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RESUMO

A obesidade é um dos problemas de satde de maior gravidade que enfrentamos atualmente, sendo
esta comorbidade diretamente relacionada a altos niveis plasmaticos de diglicerideos, triglicerideos
e acidos graxos livres, conjuntamente com alterag6es metabolicas, sendo que, quanto maior o grau
de obesidade do individuo, maior a probabilidade e/ou risco do mesmo desenvolver determinadas
doencas. A esportbmica é a ciéncia responsavel por investigar e correlacionar a resposta do
metabolismo biol6gico a diferentes situacdes e condigbes fisicas. Apesar de pouco se saber a
respeito do impacto das alteracGes dos niveis plasmaticos de fosfolipideos em resposta ao estresse
oxidativo em individuos obesos, tem-se que a préatica de atividades fisicas regularmente pode
promover a adaptacdo e melhorar a capacidade das células em lidar com o estresse oxidativo da
homeostase. Sendo assim, ap6s a aprovagio do Conselho em Etica em Pesquisa (CEP) com parecer
de nimero 3.601.407, o presente estudo correlativo e exploratorio teve como objetivo avaliar de
forma abrangente os perfis de metabdlitos plasméticos usando uma abordagem metabol6émica ndo
direcionada (untargeted) de individuos com indice de Massa Corporal (IMC) eutréficos (n = 20,
IMC = 22,3) ou com sobrepeso/obesidade (n = 29, IMC = 29) versus diferentes niveis de atividade
fisica auto-reportados, avaliados através do Questionario Internacional de Atividade Fisica (IPAQ),
nivel baixo (n = 33, IPAQ = 842) ou alto (n = 16, IPAQ = 6935). As amostras de plasma dos
participantes foram analisadas por meio de técnica de Cromatografia Liquida acoplada a
Espectrometria de Massas (LC-MS/MS) e, os 64 metabolitos principais obtidos foram avaliados
por meio da analise de variancia bidirecional para a determinacdo da variancia dos dados entre 0s
diferentes grupos. Por fim, aplicou-se uma abordagem por rede complexa para 0s principais
metabolitos e foi calculada a centralidade do autovetor para revelar aqueles mais relevantes. A
maioria das alteracOes detectadas no estudo foram atribuiveis ao IMC, embora também tenha sido
observado algum efeito dos niveis de atividade fisica auto referidos. A maioria dos metabolitos
relevantes foram espécies oxidadas de fosfolipidios. Grande parte das espécies de fosfatidilcolina
e uma espécie de fosfatidilglicerol foram encontradas diminuidas em individuos obesos, enquanto
a maioria das espécies de fosfatidiletanolamina, fosfatidilserina e fosfatidil-inositol foram
aumentadas. Apenas uma Unica espécie de prostaglandina, fosfatidilglicerol e fosfatidilinositol foi
modulada pelo IPAQ, mas efeitos de interacéo entre IMC e IPAQ foram encontrados para a maioria
dos metabdlitos na combinacgédo de IMC obeso com IPAQ baixo, concluindo que a modulacéo dos
fosfolipidios oxidados no plasma pela obesidade foi acentuada pelos baixos niveis de atividade
fisica.

Palavras-chave: Metabolémica. indice de massa corporal. Exercicio fisico. Obesidade.
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ABSTRACT

Obesity is one of the most serious health problems we face today, and this comorbidity is directly
related to high plasma levels of diglycerides, triglycerides, and free fatty acids, together with
metabolic alterations, and the higher the degree of obesity of the individual, the greater the
probability and/or risk of developing certain diseases. Sportomics is the science responsible for
investigating and correlating the response of biological metabolism to different situations and
physical conditions. Although little is known about the impact of changes in plasma phospholipid
levels in response to oxidative stress in obese individuals, it is believed that regular physical activity
can promote adaptation and improve the ability of cells to deal with oxidative stress from
homeostasis. Thus, after approval by the Research Ethics Council (CEP) with opinion number
3,601,407, the present correlative and exploratory study aimed to comprehensively evaluate the
plasma metabolite profiles using an untargeted metabolomic approach of individuals with Body
Mass Index (BMI) eutrophic (n = 20, BMI = 22.3) or overweight/obese (n = 29, BMI = 29) versus
different self-reported physical activity levels, assessed using the International Physical Activity
Questionnaire (IPAQ), low (n =33, IPAQ = 842) or high (n = 16, IPAQ = 6935) level. The plasma
samples of the participants were analyzed using the Liquid Chromatography technique coupled to
Mass Spectrometry (LC-MS/MS), and the 64 main metabolites obtained were evaluated through
bidirectional analysis of variance to determine the variance of the data between the different groups.
Finally, a complex network approach was applied to the main metabolites and the centrality of the
eigenvector was calculated to reveal the most relevant ones. Most of the changes detected in the
study were attributable to BMI, although some effect of self-reported physical activity levels was
also observed. Most of the relevant metabolites were oxidized phospholipid species. Most of the
phosphatidylcholine species and one species of phosphatidylglycerol were found to be decreased
in obese individuals, while most of the phosphatidylethanolamine, phosphatidylserine, and
phosphatidylinositol species were increased. Only a single species of prostaglandin,
phosphatidylglycerol, and phosphatidylinositol were modulated by IPAQ, but interaction effects
between BMI and IPAQ were found for most metabolites in the combination of obese BMI and
low IPAQ, concluding that the modulation of oxidized phospholipids in plasma by obesity was
accentuated by low BMI. Only a single species of prostaglandin, phosphatidylglycerol, and
phosphatidylinositol were modulated by IPAQ, but interaction effects between BMI and IPAQ
were found for most metabolites in the combination of obese BMI and low IPAQ, concluding that
the modulation of oxidized phospholipids in plasma by obesity was accentuated by low levels of
physical activity.

Keywords: Metabolomics. Body mass index. Physical exercise. Obesity.
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1 INTRODUCAO

1.1 Obesidade

Segundo a Associacdo Brasileira para o Estudo da Obesidade e Sindrome Metabolica
(ABESO, 2024), a obesidade é um dos problemas de salde de maior gravidade que encontramos
atualmente no mundo, estimando-se que em 2025 em torno de 2,3 bilhdes de adultos estardo acima
do peso com indice de Massa Corporal (IMC) maior ou igual a 25, sendo que destes, 700 milhdes
de individuos irdo apresentar obesidade (com IMC maior ou igual a 30). J& para a populagdo
brasileira cerca de 55,4% apresenta atualmente excesso de peso e, 19,8% apresenta obesidade.
Ainda, a projecdo nacional para daqui ha 10 anos sera a de que, no Brasil, quase 140 milhdes de
adultos tenham excesso de peso, quadro este, extremamente alarmante para a saude da populagédo
(ABESO, 2024; WOF, 2024).

A obesidade é diretamente relacionada a altos niveis plasmaticos de diglicerideos,
triglicerideos e &cidos graxos livres, conjuntamente com alteracdes metabdlicas, que comumente
sdo incidentes em individuos com esta condi¢do (TONKS et al., 2016; MOORE et al., 2014). Tem-
se que, quanto maior o grau de obesidade do individuo, maior a probabilidade e/ou o risco de o
mesmo desenvolver determinadas doengas (ANJOS, 1992; OLIVEIRA et al., 2012). Entretanto, a
ocorréncia da obesidade em um individuo se da de maneira multifatorial, ou seja, tém-se
mecanismos endogenos como responsaveis pelo desenvolvimento desta condicdo, por exemplo,
por meio de fatores genéticos ou ainda, por meio de fatores exdgenos como por exemplo, o
ambiente ou e até mesmo o status socioeconémico do individuo (THAKER, 2017; STURM; AN,
2014).

A diminuicdo de riscos de doencas associadas a pratica de exercicios fisicos € uma questéo
ja amplamente relatada e disseminada por pesquisas cientificas, auxiliando diretamente na
prevencdo ou retardamento da obesidade além de a pratica de ser capaz de modular metabolitos
enddgenos (ELAGIZI et al., 2020; BONGIOVANNI et. al., 2019; TIAN et. al., 2021).
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1.1.1 indice de Massa Corpérea (IMC)

O IMC, possibilita aferir a partir dos dados antropométricos de um individuo qual a
condicdo nutricional do mesmo, sendo facilmente calculado a partir da razdo entre o peso corporal
em quilos e a altura ao quadrado do individuo. Este indicador € mundialmente consolidado e,
através dele € possivel se estabelecer o range da condigdo nutricional do ser humano, sendo 0s
individuos eutréficos os que apresentam IMC entre 18 e 25, com sobrepeso aqueles que apresentam

IMC > 25 e obesos aqueles que possuem IMC > 30.

1.1.2 Questionario Internacional de Atividades Fisicas (IPAQ)

O Questionario Internacional de Atividade Fisica (IPAQ), foi proposto pela Organizacédo
Mundial de Saude (OMS) em 1998, a fim de servir como uma ferramenta mundial para a
determinacdo do nivel de atividade fisica de um individuo (MATSUDO et al., 2012). Deste modo,
com o objetivo de elaborar uma ferramenta de facil acesso e aplicabilidade para a avaliacdo dos
niveis de atividade fisica praticados pela populacdo, foi criado por agéncias normativas o
Questionario Internacional de Atividades Fisicas (IPAQ). Este questionario permite a
categorizacao do nivel de atividade fisica do individuo, através da avaliacdo da frequéncia, duracao
e intensidade do exercicio, permitindo deste modo, uma determinacdo individualizada do grau de
necessidade e acompanhamento em programas de exercicios fisicos (VESPASIANO; DIAS;
CORREA, 2012). Um modelo do IPAQ pode ser verificado no Anexo Il do presente trabalho.

1.2 Metaboldmica

As ciéncias “Omicas” consistem no estudo de diferentes moléculas endégenas em diversas
abordagens distintas. Dentre as principais areas “Omicas” tem-Se a gendmica que realiza o estudo

do DNA, a transcriptdmica para a analise das moléculas transcritas de mRNA, a protedmica que
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analisa as proteinas e a metabolémica, que avalia metabdlitos de um sistema, conforme exemplo
demonstrado na Figura 1 (BEDIA, 2018).

mRNA

Proteémica ‘g

Lipideos

Proteinas

Reacoes

CoEe)
Metabolomica & b‘_ Aminoacidos

Nucleotideos 6

Carboidratos

Enzimaticas

FIGURA 1. Principais abordagens “omicas”. Fonte: figura adaptada de SUSSULINI, 2017.

A metabolémica ¢ a ciéncia que estuda pequenas moléculas com peso molar de até 1500
Da em amostras bioldgicas e, a avaliacdo dessas moléculas pode ser utilizada com a finalidade de
evidenciar tanto diferentes processos celulares quanto suas fungdes metabdlicas (KUEHNBAUM;
BRITZ-MCKIBBIN, 2013). De maneira geral, a metabolémica é subdivida em duas abordagens
de analise dos achados, a analise direcionada (targeted) que avalia um Unico metabolito ou um
grupo especifico de metabolitos e, a analise ndo direcionada (untargeted) que realiza uma avaliacéo

sem um alvo especifico de todo o metaboloma do organismo (CANUTO et al., 2018).
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1.2.1 Esportdmica

Levando em consideracdo um contexto da Ciéncia do Esporte, a analise de metabolitos
séricos pela abordagem metabolémica, possui consideravel reconhecimento, inclusive,
consolidando em ambito cientifico tal abordagem como “Esportomica”, sendo esta uma abordagem
holistica com foco no individuo, de maneira semelhante & metaboldémica, entretanto, com uma
abordagem nos esportes como o desafio metabdlico (WIDMANN et al., 2019). Avancos analiticos
em tecnologias laboratoriais tém permitido que a ciéncia esportiva e a salde humana se
desenvolvam amplamente, isto porque, cascatas intracelulares vém sido demonstradas, sobretudo,
através da interpretacdo de respostas especificas aos estimulos desenvolvidos por meio da pratica
de atividades fisicas (BARTLETT et al., 2014; BARR, 2014).

1.3 Cromatografia Liquida acoplada a Espectrometria de Massas (LC-MS/MS)

De maneira geral, um Cromatografo Liquido (Liquid Chromatography — LC) é responsavel
por realizar a separacdo de misturas. Ele consiste em um sistema de bombas que empurra 0s
distintos analitos através de um solvente de arraste (fase mdvel), responsavel por dissolver e
carregar os analitos que tém afinidade com ela, além de uma coluna analitica (fase estacionaria)
que pode ser recheada com microparticulas de diversas composi¢des diferentes, possibilitando
assim, a separacao dos compostos (HARRIS, et al., 2005). Ja o Espectrometro de Massas (Mass
Spectrometry — MS) consiste em um tipo de detector que, acoplado a um LC consistem em uma
técnica de separacdo e deteccdo que possibilita a determinacdo de moléculas por meio da razéo
massa/carga (m/z) apés a ionizagcdo das mesmas, sendo no geral, altamente sensivel e seletivo para
aidentificagdo de analitos (SKOOG et al., 2001). Um exemplo desses modulos acoplados encontra-

se na Figura 2 adiante.
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FIGURA 2. Esquema de cromatografia liquida acoplada a espetrémetro de massas (LC-MS).
Fonte: figura adaptada de SHARMA, 2023.

No contexto da metabolémica baseada em MS, para avaliacdo das analises direcionadas
(target), costuma-se utilizar detectores de massas com baixa resolu¢cdo, como os do tipo
quadrupolo, ja para as andlises untargeted, os analisadores tém uma alta resolu¢do como, por
exemplo, o detector do tipo TOF (Time-of-Flight) (PANG; HU, 2023).

1.4 Redes Complexas

As redes complexas consistem em uma abordagem interdisciplinar que contempla
diferentes areas de conhecimento como a ciéncia da computacdo, matematica, fisica e biologia. O
termo consiste em um par de conjuntos (grafo), composto por elementos chamados nés ou vértices
e um conjunto de elos de conexao (arestas) que interligam os nés, representando as interacdes entre
eles (BARABASI, 2003; MATA, 2020).

De maneira geral, essas redes s@o estruturas que nao seguem um padrdo ordenado de dados

e sdo denominadas como complexas pois, ndo é possivel prever seu comportamento coletivo a
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partir de seus componentes individuais. Entretanto, a compreensdo da descricdo matematica dessas
redes possibilita interessantes predi¢des sobre os sistemas sendo possivel, inclusive, controla-los.
(METZ et al., 2007; MATA, 2020). Na Figura 3 é possivel verificar um simples exemplo do que
se tratam as redes complexas através da modelizacdo da rede por meio da apresentacdo de um
grafico de correlagdes. Na figura em questdo, os nés (em vermelho), representam pessoas e as
linhas pretas que fazem a ligacdo entre eles, representa a interacdo entre 34 membros de um clube
de karaté (MATA, 2020).

FIGURA 3. Exemplo de representacdo de uma rede complexa. Rede complexa de um estudo de

interacOes sociais de 34 membros de um grupo de karaté. Fonte: MATA, 2020.

As redes operam sob uma forma néo direcionada e as correlagdes significativas (p < 0,05)
entre as variaveis podem ser utilizadas para identificar os n6s mais influentes na estrutura
topoldgica da rede. Neste sentido, em um contexto generico, cada ndé tem a mesma relevancia
dentro da rede. Entretanto, abordagens recentes no ambito das redes, tém possibilitado a
determinacdo de alvos especificos dentro da topologia, consistindo em a abordagens denominadas

target. Neste contexto, incorpora-se ao "n6 alvo" um peso maior que dos demais, o que ao final
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dos célculos da rede, fornecerdo informacfes mais direcionadas sobre as influéncias dos nds
(KRAEMER, 2022).

Para que seja possivel realizar a analise da topologia das redes complexas, as métricas de
centralidade séo cruciais. Por um exemplo, através da utilizacdo do eigenvector, uma métrica que
ird destacar os nds considerando a importancia da conexao com os nés das vizinhangas. Assim, o
eigenvector ird computar a centralidade do n6 baseado em seus vizinhos e nos pesos das conexdes
de suas arestas. Portanto, em um ranking de scores de influéncia dos nos na rede aferida por uma
abordagem por eigenvector, quanto maior for o valor da centralidade do autovetor, maior sera o
seu grau de influéncia na rede (MATA, 2020; GOBATTO, 2020; KRAEMER, 2022).

Sendo assim, o presente trabalho objetivou realizar a analise metabolémica de perfis
plasmaticos de individuos distintos, para uma avaliacdo e posteriormente, correlacdo da expressao
metabolica final do organismo em diferentes situacdes de niveis de IMC e de atividade fisica. A
ferramenta da Esportdmica, associada a andlise de redes complexas multivariadas, foi capaz de
auxiliar na rastreabilidade de metabdlitos indicativos de diferentes estados do organismo. Adiante,
no Capitulo | do presente documento, encontra-se o artigo experimental aceito para publicacédo

detalhando os ricos achados do presente projeto.
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2. OBJETIVOS

2.1 Objetivo Geral

Verificar o efeito do IMC e do nivel auto-reportado de atividade fisica sobre metabdlitos
plasmaticos.

2.2 Objetivos Especificos

e Verificar a abundancia de metabolitos plasmaticos em individuos com IMC eutrofico ou
sobrepeso e obeso;
e Verificar a abundancia de metabdlitos plasmaticos em individuos com niveis auto-reportados

de atividade fisica baixo ou alto;

e Verificar o efeito combinado entre o IMC e o nivel auto-reportado de atividade fisica na
abundancia de metabdlitos plasmaticos;

e Propor um modelo para classificacdo da relevancia das principais modula¢es plasmaticas

promovidas pelo IMC e/ou pelo nivel auto-reportado de atividade fisica.
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Simple Summary: This correlative and exploratory study aimed to comprehensively
assess the plasma metabolite profiles of subjects with lean versus overweight/obese
body mass index, and low or high self-reported levels of physical activity using
untargeted metabolomic and bioinformatic approaches. The majority of the changes
detected in the study were attributable to body mass index, although some effect of
self-reported levels of physical activity was also observed. Interaction effects were
found when subgroups of body mass index were combined with subgroups of self-
reported levels of physical activity, indicating a combined modulation.

Abstract: Metabolomic analysis of the changes of plasma metabolites in obesity along
with physical activity interaction may contribute to disease diagnosis and treatment.
We sought to make a comprehensive assessment of the plasma metabolite profile of
subjects with lean (n = 20, BMI = 22.3) or overweight/obese (n = 29, BMI = 29) body
mass index (BMI) and low (n =33, IPAQ = 842) or high (n =16, IPAQ = 6935) index of
physical activity questionnaire (IPAQ), using an untargeted metabolomic approach.
Two-way analysis of variance was applied to the data obtained from Liquid
Chromatography-Mass Spectrometry analyses and resulted in 64 metabolites, mainly
responsible for the data variance among the different groups. Finally, a complex
network approach reveals the most relevant metabolites. The majority of the relevant
metabolites are oxidized species of phospholipids. Most species of
phosphatidylcholine and a species of phosphatidylglycerol were found to be
decreased in obese subjects, while most species of phosphatidylethanolamine,
phosphatidylserine, and phosphatidylinositol were increased. Only a single species
each of prostaglandin, phosphatidylglycerol, and phosphatidylinositol was
modulated by IPAQ, but interaction effects between BMI and IPAQ were found for
most of the metabolites in the combination of obese BMI with low IPAQ.
Keywords: body mass index; index of physical activity questionnaire; obesity;
metabolomic
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1. Introduction

A threat to global health, obesity is a chronic disease caused by increased
body fat deposition and is estimated to affect up to 30% of the world
population, including overweight and obese individuals [1]. Obesity is
typically diagnosed by estimating the body mass index (BMI), which is
associated with total plasma levels of triglycerides, diglycerides and free fatty
acids [2], along with metabolic alterations incident to the disease [3]. Obesity
is multifactorial, and the chance of developing this disease may be affected by
endogenous factors like genetics [4], with an estimated heritability of 40-70%
[5, 6] and exogenous factors such as the environment and even socioeconomic
status [7]. Due to the growth of the obesity pandemic in recent decades [8],
obesity has been intensively studied in an attempt to better understand the
etiology of the disease and to find more effective prophylaxis and therapy [9].

Metabolomic is the molecular study of a biological system with molar
weight of up to 1500 Da [10]. There are thousand metabolites in the human
organism, and identifying them and discovering their roles still pose a
challenge, even for the metabolomic approach. Several studies have reported
metabolic patterns associated with obesity, liquid chromatography mass
spectrometry (LC-MS) characterization of the metabolomic profile [11] and
the lipidomic signature of subjects with high levels of triglycerides and
cholesterol [12] are recent advances in the study of obesity.

Compelling evidence shows that the physiological modifications caused
by physical training can prevent or delay the onset of obesity [13], and that
physical activity can modulate endogenous metabolites [14, 15]. Therefore,
obesity and the level of physical activity may play a role in modulating the
same metabolites due to their close and antagonist relationship, but the
metabolic alterations in the presence of the disease remain to be elucidated.
Understanding and identifying the metabolomic fingerprint of the interaction
between obesity and physical exercise may help to better understand human
organism responses from a molecular perspective.

Changes in lipid metabolism associated to obesity have been linked to
the development of obesity-related comorbidities [16, 17]. These changes
include elevated levels of plasma triglycerides, total cholesterol, low-density
lipoprotein (LDL), oxidized LDL, and decreased concentrations of high-
density lipoprotein (HDL) [18]. A variety of plasma metabolite families,
including fatty amide, prenollipid, sphingolipid, branched-chain amino acid
and various derivatives of amino acids, acylcarnitines, fatty acids, and
lysophospholipids, have been discovered to have associations with BMI [19-
21].

Furthermore, changes in glycerophospholipids may contribute to the
pathological process of metabolic diseases, according to a number of studies
[19]. Numerous studies have reported phospholipids that characterize the
obesity profile, but the direction of changes is controversial [3, 18, 22, 23].
Obese subjects may exhibit increased levels of phosphatidylinositol (PI) [24].
Phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs) account
for 50% and 20-30% of the membrane composition, respectively [25] and
disturbances in PCs and/or PEs may be a risk factor for obesity development
[19, 26]. Both choline and ethanolamine appear to be altered in the
plasma/serum of obese subjects in other untargeted approaches. Increased
lysophosphatidylcholine (lysoPC) C14:0 and lysoPC C18:0 were found in



obese subjects [18], and several lysoPCs respond to fluctuations in BMI [21].
On the other hand, lysoPC C18:1 and C18:2 were decreased in obese children
[23] and adults [18] and inversely correlated with BMI [27]. Other authors
have reported decreased levels of these compounds [24, 28, 29] and
correlation between plasma levels of lysoPC, sphingomyelins, and PCs with
obesity after weight loss [30]. Nevertheless, whether plasma/serum levels of
PCs and PEs may be related to obesity in humans still needs to be further
investigated.

Regarding the isolated effect of physical activity, the literature is
relatively scarcer. Associations for lysoPC(20:3), PC(16:0/20:3), PC(18:0/20:3),
and PC(18:1/20:3) were inversely associated with concentrations of diabetes-
associated glycerophospholipids [31]. However, when the level of physical
activity was grouped as low or high (<2226 vs. 22226 MET-min/week in men;
or <2079 vs. 22079 MET-min/week in women), the aforementioned
associations among glycerophospholipids were observed only in participants
with low physical activity [31].

In this exploratory study, the metabolomic fingerprints of Brazilian
subjects with varying BMlIs and levels of physical activity were identified in
this study. After assembling a network of correlations (Pearson), the main
compounds were determined via an eigenvector centrality analysis.

2. Material and Methods

2.1. Ethics and Subjects

All procedures were approved by the Human Subject Research Ethics
Committee  of Sao  Francisco  University = (Protocol = number
12087719.5.0000.5514) before the study began. Twenty-seven female and
twenty-two male subjects were enrolled in the study (Table 1) and signed
written informed consent form regarding the procedures involved in the
investigation. The inclusion criteria were as follows: (I) body mass index
above 18 kg/m?; (II) age between 18 and 60 years; (III) healthy values of body
temperature, heart rate, and blood pressure; and (IV) fasting for 12 hours. The
exclusion criteria were as follows: (I) history of medical illness, drug, or
alcohol abuse; (II) pregnancy or breastfeeding; (III) hospital admission or
surgery within the last 3 months; (IV) blood donation or loss within the last
month; (V) participation in another clinical trial within the last 3 months; and
(VI) chronic medication use or use within the last 2 weeks.

Table 1. Descriptive statistics when grouping the subjects by the body characteristics
(according to BMI) and physical activity levels (according to IPAQ).

Grouping by the BMI Grouping by the IPAQ

Overweight / Low High

Lean Obese IPAQ > 3066




18 < BMI < BMI =25 IPAQ <

25 3066
Sex F=10, F=17, F =19, F=8,
M=10 M=12 M=14 M=8
Age
29+10 35+13 34+14 29+9
(years)
Body
Mass 62.6 +8 78.3 + 10# 73.1+13 69.4+9
(ko)
H(erf)ht 1.67+0.1 1.64+0.1 1.66+0.1 1.66 +0.1
BMI
+ + + +
(kg/m?) 2232 28.9 + 3# 26.8+5 252+2
IPAQ
3361 + 2823 2467 + 4019 842 + 890 6935 + 3538*
(Score)

Data are in the mean + SD. One-way ANOVA was used (Statisca 7.0 - Statsoft). # indicates
significant differences (p < 0.05) in relation to Lean group. * indicates significant difference
(p <0.05) in relation to Low IPAQ group. F = Female and M = Male.

2.2 Determination of the body mass index

Anthropometric data of weight and height were obtained with a scale
and stadiometer (Welmy, Sao Paulo, Brazil). The BMI was calculated as the
ratio of body weight (kg) to height squared (m?). Values less than 25 kg/m?
were classified as lean, and values greater than 25 kg/m? were classified as
overweigh/obese.

2.3 Determination of the level of physical activity (index of physical activity
questionnaire — IPAQ)

The subjects answered 6 topics from the short version of the Index of
Physical Activity Questionnaire (IPAQ), validated to the Brazilian
population, regarding their physical activity frequency, duration, and
intensity to assess their physical activity level [32, 33]. Participants were
classified into two levels of physical activity based on the IPAQ: low activity
(IPAQ < 3066) and high activity (IPAQ > 3066).

2.4 Experimental Design

2.4.1. Grouping the subjects by the body mass Index

In one of the two approaches, the overall sample was segmented
into two groups based on objective criteria related to BMI (Lean: 18 < BMI <
25; Overweight/Obese: BMI > 25) to search for differences in lipid metabolites
between these groups (Table 1).

2.4.2. Grouping the subjects by the physical activity level IPAQ)
In the other approach, the same sample was segmented into two groups
based on objective criteria related to the IPAQ (Low: IPAQ < 3066; High: IPAQ



> 3066) to search for lipid metabolites modulated by the level of physical
activity (Table 1).

2.4.3. BMI/IPAQ Interactions

In addition to the aforementioned groups, statistical differences were
verified for the following combinations (interactions) between subgroups of
BMI and IPAQ: Lean + Low (n = 13); Lean + High (n = 7); Overweight/Obese
+ Low (n = 20); Overweight/Obese + High (n=9).

2.5 Metabolomics Analysis

Intravenous blood samples (5ml) were obtained from the forearm by a
trained professional into centrifuge tubes containing EDTA anticoagulant.
Blood was drawn from the subject in a sitting position in the morning after a
12-hour fast. The samples were centrifuged at 1500 rpm for 10 minutes, and
the plasma fractions were separated and stored in microcentrifuge tubes at -
80°C.

A pooled sample was formed before sample extraction by combining
equal parts of each sample (20 pL), which were then aliquoted into different
quality control (QC) samples and extracted alongside the other samples.
Plasma samples (150 uL) were randomized and mixed with cold isopropanol
(200 pL), vortexed for 30 seconds, and then centrifuged (12,000 rpm, 4°C, 10
min). Subsequently, the supernatant (200 uL) was collected and dried under
N2. Blank samples were prepared using ultra-pure water instead of plasma.
To monitor deviations in extraction and system stability, QC samples were
inserted after every 10 samples. Additionally, a QC sample was employed at
the outset of the experiment to facilitate instrumental stabilization of the LC-
MS system. Participant samples were extracted and analyzed in a randomized
manner to observe biological variation and minimize instrumental bias.

The analysis was adapted from Silva et al. [34]. An ACQUITY UPLC was
used, coupled to a XEVO-G2XS (QTOF) quadruple time-of-flight mass
spectrometer (Waters, Manchester, UK) equipped with an ESI (Electrospray
Ionization) source. For lipidomics analysis, an ACQUITY UPLC® CSH C18
column (2.1 mm x 100 mm x 1.7 um, Waters) was employed, using mobile
phase A composed of an acetonitrile (ACN):water (H20) solution (60:40, v/v)
with 10 mM ammonium formate + 0.1% formic acid, and mobile phase B
composed of isopropanol:acetonitrile (ACN) (90:10, v/v) with 10 mM
ammonium formate + 0.1% formic acid, with a flow rate of 0.4 mL min-1.

The gradient started at 40% B, increasing to 43% within 2.0 minutes,
further rising to 50% over 0.1 minutes, then reaching 54% within the next 9.9
minutes. Subsequent increments led to 70% B over 0.1 minutes, 99% B over
5.9 minutes, and eventually returning to 40% B over 0.1 minutes for column
re-equilibration over the next 1.9 minutes. The total run time was 20 minutes.
Data were recorded separately in positive (+) and negative (-) ion modes
across the 50-1700 m/z range with an acquisition time of 0.5 seconds per scan.
Source and desolvation temperatures were set at 140 °C and 550 °C (+), 400 °C
(=), respectively, with a desolvation gas flow of 900 L h-1. Capillary voltages
were 3.0 kV (+) and 2.5 kV (=), with a cone voltage of 40 V. S Leucine
enkephalin (molecular weight = 555.62; 200 pg uL-1 in 1:1 ACN:H20) served
as a lock mass for precise mass measurement [12].



2.6 Statistical Analysis

For didactical reasons, the statistical section was divided into different
steps: data processing (2.6.1), data analyses and metabolite selection (2.6.2),
and metabolite selection and complex network analysis (2.6.3). These steps
are illustrated in Figure 1.

2.6.1. Data Processing

LC-MS raw files were processed using Progenesis QI 2.4 software
(Nonlinear Dynamics, Newcastle, UK) for peak alignment, deconvolution,
selection of possible adducts, and compound annotation based on data-
independent acquisition (MSE). Metabolite identification relied on MS1 and
MS2 experiments [35]. In the same spectrum, both low and high energy
acquisition provided information on precursor ions (mass error <5 ppm) and
fragments (mass error < 10 ppm). Fragmentation Score, Mass Accuracy, Mass
Error, Isotope Similarity, and Physiological function were assessed to accept
the annotated molecules. To ensure compatibility between Progenesis PQI
data and external SDF-based spectra libraries, we developed an in-house
software called "SDF2PQI" to enhance fragment matches [36]. External SDF-
based spectra libraries utilized included LipidMaps
(http://www lipidmaps.org/), Human Metabolome Database
(http://www.hmdb.ca/metabolites), and MoNA - MassBank of North America
(https://mona.fiehnlab.ucdavis.edu/). The identified levels were based on Sah
et al. [37] and Liebicsh et al. [38] (Supplementary Material - Tables S1 and S2).

Data processing was performed with Metaboanalyst 6.0 (Xia Lab).
Analysis of the LC-MS revealed 2534 compounds with different mass/charge
ratios. Among these, 719 were removed based on quality control relative
standard deviation values, resulting in 1815 features normalized to the
sample median, transformed with cube root, and scaled by range (Figure 1 -
A).



http://www.lipidmaps.org/
http://www.hmdb.ca/metabolites
https://mona.fiehnlab.ucdavis.edu/

A - DATAPROCESSING

2534 METABOLITES

Il
REMOVED 719 METABOLITES BASED ON
QUALITY CONTROL RELATIVE STANDARD

DEVIATION VALUES

l
NORMALIZATION BY MEDIAN
1
CUBE ROOT TRANSFORMATION

!
RANGE SCALING

B - DATA ANALYSIS AND METABOLITE SELECTION

B1 - SELECTING FEATURES BY TWO WAY ANOVA

BMIX IPAQ
INTERACTIONS

B2 - TOTAL RELEVANT LIPIDS

C - COMPLEX NETWORK ANALYSIS
C1- NETWORK ASSEMBLY AND TOPOLOGY

C2 - TARGET EIGENVECTOR CENTRALITY
COMPUTING

!
C3 - TOP 25 EIGENVECTOR CENTRALITIES

aus

ns
it
i II
nuz

O
o »c,;‘: Il i
éwef"(*("é "0(&'(‘6’0&’6”‘(9&,@6@’&’{-064’*

Figerve ctor Contrdity (AL
» I3

s
g 3 5

»
13

2

Figure 1. Sequence of Data processing and analysis sequence: (A) Data processing; (B)
Data analysis and metabolite selection; (C) Complex network analysis.



2.6.2. Data Analysis and metabolite selection

A two-way analysis of variance (Metaboanalyst 6.0, Xia Lab) was
applied to identify the main lipids contributing to the variance in the data
across groups based on BMI or IPAQ levels. Features with a significant
difference (raw p < 0.05) were selected in the two-way ANOVA between the
groups of BMI or IPAQ or their Combination (Figure 1 - B1).

The relevant metabolites for BMI, IPAQ, or their interaction were
combined into a single set comprising 64 metabolites (Figure 1 - B2) for the
assembly of the correlation network.

2.6.3. Complex network analysis

Based on significant Pearson correlations (p < 0.05) between the 64
relevant metabolites, a complex network topology was constructed (Figure 3
- C1). Both positive and negative correlations were bidirectional and equally
significant in this case. The correlation coefficient between the linked nodes
(metabolites), which varies from 0.01 to 1 (negative coefficients are treated as
positive, and greater values incate a stronger correlation), and the proximity
degree to the BMI node, which ranges from 0.01 to 1 (ranging from 0.01 to 1;
higher values indicate closer proximity), are multiplied to determine the
edge weight. Stated differently, the edge weight is calculated by dividing the
correlation coefficient between two nodes by the least number of edges
needed to reach the BMI node. Therefore, when edges were directly linked
(correlated) to the BMI, they were given a weight equal to their respective
correlation coefficient. Second-degree connections with the BMI were
assigned a weight of 0.5 (half) of the correlation coefficient, while third,
fourth, and fifth-degree connections were assigned weights of 0.25, 0.125,
and 0.0625, respectively [39]. The target eigenvector scores were computed
using these edge weights as connection strengths. Using the NetworkX 2.5
module for the Python programming language in the Jupyter Notebook
integrated development environment, eigenvector centrality scores were
calculated. The it element of the vector x formed by the equation Ax = Ax,
where A is the adjacency matrix of the graph G with eigenvalue A,
represents the eigenvector centrality for node I. If A is the biggest eigen-
value of the adjacency matrix A, then there exists a unique solution x for
which all entries are positive. A node's centrality is calculated by the
targeted eigenvector using the weights of its edge connections and the
centrality of its neighbors [40] (Figure 1 - C2).

3. Results

There is no association between BMI and IPAQ (-0.2, p = 0.16,) when
analyzing the overall sample (n = 49). However, different patterns of
association were found between subgroups of lean or overweight/obese BMI
and low or high IPAQ. Moreover, the only significant correlation found was
the direct association between overweight/obese BMI and high IPAQ (Table
2).



Table 2. Correlation coefficients between subgroups of Lean or Overweight/Obese body mass index
(BMI) with Low or High physical activity questionnaire (IPAQ)

Lean BMI Overweight/Obese BMI
Low IPAQ 0.29 (n=13) -0.42 (n = 20)
High IPAQ -0.28(n=7) 0.71*(n=9)

*Significant correlation (p < 0.05)

From a total of 1815 molecular features, 64 metabolites were found to
have altered concentrations between groups (Supplementary Material -
Tables S1 and S2). As shown in the Venn diagram (Figure 2), these significant
differences were mainly due to BMI rather than IPAQ. When separated by
groups, exactly 64 metabolites were shown to be affected by BMI, 5 by IPAQ,
and 26 by interactions between BMI and IPAQ phenotypes (Lean + Low or
Lean + High or Overweight/Obese + Low or Overweight/Obese + High).
Interaction effects occur when the combined influence of factors affects the
dependent measure. In the presence of an interaction effect, the effect of one
factor is contingent upon the level of the other factor. The intersection
between BMI and IPAQ (purple area) comprises 3 metabolites, while the
intersection between BMI and Interaction (orange area) includes 24
metabolites, and the intersection between IPAQ and Interaction (green area)
contains no metabolites. Only 2 metabolites are present in the intersection
among BMI, IPAQ, and Interaction (brown area).

BMI X IPAQ
INTERACTIONS

Figure 2. Venn diagram illustrating the number of metabolites modulated by
the body mass index (BMI) in regions colored red, orange, purple, and brown;
the number of metabolites influenced by the index of physical activity (IPAQ)
in regions colored blue, purple, green, and brown; and the number of



metabolites affected by the BMI/IPAQ interaction in regions with yellow,
orange, green, and brown colors.

A network was assembled based on significant correlations among the
64 up-regulated metabolites, and eigenvector centrality was computed
(Figure 3). Eigenvector centrality indicates the relevance of the metabolite to
the network system and is based on the relevance of its neighbors. Initially, a
weight value based on the coefficient of correlation between two metabolites
and their association with BMI was attributed to each edge of the network
(see methods for more details). Then, a first eigenvector value for each node
is calculated by the sum of its links. The calculation of the eigenvector is
repeated until the values of the network have become stable.
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Figure 3. Representation of the complex network assembled with 64
metabolites as nodes and significant correlations between them as edges. The
size of the node is equivalent to its eigenvector or relevance in the network.
Metabolites modulated by the body mass index are shown in colors red,
purple, orange, and brown, while those modulated by the index of physical
activity questionnaire are represented in colors purple and brown.
Metabolites affected by an interaction between BMI and IPAQ are depicted in
colors orange and brown. Negative and positive correlations are represented
by brown and gray edges, respectively.

Regarding the statistical main effects, all identified metabolites present
in the correlation network were significant different between BMI groups,



while few were different between IPAQ groups (Table 3). Not identified
compounds can be found in supplementary material (Table S2).

Table 3. Eigenvector rank, chemical class, metabolite description, adducts, formula, and main effects values (p) of all identified metabolites present in the correlation

network
BMI IPAQ
Eigenvector Rank Chemical Class Metabolite Adducts Formula
() ()]

1t Oxidized Phosphatidylcholine PC 36:4;02 M+FA-H C44HBONO9P 0.009 0.098
2nd Oxidized Phosphatidylcholine PC 20:4;0/16:0 M+FA-H C44HB0ONO9P 0.009 0.116
3rd Phosphatidylethanolamine PE 20:3;0/18:0 M-H20-H. M-H C43H78NO9P 0.004 0.133
4t Phosphatidylethanolamine PE 20:2/PGE1 M+FA-H C45H80NO11P 0.010 0.179
5t Oxidized Phosphatidylserine PS 22:4/PGE1 M+FA-H C48HBONO13P 0.004 0.199
6 Phosphatidylethanolamine PE 20:2/PGE1 M+FA-H C45H80NO11P 0.008 0.220
7t Prostanoid Prostaglandin D1 M-H20-H C20H3405 0.003 0.128
gh Oxidized Phosphatidylglycerol PG 40:5;02 M+FA-H C46H81012P 0.002 0.031
gt Oxidized Phosphatidylinositol P120:3;0/18:1 M-H C47H83014P 0.003 0.036
10t Oxidized Phosphatidylserine PS 18:0/20:4 M-H C45HB0NO9P 0.005 0.171
11 Phosphatidylethanolamine PE 20:4;0/18:0 M-H C43H78NO9P 0.008 0.135
12t Phosphatidylethanolamine PE 22:2/PGE1 M+FA-H C47HB4NO11P 0.004 0.141
13t Oxidized Phosphatidylcholine PC 16:0/20:4;0 M+FA-H C44HBONO9P 0.011 0.133
14t Oxidized Phosphatidylserine PS 22:4/PGE1 M+FA-H C48HB0ONO13P 0.008 0.142
15t Oxidized Phosphatidylcholine PC 18:1;0/18:0 M+FA-H C44HB4ANO9P 0.004 0.214
16t Oxidized Phosphatidylcholine PC 18:1;0/18:0 M+FA-H C44HB84ANO9P 0.004 0.184
18t Oxidized Phosphatidylcholine PC 20:4;0/18:0 M+FA-H C46HB84NO9P 0.005 0.134
19t Oxidized Phosphatidylethanolamine PE 18:1;0/20:0 M-H C43H82NO9P 0.002 0.201
20" Oxidized Phosphatidylethanolamine PE 18:1;02/18:0 M-H20-H C41HBONO10P 0.004 0.191
21t Oxidized Phosphatidylcholine PC 18:1;0/16:0 M+FA-H C42HBONO9P 0.014 0.229
22 Oxidized Phosphatidylethanolamine PE 18:1;0/18:0 M-H20-H C41HBONO10P 0.006 0.146
231 Oxidized Phosphatidylcholine PC 18:1;0/16:0 M+FA-H C42HB0ONO9P 0.004 0.164
24t Oxidized Phosphatidylcholine PC 18:1;0/16:0 M+FA-H C42HBONO9P 0.005 0.186
25t Prostanoid Prostaglandin D2 M-H C20H3205 0.001 0.022
26t Oxidized Phosphatidylcholine PC 20:3;02/18:1 M+FA-H C46H84NO9P 0.004  0.138
27t Oxidized Phosphatidylcholine PC 20:3;0/18:0 M+FA-H C46H84NO9P 0.005 0.111
28t Oxidized Phosphatidylcholine PC 18:1;0/20:4 M+FA-H C46H8ONO9P 0.004  0.091
29t Epoxyeicosatrienoic acid Epoxyeicosatrienoic acid M-H C20H3203 0.011 0.078
30t Oxidized Phosphatidylcholine PC 18:1;02/18:3 M+FA-H C44H80NO10P 0.014  0.159
32nd Oxidized Phosphatidylcholine PC 20:4/18:1;0 M+FA-H C46H8ONO9P 0.005  0.124
331 Glycerophosphoethanolamine glycans Am-Hex-PE 0-36:5 M-H20-H C47H84NO12P  0.002  0.111
35t Oxidized Phosphatidylcholine PC 20:1;0 M-H20-H C28H54NO9P 0.000  0.270
36t Oxidized Phosphatidylethanolamine PE 38:4;0 M-H C43H78NO9P 0.001  0.136
37t Diacylglycerol DG 42:5;02 M+Na-2H C45H7808 0.000 0.086
3gh Docosanoid FA 22:5,02 M-H20-H C22H3404 0.006 0.068

39t Oxidized Phosphatidylcholine PC 22:4/18:1;0 M+FA-H C48HB84NO9P 0.002 0.072



40m
412
420
43¢
45"
47"
48"
49"
50
52
53¢
540
55
56
58"
59"
60"
62

63rd

Oxidized Phosphatidylcholine
Phosphatidylserine
Diacylglycerophosphoserine
Monoacylglycerol
Oxidized Phosphatidylglycerol
Oxidized Phosphatidylcholine
Oxidized Phosphatidylethanolamine
Phosphatidylcholine
Oxidized Phosphatidylcholine
Phosphatidylethanolamine
Oxidized Phosphatidylethanolamine
Phosphatidylethanolamine
Oxidized Phosphatidylethanolamine
Acylglycerophosphoserine
Oxidized Phosphatidylethanolamine
Oxidized Phosphatidylcholine
Oxidized Phosphatidylethanolamine
Diacylglycerol
Fatty Acyl esters of Hydroxy Fatty
Acids

PC 18:1;0/18:2 M+FA-H C44HBONO9P 0.006 0.155
PS 20:3/22:0 M-H20-H C48H88NO10P 0.002 0.087
PS 16:0/20:1 M+FA-H C42HBONO10P 0.004 0.246

MG 0:0/18:3/0:0 2M-H C21H3604 0.001 0.293
PG 38:3,02 M+FA-H C44H81012P 0.001 0.416

PC 20:4;0/20:0 M-H20-H C48H88NO9P 0.002 0.123
PE 20:1/PGJ2 M-H20-H C45H78NO10P 0.006 0.385
PC 20:4/18:1 M-H C46H82NO8P 0.003 0.352

PC 40:7;0 M-H C48H82NO9P 0.004 0.149
PE 20:0 M-H C25H50N08P 0.008 0.112
PE 38:3;,0 M-H C43H80NO9P 0.012 0.166
PE 20:4/18:2 M-H. M+Na-2H C43H74NO8P 0.002 0.363

PE 20:3;0/16:0 M-H C41H76NO9P 0.007 0.073

PS 18:0;0/20:0 M+Na-2H C44H88NO9P 0.005 0.316
PE 20:0/PGJ2 M-H20-H C45H80NO10P 0.001 0.108

PC 18:1,0/16:1 M-H20-H C42H78NO9P 0.002 0.582

PE 20:1,0 M-H20-H C25H48NO9P 0.015 0.648
DG 32:1 M+FA-H C35H6605 0.004 0.266
FAHFA 34:4 M-H C34H5804 0.008 0.758

The metabolites with the 25 highest eigenvector centralities were selected
for further discussion and are shown in a bar graph (Figure 4). The chemical
class of the metabolites in the top 25 eigenvector centralities mainly comprised
oxidized compounds of Phosphatidylcholine (PC),
Phosphatidylethanolamine (PE), Phosphatidylserine (PS),
Phosphatidylglycerol (PG), and Phosphatidylinositol (PI), alongside non-
oxidized PE and Prostanoid (Prostaglandin). Among the 25 highest
eigenvector centrality scores, 6 metabolites were exclusively modulated by
BMI (red). Additionally, 3 metabolites were simultaneously influenced by
both BMI and IPAQ (purple), while 15 metabolites were simultaneously
modulated by BMI and by an BMI/IPAQ interaction (orange). Only 2
metabolites were modulated simultaneously by BMI, IPAQ, and Interaction
(brown) (Figure 4).
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Figure 4. Top 25 highest BMI eigenvector centralities from the correlation
network of metabolites modulated by the body mass index (red, purple,
orange and brown), the level of physical activity (purple and brown) or their
interaction (orange and brown).

Both BMI and the interaction between overweight/obese BMI and low
IPAQ promoted increased abundance of the same subclasses: PC(18:1), 2
PE(20:3), 2 PE(20:2/PGE1l), Prostaglandin D1, PS(18:0/20:4), and 2
PS(22:4/PGE1), indicating a cumulative effect between factors (Table 4).
Another evidence of a cumulative effect between factors, IPAQ along with the
interaction between lean BMI and high IPAQ, promoted increased abundance
of PG(40:5) (Table 4). Moreover, all changes found for the interaction between
lean BMI and high IPAQ were in the opposite direction of the changes found
for obese/overweight BMI (Table 4).

Table 4. Direction of abundance changes of plasma metabolites and post-hoc interactions in the top 25 eigenvector rank of centralities

BMI IPAQ Post-hoc Interactions
Eigenvector Rank Metabolite Obese P High p Lean+Low  Lean+High  Obese+Low  Obese+High p
4h PE 20:2/PGE1 1 0.010 - 0.179 1* * T - 0.040
5t PS 22:4/PGEL 1 0.004 - 0.199 1* - 1 - 0.047
6t PE 20:2/PGE1 1 0.008 - 0.220 1* * T - 0.030
7t Prostaglandin D1 1 0.003 - 0.128 1* - 1 - 0.038
ot P120:3;0/18:1 1 0.003 | 0.036 - - - - 0.076
10t PS 18:0/20:4 1 0.005 - 0171 - 1* 1 - 0.033
12t PE 22:2/PGE1 1 0.004 - 0.141 1* - T - 0.038
14 PS 22:4/PGEL 1 0.008 - 0.142 1 - 1 - 0.033
17t 3.20 901.5467m/z 1 0.003 | 0.026 - - - - 0.075
19t PE 18:1;0/20:0 1 0.002 - 0.201 1 - 1 - 0.044
20t PE 18:1;02/18:0 1 0.004 - 0.191 1* - T - 0.049
22nd PE 18:1;0/18:0 1 0.006 - 0.146 - - - - 0.052
24t PC 18:1;0/16:0 1 0.005 - 0.186 - - - - 0.063




15t
ond
3
8\h
11t
13
15t
160
18t
21t
231

25!h

PC 36:4,02
PC 20:4;0/16:0
PE 20:3;0/18:0

PG 40:5;02
PE 20:4;0/18:0
PC 16:0/20:4;0
PC 18:1;0/18:0
PC 18:1;0/18:0
PC 20:4;0/18:0
PC 18:1;0/16:0
PC 18:1;0/16:0

Prostaglandin D2

! 0.009 - 0.098 - - - - 0.054
! 0.009 - 0.116 1% ! 0.042
! 0.004 - 0.133 1* ! 0.016
l 0.002 1 0.031 1% 1% ! ™ 0.040
! 0.008 - 0.135 1* ! 0.022
l 0.011 - 0.133 1% ! 0.048
! 0.004 - 0.214 - - - - 0.052
! 0.004 - 0.184 - - - - 0.059
! 0.005 - 0.134 1* - ! - 0.029
l 0.014 - 0.229 1% - ! - 0.045
! 0.004 - 0.164 - - - - 0.059
! 0.001 1 0.022 1* - ! - 0.008

*Significant different from Obese+Low group; 1 Increased; | Decreased; - No significant change; PC: Phosphatidylcholine, PE: Phosphatidylethanolamine; PS:

Phosphatidylserine; PG Phosphatidylglycerol; PI: Phosphatidylinositol

4. Discussion

The lack of correlation between BMI and IPAQ (-0.2, p = 0.16) is coherent
with the heterogeneity of the sample, which included subjects with lean or
overweight/obese BMI and low or high IPAQ. Instead of an indirect
association between BMI and IPAQ), an unexpected direct correlation between
overweight/obese BMI and high IPAQ was found. However, several
metabolites were significantly associated in opposite ways with both BMI and
IPAQ (Table S3). These pieces of evidence reinforce the importance of
studying the interaction between subgroups of both BMI and IPAQ. To the
best of our knowledge, this is the first molecular evidence of the combined
relationship of BMI and IPAQ with plasma metabolites.

The association of oxidized plasma compounds with obesity was not the
scope of this work, but almost all of the metabolites discussed here were
oxidized species of phospholipids. Adipocyte hypertrophy induces
endoplasmic reticulum dysfunction and the consequent accumulation of
reactive oxygen species [41], leading to the establishment of low-level and
chronic inflammation in obese subjects [42]. In this scenario, immunological
disorders may occur as a consequence of the activation of both cell
inflammatory signaling cascades [43] and the innate immune system [42]. In
fact, inflammatory factors have been suggested as biomarkers of obesity [44]
as well as the altered expression of genes related to metabolism and the
production of adipokines [45, 46, 47]. Therefore, the decrease of 8 PCs, 2 PEs,
and a PG in the overweight/obese group could be due to an increase in
oxidative stress and degradation by lipid peroxidation processes that can
occur in the disease. Together, our findings and the body of evidence indicate
the relevance of alterations in oxidative metabolism during the disease
process.

4.1 Phosphatidylcholines and phosphatidylethanolamines

Unsurprisingly, most of the 25 metabolites highlighted by the network
model are PCs and PEs, which are the major glycerophospholipids that make
up cellular membranes. In this context, it has been demonstrated that obese



mice treated with PC 18:0/18:1 show increased glucose tolerance and insulin
sensitivity [48], and evidence from other animal studies suggests a role of the
PC:PE ratio in regulating muscle metabolism [49]. Additionally, PC
modulates fatty acids, phospholipids, and triacylglycerol synthesis, as well as
their concentrations in plasma, through changes in the master regulator of de
novo synthesis [25]. Increases in lysoPC have been suggested to be related to
a decrease in catabolism due to increased caloric intake [21]. In the present
findings, the decreased abundance of 6 out of 7 PCs and the increased
abundance of 6 out of 8 PEs may be evidence of a reduced PC:PE ratio in the
overweight/obese group (Figure 5).

Regarding IPAQ, there was no difference between groups (Figure 6).
Instead, IPAQ showed significant correlations primarily with PCs and PEs
(Table S3). Among these correlations, three out of four associations found
between PCs and IPAQ were positive, while all three significant associations
between PEs and IPAQ were negative. Furthermore, the same PCs and PEs
were associated with BMI in opposite directions.

In summary, these new insights into the relationship between BMI and
IPAQ indicate that both obesity and low levels of physical activity may reduce
plasma PCs and increase PE abundances.

Post-hoc changesin relation
to Obese/Overweight+ Low

Metabolites decreased in Metabolites increased in

Obese/Overweight BMI Obese/Overweight BMI
PE 20:4;0/18:0 PE 18:1,0/18:0
PE 20:3;0/18:0 PE 18:1,0/20:0
PG 40:5;02 PE 18:1,02/18:0
PC 16:0/20:4,0 PE 20:2/PGE1
PC 18:1;0/16:0 PE 22:2/PGE1
PC18:1,0/18:0 Increased 1 | Decreased
PC20:4,0/16:0 g Prostaglandin D1
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Figure 5. Depiction of results of decreased (left) and increased (right)
metabolites in subjects with obese/overweight BMI, along with post-hoc
changes in relation to the obese/overweight + low group (center)

Higher levels of physical activity are known to prevent the initial phase
of the atherosclerotic process by enhancing HDL-mediated cholesterol efflux
from arterial endothelium [50]. Despite PCs being present in HDL, high IPAQ
scores did not improve lipid profiles by increasing PC levels (Figure 6).
Instead, predominantly decreased PC levels were observed in individuals
with obese/overweight BMI, accompanied by increases in PEs (Figure 5).
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Figure 6. Depiction of results showing decreased (left) and increased (right)
metabolites in subjects with high IPAQ, along with post-hoc changes relative
to the obese/overweight + low group (center)

4.2 Phosphatidylglycerol

Special attention would be directed to PG, as it was the only plasma
compound shown to be affected by both BMI and IPAQ independently, as
well as by the interaction between overweight/obese BMI and low IPAQ
(Figures 5 and 6). PG levels are directly associated with adiposity and BM],
which corroborates PG's function in preserving adipose tissue by inhibiting
lipolysis under conditions of catabolic inflammation [51]. Despite this, the
results of plasmatic LC-MS indicate a reduction in the species PG 40:5;02 in
subjects with overweight/obese BMI and an increase in those with high IPAQ
scores. It is worth mentioning that different species of the same phospholipid
class can exhibit different patterns in metabolic disease conditions. A decrease
in the species PG 36:2 was observed in the liver under a condition commonly
associated with obesity, albeit without changing the total levels of PG [52].
Therefore, plasmatic PG 40:5;02 may be a metabolite sensitive to metabolic
alterations due to obesity and physical activity levels, which appear to affect
it in opposite directions and in a linear manner (significant correlations, Table
S3).

4.2 Phosphatidylinositol

Intermediates of PI play key roles in integrating the insulin-stimulated
receptor with the cell membrane translocation of the glucose transporter 4 [53]
and are involved in the development of obesity [54], particularly
phosphatidylinositol-3,4,5-trisphosphate, which activates protein kinase B
[55]. Additionally, the increased phosphorylation of PI species by
phosphoinositide 3-kinase may play a role in the development of obesity-
induced inflammation and insulin resistance [56]. On the other hand, the
decrease in PI levels in the high IPAQ group may be associated with the
inhibition of phosphoinositide 3-kinase, which has been shown to protect
against high-fat diet-induced insulin resistance in mice [56]. However,
impaired phosphoinositide 3-kinase signaling has been demonstrated to
cause peripheral insulin resistance [57].



The decrease in the high IPAQ Pl levels may be associated with a reduced
emanation as triacylglycerol from adipocyte and/or an upregulation of the
phosphatidic acid synthesis by the pathway that utilizes diacylglycerol
originated by inositol removal of PI [58]. This is supported by the
phosphatidic acid role in the activation of the target of rapamycin complex 1
that has been suggested to mediate the resistance exercise stimulated protein
synthesis [59]. Although obesity may be related to plasma levels of PL the
conclusions derived are speculative.

4.2 Prostaglandin

A novelty is the result of an increased abundance of plasma
prostaglandin D1 (PGD1) in the obese group, while prostaglandin D2 (PGD2)
was increased in the high IPAQ group (Figures 5 and 6). Prostaglandins are
oxygenated fatty acids derived from arachidonic acid produced by the
interaction between cytosolic phospholipase and cellular membranes [60].
PGD2 is associated with the regulation of various physiological processes and
the development of diseases [60]. Previous studies on PGD2 have focused on
its effects on sleep control, pain, appetite, inflammation, hypertension,
cardiovascular diseases, diabetes, and obesity, but few studies have reported
the levels of PGD2 in disease patients. Less studied than PGD2, PGD1 has
been shown to be induced by inflammatory stimuli of atopic dermatitis and
to have anti-inflammatory effects [61]. Moreover, PGD1 has been shown to
reduce vascular permeability induced by other prostaglandins [62].
Therefore, further conclusions or even speculations about the role of PGD1
and PGD2 in obese and physically active subjects will require more in-depth
investigation.

4.3 Phosphatidylserine

Another novelty was the increased abundance of two species of PS in the
obese group (Figure 5). PS, a phospholipid of the inner layer of the cell
membrane, is involved in the signaling and function of intracellular proteins
[63]. Additionally, translocation of oxidized PS to the outer layer of the cell
surface is a signaling mechanism for cell apoptosis [45], and oxidized PS is
reported to have both anti- and pro-inflammatory effects [64, 65]. Thus, the
identification of oxidized PS in biological samples has the potential to serve
as an obesity-specific biomarker for metabolic alterations.

4.4 Limitations and future directions

The limitations of the present experimental design include the indirect
diagnosis of obesity (BMI), indirect estimation of the level of physical activity
(IPAQ), and the lack of validation through biomarker measurements. Another
limitation is the lack of control for age and sex, as both may influence obesity
outcomes [66, 67]. Although the correlations between BMI and biomarkers
generally decrease with increasing age, this pattern is also observed with
technically advanced measures for obesity diagnosis [67]. Therefore,
measurement errors and/or recall bias could not be avoided. Future
investigations can improve this aspect by restricting the sample to specific age
and sex groups, including the evaluation of biomarkers frequently associated
with obesity, and assessing parameters of physical performance such as
aerobic and anaerobic capacities. Despite these limitations, this study



represents a first step in understanding whether metabolites can be
influenced by physical condition (BMI and physical activity level). Another
strength of this study is being the first to integrate and explore two scientific
strategies (metabolomics and complex network analysis). The combination of
these two strategies is of interest to physiologists, but its application is still
limited, especially using BMI and IPAQ data. This may have interesting
practical applications in medical, nutritional, and biological experimental
designs.

5. Conclusions

The majority of relevant metabolites are oxidized species of phospholipids.
Most species of PCs and a PG specie were found to be decreased in obese
subjects, whereas most species of PEs, PSs, and a PI were increased. Only one
species each of PGD, PG, and PI was altered with IPAQ, but interaction effects
between BMI and IPAQ were found for most metabolites in the combination
of obese BMI with low IPAQ. A notable finding was the increased abundance
of plasma PGD1 in obese subjects, while PGD2 levels were higher in the high
IPAQ group. Another significant result was the increased abundance of two
species of PS in the obese group. PG deserves special attention as it was the
only plasma compound affected by both BMI and IPAQ independently, as
well as by the interaction between overweight/obese BMI and low IPAQ. This
may provide molecular evidence of the combined relationship of BMI and
IPAQ with plasma metabolites.
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Table S1. Identified Compounds

BMI IPA BMI IPAQ
miz BMI IPAQ Interactio IPA Interactio
Eigenvector Mass Error Retention time BMI (ES. Q (Power (Power
Metabolite Adducts Formula measure . (F.val (F.val n Q n
Rank (ppm) (min) () ) (ES. ) )
d ) ) (F.val) (9} ()
)
0.00
1st PC 36:4;02 M+FA-H C44HBONO9P 2.15 842.557 3.15 75 2.842 3.882 0.098 0.054 0.82 0.43 0.99 0.83
9
0.00
2nd PC 20:4;0/16:0 M+FA-H C44HBONO9P 212 842.557 2.78 7.4 2.550 4.366 0.116 0.042 0.83 0.38 0.99 0.75
9
M-H20-H. M- 0.00
3 PE 20:3;0/18:0 C43H78NO9P 1.66 782.5345 3.39 9.2 2.326 6.202 0.133 0.016 0.83 0.33 0.99 0.62
H 4
C45H80NO11 0.01
4h PE 20:2/PGE1 M+FA-H 0.75 886.5457 2.65 7.2 1.857 4.449 0.179 0.040 0.75 0.27 0.99 0.46

P 0
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C48HBONO13 0.00
5h PS 22:4/PGE1 M+FA-H -2.05 954.5331 2.65 9.2 1.696 4.148 0.199 0.047 0.88 0.23 0.99 0.36
P 4
C45H80NO11 0.00
6t PE 20:2/PGE1 M+FA-H 2.96 886.5476 2.85 7.7 1.544 4.982 0.220 0.030 0.80 0.21 0.99 0.30
P 8
0.00
7t Prostaglandin D1 M-H20-H C20H3405 -2.34 335.222 0.42 9.6 2.393 4.523 0.128 0.038 0.83 0.34 0.99 0.65
3
BMI IPA BMI IPAQ
m/z BMI IPAQ Interactio IPA Interactio
Eigenvector Mass Error Retention time BMI (E.S. Q (Power (Power
Metabolite Adducts Formula measure (F.val (F.val n Q n
Rank (ppm) (min) (p) (E.S.
d ) ) (F.val) (9] (9]
0.00
gh PG 40:5;02 M+FA-H C46H81012P 3.17 901.5475 3.75 10.9 4.902 4.459 0.031 0.040 0.90 0.57 0.99 0.98
2
0.00
oth PI120:3;0/18:1 M-H C47H83014P 3.18 901.5476 3.46 9.5 4.629 3.287 0.036 0.076 0.87 0.56 0.99 0.97
3
0.00
10t PS 18:0/20:4 M-H C45HBONO9P 0.55 808.5502 4.28 8.8 1.926 4.827 0.171 0.033 0.88 0.40 0.99 0.79
5
0.00
110 PE 20:4;0/18:0 M-H C43H78NO9P 1.99 782.5357 2.78 7.7 2.301 5.566 0.135 0.022 0.79 0.29 0.99 0.52
8
C47H84NO11 0.00
12th PE 22:2/PGE1 M+FA-H 113 914.5774 3.57 9.2 2.237 4.525 0.141 0.038 0.98 0.28 0.99 0.48
P 4
0.01
13 PC 16:0/20:4;0 M+FA-H C44HBONO9P 2.59 842.5573 3.39 6.9 2.330 4.098 0.133 0.048 0.77 0.38 0.99 0.74
1
C48HBONO13 0.00
14 PS 22:4/PGE1 M+FA-H -1.75 954.5333 2.85 7.7 2.227 4.802 0.142 0.033 0.79 0.30 0.99 0.53
P 8
0.00
150 PC 18:1;0/18:0 M+FA-H C44H84NO9P 2.92 846.5889 3.57 9.1 1.586 3.960 0.214 0.052 0.97 0.23 0.99 0.34
4
0.00
16 PC 18:1;0/18:0 M+FA-H C44HB4NO9P 2.73 846.5888 3.73 8.9 1.812 3.744 0.184 0.059 0.99 0.22 0.99 0.32
4
0.00
18h PC 20:4;0/18:0 M+FA-H C46H84NO9P 2.58 870.5887 3.67 85 2.320 5.070 0.134 0.029 0.90 0.36 0.99 0.70
5
0.00
19t PE 18:1;0/20:0 M-H C43H82NO9P 3.16 786.5679 3.57 11.2 1.677 4.280 0.201 0.044 1.08 021 1 0.29
2
C41H80NO10 0.00
20t PE 18:1;02/18:0 M-H20-H 1.92 758.5356 2.65 9.1 1.756 4.070 0.191 0.049 0.85 0.21 0.99 0.30
P 4
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0.01
21 PC 18:1;0/16:0 M+FA-H C42HBONO9P 3.33 818.5578 2.27 6.5 1.485 4.217 0.229 0.045 0.74 0.16 0.99 0.19
4
C41H8ONO10 0.00
22nd PE 18:1;0/18:0 M-H20-H 217 758.5358 2.85 8.1 2.174 3.976 0.146 0.052 0.81 0.25 0.99 0.40
P 6
0.00
231 PC 18:1;0/16:0 M+FA-H C42H80NO9P 2.15 818.5569 2.65 8.9 1.990 3.738 0.164 0.059 0.82 0.23 0.99 0.34
4
0.00
24 PC 18:1;0/16:0 M+FA-H C42HBONO9P 2.19 818.557 2.85 85 1.796 3.616 0.186 0.063 0.81 0.22 0.99 0.31
5
0.00
25 Prostaglandin D2 M-H C20H3205 -1.22 351.2173 0.4 12.2 5.561 7.504 0.022 0.008 0.81 0.49 0.99 0.91
1
0.00
26t PC 20:3;02/18:1 M+FA-H C46H84NO9P 0.87 870.5873 4.33 9.2 2.273 4.724 0.138 0.034 0.91 0.36 0.99 0.70
4
0.00
27th PC 20:3;0/18:0 M+FA-H C46H84NO9P 3.1 870.5891 4 85 2.635 4777 0.111 0.033 0.92 0.41 0.99 0.81
5
0.00
28 PC 18:1;0/20:4 M+FA-H C46HBONO9P 2.99 866.5577 2.64 9.0 2.959 3.898 0.091 0.054 0.95 0.43 0.99 0.84
4
Epoxyeicosatrienoic 0.01
29t M-H C20H3203 -2.05 319.2272 0.59 7.0 3.244 3.373 0.078 0.072 0.80 0.52 0.99 0.94
acid 1
C44H80NO10 0.01
30n PC 18:1;02/18:3 M+FA-H 2.94 858.5526 1.56 6.5 2.045 4.915 0.159 0.031 0.51 0.32 0.94 0.60
P 4
0.00
32nd PC 20:4/18:1;0 M+FA-H C46H80NO9P 3.09 866.5578 3.29 85 2.442 4.967 0.124 0.030 0.91 0.36 0.99 0.68
5
C47H84NO12 0.00
331 Am-Hex-PE 0-36:5 M-H20-H 3.22 866.5581 3.06 10.3 2.628 3.403 0.111 0.071 1.01 0.38 0.99 0.75
P 2
0.00
350 PC 20:1;0 M-H20-H C28H54NO9P -0.02 560.3358 0.65 15.2 1.243 3.702 0.270 0.060 1.09 0.24 1 0.37
0
0.00
36" PE 38:4;,0 M-H C43H78NO9P 2.98 782.5365 41 115 2.296 2.830 0.136 0.099 0.67 031 0.99 0.56
1
BMI IPA BMI IPAQ
miz BMI IPAQ Interactio IPA Interactio
Eigenvector Mass Error Retention time BMI (E.S. Q (Power (Power
Metabolite Adducts Formula measure . (F.val (F.val n Q n
Rank (ppm) (min) ®) ) (Es ) )
d ) ) (Fval) ®) ®)
)
0.00
37t DG 42:5;02 M+Na-2H C45H7808 -2.17 767.5427 4.28 14.8 3.073 5.965 0.086 0.018 0.96 0.35 0.99 0.66
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PC 20:4/18:1

PC 40:7,0

PE 20:0

PE 38:3;0

PE 20:4/18:2

PE 20:3;0/16:0

PS 18:0;0/20:0

PE 20:0/PGJ2

M-H20-H

M+FA-H

M+FA-H

M-H20-H

M+FA-H

2M-H

M+FA-H

M-H20-H

M-H20-H

M+Na-2H

M-H20-H

C22H3404

C48H84NO9P

C44HBONOYP

C48H88NO10

P

C42H80NO10

P

C21H3604

C44H81012P

C48H88NO9P

C45H78NO10

P

C46H82NO8P

C48H82NO9P

C25H50NO8P

C43HBONO9P

C43H74NO8P

C41H76NO9P

C44H88NO9P

C45H80NO10

p

-1.63

2.47

2.15

0.81

-0.29

3.24

2.22

3.56

2.54

33

2.22

3.02

3.96

251

3.73

-0.48

343.2273

894.5887

842.557

850.5992

834.5508

703.5152

877.5475

834.6037

804.5214

806.5726

846.5682

522.3213

784.5522

784.5452

756.5204

826.5973

806.5337

0.5

3.57

1.96

7.43

179

431

3.24

8.38

4.47

6.34

5.21

0.98

6.63

4.31

5.03

7.83

4.87

8.2

10.8

8.3

9.0

12.6

12.8

10.9

8.1

9.8

9.3

7.7

6.7

111

8.0

8.7

134

3.476

3.382

2.079

3.049

1.379

1.129

0.673

2.464

0.768

0.882

2.152

2.620

1.979

0.842

3.351

1.024

2.675

1.410

3.074

4.762

2.527

2.241

2.048

1.800

3.730

0.085

3.908

0.021

2.386

0.091

2.802

0.299

1.469

2.112

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.068

0.072

0.155

0.087

0.246

0.293

0.416

0.123

0.385

0.352

0.149

0.112

0.166

0.363

0.073

0.316

0.108

0.241

0.086

0.034

0.118

0.141

0.159

0.186

0.059

0.772

0.053

0.885

0.129

0.764

0.100

0.587

0.231

0.152

0.93

1.08

0.82

0.59

0.62

1.07

0.85

0.82

0.50

0.80

0.48

0.42

0.54

0.87

0.47

0.47

0.58

0.57

0.43

0.13

0.37

0.093

0.31

0.31

0.25

0.46

0.13

0.49

0.51

0.46

0.20

0.44

0.44

0.37

0.99

0.99

0.98

0.99

0.99

0.99

0.93

0.99

0.90

0.82

0.96

0.99

0.90

0.90

0.98

0.97

0.83

0.15

0.72

0.10

0.58

0.58

0.39

0.88

0.15

0.92

0.93

0.88

0.27

0.85

0.85

0.71
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0.00
59t PC 18:1;0/16:1 M-H20-H C42H78NO9P 1.45 752.5247 4.33 10.7 0.307 5.727 0.582 0.020 0.76 0.12 0.99 0.13
2
0.01
60t PE 20:1;0 M-H20-H C25H48NO9P 0.41 518.289 0.56 6.3 0.211 3.030 0.648 0.088 0.51 0.27 0.51 0.46
5
0.00
62nd DG 32:1 M+FA-H C35H6605 2.83 611.4908 13 9.4 1.267 2.984 0.266 0.090 0.72 0.080 0.99 0.09
4
0.00
631 FAHFA 34:4 M-H C34H5804 0.58 529.4265 3.22 75 0.096 2.174 0.758 0.146 0.72 0.289 0.99 0.51
8

Effect size (ES) can be trivial (< 0.19), small (0.2-0.59), moderate (0.6-1.19), large (1.2-1.99), and very large (> 2.0); Statistical power can be low (< 0.29), moderate (0.3-0.79), high (0.8 >);
DG: Diacylglycerol; FA: Docosanoid; FAHFA: Fatty Acyl esters of Hydroxy Fatty Acids; MG: Monoacylglycerol; PC: Phosphatidylcholine; PE: Phosphatidylethanolamine; PS: Phosphatidylserine; PG Phosphatidylglycerol; PI:
Phosphatidylinositol



. biology fﬁ\l’)

Table S2. Unidentified Compounds

Retention m/z BMI IPAQ Interaction BMI IPAQ Interaction BMI IPAQ BMI IPAQ
Eigenvector Rank

time (min) measured (F.val) (F.val) (F.val) (p) (p) (p) (E.S) (E.S) (Power) (Power)
17t 3.2 901.5467 9.7 5.250 3.311 0.003 0.026 0.075 0.85 0.63 0.99 0.99
31t 0.38 411.1968 6.6 3.556 4.187 0.013 0.065 0.046 0.59 0.39 0.98 0.77
34t 4.28 834.5344 12.7 0.814 3.633 0.001 0.371 0.062 0.99 0.33 0.99 0.61
a4t 0.56 321.2386 7.2 7.732 1.095 0.010 0.008 0.300 0.77 0.70 0.99 0.99
46" 0.86 562.3523 7.8 2.259 3.926 0.007 0.139 0.053 0.75 0.29 0.99 0.51
51 0.68 494.2889 85 2.740 2.194 0.005 0.104 0.145 0.38 0.51 0.74 0.94
57t 6.34 808.5466 8.2 1.557 2124 0.006 0.218 0.151 0.52 0.44 0.95 0.86
61° 3.59 792.4982 8.1 0.004 0.087 0.006 0.952 0.770 0.76 0.074 0.99 0.08
641 9.63 816.6228 7.6 0.222 4.784 0.008 0.640 0.033 0.69 0.29 0.99 0.50

Effect size (ES) can be trivial (< 0.19), small (0.2-0.59), moderate (0.6-1.19), large (1.2-1.99), and very large (> 2.0); Statistical power can be low (< 0.29), moderate (0.3-0.79), high (0.8 >);
DG: Diacylglycerol; FA: Docosanoid; FAHFA: Fatty Acyl esters of Hydroxy Fatty Acids; MG: Monoacylglycerol; PC: Phosphatidylcholine; PE: Phosphatidylethanolamine; PS: Phosphatidylserine; PG Phosphatidylglycerol; PI:
Phosphatidylinositol
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Pearson coeficients of correlation between BMI, IPAQ and the 25 highest eigenvector centralities can be found in the Table S3.

Table S3. Coefficients of Pearson correlation among body mass index (BMI), index of physical activity questionnaire (IPAQ) and the plasma metabolites in the top 25 eigenvector rank of centralities

Eigenvector Rank  1¢t 2nd 31 4 5t 6 7h gh g 00 11 120 130 q4n g5t gt 170 180 19t 20 21t pnd p3d g pgih
BM o IPA - e PC PE PE PS e TC0 pg PI PS PE PE PC PS PC PC 32 PC PE PE PC PE PC pc PCD

| Q 1 901.5m/z 2
BMI 0"20 0,212 0,212 0,213 044 045 045 0,29 0,155 048 0,22 o,_3,5 0,47 0;13 0,45 0;16 0;1 4 0,48 o,;u 045 0,48 0,217 0,49 0‘;0 0,49  -0,06
IPAQ 0"20 029 030 0,12 01'31 01'31 0"25 020 0,39 o,ﬁs 0"22 0,20 0"2 , 030 01'25 029 033 0,28 0,20 0"26 0,59 0,25 o,éa 0,26 o,éo 0,01
PC 36:4;02 0,212 0,29 097 0,65 o,é " o,ég 01;37 070 0,71 0;35 01;12 0,86 0,59 0,96 o,§1 084 094 0,93 0,89 o,éo 0,;3 , 086 0"9 . 089 o,éo 0,43
20:4:30(:/16:0 0,212 030 097 0.67 o,éz o,és o,ée 067 074 0,235 0,;10 089 0,;38 0.98 o,§1 087 097 0,94 0.89 o,;ao 0,55 0.86 0,55 0.90 o,é9 049
20:3;PCI)E/18:0 O,;13 012 065 067 0,57 0,;31 0,;31 031 063 o,;sg 0,51 0.68 0,63 0.64 o,iss 062 065 -0.68 0,66 0,84 o,és 0.56 0,58 057 0,83 0.20
20:2?5(351 0:44 o,-31 o,;34 o,éz o,-57 097 095 063 0,-69 088 032 o,_54 0.90 o,;34 0.92 o,_79 0,;31 0.86 o,-74 091 093 o,_75 0,93 O,;El 096 034
PS 22:4/PGE1 | 0,45 o,-31 o,;sg o,;ss O,-61 0,97 097 0,65 01'73 092 035 0"6 . 092 o,;zs 0,95 0’;3 " 0,57 0,90 o,-79 093 096 0’;30 0,96 o,és 098 0437
20:2?5(351 045 o,_zs o,;n o,ée O,;Sl 095 097 062 o,_7o 090 033 0,-65 0.91 o,;37 0.95 0,;31 o,;zs 0.89 o,-7s 091 095 o,_7e 0.95 o,;zs 097 034
PGD1 0,29 01'20 o,-7o 0,237 o,-31 063 065 062 0;18 067 024 0"55 0,64 0,69 0,65 0"65 0,67 0,65 o,;57 0,65 0,67 0"59 0,67 0,69 0,65 040
PG 40:5;02 0;35 039 071 074 0,63 01'69 01'73 01'70 0,48 01'7 . 0|'23 0,63 0"70 0,72 0"73 067 0,74 0,71 0,63 o,-7z o,-77 0,61 0"77 0,71 0,-7 . 012
20:3;%'/18:1 0.48 o,-zs o,;as o,;as o,-eg 088 092 0% 067 o,_74 0.38 0,;31 0.93 0,54 0.96 o,;n 0,54 0.99 o,;zs 094 007 o,;zg 0,98 0,54 083 037
PS 18:0/20:4 | 0,22 0"22 0,212 0,;10 o,_31 032 035 033 024 0,_23 0,38 01'37 0,34 0"35 0,37 01'39 0;11 0,37 0"30 036 0,38 0,:%6 0,38 0"39 034 0,02
20;4;P0E/13:0 o,-35 020 08 08 068 o,-54 0,-64 0,-65 085 063 0,;31 o,-37 0,-71 0.85 o,-73 07l 084 079 0.85 o,}z o,>77 0.75 o,-77 0.76 o,;sa 0.39
22;275@51 047 o,-24 o,;39 o,éa O,-63 080 092 091 064 o,-70 093 034 o,-71 0,-89 0.93 o,-79 0,-81 0.91 o,>77 098 095 o,;so 0.94 o,éa 092 035
16:072((:):4;0 0,213 030 0% 098 064 o,-s4 o,-ss o,-s7 069 072 o,-94 o,-35 085 0,-89 o,-91 085 095 0.93 087 o,;.ao o,;34 084 o,-94 087 o,ég 053
PS 22:4/PGEL | 0,45 0"25 o,-91 o,-91 01'65 092 095 095 065 01'73 0,9 037 01'73 0,93 0"91 0,255 0';38 0,94 0’52 0,95 097 0’;32 0,97 O’ég 09 035
18;1;Pc(>:/18:0 0,216 029 084 087 062 o,-79 o,-s4 0,;31 065 067 o,-91 o,-39 071 0,-79 0.85 o,;ss 0.90 -0.90 0.73 o,él o,ég 0.85 0,;39 0.91 0,54 0.39
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PC - - - - - - - - - - - -

18:1;0180 | 044 038 094 09T 065 o4 ggr ggz 0BT 074 go4 ga1 084 gg 09 g 090 0.93 08 o83 o092 08 g 090 g 050
3.20901.5m/z | 0,48 o,-zs 01’93 01’9 " o,%ss 08 090 089 065 01’71 099 037 o,-79 0,91 0';33 0,94 o,-90 0';33 0';3 , 093 09 0’237 0,96 0"93 091 036
20:4;Pc>C/13;0 o,;u 020 08 08 066 o,>74 o,}g o,}s 057 063 o,;ss o,éo 085 0,_77 087 0,232 073 088 084 0,59 o,és 0.76 o,ée 0.79 o,él 037
18:1;P0E/zo;o 0:45 o,-ze o,éo o,éo 0,54 091 093 091 065 o,}z 094 036 o,_72 0.98 0,;30 0.95 o,;n 0,-83 0.93 0,59 0.9 o,é1 0.96 o,éa 094 035
18:1;3;/18:0 0.48 o‘-zg 0,54 o,;as o,;ss 093 096 095 067 o,-77 097 038 o,_77 0.95 0,54 0.97 o,;zs o,;az 0.96 o,és 0.96 o,és 100 0,51 097 037
13:1;Pc(>:/1e:o o,;w 025 08 08 056 o,-75 o,;ao o,-7e 059 061 0,239 o,-e.e 0.75 o,-so 0.84 o,;zz 085 087 087 0.76 o,;u o,és o,ée 0.90 o,éo 047
18:1;':‘('):_/18:0 0:49 o‘-zs 0,54 o,;as o,;ss 093 096 095 067 o,-77 098 038 o,_77 0.94 0,54 0.97 o,;zg o,;az 0.96 o,és 096 1,00 o,ée o,;az 097 037
13:1;Pc(>:/1e:o o,;w 026 08 080 057 o,;n o,;ae 0,233 069 071 0,54 o,-39 0.76 o,-se 087 o,;zs 091 090 0.93 0.79 o,és 0,51 0.90 o,éz o,és 087
13:1;Pc(>:/1e:o 0:49 o‘-so o,;ao 0,239 o,;ss 09 098 097 065 o,-74 093 034 o,_ee 0.92 0,-89 0.96 o,;m 0,-87 0.91 o,;u 094 097 o,éo 0.97 o,és 0.35
PGD2 0';)6 0’61 0;13 0;19 0"20 034 037 034 040 0"12 037 0,02 0"39 0,35 0"53 0,35 0"39 0"50 0,36 0"37 035 037 0’;17 0,37 0"37 0,35

Significant correlation (p<0.05) is displayed in red. Coefficient values can be very small (0-0.9), small (0.1-0.29), moderate (0.3-0.49), large (0.5-0.69), very large (0.7-0.8) and nearly perfect (0.9-0.99) and perfect (1.00)
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4. CONCLUSAO

Pode-se analisar que o presente projeto possibilitou a obtencdo de diferentes achados
representativos para a saide humana quando avaliados a partir da premissa da abordagem da
Esportdmica por redes complexas. Conforme demonstrado no artigo cientifico do Capitulo I, a
maior parte dos achados foram espécies oxidadas de fosfolipidios. A maioria das espécies de
fosfatidilcolinas e uma espécie de fosfatidilglicerol foram encontradas diminuidas em individuos
obesos, enquanto a maioria das espécies de fosfatidiletanolamina, fosfatidilserina e um
fosfatidilnositol foram aumentados nos organismos dos individuos. Apenas uma espécie de
prostaglandina, fosfatidilglicerol e fosfatidilinositol apresentaram alteragdes quando
correlacionados a influéncia do IPAQ mas, os efeitos de interacdo entre IMC e IPAQ foram
encontrados para a maioria dos metabolitos na combinacdo de IMC obeso com IPAQ baixo. Um
achado notéavel foi o aumento da abundancia plasmatica de Prostaglandina D1 em individuos
obesos, enquanto os niveis de Prostaglandina D2 foram maiores no grupo IPAQ alto. Outro
resultado significativo foi o aumento da abundancia de duas espécies de fosfatidilserina no grupo
obeso. O fostatidilglicerol merece atencdo especial, pois foi 0 Unico composto plasmatico afetado
tanto pelo IMC quanto pelo IPAQ de forma independente, bem como pela interacdo entre IMC
com sobrepeso/obesidade e IPAQ baixo.

Apesar das limitacGes do presente trabalho, pode-se levar em consideracdo que os achados
demonstrados no presente projeto exploratorio possibilitam inferir certas evidéncias moleculares
importantes da relacdo combinada entre IMC e IPAQ através da determinacdo de metabdlitos
plasmaticos, permitindo deste modo, extrapolar tais achados de maneira direcionada em pesquisas

futuras e, favorecendo deste modo, uma individualizagcdo na satde de individuos obesos.
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ANEXOS

Anexo | — Aprovacdo Comité de Etica em Pesquisa (CEP)

UNIVERSIDADE SAQ ) PlabaPorma
FRANCISCO-5P Frasi

PARECER CONSUBSTANCIADO DO CEP

DADOS DO PROJETO DE PESGUISA

Titule da Pesquisa: Relapdo enfre ingesta de &cidos graxos dmega 3 e perfil lipiddmico em voluntarios
adultos saudaveis

Pesquisador: Patricia de Oliveira Carvalho

Area Tematica:

Versdo: 2

CAAE: 120877109.5.0000.5514

Instituigao Proponente: Universidade Sgo Francisco-SP

Patrocinador Principal: Financismento Préprio
DADDS DA NDTIFICAI;.E.G

Tipo de Motificagdo: QOutroz

Detalhe: Engano do parecer

Justificativa: Frezados, solicito averiguar o conteddo do parecer referente & Emenda do projeto
Data do Envio: 23/08/2019

Situagao da Motificagdo: Parecer Consubstanciado Emitide

DADOS DO PARECER

Nomero do Parecer: 3801 407

Apresentagio da Notificagdo:

Mofificacdo apresentads para averiguacdc de conteldo de paracer.

Objetive da Motificagdo:

Saolicitar esclerecimentos sobre parecer emitido pelo CEP.

Avaliagao dos Riscos e Beneficios:

Mao se aplica.

Comentarios e Consideragoes sobre a Notificagao:

A presents ncltiﬁn:an;a'n::- questiona acerca de parecer referente a Emenda do projeto CAAE
12087718.5.0000.5514 emitida no ultimo dia 18.08.2018. Mo entanto, cabe o esclarecimento de que ocomau
um ero na platsforma Brasil no momento de criagdo de parecer consubstanciado, sendo que na relstoria

apresentads ao CEF (submetida dia 13/2/2012), & emenda enconfra-se

Enderefo: Av. o Francisco de Assis, 218, sala 35
Bailrro idade Lniversithn i
UF: SF Municiplo: BRAGAMNCA PALLISTA

Talafome: |11 12454-&081 E-mall: comitestica@ust sdu br



UNIVERSIDADE SAOQ
FRANCISCO-5P

Conlinuaciio do Faneoer: 38501 407

53

~ PlabaoFormao

Brasi
-

sprovada sem observacdo de dhices éficos que poderiam impedir o prosseguimento da propasta.

Consideragdes sobre os Termos de apresentagao obrigatéria:

Termos apresentados adequadameante.

Conclusdes ou Pendéncias e Lista de Inadequagoes:

Méo foram cbservados obices étices. Emenda apresentsds antericrmente pelo proponente enconfra-sa

adeguado e as informegdes que constam no arquivo como questionamentos sdo resultade de um problema

do sistema e ndo da proposta.

Consideragoes Finais a critério do CEP:

APOS REUNIAD DO DIA 18/08/2018, O COLEGIADO DELIBEROU PELA A AF'HO'-."AQ.S.O DA EMENTA

SUBMETIDA.

Este parecer foi elaborado baseado nos documentos abaixo relacionados:

Tipo Documento Arguivao Postagem Autor Situacdo
Outros Anuencia UNIFAG. pdf 23/08/20129 | Patricia de Oliveira Fostado
080818 | Carvalho

Situagdo do Parecer:

Aprovado
Mecessita Apreciagio da CONEP:
Msio
BRAGAMCA PAULISTA, 26 de Setembro de 2019
Assinado por:
Mario Angelo Clauding
{Coordenador{a))
Er.tar-:—q-:-: Ay, B80 Francisco de Assis, 218, sals 35, pradio central
Balrmo jdade Linivensiths CEP. 12 g918-900
UF: SP Municlplo:  BRASAMCA PALLISTA

Taelefome:  |112454-8061 E-mall:  oomiteaticaffuisf adib
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Anexo Il — Questionario Internacional de Atividade Fisica (IPAQ)

- FORMA CURTA -

Nome:

Data: / / Idade: Sexo:F( ) M( )
Vocé trabalha de forma remunerada: () Sim () N&o

Quantas horas vocé trabalha por dia:

Quantos anos completos vocé estudou:

De forma geral sua saude esta:
( ) Excelente ( )Muitoboa ( )Boa ( )Regular ( )Ruim

Nos estamos interessados em saber que tipos de atividade fisica as pessoas fazem como parte do
seu dia a dia. Este projeto faz parte de um grande estudo que esta sendo feito em diferentes paises
ao redor do mundo.

Suas respostas nos ajudardo a entender que tao ativos n6s somos em relacdo a pessoas de outros
paises. As perguntas estdo relacionadas ao tempo que vocé gasta fazendo atividade fisica em uma
semana NORMAL, USUAL ou HABITUAL. As perguntas incluem as atividades que vocé faz no
trabalho, para ir de um lugar a outro, por lazer, por esporte, por exercicio ou como parte das suas
atividades em casa ou no jardim. Suas respostas sao MUITO importantes. Por favor, responda cada
guestdo mesmo que considere que ndo seja ativo. Obrigado pela sua participacéo!

Para responder as questdes lembre que:
« atividades fisicas VIGOROSAS sao aquelas que precisam de um grande esforco fisico e que
fazem respirar MUITO mais forte que o normal

» atividades fisicas MODERADAS sio aquelas que precisam de algum esforco fisico e que
fazem respirar UM POUCO mais forte que o normal

Para responder as perguntas pense somente nas atividades que vocé realiza por pelo menos 10
minutos continuos de cada vez:

1a. Em quantos dias de uma semana normal, vocé realiza atividades VIGOROSAS por pelo menos
10 minutos continuos, como por exemplo correr, fazer ginastica aerdbica, jogar futebol, pedalar
rapido na bicicleta, jogar basquete, fazer servicos domésticos pesados em casa, no quintal ou no
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jardim, carregar pesos elevados ou qualquer atividade que faca vocé suar BASTANTE ou
aumentem MUITO sua respiracdo ou batimentos do coracao.

dias_____por SEMANA () Nenhum

1b. Nos dias em que vocé faz essas atividades vigorosas por pelo menos 10 minutos continuos,
quanto tempo no total vocé gasta fazendo essas atividades por dia? horas: Minutos:

2a. Em quantos dias de uma semana normal, vocé realiza atividades MODERADAS por pelo
menos 10 minutos continuos, como por exemplo pedalar leve na bicicleta, nadar, dancar, fazer
ginastica aerobica leve, jogar volei recreativo, carregar pesos leves, fazer servigos domésticos na
casa, no quintal ou no jardim como varrer, aspirar, cuidar do jardim, ou qualquer atividade que
faca vocé suar leve ou aumentem moderadamente sua respiracdo ou batimentos do coragéo (POR
FAVOR NAO INCLUA CAMINHADA)

dias por SEMANA () Nenhum

2b. Nos dias em que vocé faz essas atividades moderadas por pelo menos 10 minutos continuos
quanto tempo no total vocé gasta fazendo essas atividades por dia?

horas: Minutos:—

3a. Em quantos dias de uma semana normal vocé caminha por pelo menos 10 minutos continuos
em casa ou no trabalho, como forma de transporte para ir de um lugar para outro, por lazer, por
prazer ou como forma de exercicio?

dias—_por SEMANA () Nenhum

3b. Nos dias em que vocé caminha por pelo menos 10 minutos continuos quanto tempo no total
vocé gasta caminhando por dia?

horas: Minutos:_

4a. Estas ultimas perguntas sé@o em relacdo ao tempo que vocé gasta sentado ao todo no trabalho,
em casa, na escola ou faculdade e durante o tempo livre. Isto inclui o tempo que vocé gasta sentado
no escritorio ou estudando, fazendo licdo de casa,visitando amigos, lendo e sentado ou deitado
assistindo televiséo.

Quanto tempo por dia vocé fica sentado em um dia da semana?

horas: Minutos: _

4b. Quanto tempo por dia vocé fica sentado no final de semana?

horas: Minutos:____
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