongos machos com sindrome
metabdlica apresentam melhor progndstico e sobrevida quando submetidos a uma
condigdo séptica moderada (Nakama, Malvezi et al. 2021). Nesse estudo, animais
com Smet apresentam hipertenséo e quando estes sdo submetidos a condi¢ao séptica
de CLP, que em animais controle promove hipotensdo, estes nao apresentam
alteracdes significativas na pressédo arterial, corroborando com o paradoxo da
obesidade, onde ja foi descrito que a obesidade pode proporcionar uma vantagem de
sobrevivéncia na sepse, desafiando as implicagdes convencionais para a saude (Eng,
Suthaaharan et al. 2024). Considerando que em muitas doencgas, fémeas jovens ou
mulheres antes da menopausa, apresentam protecdo pelos niveis mais altos de
estrégeno, especula-se que essa possa ser uma outra prote¢do. No entanto, ainda
nao existem estudos que avaliem a associagcao da Smet e a sepse severa induzida
por CLP em camundongos fémeas, além de nao existirem dados sobre as alteragdes
cardiovasculares desses animais. Devido a falta de informag¢des sobre associagao
destes modelos experimentais em camundongos fémeas, se faz necessario mais

estudos relacionados ao tema.

3 OBJETIVO

Avaliar o efeito da Smet em camundongos Swiss fémeas submetidos a sepse

polimicrobiana severa induzida por ligadura e pungéo do ceco.

3.1 OBJETIVOS ESPECIFICOS

- Validar o modelo de inducédo da Smet por injecao de glutamato monossodico
(MSG) em camundongos neonatos fémeas;

- Estabelecer a sepse severa pelo modelo CLP em camundongos Swiss
fémeas, através da observacao da sobrevida;

- Determinar a influéncia da Smet na sobrevida a partir do modelo de CLP;

- Analisar as alteragdes causadas pela sepse em camundongos fémeas com
Smet ou controle por meio de parametros cardiovasculares, hematologicos e

quantificacdo de 6xido nitrico (NO) e IL-6 submetidos a sepse severa.
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ABSTRACT

Aims: The aim of the study was to evaluate the effect of metabolic syndrome (MetS)
on female Swiss mice subjected to severe polymicrobial sepsis induced by ligation and

puncture of the cecum (CLP).

Main methods: MetS was induced in neonatal Swiss mice by subcutaneous injection
of monosodium glutamate (MSG) at 4mg/g body weight from day 1 to day 5 after birth,
while animals in the control group (CTL) were treated with equimolar saline solution at
the same volume and period. On the 75th day of life, the CLP model was used to
induce severe polymicrobial sepsis. For inflammatory parameters, we assessed nitric
oxide (NO), determined by the cadmium and Griess technique, and quantified IL-6
using the ELISA technique. Glucose levels were measured 24 hours before and after
CLP using a glucose monitor, and the lipid profile was assessed using commercial kits.
Cardiovascular parameters were measured using the CODA platform, and

hematological evaluation was determined by standard counting.

Key findings: Different from male mice, MetS did not alter the survival of females
subjected to severe sepsis, and both CTL and MetS CLP groups exhibited hypotension
and hypoglycemia, accompanied by leukopenia and increased inflammatory cytokine
IL-6. It was also observed that MetS attenuates some parameters during sepsis, such

as hematological parameters and resistance to NO increase.

Significance: Thus, we can conclude that the obesity paradox theory is not observed
in females, so our findings provide new insights for the literature linking MetS and

sepsis.

Keywords: Infectious disease, Ligation and perforation of the cecum; Nitric oxide;
Obesity.
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1. Introduction

From the third international consensus conference, published in 2016, sepsis
was defined as an organic dysfunction with life-threatening risk caused by a
dysregulated host response to infection (1). Sepsis is considered one of the most
common causes of death in intensive care units (ICUs), presenting a challenging
diagnosis due to the multiple comorbidities and underlying diseases that individuals
develop (2). It is estimated that 48.9 million people worldwide are diagnosed with
sepsis each year, responsible for 11 million deaths, accounting for 19.7% of all global
deaths (3).

Obesity has become a public health problem worldwide, and related conditions
vary by region (4). It is considered a complex disease that occurs through the
interaction between genetic predisposition and environmental factors, defined as an
excess of body fat resulting from an inadequate energy balance over a long period (5).
In 2015, it was estimated by the Global Burden of Disease Obesity Collaborator that
over 603.7 million adults were obese, and it was estimated that higher BMI values were
responsible for 4 million deaths, with two-thirds of this number associated with
cardiovascular diseases (6). Obesity is also associated with the development of
various other complications, such as hyperglycemia, hypertriglyceridemia,
dyslipidemia, and hypertension. When individuals present at least three of these
complications, they are clinically diagnosed with metabolic syndrome (MetS) (7).
Currently, MetS is characterized as a set of metabolic abnormalities associated with
an increased risk of developing cardiovascular diseases (8).

To induce MetS, the monossodium glutamate (MSG) model was used, as it
involves an excitatory neurotransmitter, glutamate, causing damage and cell death to
neurons in the hypothalamic nuclei, primarily the arcuate hypothalamic nucleus (ARC).
This neuronal loss affects insulin-mediated signaling, impairing metabolic homeostasis
(9) (10).

Recent data have shown that male mice with metabolic syndrome have a better
prognosis and survival when subjected to a septic condition (11). In this study, animals
with MetS present hypertension, and when subjected to the septic condition of CLP,
which in control animals induces hypotension, they do not show significant changes in
blood pressure. Considering that in many diseases, young females or premenopausal

women exhibit protection due to higher estrogen levels, it is speculated that this could
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be another form of protection. However, there are still no studies evaluating the
association of MetS and severe sepsis induced by CLP in female mice, and there is
also a lack of data on the cardiovascular and inflammatory alterations of these animals.
Due to the lack of information on the association of these experimental models in

female mice, further studies related to the topic are necessary.
2. Material and methods

SURVIVAL
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2.1 Experimental design

Figure 1. Experimental design. To induce Metabolic Syndrome (MetS), Swiss mice
were treated from the first day of life until the fifth day with monosodium glutamate
(MSG) (4 mg/g body weight), while the control group received equimolar saline
solution. On the thirtieth day of age, the animals were weaned, and only females were
separated for experimentation. Cardiovascular parameters (CP), such as mean arterial
pressure (MAP) and heart rate (HR), were measured 24 hours before and after the
induction of sepsis (CLP). Blood glucose levels were measured 24 hours before and
24 hours after the CLP procedure. Blood collection was also performed 24 hours after
CLP, for hematological analysis and obtaining plasma for lipid profile analysis, nitric
oxide (NO) quantification, and cytokine analysis. Then, the animals were euthanized,
and their weight and naso-anal length were measured. Additionally, their
retroperitoneal (RT) and perigonadal (PG) fat pads were removed and weighed to
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characterize obesity. Survival analysis was evaluated every 24 hours for 7 days after

the CLP procedure.

2.2 Animals

The experiments were conducted as a randomized, blinded, and controlled
study. Female Swiss mice aged 75 days were used, divided into two groups: CTL and
MetS. The animals were housed in polypropylene cages (414 x 344 x 168 millimeters).
The cages were lined with autoclaved bedding and washed three times per week. The
cages remained in the conditioning room (temperature 21-23°C) under a 12/12-hour
light/dark cycle. The animals had ad libitum access to water and food. All procedures
were performed in accordance with CONCEA's ethical guidelines and approved by the
Committee on Ethics in the Use of Animals of the State University of Londrina
(CEUA/UEL, process number: 051.2021).

2.3 Experimental groups

At 74 days of age, female Swiss mice with or without metabolic syndrome were
divided into 4 experimental groups: (Group 1) sham surgery control (CTL SHAM),
(Group 2) control subjected to severe sepsis (CTL CLP). The sofame groups were
repeated for animals treated with MSG after birth, (Group 3) metabolic syndrome sham
surgery (MetS SHAM), (Group 4) metabolic syndrome subjected to severe sepsis
(MetS CLP).

2.4 Induction of metabolic syndrome

To induce MetS, newborn mice were subjected to subcutaneous injection of
monosodium glutamate (sigma, St. Louis, USA) (4 mg/g body weight) from day 1 to
day 5 after birth (12). Animals in the control group (CTL) were treated with equimolar
saline. The mice were separated after weaning by sex, where only female mice were
used. Obesity was assessed at 75 days of life and characterized by calculating the Lee
Index for each animal using the formula: ¥body weight/naso-anal length x 1000, and
also through the weight of retroperitoneal and perigonadal fats, where the weight body

and length will be given in g and cm, respectively (13).
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2.5 Severe polymicrobial sepsis

To induce sepsis, mice in the control and experimental groups were subjected
or not to the polymicrobial sepsis model through ligation and perforation of the cecum
(CLP), previously described by (14) with adaptations suggested by (15). Firstly, the
mice were anesthetized by applying ketamine and xylazine (1.25 mg/mL ketamine; 0.5
mg/mL xylazine) intraperitoneally (i.p). The incision was made in the midline of the
abdomen so that the cecum was exposed. Using a cotton thread, a ligation was
performed close to the base of the cecum, without there being a total obstruction of the
intestine. After ligation, the cecum was punctured with 1 transverse hole with the aid
of a 21G needle and lightly pressed until feces came out through the perforations. The
cecum was relocated into the mouse's abdominal cavity and the incision sutured.
Sham animals were submitted to, but not subjected to the CLP process. After the
surgical procedure, the mice received 1ml of sterile saline solution (0.9%)
subcutaneously (s.c) for hydration and were kept warm for 1 hour at 37°C, later
returning to their cages with free access to food and water. Survival was assessed

every 24 hours for 7 days after the CLP procedure.

2.6 Glucose dosage

Blood glucose concentration were measured 24 hours before and 24 hours after
the induction of sepsis by CLP. As a method of animal analgesia, lidocaine ointment
50mg/g (AstraZeneca do Brasil Ltda - Cotia - SP) was applied topically to the tail tip
beforehand. Peripheral blood samples were collected from the tail of the animal (1-5
ML), and glucose levels were determined using a glucose monitor (Accu—Check
Active—Roche Diagnosis®).

2.7 Hematological analysis and plasma obtainment

Twenty-four hours after the induction of sepsis, the control and experimental
animal groups were anesthetized with Ketamine (100 mg/kg) and Xylazine
Hydrochloride (20 mg/kg). Following this procedure, blood collection was performed

via cardiac puncture. The collected blood was placed in microtubes containing 30 uL
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of sodium ethylenediaminetetraacetic acid (EDTA). From these samples, platelet
count, total leukocytes, reticulocytes, monocytes, lymphocytes, eosinophils, and
neutrophils were determined. Hematocrit was measured by centrifuging capillary tubes
containing blood samples in a microcentrifuge (Novatechnica, Piracicaba, Sdo Paulo,
Brazil). The total number of nucleated cells from the samples was determined using a
manual hematocytometer. The remaining blood sample was then centrifuged at 3,000
rpom for 15 minutes at 22°C to collect plasma, which was stored at -80°C until the day

of sample analysis.

2.8 Measurement of blood pressure and heart rate

The measurement of mean arterial pressure, systolic and diastolic blood
pressure, as well as heart rate, was performed 24 hours before the induction of sepsis
by CLP and 24 hours after the procedure in both control and experimental groups. For
this purpose, the non-invasive CODA system (KENT SCIENTIFIC, TORRINGTON,
CT) was used, which calculates the difference in volume obtained from the mouse tail
through sensors. To perform these analyses, it was necessary to place the animal in a
conscious state within a container developed by the manufacturer itself and according

to previous studies (16).

2.9 Quantification of nitric oxide

The concentration of NO in the plasma of control and experimental mice was
conducted 24 hours after the induction of sepsis. The NO concentration was estimated
using the nitrite concentration method as previously described by (17) with

modifications proposed by (18).

2.10 Lipid profile

The concentrations of triglycerides, total cholesterol, and HDL cholesterol in
plasma were analyzed using the colorimetric enzymatic method with a commercial kit
(BioTécnica). The analysis was conducted 24 hours before the CLP procedure.
Readings were taken using a spectrophotometer, and values were expressed in
mg/dL.



o N oo o0 A WN -

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

34

2.11 Plasma cytokine quantification

The detection of IL-6 in the plasma was performed 24 hours after severe sepsis
induction by the CLP method using the colorimetric technique with an ELISA kit
(eBioscience) read on a GloMax® Explorer multimode microplate reader with a

wavelength of 450nm.

2.12 Statistical analysis

Initially, the data underwent exploratory statistical analysis in which normality
was assessed using the Shapiro-Wilk test. The results were expressed as mean +
standard error of the mean (SEM). Analysis between two groups was conducted using
Student's t-test. Significance was evaluated by two-way analysis of variance for
grouped data (two-way ANOVA), followed by Tukey’s multiple comparison tests.
Differences were considered significant for results with p <0.05. Survival rate was
determined using the Logrank test. All statistical analyses were performed using
GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA).

3 Results

3.1 Validation of metabolic syndrome (MetS)

At 76 days of age, female Swiss mice that received MSG were euthanized to
validate Metabolic Syndrome (Figure 2). There was no difference in body mass
between CTL and MetS animals (Figure 2. A). Although mass did not differ between
the groups, the weight of perigonadal and retroperitoneal fat, as well as abdominal
circumference, were higher in the MetS group compared to the CTL group (Figure 2.
B-C-D; p <0.0001). To validate obesity, in addition to weight, the Lee index also utilizes
naso-anal length. MetS animals, through significantly different values from the CTL
group, are considered obese (Figure 2. E; p <0.0001). In addition to being considered
obese, MetS group animals also exhibit alterations in cardiovascular parameters, such
as hypertension (Figure 2. F; p <0.0001), tachycardia (Figure 2. G; p <0.0001), and
hypertriglyceridemia (Figure 2. H; p= 0.0027). MetS group animals also show a
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significant decrease in HDL cholesterol ratio (Figure 2. |; p= 0.0250), which may

indicate a dyslipidemia condition.
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Figure 2. Validation of metabolic syndrome (MetS). Swiss mice at 76 days of age,
previously treated with saline solution (CTL) or MSG (MetS), were euthanized to
validate MetS. Measurements were collected as follows: (A) body weight, expressed
in grams (g); (B) perigonadal fat (PG) and (C) retroperitoneal fat (RP), expressed in
milligrams (mg); (D) abdominal circumference, expressed in centimeters (cm); and (E)
Lee index, expressed in grams per cubic centimeter (g/cm3®). Cardiovascular
parameters such as (F) mean arterial pressure (MAP) and (G) heart rate (HR) were
expressed in millimeters of mercury (mmHg) and beats per minute (bpm), respectively.
(H) Triglyceride levels were expressed in milligrams per deciliter (mg/dL), and
HDL/total cholesterol ratio, expressed in milligrams per deciliter (mg/dL). Data are
presented as mean + SEM. Statistical analysis was performed using the Student's t-
test, and diferences were considered significant for values with p< 0.05. **p< 0.01,
***p< 0.001, ****p< 0.0001. (N=7-10).

3.2 Cardiovascular parameters 24h after induction of severe sepsis in female swiss

mice

The animals in the MetS SHAM group exhibit hypertension compared to the
CTL SHAM group (p= 0.0393), and sepsis caused hypotension in the CTL CLP and
MetS CLP groups when compared to their respective SHAM groups (Figure 3. A).
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Regarding heart rate, although the animals in the MetS SHAM group present
tachycardia compared to the CTL SHAM group (p= 0.0011), the established condition

of severe sepsis did not alter any parameter (Figure 3. B), keeping the heart rate

unchanged.
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Figure 3. Cardiovascular parameters. The CODA platform was used to measure
cardiovascular parameters, such as mean arterial pressure (MAP) and heart rate (HR),
in female Swiss mice 24 hours after the CLP procedure. (A) Mean arterial pressure
was expressed in millimeters of mercury (mmHg). (B) Heart rate was expressed in
beats per minute (bpm). Bars represent mean + SEM of different groups. Statistical
differences marked with (*) were considered for analyses with p< 0.05. Statistical
analysis was performed using two-way ANOVA followed by Tukey's multiple
comparison test. **p< 0.01, ***p< 0.001, ****p< 0.0001. (N = 9-10)

3.3 Quantification of plasma nitric oxide 24 hours after severe sepsis induction

The CTL SHAM and MetS SHAM groups do not show a significant difference in
plasma nitric oxide. However, when subjected to severe sepsis induction by CLP,
animals in the CTL CLP group show an increase in NO compared to their respective
SHAM group (p <0.0001). The same phenomenon is not observed in the MetS CLP
group (Figure 4), suggesting that MetS may confer resistance to the increase in NO in

animals subjected to severe sepsis.
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Figure 4. Quantification of nitric oxide in plasma. Nitric oxide was estimated by the
nitrite concentration using the cadmium/Griess technique and measured in plasma 24
hours after sepsis induction. Levels were expressed in micromolar (uM). Bars
represent the mean + SEM. Statistical differences marked with (*) were considered for
analyses with p< 0.05. Statistical analysis was performed using two-way ANOVA
followed by Tukey's multiple comparison test. **p< 0.01, ***p< 0.001, ****p< 0.0001.
(N =5-10).

3.4 Evaluation of blood glucose levels 24 hours after severe sepsis induction by CLP

The animals in the CTL SHAM and MetS SHAM groups did not show significant
differences in glucose levels. However, severe sepsis led animals in the CTL CLP (p
<0.0001) and MetS CLP (p <0.0001) groups to develop hypoglycemia 24 hours after
CLP induction compared to their respective SHAM (Figure 5).
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Figure 5. Blood glucose concentration. Glucose measurement was conducted 24
hours after sepsis induction and was expressed in milligrams per deciliter (mg/dL) of
blood. Bars represent the mean + SEM. Statistical differences marked with (*) were
considered for analyses with p< 0.05. Statistical analysis was performed using two-
way ANOVA followed by Tukey's multiple comparison test. **p< 0.01, ***p< 0.001,
****n< 0.0001. (N =10).

3.5 Analysis of hematological parameters

Severe sepsis caused a decrease in hematocrit in the MetS CLP group
compared to the MetS SHAM group (Figure 6. A; p= 0.0003). Regarding platelets,
sepsis induced thrombocytopenia in the CTL CLP group compared to the CTL SHAM
group (Figure 6. B; p <0.0001). Leukopenia was observed in the groups subjected to
severe sepsis, CTL CLP (Figure 6. C; p <0.0001) and MetS CLP (Figure 6. C; p=
0.0008), compared to their respective SHAM. Neutropenia was observed only in the
CTL CLP group compared to the CTL SHAM group (Figure 6. E; p <0.0001).
Lymphocytes and monocytes followed the same pattern as neutrophils, where only the
CTL CLP group was affected with a decrease in both parameters compared to CTL
SHAM, presenting lymphocytopenia (Figure 6. F; p <0.0001) and monocytopenia
(Figure 6. G; p= 0.0321). Sepsis also caused eosinopenia in the CTL CLP group
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compared to the CTL SHAM group (Figure 6. H; p= 0.0010). Reticulocytes were only
different when the groups of animals subjected to sepsis were compared with each
other, where animals in the MetS CLP group had significantly lower levels compared
to CTL CLP (Figure 6. D; p= 0.0008). Sepsis was not able to cause thrombocytopenia,
neutropenia, lymphocytopenia, monocytopenia, eosinopenia, and reticulocytopenia in

the MetS CLP group, demonstrating a possible protective effect of MetS.
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Figure 6. Hematological parameters in female Swiss mice subjected to severe
sepsis induction by CLP. Peripheral blood analysis was performed 24 hours after the
severe sepsis induction procedure. The parameters analyzed were: (A) hematocrit,
expressed as a percentage (%); (B) platelets, expressed in micromolar (uM); (C)
leukocytes, expressed in cubic millimeters (mm3); and (D) reticulocytes, expressed as
a percentage (%); (E) neutrophils, (F) lymphocytes, (G) monocytes, (H) eosinophils,
all expressed in cubic millimeters (mm3). Bars represent the mean £ SEM. Statistical
differences marked with (*) were considered for analyses with p< 0.05. Statistical
analysis was performed using two-way ANOVA followed by Tukey's multiple
comparison test. **p< 0.01, ***p< 0.001, ****p< 0.0001. (N = 6-31).

3.6 Measurement of plasma cytokine IL-6

The animals in the MetS SHAM group have higher baseline levels of IL-6
compared to the CTL SHAM group (Figure 7; p= 0.0011), which may be explained by
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the chronic low-grade inflammation these animals developed due to the obesity.
Severe sepsis increases IL-6 levels in the CTL CLP (p= 0.0021) and MetS CLP (p=
0.0077) groups compared to their respective SHAM.

200- | N 1
‘_I; I .' CTL
S 150 BN MetS
& I * % I .
o °
£ ®
S o
2 0
@
= -
- ®
1
SHAM CLP

Figure 7. Plasma cytokine IL-6 dosage concentration. The interleukin-6 assay was
performed 24 hours after severe sepsis induction by CLP using the ELISA technique,
expressed in picograms per milliliter (pg/mL). Bars represent the mean + SEM.
Statistical differences marked with (*) were considered for analyses with p< 0.05.
Statistical analysis was performed using two-way ANOVA followed by Tukey's multiple
comparison test. **p< 0.01, ***p< 0.001, ****p< 0.0001. (N = 6-10).

3.7 Survival

Severe sepsis significantly decreases the survival rate percentage of animals in
the CTL CLP group compared to CTL SHAM (Figure 8; p <0.0001), where the peak of
death occurs 72 hours after CLP induction and no animal completes the survival
analysis remaining alive during the 7 day evaluation period. Although 3 animals in the
MetS CLP group complete the 7 day evaluation, when compared to the MetS SHAM
group, they are significantly different (p= 0.0016), suggesting that even though MetS
acted as a possible protective factor in other analyses, this is not reflected in the

survival of these animals.
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Figure 8. Survival rate during the progression of CLP induced severe sepsis. The
results are expressed as the percentage of survival for each experimental group using
the Logrank statistical test, over 7 days, every 24 hours (CTL SHAM=14, CTL CLP=21,
MetS SHAM=6, MetS CLP=16). Differences were considered significant for values with
p< 0.05. **p< 0.01, ***p< 0.001, ****p< 0.0001.

4. Discussion

The neuroendocrine MSG model, through neonatal injections in female Swiss
mice, proved effective in developing MetS. Animals subjected to this protocol exhibited
obesity, hypertension, increased retroperitoneal and perigonadal fat deposition, and
hypertriglyceridemia, consistent with previous studies in mice (11,16), as in rats (19-
22). However, the metS animals did not show an increase in plasma NO levels during
CLP like the control animals. In addition, the CTL and MetS groups subjected to severe
sepsis showed hypotension, hypoglycemia, and an increase in the inflammatory
cytokine IL-6, corroborating with the survival data. Hematological parameters did not
change much for the MetS group subjected to severe sepsis, presenting only
leukopenia, but this was not sufficient to alter survival. Thus, our results do not support
the obesity paradox for the female animals.

The physiological stress caused by sepsis results in metabolic disorders and
interferes with glucose regulation (23). It has been described in the literature that

patients with sepsis typically present disturbances in glucose levels due to alterations
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in endocrine metabolism caused by sepsis, increasing the mortality rate of these
patients (24). In our study, it was observed that animals from the CTL and MetS groups
subjected to severe sepsis exhibited hypoglycemia. According to Wang and colleagues
in 2021, from a systematic review and meta-analysis, besides presenting
hyperglycemia, septic patients may frequently experience hypoglycemia. It was
observed that the occurrence of hypoglycemia was related to increased mortality in
septic patients (24). This may be related to inflammatory cytokines, which increase
glucose utilization but, on the other hand, inhibit the gluconeogenesis process (25), or
it may also occur that septic patients excessively use peripheral glucose due to
increased metabolic rate, which can cause depletion of glycogen reserves (26).

NOS plays an essential role in regulating inflammatory and immune responses.
(27). We observed in our study that animals from the CTL CLP group exhibited
increased levels of NO, and in the same group, the animals also presented
hypotension. This phenomenon was also observed by Nakama and colleagues in
2021, correlating hypotension with the increase in NO production (11). Hypotension is
a key risk factor for mortality in patients with sepsis (28). Regarding cardiovascular
parameters, septic shock is characterized by a high cardiac output and decreased
peripheral resistance due to the dilation of systemic resistance vessels. Much of this
condition is caused by positive regulation in the expression of INOS enzime and
increased production of NO, given that NO plays an important role in vasodilation (29).
However, although animals from the MetS CLP group also exhibited hypotension, they
did not show an increase in plasma NO levels, suggesting that the decrease in mean
arterial pressure (MAP) resulting from sepsis in MetS group is being caused by a
mechanism independent of NO. The normal physiological response to low MAP is
inhibition of baroreflex arch leading to vasoconstriction in the peripheral circulation due
to sympathetic activation and increased catecholamine concentration. However, in
septic patients, common vasoconstrictors do not act sufficiently, leading to a
vasodilatory Shock (28).

Sepsis, being a syndrome characterized by an uncontrolled inflammatory state,
involves a consistent and persistent inflammatory response in a state of
immunosuppression, which can be exacerbated by the dysregulation of inflammatory
factor levels (30). In this context IL-6 plays an important role in host defense against
infections and tissue injuries (31). In sepsis, this cytokine is responsible for regulating

protein homeostasis in skeletal muscle. Although systemic increase promotes muscle
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growth and hypertrophy, its continuous and exacerbated increase, as in cancer or
diabetes, can lead to muscle atrophy (32). In our study, we observed a significant
increase in IL-6 levels in the CTL and MetS CLP groups, which may be related to the
worsening survival of these animals during sepsis. Kang and colleagues in 2021
observed that IL-6 is an important indicator of cytokine storms, responsible for
regulating various aspects of vascular homeostasis and cellular inflammation.
Inhibiting IL-6 signaling is considered a beneficial clinical strategy for the treatment of
various inflammatory disorders (31).

Obesity, a low-grade chronic inflammation, is responsible for generating a
phenotype of increased inflammation in the microvasculature of multiple organs during
sepsis, due to the increase in immune system cells (11). In our study, it was possible
to observe that sepsis can also compromise hematological parameters, causing
leukopenia in the CTL and MetS groups subjected to severe sepsis. In a cohort study
conducted by Belok and colleagues in 2021, it was described that, although rare,
leukopenia is associated with an increased risk of death, which may have occurred
due to interruption of maturation, inadequate supply of progenitors to the bone marrow,
or hematophagocytosis (33). Thus, there is a relationship between mortality and the
condition of leukopenia, corroborating with our survival data, as the same animals that
had leukopenia also showed a significant decrease in the survival rate. Animals from
the CTL CLP group also presented thrombocytopenia, neutropenia, lymphopenia,
monocytopenia, and eosinopenia, which may have been caused by the

immunosuppression triggered by sepsis (34).

5. Conclusion

In the presente study we can conclude that unlike male Swiss mice, the obesity
paradox does not repeat itself in females with severe sepsis. Although it was observed
that MetS attenuates some parameters such as hematological and resistance to the
increase in plasma NO, characteristic of sepsis, this is not seen in the survival of these
animals. These findings provide new insights for the literature related to the relationship
between MetS and sepsis in the female gender, therefore, it is necessary for more

research related to the topic to be developed.
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CONCLUSAO FINAL DA DISSERTAGAO

Nosso trabalho foi o primeiro a avaliar a associagao entre MetS e o0 sexo
feminino como um fator protetor atenuando contra a sepse. Fornecemos evidéncias
de que, diferente do que ja foi observado em camundongos Swiss machos, a teoria
do paradoxo da obesidade ndo se enquadra nas fémeas. Embora a MetS tenha
atenuado positivamente alguns parametros, como hematoldgicos e resisténcia ao
aumento de NO, isso nao influencia na analise de sobrevida desses animais. Os
resultados apresentados abrem portas para futuros trabalhos que poderao elucidar a
participagdo do estrogénio na obesidade com influéncia da sepse severa, no intuito
de explicar o fendbmeno que faz com que fémeas obesas ndo se enquadrem no

paradoxo da obesidade.



