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RESUMO

Relevancia: Oscilagbes comportamentais e fisioldgicas diarias sdo uma
caracteristica fundamental da biologia de mamiferos. Para permitir que estes ritmos
estejam sincronizados com o ambiente externo, mamiferos desenvolveram um rel6gio
circadiano enddégeno que responde a pistas ambientais, como o ciclo claro-escuro e 0s
horarios de alimentagdo. No entanto, com a adocdo de um estilo de vida moderno,
caracterizado por exposicdo a luz inadequada, jetlag social, habitos alimentares
irregulares, sedentarismo e estresse, a organizacdo dos ritmos circadianos tem sido
ameacada. Estas mudangas ambientais contribuem para o desenvolvimento de diversas
patologias, incluindo depressdo, obesidade, doencas cardiovasculares e cancer.
Objetivos: avaliar a influéncia de diferentes padrdes de iluminacéo sobre a fisiologia e
metabolismo de ratas Wistar. Além disso, identificar associacdes entre padrbes de ritmos
de atividade-repouso, exposicdo a luz e urbanizacdo com indice de massa corporal em
comunidades rurais e urbanas. Métodos: Estudo 1: ratas Wistar foram alocadas desde a
gestacdo em quatro padrdes de iluminacdo: combinacdo de cores RGB (vermelho, red;
verde, green; azul, blue) que variam sua composicéo espectral ao longo do dia (RGB-v;
N = 14), RGB durante o fotoperiodo com uma temperatura de cor fixa (RGB-f; N = 13),
escuro constante (DD; N = 13) e claro constante (LL; N = 15). Os experimentos foram
realizados em fémeas desde o dia pds-natal (PND) 22 ao 50. Peso corporal, abertura
vaginal, ciclicidade estral e parametros metabolicos séricos foram mensurados. Estudo 2:
Foram coletados dados antropométricos de moradores de comunidades quilombolas
rurais e urbanas para calcular o indice de massa corporal, que foi categorizado em: >18.5
kg/m? to <25 kg/m? = peso normal; >25 kg/m? to <30 kg/m? = sobrepeso; >30 kg/m? =
obesidade. Os participantes também foram questionados a respeito das suas rotinas de
sono e exposicao a luz utilizando o Questionario de Cronotipos de Munique (n = 244).
Por fim, foram analisados dados de actimetria de 121 participantes com 7 dias de registros
consecutivos. Resultados: Estudo 1: o grupo RGB-f apresentou o primeiro ciclo estral
completo mais cedo quando comparado ao grupo RGB-v. Fémeas expostas ao claro
constante apresentaram peso corporal mais baixo do PND 33 ao 47 quando comparadas
ao restante dos grupos. Foram observados niveis plasmaticos de triglicerideos maiores no
grupo exposto ao escuro constante, quando comparado aos grupos RGB-v e RGB-f. O

colesterol total foi mais baixo no



grupo RGB-v em relacdo aos outros grupos. Por fim, a gordura visceral foi maior no
grupo RGB-f quando comparado ao grupo LL. Estudo 2: Viver em &reas mais urbanizadas
e ter maior variabilidade nos ritmos de atividade-repouso foram associados a maior risco
para sobrepeso/obesidade, controlando para sexo e idade. Conclusdes: Este trabalho
contribui para o conhecimento sobre o papel da exposicédo a luz e das caracteristicas dos
ritmos circadianos sobre o desenvolvimento de alteragdes metabdlicas e obesidade. Além
disso, estes resultados apontam para novas estratégias na prevencdo da obesidade e
promocdo de perfis metabdlicos saudaveis. Apoio Financeiro: FIPE/HCPA, CNPq,
CAPES.

Palavras-chave: Ritmos Circadianos; Metabolismo; Obesidade; Exposicdo a Luz.



ABSTRACT

Relevance: Daily behavioral and physiological fluctuations are a fundamental feature of
the mammalian biology. For synchronizing these rhythms with the external environment,
mammals have developed an endogenous circadian clock that responds to environmental
cues such as the light-dark cycle and feeding schedules. However, with the adoption of
modern lifestyles, characterized by inadequate light exposure, social jetlag, irregular
eating habits, sedentary lifestyle and stress, the organization of circadian rhythms has
been threatened. These environmental changes contribute to the development of several
pathologies, including depression, obesity, cardiovascular disease and cancer.
Objectives: to evaluate the influence of different lighting patterns on the physiology and
metabolism of Wistar rats. Furthermore, to identify associations between patterns of
activity-rest rhythms, light exposure and urbanization with body mass index in rural and
urban communities. Methods: Study 1: Female Wistar rats were allocated from gestation
into four lighting patterns: RGB color combination (red, red; green, green; blue, blue)
varying their spectral composition throughout the day (RGB-v; N = 14), RGB during the
photoperiod with a fixed color temperature (RGB-f; N = 13), constant dark (DD; N = 13)
and constant light (LL; N = 15). The experiments were performed on females from
postnatal day (PND) 22 to 50. Body weight, vaginal opening, estrous cyclicity and serum
metabolic parameters were measured. Study 2: Anthropometric data were collected from
residents of rural and urban quilombolas communities to calculate the body mass index,
which was then categorized into: >18.5 kg/m? to <25 kg/m? = normal weight; >25 kg/m?
to <30 kg/m? = overweight; >30 kg/m? = obesity. Participants were also asked about their
sleep routines and light exposure using the Munich Chronotype Questionnaire (n = 244).
Finally, actimetry data from 121 participants with 7 days of consecutive records were
analyzed. Results: Study 1: the RGB-f group presented the first complete estrous cycle
earlier when compared to the RGB-v group. Females exposed to constant light had lower
body weight from PND 33 to 47 when compared to the rest of the groups. Higher plasma
triglyceride levels were observed in the group exposed to constant dark, when compared
to the RGB-v and RGB-f groups. Total cholesterol was lower in the RGB-v group than
in the other groups. Finally, visceral fat was higher in the RGB-f group when compared
to the LL group. Study 2: Living in more urbanized areas and having higher variability in
activity-rest rhythms were associated with a higher risk of overweight/obesity, controlling

for sex and age. Conclusions: This work contributes to the knowledge about the role of



light exposure and the circadian rhythms features on the development of metabolic
alterations and obesity. Furthermore, these results point to new strategies aiming to
prevent obesity and promote healthy metabolic profiles. Financial Support:
FIPE/HCPA, CNPq, CAPES.

Keywords: Circadian Rhythms; Metabolism; Obesity; Light Exposure.
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1. INTRODUCAO

Durante os ultimos 3 bilhGes de anos, o sistema circadiano, nome dado a variacdo
nas funcdes bioldgicas de diversos seres vivos, evoluiu na presenca de luz natural e
escuridao. O sucesso evolutivo depende de duas atribui¢cdes: prever mudancas regulares
que se repetem no ambiente e responder e se adaptar a essas mudancas para garantir a
sobrevivéncia (Bell-Pedersen et al., 2005). Assim, nossos ancestrais recebiam fortes
pistas ambientais para sincronizar seus ritmos enddgenos e organizar ruas rotinas de
acordo com as flutuacdes de fatores externos (ciclo claro-escuro, horarios de alimentagéo
e exercicio fisico). Esta sincronizacdo é essencial para manter a salde e um bom
funcionamento das funcGes fisiologicas do corpo (Duffy; Czeisler, 2010). Desde a
invencdo da luz elétrica, ha pouco mais de 100 anos atras, seguida pela invencao da
televisao, da Internet e de tecnologias relacionadas, a forma como o ser humano interage

com a luz se transformou drasticamente.

Na sociedade moderna, a maioria das pessoas passa a maior parte do tempo em
ambientes fechados, expostas a luzes artificiais de baixa intensidade durante o dia e
auséncia de escuriddo durante a noite. Além disso, as sociedades industrializadas também
se caracterizam pelo maior consumo de cafeina, maior acesso a alimentos, uso rotineiro
de despertadores, agendas de trabalho noturnas (Touitou et al., 2017). Consequentemente,
a forca das pistas externas que sincronizam nossos ritmos é reduzida e o reldgio
circadiano da maioria das pessoas sofre mudancas de fase, tornando-as mais vespertinas,

enquanto as agendas de trabalho se mantém similares (Roenneberg; Merrow, 2016).

Em condicBes naturais, os ritmos enddgenos sdo sincronizados com as variagdes
de fatores externos (ciclo claro-escuro, horario de alimentagdo e rotinas sociais). No
entanto, sob rotinas sociais que vao contra o rel6gio enddgeno, a sincronizagao dos ritmos
internos é afetada, podendo causar prejuizos a sadde (Albrecht; Rippeger, 2018). De fato,
diversos estudos mostram que a cronodisrupcéo, isto é, o estado de desalinhamento entre
ritmos circadianos internos e pistas externas, esta associado a uma série de doencas, como
depressdo, diabetes, obesidade, doengas neurodegenerativas e cancer (Rlger; Scheer,
2009). Ainda ndo se sabe quais 0s mecanismos por tras da relacdo entre cronodisrupgdo
e ganho de peso, mas diversos estudos experimentais e epidemioldgicos demonstram que
exposicao irregular a luz e padrdes alterados nos ritmos de atividade-repouso associam-

se a piores desfechos metabdlicos (Rybnikova et al., 2016; Froy, 2012). Deste modo,
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destaca-se a importancia de entender como a exposic¢éo a luz e o estilo de vida de centros
urbanos impactam a fisiologia e o metabolismo, de modo a auxiliar na busca por
estratégias que busquem prevenir o aumento nas taxas de obesidade e doencas
metabdlicas.
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2. REVISAO DA LITERATURA

2.1 O SISTEMA CIRCADIANO E A REGULACAO DOS RITMOS BIOLOGICOS

A rotacdo da Terra em torno do seu proprio eixo causa alteracdes ciclicas e
previsiveis na luz e na temperatura de ambientes naturais. Como resposta adaptativa a
estas mudancas dinamicas, a selecdo natural favoreceu a evolucao de organismos capazes
de antecipar as mudancas ambientais diarias e, assim, adaptar o seu comportamento e a
sua fisiologia para os horarios apropriados do dia (Panda et al., 2002). A temperatura
corporal, o fluxo sanguineo, a producdo de urina, 0s niveis hormonais, as taxas
metabolicas e o ciclo sono-vigilia sdo exemplos de processos fisiologicos e bioquimicos
que apresentam flutuacdes, isto é, elevam-se e declinam-se de acordo com os horarios do
dia (Aschoff, 1981; Skene; Arendt, 2006) (Figura 1). Todos estes ritmos séo orquestrados
por uma organizacao temporal endégena, conhecida como sistema circadiano (do Latim
circa = “cerca de” e diem = “dia”), que esta presente em praticamente todas as formas de
vida; desde bactérias a plantas, invertebrados e mamiferos. Os ritmos circadianos sdo 0s
mais estudados na literatura, embora existam outros ritmos na natureza que se repetem
com um ciclo maior de 24 horas, os infradianos, enquanto outros se repetem com um ciclo

menor, o0s ultradianos (Laje et al., 2018).



16

(a) _ 60
)
£ E
[shE=)]
TE 40+
£5
o ©
EE€ g (d) 187
ol
a2 Q.
8 58
O_I T T T T ‘I T 1 gg -6
b =
(b) 37.1 4 325
o~ x5 1.4 -
g 88
>
oo 36.9
o5 i
gg 1.2 | |
QQa
Og 36.7 (e) 207
-
S 1.8
36.5 = S 8-
I 1 -—
[s]
(c) EJ%
C 60 — >
@ B2 16+
% o=
S = 25
SE5 40 - - ©
TLT 5 14-
ol >
200
“G c >
@ 1o 20
So o 1.2 - ",
S0~ 0O I T T T T T T 1
@ = f 1000 1400 1800 2200 0200 0600 1000 1400
R . , P i i Clock time (h)
1000 1400 1800 2200 0200 0600 1000 1400

Clock time (h)

Figura 1: Representacdo dos ritmos circadianos de melatonina plasmatica (a), temperatura
corporal (b), estado de alerta subjetivo (c), tempo de reacdo no desempenho de tarefa (d) e
concentracdo de triacilglicerdis (e). Em condi¢es normais, estes ritmos sdo caracterizados por
um horario de pico e nadir em um intervalo de tempo definido (relacéo de fase) entre os diferentes
ritmos. Adaptada de Skene; Arendt, 2006.

Inicialmente, o sistema circadiano era visto como uma capacidade difusa de
medicdo do tempo do organismo como um todo. A partir de 1960, Pittendrigh divulgou
0 conceito de que existe um oscilador sensivel a luz capaz de servir como um “marca-
passo” do organismo (Saunders, 2016). A partir de entdo, comegou-se uma investigagéo,
por meio de experimentos com lesdes cerebrais em roedores, de estruturas que poderiam
ser responsaveis por sincronizar as func@es fisiologicas. Estes experimentos levaram a
identificacdo do nucleo supraquiasmético (NSQ), estrutura composta por um grupo de
neurdnios especializados e localizada no hipotdlamo anterior, logo acima do quiasma
optico (Stephan; Zucker, 1972) (Figura 2). O papel desta estrutura foi demonstrado
quando neurofisiologistas submeteram roedores a lesdo cirdrgica deste ndcleo e
registraram sua atividade locomotora. Como resultado, detectou-se o desaparecimento da

ritmicidade, ou seja, 0s momentos de atividade locomotora tornaram-se aleatérios. Os
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mesmos resultados sdo obtidos para outras funcgdes circadianas além da atividade
locomotora; ritmos enddcrinos também sdo abolidos (Moore; Eichler, 1972). Desta
forma, concluiu-se que o nucleo supraquiasmatico é o local de regulacdo primaria da
ritmicidade circadiana, conferindo periodicidade as diversas funcgdes fisiologicas e

comportamentais dos mamiferos.

Figura 2: Corte coronal do nucleo supraquiasmatico de um roedor, mostrando a regido ventral

(em verde) e a regido dorsal (em vermelho). Adaptado de Karatsoreos et al, 2004.

A regulacdo do sistema circadiano a nivel molecular € bem conhecida e seu
esclarecimento rendeu o Prémio Nobel de Medicina e Fisiologia em 2017 para trés
pesquisadores da area (The Nobel Prize in Physiology or Medicine 2017. NobelPrize.org.
Nobel Prize Outreach AB 2021. Wed. 28 Jul 2021.
https://www.nobelprize.org/prizes/medicine/2017/summary/). A maquinaria
circadiana dos mamiferos é controlada por dois ‘loops de feedback’ (alcas de
retroalimentacdo) positivos e negativos que interagem a nivel de transcricdo génica,
traducdo e pds-traducdo (Figura 3). Estes loops consistem em proteinas que estimulam
ou inibem a sua prépria sintese a partir da sua interacdo com 0s genes-rel6gio. Foram
identificados 14 genes centrais do reldgio circadiano de mamiferos, pertencentes as
familias Per, Cry, Bmal, Clock, Ror e Rev-Erb (Ye et al., 2018). As proteinas CLOCK e
BMAL (sintetizadas a partir dos genes Clock e Bmal) associam-se como heterodimeros e
ativam a sintese de duas familias de proteinas PER e CRY. Estas Gltimas sdo reguladores
negativos, que inibem a sua propria sintese a partir dos genes Per (Perl, Per2, Per2) e
Cry (Cry 1, Cry 2). A sintese das proteinas PER e CRY s0 reinicia (sob a influéncia de

BMAL e CLOCK) quando seus niveis intracelulares sdo baixos o suficiente, ou seja, ap6s
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a degradacdo destas proteinas. BMAL e CLOCK também promovem a transcricdo dos
genes precursores da proteina REV-ERB, que inibe a transcricdo do gene Bmal (Eide et
al., 2005; Ko; Takahashi, 2006; He et al., 2016). Estes eventos moleculares sao regulados
por uma série de mecanismos. As proteinas PER e CRY sdo fosforiladas por varias
enzimas, como por exemplo a GSK-3B (Glicogénio sintase quinase — 3 beta), o0 que
influencia sua estabilidade e sua taxa de entrada no nucleo (Hirota et al., 2008). Estes
loops ocorrem de forma concomitante produzindo oscilagbes com periodo de 24 horas
(Balsalobre et al, 1998).
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Figura 3: Componentes moleculares do relégio circadiano de mamiferos e regulacdo da
ritmicidade pelos ‘loops de feedback’ de transcri¢do e tradugdo dos genes do reldgio dentro de

um periodo de 24 horas. Adaptado de Masri; Sassone-Corsi, 2018.

A sincronia entre o reldgio interno e fatores ambientais externos é fundamental
para a sobrevivéncia e bem-estar dos animais. Para isso, as células osciladoras do nucleo
supraquiasmatico devem receber sinalizacdo de células que detectam as variacdes
ambientais para integrar esta informacao e enviar sinais apropriados aos tecidos (Morse;
Sassone-Corsi, 2002). Assim, pela acdo de vias de sinalizacdo de entrada (aferentes),
marcapassos e vias de sinalizacdo de saida (eferentes), os reldgios biologicos sdo
ajustaveis ao ambiente. Estes s@o os trés componentes principais do sistema circadiano
que permitem a operacao de funcdes e comportamentos em ritmos sincronizados com 0s
ciclos externos (Dibner et al., 2010). Os sinais ou pistas provenientes do ambiente séo

conhecidos como zeitgebers (do alemao “doador de tempo™).
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A principal pista responsavel pela sincronizacdo do sistema circadiano de
mamiferos é a luz. Estes recebem informacdo luminosa principalmente pela retina, onde
as células ganglionares intrinsecamente fotossensiveis (ipRGCs) detectam mudancas de
luminosidade do ambiente atraves de um pigmento fotossensivel, chamado melanopsina.
A luz é captada pela melanospina das ipRGCs, cujos axdnios (excitatorios) estendem-se
até o NSQ, via trato retino-hipotaldmico, e ativam os neurdnios do NSQ (Berson et al.,
2002; Kuse et al., 2014). Estes, portanto, aumentam sua taxa de disparo durante o dia e
diminuem durante a noite (Welsh et al., 1995). Por fim, esta informacéo € transmitida,
via axénios eferentes que emergem do NSQ, para diversas regides do cérebro, incluindo
a area pré-éptica e o nucleo paraventricular do hipotdlamo e, via secrecdo de
neuropeptideos e sinalizagdo humoral, para osciladores presentes em diversos 6rgaos
periféricos (Buijs et al., 2003; Hastings et al, 2003).

Para terem valor adaptativo, os reldégios enddgenos precisam ser sincronizados aos
dias externos, uma vez que o periodo circadiano intrinseco pode ser de cerca de 24 horas,
sendo o da maioria das pessoas um pouco mais longo (aproximadamente 11 minutos)
(Czeisler et al., 1999). Dependendo do periodo enddgeno e do ciclo claro-escuro externo,
a sincronizagdo aos ciclos de 24 horas pode produzir diferentes relacGes de fase entre
reldégio endgenono e tempo externo, ou seja, diferentes relagcdes temporais do individuo
com o zeitgeber — ciclo claro-escuro. Esta variabilidade de relacbes de fase também
descreve as diferencas interindividuais nos horarios de dormir e acordar e caracteriza o
que se chama de cronotipo (Merrow et al., 2003). Os cronotipos variam amplamente
dentro da populacdo, criando uma distribuicdo que varia de cronotipos matutinos
extremos até cronotipos vespertinos extremos, com a maioria da populacdo localizada
entre estes extremos (Figura 4). Os fatores que produzem estas diferencas
interindividuais sdo polimorfismos genéticos em genes do reldgio, idade e pistas
ambientais, especialmente exposicao a luz (Roenneberg; Merrow, 2016).
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Figura 4: Distribuicdo de cronotipos na populagdo geral. Existem poucas pessoas que séo
extremamente matutinas ou extremamente vespertinas. A seta vermelha indica onde a maior parte
da populacéo se encontra: entre 0s extremos e com um cronotipo intermediério. Este grupo dorme,

em média, das 00:00 as 8h. Adaptado de Roenneberg et al.

Estudos sobre os efeitos da luz no sistema circadiano de insetos, plantas e animais
demonstraram que o momento de um estimulo luminoso possui uma influéncia
importante na resposta das atividades ritmicas a este estimulo (De Coursey, 1960;
Pittendrigh, 1960). A curva de fase-resposta (PRC, do inglés phase response curve) € uma
ferramenta da Cronobiologia que descreve a magnitude e a direcdo das mudancas de fase
dos ritmos circadianos conforme o horério de exposi¢do a um zeitgeber (Pittendrigh;
Daan, 1976). Por exemplo, em humanos a PRC para luz é caracterizada por avangos de
fase quando a exposigdo a este estimulo ocorre durante a manhd, atrasos de fase quando
a exposicao acontece durante o fim da tarde/noite e respostas menores ou insignificantes
quando a exposicao é feita no meio do dia (Dumont; Carrier, 1997; Kripke et al., 2007;
Revell et al.,, 2005) (Figura 5). Estas mudancas de fase também sdo fortemente
influenciadas pela intensidade, duracdo e comprimento de onda da luz (Boivin et al.,
1996; Dewan et al., 2011; Ruger et al., 2013).
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Figura 5: Curva de fase-resposta (PRC) da atividade motora de um roedor. O mesmo pulso de
luz administrado em 5 momentos diferentes (A, B, C, D, E) produz diferentes respostas: nenhum
efeito (A), atraso de fase (B, C) e avango de fase (D, E). Adaptado de Moore-Ede et al (1982).

Embora o nudcleo supraquiasmatico (NSQ) seja usualmente conhecido como
“marcapasso central”, a presenca de relogios funcionais em diversos tecidos do corpo é
indispensavel para a manutencao dos ritmos circadianos. Isso explica o fato de osciladores
circadianos estarem presentes sendo em todas, na maioria das células do corpo (Yoo et
al., 2004). E importante considerar, no entanto, que apesar do termo “periférico”, estes
relogios estdo presentes em outros locais do sistema nervoso central (fora do NSQ). Em
condic¢des normais, 0 SCN fica no topo da hierarquia circadiana transmitindo informacéo
temporal para todos os relogios periféricos (Buijs et al., 2013). Na auséncia de NSQ, a
ritmicidade das fungdes é perdida e os tecidos periféricos perdem a relacdo de fase de um
em relacdo ao outro. No entanto, interessantemente, a disponibilidade restrita de
alimentos em horarios programados (TRE, do inglés time restricted eating) € capaz de
organizar os ritmos circadianos na auséncia de NSQ, o que indica que pistas relacionadas
a comida podem ser potentes sincronizadores dos ritmos enddgenos (Stephan, 2002)

(Figura 6). Além disso, experimentos in vitro também demonstraram mudancas de fase
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na expressao de clock genes no figado, rim, pancreas e outros tecidos em animais
submetidos ao TRE (Kohsaka et al., 2007).

Hypothalamic nuclei

TGF, CLC & PROK2

Brain stem
Pituitary & spinal cord

Figura 6: Sincronizacéo do sistema circadiano pela luz e pela alimentag&o. A luz é absorvida pela
retina e transmitida para o reldgio central localizado no NSQ via trato retino-hipotalamico. O
NSQ sincroniza relogios periféricos via sinalizagdo neural (flechas azuis) e hormonal (flechas
verdes). Além da luz, pistas alimentares atuam como potenciais zeitgebers de relégios periféricos
(linha preta) e, na auséncia de pistas luminosas, algumas evidéncias sugerem que comida pode se
tornar um sincronizador para o relégio central também (linha preta pontilhada). Adaptado de

Laermans; Depoortere, 2016.

Além da luz e da alimentacéo, outros fatores externos também contribuem para a
sincronizacao dos ritmos circadianos. O exercicio fisico programado vem sendo estudado
como potencial pista para sustentar ritmos circadianos robustos, uma vez que o horario
do exercicio impacta nas vias metabdlicas do musculo esquelético e na homeostase
energética sistémica (Sato et al., 2019). Além disso, camundongos e humanos apresentam
uma variacdo diaria na capacidade de se exercitar com boa performance (Ezagouri et al.,
2019). Outro zeitgeber nao-fotico é o contato social. As interagdes sociais sdo estimulos
complexos que podem determinar o horario de dormir, de acordar, de comer e de se

exercitar e, como consequéncia, afetar os ritmos circadianos. No entanto, estudos com
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voluntarios submetidos a condi¢des de iluminacdo constantes demonstram que o contato
social ndo é suficiente para manter seus ritmos sincronizados. Isso indica que, ao contrario
das pistas féticas, as pistas sociais sdo fracas e apenas a sua presenca nao é suficiente para
causar uma sincronizacao (Mistlberger; Skene, 2004; Middleton et al., 1996). As pistas
sociais podem, por outro lado, indiretamente influenciar a sincronizacdo ao ambiente por
modular a exposi¢cdo a luz. Estimulos auditivos também ja foram apontados como
zeitgebers, principalmente estimulos com significado social, por exemplo gongos
sinalizando horéario das refeicdes, mas estes estudos sdo inconclusivos e com potenciais
confundidores (Aschoff et al., 1975).

Um importante sinalizador gerado pelo NSQ, quando este recebe informacéo
fotica, € a supressdo da sintese de melatonina, também conhecida como “hormoénio da
escuridao”, essencial para o funcionamento do rel6gio. A sintese e secrecdo de melatonina
pela glandula pineal € estimulada pela auséncia de luz que, via acdo noradrenérgica, ativa
a enzima aralkylamine N-acetyltransferase (AANAT), que converte serotonina em n-
acetil-serotonina (NAS, a qual é convertida em melatonina pela enzima hydroxyindol-O-
metiltransferase (HIOMT) (Klein et al., 1992). A melatonina produzida no escuro é
diretamente liberada na corrente sanguinea (onde se liga a albumina) e no liquido
cefalorraquidiano, enviando a informacdo temporal do periodo noturno para todo o
organismo e servindo como comando bioldgico para regular o horério do cilo sono-vigilia
(Cippola-Neto; Amaral, 2018). O estimulo luminoso (principalmente luz azul, com
comprimento de onda de 450 nm) inibe a sintese de melatonina (Lockley et al., 2003).
Visto que os niveis plasmaticos deste horménio séo baixos durante o dia e altos durante
a noite, a melatonina possui um papel fisioldgico essencial na temporizacdo circadiana
do ciclo sono-vigilia e das funcdes metabodlicas diarias. Este sistema neural complexo é
produto da selec@o natural que tornou o perfil noturno de secrecdo de melatonina como
um representante interno da noite externa (Tordjman et al., 2017) (Figura 7). Além do
importante papel temporizador circadiano da melatonina, € bem estabelecido seu papel
temporizador sazonal. A duracgdo da secrecdo noturna de melatonina segue a duragéo da
noite e, assim, varia ao longo do ano, fornecendo uma pista para a organizacgéo de funcoes
ritmicas sazonais, como por exemplo a reproducdo e o crescimento do pelo em alguns

animais (Lincoln; Loudon, 2015).
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Figura 7: Regulacdo da sintese de melatonina pela glandula pineal. (Adaptado de Shinari; Loius,
2009)

2.2 REGULACAO CIRCADIANA DO SISTEMA REPRODUTIVO

Os ritmos circadianos regulam diversos aspectos da reproducdo, incluindo o
horério de liberacdo hormonal, ovulagdo, acasalamento. Por sua vez, os hormonios do
sistema reprodutivo também influenciam o sistema circadiano. Em mamiferos, o sistema
reprodutivo é controlado por hormdnios do eixo hipotalamo-hipéfise-génadas (HPG). O
hipotalamo libera pulsos do Horménio Liberador de Gonadotrofinas (GnRH) que, por sua
vez, estimula a liberacdo dos hormdnios foliculo estimulante (FSH) e luteinizante (LH)
pela pituitaria anterior. Por fim, o FSH e o LH sanguineos estimulardo um ambiente
hormonal propicio para a reproducdo. Os horménios esteroides produzidos pelos
testiculos (testosterona, di-hidrotestosterona) e pelos ovarios (estradiol e progesterona)
também sdo requeridos no hipotalamo e na pituitaria para regular sua prépria producéao
(Hagenauer; Lee, 2012).

Em fémeas adultas, a produgdo hormonal varia ao longo do ciclo reprodutivo. Em
roedores de laboratorio (ratos e camundongos), este ciclo é referido como ciclo estral,
possui uma duracdo curta (4-5 dias) e e dividido em quatro etapas: proestro, estro,
metaestro e diestro (Cora et al., 2015). Nestas espécies, ocorre um pico de estradiol no
proestro, aproximadamente 12 horas da ovulagdo, que é seguido por um pico de

progesterona algumas horas depois. A ovulacdo € seguida por um periodo de maior
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receptividade sexual (estro) e uma queda concomitante dos niveis de estradiol (Toms et
al., 2018).

A regulacdo circadiana do eixo HPG é fundamental para que ocorram ciclos
reprodutivos regulares. Sabe-se que lesdes no NSQ eliminam a ovulagdo e produzem um
estado de estro persistente, o que indica que os ciclos reprodutivos sdo vulneraveis a
ruptura circadiana (Mills; Kuohung, 2019). Além disso, 0 NSQ envia sinais diarios para
neurdnios do hipotalamo que produzem GnRH para conduzir o pico de GhnRH/LH que
leva a ovulacdo. Recentemente, foram identificados clock genes expressos em todos 0s
niveis do eixo HPG, que parecem desempenhar um papel importante na geracdo de pulsos
hormonais sincronizados e na preparacdo do ovario para a ovulacdo (Hagenauer et al.,
2011).

Os hormonios gonadais, em contrapartida, afetam a atividade do sistema
circadiano. Um dos efeitos mais conhecidos é o aumento da atividade no estro, apds niveis
elevados de estradiol em ratas fémeas. Quando os niveis hormonais caem, as fémeas
atrasam o inicio da atividade e diminuem seus niveis de atividade (Sen; Hoffman, 2020).
Hormdnios gonadais também podem influenciar outros pardmetros circadianos, incluindo
o periodo enddgeno, a amplitude dos ritmos, a sincronizacdo com pistas externas e a

sensibilidade a zeitgebers (Crowley et al., 2015).

2.3 REGULACAO CIRCADIANA DO METABOLISMO

O reldgio circadiano regula o metabolismo e a homeostase energética em tecidos
periféricos. Esta fisiologia inerentemente integrativa requer que uma rede de células
especializadas, 6rgdos e tecidos comuniquem-se entre si via sistema nervoso e enddcrino
para desempenhar diferentes papéis no comportamento, consumo e armazenamento de
energia, entre outros (Gerhart-Hines; Lazar, 2015). O nicleo NSQ desempenha um papel
central na regulacéo circadiana do metabolismo ao sustentar ritmos de aproximadamente
24 horas de atividade-repouso e alimentagdo-jejum. Como consequéncia, processos
metabolicos opostos (como anabolismo e catabolismo) sdo separados temporalmente e 0s
ciclos recorrentes de alimentacdo-jejum sdo antecipados pelo sistema circadiano para
otimizar a eficiéncia metabdlica. Estudos pioneiros demonstraram que lesées no ndcleo
supraquiasmatico eliminam a ritmicidade dos niveis de glicose, insulina e glucagon,
indicando que esta estrutura € essencial para gerar mudancas diarias nas concentrages

destas substancias (Yamamoto et al., 1987; La Fleur et al., 1999). Assim, uma série de
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processos metabolicos, incluindo sensibilidade a insulina, secrecao de insulina, sintese de
colesterol, oxidacao de acidos graxos, gasto energético, segue um ritmo ao longo das 24
horas do dia, modulado por um sistema de relégios presentes no marcapasso central do
cérebro (NSQ) e em diversos tecidos do corpo, como figado, musculo, tecido adiposo
(Figura 8).
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Figura 8: Reldgios circadianos regulam o metabolismo de glicose, sensibilidade a insulina e
secre¢do de insulina. Reldgios centrais e periféricos sdo responsaveis por uma variedade de

fungdes. SCN: nlcleo supraquiasmatico. Adaptado de Stenvers et al., 2018.

Como descrito anteriormente, osciladores moleculares estdo presentes em todas
as células do corpo e, fora do NSQ, sdo usualmente referidos como osciladores
periféricos, uma vez que conferem ritmicidade circadiana a diversas fungdes especificas
de cada tecido. Por exemplo, nos rins, o reldgio circadiano modula o fluxo sanguineo, a
taxa de filtracdo glomerular e a excrecéo de &gua e ions (Solocinski; Gumz, 2015). No
pancreas, a secrecdo de insulina e glucagon esta sob controle circadiano (Petrenko et al.,
2017). No mausculo, a respiracao e a autofagia — processos que permitem uma producgéo
robusta de energia e mantém a homeostase das organelas, respectivamente — seguem uma

ritmicidade circadiana (Mayeuf-Louchart et al., 2015). Igualmente importante é a sintese
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e secrec¢do ritmica de hormonios e de outras moléculas ativas em tecidos periféericos, 0s
quais possibilitam a comunicacdo entre 6rgdos. No tecido adiposo, a mobilizagcdo de
lipideos é mediada pela acéo de genes do reldgio, especialmente Clock e Bmal (Shostak
etal., 2013).

Um o6rgdo central, com grande repertorio de funcGes fisiologicas e um dos
modelos mais estudados na cronobiologia é o figado (Zwighaft et al., 2016). Para atingir
o0 balanco entre sintese e armazenamento de lipideos e fontes de carboidratos, o figado
recebe pistas do NSQ e do comportamento de alimentacdo-jejum dos animais para manter
a homeostase de glicose no sangue e induzir antecipadamente o armazenamento ou
deplecéo de glicogénio, de acordo com o consumo alimentar (Stokkan et al., 2001). O
metabolismo de glicose também ilustra a intrincada regulacéo circadiana do metabolismo
periférico. O pico de expressdo dos transportadores de glicose e de receptores de glucagon
acontece no inicio da fase ativa, o que coincide com o consumo de alimento (Panda et al.,
2002). O armazenamento do excesso de carboidratos e a sintese de glicose (via
gliconeogénese) sdo processos que ocorrem tipicamente no inicio da fase ativa e durante
0 repouso, respectivamente, e séo modulados por proteinas CRY, CLOCK e pelo receptor
nuclear REV-ERBAa, um componente do relogio responsavel pela interface entre

sistema circadiano e regulagdo metabolica no figado (Storch et al., 2002).

A nivel sisttmico, o abastecimento de células e de tecidos com oxigénio e
nutrientes também exibe flutuacdes diarias para que a absorcdo seja mais intensa durante
a fase ativa e reduzida durante a fase de repouso (Rivera-Coll et al., 1994). No entanto,
ndo s6 o sistema circadiano impde ritmicidade a processos metabdlicos, como sinais e
estados metabdlicos também retornam informacdes para o reldgio central. O efeito do
metabolismo no marcapasso central ou nos reldgios periféricos se origina da alimentacéo,
metabdlitos dos alimentos ou hormdnios cuja secrecdo é controlada pela presenca ou
auséncia de comida. Isto explica o fato de alguns metabdlitos sistémicos atuarem como
zeitgebers de relogios periféricos: dois nutrientes que circulam em abundancia para gerar
energia sdo o glutamato e o lactato. Ambos estdo ligados a vias de sinaliza¢éo de controle
circadiano e apresentam seu fluxo intensificado ou atenuado de acordo com o estado
metabolico (alimentado ou jejum). Diversos estudos identificaram nutrientes capazes de
resetar ou alterar a fase dos ritmos circadianos, como a glicose (Hirota et al., 2002),
aminoéacidos (lwanaga et al., 2005), sodio (Waddington et al., 2007), etanol (Chen et al.,
204), cafeina (Antle et al., 2001).
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Além da funcdo de sincronizar os ritmos circadianos em tecidos periféricos, a
composicdo dos alimentos, o horario e a frequéncia em que s&o consumidos influencia o
relégio circadiano. Em roedores, limitar o acesso a alimentagéo para um certo periodo do
dia induz o desenvolvimento de uma atividade antecipatdria que precede o evento de
alimentacdo e se caracteriza por maior atividade locomotora, maior comportamento
exploratorio, pico de corticosterona e grelina e reducdo de insulina plasmatica precedendo
a refeicdo diaria (Mistlberger, 2009; Blum et al., 2009; Diaz-Mufioz et al., 2000). Além
disso, quando submetidos a dietas ricas em gordura, roedores mudam seu padrdo de
alimentacdo e passam a ingerir boa parte do seu alimento durante sua fase usual de
sono/repouso (Manoogian et al., 2019). Estudos em humanos demonstraram que comer
durante a noite, quando os niveis de melatonina comegam a aumentar esta associado a
maior gordura corporal, maiores niveis de glicose no sangue e pior saude
cardiometabdlica (McHill et al., 2017; Yoshida et al., 2018). Em relacdo a composicédo
das refeicdes, sabe-se que ingerir um café da manha rico em proteinas otimiza o controle
de glicose no sangue e a perda de peso em individuos com Diabetes tipo Il (Jakubowicz
et al., 2017). Apesar de ndo se ter identificado uma estrutura anatdmica oscilatoria que
seja sincronizada pela alimentacdo e ndo se saber os mecanismos por tras do efeito da
composicdo e horério das alimentacBes no sistema circadiano, esclarecer isto pode ser
importante para fazer ajustes que permitam melhores desfechos em saulde, dado 0s
beneficios plausiveis de se ingerir refeicbes com as composi¢des adequadas em horarios

apropriados.

Do ponto de vista da evolugdo, é benéfico para organismos multicelulares
manterem uma rede de relogios organizada de forma mais complexa, ao invés de uma
organiza¢do hierarquica “direta” com um regulador/marcapasso principal controlando
toda a fisiologia do corpo. Uma possivel explicacéo para isto é o fato de que os relégios
celulares assumiram funcGes adaptativas adicionais resultando em um aumento da aptiddo
geral. Outra justificativa seria a maior resiliéncia a zeitgebers conflitantes e maior
plasticidade em resposta a ambientes complexos e, portanto, demandas ambientais, uma
vez que diferentes relogios respondem de forma diferente a certos estimulos (ex:
locomocdo € sincronizada principalmente pela luz). Esta organizacdo permite que cada
processo fisioldgico seja sincronizado por aqueles sinais que sdo mais relevantes para o
processo especifico, resultado em uma resposta personalizada e melhor adaptada (Husse
et al., 2015).
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2.4 CRONODISRUPCAO E METABOLISMO

A partir de uma perspectiva evolutiva, a organizagdo molecular e fisioldgica do
sistema circadiano foi estabelecida para se adaptar e prosperar sob as pressoes seletivas
da escassez de alimentos, mudancas sazonais na disponibilidade de luz solar e variagoes
de temperatura. Embora este sistema ajustado tenha sido adequado por milhares de anos,
foram desenvolvidas condicdes sociais que excedem as limitacGes adaptativas da nossa
programacéo circadiana. A introducdo a eletricidade, restaurantes fast food funcionando
24 horas por dia, refeicdes baratas com alto teor calorico disponiveis a qualquer horario
do dia combinados com uma populagdo crescente de trabalhadores noturnos, viagens
regulares entre diferentes fusos horarios, constante exposicdo a poluicdo luminosa
artificial e estilo de vida sedentario criaram um ambiente substancialmente diferente da
realidade que nossos ancestrais enfrentaram. Ao mesmo tempo que a tecnologia tem
efeitos positivos no dia a dia, tem sido proposto que estas mudangas nos parametros
ambientais de luz, nutricdo e comportamento contribuem significativamente para o
aumento da prevaléncia de “doengas relacionadas ao estilo de vida”, como por exemplo,
doencas metabdlicas, distdrbios do sono, transtornos psiquiatricos e alguns tipos de
cancer (Wang et al., 2011; Sahar; Sassone-Corsi, 2009; Roenneberg et al., 2012).

Os ritmos diarios da sociedade moderna interferem na coordenacdo temporal de
processos fisioldgicos do corpo. Esta perturbacdo do sistema circadiano é frequentemente
referida como “cronodisrup¢do” ou “desalinhamento circadiano” ou “disrupgéo
circadiana”. Estes termos tém sido utilizados desde os anos 80 para sugerir a falta de
sincronizacao entre pistas ambientais externas e processos fisioldgicos internos (de Castro
et al., 1978). Além disso, sabe-se que a cronodisrupg¢do pode também resultar de fatores
internos, como por exemplo cegueira pré-quiasmatica, tumores ou lesGes que danifiquem
0 NSQ e variagcOes genéticas deletérias (Rlger; Scheer, 2009). Este desalinhamento pode
ainda ocorrer em diversos niveis: 1) Disrupcdo ambiental: ocorre quando uma pista
ambiental (e.g., ciclo claro-escuro) estd fora de sincronia com a fase do NSQ; 2)
Disrupcdo comportamental: quando ciclos como alimentac&o-jejum ou sono-vigilia estdo
desalinhados com a fase do NSQ; 3) Disrupgdo a nivel celular: quando os ritmos do
marcapasso central estdo desalinhados aos ritmos dos reldgios periféricos (Vetter, 2020).
Ainda, esta condicdo pode ser caracterizada por uma perda total de ritmicidade, uma
reducdo na amplitude dos ritmos ou, como descrito anteriormente, por diferencas de fase

entre o relogio do NSQ e os reldgios periféricos. As manifestacdes de desalinhamento
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circadiano incluem sonoléncia diurna, distdrbios de sono, performance cognitiva

reduzida, queixas gastrointestinais e sensacdo geral de mal-estar (Ruger; Scheer, 2009).

Uma das formas de estimar cronodisrupcao é através do jetlag social, termo
cunhado por Roenneberg et al (2006) para medir a diferenga entre os horarios de sono
dos dias de trabalho e dias livres. Considera-se que o sono nos dias livres reflete o ciclo
natural de sono, servindo como uma aproximacédo do tempo interno, enquanto 0 Sono nos
dias de trabalho reflete o tempo externo, social. Assim, o jetlag social representa a
discrepancia entre o tempo interno e o tempo social. Estudos epidemioldgicos
demonstram que o jetlag social esta associado a maior indice de massa corporal (IMC)
(Roenneberg et al., 2012; Parsons et al.,, 2015) e a biomarcadores de salde

cardiometabdlica (Rutters et al., 2014).

Perturbac6es ao sistema circadiano foram citadas pela primeira vez como um fator
envolvido em doencas através de estudos epidemiolégicos que mostraram maior
incidéncia de cancer em trabalhadores de turno (Tynes et al., 1996); a Organizacao
Mundial da Salude atualmente sugere uma série de riscos para a salde associados ao
trabalho de turno
(http://apps.who.int/iris/bitstream/10665/97940/1/9789241501729 eng.%20pdf?ua=1).
No geral, humanos sdo ativos durante o dia e, rotinas envolvendo trabalho noturno sao
bastante desafiadoras para o sistema circadiano. Trabalho noturno sugere exposicao a luz
durante a noite, ingestdo calérica em horéarios inapropriados, estar acordado e ativo em
momentos que usualmente estaria dormindo, dormir durante o dia (0 que diminui a
qualidade e duracdo do sono) e maior ingestdo de estimulantes a base de cafeina. Tudo
isso causa um desalinhamento entre o ritmo enddgeno e o ciclos claro-escuro. Existe uma
vasta literatura com estudos epidemioldgicos associando trabalho de turno com doencas
cardiovasculares, diabetes e obesidade (Knutsson, 2003; Wolk et al., 2005).

Além do trabalho de turno, alguns aspectos da exposicao a luz também vém sendo
associados a ruptura circadiana. Com o estilo de vida moderno, a intensidade e
composicgdo espectral da luz elétrica sdo frequentemente inadequados durante o dia para
sincronizar o sistema circadiano e muito fortes durante a noite (Takahashi et al., 2008).
Diversos estudos experimentais desenharam protocolos de exposicdo a luz durante a noite
para simular a poluicdo luminosa de ambientes urbanos (Figura 9). Sob condic¢des padrédo
de iluminagéo (ciclo 12:12 claro-escuro), os ritmos de atividade-repouso, bem como

expressdo de genes do reldgio e liberagdo de horménios se mantém sincronizados com o
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ciclo externo. No entanto, reduzir o contraste entre claro e escuro ao se inserir iluminagédo
fraca a noite impacta na organizacéo dos ritmos circadianos. Os efeitos da luz a noite
(LAN) incluem reducdo na amplitude da expressdo de genes reldgio, bem como mudancas
na amplitude dos ciclos de melatonina e glicocorticoides (Bedrosian et al., 2013). Além
disso, estudos demonstraram que a LAN promove o aumento do peso corporal, da gordura
epididimal e reduz a tolerancia a glicose em camundongos (Fonken et al., 2010). Ja a
exposicao a luz constante induz um comportamento free running (livre-curso) dos ritmos
de atividade-repouso, que se caracteriza por um ritmo nao sincronizado a pistas
ambientais e que oscila em um ciclo diferente de 24 horas. Além disso, os ritmos de
alimentacdo sdo alterados, a amplitude da expressao de genes do relégio é reduzida e esta
dessincronizacdo também esta associada a distlrbios metabolicos, como maiores niveis
de tecido adiposo, alteragdes no gasto energético, resisténcia a insulina e metabolismo de
glicose alterado (Sudo et al., 2003; Coomans et al., 2013; Shi et al., 2013). Em protocolos
de dessincronizacao forcada, onde animais sdo submetidos a periodos diferentes de 24
horas também séo observados ganho de peso, maior gordura corporal e maiores niveis de

triglicerideos (Casiraghi et al., 2016).
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Figura 9: Esquema das altera¢cGes metabdlicas e circadianas encontradas em roedores submetidos
a diferentes protocolos de iluminag&o. LD 24: Condigao padrdo de claro-escuro; LD an24: Claro-

escuro com luz fraca a noite; LL: Claro constante. (Adaptado de Plano et al., 2017).

As alteracdes de iluminacdo e ruptura de ritmos ndo sdo os unicos fatores capazes
de causar alterages metabolicas e obesidade (Figura 10). O desenvolvimento de grandes
centros urbanos e o estilo de vida moderno também englobam hébitos alimentares que
afetam a saude e os ritmos. Dentro destes habitos, alguns aspectos devem ser
considerados: irregularidade (inconsisténcias nas rotinas alimentares), frequéncia, horario
e composicdo da alimentacdo (Pot, 2017). Um estudo epidemioldgico demonstrou que
pessoas com rotinas de refeicdes mais irregulares apresentam maior risco para obesidade
mesmo consumindo menos calorias do que pessoas com rotinas de alimentacdo mais
regulares (Pot et al., 2014). Além disso, sabe-se que a glicemia pds-prandial estd sob
controle circadiano. Em humanos, hd uma redugdo na tolerancia a glicose a noite, como
resultado da diminuicéo na secrecdo de insulina. Portanto, a ingestdo calérica em horarios
em que 0 corpo nao esta organizado para armazenar/mobilizar estes nutrientes pode levar

a resisténcia a insulina e obesidade (Bo et al., 2014).

Dietas ricas em gordura também sdo uma caracteristica comum da sociedade
moderna. Estudos experimentais mostram que alimentar ratos com dietas altas em
gordura leva a reducdo nos niveis de insulina, leptina, adiponectina e interleucina-1 e o
padréo diario de concentragdo plasmatica destes fatores fica alterado. (Cano et al., 2009).
Resultados similares sdo obtidos para insulina e leptina de humanos ap6s um dia com trés

refeicOes ricas em gordura (Havel et al., 1999).
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Figura 10: Representacdo do impacto da luz a noite e de padrGes alterados de alimentagdo nos
ritmos circadianos e metabolismo de roedores noturnos e humanos. Quando roedores e humanos
recebem pistas alimentares e luminosas em horarios inadequados, ocorre uma dessincronizacéo
nas funcdes de 6rgdos que regulam o balango energético, causando uma reducédo na tolerancia a
glicose pos-prandial e diminuindo a utilizagdo de glicose. Os principais desfechos destas
alteracfes sdo aumento da glicemia basal, dos &cidos graxos plasmaticos e do tecido adiposo.
Quando isto é estabelecido de forma crénica, aumentam os riscos para desenvolver obesidade e

doencas metabdlicas. Adaptado de Plano et al., 2017.

Os mecanismos precisos que explicam a associacdo entre cronodisrupgdo e
alteracbes metabdlicas ainda ndo sdo bem conhecidos, no entanto algumas hipdteses
foram propostas. Um estudo mostrou que a melatonina reduziu a obesidade e melhorou o
perfil metabdlico em uma linhagem de ratos com Diabetes tipo Il, sem afetar a ingestao
alimentar e a atividade (Jiménez-Aranda et al., 2013). Isso indica que a exposicao a luz
durante a noite pode estar associada a maior ganho de peso devido a maior supressao de
melatonina. Outra hipétese esta relacionada as vias neurais conectando o sistema nervoso
auténomo (SNA) aos 6rgdos periféricos. Sabe-se que 0s neurdnios do SNA se projetam
tanto para os compartimentos intra-abdominais quanto subcutaneos do corpo e, estas
sinalizagGes podem variar dependendo do horario do dia. Assim, em condigdes de
cronodisrupgdo, oOrgéos intra-abdominais, como gordura visceral, figado e pancreas,
podem receber estimulos diferentes em horérios inapropriados (Perez-Tilve et al., 2006).
Da mesma forma, porém relacionado a via pineal-hipotalamo-adipécito, Scott e Grant
(2006) propuseram uma hipétese com base no fato de que animais que hibernam
acumulam gordura seguindo um ritmo sazonal, sincronizado pela luz ambiental. Assim,

foi hipotetizado que o homem moderno ocidental esta sempre se preparando para um
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estado de privacdo de comida (inverno) que nunca chega. No entanto, a grande maioria
das hipoteses presentes na literatura para explicar a relacdo entre obesidade e
cronobiologia apontam para uma dessincronizagao entre os diferentes ritmos circadianos
envolvidos no metabolismo. Habitos atuais como alta frequéncia de alimentacéo, reducéo
na duragdo de sono, pouca exposi¢do a luz natural durante o dia e exposicdo a luz artificial
a noite enfraquecem o contraste em ritmos internos e externos, levando a disturbios

metabolicos, incluindo obesidade.

Tendo em vista os efeitos das perturbacdes do sistema circadiano sobre o
metabolismo, com este estudo pretendemos investigar a influéncia de diferentes padrbes
de iluminacdo sobre a fisiologia e perfil metabdlico de ratas Wistar. Além disso,
considerando os desafios ocasionados pelo avanco da urbanizacdo e industrializacéo,
pretendemos avaliar a relacdo entre parametros circadianos e de exposicao a luz com o

indice de massa corporal (IMC) de comunidades rurais e urbanas.
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3. JUSTIFICATIVA

Diante da importancia da luz na regulacdo fisiolégica dos organismos Vvivos e
tendo em vista o crescente aumento no tempo de exposi¢do a iluminacgdo e a qualidade
desta, faz-se necessario ampliar os estudos que busquem entender sua influéncia no

metabolismo e no ganho de peso.

Tendo em vista os desafios que a vida moderna impGe ao sistema circadiano, 0s

efeitos da cronodisrupcao sobre a fisiologia e 0 comportamento devem ser investigados.

As taxas de obesidade vém crescendo nas Gltimas décadas, tornando esta doenga
uma epidemia global. Estudos que avaliem parametros circadianos associados a esta
condicdo ainda sdo inconclusivos, tornando necessaria a investigacdo de caracteristicas

ambientais e enddgenas envolvidas na patofisiologia da obesidade.

Estudos que avaliem o comportamento de atividade-repouso e exposicdo a luz
tanto em populagdes rurais quanto em populacGes urbanas s@o escassos. Avaliar
populacbes em diferentes niveis de urbanizagdo contribui para esclarecer questdes

relacionadas ao impacto da urbanizacgéo nos ritmos biolégicos e no metabolismo.

Pelas raz0es apresentadas, justifica-se a realizacdo do presente estudo com o
proposito de investigar diferentes padrdes de iluminacdo na fisiologia e no metabolismo
de ratas, bem como investigar caracteristicas dos ritmos circadianos que possam estar
associadas a um maior indice de massa corporal (IMC) em popula¢des quilombolas que

vivem em diferentes niveis de urbanizac&o.
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4. HIPOTESE

Hipotetizamos que um atraso de fase na sincronizagdo circadiana, exposi¢éo
irregular a luz e viver em ambientes com maiores niveis de urbanizagéo estdo associados

a sobrepeso e obesidade.
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5. OBJETIVOS

5.1 OBJETIVOS GERAIS

Investigar o efeito de diferentes padrdes de iluminacdo na fisiologia de ratas
Wistar e avaliar a associagdo entre IMC, exposi¢do a luz e ritmos de atividade-repouso

em comunidades rurais e urbanas.

5.2 OBJETIVOS ESPECIFICOS — ARTIGO 1

- Avaliar o efeito de diferentes padrdes de iluminacdo sobre desfechos relacionados a
maturacao sexual: o tempo e abertura vaginal, primeiro ciclo estral completo, quantidade

de ciclos completos consecutivos, tempo para a primeira fase de estro de ratas Wistar;

- Avaliar o efeito de diferentes padrdes de iluminacdo sobre ganho de peso, peso de
gordura visceral, e niveis séricos de glicemia, triglicerideos, HDL e colesterol total de

ratas Wistar.

5.3 OBJETIVOS ESPECIFICOS — ARTIGO 2

- Avaliar a exposicdo a luz e potencial associacdo com maior indice de massa corporal
em comunidades rurais e urbanas;

- Investigar a associacdo entre cronotipo e jetlag social com indice de massa corporal,

- Avaliar se ha correlacdo entre maiores niveis de urbanizacdo e obesidade em
comunidades quilombolas;

- Examinar a associagao entre parametros derivados de actimetria com maiores chances

de ter sobrepeso/obesidade.
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ABSTRACT

Modern life style is characterized by constant exposure to artificial light, which is
associated with alterations in biological rhythms, abnormalities to reproductive cycles
and metabolic changes. In this study, we aimed to evaluate the effects of four different
lighting patterns on puberty timing and on possible metabolic changes in female Wistar
rats. Additionally, we developed a machine learning algorithm to automatically classify
the stages of the estrous cycle. Adult Wistar rats mated during a week at a photoperiod
station where they were exposed to combined red-green-blue lights (RGB) during the
photoperiod that varied its spectral composition (i.e., variable color temperature) during
the day (RGB-v; N = 14), RGB during the photoperiod with a fixed light color
temperature (RGB-f; N = 13) during the whole photoperiod; constant darkness (DD; N =
13) and constant fixed light (LL; N = 15). Experiments were performed only on female
litters from postnatal day (PND) 22 to 50. Body weight, puberty onset, estrous cyclicity
and serum metabolic parameters were measured. We also collected pictures of vaginal
smears to create a dataset of 15936 images to construct an automatic classifier based on
convolutional neural networks. No significant differences were found in the age of

vaginal opening, however the RGB-v group showed a significantly lower number of
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complete and consecutives cycles. Also, the RGB-f group showed the first complete
estrous cycle significantly earlier than the RGB-v group. Female rats housed in LL
condition presented significantly lower mean body weight from PND 33 to PND 47
compared to the other groups. Furthermore, higher levels of plasma triglycerides were
found in the DD group compared to RGB-f and RGB-v. HDL levels were significantly
lower in RGB-v compared to RGB-f and LL groups. Total cholesterol was significantly
lower in RGB-v compared to all groups. Visceral fat was significantly higher in RGB-f
compared to the LL group. These results suggest that both changes in photoperiod and
lighting quality affect pubertal development and alter lipid profiles and visceral fat

accumulation.

Key words: Estrous cycle, puberty, circadian rhythms, metabolism, light exposure,

machine learning.
INTRODUCTION

Puberty is the period of profound hormonal, behavioral and physical changes by
which an individual acquires reproductive competence (Foster et al., 2006). This
transition is driven by complex neuroendocrine mechanisms involving the activation of
the hypothalamic-pituitary-gonadal (HPG) axis. The onset of HPG axis activity depends
on the activation of specialized neurons that secrete pulses of gonadotropin releasing
hormone (GnRH), which controls the secretion of luteinizing hormone (LH) and follicle
stimulating hormone (FSH) (Sato et al., 2008).

The age of puberty has been changing and there is growing concerns about sexual
precocity, considering its association with higher risk of reproductive tract cancers,
obesity, depression, and psychosocial difficulties (Prentice et al., 2013; Ong et al. 2012;
Charalampopoulos et al., 2014). In mammals, puberty onset may be influenced by both
genetic and environmental conditions, such as nutrition, chronic diseases, geographic
location, stressful events, pollution (Parent et al. 2005). Further, one of these conditions
is light exposure and, nowadays, it has been widely investigated as a factor contributing

to this variability in the timing of puberty. (Gamble et al., 2017; Crowley et al., 2015).

Light-dark cycles are the most important signal (zeitgeber) in charge of synchronizing
daily variations in mammalian physiology, including factors that regulate the
reproductive system (Evans et al., 2018). In the absence of light, the suprachiasmatic

nucleus (SCN), a biological pacemaker that receives photic information, drives melatonin
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secretion by the pineal gland (Zisapel et al., 2018). This hormone provides an extremely
robust endocrine signal of day-length and is considered an important factor for the control
of reproduction, since it has been described to induce anti-gonadotropic effects.
Furthermore, short-days or exogenous melatonin treatment seem to inhibit ovulation
(Wurtman et al., 1963; Ying et al., 1973; Kasahara et al., 2010).

In female rats, vaginal opening is an anatomic landmark in development of the
reproductive system, starting the reproductive cycle, called the estrous cycle (Cora et al.,
2015). The detection of estrous cycle phases is a vital factor to optimize mating, predict
gestation time, maintain reproductive performance in laboratory animal science and
register the stage as a variable that may affect research. The most common method used
to detect estrous cycle phases is collecting vaginal smears and placing it on a clean
microscope slide (Bayers et al., 2012). The stages of the estrous cycle are determined
according to the predominant cell type present (Cora et al., 2015). It requires at least two
previous trained evaluators and it is a process that can lead to misinterpretations.
Therefore, automated estrous detection technologies, such as machine learning

techniques, are an alternative potential method to replace visual estrous cycle detection.

Beyond changes in puberty timing, disruption in natural light-dark cycles can derange
metabolism, a major physiological process under circadian control. Animal studies have
established strong relationships between abnormal light exposure and dysregulated
glucose, weight gain and metabolic disorders (Fonken et al., 2013; Nelson et al., 2018;
Coomans et al., 2013). Many of these metabolic effects have been attributed to circadian
disruption, with rodent models of obesity reporting alterations in clock genes expression
inducing obesity (Eckel-Mahan et al., 2009; Pendergast et al., 2013). Epidemiological
studies with night shift workers also demonstrate an increased risk to be overweight or
obese, suggesting that working on night shifts and being exposed to light at night can
disrupt circadian signals, which may dysregulate metabolism (Ritonja et al., 2019; Haus
etal., 2016).

Modern lifestyle is characterized by constant exposure to artificial light and disruption
of internal circadian rhythms has become quite common (Touitou et al., 2017). To date,
very few studies have investigated how light exposure might be a trigger that pushes
females into early puberty and metabolic alterations. In the present study we aimed to
evaluate the influence of four different lighting patterns on puberty timing, serum

metabolic markers and visceral fat accumulation in female Wistar rats. Additionally, we
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developed a machine learning algorithm to classify images of the estrous cycle in the right

stage of the cycle.
METHODS
Animals

Adult Wistar rats were obtained from the Animal Experimentation Unit (UEA) of
the Hospital de Clinicas de Porto Alegre (HCPA) and were mated during a week at a
photoperiod station. This station is equipped with different light patterns in four unique
environments. Animals were housed with food and water ad libitum in transparent acrylic
home-cages (Panlab Harvard Apparatus; 25 x 15 x 25 c¢m) and controlled temperature
(20°C). Animals were maintained on the photoperiod station while males were
euthanized. Females were allowed to raise their litters until the pups completed 21 days
(Postnatal day, PND 21) of life and, thereafter, were weaned. Experiments were
performed only on female litters (N = 55) from PND 22 to 50. Female genitors were

euthanized after weaning. Pups were weighed every three days, between 5 and 6 p.m.

Animals were divided into four groups, according to the lighting: combined red-
green-blue lights (RGB) during the photoperiod that varied its spectral composition
during the day (RGB-v; N = 14), to simulate daily changes in color temperature of the
natural sunlight; RGB during the photoperiod with a fixed light color temperature (RGB-
f; N = 13) during the whole photoperiod; constant darkness (DD; N = 13) and constant
light (LL; N = 15). The RGB-v group was exposed to a light pattern whereby a gradual
change in color temperature occurred. Reddish wavelengths (2700 K) initiate the cycle
from the moment the lights are on, transitioning through a gradual warming of the color
temperature until reaching the maximum heating peak, 6 hours after the start (simulating
noon of the light in a natural environment of blueish color, 400K). Subsequently, the light
gradually becomes colder until the end of the light period, 16 hours after the lights are on
(simulating the sunset in a natural environment). At the end of 16 hours of light, the lights
were completely off during the 8 hours of darkness. The RGB-f group maintained the
color temperature throughout the light phase. The LL group kept the entire protocol in
constant fixed light, while the DD group was kept in constant darkness. More details
about the spectral composition of the lighting system were previously reported by de
Oliveira et al (2019).
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Assessment of Estrous Cycle

Vaginal opening occurs between postnatal days (PND) 32 — 34, starting the
reproductive cycle. The estrous cycle in rats averages 4-5 days and is generally divided
in four stages: proestrus, estrus, metestrus and diestrus. To investigate the timing of
puberty, all litters were examined daily for vaginal opening, starting from PND 28. Once
vaginal opening occurred, vaginal smears were taken daily, between 5 and 6 p.m., for
vaginal cytology until the end of the experiment. Vaginal smears were prepared by
introducing a drop of saline solution (NaCL 0.9%) into the vagina, collecting back and
placing it on a clean microscope slide. Under a light microscope at 40x of magnification,
the stages of the estrous cycle were determined according to the predominant cell type
present in the vaginal smears. Two independent evaluators analyze the microscope slice
to ensure consistency of stage interpretation. The experiment continued until PND 50
(Figure 1).

The determination of estrous cyclicity was made following previous reports.
Complete cycles were counted considering the length of the four stages, which can vary
from 6 to 72 hours. Proestrus (average length of 14h in rats) could be absent and should
not be present for more than two vaginal cytologies. Estrus' duration ranges from 24 to
48h. Therefore, it should not be absent. Metestrus is a short stage of 6-8h and could also
be missed. Diestrus is the longest stage with an average duration of 48-72h, thus it should
not be absent and should be present for at least two consecutive days. Cycles were also
dichotomized as regular, defined as 4 or 5-day cycle (with two days of estrus or 2 or 3
consecutive days of diestrus), and irregular, defined as a 6 or 7-day cycles with those

exhibiting a persistent estrus or diestrus
Development of the Machine Learning Algorithm to Assess Estrous Cycle

After optical microscopic initial evaluation of vaginal smears, pictures were taken
using a mobile phone and the estrous phase cycle was classified by human experts as the
gold standard method. We developed an algorithm in two steps: the supervised approach
and the unsupervised approach. The dataset of images (N=15936) and their classifications
were used to train and test an automatic supervised algorithm based on convolutional
neural networks (CNN), implemented by the Python package Keras. In the second

moment, we performed an unsupervised algorithm also based on CNN. All images were



43

cutted using 800x800 pixels as standard. More information about the algorithm

development is available in the supplementary material.
Blood Sampling

Blood samples were collected at euthanasia by cardiac puncture after anestesia
with isoflurane 5%. Female rats were fasted for 4 hours prior to testing. Samples were
centrifuged at 4000 rpm for 15 min and analyzed for the serum levels of glucose,

triglycerides, HDL and total cholesterol.
Statistical Analysis

Data are presented as mean + standard deviation (SD) or median and interquartile
range (IQR), when appropriate. Statistical comparisons between groups were evaluated
by two-way ANOVA and repeated measures ANOVA, followed by post hoc tests
(Tukey). The Kruskall-Wallis test was used to compare non-parametric data. Statistical
significance was accepted as p<0.05. Analyses were performed using SPSS software

version 18.
RESULTS
Timing of Puberty and Estrous Cyclicity

There was no difference between groups in the age of vaginal opening (DD: 35.23
+2.65; LL:34.13+2.38; RGB-f: 35.23 £ 2.24; RGB-v: 34.71 £ 1.06; p=0.487). However,
significant differences related to the PND of the first complete estrous cycle were found
between RGB-f and RGB-v (Figure 2a). The age of the first estrus was similar among
groups (p=0.904). We also observed differences in the number of complete and
consecutive cycles between DD and RGB-v (Figure 2b, 2c).

We observed that 91.66% of the rats exposed to LL presented regular cycles, which was
significantly higher compared to RGB-v where 68.75% of the rats showed regular cycles
(p<0.05). There was no significant difference in the proportion of samples spent in
proestrus, estrus, metestrus and diestrus. However, when we subtracted the estrus
proportion by the diestrus proportion of each group, we observed that there was a trend

(p>0.05; p<0.1) of the RGB-f group to have more estrus, since the difference was positive.
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Weight gain and metabolic changes

Body weight was differentially affected by light conditions over experimental
weeks. Significantly lower average body weight was noted in the LL group from PND 33
to PDN 47 compared to the other groups (p<0.05). We also observed significant
differences in body weight between RGB-v and RGB-f from PND 30 to PND 39 and in
PND 24 and 47 (p<0.05) (Figure 3).

Serum levels of glucose, triglycerides, HDL, total cholesterol and visceral fat are
shown in figure 4 as means £ SD. No significant differences were found in levels of
glucose between groups (p=0.118). Higher levels of plasma triglycerides were found in
the DD group compared to RGB-f (p=0.001) and RGB-v (p=0.003). HDL levels were
significantly lower in RGB-v compared to RGB-f (p=0.002) and LL (p=0.002) groups.
Total cholesterol was significantly lower in RGB-v compared to all groups (p<0.05).
Visceral fat was significantly higher in RGB-f compared to the LL group (p=0.02)
(Figure 5).

DISCUSSION

We reported here the novel finding that different lighting patterns influence
estrous cycling in female Wistar rats and the effects of these patterns in lipid profiles,
body weight and visceral fat accumulation. Additionally, we proposed an automatic
algorithm based on convolutional neural network analysis to classify estrous cycle

images.

Many animal studies have reported that exposure to constant light accelerates
sexual maturation, as indicated by the day of vaginal opening (Puig-Domingo et al., 1992;
Waldhauser et al., 1991; Bohlen et al., 2018). However, our results did not indicate
differences in the age of vaginal opening. In this study, estrous cyclicity was the main
endpoint affected by light conditions. The neuroendocrine mechanisms by which
variations in light exposure modulate the HPG axis are not fully understood.
Nevertheless, the effects of the lighting patterns on reproductive cycles might be
attributed to melatonin secretion. In rats, melatonin acts on the hypothalamic functions
by inhibiting the gonadotropin-releasing hormone (GnRH) and, consequently, inhibiting
gonadal development. Besides, as demonstrated by Crowley et al (2015) pre- and mid-
pubertal adolescents showed greater melatonin suppression during evening light

exposure, indicating an increased sensitivity of the circadian system to light in early and
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mid puberty. In line with these observations, and considering the quality of light exposure,
the LL (constant light) group presented a higher percentage of regular estrous cycle,
which might indicate that they reached sexual maturity more rapidly. Furthermore, we
showed that there was a trend of the RGB-f (fixed spectral composition) to have a higher
proportion of estrus. The estrus phase has an important role in fertility and sexual maturity
as ovulation and hormonal changes arise within this phase, whereas diestrus is
characterized by hormonal and behavioral changes not favorable to reproduction (Smith
et al., 2009). This result might indicate an increased fertility potential, which means that
the RGB-f group may also have reached sexual maturity earlier. Thus, further studies are
needed to highlight the importance of stable circadian rhythms and melatonin cycles to
optimize female reproductive physiology, as well as the consequences of circadian

disruption on puberty timing.

Few studies have investigated the influence of different lighting patterns,
including changes in color temperature, on metabolic responses of rats. Daily interactions
between suprachiasmatic nucleus (NSQ) and peripheral clocks regulate physiology and
metabolism to adjust temporal variations in homeostatic regulation (Mohawk et al.,
2012). Several studies demonstrate that when the circadian system is disrupted, the
desynchrony between the central and peripheral clocks leads to an increased metabolic
risk (Potter et al., 2016; Qian et al., 2016; Maury et al., 2014). Constant light (LL) is a
condition that generates an absence of rhythmicity with loss of feeding/fasting rhythm
(Rumanova et al., 2020). This internal desynchronization due to LL is associated with
several metabolic alterations: high levels of body mass, alterations in levels of cholesterol
and glucose (Abulmeaty et al., 2021; Kolbe et al., 2019; Plano et al., 2017). However, in
our study the LL group presented significantly lower body weight in almost all PNDs.
This can be due to a reduced food intake, which has already been described as a
consequence of exposure to constant light (Fonken et al., 2010). The DD (constant
darkness) group showed higher levels of triglycerides. These results show that these
aberrant photoperiod changes induce alterations in metabolic measures. The RGB-f group
presented significantly higher levels of total cholesterol compared to RGB-v (varied
spectral composition), although these differences seem to be of no biological relevance.
The next necessary step for this area of study is to further explore the mechanisms that

lead the distinct light regimens to alter serum parameters linked to metabolism. Also, it
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is highly necessary to elucidate the healthy characteristics of a rodent under development

to identify which conditions are harmful or not to its growth.

The most interesting and challenging characteristic of sexual maturation is
the heterogeneity of patterns, so it is necessary to find points of convergence to better
understand how to characterize this period. A limitation of this study is that the protocol
duration was not long enough to determine when all female rats had regularized cycles
and reached sexual maturation. Another limitation of our study is that we analyzed
vaginal cytology once a day, missing some short phases of the estrous cycle. This misstep
was corrected by considering the duration of each phase and standardizing a rule for
complete cycles based on literature (Cora et al., 2015; Goldman et al., 2007). Lastly, since
rats were housed in groups of 3 animals per cage, we were not able to measure dietary

intake, a variable that might also be associated with weight gain.

In summary, our results demonstrate that exposure to a light pattern whereby
a gradual change in color temperature occurs, appears to promote a change in puberty
timing, whereas lighting with fixed color temperature appears to accelerate reproductive
development. Also, we suggest that both changes in photoperiod and lighting quality alter
the lipid profile and the pattern of visceral fat accumulation. However, it is difficult to
state, from the metabolic and reproductive point of view, which is the ideal lighting
condition, since there are biological variations among animals. Therefore, we believe it
is crucial to expand studies in order to clarify the mechanisms underlying the relationship

of light exposure with sexual maturation and metabolism.
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Figure 1. Representation of the experimental timeline. Abbreviations: PND = postnatal

day.
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Figure 2: (A) Mean of postnatal days (PND) of first complete estrous cycle; groups were
compared with two-way ANOVA. (B) Median of complete and consecutive (C) cycles.
Median length of cycles in days of female pups. Groups were compared using Kruskal-
wallis followed by Dunn. Constant darkness (DD), n=15; Constant light (LL), n= 13;
Fixed spectral composition (RGB-f), n=13; Variation on spectral composition during the
day (RGB-v), n=14. (*p<0.05).
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Figure 3: Body weight changes during the experimental protocol. Groups were compared
using Kruskal-Wallis followed by Dunn. DD, n=15; LL, n= 13; RGB-f, n= 13; RGB-v,
n=14. (* Statistical difference between RGB-f and RGB-v; # Statistical difference
between LL and all groups) (p<0.05).
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Figure 4: Multiple comparisons between metabolic parameters of groups. Significant

differences when p<0.05. Groups were compared using Kruskal-wallis followed by
Dunn. Constant darkness (DD), n=15; Constant light (LL), n= 13; Fixed spectral
composition (RGB-f), n=13; Variation on spectral composition during the day (RGB-v),

n=14.
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Figure 5: Average visceral fat among groups. Groups were compared using Kruskal-
wallis followed by Dunn. Constant darkness (DD), n=15; Constant light (LL), n= 13;



54

Fixed spectral composition (RGB-f), n=13; Variation on spectral composition during the
day (RGB-v), n=14. *p<0.05; # trend (p<0.1; p>0.05).

SUPPLEMENTARY MATERIAL
Development of the Machine Learning Algorithm to Detect Estrous Cycle Phases
Data Collection

All pictures were collected in 2018 at the animal research unit of Hospital de
Clinicas de Porto Alegre (Ethical consent GPPG 2016-0378). Vaginal smear cytology
was collected by trained researchers of Laboratorio de Cronobiologia e Sono every day
from vaginal opening until postnatal day 50 at the same hour (5 p.m.). Immediately after
observation in a microscopic lens, pictures were taken using a mobile phone directly from
an optical microscopic lens (with 40x magnification) available at the laboratory. First, 80
images were selected, 80% of the pictures were used for training and 20% for testing.
Second, it was used a larger database with 500 new images, to improve previous results.
Finally, we selected 400 new images (100 for each estrous cycle phase) to enhance the
accuracy of the algorithm recognition. The database was organized according to the
collection day. There is not enough evidence to support the number of pictures necessary
to develop a machine learning algorithm to classify images. Thus, for this project, 498
pictures were selected for testing, according to image quality and classified by proportion
and distribution of cells in each image as proestrus, estrus, metestrus or diestrus (Cora et
al., 2015). Images were classified by three researchers according to the predominant cell
type present. After the classification process, image sizes were cut to 800x800 pixels and
pictures were named after their number and phase (Ex.: 30_3, indicates that the 30th
image is of the metaestrus (3) phase.).

Development of the Algorithm

- Preprocessing:
Images were converted to a grey scale. After that, each image went through an
adaptive histogram equalization process. In the data augmentation process, the images
were cut in 4 quadrants generating smaller images of 400x400 pixels. We then generated

new images by rotating them each 0, 90, 180, and 270 degrees, and for each rotation the
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images were further reflected horizontally. Therefore, our final dataset had 498x4x4x2 =
15936 images.

- Template model:
Using Python 3.8 with Keras package, a multilayer neural network was created.
In the first 4 layers there was a 2D convolution 3x3 with padding of type “same” -> 2D
max pooling 3x3 -> batch normalization -> activation. The last two layers are fully
connected layers with batch normalization -> activation -> dropout. The output layer has
4 neurons and a softmax activation function. Adam optimizer was used in the gradient
descent and, in the calculation of the loss, categorical cross entropy was used with

categorical accuracy as metric.

- Hyperparameter Tuning

Using a random search approach, the following parameters were optimized:
number of filters in each layer, learning rate, dropout of the 2 fully connected layers, batch
size and activation function. In 50 iterations of the search, the best hyperparameters found
were:

layer 1 #filters: 16

layer 2 #filters: 32

layer 3 #filters: 128

layer 4 #filters: 128

layer 5 #filters: 32

layer 6 #filters: 8

learning rate: 0.0005

Dropout FCC 1: 0.499

Dropout FCC 2: 0.299

Batch size: 32

- Validation:
We used stratified k-fold cross-validation with 30 splits in the dataset to validate

the model and prevent overfitting.
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Metrics to Evaluate the Algorithm and Main Results

First, we used the Classification Accuracy (i.e. the ratio of number of correct
predictions to the total number of input images). For the training dataset, with 14336
images, the accuracy was 93%, and for the testing dataset, with 1600 images, the accuracy
was 79%. The confusion matrix below describes the complete performance of the model.
The cases in which the algorithm incorrectly predicted the phases were more prevalent in

the metaestrus phase.

-10
DIESTRUS -

-0.8
ESTRUS 06
METESTRUS -04
-0.2

PROESTRUS
-0.0

1 | 1
DIESTRUS ESTRUS METESTRUS PROESTRUS

Figure S1: Confusion matrix plot used to evaluate the quality of the model output.

We also implemented a not supervised classification, based on clusters, in which
the model finds a pattern in a collection of uncategorized data and then identifies natural
clusters. With this approach, the model obtained a similar performance compared with

the supervised approach.
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ABSTRACT

Industrialization have greatly changed human lifestyle; work and leisure activities have
been moved indoors, and we artificially illuminate the night. As cyclic environmental
cues such as light and feeding become weak and/or irregular, endogenous circadian
systems are increasingly being disrupted. These disruptions are associated with metabolic
dysfunction, possibly contributing to increased rates of overweight and obesity
worldwide. Here, we aimed to investigate how activity-rest rhythms, patterns of light
exposure and levels of urbanization may be associated with body mass index in a sample
of rural and urban Quilombolas communities, which were classified into five groups
according to their stage of urbanization: from rural areas with no access to electricity to
highly urbanized communities. We collected anthropometric data to calculate body mass
index, which was categorized as: >18.5 kg/m? to <25 kg/m? = normal weight; >25 kg/m?
to <30 kg/m? = overweight; >30 kg/m? = obese. Subjects were asked about their sleep
routines and light exposure on workdays and work-free days using the Munich
Chronotype Questionnaire (N = 244 included). In addition, we analysed actimetry data
from 121 participants with seven consecutive days of recordings. Living in more
urbanized areas and higher intradaily variability of activity-rest rhythms were associated
with an increased risk of obesity, when controlling for age and sex. This result indicates
that higher rhythm fragmentation might characterize metabolic pathologies. These
findings are consistent with preclinical data and point to potential strategies in obesity

prevention and promotion of healthy metabolic profiles.

Key words: Circadian rhythms, light exposure, body mass index, actimetry, obesity,
intradaily variability, chronobiology
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INTRODUCTION

Worldwide, the prevalence of obesity has tripled since 1975 and constitutes a major
challenge for the medical and scientific communities (Abarca-Gémez et al., 2017). In
2016, more than 1.2 billion adults were overweight and nearly 650 million obese (WHO,
2020). Increased body mass index (BMI) is associated with many comorbidities, such as
cardiovascular diseases, diabetes, osteoarthritis, and some forms of cancers (Haslam and
James, 2005; Wolin et al., 2010). Weight gain results from multiple conditions and
complex interactions between factors that still need better characterization (Bluher,
2019). Disruption of circadian rhythms, which is mostly driven by societal constraints
(McHill and Wright, 2017), has been described as one factor contributing to weight gain
(Roenneberg et al., 2012).

To synchronize (entrain) to the rhythmic environment, the central circadian clock in
the suprachiasmatic nucleus (SCN) predominantly uses light and darkness as zeitgeber
(environmental signals specific for entrainment) (Roenneberg and Merrow, 2007;
LeGates et al., 2014). The SCN provides an internal rhythmic milieu that is used by the
cellular clocks in tissues and organs to entrain to the light-dark cycle of the environment
(via the SCN), as well as to other clocks of the peripheral circadian system. This system
modulates all aspects of physiology (e.g., body temperature, hormone secretion, feeding
behavior, alertness, cognitive function; Mohawk et al., 2013; Astiz et al., 2019) thereby
also coordinating metabolism on a daily basis (Reinke and Asher, 2019; Marcheva et al.,
2013). Notably, peripheral clocks, e.g., in the liver, can also be entrained by food intake.

Our circadian organization is affected by current lifestyles and behaviors in modern
societies, including weak zeitgeber signals (due to less time spent outdoors and artificial
light after dusk) (Roenneberg and Merrow, 2016) — even self-selected light-dark cycles,
or sleep curtailment and frequent snacking. Timing, duration and intensity of light
exposure have strong effects on health and behavioral outcomes (Rumanova et al., 2020;
Gonzalez, 2018); exposure to weak (low-amplitude) light-dark cycles, for example, is
associated with metabolic changes and weight gain (Borniger et al., 2014). Weak or
irregular light exposure is often associated with circadian misalignment (e.g., in shift
workers or simply early work start times that lead to using alarm clocks), which itself is
linked to obesity (Roenneberg et al., 2012; Liu et al., 2018). Disturbances of daily
rhythmicity have been related to cardiovascular disease, diabetes, aging and obesity
(Sletten et al., 2020; Sohail et al., 2015). When rodents are put in forced desynchrony

(modelling circadian disruption), glucose metabolism and insulin sensitivity become
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impaired (de Oliveira et al., 2019; Karatsoreos et al., 2011). However, the precise
mechanisms linking circadian disruption with adverse metabolic consequences are not
fully understood.

Few studies have evaluated the relationship between circadian rhythms, light
exposure and body weight in clinical, epidemiological or field studies. Yet, identifying
modifiable behaviors/aspects promoting weight gain is essential to understand the
underling mechanisms and to devise effective interventions. Here we report the results of
studying the association between BMI, light exposure, and activity-rest rhythms in
Quilombola communities in the South of Brazil that live under different levels of
urbanization. We hypothesized that later phases of entrainment, irregular light exposure

and higher levels of urbanization are associated with overweight/obesity.

METHODS
Study population
Participants were recruited between March 2012 and November 2019 from rural and
urban Quilombolas communities. These are characterized as remaining social groups
established in the past to escape or resist slavery (and slavery remnants) in Brazil with an
established ethnic identity and culture. These communities, already described in a
previous study (Pilz et al., 2018), have varied histories of access to electricity and live at
different stages of urbanization and, therefore, represent a unique opportunity to study the
association between circadian misalignment and metabolic factors under the conditions
brought by modern industrialized societies. Both rural and urban communities were
located in the South Brazil. 320 participants (60% women) of rural and urban quilombolas
communities aging from 16 years old to 92 yrs were enrolled in this cross-sectional study.
Sociodemographic data, anthropometry, actimetry and sleep variables were collected.
Exclusion criteria included not being able to provide necessary information for the
development of the study, having done night shift work in the last 6 months before data
collection or having used an alarm clock on work-free days (see Figure 1; since only 2
subjects with questionnaires’ valid data were underweight, they were also excluded. 244
subjects were included in questionnaire analyses and 121 in actimetry data analyses.

We used a set of previously validated questionnaires and interviewers were trained to
adapt questions to the level of the participants’ understanding. Additionally, height and
weight were measured with a tape measure and a digital scale. BMI was calculated as
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weight(kg)/height(m)? and categorized as follows: >18.5 kg/m? to <25 kg/m? = normal
weight; >25 kg/m? to < 30 kg/m? = overweight; > 30 kg/m? = obese, according to the
recommendation of the World Health Organization. On the few occasions in which data

could not be directly collected, self-reported values were used instead.

Ethics

The study was approved by the Ethics Committee of the Hospital de Clinicas de Porto
Alegre (project numbers 2019-0218, 2015-0568, and 2011-0502). All participants
provided written informed consent and all study procedures were conducted according to
the Declaration of Helsinki. In cases of illiterate participants, an informed consent
witnessed by another family member, or the community leader was collected. When

participants were younger than 18 years old, parents gave their consent.

Assessment of Daily Rhythmicity

Participants were asked to wear an actimeter (ActTrust Condor ™, Actiwatch-2 Philips
Respironics) on their non-dominant wrist for at least 30 consecutive days to characterize
their activity-rest rhythms and light exposure. Data were binned in 10-minute epochs for
analysis. For this study we included actimetry records of 7 consecutive days (N= 121)
with a maximum of 4h of missing data per day. Off-wrist periods (nonwear) were detected
using ChronoSapiens software (Roenneberg et al., 2015). These were identified as
stretches of at least 10 consecutive zeros, confirmed by visual inspection and set to NA
(not available). Activity and light recordings collected using ActTrust were normalized
to be comparable to Actiwatch-2. Supplementary material includes plots of data with no
transformation. Considered the smaller sample size, we did not run comparison analyses.

To characterize rhythms of activity and light we used Cosinor analysis (Diez-Noguera
et al., 2013). This test provides the following parameters: mesor (Midline Estimating
Statistic of a Rhythm), amplitude (difference between the maximum and minimum value
of a rhythmic variable) and acrophase (time at which a variable reaches its peak; i.e.,
peak of the fitted curve). We computed Cosinor tests using the R package “psych”
(Revelle, 2019).

Daily rhythms were also analyzed by nonparametric circadian rhythm analyses
(NPCRA) (Van Someren et al., 1999), including:
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a) Interdaily stability (IS): indicates how constant or stable the 24h-rhythmic pattern
Is across days. The range varies from 0 to 1 and higher values indicate more
stable rhythms;

b) Intradaily variability (IV): estimates rhythm fragmentation by reflecting
transitions between rest and activity or light and dark. The range varies from 0
to 1 and higher values indicate more fragmented rhythms;

c) M10: mean of measurements over the 10 consecutive hours with the highest
values of a daily profile (24h mean wave);

d) L5: average of measurements over the 5 consecutive hours with the lowest
values of a daily profile (24h mean wave).

e) Relative amplitude (RA): difference between M10 and L5, divided by their sum.
We also computed and plotted the median and mean daily profiles of light exposure and
activity-rest by BMI categories. These were calculated at the individual level, and median
group profiles were then computed from the individual daily profiles.

Self-reported sleep variables

The Brazilian Portuguese Version of the Munich Chronotype Questionnaire (MCTQ,
Roenneberg et al., 2003) was used to assess sleep-wake patterns and natural light
exposure on work and work-free days. The following variables were computed from the
MCTQ data: midpoint of sleep on free days (MSF; as a marker of chronotype), sleep
duration on workdays and work-free days, social jetlag (measured by subtracting the
midpoint of sleep on work-free days from midpoint of sleep on workdays) and the amount

of time spent outdoors on workdays and free days.

Statistical Analyses

Data are reported as means and standard deviations or median and interquartile range,
when appropriated. Normality was tested using Shapiro-Wilk and visual inspection of
histograms. Since they were not normally distributed, we used Kruskal-Wallis followed
by Dunn (Sidak correction) to compare parameters derived from the MCTQ or from the
actimeter recordings between BMI categories (normal weight, overweight and obese).
Effect sizes and confidence intervals were computed as epsilon-squared (Kelley, 1935)
using the R package ‘rcompanion’ (Mangiafico, 2021), and as eta-squared (Tomczak et

al., 2014) using the R package ‘rstatix’ (Kassambara, 2020). Data were ploted using
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‘ggplot2’ (Wickham, 2016), and the package ‘jtools’ for assessing Poisson results (Long,
2019).

Significant relationships between actimetry- and MCTQ-derived variables and BMI
(dependent variable) were further investigated using Poisson regression, as well as the
association between levels of urbanization and BMI. Since our sample has different sizes
for subjective and objective data, we used one model for parameters derived from MCTQ
and one model for actimetry data. We also analyzed the association between data derived
from the actimeters and BMI in two models: one for activity- and the other for light-
variables. The variables were selected based on both the results from Kruskal-Wallis tests
(difference between normal-BMI and overweight) and effect sizes (moderate). For the
final actimetry model, we selected the variables that were significant in the previous
models. Models were controlled for age and sex, used a robust estimator (HCO) and were
tested for dispersion. We assessed multicollinearity using Variance Inflation Factor (VIF)
test and excluded variables when collinearity was severe (VIF > 5 for IV and RA; in our
models VIF < 2 for all independent variables) (Kutner et al., 2004). Lastly, we tested the
linearity of parameters included in the models using the Wald test. Since social jetlag did

not meet the linearity assumption, we chose to categorize this variable.

RESULTS

Characteristics of the study population

General characteristics of the sample are shown in Table 1. In the MCTQ dataset, the
median of age was 45 years [Q1-Qz: 28-58] and 144 (59%) participants were women. In
the actimetry dataset, the median of age was 49 years [Q1-Q3: 29-61] and 77 (64%) were
women. Most participants had only completed primary school. 32.1% of participants were
overweight (BMI >25 kg/m? to < 30 kg/m?) and 29.6% were obese (BMI >30 kg/m2).

MCTQ variables and level of urbanization according to BMI groups

Comparisons of MCTQ variables between BMI groups are provided in supplementary

material (Table 2). Overall, we did not find significant differences.
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To examine the association of MCTQ variables and levels of urbanization with the
odds of being overweight/obese we also used a Poisson regression model adjusted for age
and sex. To that end, we divided subjects into two groups, normal (BMI >18.5 kg/m? to
<25 kg/m?) and overweight/obese (BMI > 25 kg/m2). In model 1 (see table 2), living in
highly urbanized communities was associated with increased odds of being
overweight/obese (PR: 1.63 [1.05 — 2.53]). Social jetlag was not associated with the

outcomes in this sample.

Rest-activity and light exposure patterns according to BMI groups

The mean group profiles of light exposure and activity by BMI are shown in Figure 4.
Median profiles are shown in supplementary material (figure 1S).

As shown in figure 3, the intradaily variability derived from actimetry was different
between groups (IV, KW: X2 = 13.49, p < 0.01), being higher in both the overweight and
the obese group, compared to the normal-weight group. There was no difference between
groups in interdaily stability derived from actimetry (IS, KW: y 2=2.67, p = 0.26).

Regarding light exposure, the IV was different between groups (KW: X2 = 16.16, p <
0.001), being higher in the overweight and obese group as compared to the normal group.
Light IS was not significantly different between groups (KW: y 2=15.48, p = 0.06).

Figure 4 represents M10, L5 and relative amplitude (RA) of activity and light.
Differences were detected in M10 activity between groups (KW: y 2 =9.20, p < 0.05):
the overweight group had lower values compared to the normal weight. Although there
was no difference in activity L5 between groups (KW: y 2=2.47, p = 0.29), differences
were detected in activity relative amplitude (RA; KW: y2=8.78, p < 0.05): the overweight
and obese groups showed lower values.

Regarding light recordings, both M10 (KW: y2 =12.30, p < 0.01) and L5 (KW: 2=
9.29, p < 0.01) were different between groups: light M10 was significantly higher and
light L5 was significantly lower in the normal weight group compared to the obese and
overweight, respectively. This indicates higher exposure to light during the day and lower
during the night in the normal group compared to the other groups.

Figures S2 and S3 show NPRCA data facetted by actimeter brand (Actiwatch 2 vs.
ActTrust). We did not run comparison tests considered the smaller sample size. Group

mean profiles are shown in figures S4 and S5. Since light RA had a narrow range due to
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the often low values of light L5, we also plotted light RA as (logl0(M10+10) -
log10(L5+10))/ (log10(M10+10) + log10(L5+10)), which is shown in figure S8.

There were also significant diferences between groups in the MESOR of activity and
light (see more details in supplementary material).

Effect sizes and their confidence intervals (by bootstrap) for all Kruskal-Wallis tests,
expressed as epsilon-squared (€2) and eta-squared (1?), are shown in Table S3. They were
interpreted as being small to moderate.

To examine the association of variables derived from actimetry with the odds of being
overweight/obese, we also used Poisson regressions adjusted for age and sex. Among the
variables derived from actimetry tested in model 2 (see table 3), we found that higher 1V
of activity is associated with higher odds of belonging to the overweight/obese group (PR:
3.04 [143 — 6.47]. As in model 1 (table 2), the probability of being in the
overweight/obese group was significantly higher for women. The separate models with
activity and light variables are available in the supplementary material (see table S4 and
S5). The final model additionally adjusted for actimeter brand (ActTrust vs. Actiwatch?2)

is also available in the supplementary material (see table S6).

DISCUSSION

Our study investigated the association of daily behavior and levels of urbanization with
body mass index (BMI). The results show that both activity and light are more fragmented
(i.e., higher values of intradaily variability) in the overweight/obesity group than in the
normal-weight participants. Night-time light exposure was positively and day-time light
exposure was negatively associated with having higher than normal BMI. Furthermore,
living in areas that are more urbanized was associated with an increased risk of belonging
to the overweight/obese group.

Contrary to previous findings of studies in other populations (McMahon et al., 2019;
Parsons et al., 2015; Roenneberg et al., 2012 Patterson et al., 2018), social jetlag (SJL)
and chronotype were not associated with BMI in our sample: here, we used MSF
(midpoint of sleep on free days) as a marker of chronotype and we did not detect
differences in phase of entrainement or social jetlag between BMI groups either, meaning
we could not reject the null hypothesis. The lack of a significant difference in this instance
may be related to the low levels of social jetlag in our rural sample, which may not be
sufficient to impose a risk. Additionally, SJL reflects circadian misalignment in the

context of work structures normally seen in urban or industrialized societies (workdays
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vs. free days). Other metrics of circadian strain could better show how challenges to the
system may be a risk factor to obesity.

In fact, we did see differences in IV and RA between BMI groups. The intradaily
variability (V) of activity and light was significantly higher in the overweight and obese
groups, compared to the normal weight group, which indicates that higher fragmentation
of daily rhythms associates with overweight and obesity. This result supports those of
Garaulet and colleagues, who found highly fragmented activity rhythms associated with
obesity and central adiposity in a sample of adolescents (Garaulet et al., 2017) as well as
with an earlier study that suggested higher fragmentation as a predictor of lower weight
loss in overweight and obese women undergoing a weight-reduction program (Bandin et
al., 2014). Other large epidemiological studies have shown a positive association between
obesity, diabetes, metabolic risk and fragmentation of activity rhythms in urban
populations (Sohail et al., 2015; Luik et al., 2013; Van den Berg et al., 2008). Our study
adds to the mounting evidence by showing that activity IV also correlates with BMI in a
sample comprised of subjects at different urbanization stages. The higher activity and
light variability do not seem to be an artifact produced by different actimeter brands (see
figure S2). Even adjusting model 2 to actimeter brand, activity was still significantly
associated to being overweight/obese.

Few studies have investigated the associations of stability in activity rhythms
(measured by interdaily stability - IS) with BMI; some of them found significant
associations (Sohail et al., 2015; Luik et al., 2013), whereas other did not (Cespedes
Feliciano et al., 2017). In our sample, we did not find any significant differences in the 1S
between groups.

In addition to the higher fragmentation of light exposure and activity rhythms, in our
study, lower relative amplitude (RA) of activity was related to overweight/. RA is
calculated as the difference between M10 and L5, normalized by their sum (Van Someren
et al., 1999). Lower values indicate a less robust 24-hour activity-rest or light-dark
pattern, reflecting both lower activity and light during the wake periods and/or higher
activity and light during the rest phase. According to the existing literature, this flattening
of the rest-activity rhythm, indicates that the circadian pacemaker is less entrained to its
zeitgebers, correlating with metabolic disruption (Wright Jr et al., 2013; Hsieh et al.,
2010). As expected, the overweight group was less active during the day (i.e., had a lower
M10), even though the L5 of activity was the same across groups. Among NPRCA

estimates, RA has been widely investigated as a factor inversely correlated with
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conditions such as psychiatric disorders, cognitive malfunctioning, and metabolic
dysfunction (Ng et al., 2015; Cespedes Feliciano et al., 2017; Lyall et al., 2018). Athough
we observed the inverse association of RA (of both activity and light) with BMI, such
relationship did not persist in the multivariate model, possibly due to the low sample size
(data not shown). Furthermore, descriptives suggest similar patterns across groups
regardless of the actimeter brand except for M10 and RA of activity.M10 and RA of
activity seem to be lower in obese compared to the normal group only among those
wearing ActTrust, and similar in those wearing the Actiwatch 2. ActTrust is more
sensitive to movement, but these differences may also reflect the characteristics of both
samples collected with each actimeter, since ActTrust’s sample was larger and more
varied in terms of urbanization (and therefore in variability measures): no-electricity and
urban groups data were collected using actTrust. Even if causal relationships underlying
these associations are still not clear, there is growing evidence that simple environmental
interventions, such as keeping regular light exposure, feeding and physical activity times,
may improve metabolic health outcomes (Dowling et al., 2005; Van Someren and
Riemersma-Van Der Lek, 2007).

The NPRCA estimates for light exposure indicate that a weaker signal and irregular
patterns may be related with adverse metabolic consequences and are consistent with
recent findings in the literature (Wyse et al., 2014; McFadden et al., 2014, Gerhart-Hines,
Lazar, 2015). In mammals, light is the main cue for entraining internal circadian rhythms
to environmental cycles. The lack of a strong zeitgeber contrast between day and night
leads to advancing extreme early types and delaying all other chronotypes (Papatsimpa et
al., 2021). The resulting interaction with local time leads to sleeping and eating at the
wrong circadian times, constituting potential mediators linking light exposure to BMI, as
shown in both humans and rodents (Fonken et al., 2013; Shi et al 2013; Plano et al., 2017).
Several other studies report that daytime bright light therapy improves glycemic control
in diabetics patients (Versteeg et al., 2017), reduce insulin resistance, body weight and
fat mass (Sene-Fiorese et al., 2015) and improves carbohydrate metabolism (Dunai et al.,
2007; Danilenko et al., 2013). Our results support the potential of strategies aimed at
adjusting light exposure and promoting circadian organization for preventing obesity.

Another important aspect to be discussed regarding the development of obesity is the
changes in lifestyle brought by industrialization that may impact health and increase risk
for metabolic diseases. The urban environment comprises factors that affect circadian

rhythms and health, such as working in night shifts, prolonged exposure to artificial light,
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stress, pollution, social jetlag, poor diets (Benedito-Silva et al., 2020; Wyse et al., 2014;
Pot et al., 2018). One study comparing brazilian communities with different levels of
urbanization demonstrated that urban dwellers had higher BMI and higher levels of
insulin, fasting glucose and insulin resistance (Martins et al., 2020). Here we found an
association between higher levels of urbanization and increased risk of being
overweight/obese. One of the factors explaining these results may be the occupations in
rural settings. Since their economy is mostly based on agricultural jobs, they have higher
levels of activity during the day. Future studies are needed to investigate how levels of
physical activity during work could be a factor contributing to the differences in BMI.
Another contributing factor could be the difference in light exposure between some of
these communities (Pilz et al., 2018). Reduced natural daylight exposure and increased
levels of nocturnal light are common features of urbanized societies and may disrupt
circadian rhythmicity, contributing to the association between global urbanization and
obesity (Rybnikova et al., 2016). Since we observed a significant association of light at
night /low light exposure during the day with overweight /obesity, this may be considered
as one of the driving forces behind metabolic diseases. Finally, eating habits were greatly
changed by urban settings in many aspects, such as timing of eating, frequency of meals
and diet quality. All these factors may be associated with body weight as well (Pot et al.,
2018).

The main strengths of the current work include the use of objective measures to assess
daily behavior. Furthermore, we considered some important covariates and potential
confounders such as age, sex, and use of alarm clocks, which may influence the
calculation of MSF and social jetlag. Lastly, we could compare many communities that
differ in access to electricity and urbanization, which represents a unique opportunity to
study the impacts of modern lifestyles on human biological rhythms and metabolism.
Conversely, there are some limitations to be considered when interpreting our findings.
Firstly, the limited generalizability of the results, considering the study sample size.
Furthermore, its cross-sectional nature precludes inferring causality and direction of the
associations. Secondly, due to our sample size, we may have not had enough statistical
power to rule out confounders and detect the effects of some variables on the multivariate
models; the wide confidence intervals for effect sizes suggest that further information is
needed for greater precision. Thirdly, as a methodological limitation, BMI is a
populational measure that does not cover individual characteristics of body composition,

including body fat and lean mass percentage, although it is the standard clinical measure
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of obesity. Future work should consider the use of other estimates of adiposity, such as
waist circumference, body fat and direct measurements of metabolic parameters that were
not assessed in this study due to logistics difficulties that prevented collection, storage
and transportation of biological samples. Fourth, when we were unable to measure height
and weight or there was any discomfort from participants, some of the BMI measures
were self-reported. Thus, we chose to categorize this variable into three groups for it to
be more reliable. Finally, it was not possible to assess food intake, a factor that might also
be associated with obesity.

In summary, results from this study show a link between more fragmented rhythms
of activity and exposure to light and higher BMI. Also, higher levels of urbanization and
lower amplitude of light exposure were associated with increased risk of being
overweight/obese. The present findings support the hypothesis that disturbed circadian
rhythms and irregular light exposure might be associated with increased risk for obesity,
which warrants further investigation, considering the strong potential of preventive

measures.
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- 37 BMI data missing, -3 underweight
v
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l -6 MCTQ (SJL) data missing
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v 31 reported alarm clock usage on free days, -1 shiftworker

MCTQ final sample N = 244

v’ 123 with no actimetry data

Actimetry final sample N =121

Figure 1. Flowchart of the participants recruitment and selection process. White squares

represent final sample size.



TABLE 1: Sample characteristics

No electricity n (%)
<5yrsn (%)

>20 yrs n (%)

230 yrs n (%)
Urban n (%)

Schooling: n (%0)

Iliterate

Primary School incomplete (1 — 4" grade)
Primary School incomplete (5" — 71" grade)
Primary School complete

High School incomplete

High School complete

Undergraduate incomplete /Graduate degree
Not reported

Body Mass Index (BMI) status
Normal weight: n (%)
Overweight: n (%)

Obese: n (%)

Median BMI [Q1 — Qs]*

MCTQ Actimetry
(N =244) (N =121)

n % n %
29 11.7 28 23.1
14 5.7 11 9.0
82 33.3 34 28.0
98 39.8 35 29.9
21 8.5 13 10.7
31 12.7 18 14.8
97 39.8 47 19.1
39 16.0 18 14.9
17 7.0 6 4.9
12 4.9 6 4.9
12 4.9 6 4.9
2 0.01 0 0.0
33 13.5 20 16.5
92 37.3 49 40.4
79 32.1 34 28.0
73 29.6 38 31.4

27 [23 -

30] 26 [23 - 31]
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TABLE 2: Poisson regression (Modell): variables derived from questionnaires
associated to overweight/obesity (N = 247)
| 1

PR 95% CI p-value
| | | 1
Intercept 0.311 0.199 - 0.487 0.000
Age 1.004 0.998 - 1.010 0.194
Sex (F) 1.545 1.231-1.938 <0.001
No electricity 1.000 0.535-1.871 0.999
< 5 yrs electricity 1.000 0.534 -1.870 0.999
> 15 yrs electricity 1.171 0.776 —1.769 0.452
> 30 yrs electricity 1.413 0.927 — 2.155 0.108
Urban 1.625 1.045 - 2.527 0.031
Social jetlag (>1h) 0.886 0.669 —1.173 0.398
a b
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Figure 2. Mean activity and light profiles of each group. The means (bold line) and
standard error (shadow) are presented for the normal weight group (orange), overweight
group (light blue) and obese group (dark blue).
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Figure 3. Activity IS (a), activity IV (c), light IS (b) and light IV (d) in normal,

overweight group and obese group. Analyses were performed using the Kruskal-Wallis

test followed by Dunn’s. IS: Interdaily Stability; IV: Intradaily Variability. p-values

according to Dunn’s test for multiple-comparisons, adjusted with Sidak method.
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Figure 4. Activity M10 (a), activity L5 (c), activity RA (e), light M10 (b), light L5 (d)
and light RA (f) in normal, overweight and obese groups. Analyses were performed using
the Kruskal-Wallis test followed by Dunn’s. M10: mean activity/light exposure of the 10
consecutive hours with the highest values of a daily profile; L5: average activity/light
exposure of the 5 consecutive hours with the lowest values of a daily profile; RA: relative
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amplitude. p-values according to Dunn’s test for multiple-comparisons, adjusted with
Sidak method.

TABLE 3: Poisson

regression: variables derived from actimetry

associated to overweight/obesity (N= 121)

PR 95% CI p-value
Intercept | 0.125 0.064 - 0.244 0.000
Age 1.005 0.997 - 1.012 0.227
Sex (F) 1.687 1.139 - 2.497 0.009
IV (Light) 1.632 0.990 — 2.690 0.055
IV (Activity) 3.041 1429 -6.472 0.004
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TABLE S1: Sample characteristics of each community
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No electricity (N = 29)
Bombas n (%)

<5 yrs (N=19)

Areia Branca n (%)

S&o Jodo n (%)

>15yrs (N =91)

Carrego do Franco n (%)
Mamas n (%)

Serra do Apon n (%)

Sao Roque n (%)

Faxinal n (%)

>30 yrs (N =110)

Cantdo das Lombas n (%)
Morro do Fortunato n (%)
Peixoto dos Botinhas n (%)
Urban (N = 27)

Areal da Baronesa n (%)
Quilombo Fidélix n (%)
Quilombo Machado n (%)

MCTQ Actimetry
(N =244) (N =121)
29 (11.9) 28 (23.1)

12 (4.9) 11 (9.0)

2(0.8) 0

13 (5.3) 6 (4.9)

24 (9.8) 13 (10.7)

20 (8.2) 1(0.8)

19 (7.8) 10 (8.2)

6 (2.5) 4 (3.3)

17 (7.0) 6 (4.9)
44 (18.0) 12 (9.9)
37 (15.2) 17 (14)

14 (5.7) 8 (6.6)

6 (2.5) 4 (3.3)

1(0.4) 1(0.4)
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TABLE S2: Bivariate analysis of MCTQ) variables, activity, light and temperature Cosinor parameters and BMI categories

MCTQ variables: median [Q, — Q]

MSW (hh:mm)
MSF (hh:mm)

SD on workdays (h)
SD on free days (h)

Time spent outdoors on workdays (h)

Time spent outdoors on work-free days (h)

Social jetlag (SJL; h)
Activity

MESOR*
Acrophase

Light

MESOR*
Acrophase

Normal Weight Overweight Obesity p-value p-value p-value
N =92 MCTQ N =79 MCTQ N=73MCTQ  (Normalx — (Normal 0 .
Overweight X
N = 49 actimetry N = 34 actimetry N = 38 actimetry ) Obese) ht x Obese)
2:32[1:49 - 3:15] 2:49 [2:00 - 3:25] 2:34[1:47 - 3:19] n.s n.s n.s.
2:56 [2:18 - 4:00] 3:10 [2:02 - 4:15] 2:52 [2:15 - 4:00] n.s n.s n.s
7.96 [6.92 - 8.85] 7.83 [6.54 - 8.83] 7.5 [6.00 - 8.67] n.s n.s n.s
8.41[7.25-9.33] 8.33[7.38-9.5] 8[6.83-9] n.s n.s n.s
6[3.25-8] 6[3-9] 6[2.75-9.12] n.s n.s n.s
5.0[2.0-8.0] 5.0[2.0-8.0] 5.0[2.0-8.0] n.s n.s n.s
0.25 [0 - 1.06] 0.40[0-1] 0.00 [0 - 0.75] n.s n.s n.s
283 [190 - 369] 217 [165 - 245] 244188 - 328] 0.02 0.76 0.23
13.4[12.6 - 14.2] 13.5[12.9 - 14.6] 13.7[13.2-14.7] n.s n.s n.s.
670 [487-1070] 546 [279 - 846] 349 [265 - 693] 0.13 0.002 0.48
12.7[12.1 - 13.3] 12.6[12.3-13.4]  12.7[12.0-13.3] n.s n.s n.s.

*p < .05 in Kruskal Wallis/ p-values of Dunn test (with Sidak correction).

Table S3: Kruskal-Wallis effect sizes (epsilon- and eta-squared)

€ [bootstrapped 95%
Cl]

1n? [bootstrapped 95%

cl]

Interpretation*

Activity
v

IS

M10

L5

RA

Light
v

IS
M10
LS
RA

0.112 [0.033 — 0.256]
0.022 [0.002 — 0.118]
0.077 [0.017 — 0.200]
0.021 [0.001 — 0.111]
0.073 [0.015 — 0.190]

0.135 [0.043 — 0.278]
0.046 [0.006 — 0.160]
0.103 [0.029 — 0.241]
0.077 [0.015 — 0.210]
0.129 [0.042 — 0.281]

0.097 [0.01 — 023]
0.006 [-0.01 — 0.1]
0.061 [0.00 — 0.19]
0.004 [-0.02 - 0.1]
0.057 [0.00 — 0.18]

0.120 [0.03 — 0.27]
0.029 [-0.01 — 0.15]
0.087 [0.01 — 0.23]
0.062 [0.00 — 0.20]
0.115 [0.03 — 0.27]

moderate
small

moderate
small
small

moderate
small
moderate
moderate
moderate

*Based on rule of thumb for n* small 0.01; medium 0.06; large 0.14 (Cohen, 1988).



1000

800

600

Activity

400

200

3000

2500

2000

1500

Light (lux)

1000

500

8 12 16
Local time (h)

20 24

BMI

e

85

0 4 8 12 16 20 24
Local time (h)

normal — overweight — obese

Figure S1. Median activity and light profiles of each group. The medians (bold line)
and standard error (shadow) are presented for the normal weight group (orange),
overweight group (light blue) and obese group (dark blue).

TABLE S4: Poisson regression: activity variables derived from actimetry
associated to overweight/obesity (N= 121)

Intercept
Age

Sex (F)

IV (Activity)

M10 (Activity)

PR 95% ClI p-value
| 0.129 | 0.042 - 0.402 | 0.000 |
1.007 1.000 - 1.014 0.067
1.818 1.211-2.728 0.004
3.846 1.218 - 12.147 0.022
1.000 0.999 - 1.001 0.717




TABLE S5: Poisson regression: light variables derived from actimetry
associated to overweight/obesity (N= 121)

PR 95% CI p-value
Intercept | 0.190 | 0.109 - 0.331 | 0.000 |
Age 1.006 0.998 - 1.013 0.143
Sex (F) 1.781 1.186 - 2.674 0.005
IV (Light) 1.720 1.006 — 2.940 0.047
L5 (Light) 1.260 0.950 - 1.673 0.109

TABLE S6: Poisson regression: variables derived from actimetry (ActTrust)
associated to overweight/obesity (N= 121)

PR 95% ClI p-value
Intercept | 0.147 | 0.0649- 0.313 | 0.000
Age 1.004 0.996 - 1.011 0.349
Sex (F) 1.684 1.1397- 2.495 0.009
Actimeter (ActTrust) 0.887 0.649 - 1.212 0.451
IV (Light) 1.494 0.870 — 2.565 0.145

IV (Activity) 3.132 1.444 - 6.797 0.004
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Figure S2. Activity IS (@), activity IV (c), light IS (b) and light IV (d) in normal,
overweight group and obese group by actimeter brand. IS: Interdaily Stability; IV:
Intradaily Variability.
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Figure S3. Activity M10 (a), activity L5 (c), activity RA (e), light M10 (b), light L5 (d)
and light RA (f) in normal, overweight, and obese groups by actimeter brand. M10: mean
activity/light exposure of the 10 consecutive hours with the highest values of a daily
profile; L5: average activity/light exposure of the 5 consecutive hours with the lowest
values of a daily profile; RA: relative amplitude. * ActTrust M10 and L5 were multiplied
by 0.25 for scaling the plots.
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2 (a, b) and ActTrust (c, d). The medians (bold line) and standard error (shadow) are
presented for the normal weight group (orange), overweight group (light blue) and obese

group (dark blue).
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8. CONCLUSOES E CONSIDERACOES FINAIS

Destacamos as seguintes conclusdes dos estudos realizados para esta dissertacéo:

e Em relagdo ao estudo experimental, observamos que, tanto a qualidade da
iluminacdo, quanto o fotoperiodo parecem afetar a fisiologia e 0 metabolismo,
uma vez que os animais expostos a iluminagdo com padréao espectral fixo tiveram

maior acumulo de gordura visceral e perfil lipidico alterado;

e Em relacdo ao estudo transversal, encontramos uma associacdo entre maior
variabilidade dos ritmos de atividade-repouso e de exposi¢do a luz com maior
indice de massa corporal. Além disso, maiores niveis de urbanizacdo e menor
amplitude de exposicdo a luz estiveram associados a um maior risco para

desenvolver sobrepeso/obesidade.

Desta forma, as evidéncias relacionadas ao maior acimulo de gordura visceral
sugerem que a exposicao a luz tem um impacto importante no tecido adiposo, um dos
principais 6rgdos reguladores do metabolismo. Considerando a disponibilidade de luz
artificial que temos hoje, se faz necessario investigar os mecanismos por tras da

associacdo entre exposicdo a luz e adiposidade.

Além disso, algumas caracteristicas dos ritmos de atividade-repouso e de exposicao a
luz, como maior fragmentacdo e menor amplitude, parecem ser importantes na
patofisiologia da obesidade. Assim, além das tradicionais métricas utilizadas na
cronobiologia para estudar ritmos circadianos, investigar parametros como regularidade
e amplitude de ritmos pode trazer novas possibilidades no estudo dos ritmos biologicos
em sobrepeso/obesidade.

Por fim, manter uma organizacéo circadiana otima € essencial para a saude e bem-
estar. Portanto, é necessario repensar de que forma as estruturas sociais, isto é, horarios
de trabalho, comportamento alimentar e exposicdo a luz, intervém na sincronizacao dos

ritmos biologicos a fim de reduzir transtornos associados a cronodisrupcao.
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Portanto, as nossas perspectivas sao:

e Desenvolver um desenho experimental para investigar parametros
neuroenddcrinos e moleculares da gordura periférica de animais submetidos a
cronodisrupcao e/ou a diferentes padrdes de iluminacao;

e Coletar dados de habitos alimentares em comunidades urbanas, bem como
amostras biologicas para analisar possiveis biomarcadores metabolicos da
cronodisrupcao;

e Investigar a associacao de aspectos psicoldgicos e obesidade/cronobiologia, uma
vez que diversas alteracBes psicoldgicas associadas a variagdes no sistema
circadiano sdo acompanhadas de alteracdes nos padrbes alimentares e maior
tendéncia a acumular gordura visceral;

e Propor estratégias baseadas em cronobiologia para o manejo da obesidade, visto
que a sincronizacdo apropriada do sistema circadiano tem o potencial de reduzir

sua prevaléncia.
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