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RESUMO

Moraes RM. Estresse e periodontite: avaliacdo da inervacao simpatica no periodonto e
da resposta adrenérgica apos infeccdo por Porphyromonas gingivalis [tese]. Sado José
dos Campos (SP): Universidade Estadual Paulista (Unesp), Instituto de Ciéncia e
Tecnologia; 2022.

O estresse agrava a doenca periodontal por varios mecanismos, sendo a estimulagao
do sistema nervoso simpatico (SNS) um deles. A literatura mostra que a estimulacdo
de receptores (B-adrenérgicos (B-AR) aumenta a angiogénese em 0sso0s longos, e a
expansao microvascular agrava a periodontite. Ainda, catecolaminas aumentam a
viruléncia de periodontopatégenos e agem na resposta imune. Assim, o objetivo deste
trabalho foi avaliar: (1) a inervacao simpéatica no periodonto e a influéncia da ativacao
do SNS na vascularizagcao periodontal em camundongos e (2) a influéncia do sistema
adrenérgico nos fatores de viruléncia de Porphyromonas gingivalis (Pg) e na resposta
imunoldgica a este patdgeno in vivo (Galleria mellonella). Na primeira parte,
camundongos receberam injecdo intraperitoneal de solucdo salina (PBS) ou
isoproterenol (ISO; agonista nao seletivo 3 adrenérgico) por 1 més, para deteccédo in
situ de tirosina hidroxilase, neuropeptideo Y, transportador de norepinefrina (NET) e
endomucina em mandibulas. Expressao de mRNA de Vegf-a, II-186, 1I-6, Adrb2 e Rankl
foi quantificada 2 h apds administracdo de ISO/PBS em mandibula e tibias, que
serviram como controle positivo. Diferentemente das tibias, ndo houve alteracdo na
expressao dos genes analisados em mandibula. Por outro lado, NET foi mais expresso
no 0sso alveolar do que na tibia, sendo detectado nos osteoblastos, ostedcitos e células
do ligamento. Embora o padrdo de inervacédo e a expressdo de Adrb2 sejam
semelhantes entre mandibula e tibia, o tratamento com ISO n&o influenciou no nimero
e area de vasos positivos para endomucina. Na segunda parte, investigamos a
influéncia adrenérgica na resposta imune de G. mellonella durante infeccdo por Pg
utilizando norepinefrina (NE; agonista a e 3 adrenérgico) e ISO. Pg também foi cultivada
na presenca de ISO (PgISO) ou NE para avaliagdo da acao direta dos compostos na
bactéria. 1ISO sistémico protegeu as larvas da infec¢do por Pg, aumentando o nimero
de hemdcitos e reduzindo a contagem de células de Pg na hemolinfa, exclusivamente
pelo B-AR. Diferentemente, NE aumentou mortalidade, diminuiu o ndmero de
hemacitos. Apenas PgISO aumentou a morte das larvas, apesar de ambos, NE e ISO,
terem aumentado a expressdo de fatores de viruléncia na bactéria in vitro. 1SO
circulante, concomitante com PgISO, reduziu parcialmente a mortalidade das larvas. A
influéncia do estresse na doenca periodontal envolve diversas vias que alteram os dois
pilares da periodontite (microbiota e sistema imune). No entanto, a acdo na resposta
do hospedeiro parece ser superior, uma vez que a estimulagéo 3-AR em 0sso alveolar
saudavel ndo alterou a producéo de citocinas pro-inflamatérias ou microvascularizacao
e a modulagdo da resposta imune em G. mellonella por compostos adrenérgicos foi
mais importante para o desfecho da infeccéo que sua acgéo direta sobre a bactéria.

Palavras-chave: periodontite; sistema nervoso simpéatico; estresse; Galleria mellonella.



ABSTRACT

Moraes RM. Stress and periodontitis: evaluation of sympathetic innervation in the
periodontium and the influence of adrenergic signaling on Porphyromonas gingivalis
infection [thesis]. Sdo José dos Campos (SP): Sdo Paulo State University (Unesp),
Institute of Science and Technology; 2022.

Stress aggravates periodontitis, and one possible mechanism is the activation of
sympathetic nervous system (SNS). The literature shows that stimulation of -
adrenergic receptors (3-AR) induces angiogenesis in long bones, and microvasculature
amplification was linked to periodontitis severity. Moreover, catecholamines increase
the virulence of some periodontopathogenic bacteria in vitro and influences the innate
immunity. Thus, the aim of this study was (1) evaluate the presence and influence of the
SNS in the stimulation of periodontal vasculature, and (2) the influence of the adrenergic
system on Porphyromonas gingivalis (Pg) virulence and on the immunological response
to this pathogen in vivo (Galleria mellonella larvae). For the first part, mice received
isoproterenol (ISO, a non-selective B-AR agonist) or saline (PBS) for 1 month, for in situ
analysis of tyrosine hydroxylase, neuropeptide Y, norepinephrine transporter (NET) and
endomucin in the mandibles. Vegfa, II-18, 1I-6, Adrb2 and Rankl mRNA expression was
assessed 2 hours after PBS/ISO treatment for mandibles and tibia, that served as
positive control. We observed that, differently from the tibia, the expression of these
genes did not alter on the mandible. However, NET expression was detected in
osteoblasts, osteocytes, and periodontal ligament fibroblasts, and were higher
expressed when compared to the tibias from the same animals. Although the pattern of
sympathetic innervation and Adrb2 expression were similar between tissues, ISO
treatment did not increase the area or number of endomucin+ vessels. For the second
part, we addressed the adrenergic signaling influence on G. mellonella immune system
during Pg infection using norepinephrine (NE, a- and B-AR agonist), 1SO and
octopamine (insect’s endogenous hormone). Pg was also cultivated in the presence of
ISO (PglSO) or NE to investigate the direct action of the ligands on bacterial virulence.
Systemic administration of ISO protected the larvae from Pg infection by increasing
hemocyte density accompanied by reduction of Pg load in hemolymph, in a 8-AR
manner. In contrast, NE increased mortality, with decreased hemocyte count and no
influence on the other parameters. Only PgISO increased larvae death, despite of ISO
and NE increased virulence in vitro. The concomitant injection of systemic ISO partially
reversed the toxicity of the PgISO. The influence of stress on periodontitis involves
different pathways, that alter the two pillars of disease’s pathogenesis (microbiota and
immune system). However, the influence on the host’s inflammatory response seems
to overcome the other players, since 8-AR activation on healthy alveolar bone didn’t
alter cytokines production or microvasculature. Besides, the modulation of innate
immunity by adrenergic signaling in G. mellonella was more important for the disease’s
outcome than it’s direct action on the bacteria.

Key-words: periodontitis; sympathetic nervous system; stress; Galleria mellonella.




1 INTRODUCAO

A periodontite € uma doenca altamente prevalente, que acomete até 70% dos
adultos com 65 anos ou mais (Eke et al., 2016; Billings et al., 2018). E uma patologia
inflamatoria crénica multifatorial associada a disbiose da microbiota oral, decorrente
da complexa interacdo entre 0s micro-organismos e a resposta imunoldgica do
hospedeiro, que leva a destruicado dos tecidos de suporte do dente (Papapanou et al.,
2018). Algumas condi¢des, conhecidas como fatores de risco, sdo capazes de
modular a progressdo da doenca. Dentre esses fatores encontram-se: condicdes
genéticas (como polimorfismos, sindromes, predisposicdo genética a diabetes e
outras comorbidades), obesidade, tabagismo, idade, doengas sistémicas (como
diabetes/osteoporose) e estresse (Genco, Borgnakke, 2013).

O estresse é definido como um estado em que a homeostase esta ameacada
ou prestes a ser ameacada, e que pode ser desencadeado por uma série de fatores
tanto fisicos quanto emocionais. O estresse agudo gera prontamente uma resposta
fisioloégica para atenuar os gatilhos, apresentando uma acao rapida e limitada. Ja o
estresse crbnico se desenvolve apds exposicdo repetida ou prolongada aos
estressores (Hering et al., 2015). Uma vez instalado, o estado de estresse ativa o
sistema nervoso central (SNC) e periférico, que liberam uma série de
neurotransmissores e hormonios. Os principais mediadores periféricos sao 0s
glicocorticoides (cortisol), liberados pelo eixo hipotalamico-pituitario-adrenal (HPA) e
as catecolaminas, epinefrina e norepinefrina (NE), liberados pelo sistema nervoso
simpético (SNS), tanto pela medula adrenal quanto pelas terminacfes nervosas
periféricas (NE). Durante o estresse crénico ha uma liberagdo sustentada desses
mediadores do estresse (epinefrina, NE e cortisol), que deveriam ser liberados em
quantidade limitada por um tempo determinado, mas que ficam descontrolados
(Chrousos, 2009).

A correlacéo entre o estresse e a doenca periodontal vem sendo evidenciada
na literatura. Foi constatado que o estresse leva a congestao e hipertrofia das paredes
dos vasos, a hemorragia, e alteracdo na direcédo e conformacéao das fibras colagenas
no periodonto saudavel de ratos (Antonova, 2008). Ainda, o estresse, combinado a
inducdo de periodontite experimental, pelo método de ligadura ao redor dos molares
(Gaspersic et al., 2002) ou por infeccdo com Porphyromonas gingivalis (Nakajima et

al., 2006), acentua a perda Ossea e de insercao periodontal em ratos. Da mesma
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forma, estudos em humanos demonstram piora nos parametros clinicos da doenca
periodontal, como profundidade de sondagem, indice de placa, indice gengival e
perda dentaria em pacientes estressados (Deinzer et al., 1999; Rosania et al., 2009;
Goyal et al., 2011; Rai et al., 2011).

Os exatos mecanismos pelos quais o estresse influencia a doenga periodontal
ainda nao foram totalmente elucidados. Acredita-se que a ativacado dos sistemas
supracitados com liberacao de cortisol e catecolaminas possam interferir na resposta
inflamatdria do hospedeiro, o que favoreceria o acimulo de biofilme dental e a disbiose
(Genco et al., 1999; Warren et al., 2014). Estudos clinicos demonstram claramente o
aumento da liberacdo de cortisol sérico em pacientes sob estresse (Deinzer et al.,
2000; Rosania et al., 2009; Goyal et al., 2011; Rai et al., 2011), e o0 aumento deste
horménio impacta negativamente o quadro clinico da periodontite devido a
imunossupressao. O estresse também pode levar a alteracdes de comportamento
como: tabagismo, negligéncia com a higiene oral e dieta hipercalérica. O fumo por si
s6, tem efeito negativo sobre a doenca periodontal, por influenciar na microbiota e
microvascularizacdo local, predispondo a colonizacdo de bactérias anaerdbias.
Também altera a resposta de neutrofilos e producdo de citocinas, favorecendo a
infeccdo e a inflamacé&o exacerbada que leva a perda de tecidos periodontais (Genco,
Borgnakke, 2013). A ma higiene oral predispde a doenca, uma vez que ndo ha a
remocao adequada do biofilme. E por fim, a ingestdo de dieta hipercalorica pode levar
a ativacdo do coértex adrenal e liberacdo do cortisol que, como ja explanado
anteriormente, leva a imunossupressdo e agravamento da infec¢cdo com piora da

doenca periodontal (Figura 1) (Genco et al., 1999).
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Figura 1 - Esquema das vias de acao do estresse na doenca periodontal
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Legenda: ACTH: hormdnio adrenocorticotrofico; CRH: hormdnio liberador de corticotrofina.
Fonte: Esquema extraido e modificado de Genco et al., 1999.

Embora a acao do eixo HPA na patogénese da doencga periodontal tenha sido
profundamente estudada, a influéncia do SNS ainda € pouco compreendida. O SNS,
na sua regido final de atuacéo, se liga a receptores especificos nas células chamados
receptores adrenérgicos (AR), sendo subdivididos em a e 3, que séo ativados pela
epinefrina ou NE. Embora a maioria dos neurdnios simpéticos utilizem a epinefrina/NE
COMO neurotransmissores principais, existem populacdes neuronais ndo-adrenérgicas
que incluem neuropeptideo Y, galanina, somastatina e opioides (Gibbins, 2013). O
SNS age nos dois pilares da patogénese da doenca periodontal: hospedeiro
(inflamac&o e células residentes do periodonto) e microbiota.

O SNS constitui a principal comunicacao entre SNC e a resposta imunolodgica.
Todas as células imunes possuem receptores adrenérgicos, que quando ativados séo
capazes de modificar o nUmero e propor¢ao das células que participam da resposta
imune, assim como alterar a resposta individual dessas células (Calcagni, Elenkov,
2006; Bao et al., 2007; PeSic¢ et al., 2009; Scanzano, Cosentino, 2015). Além da
influéncia do SNS nas células inflamatérias, também foi evidenciada sua acdo em
células residentes do periodonto por meio dos receptores adrenérgicos. Foi
constatado que os fibroblastos da gengiva e do ligamento periodontal expressam (32-
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AR, sendo que a administracdo do isoproterenol (ISO- agonista nao seletivo 3
adrenérgico) e do salbutol (agonista seletivo f2-AR) diminuiram sua proliferacéo in
vitro, fendmeno que foi abolido pela adi¢do do propranolol (antagonista 3-adrenérgico;
Gruber et al., 2013). O mesmo foi evidenciado para o al-AR, sendo que houve
diminuicdo da proliferacdo celular e aumento da expressdo de al-AR apds o
tratamento de células do ligamento periodontal com lipopolissacarideo (LPS). Além
disso, o bloqueio do al-AR (fentolamina, antagonista ndo seletivo de receptores a
adenérgicos) inibiu a producao de interleucina (IL)-1, IL-6 e IL-8 (Lu et al., 2014).

Alguns estudos in vivo suportam a hipotese do envolvimento dos B-AR na
patogénese da doenca periodontal. Observou-se inibicdo da diferenciacao
osteoclastica e reducédo da perda 6ssea alveolar em ratos tratados com propranolol,
por injecdo intraperitoneal ou via oral (Okada et al., 2010; Shimizu et al., 2011;
Rodrigues et al., 2012). Em estudo do nosso grupo de pesquisa, verificamos que o
propranolol e o ISO apresentam efeitos antagbnicos na perda de colageno gengival
durante a inducdo da doenca periodontal em ratos e, que ISO aumentou a perda 6ssea
alveolar (Martins et al., 2017).

A influéncia do SNS no controle do metabolismo 0sseo, modulando a
reabsorcdo 0ssea e a atividade das células 6sseas, € bem estabelecida (Elefteriou,
2018). Os primeiros indicios da influéncia neuronal no metabolismo ésseo foram
observados pela descoberta da regulacéo da reabsorcao 6ssea pela leptina, horménio
sintetizado pelos adipdcitos, que age no metabolismo energético e controle do apetite.
Foi evidenciado em experimentos com animais knockout em leptina, que estes
animais apresentavam maior massa 0ssea (Elefteriou, 2005). A leptina também
estimula a atividade do SNS, causando a diminuicdo da massa 6ssea através da
ativacdo de B2-AR expresso em osteoblastos, levando a diminuicdo da proliferacao
dessas células (Takeda et al., 2002). Similarmente, camundongos knockout para (32-
AR apresentam massa 6ssea aumentada (Elefteriou, 2005). A estimulagéo de B2-AR
em camundongos e ratos promove uma resposta osteoclastogénica, mensurada pelo
aumento da perda Ossea e formacéo de osteoclastos. Acredita-se que este efeito &
devido ao aumento de Ligante do Receptor Ativador do Fator Nuclear Kappa B
(RANKL) e IL-6, e a estimulagéo dos B-AR também afeta a formagédo 6ssea inibindo a

proliferacéo osteoblastica (Elefteriou, 2018) (Figura 2).
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Figura 2 - Desenho esquematico de um dente e do periodonto associado,
evidenciando dos potenciais mecanismos de acdo do SNS na iniciacao e progressao

da doenca periodontal

@ Bactéria: Estimula crescimento e viruléncia

(Robertset al., 2002; Belay et al., 2003; Saito et al.,
2011; Graziano et al., 2013)

(Calcagni, Elenkov, 2006; Bao et
al,, 2007; Pesic et al., 2009)

@ Células imunes: pro-inflamatério

@ Fibroblastos: Inibe proliferacio
(Gruber et as., 2013; Lu et al., 2014)

@ Osteoblastos: Inibe formacio 6ssea

(Takeda et al., 2002; Elefteriou et al.,
20035; Elefteriou et al., 2018)

@ Osteoclastos: Estimula reabsorcio éssea
(Rodrigues et al., 2012; Shimizu et al., 2011;
Okada et al., 2010; Elefteriou, 2018)

Vasos sanguineos
Receptor adrenérgico

@ Noradrenalina

‘ Neutrofilos

Fibroblasto

#3) Osteoclasto
Osteocito
@ Osteoblasto

‘- Bactéria

Legenda: Os numeros indicam o efeito da ativacdo do sistema nervoso simpatico nos varios agentes
associados a patogénese da doenga periodontal. As fibras simpéticas presentes no periodonto liberam
catecolaminas que se ligam aos receptores presentes nas células desta regido. Epinefrina/NE podem
agir no biofilme, estimulando o crescimento de algumas bactérias e a viruléncia de outras, como
Porphyromonas gingivalis, bactéria keystone para o desenvolvimento da periodontite (1). As
catecolaminas também podem se ligar a receptores adrenérgicos nas células inflamatérias,
favorecendo um perfil pro-inflamatério, promovendo agregacgéo plaquetaria e ativacdo de neutrdfilos
(2). Ao se ligarem aos receptores nos fibroblastos, inibem a sua proliferacéo (3), impactando no reparo
e remodelacédo tecidual. Nas células 6sseas, ja foi provado que as catecolaminas inibem a proliferacéo
de osteoblastos em o0ssos longos (4) e promovem osteoclastogénese (5) também no osso alveolar,
podendo agravar assim a perda 0ssea. Fonte: Elaborada pelo autor.

Além dos efeitos diretos nos receptores adrenérgicos das células ésseas, o
SNS pode causar alguns efeitos indiretos no 0sso, como a regulacdo do suprimento
sanguineo. Nosso grupo constatou que o ISO estimula a producdo do fator de
crescimento vascular endotelial (VEGF) em ossos longos de camundongos adultos e
em células tronco da medula éssea, aumentando a densidade vascular éssea, com

aumento de vasos CD31 e endomucina-positivos (endomucina+), através da ativacao
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do B2-AR em osteoblastos (Mulcrone et al., 2017). A presenca de neuropeptideos do
SNS foi identificada em associacdo aos vasos sanguineos do periodonto. Fibras
nervosas imunorreativas ao neuropeptideo Y foram identificadas ao redor dos vasos
sanguineos, no ganglio trigeminal, polpa dental e ligamento periodontal de ratos
saudaveis (Wakisaka et al., 1996). Ainda em artérias e arteriolas do ligamento
periodontal de ratos saudaveis, observou-se a presenca de fibras positivas para a
tirosina-hidroxilase (TH, enzima que converte a L-DOPA em dopamina, precursora da
epinefrina e NE) (Norevall et al., 1996). A TH € um dos mais relevantes biomarcadores
da superatividade do SNS durante o estresse (Dunkley et al., 2004), sendo que houve
aumento da expressao de TH no ligamento periodontal de ratos com e sem doenca
periodontal expostos ao estresse (Lu et al., 2014), e a marcacao imuno-histoquimica
de TH mostrou-se aumentada em humanos com doenca periodontal (Memmert et al.,
2019). No entanto, a sua relacdo com a periodontite ainda é objetivo de investigacao.
Uma vez que nosso estudo anterior evidenciou o efeito indireto da ativagéo dos [32-
AR em osteoblastos na densidade vascular em ossos longos (Mulcrone et al., 2017),
hipotetizamos que a ativacdo dos receptores adrenérgicos no 0sso alveolar apés a
liberacdo de epinefrina/NE pelas fibras nervosas simpéticas, como a que ocorre em
situacOes de estresse, poderia induzir a liberacdo do VEGF, aumentando assim a
densidade microvascular (MVD) local.

O VEGF é o principal fator de crescimento relacionado a angiogénese e
permeabilidade vascular, com papel importante nas doencas inflamatérias crénicas,
dentre elas a periodontite (Aspriello et al., 2009). Esse fator de crescimento parece
estar envolvido no inicio e progressdao da gengivite e periodontite, principalmente
promovendo a expansao vascular observada na inflamacéo (Aspriello et al., 2009). A
presenca do VEGF e seu receptor VEGFR foram observados em pacientes com
doenca periodontal leve, moderada e severa (Vladau et al., 2016). Em condi¢cbes
saudaveis ndo ha a expressdo de VEGF/VEGFR nos tecidos periodontais, ja nas
lesbes periodontais iniciais o VEGF aumenta a MVD no estroma. Na periodontite
moderada e avancada ha aumento significante da presenca de VEGF/VEGFR
(coloracdo imuno-histoquimica) tanto no epitélio quanto no estroma (Artese et al.,
2010; Kasprzak et al., 2012; Vladau et al., 2016). Acredita-se que o aumento da MVD
pode aumentar a liberacdo de diferentes citocinas, moléculas de adesé&o, e outros
fatores inflamatérios, sendo que na periodontite este aumento no transporte das

células inflamatérias, nutrientes e oxigénio causado pela angiogénese pode aumentar
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a severidade da inflamacdo. Assim o VEGF agiria como um agente pro-inflamatorio
na periodontite (Aspriello et al., 2009; Afacan et al., 2019).

A acdo do SNS é estreitamente controlada através da recaptura das
catecolaminas liberadas no meio pelo transportador de NE (NET- norepinephrine
transporter). Este transportador esti presente nas fendas sinapticas e constitui um
importante mecanismo de feedback negativo para limitar a duracdo do estimulo
simpatico e para repor os estoques de NE nas fibras nervosas. No entanto, foi
evidenciado que outras células, além dos neurdnios, expressam esse transportador,
como osteoblastos e ostedcitos maduros em 0ssos longos e que essas células sao
capazes de captar e metabolizar a NE (Ma et al.,, 2013; Zhu et al., 2018).
Camundongos knockout para NET apresentaram reducdo da formacdo Ossea e
aumento na reabsorc¢ao, resultando em diminuicdo da massa 0ssea (Ma et al., 2013).
Também foi observado que a expressdo tanto de mRNA quanto proteica desse
transportador diminui com a idade, e que os niveis de NE aumentam no fémur em
camundongos mais velhos. Esse aumento ndo foi acompanhado pelo aumento no
precursor de NE (L-DOPA) e nem do seu metabdlito 3,4-diidroxifenilglicol (DHPG),
sugerindo que pode ser decorrente do déficit em recaptacédo da NE (Zhu et al., 2018).
Tais achados sugerem que a NE liberada e recaptada pelos neurdnios, osteoblastos
e osteOcitos representa parte de um mecanismo complexo de homeostase no qual o
SNS controla o metabolismo 0sseo. A presenca desse mecanismo nos osteoblastos
e osteocitos do 0sso alveolar ainda € desconhecida.

Além dos efeitos no hospedeiro, as catecolaminas também demonstram acéo
nos micro-organismos. A endocrinologia microbiana € a area de estudo que reconhece
uma relacédo bidirecional entre fatores neuroenddcrinos do hospedeiro e da microbiota
(Lyte,1992). A comunicacdo entre as espécies bacterianas e os horménios do
hospedeiro se da através de estruturas conhecidas como sensores de quoérum
(quorum sensing), envolvidas no mecanismo de comunicacdo ceélula-célula e
responsaveis por alteracdes genéticas na bactéria frente a estressores. Esses
receptores respondem tanto a epinefrina quanto a NE e estudos in vitro demonstram
a estimulacao do crescimento de algumas bactérias como: Fusobacterium nucleatum,
Tannerella forsythia, Escherichia coli, Enterobacter sp, Shigella sonnei,
Campylobacter jejuni, Pseudomonas aeruginosa, Klebsiella pneumoniae,
Staphylococcus aureus, Actinomyces naeslundii, Actinomyces gerenscseriae,
Eikenella corrodens e C. gracilis pelas catecolaminas (Belay, Sonnenfeld, 2002; Belay
et al.,, 2003; Roberts et al., 2002; Roberts et al., 2005; Weinstein et al., 2015). No
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entanto, a estimulagdo do crescimento bacteriano pelas catecolaminas ndo é
uniforme, variando de acordo com 0 neurotransmissor e cepa bacteriana (Boyanova,
2017).

Interessantemente, parece que as catecolaminas ndo sdo capazes de induzir
0 crescimento de algumas bactérias gram-negativas, dentre elas P. gingivalis (Belay
et al., 2003; Graziano et al., 2013), tendo por vezes, efeito inibitério (Roberts et al.,
2002). P. gingivalis € uma bactéria keystone relacionada com o desenvolvimento da
periodontitie em humanos e capaz de induzir doenca em roedores, e que apresenta
capacidade de invasdo dos tecidos e manipulacdo da resposta inflamatéria do
hospedeiro, estando relacionada inclusive a efeitos sistémicos da periodontite como
doencas cardiovasculares, neuroldgicas e artrite reumatoide (Hajishengallis, 2014;
Fiorillo et al., 2019). Cepas distintas de P. gingivalis (ATCC 33277, ATCC 49417,
FDC381) tiveram seu crescimento inibido na presenca de NE (Belay, Sonnenfeld,
2002; Roberts et al., 2002; Saito et al., 2011). Porém, foi constatado que apesar de
nao induzir o crescimento de P. gingivalis (FDC381 e W83), a NE é capaz de aumentar
a expressao de gingipainas e, consequentemente, sua viruléncia (Graziano et al.,
2013; Boyanova et al., 2017). Este aumento € abolido quando propranolol é
administrado, sugerindo que P. gingivalis apresenta um sensor catecolaminérgico
(Saito et al., 2011). Além da gingipaina (rgpb), também foi constatada a interferéncia
da NE em genes relacionados ao metabolismo do ferro (TonB-dependent receptor
HmuR- hmuR), adaptacdo ao estresse oxidativo (Alkyl hydroperoxide reductase
subunit F- ahpF, oxyR, DNA-binding Protein from Starved cells - dps, Superoxide
Dismutase B - sodB, acid phosphatase - aphC) e protedlise (Hemolysin - hem) (Saito
et al., 2011; Graziano et al., 2013).

Apesar da comprovada acdo da NE sobre os micro-organismos, as
concentracdes utilizadas nos estudos ultrapassam as encontradas no estado de
normalidade. As concentracdes seéricas de N em humanos numa situacdo de
homeostase variam entre 112-1109pg/mL (0,7nM-7nM) (American Board of Internal
Medicine-ABIM, 2020), sendo que durante o estresse essa concentragdo pode variar
até 20 vezes (10nM-100nM) (Boyanova et al., 2017). J4 em estados patol6gicos como
por exemplo feocromocitoma, a concentracéo pode-se elevar até 3161 pg/mL (20 nM)
(Rocha et al., 2005). Deste modo de 0,InM a 10nM estariamos simulando
concentragdes fisiologicas, de 100nM-1uM situagBes de estresse e feocromocitoma
(neoplasia caracterizada por liberagcéo excessiva de NE). Os estudos in vitro utilizam
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100uM para demonstrar a agdo da NE na viruléncia de P. gingivalis (Saito et al., 2011,

Graziano et al., 2013) (Figura 3).

Figura 3 — Concentracdes de NE, e suas correspondéncias a estados fisiologicos, de

estresse, feocromocitoma e influéncia na viruléncia de P. gingivalis in vitro

100pM 1nM 10nM  100nM 1pM 10pM  100pM

Normalidade

Feocromocitoma

Estresse

Fonte: Elaborada pelo autor, baseado em American Board of Internal Medicine-ABIM, 2020; Boyanova,
2017; Rocha et al., 2005; Saito et al., 2011; Graziano et al., 2013.

Galleria mellonella uma mariposa que tém a sua fase larval utilizada como
modelo invertebrado para o estudo da interacdo patdogeno/hospedeiro, pois pode ser
mantida a temperatura semelhante a dos mamiferos (37°C), é de facil manipulacéo,
baixo custo e os resultados encontrados com relagéo aos fatores de viruléncia podem
ser correlacionados aqueles realizados em modelos vertebrados. O sistema de defesa
imunologica deste inseto apresenta ainda similaridades com o de animais vertebrados
(Pereira et al., 2018).

Apos ser infectada, a larva inicia uma série de respostas que sao divididas em
humoral e celular. O patdégeno e seus produtos, conhecidos como padrbes
moleculares associados a patdgenos (PAMP), interagem com receptores de
reconhecimento de patdgenos expressos na superficie de hemaocitos e érgdos como
0 corpo gorduroso. Em G. mellonella, um dos principais receptores relacionados a
resposta a bactéria é o Toll, correlato ao toll-like receptor (TLR)-2 e 4 encontrado em
vertebrados. Apés a estimulacdo dos receptores, havera a estimulacdo do fator de
transcricdo nuclear kappa beta (Figura 4A), que leva a liberacdo de peptideos
antimicrobianos (AMPSs) e lisozima. A lisozima também j& se encontra circulando na
hemolinfa e é capaz de degradar e matar os micro-organismos invasores (Figura 4B).
Os AMPs equivalem as citocinas liberadas durante o processo inflamatério em

vertebrados, e o principal AMP na resposta a bactérias gram-positivas e negativas é



a cecropina, gue penetra na parede celular e forma poros na membrana citoplasmatica
resultando, em perda de ions, e consequentemente morte celular. As gloverinas se
ligam ao LPS de bactérias gram-negativas e inibem a sintese de proteinas de
membrana vitais resultando em permeabilidade da mesma.

Outro sistema ativado ap0s injuria em insetos € a cascata de melanizacao,
principalmente pela liberagdo da enzima fenoloxidase pelos hemacitos, que converte
a tirosina hidroxilase em melanina. Este sistema ir4 auxiliar na coagulacdo e
cicatrizacdo dos tecidos além de opsonizar e formar complexos que sédo capazes de
matar patdgenos pela liberacdo de espécies reativas de oxigénio (Figura 4C). Nos
vertebrados, a producéo de melanina é feita pelos queratindcitos e tem como principal
funcao a protecéo dos raios UV; no entanto a funcdo de opsonizacao e inativacdo de
micro-organismos € desempenhada pelo sistema complemento. Além disso, 0s
granuldcitos, analogos aos neutrofilos/macréfagos em vertebrados, imediatamente
apos a infeccdo comecarao a fagocitar as bactérias, na tentativa de conter a infeccao
(Figura 4D). Finalmente, apés entrar em contato com o patégeno, os plasmatécitos se
ativam, emitem pseudopodes e se agregam ao redor do patdégeno, formando
estruturas conhecidas como ndédulos (Figura 4E). Os vertebrados tém uma resposta
semelhante, os granulomas. (Nathan, 2014; Tsai et al., 2016; Wojda, 2017; Pereira et
al., 2018).

Trabalhos prévios demonstram que G. mellonella é um modelo util para o
estudo da infeccéo por P. gingivalis (Gomes et al., 2016; Santos et al., 2017; Geraldo
et al., 2020; Moman et al., 2020; Solbiati et al., 2020). As larvas produzem a
octopamina (OCT), hormonio analogo a NE em vertebrados, como parte da resposta
de fuga ou luta. Em insetos o valor basal de OCT é por volta de 4,5-5,6pg/uL (10-
30nM) podendo chegar a 61pg/uL (300-540nM) em situagdes de estresse (Davenport,
Evans, 1984; Dunphy, Downer, 1994; Adamo et al., 1995). Esse hormonio tem sido
correlacionado a um aumento da susceptibilidade a infecdo pos estresse, em insetos
(Adamo et al., 2010).
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Figura 4 — Esquema da resposta imune desencadeada em G. mellonella apos infec¢éo

por micro-organismos e as respostas correlatas em vertebrados
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Legenda: Apds infecgdo, a larva inicia uma série de respostas que sdo divididas em humoral e
celular. A ativacao de receptores de superficie pelos patégenos (A), leva a liberagdo de peptideos
antimicrobianos e lisozima. A lisozima e os peptideos antimicrobianos encontram-se circulantes na
hemolinfa prontos para realizar a defesa (B). A ativagdo da cascata de melanizacdo opsoniza e mata
microrganismos (C). Além disso, os granuldcitos/plasmatdcitos, imediatamente apés a infecgéo,
comecam a fagocitar as bactérias, na tentativa de conter a infeccao (D), formando também estruturas
conhecidas como nddulos (E).CG= corpo de gorduroso.

Fonte: Elaborada pelo autor.

Trabalhos in vitro mostram a acdo das catecolaminas em P. gingivalis, mas
utilizam concentra¢des acima das fisioldgicas ou encontradas no estado de estresse
(Figura 3), e ttm como limitag&do ndo apresentarem a correlagdo com o sistema imune.
Assim, o estudo da resposta imunologica frente a diferentes concentracbes de
agonistas adrenérgicos (fisioldgica, durante estresse e em condi¢cdes patoldgicas
como feocromocitoma) em G. mellonella e, como estas situagdes influenciariam a
progressédo da infeccdo por P. gingivalis, uma bactéria que se mostrou se beneficiar
da NE in vitro, poderiam auxiliar no entendimento da susceptibilidade a infeccao dos
individuos expostos a este neurotransmissor, tanto pela otica do sistema imune
quanto da infeccao pelo micro-organismo.

Assim os objetivos deste trabalho foram avaliar: (1) a inervacao simpatica no

periodonto e a influéncia da ativacdo do SNS na vascularizagdo periodontal eem
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camundongos e (2) a influéncia do sistema adrenérgico nos fatores de viruléncia de

P. gingivalis e na resposta imunoldgica a este patégeno in vivo (G. mellonella).
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RESUMO

Objetivos: A estimulacéo do receptor B-adrenérgico (BAR) por isoproterenol (ISO) em
osteoblastos aumenta a expressao do fator de crescimento vascular endotelial (VEGF)
e a angiogénese em 0sso0s longos. Assim, objetivamos avaliar a resposta dos tecidos
mandibulares a estimulagao B-AR quanto a formacao de vasos sanguineos.

Métodos: Camundongos C57BL6 wild-type fémeas de 6 semanas de idade receberam
diariamente injecdo intraperitoneal de ISO ou PBS (controle), por 1 més.
Hemimandibulas e tibias foram coletadas para andlise de imunofluorescéncia para
endomucina, tirosina hidroxilase (TH), neuropeptideo Y (NPY) e transportador de
norepinefrina (NET). Além disso, expressdo de mRNA de Vegfa, II-18, II-6, Adrb2 e
Rankl foi analisada nas mandibulas e tibias apos 2 horas da injecdo de PBS ou ISO.

Resultados: Apesar do padrdo de inervagcao e expressado do Adrb2 ser semelhante
entre os tecidos mandibulares e tibia, com fibras nervosas positivas para TH e NPY
distribuidas ao redor dos vasos sanguineos, o tratamento com ISO ndo aumentou a
area de vasos endomucina+ ou o numero total de vasos endomucina+ em nenhuma
das regibes investigadas (osso alveolar, ligamento periodontal e polpa dentéria).
Consistente com esses achados, a expresséo de Vegfa, II-6, II-18, e Rankl na regido
molar ndo se alterou ap6s a administracdo de 1SO. NOs detectamos uma alta
expresséo de NET por imunofluorescéncia nos osteoblastos, ostedcitos e fibroblastos
do ligamento periodontal, além de uma maior expressdo de Net por gPCR quando
comparada as tibias dos mesmos animais.

Concluséo: Esses achados indicam respostas distintas a agonistas -AR entre os
tecidos mandibulares e da tibia, uma vez que a estimulacdo simpatica ndo levou a
angiogénese nos tecidos periodontais como nos 0ssos longos.

Palavras-chave: Periodontite, Sistema nervoso simpético, vasos sanguineos, 0sso.

*Artigo elaborado de acordo com as normas do periddico Life Sciences (Print version ISSN 0024-3205).
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ABSTRACT

Aims: Stimulation of B-adrenergic receptors (BAR) in osteoblasts by isoproterenol
(ISO) was shown to induce Vascular Endothelial Growth Factor (VEGF) and
angiogenesis in long bones. We thus aimed to determine the vascular response of
mandibular tissues to SAR stimulation regarding blood vessel formation.

Main methods: Six-week-old wild-type C57BL6 female mice received daily
intraperitoneal injections of ISO or PBS for 1 month. Hemimandibles and tibias were
collected for immunolocalization of endomucin, tyrosine hydroxylase (TH),
neuropeptide Y (NPY) and norepinephrine transporter (NET). Moreover, Vedfa, II-1 8,
1I-6, Adrb2 and Rankl mRNA expression was assessed in mandibles and tibias 2 hours
after PBS or ISO treatment.

Key findings: Despite similar sympathetic innervation and Adrb2 expression between
mandibular tissues and tibias, with TH and NPY+ nerve fibers distributed around blood
vessels, ISO treatment did not increase endomucin+ vessel area or the total number
of endomucin+ vessels in any of the regions investigated (alveolar bone, periodontal
ligament, and dental pulp). Consistent with these results, the expression of Vegfa, II-
6, 1-18, and Rankl in the mandibular molar region did not change following 1SO
administration. We detected high expression of NET by immunofluorescence in
mandible alveolar osteoblasts, osteocytes, and periodontal ligament fibroblasts, in
addition to significantly higher Net expression by gPCR compared to the tibia from the
same animals.

Significance: These findings indicate a differential response to SAR agonists between
mandibular and tibial tissues, since the angiogenic potential of sympathetic outflow
observed in long bones is absent in periodontal tissues.

keywords: Periodontitis, Sympathetic Nervous System, Blood Vessels, Bone.
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INTRODUCTION

The consequences of chronic exposure to elevated endocrine or neural responses resulting from
stress (allostatic overload) include increased risk of cardiovascular disease, metabolic syndrome,
gastrointestinal disorders and other inflammatory diseases, including periodontitis.® Psychological
stress can change the morphology of the healthy periodontal ligament (PDL)* and it also accentuates
alveolar bone loss and tissue breakdown in induced periodontitis in rats.>® Likewise, human studies
have shown worsening of periodontitis clinical parameters in patients with stress.”® The mechanisms
by which allostatic overload contributes to periodontitis are not fully understood. It is proposed that it
can stimulate the Hypothalamic-Pituitary-Adrenal (HPA)-Axis to release corticosteroids, which have
immunosuppressive action; it can cause behavioral alterations, such as an increase in tobacco usage
or poor oral hygiene that can impact biofilm formation; and finally, it stimulates the sympathetic
nervous system (SNS) with release of catecholamines (epinephrine/norepinephrine-NE). The role of SNS
in periodontitis pathogenesis is still under investigation, but evidence suggest it may interfere with both
pillars of periodontal disease pathogenesis: the host response, acting on periodontal and immune cells;
and the microbiota, directly stimulating the growth of several bacterial strains and enhancing the

virulence of others such as Porphyromonas gingivalis.*®*!

Under stress, periodontal tissues are exposed to increasing levels of catecholamines, which bind
to specific a- and g-adrenergic receptors (AR) present in gingival and PDL fibroblasts, keratinocytes
and alveolar bone.’**® In vivo studies have shown the functionality of these receptors in the
periodontium/periodontal disease using SAR agonists, antagonists or sympathectomy: SNS blockade led
to a reduction in alveolar bone loss induced by periodontitis, with inhibition of osteoclastic

differentiation.618

It also reduced the release of stress-induced interleukin (IL)-15, IL-6, and IL-8.°On
the other hand, the stimulation of SAR by isoproterenol (ISO, a S1/2AR agonist) stimulated alveolar
bone loss in induced periodontitis in rats.™

The SNS is involved in the regulation of blood flow and blood vessel formation. It was previously
shown that ISO stimulates the production of Vascular Endothelial Growth Factor (VEGF) in mouse
long bones, increasing bone vascular density through the activation of the f2AR in osteoblasts.? In
periodontitis, it is speculated that an increase in vascularization favors inflammation due to higher
recruitment of inflammatory cells and nutrients, thus contributing to the progression from a controlled
inflammatory status to an exacerbated one, leading to a dysbiotic oral ecosystem and to the onset of
periodontitis.?* An increase in microvascular density and crevicular VEGF levels have been linked with
disease progression and severity.?*** Considering the relevance of stress as a risk factor for
periodontitis, and the less explored role of SNS activation on periodontal vascularization as a potential
host susceptibility factor, the goal of this study was to determine the vascular response of the mandibular

tissues to BAR stimulation in term of blood vessel formation and its relation to SNS.
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MATERIAL AND METHODS

All animal procedures were performed according to protocols approved by the Institutional
Animal Care and Use Committee at Baylor College of Medicine (AN 6979) and reported following
ARRIVE guidelines. Wild-type C57BL6/J female mice were purchased from The Jackson Laboratory
(Bar Harbor, Maine, USA) and allowed to acclimate for at least one week before start of the
experiments. Animals were housed 2-5 per cage, kept on a 12h light-dark cycle in a temperature-
controlled environment (22°C), and had water and standard chow ad libitum.

Microvascular density (MVD), SNS markers and norepinephrine transporter (NET) evaluation

Twenty 6-week-old female wild-type (WT) C57BL6/J mice (0.0182+0.0011g) were randomly
divided into two groups: I1SO group (n=10) in which mice received daily intraperitoneal (IP) injection
of ISO (3 mg/Kg/day),?* and a PBS group (n=10) in which mice received daily IP injections of phosphate
buffered saline (PBS), for 4 weeks. At the completion of the treatment period, mice were weighed,
anesthetized in an isoflurane chamber, and perfused with 4% paraformaldehyde solution (PFA, 441244,
Sigma). Hearts removed, weighed and hemimandibles were collected and fixed in 4% PFA for 24 hours.
Specimens were decalcified in ethylenediaminetetraacetic acid (EDTA) solution (0.5M, pH 7.4, ED2SS,
Sigma) at 37°C for 10 days. After routine paraffin embedding process, 4 um thick serial sagittal sections
from right hemimandibles were used for MVD assessment (PBS n=9, because one sample was lost
during histological processing/ ISO n=10). The left hemimandibles of PBS group were taken in three
different planes (sagittal, coronal, and transversal) to be immunostained for TH, NPY and NET (n=5)
in order to evaluate the normal sympathetic innervation pattern and the presence of NET in nontreated
animals.

After dewaxing and hydration, antigen retrieval was performed using Tris-EDTA buffer (pH 9)
at 80°C for 20 min in a water bath. For TH, NPY and NET sections were permeabilized with 0.1%
Triton-X in PBS, then all sections were blocked using 5% normal Goat or Donkey serum in PBS-Tween
20. Immunostaining was performed using a Rat anti-Mouse endomucin (1:100, Sc65495, Santa Cruz
Biotechnology), Rabbit anti-NET (1:100 dilution in TBS/1%BSA, PA5-77494, Invitrogen), Rabbit anti-
TH (1:200 dilution in blocking solution, AB152, Millipore), or Rabbit-anti-NPY (1:100 dilution in
blocking solution, H-049-03, Phoenix Pharmaceuticals) antibodies at 4°C overnight. Slides were then
washed and incubated with a Goat anti-Rabbit or Donkey anti-mouse 1gG Alexa Fluor 594 conjugated
secondary antibody (1:200 for Endomucin, AB_2340859; 1:500 for NET; 1:1000 for NPY and TH,
diluted in TBS/1%BSA, 115-587-003, Jackson Immuno) at room temperature for 1-3 hours. The nucleus
was counterstained using Hoechst (1:10000, H3569, Thermofisher). Brain sections were used as
positive controls (Supplementary Figure 1) and primary antibody was omitted in negative controls.

For SNS markers, images from one slide/animal were acquired using a Nikon Al-Rs laser
scanning confocal microscope, with either a 20x Plan apo/0.75NA or a 40x Plan fluor/0.75NA lens. To
evaluate NET density, the slides were automatically scanned at 20x using BioTek Cytation 5 (DAPI and

TXRED filters). Three regions of interest (ROISs) in the furcation area of the second molar were defined
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using FIJI software (fiji.sc): one delimitating the alveolar bone; one in the PDL; and one encompassing
the osteoblastic layer. After delineation of the ROls, the number of NET™ cells per total number of cells
was determined and a percentage of NET™ cells per region was calculated.

MVD was assessed in three sections per animal, which were captured and analyzed using
Bioquant software (2017 version, Bioquant Image Analysis Corporation) with a 20x lens in a fluorescent
microscope. The ROIs were delineated in the mesial, distal, and furcation areas of the second molar for
the alveolar bone and PDL. For the mesial and distal sites, the ROI was delimited by the cementoenamel
junction (top), the roots of the second and third, or first molar (lateral) to the apex of each tooth (bottom)
(Supplementary Figure 2a). In the furcation area, the ROI included the interradicular septum and was
limited by the cementum surface in the furcation region (Supplementary Figure 2b). It was also
evaluated in the pulp region (Supplementary Figure 2c). Then, endomucin® surfaces were selected and
the area of endomucin® cells per total area of the selected ROI was calculated as well as the total
number of vessels. Mean values of the alveolar bone, PDL, and pulp ROIs were used in the statistical

analysis as the molar region value for each animal.

Gene expression in the mandible and tibia using RT-qPCR

Twelve WT 6-weeks-old female C57BL6/J mice were randomly divided into two groups as
described above. Two hours after ISO or PBS injection, mice were euthanized in the isoflurane chamber
and the mandibular alveolar bone with the molars and the tibias were dissected out and shap-frozen in
liquid nitrogen. All tissues were pulverized using a N2 cooled mortar and pestle and transferred to
TRIzol (15596018, Invitrogen). RNA extraction was performed according to the manufacturer’s
instruction and RNA quality confirmed by 260/280 ratio between 1.8-2.0 and by the presence of rRNA
bands on agarose gel electrophoresis. Samples with low RNA quality were not used in the further
transcription process. The isolated RNA was resuspended in ultrapure DNase/RNase free water. RNAs
were treated with DNase | (DNase | amplification grade, 18068015, Thermo Fisher) before cDNA
synthesis to eliminate DNA contaminants. For cDNA preparation, reverse transcriptase and random
primers were used according to the manufacturer's instructions (High-capacity cDNA Reverse
Transcription kit, 4368813, Thermo Fisher). The cDNA amplification process was performed with
140ng in a total final volume of 10 uL in a thermocycler (95°C 3 min, 40 cycles 10sec 95°C, 45sec
60°C) using SYBR green (iQ SYBR Green Supermix, 1725272, BioRad). The specificity of the reaction
was verified by melting curve analysis and amplification efficiency was between 90-110% for all the
genes. Gapdh was used as endogenous control after analysis of Gapdh, Hprt, and Tbp genes using
refFinder.?® Primer sequences are summarized in Table 1. Evaluation of gene expression was performed
using the 244" method. For Net analysis, expression was quantified in the alveolar bone (the teeth were

removed) and the tibia from 2-month-old (n=4) mice that received no treatment.
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Table 1: Primer sequences for RT-gPCR reaction.

Gene Forward Reverse

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Tbp CCTTGTACCCTTCACCAATGAC ACAGCCAAGATTCACGGTAGA
Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG
Vegfa CACGACAGAAGGAGAGCAGAAG CTCAATCGGACGGCAGTAGC

-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

1I-18 GGAGAACCAAGCAACGACAAAATA TGGGGAACTCTGCAGACTCAAAC
Rankl TGCCTACAGCATGGGCTTT AGAGATGAACGTGGAGTTACTGTTT
Net AGGCGCTCCTTTTCTTGGAA AGAGGGACTTCGGAGGTTCT
Adrb2 TGGGGCCAGTCACATCCTTAT TGACGCACAACACATCAATGG

Statistical analysis

The sample size was calculated based on the primary outcome of MVD previously published.?
For statistical analysis (experimental unit=animal; 0a=0.05; GraphPad Prism version 6.0), after
normality distribution evaluation, Student’s t-test was used for MVD, heart weight/body weight ratio,

and gene expression analysis between the tibia and mandibular molar region/alveolar bone.

RESULTS

Innervation of the mandibular molar region and impact of BAR stimulation on microvascular density
and gene expression

We first determined the pattern of SNS innervation in the mandibular molar region. Sections in three
different planes were obtained from five WT mice and stained for the sympathetic markers Tyrosine
hydroxylase (TH) and Neuropeptide Y (NPY). Immunofluorescence (IF) signals for TH
immunoreactivity were observed as punctuate structures around blood vessels corresponding to
transversal sections of sympathetic neurons (Figure 1a, b). These structures were mainly located in the
PDL and occasionally in the bone marrow area of the alveolar bone (Figure 1c). On these 2D thin
sections, we could not detect any ramification of fibers from vessels towards the marrow or bone
surfaces, nor close contact between TH™ cell processes and osteoblasts. The TH signal was also
observed in the cytoplasm of PDL fibroblasts and odontoblasts (Supplementary Figure 3). Similar to
TH immunoreactivity, NPY signals were observed around blood vessels, thus confirming the
sympathetic origin of these fibers. Signal for NPY was also observed in PDL cells, in osteoblasts lining
alveolar bone and osteocytes embedded into the alveolar bone (Figure 1d). Nerves of sympathetic origin
thus innervate mandibular molar region tissues and are associated with blood vessels, similarly to what

was observed in long bones.?*?’

31



No TH primary antibody JNo NPY primary antibg

Figure 1: Sympathetic nervous system markers in the molar region (immunofluorescence, 6 weeks-
old wild-type C57BL/6 mice, n=5, 2 sections per animal). a) Coronal section of the first molar
region, showing puncta structures around blood vessels (arrow head), positive for TH (red). b)
Transversal section showing the same pattern of distribution of the TH positive fibers. Insert from
the transversal section showing TH fibers and scattered dots in the proximity, probably sprouting
nerves (arrow head). ¢) Transversal section showing that positive fibers for TH were sparsely seen
in the alveolar bone, always associated with blood vessels (arrow head). d) Neuropeptide Y (NPY)
immunostaining in the furcation area, in sagittal sections, around blood vessels (arrow head), and
positivity for osteoblasts and osteocytes (arrows) was also observed. e-f) Negative control where
the primary antibodies for TH (e) and NPY (f) were omitted. Original magnification of 20x and 40x
on the inserts. Periodontal ligament (PDL), Alveolar bone (AB), Root (R).

To determine if AR stimulation enhances periodontium vascularization, WT mice were treated
daily for 4 weeks with 1SO or PBS, and microvascular density (MVD) was quantified histologically. 1SO
was used to mimic sympathetic activation during stress response, without interfering with the HPA axis,
and the 4-weeks timeframe of ISO daily injections was chosen based on our previous findings where
such regimen and dose increased MVD in long bones®. Unexpectedly, 1SO treatment did not increase
endomucin+ vessel area nor the total number of endomucin+ vessels in any of the regions investigated
(molar region, alveolar bone, PDL and dental pulp), when compared with the PBS group (Figure 2a),
despite similar mRNA expression of Adrb2, the gene coding for the f2AR, between molar region and
long bone tissues (Figure 2b). The increased heart weight/body weight ratio in the 1SO group also
confirmed drug activity (Figure 2c). Consistent with these results, the expression of direct f2AR target

genes including Vegfe, 11-6, 11-18, and Rankl in the molar region did not change 2h following 1SO

administration, whereas the expression of Vedfa, 11-18, and Rankl increased in the tibia of these animals
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(Figure 3a-d), as we reported previously.?® The 2-hrs timepoint was chosen to asses direct 52AR target

genes in response to 1SO, as signaling for most G-protein coupled receptors is tightly regulated at
multiple downstream levels to maintain homeostasis. This is the case for the the f2AR and expression

of Vegf, which returns to baseline after 24hrs.?%%
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Figure 2: Blood vessel density in the mandibular molar region in response to -AR stimulation by
isoproterenol (1SO). Wild-type 6 weeks-old C57BL/6 mice were treated with 1SO or PBS for 4 weeks.
a) Graphs shows means + standard deviation of the ratio Endomucin+ area/ Total area and Total
number of endomucin+ vessels/ Tissue area in the molar region and separately in the alveolar bone,
PDL and dental pulp (T-test, PBS n=9, ISO n=10; mean of 3 slides per animal), showing no
significant effect of ISO treatment on microvascular density. On the upper portion of the figure,
photomicrographs of second inferior molar furcation area from a representative section from each
group. Original magnification of 20x. b) Graph of mean + standard deviation of Adrb2 mRNA
expression in the molar region and tibia, showing similar expression levels (T-test, Molar region n=6,
Tibia n=5). c) Graph of mean + standard deviations of heart weight/body weight ratio after one-
month 1SO treatment, demonstrating the drug activity (T-test, PBS and 1SO n=10).
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Figure 3: Expression of vascular endothelial growth factor (Vegfa), interleukin-14 (11-15) and -6 (11-
6) and Rankl in response to isoproterenol (1SO) treatment. Wild-type 6 weeks-old C57BL/6 mice were
treated with I1SO or PBS for 2 hours. Graphs of means + standard-deviation for Molar region (on the
right) and Tibia (on the left) for: a) Vegfa; b) 11-15; ¢) 11-6 and d) Rankl (t-test, Molar region: PBS
n=5, ISO n=5; Tibia: PBS n=4-5, ISO n=5-6).

NET is expressed in osteoblasts, osteocytes, and PDL cells of the mandibular molar region

The differential response of mandibular tissues and long bone to the exogenous SAR agonist
ISO in term of SAR target gene expression and MVD led us to investigate other components involved in
the regulation of sympathetic outflow. SNS signaling involves post-synaptic SARs but also a number of
mechanisms that regulate the release of NE from central and peripheral sympathetic nerves.?® Among
them is NE reuptake by NET, which is highly expressed in presynaptic sympathetic neurons and
responsible for the clearance of NE from the extracellular space and the replenishment of NE stores.

NET has been detected in differentiated osteoblasts and osteocytes from long bones, where it is



postulated to contribute to the control of NE bone marrow content and SAR signaling in bone cells.?*

We thus investigated the presence of NET in the mandible alveolar bone using IF. A specific NET IF
signal was observed in the osteoblastic layer (Figure 4a), in PDL cells (Figure 4b) and in bone-
embedded osteocytes (Figure 4c). The density of NET™ osteocytes and osteoblasts in the furcation area
(50.79%) was higher than the density of NET* PDL (30.65%). In addition, Net mMRNA expression was
higher in the alveolar bone than in the tibia from the same animals (Figure 4e).
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Figure 4: NET protein expression in the molar region and tibia. a-d) Immuno-positive staining for
NET was observed in the osteoblastic layer (arrowhead, a), periodontal ligament cells (arrowhead,
b) and bone-embedded osteocytes (arrowhead, ¢). Original magnification of 20x (left, H&E staining)
and 40x (right, immunofluorescence). Primary antibody omission was used as negative control (d),
original magnification of 20x (Wild-type 6 weeks-old C57BL/6 mice, n=5, 4 sections per animal). )
Net mRNA expression in the alveolar bone compared to tibia (QPCR, t-test, Wild-type C57BL/6 mice,
n=4. Teeth were removed for this analysis).

DISCUSSION

We have previously shown that f2AR stimulation by 1SO promotes VEGF expression and
blood vessel formation in adult mouse long bones, where it contributes to skeletal breast cancer
metastasis.”° High VEGF levels are associated with periodontitis severity, since vascularization is
critical to the presence of inflammatory cells in the periodontal tissue and is the conduit of nutrients for
periodontal pathogenic bacteria, such as P. gingivalis, which uses heme for survival and growth.??2*
Hence, we asked whether the pro-angiogenic action of AR agonists in long bones would occur in the
mandibular molar region. Unexpectedly, we found that 1ISO did not increase the MVD nor the expression

of Vedfa in the mandibular molar region, despite similar expression level of Adrb2 between tibia and
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mandibular molar region tissues. Although we cannot exclude at that point a reduction in S2AR protein
level or cell surface expression due to challenges in detecting this transmembrane receptor by IF, the
differential response of these two tissues may stem from their different embryonic origin. Facial bones
originate from the neural crest through intramembranous ossification while the axial skeleton is
mesoderm-derived and formed by endochondral mechanisms.® Others have noted differences between
these two tissues: mesoderm-derived and neural crest-derived osteoblasts for instance display different
osteogenic potentials in vitro;* Mandibular osteoblasts deposit more mineralized matrix and express
higher levels of alkaline phosphatase than tibial osteoblasts;* Others have also shown that different
bone envelopes, such as femoral periosteum and different parts of the mandible (alveolar wall,
periosteum, retromolar endosteum) respond differently to agonists/antagonists of the catecholaminergic
pathway.'® The higher expression of VEGF observed in femurs compared to mandible, both in fetus and
adults at RNA and protein levels, also support differential mechanisms controlling vessel density
between these two tissues.*

The presence of TH was detected in neurons around blood vessels but also in PDL cells and
odontoblasts. Such unexpected immunoreactivity was also reported by others.'>3*%® Restrain stress was
shown to enhance TH expression in PDL fibroblasts,*® and TH levels were shown to be high in humans

with periodontitis.** Leptin, a hormone capable of activating the SNS, was also associated with high

levels of TH in PDL fibroblasts in vitro and in vivo.** The biological and pathophysiological relevance
of TH expression in extra-neuronal periodontal tissues remains to be determined.

The influence of adrenergic signaling on periodontitis has been supported by the use of beta-
blockers, which block SAR signaling.'®*°*¢ Propranolol led to a decrease in serum levels of C-reactive
protein, TNF-a, IL-6 and to a reduction in osteoclasts number in periodontitis.*”'® However, the
administration of 1SO or propranolol did not affect the number of osteoclasts in the healthy alveolar
bone,™ indicating that SAR stimulation/inhibition has no effect on alveolar bone in the absence of an
inflammatory stimuli. These observations suggest that the SNS influences the periodontal environment
mainly by its action on inflammatory cells, possibly orchestrating the inflammatory process associated
with periodontitis, and independently of changes in blood vessel density. In fact, the SNS represents the
main communication between the central nervous system and immune cells, and a pro-inflammatory
effect is expected after adrenergic receptors stimulation in inflammatory cells.**° The use of
immunodeficient models will be critical to address this question.

NET does not uptake pharmacological SAR agonists like 1SO and thus the expression of this
transporter in alveolar bone osteocytes/osteoblasts and PDL fibroblasts, as well as its higher expression
in alveolar bone versus long bones, cannot explain the lack of response of mandibular tissues to 1SO.
However, it supports the notion that mandibular bone tissues have multiple protective mechanisms to
blunt the effect of stress and SNS activation. Further studies using selective NET inhibitors and tissue-
specific Net loss-of-function experiments are necessary to elucidate the functionality of this transporter

in periodontal tissues and periodontitis pathogenesis.
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CONCLUSION

PSAR stimulation by the pharmacological AR agonist ISO does not increase MVD in the mouse
mandibular molar region, as opposed to tibias. Peridontium tissues also express NET, whose role is to
reuptake endogenous NE released by sympathetic nerves. These findings demonstrate that the

periodontium is innervated but, has a high capacity to limit SAR signaling.
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AL. Adrenergic signaling and periodontitis: insights on innate immunity and

Porphyromonas gingivalis virulence in an invertebrate model*

RESUMO

Estresse € um fator de risco para periodontite, no entanto, a correlacdo entre sistema
adrenérgico (SA), resposta imune inata e viruléncia de Porphyromonas gingivalis
ainda é desconhecida. Para investigar a agdo do SA na resposta imune do hospedeiro
e na viruléncia de P. gingivalis, n6s comparamos no modelo invertebrado de Galleria
mellonella, a resposta a norepinefrina (NE), ao isoproterenol (ISO), e ao horménio
endogeno do inseto, Octopamina. A progressao da infeccdo por P. gingivalis foi
avaliada pela curva de sobrevivéncia, resposta humoral (melanizagdo por teste
colorimétrico, e expressdo de cecropina e gloverina por RT-gPCR) e celular
(densidade hemocitaria, nodulacao por histologia) e recuperacao de P. gingivalis por
contagem UFC/mL. P. gingivalis também foi cultivada na presenca de ISO (PgISO) e
NE e entdo injetada na larva para avaliacdo da curva de sobrevivéncia. Finalmente,
nés injetamos I1ISO e PgISO para avaliar os efeitos do ligante na resposta imune e
diretamente na bactéria. Nenhum dos ligantes foi toxico para larva, porém,
apresentaram efeitos opostos. ISO aumentou o nimero de hemacitos apods infeccao
por P. gingivalis, através da mobilizacdo dos hemacitos sésseis de maneira, enquanto
NE fez o oposto, o que foi associado a agao exclusiva em (B-AR. Esses achados se
traduziram na sobrevida apds infecgéo, pois enquanto ISO reduziu a mortalidade das
larvas e o numero de bactérias recuperadas da hemolinfa, NE aumentou a mortalidade
e nado influenciou na recuperacdo bacteriana. Ambos ISO e NE tiveram efeitos
similares na melanizacdo e diminuiram expressdo de cecropina. Apenas PgISO
aumentou a mortalidade das larvas, porém, a administracao de 1ISO sistémico reverteu
parcialmente este fenoétipo. Aqui, nés validamos o modelo de G. mellonella para
estudar o SA durante infecgdes e mostramos que a resposta a e 3-adrenérgica tem
efeitos opostos no desfecho da infeccdo por P. gingivalis. Ainda, a influéncia das

catecolaminas no sistema imune se sobrepde a acao de bactérias mais virulentas.

Palavras-chave: Galleria mellonella, Porphyromonas gingivalis, sistema adrenérgico,
invertebrados, imunidade inata.

*Artigo elaborado de acordo com as normas do periédico Plos Pathogens (Online version ISSN1553-
7366).
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ABSTRACT

Stress is a risk factor for periodontitis; however, the relationship among the adrenergic
system (AS), innate immune response, and virulence of Porphyromonas gingivalis is
still unclear. To investigate the role of AS in the host immune response and P. gingivalis
virulence, we compared, in the Galleria mellonella invertebrate model, norepinephrine
(NE) and isoproterenol (ISO) responses to the endogenous stress hormone
octopamine. P. gingivalis infection progression was evaluated by determining the
survival curve and humoral (melanization by colorimetric assay, cecropin and gloverin
MRNA expression), cellular immune responses (hemocyte count, nodulation by
histology) and P. gingivalis recovery as CFU/mL count. P. gingivalis was cultivated in
the presence of ISO (PglSO) or NE and injected into the larvae for survival curve
evaluation. Finally, we co-injected ISO and PgISO to evaluate the effects of the ligands
on the immune response and directly on the virulence of the bacteria. None of the
ligands were toxic to the larvae but they presented opposite effects; ISO increased
hemocyte number, even after P. gingivalis infection, by mobilizing sessile hemocytes
in a B-adrenergic-specific manner, while NE showed the opposite effect. These effects
ultimately correlated with the survival of the larvae after P. gingivalis challenge. 1SO
treatment reduced larval mortality and the number of recovered bacteria from the
hemolymph, while NE increased mortality and showed no effect on bacterial recovery.
Both ISO and NE had similar effects on melanization and decreased the expression of
cecropin. Only the injection of PgISO increased the larval death rate, but circulating
ISO partially reversed this effect. Herein, we validated the G. mellonella model for
studying AS during infection challenges and showed that a- and -adrenergic signaling
have opposite effects after P. gingivalis infection. Ultimately, the catecholamine

influence on the immune response overcomes the action of more virulent strains.

Keywords: Galleria mellonella, Porphyromonas gingivalis, adrenergic signaling,

invertebrates, innate immunity.
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AUTHOR SUMMARY

Periodontitis is the most common diseases of the gum and surrounding bone. It is a
highly complex, multifactorial condition resulting from an imbalance between the
microbiota and the host response, considered as the two pillars of the disease. One of
the influencing factors is stress, which leads to the activation of the adrenergic system
(AS), releasing epinephrine and norepinephrine. These hormones bind to different
receptors expressed in many cell types and have been implicated in the virulence of
periodontal microbiota. The study of AS in rodents/humans on both pillars of
periodontitis is difficult because of the multiple variables involved in disease
pathogenesis and the complexity of the immune response in higher organisms. We

used the insect model Galleria mellonella, an excellent alternative to mammalian

models, to interpret the host and microbiota responses to acute infection of
Porphyromonas gingivalis, which is the main bacterial species responsible for
periodontitis. Here, we show that the action of AS on the innate immune system of G.
mellonella is the most important determinant of P. gingivalis infection outcome and that

the effect of AS directly on the pathogen found in vitro cannot be transferred to the in

Vivo setting.

1. INTRODUCTION

Stress is an inherent part of modern life, and allostatic overload can contribute
to the development and progression of various diseases. One such disease is
periodontitis, a chronic inflammatory disease that is the leading cause of tooth loss in
adults worldwide [1]. However, the exact mechanisms by which stress impacts
periodontitis development are still not fully understood. Several factors have been
proposed to explain the negative effects of stress, such as the activation of the

hypothalamic-pituitary-adrenal axis and the immunosuppressive action of cortisol, and
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lifestyle changes, such as a decrease in physical activities and weight gain, negligence
with oral hygiene, and smoking, in periodontitis pathogenesis [2].

Moreover, the sympathetic nervous system (SNS), which is a part of the stress
response, can affect both the pillars of periodontitis pathogenesis: host immune
response and the microbiota. In the host, the SNS acts through a- and B-adrenergic
receptors (AR), which are activated by the catecholamines epinephrine and
norepinephrine (NE) in vertebrates. In invertebrates, the stress response is
orchestrated by octopamine (OCT). Activation of the B-AR signaling leads to an
increase in bone loss in rats with periodontitis [3], while the blockage of SNS by
sympathectomy or propranolol (a 8-AR blocker) inhibits osteoclastic differentiation and
stress-induced interleukin (IL)-18, IL-6, and IL-8 release, resulting in decreased bone
loss [4-7]. SNS activation results in a pro-inflammatory profile [4,8] and decreases
periodontal fibroblast proliferation [9].

In addition to their influence on the host, catecholamines have been shown to

exhibit in vitro activity in some microorganisms. Epinephrine and NE interfere with the

growth of some periodontopathogenic bacteria such as Fusobacterium nucleatum and

Tannerella forsythia [10-14] and also increase the virulence of other bacteria such as

Porphyromonas gingivalis [10,11,15,16]. P. gingivalis is the main pathogen associated

with chronic periodontitis and is known as a keystone bacterium because of its ability
to subvert the host immune response and invade the periodontal tissues [17]. NE

increased the expression of gingipain (rgpb), an important virulence factor of P.

gingivalis [15,18], which was reverted by the administration of propranolol, suggesting
that a catecholaminergic receptor is expressed by the pathogen [16]. Although the
current literature shows a direct action of catecholamines on P. gingivalis, the high

concentrations used in these studies are not comparable to the concentrations in
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physiological or stress conditions, making the translation from bench to bedside a
challenge.

Although these in vitro studies show the potential influence of adrenergic
signaling directly on the main pathogen of periodontitis [15-18], and studies in rodents
and humans highlight the deleterious impact of stress in periodontal disease, the
complexity of the disease and the models used make it virtually impossible to study
the SNS response from the other components triggered during stress response, and
to dissect its influence on the immune response and pathogen. Thus, less complex
models that still present an analogous response to bacterial infections, such as
invertebrate models, are ideal to answer many of the prominent questions on the
impact of the adrenergic system (AS) on the host and pathogen [19].

Galleria mellonella, a lepidopteran insect, has been widely used to study

pathogen/host interactions owing to its many advantages. In the larval stage, it can be
maintained at 37 °C, a temperature ideal for most human pathogens, is easy to handle,
allows for controlled inoculation of microorganisms, and its immune system resembles
that of rodents and humans [19]. In both invertebrates and mammals, the innate
immune system is activated by the interactions of the pattern recognition receptors in
immune cells (hemocytes in invertebrates and polymorphonucleated cells in
vertebrates) with pathogen-associated molecular patterns expressed by pathogens.
These interactions lead to the activation of transcription factors, such as NF-kB, and
antimicrobial peptide (AMP) and lysozyme release as well as phagocytosis in both
models. In addition, invertebrates present a potent melanization response that aims to
opsonize and inactivate the invaders; this response correlates with the complement
system of vertebrates [20—22]. Previous studies have shown that G. mellonella is a
useful model for studying P. gingivalis infection [23-27]. Moreover, this insect produces

OCT, a hormone that structurally resembles NE [28,29].
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45
Thus, to better understand the effects of adrenergic signaling in the host

response and P. gingivalis virulence, we investigated a range of adrenergic ligands
(isoproterenol [ISO], NE, and OCT) at different concentrations (from low pM to high
pMM) in P. gingivalis infection outcomes using the invertebrate model G. mellonella,

which has an innate immune response system similar to that of higher organisms.

2. RESULTS

ISO and NE affect the cellular immune response in G. mellonella in a dose- and

time-dependent manner in the absence of pathogen infection

To evaluate whether the AS influences the cellular immune response, we used
the well-established insect model, G. mellonella larvae. We chose the prototype
adrenergic ligands NE, a mixed a- and B-AR agonist, and ISO, a selective (-AR
agonist, and compared them with the endogenous insect adrenergic hormone OCT.
First, we tested compound toxicity by injecting G. mellonella with a wide range of NE
and I1SO concentrations (10 pM to 100 uM, with mid-concentrations added when pick
responses were seen to ensure specificity) and observed the larvae for 5 days. S1
appendix A—C shows that there was zero to very limited toxicity across the tested

concentrations compared with that observed for the PBS control group.
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S1 appendix: Octopamine (OCT) (A), norepinephrine (NE) (B), and isoproterenol (ISO) (C)
concentration-response analysis of survival in G. mellonella larvae (Kaplan—Meyer plot, left) and
health index (heatmaps, right). None of the three compounds showed significant toxicity (n = 20 larvae
per group; Log-rank (mantel-cox) test, OCT p = 0.1313, NE p = 0.6453, ISO p = 0.7137). * Significant
differences in the health index compared with that of the phosphate-buffered saline (PBS) group,
using the Kruskal-Wallis test, are indicated in the heatmaps..

We then collected the circulating hemocytes from larvae injected with the same
concentration range of NE, 1SO, and OCT at 30-180 min post-injection (Figure 1, S2
appendix). Interestingly, ISO caused an increase in hemocyte counts, represented as
box plots after z-score normalization, with an inverse U-shaped dose-response curve
peaking at 100 pM and at the 30 min time point (Figure 1B). The results with 100 pM

ISO were similar to the OCT endogenous hormone response (Figure 1A). In contrast,
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NE caused a decrease in hemocyte counts, peaking at 30 min, but at a much higher

concentration (1 puM) (Figure 1C).

Octopamine
A P

Z score
Hemocyte count
A L A
*

Q
)
h

b

- N

o o

1 |
©

wh
=)
1
»
"

Z score
Hemocyte count
T
H[—
I
Ik
{—
Z score
Hemocyte count
HI—
HI—
HH
I+
[~

=
=)
N

Figure 1: Z-score-normalized hemocyte counts 30 min post-injection of octopamine (OCT) (A),
isoproterenol (ISO) (B), and norepinephrine (NE) (C) in G. mellonella larvae. Box plots represent z-
normalized hemocyte counts for n = 20 larvae per concentration. OCT increases the number of
hemocytes at 100 pM and 1 nM ( ANOVA, p < 0.0001), while ISO increases the number of hemocytes
at 100 pM and 500 pM ( Kruskal-Wallis test, p < 0.0001). NE decreases the number of circulating
hemocytes at 1 pM (Kruskal-Wallis test, p < 0.0001). * Significantly different compared with the
phosphate-buffered saline (PBS) group.

The complete time-by-concentration matrix for ISO and NE, as shown in
Supplementary Figure 2, highlights the transient time response (30 min peak) to
adrenergic stimuli with a narrow window of concentration dependency, indicating a

highly tunable response.

47



48

90 minutes 180 minutes
20+ 20+
‘g‘ 15 ‘g’ 15
s S 101 s 3 104
Isoproterenol N o f"%éé'l NE i l
2 s $ o SR
101+ T T — T — T T S T T T — T T T T T
*°‘°s"‘:°°‘t@i§°“ *‘{9‘:@‘* ~“‘s“‘:@* Q“’%s"‘*@"‘t@{e‘}ﬁs S &‘*@*
A B
8+ 8-

Norepinephrine

]

T

KY

Zlee

) Yo
\Q N

Z score
Hemocyte count
Z score
Hemocyte count

T
&

LR

&

S2 appendix: Z-score-normalized hemocyte counts after ISO and NE treatment in a by concentration
and time. ISO (A, B) and NE (C, D) time-course response at 90 (A, C) and 180 (B, D) min after
infection. Box plots represent z-normalized hemocyte counts for n = 20 larvae per concentration/time
point. No significant differences are observed among the concentrations within groups (ISO 90 min,
Kruskal-Wallis test, p = 0.003; ISO 180 min, Kruskal-Wallis test, p = 0.0718; NE 90 min, Kruskal—
Wallis test, p = 0.2899; and NE 180 min, Kruskal-Wallis test, p = 0.0783.)

a-AR signaling increases larval mortality during P. gingivalis infection

We employed the gram-negative bacterium P. gingivalis, the main pathogen
responsible for periodontal disease, as a model to study the interplay between
pathogen infection and the AS, as periodontitis has been linked to stress and SNS
stimulation. We co-injected larvae with NE (1 uM) and P. gingivalis (108 CFU/ml) and
observed them for 5 days (Figure 2A). P. gingivalis alone killed 92.5% of larvae in 5
days, whereas co-injection with NE led to 100% death in 2 days, accompanied by a
decline in larval health, although it was not significantly different from that with P.
gingivalis alone (Figure 2B). As shown earlier, NE decreased the number of circulating
hemocytes, which are the cells responsible for phagocytosis and nodule formation; this
was also observed upon co-injection with P. gingivalis (Figure 2C). This decline in

cellular response resulted in P. gingivalis recovery from the larvae hemolymph



(measured as CFU/mL), similar to the P. gingivalis control group (Figure 2D). As one
of the hallmarks of the response to bacteria is nodule formation, we performed
histological analysis of the infected larvae. In concordance with the recovery assay,
there was no difference in nodulation between the groups (Figure 2E).

To determine whether NE influenced the humoral immune response, we
measured the levels of larval melanization using a colorimetric method 30 min post-
injection, since we have observed an influence on hemocyte density after 30 min. No

significant difference was observed between the P. gingivalis and P. gingivalis + NE

groups (Figure 2F). Finally, we checked if the late humoral responses were affected
by measuring changes in gene expression of two of the most common AMPs for
bacterial infection in G. mellonella, cecropin and gloverin, after 24 h of infection. As
shown in Figure 2G, P. gingivalis infection increased the expression of both genes (49-
fold for gloverin and 4.6-fold for cecropin). Co-infection with NE decreased the
expression of cecropin compared with that in the P. gingivalis group (2.8-fold

decrease).
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Figure 2: Effect of a-AR signaling on the G. mellonella larvae response. A) Survival curve over 5 days
of concomitant injection of 1 uM NE and 108 CFU/mL Porphyromonas gingivalis (n = 20 larvae per
group, Kaplan—Meyer plot, Log-rank [Mantel-cox] p=0.0109). B) Health index on day 5) (n = 20 larvae
per group, Box plot, Kruskal-Wallis test, p < 0.0001). C) Z-score-normalized hemocyte counts
measured after P. gingivalis +/- 1 uM NE compared to PBS group (n = 20 larvae per group, Mean and
standard deviation, ANOVA, p < 0.0001). D). P. gingivalis recovery from the hemolymph of larvae
infected with P. gingivalis +/- 1 uM NE (n = 10 pools of three larvae per group, Mean and standard
deviation, t-test p = 0.1306) measured as CFU/ml. E) No differences observed between P. gingivalis
and P. gingivalis + 1 uM NE regarding the number of nodules counted from histology sections (n =
10 larvae per group, three sections per larvae, Mean and standard deviation, t-test, p = 0.0851). F)
Colorimetric measurement of melanization (n = 20 larvae per group, Box-plot, Kruskal-Wallis test, p
<0.0001). G) gPCR analysis of gloverin and cecropin mRNA expression 24 h after infection (gloverin:
n = 8 larvae for PBS group and n = 10 larvae for P. gingivalis +/- 1 pM NE; Kruskal-Wallis test, p <
0.0001; cecropin: n = 10 PBS and P. gingivalis and n = 9 for P. gingivalis + 1 uM NE, Kruskal-Wallis
test, p = 0.0024). Same lower letters close to the graph lines/bars represent an absence of significant
difference. * represents significant compared with the PBS group. @ represents significant compared
with the P. gingivalis group.

B-AR signaling positively impacts G. mellonella survival mainly through changes

in the cellular immune response
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Next, we analyzed the effects of B-adrenergic signaling using the specific pan
B-AR agonist, ISO. After co-injecting the larvae with P. gingivalis and 100 pM ISO, the
proportion of dead larvae was reduced to 45% after 5 days (Figure 3A). The pro-
survival effect of ISO was also evident upon calculating the health index, because 1SO-
treated P. gingivalis-infected larvae had a healthier phenotype during the experimental
period (Figure 3B), although this change was not significant compared with that in the
P. gingivalis group.

To analyze the impact of the B-adrenergic system on bacterial-challenged
larvae, we performed the same assays described above using NE, investigating both
humoral and cellular responses. After P. gingivalis challenge, the larvae that also
received ISO had a bacteria-induced decrease in hemocyte counts reversed to PBS
levels (Figure 3C). This reversal in hemocyte loss was accompanied by a reduction in
the number of P. gingivalis cells recovered from the hemolymph (Figure 3D). These
results highlight the fact that ISO treatment is capable of rapidly reducing the number

of live bacteria post-infection.
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Figure 3: Effect of 8-AR signaling on G. mellonella larvae response. Survival curve (A) and health
index (B) after concomitant administration of 100 pM ISO and Porphyromonas gingivalis (n = 20 larvae
per group, Kaplan Meyer plot, log-rank [Mantel-cox] p = 0.0099; for health index, Kruskal-Wallis test,
p <0.0001). C) Z-score-normalized hemocyte counts after P. gingivalis +/- 100 pM ISO (n = 20 larvae
per group, Mean and standard deviation, ANOVA, p < 0.0001). D) CFU/mL count of P. gingivalis +/-
100 pM ISO recovered from larvae’s hemolymph (n = 10 pools of three larvae per group, Mean and
standard deviation, t-test, p = 0.0357). Same lower letters close to the graph lines/bars represent the
absence of significant difference.

To delve deeper into the mechanism by which ISO increased the number of
hemocytes, we analyzed circulating (on the hemolymph) and sessile hemocyte, by
dissecting the fat body and adjacent annexes (e.g dorsal tube), from the same larvae.
As shown in Figure 4, the increase in circulating hemocyte corresponded to a
comparable decrease in sessile hemocytes from the internal organs, clearly showing
that ISO directly affects the release of sessile hemocytes. This can also be seen in the
histology sections (highlighted in the insets) and has been quantified in the heatmap
below (Figure 4). We also checked if the endogenous hormone OCT used the same
mechanism to increase circulating hemocyte count, as shown in Figure 1A. The
heatmap in Figure 4 confirms that OCT is indeed capable of releasing sessile
hemocytes, similar to ISO. We validated that the ISO/OCT-induced increase in
circulating hemocytes was dependent upon the B-AR signaling by co-injecting the
larvae with the B-AR-specific antagonist propranolol. As expected, propranolol
completely blocked the ISO/OCT-induced increase in the circulating hemocyte count

(Figure 4).
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OCT (100 pM) + Propranolol
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ISO (100 pM) % &

ISO (100 pM) + Propranolol
Propranolol

Circulating
Sessile

Circulating +Sessile

Figure 4: Effect of B-AR signaling on hemocyte mobilization from the fat body. On the top, a
representative image of H&E stained sagittal section of PBS or ISO (100 pM) injected larvae. Image
shows the sessile hemocytes adhering to the fat body (FB), muscle (M) and trachea (T) (yellow
arrowhead) and circulating hemocytes in the hemolymph (H) (orange arrowhead) (scale bar: 100 pm
in the upper photos and 40 pm in the insets). (Bottom) Z-score-normalized hemocyte counts from
hemolymph and fat body in larvae that received PBS, 100 pM ISO or 100 pM/1 nM OCT for 30 min
(n =20 larvae per group, Heatmap, ANOVA p < 0.0001). These observations were abolished with the
administration of propranolol (10 uM), which was added to some groups to block (B-adrenergic
signaling. * Significant difference from PBS on hemolymph. ® Significant difference from PBS on fat
body.

53



54
We also analyzed the number of nodules after ISO treatment and observed a

decrease after treatment when compared with the P. gingivalis group (Figure 5).

80

60 -

404

20+

Number of nodules

Figure 5: Effect of 8-AR signaling on nodulation. On the top, representative figures of larvae injected
with Porphyromonas gingivalis after 30 min, showing nodules formed around the Fat body, muscles,
and trachea (H&E staining).Gl= gastrointestinal tract, FB= Fat body, M= muscle, T= trachea,
H=hemolymph. (Bottom) Number of nodules in larvae treated with P. gingivalis +/- 100 pM ISO (n =
10 larvae per group, 3 sections per animal, Mean and standard deviation, t-test p= 0.0021).

To determine whether the humoral immune response was also involved in ISO
activity, we measured the levels of larval melanization. There was no significant

difference between the infected groups, irrespective of treatment with ISO (Figure 6A),
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indicating that this pathway may not be altered significantly by B-adrenergic signaling.

Ultimately, we checked AMP production and observed that ISO-treated larvae had
decreased cecropin expression when compared with that of the P. gingivalis group
(Figure 6B).
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Figure 6: Effects of B-AR signaling on humoral response. A) Colorimetric measurement of
melanization in larvae injected with Porphyromonas gingivalis +/- 100 pM ISO for 30 min (n = 20
larvae per group,Box plot, Kruskal-Wallis test, p < 0.0001). Same lower letters close to the graph
lines/bars represent an absence of statistical difference. B) qPCR analysis of cecropin and gloverin
gene expression (gloverin: n = 8 for PBS group, n = 10 for P. gingivalis and P. gingivalis +100 pM
ISO groups, Box plot, Kruskal-Wallis test, p < 0.0001; cecropin: n = 10 larvae per group, Kruskal—-
Wallis test, p= 0.0024). * represents statistical difference with PBS group. @ represents significant
difference compared with the P. gingivalis group.

Adrenergic ligands differentially affect the virulence of P. gingivalis

To address whether direct adrenergic stimuli on P. _gingivalis could influence
the course of infection, we cultured the bacteria overnight with ISO- (100 pM and 100
pUM) or NE- (1 pM and 100 pM) supplemented broth and then injected them into G.
mellonella at a higher bacterial load (10° CFU/ml). The higher bacterial load used in
these experiments was needed to match the 24 h death rate of P. gingivalis grown on
agar plates (see Materials and Methods for details). We used the concentrations that
influenced on the host response (100pM for ISO and 1uM for NE). The concentration

100uM was chosen based on previous in vitro studies [15,16,18]. As shown in Figure



7B, ISO-grown P. gingivalis (PgISO) was more toxic than P. gingivalis to the larvae at
both concentrations tested in the first 24 h post-injection and started to kill larvae within
the first couple of hours, while NE-grown P. gingivalis (PgNE) led to no substantial
difference in survival, also compared to P. gingivalis (Figure 7A). When we analyzed
the health of the larvae, both PgISO and PgNE reduced the health index, albeit without
substantially difference compared with that of the P. gingivalis group (Figure 7A-B).
Although NE and ISO influenced the gene expression of gingipain (rgbp) and fimbriae
(fimA) in vitro, only ISO changed the phenotype in vivo (Figure 7A-B).

The interesting observation that ISO could behave differently if it was acting
systemically on the larvae or directly in the bacterial environment prompted us to test
whether the pro-survival effects of circulating 1ISO could overcome the increased
virulence of ISO-grown P. gingivalis. For this purpose, we co-injected G. mellonella
with 100 pM ISO and 10° CFU/mI ISO (100 pM)-grown P. gingivalis and observed them
hourly for 24 h. As shown in Figure 7B, circulating 1ISO was indeed able to partially
reverse the toxicity of the more virulent PglSO, indicating that the systemic effects of
the B-adrenergic signaling are sufficient to counteract the toxicity of bacteria with higher

virulence.
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Figure 7: Direct action of adrenergic signaling on Porphyromonas gingivalis and concomitant action
on immune system and bacteria. A) Co-culture of P. gingivalis with 1 uM or 100 uM NE had no effect
on larvae survival 24 h after infection (n = 10 larvae for PBS group, n = 45 larvae for P. gingivalis
group, n = 20 larvae for PgNE 1 pM and PgNE 100 pM, Kaplan Meyer plot, log-rank [Mantel-cox] p =
0.0005) or health index (Box plot, Kruskal-Wallis test, p < 0.0001) despite the increased virulence in
vitro (rgbp, n = 6 biological replicates per group, ANOVA, p< 0.0001; fimA, n = 6 biological replicates
per group, Mean and standard-deviation, ANOVA, p < 0.0001). B) Co-culturing P. gingivalis with 100
pM and 100 uM ISO increased the mortality of the larvae 24 h after infection (n = 10 larvae for PBS
group, n = 45 larvae for P. gingivalis, n = 20 for PgISO 100 pM and PgISO 100 uM and 100 pM ISO
+ PgISO 100 pM; Kaplan Meyer plot, log-rank (Mantel-cox) p < 0.0001), confirming the increased
virulence in vitro (rgbp, n = 6 biological replicates per group, Mean and standard deviation, ANOVA
p< 0.0001; fimA, n = 6 biological replicates per group, ANOVA p = 0.0131). The systemic
administration of 100 pM ISO could partially reverse this phenotype No difference was found
regarding the healthy index (Box plot; Kruskal-Wallis test, p < 0.0001). Same lower letters close to
the graph bars/lines represent an absence of significant difference concerning the same gene.

3. DISCUSSION
Stress is an inherent part of modern life and has been identified as a risk factor

for periodontitis; however, the role of catecholamines in the two pillars of periodontitis,



in the immune system and bacterial virulence, is still not fully understood. In the
periodontium, under homeostatic conditions, there is surveillance inflammation that
maintains overall health. This function is mainly exerted by neutrophils and
macrophages that phagocytose invaders and attempt to reduce the bacterial load [30—
32]. During the inflammatory response, tissue breakdown products are released
creating a favorable environment for the growth of anaerobic and proteolytic bacteria,
such as P. gingivalis [17]. The SNS can regulate immune function, as cells of the innate
Immune system express both a- and B-ARs. Catecholamines primarily increase the
number of circulating natural killer (NK) cells and granulocytes in response to
stressors, and their activation can lead to pro- or anti-inflammatory actions depending
on the cell and receptor activation. In the innate immune cells of vertebrates, 8-AR
usually has an anti-inflammatory role, whereas a-AR has a pro-inflammatory one [33].

Hemocytes are insect cells analogous to neutrophils and macrophages and
have been shown to express adrenergic-like receptors [34]. In this study, we validated
the adrenergic signaling response in G. mellonella hemocytes using known chemicals
that bind to different ARs in higher organisms: ISO, a B-AR agonist, and NE, a
preferential a-AR agonist. We showed that these receptors are functional, as the
administration of either ligand influenced the cellular response in the larvae in a
concentration- and time-dependent manner. Interestingly, the effect was very time-
restricted, peaking at 30 min post-injection (similar to OCT [35,36]) and returning to
basal levels within the first hour post-injection. The influence of OCT on cellular
responses has been controversial. Some experiments showed increased hemocyte
density at higher OCT concentrations (50-500 nM) and a decreased density at lower
ones (5 nM) [37]. In contrast, 1 mM OCT injection increased hemocyte count in crickets

[35], while OCT administration at <1000 pM shrimp-1 (Litopenaeus vannamei)

mediated transient upregulation of hemocyte count [38]. Different dosages have been
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used to explain the observed OCT-dependent effects on immune function. From the
results of this study, we observed that OCT appears to act more like a B-AR agonist at
lower concentrations (ISO-like) and as an a-AR agonist at higher concentrations (NE-

like). In other invertebrates, such as Mythmina separata and L. vannamei, (-AR

signaling was also linked to increased hemocyte count [39,40] while in Macrobrachium

rosenbergii, a-AR signaling (NE) was linked to decreased hemocyte count and
increased death rate [41].

In G. mellonella, an increase in circulating hemocytes has already been

pointed out after stimulation and proposed to be due to the mobilization of these cells
from the internal organs, especially the fat body, dorsal tube and the gastrointestinal
tract [42]. In vertebrates, catecholamines also increase the number of circulating NK
cells and granulocytes in response to stressors [33]. Herein, we show, for the first time,
that the adrenergic response in G. mellonella is responsible for the very fast (30 min)
mobilization of hemocytes in a B-AR-specific manner. The specific intracellular
pathways responsible for the mobilization and activation of hemocytes by 8-AR are still
under investigation. However, the protein kinase A and cyclic adenosine
monophosphate pathways have been shown to be involved in hemocyte adhesion, one
of the first steps in nodule formation [43-45] and phagocytosis [46-50].

As the first line of defense in innate immunity is the humoral branch, we
analyzed the influence of differential activation of the adrenergic response during P.
gingivalis infection on the prophenoloxidase system and AMP production, which are
two of the main humoral responses of G. mellonella. The prophenoloxidase system is
responsible for melanization, which occurs as a part of wound healing, sclerotization,
and hardening of the cuticle, and is also activated by invading microbes [51]. We did
not observe any influence of the ligands on melanization, as has already been shown

for OCT [37]. Regarding the influence of infection and NE/ISO treatment on the gene
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expression of the two main AMPs against gram-negative bacteria, cecropin and
gloverin, P. gingivalis greatly increased their expression after 24 h of infection. NE and
ISO had some reducing effects on the mRNA levels of both the peptides. It has become
clear that stress influences the immune system by simultaneously upregulating some
functions while downregulating others [47,52]. This balance is needed at the
organismal level because over- or under-activation of immune reactions damages the
host itself. In periodontitis, the dysregulation of innate immunity leads to an
overproduction of cytokines, which perpetuates inflammation and dysbiosis of the
dental biofilm, thus establishing a feed-forward loop that leads to tissue breakdown
and bone loss. The decrease in AMP observed for both ligands could be explained by
different mechanisms. On the one hand, for ISO, this could be due to the decrease in
the bacterial load leading to AMP reduction. On the other hand, the decrease observed
in the NE group suggests that other AMPs or additional factors might be more

important in the survival of G. mellonella upon P. gingivalis infection. These fine

balances between all innate immunity components might constitute the key response
to survival and infection resolution. Drosophila melanogaster and Sarcophaga
peregrina are not killed by P. gingivalis, whereas G. mellonella and silkworms do suffer
from lethal host damage caused by this pathogen [53], indicating that organismal
differences in the innate immune system influence disease outcome.

Due to limitations of the model, in which chronic exposure to bacteria and the
ligands is not possible, since adrenergic response was very fast and higher bacterial
loads extremely lethal, we investigated the acute influence of a- and B-AR responses
during P. gingivalis infection on innate immunity, and the results clearly showed that
the activation of B-AR during the initial phase of infection favors phagocytosis and
bacterial clearing, preventing the death of the larvae. Notably, a-AR signaling was

hypothesized to be more important during periodontitis development as a-AR protein
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expression is higher in diseased conditions and the administration of phentolamine (an
a-AR blocker) decreased the expression of cytokines in the gingival tissue of
chronically stressed mice, in contrast to propranolol [4], which correlates with our
findings that a-AR stimulation increased larval death.

G. mellonella was shown to be an excellent model to transition in vitro

observations to in vivo scenarios, which is in line with the 3R principles. In the final part
of our study, we addressed the biological importance of increased virulence of P.
gingivalis stimulated by the adrenergic system, as some early studies pointed out the
direct action of catecholamines on the microbiota as part of the mechanisms by which

the SNS could influence periodontitis pathogenesis. Previous in vitro studies [11,15,16]

using high concentrations of NE showed increased P. gingivalis virulence, as observed
by the expression of virulence factors in our study. However, we did not observe any
difference in PgNE compared to P. gingivalis infection in terms of larval survival. In
contrast, PgISO infection caused higher larval mortality. These findings could be strain-

specific, as Pseudomonas aeruginosa H103 treated with 10 uM epinephrine increased

bacterial virulence and decreased the survival of G. mellonella [54]. The increased
mortality caused by the highly virulent 1ISO-treated P. gingivalis could be partially
reversed by the systemic action of ISO on the immune response, thereby increasing
the hemocyte density. This shows that the action of the AS on the immune response
can overcome the higher bacterial virulence caused by the same agent. Indeed, the
presence of P. gingivalis alone is not correlated with chronic periodontitis in humans

[55, 56]. Therefore, the in vitro influence of ISO/NE on P. gingivalis virulence is not

important for the outcome of the disease; this emphasizes the importance of validating
in vitro findings in the clinical setting, especially in the context of periodontitis, which is

a complex multifactorial disease.
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4. CONCLUSIONS

Herein, we validated the use of the G. mellonella model to investigate the role
of adrenergic signaling during bacterial infection. We showed that the ligands binding
to different ARs had opposite effects during P. gingivalis infection, with a-AR negatively
affecting the course of infection, and B-AR being protective for the larvae. On the one
hand, the negative effects of a-AR signaling were correlated with a decrease in
circulating hemocytes and downregulation of AMPs. On the other hand, the protective
effect of ISO was mainly through mobilization of sessile hemocytes to the hemolymph,
where they decrease bacterial load, leading to a more controlled infection. Finally, the
systemic action of the 8-AR signaling surpassed the negative action of more virulent
bacteria, suggesting that the immune system can modulate itself to various stimuli,

ultimately dictating the outcome of the infection.

5. MATERIALS AND METHODS

5.1 Galleria mellonella

5t instar larvae, reared in the laboratory of Microbiology and Immunology at
the Institute of Science and Technology (ICT/UNESP/Brazil), weighing 0.15-0.25g,
were selected from a pool of healthy individuals that showed no signs of cuticle
pigmentation. The larvae were stored at 25°C for one day before use when they were
kept without food. There was no blinding of samples for the experiments and 20 larvae

per group were used, unless otherwise stated.

5.2 Bacteria growth conditions
ATCC P. gingivalis 33277 (Microbiologics™) were activated in Brucella agar

as the basis for the blood agar (5% defibrinated sheep blood), supplemented with 1%
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hemin and 1% menadione. The plates were incubated in an anaerobiosis jar with the
aid of an anaerobiosis generator at 37°C for 5-7 days. The bacteria were used between
passages 4-8 for all the experiments. Characteristic black colonies were harvested
from the agar plates and suspended in PBS to 108CFU/mL (agar-grown bacteria). This
suspension was used in the interaction experiments where P. gingivalis and ISO/NE
were systemically injected in the last proleg of the larvae. For the experiments in which
the bacteria were cultivated in the presence of the ligands (ISO/NE), colonies were
transferred from agar to Brucella broth added to the ligands or PBS (control) and grown
for 24 hours in anaerobiosis (broth-grown bacteria). On the next day, samples were
centrifuged at 5000 rpm for 10 min and the pellet was resuspended in PBS to

10°CFU/mL. The final suspensions were used for injecting the larvae.

5.3 G. mellonella susceptibility to P. gingivalis

10uL of bacteria suspension were inoculated in the left the last proleg of the
G. mellonella larvae using micro syringes (Hamilton Inc., EUA) in different
concentrations (107 and 108 CFU/mL for agar-grown bacteria; and 108 and 10° CFU/mL
for broth-grown bacteria). After inoculation, the larvae were kept at 37 °C, and Health
Index [57] was assessed daily for 5 days for agar-grown bacteria and hourly (up to 24
h) for broth-grown bacteria. Health Index determination is based on scores to activity,
cocoon formation, melanization, and survival, where, in the end, 10 is the higher score

and means full health.

5.4 ISO, NE, and OCT toxicity and cellular immune profiling
To assess if the ligands were toxic for G. mellonella, a wide range of 1SO
(Isoproterenol hydrochloride, Sigma, 16504), NE (Noradrenaline tartrate, Sigma,

N1100000), and OCT (Octopamine hydrochloride, Sigma, O0250) concentrations

63



were injected into the last right proleg of the larvae. Concentrations were selected
based on serum levels of NE in humans and OCT in insects during physiological, stress
and pathological (pheochromocytoma) states [15,16,18,36,37,58,59]. The larvae were
inoculated with 10pL of ISO/NE/ OCT or PBS, which served as the negative control.
After injection, the larvae were kept at 37°C, and the Health Index was noted every day
for 5 days. In a separate set of larvae, after 30, 90 and 180 min incubation at 37°C, the
hemolymph was bled through an incision on the last left proleg, diluted 1:100 in IPS
buffer (2% NaCl; 0.1 M glucose; 30 mM sodium citrate; 26 mM citric acid and 10 mM
EDTA) and the hemocytes were counted in a Neubauer chamber. This procedure was

performed to temporally assess the influence of treatments on hemocyte density.

5.5 1S0, NE, and OCT influence on the outcomes of P. gingivalis infection in G.
mellonella

After concentration screening (see results section- Figure 1), we chose 100
pM for 1ISO and 1 uM for NE with a 108CFU/mL of P. gingivalis for the subsequent
experiments. Larvae were dived into 6 groups: PBS, P. gingivalis, 100 pM ISO, 1 uM
NE, P. gingivalis +100 pM ISO, and P. gingivalis + 1 pM NE. The insects were injected
with 10 pL of PBS, ISO, or NE on the right last proleg, and immediately after they were
injected 108CFU/mL of P. gingivalis or PBS in the last left proleg. The larvae were
incubated at 37°C for 5 days and the Health Index was determined daily to generate
the survival curve. Other experimental readouts for the interaction studies were
measured 30 min after the inoculation, except for the AMPs gene expression that was
performed 24 hours later. Additional 2 sets of larvae were bled to collect hemolymph

for melanization and hemocyte density evaluation.

5.6 Hemocyte density in the hemolymph and fat body
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Hemocytes can be free in the hemocoel in the hemolymph (circulating
hemocytes) or in the surface of internal organs such as the fat body (also called sessile
hemocytes). To evaluate both hemocyte density, after collecting the hemolymph (as in
item 5.4, for circulating cells), the fat body and its annexes (e.g dorsal tube) were
removed through the same incision to evaluate sessile cells. The fat body was
collected in an eppendorf tube containing 1mL of chilled IPS, quickly vortexed, and
centrifuged at 12,000 rpm, for 10 min at 4°C. The supernatant was removed from the
tube, and the pellet was resuspended in 1 mL of cold IPS. The circulating and sessile
hemocytes were counted using a Neubauer chamber. These experiments were
performed using ISO (100 pM) and OCT (100 pM and 1 nM), and to validate the -
adrenergic origin of the responses elicited by them, we co-injected some larvae with
ISO/OCT plus 10 uM of Propranolol hydrochloride (Sigma, P8688), a B-blocker to try

to blunt the responses [60].

5.7 Quantification of melanization

20 pL of hemolymph from each larva was collected into pre-chilled eppendorf
tubes (30 min at -20°C) as described in item 5.4 and centrifuged at 12,000 rpm for 10
min at 4°C. 10 pL of the supernatant was diluted in 40 puL of IPS in a 96 well plate.
The plate was incubated at RT for 5 min, and then it was read at 405 nm using a

spectrophotometer.

5.8 P. gingivalis recovery from the hemolymph

To analyze the possible influence of the ligands on bacterial load, the larvae
were inoculated with 100 pM ISO, 1 uM NE, or PBS (control); and immediately infected
with 108CFU/mL of P. gingivalis. The insects were then incubated at 37 °C for 30 min.

Hemolymph from 3 larvae/group was collected by an incision in the last proleg and
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pooled, serially diluted to 1:10,000, 100 pL of the final dilution was plated on
supplemented Brucella blood agar and incubated in anaerobiosis for 7 days. The
characteristic black colonies were manually counted and expressed in CFU/mL. This

procedure was performed with 10 pools of 3 larvae per group (total of 30 larvae per

group).

5.9 Nodule quantification by histology

For histological analysis, 10 larvae from the groups P. gingivalis, P. gingivalis

+ 100 pM ISO, and P. gingivalis + 1 pM NE were used. Thirty minutes post-injection,
the larvae were frozen at -20°C for 10 min, injected with 100 uL of Bouin’s aqueous
solution (Sigma, HT10132) in the last proleg for fixation, and kept at 4°C for 72 hours.
After that, the larvae were stored in 70% ethanol for 48 hours. For processing, the
region between the last and second proleg was separated and hemisectioned, after
which the pieces were routinely processed for paraffin embedding and hematoxylin &
eosin staining. Three sections, 20 um distant from each other per larvae, were
evaluated in a brightfield microscope using a 20x objective. Structures containing more
than 4 hemocytes arranged around a melanized area were considered a nodule. The
number of nodules in the halves on the same histological plane were averaged and

the values of the three sections were summed for statistical analysis.

5.10 G. mellonella antimicrobial peptides (AMP) gene expression using RT-qPCR

10 larvae per group were stored at -80°C, 24 hours after injection of PBS, P.

gingivalis, P. gingivalis + 100pM ISO and P. gingivalis + 1uM NE. The whole larvae

were then macerated in liquid nitrogen using pestle and mortar. The powder was
resuspended in 1 mL TRIzol® (ThermoFisher Scientific,15596026), the RNA was

isolated according to the manufacturer’s protocol and its concentration was measured
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67
using a NanoDrop 2000 Spectrophotometer. Only RNA samples with a 260/280 ratio

between 1.8-2.0 and 230/260 ratio above 1.8 were used in reverse transcription.
1,000ng of the extracted RNA was treated with RQ1 RNase-Free DNase (Promega,
M6101) and transcribed to cDNA using the GoScript™ Reverse Transcription Mix,

Random Primers (Promega, A2801). Two reference genes for G. mellonella, B-actin,

and Ef-1a, were run in all experimental groups. The obtained results were analyzed at
https://heartcure.com.au/, and the most stable gene was select as the reference gene,
which was Ef-1a. The primer sequences used are shown in table 1. For the RT-qPCR
reactions, GoTaq® qPCR Master Mix kit (Promega, A6002) was used. The reactions
were performed in duplicate wells in a StepOnePlus™ Real-Time PCR System
(Applied Biosystems, Foster, CA, USA), consisting of 5 yL GoTag® qPCR Master, 0.3
uL CXR, 0.5 uM primers (final concentration), and target cDNA (2uL of 1:10 diluted
cDNA, final concentration-10ng), supplemented with RNAse-free ddH.O to a final
volume of 10 yL. The cycling parameters for the amplification reactions were 50°C 20
s, 95°C 3 min; 95°C 20 s, 60°C 1 min for 40 cycles; and 95°C 15 s, 60°C 1 min, 95°C

for 15 s. The level of gene expression was calculated by applying the 2 44T method.



Gene Foward sequence Reverse sequence Amplicon size Reference
(base pairs)

Porphyromonas gingivalis

165 CGCCAACCTTTGAATCATTCCTT TGGTGTCTGATCATGTTTCCAAGA 137 Azelmatetal, 2015 [62]
FimA TICTTGTTGGGACTTGCTGC TCATCGCCAACTCCAAAAGC 140 Designedwith primer3
basedonGenBank:
D17795.1
Rgbp ACCATCGTCAGAGAGCGTAG TACACTTGTCCCGACCGAAA 118 Designedwithprimer3

basedonGenelD:
29256649

Galleria mellonella
Efia CTCTGTTAAGGAGTTGCGCC TGGCAATCGAGTACAGGTGT 147 Designedwith primer3
basedonGenBank:
AF423811.1
B-actin ACAGAGCGTGGCTACTCGTT GCCATCTCCTGCTCAAAGTC 104 Rossonietal. 2017 [63]
Gloverin AGATGCACGGTCCTACAG GATCGTAGGTGCCTTGTG 93 Barrosetal, 2019 [64]
Cecropin CIGTTCGTGTTICGCTTIGTGT GTAGCTGCTTCGCCTACCAC 158 Barrosetal., 2019 [64]

Table 1: Genes investigating P. gingivalis virulence and G. mellonella immune
defense.

5.11 Direct influence of NE and ISO on P. gingivalis virulence and infection

outcome

To assess the influence of ISO and NE directly on the virulence factors of P.
gingivalis, bacteria were cultivated in broth with the presence of the ligands in the
concentration that systemically influenced the hemocyte count in vivo (100 pM ISO, 1
MM NE) and with 100pM (ISO and NE), a concentration that was shown to have activity
in vitro [15,16,18]. The larvae were injected with PBS, P. gingivalis grown in PBS, P.
gingivalis grown in 100 pM ISO (PgISO 100 pM) or 100 pM ISO (PgISO 100 uM)
supplemented broth, P. gingivalis grown in 1uM NE (PgNE 1 uM) or 100uM NE (PgNE
100 pM) supplemented broth. After assessing that 1SO increased P. gingivalis
virulence (see Results section, Figure 6), in order to verify if the systemic administration

of the ISO could influence the outcome when PgISO was administered, one more
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group was added: immediately after the injection of 100 pM ISO, P. gingivalis grown in
100 pM ISO was also administered (100 pM ISO + PgISO 100 pM).

To investigate which genes were involved in the enhanced virulence of P.
gingivalis grown with ISO or NE we performed RT-gPCR. After the incubation period
(24 h) the bacteria were centrifuged at 5,000 rpm for 10 min and the pellet frozen down
at -80°C. Later we performed RNA extraction using TRIzol® following manufacturing
instructions and sample quality, DNase treatment, transcription, amplification,
reference gene selection (16S), and gene expression calculation were as described in

section 5.10. The primers for the genes analyzed are presented in table 1.

5.12 Statistical analysis

The experimental unit in this study was a single G. mellonella larvae, except
for the P. gingivalis recovery assay in which a pool of 3 larvae was considered the
experimental unit. Statistical analysis was carried out using the GraphPad Prism 6
program (GraphPad Software, LA Jolla California USA) or Orange [61] for creating the
heatmaps. For hemocyte count, data were normalized by Z score, using the PBS group
of each experiment as the baseline. After assessing the distribution, data were
submitted to ANOVA or Kruskal-Wallis, T-test, or Mann-Whitney. Significance was
assigned if p<0.05.

The study design described above is shown in figure 8.
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Figure 8: Study design. We used three experimental compounds: the endogenous insect stress
hormone octopamine (OCT), and two adrenergic agonists, isoproterenol (ISO- 8 adrenergic-specific
agonist) and norepinephrine (NE- a adrenergic receptor-preferential). Chemical toxicity was assessed
by measuring G. mellonella larvae survival and hemocyte density. After assessing their dose-
response profiles, the influence of ISO and NE in the G. mellonella host response arsenal, as well as
their influence on P. gingivalis virulence were investigated. For studying the adrenergic signaling
activation on the host response, the compounds' influence on infection outcome was determined by
survival curves and Health Index measurement over 5 days. Humoral response was assessed by
melanization and AMP assays and the cellular response by hemocyte density, P. gingivalis recovery
from hemolymph, and nodulation assays. To address the direct impact of the ligands on P. gingivalis
virulence, we co-cultured the bacteria with NE (PgNE) or 1ISO (PgISO) overnight and then injected
them into the larvae and evaluated larvae survival over 24 hours. Finally, we evaluated the action of
systemic ISO during PgISO infection, also measuring survival after 24 hours.

6. ACKNOWLEDGMENTS

This research was supported by Sao Paulo Research Foundation (FAPESP)
under the grants FAPESP 2017/26461-5, FAPESP 2018/ 21701-0, and FAPESP
2018/25933-3 to Anbinder AL and Moraes RM. Stossi F is supported by funding from

NIH (DK56338, CA125123), and CPRIT (RP170719).



7. REFERENCES

1. Coelho JMF, Miranda SS, da Cruz SS, Trindade SC, Passos-Soares J de S, Cerqueira E de
MM, et al. Is there association between stress and periodontitis? Clin Oral Investig. 2020;24: 2285—
2294. doi:10.1007/s00784-019-03083-9

2. Genco RJ, Ho AW, Grossi SG, Dunford RG, Tedesco LA. and Inadequate Coping Behaviors.
1999.

3. Influence of Adrenergic Neuromodulation during Induction of Periodontitis in Rats - PubMed.
[cited 28 Nov 2021]. Available: https://pubmed.ncbi.nim.nih.gov/31473694/

4. Lu H, Xu M, Wang F, Liu S, Gu J, Lin S. Chronic stress enhances progression of periodontitis

via al-adrenergic signaling: a potential target for periodontal disease therapy. Exp Mol Med. 2014;46:
e118. doi:10.1038/emm.2014.65

5. Breivik T, Gundersen Y, Opstad PK, Fonnum F. Chemical sympathectomy inhibits periodontal
disease in Fischer 344 rats. Journal of Periodontal Research. J Periodontal Res; 2005. pp. 325-330.
doi:10.1111/j.1600-0765.2005.00803.x

6. Okada Y, Hamada N, Kim Y, Takahashi Y, Sasaguri K, Ozono S, et al. Blockade of
sympathetic b-receptors inhibits Porphyromonas gingivalis-induced alveolar bone loss in an
experimental rat periodontitis model. Arch Oral Biol. 2010;55: 502-8.
doi:10.1016/j.archoralbio.2010.04.002

7. Rodrigues WF, Madeira MFM, Da Silva TA, Clemente-Napimoga JT, Miguel CB, Dias-Da-
Silva VJ, et al. Low dose of propranolol down-modulates bone resorption by inhibiting inflammation and
osteoclast differentiation. Br J Pharmacol. 2012;165: 2140-2151. doi:10.1111/j.1476-
5381.2011.01686.x

8. Scanzano A, Cosentino M. Adrenergic regulation of innate immunity: a review. Front
Pharmacol. 2015;6: 171. doi:10.3389/fphar.2015.00171
9. Gruber R, Leimer M, Fischer MB, Agis H. Beta2-adrenergic receptor agonists reduce

proliferation but not protein synthesis of periodontal fibroblasts stimulated with platelet-derived growth
factor-BB. Arch Oral Biol. 2013;58: 1812—-1817. doi:10.1016/j.archoralbio.2013.09.005

10. Belay T, Sonnenfeld G. Differential effects of catecholamines on in vitro growth of pathogenic
bacteria. Life Sci. 2002;71: 447-456. do0i:10.1016/S0024-3205(02)01683-1
11. Belay T, Aviles H, Vance M, Fountain K, Sonnenfeld G. Catecholamines and in vitro growth of

pathogenic bacteria: Enhancement of growth varies greatly among bacterial species. Life Sci. 2003;73:
1527-1535. doi:10.1016/S0024-3205(03)00472-7

12. Roberts A, Matthews JB, Socransky SS, Freestone PPE, Williams PH, Chapple ILC. Stress
and the periodontal diseases: Growth responses of periodontal bacteria to Escherichia coli stress-
associated autoinducer and exogenous Fe. Oral Microbiol Immunol. 2005;20: 147-153.
doi:10.1111/j.1399-302X.2004.00196.x

13. Roberts A, Matthews JB, Socransky SS, Freestone PPE, Williams PH, Chapple ILC. Stress
and the periodontal diseases: effects of catecholamines on the growth of periodontal bacteria in vitro.
Oral Microbiol Immunol. 2002;17: 296—303. doi:DOI 10.1034/j.1399-302X.2002.170506.x

14. Weinstein LI, Revuelta A, Pando RH. Catecholamines and acetylcholine are key regulators of
the interaction between microbes and the immune system. Ann N Y Acad Sci. 2015;1351: 39-51.
doi:10.1111/nyas.12792

15. TSG,PC, TP,GCF,JRC, FCG, et al. Catecholamines promote the expression of virulence
and oxidative stress genes in Porphyromonas gingivalis. J Periodontal Res. 2014;49: 660—669.
doi:10.1111/JRE.12148

16. Saito T, Inagaki S, Sakurai K, Okuda K, Ishihara K. Exposure of P. gingivalis to noradrenaline
reduces bacterial growth and elevates ArgX protease activity. Arch Oral Biol. 2011;56: 244-250.
doi:10.1016/j.archoralbio.2010.09.014

17. Hajishengallis G. Immunomicrobial pathogenesis of periodontitis: keystones, pathobionts, and
host response. Trends Immunol. 2014;35: 3-11. doi:10.1016/j.it.2013.09.001

18. Boyanova L. Stress hormone epinephrine (adrenaline) and norepinephrine (noradrenaline)
effects on the anaerobic bacteria. Anaerobe. 2017;44: 13-19. doi:10.1016/j.anaerobe.2017.01.003

19. Pereira TC, Barros PP de, de Oliveira Fugisaki LR, Rossoni RD, Ribeiro F de C, Menezes RT
de, et al. Recent advances in the use of Galleria mellonella model to study immune responses against
human pathogens. Journal of Fungi. MDPI AG; 2018. doi:10.3390/jof4040128

20. Smith DFQ, Casadevall A. Fungal immunity and pathogenesis in mammals versus the
invertebrate model organism Galleria mellonella. Pathog Dis. 2021;79. doi:10.1093/FEMSPD/FTAB013
21. Singkum P, Suwanmanee S, Pumeesat P, Luplertlop N. A powerful in vivo alternative model

in scientific research: Galleria mellonella. Acta Microbiol Immunol Hung. 2019;66: 31-55.
doi:10.1556/030.66.2019.001
22. Sheehan G, Garvey A, Croke M, Kavanagh K. Innate humoral immune defences in mammals

71



and insects: The same, with differences ? Virulence. 2018;9: 1625-1639.
doi:10.1080/21505594.2018.1526531

23. Aparecida Procopio Gomes L, Alves Figueiredo LM, Luiza do Roséario Palma A, Corréa
Geraldo BM, Isler Castro KC, Ruano de Oliveira Fugisaki L, et al. Punica granatum L. (Pomegranate)
Extract: In Vivo Study of Antimicrobial Activity against Porphyromonas gingivalis in Galleria mellonella
Model. ScientificWorldJournal. 2016;2016: 8626987. doi:10.1155/2016/8626987

24, dos Santos JD, de Alvarenga JA, Rossoni RD, Garcia MT, Moraes RM, Anbinder AL, et al.
Immunomodulatory effect of photodynamic therapy in Galleria mellonella infected with Porphyromonas
gingivalis. Microb Pathog. 2017;110. doi:10.1016/j.micpath.2017.07.045

25. Geraldo BMC, Batalha MN, Milhan NVM, Rossoni RD, Scorzoni L, Anbinder AL. Heat-killed
Lactobacillus reuteri and cell-free culture supernatant have similar effects to viable probiotics during
interaction with Porphyromonas gingivalis. J Periodontal Res. 2020;55: 215—-220. doi:10.1111/jre.12704
26. Moman R, O’Neill CA, Ledder RG, Cheesapcharoen T, McBain AJ. Mitigation of the Toxic
Effects of Periodontal Pathogens by Candidate Probiotics in Oral Keratinocytes, and in an Invertebrate
Model. Front Microbiol. 2020;0: 999. doi:10.3389/FMICB.2020.00999

27. Solbiati J, Duran-Pinedo A, Godoy Rocha F, Gibson FC, Frias-Lopez J. Virulence of the
Pathogen Porphyromonas gingivalis Is Controlled by the CRISPR-Cas Protein Cas3. mSystems.
2020;5. doi:10.1128/MSYSTEMS.00852-20

28. Warton S, Dutkowski AB. Ultrastructure of the neurosecretory cells of the pars intercerebralis
of Galleria mellonella (Lepidoptera) after noradrenaline administration. Gen Comp Endocrinol. 1977;33:
179-86. Available: http://www.ncbi.nlm.nih.gov/pubmed/924116

29. Adamo SA. Norepinephrine and octopamine: linking stress and immune function across phyla.
Invertebr Surviv J. 2008;5: 12—19. Available: https://www.isj.unimore.it/index.php/ISJ/article/view/154
30. Becerra-Ruiz JS, Guerrero-Velazquez C, Martinez-Esquivias F, Martinez-Pérez LA,

Guzman-Flores JM. Innate and adaptive immunity of periodontal disease. From etiology to alveolar bone
loss. Oral Dis. 2021 [cited 2 Dec 2021]. d0i:10.1111/0D1.13884

31. Wang J, Zhou Y, Ren B, Zou L, He B, Li M. The Role of Neutrophil Extracellular Traps in
Periodontitis. Front Cell Infect Microbiol. 2021;11. doi:10.3389/FCIMB.2021.639144

32. Wang W, Zheng C, Yang J, Li B. Intersection between macrophages and periodontal
pathogens in periodontitis. J Leukoc Biol. 2021;110: 577-583. doi:10.1002/JLB.4AMR0421-756R

33. Bellinger DL, Lorton D. Autonomic regulation of cellular immune function. Auton Neurosci.
2014;182: 15-41. doi:10.1016/J.AUTNEU.2014.01.006

34. Lange A, Beier S, Huson DH, Parusel R, Iglauer F, Frick JS. Genome Sequence of Galleria
mellonella (Greater Wax Moth). Genome Announc. 2018;6. doi:10.1128/GENOMEA.01220-17

35. Adamo SA. Why should an immune response activate the stress response? Insights from the

insects (the cricket Gryllus texensis). Brain Behav Immun. 2010;24: 194-200.
doi:10.1016/J.BBI.2009.08.003

36. Stress-induced changes in the octopamine levels of insect haemolymph. [cited 28 Nov 2021].
Available: https://agris.fao.org/agris-search/search.do?recordID=US201302552420

37. Octopamine, a modulator of the haemocytic nodulation response of non-immune Galleria
mellonella larvae. [cited 28 Nov 2021]. Available: https://agris.fao.org/agris-
search/search.do?recordID=US201301488602

38. Kuo HW, Lin DW, Cheng W. Transient enhancement of immune resistance functions in
Litopenaeus vannamei through a low-dose octopamine injection. Fish Shellfish Immunol. 2019;84: 532—
540. doi:10.1016/J.FSI.2018.10.060

39. Kuo HW, Cheng W. Octopamine enhances the immune responses of freshwater giant prawn,
Macrobrachium rosenbergii, via octopamine receptors. Dev Comp Immunol. 2018;81: 19-32.
doi:10.1016/J.DCI.2017.11.002

40. Kong H, Yuan L, Dong C, Zheng M, Jing W, Tian Z, et al. Immunological regulation by a 8-
adrenergic-like octopamine receptor gene in crowded larvae of the oriental Armyworm, Mythmina
separata. Dev Comp Immunol. 2020;113. doi:10.1016/J.DCI1.2020.103802

41. Chang CC, Hung M Di, Cheng W. Norepinephrine depresses the immunity and disease-
resistance ability via al- and Bl-adrenergic receptors of Macrobrachium rosenbergii. Dev Comp
Immunol. 2011;35: 685-691. doi:10.1016/J.DCI.2011.01.020

42. King JG, Hillyer JF. Spatial and temporal in vivo analysis of circulating and sessile immune
cells in mosquitoes: hemocyte mitosis following infection. BMC Biol. 2013;11. do0i:10.1186/1741-7007-
11-55

43. Brooks CL, Dunphy GB. Protein kinase A affects Galleria mellonella (Insecta: Lepidoptera)
larval haemocyte non-self responses. Immunol Cell Biol. 2005;83: 150-159. doi:10.1111/J3.1440-
1711.2005.01316.X

44, Marin D, Dunphy GB, Mandato CA. Cyclic AMP affects the haemocyte responses of larval
Galleria mellonella to selected antigens. J Insect Physiol. 2005;51: 575-586.

72



doi:10.1016/J.JINSPHYS.2005.02.010

45, Cytrynska M, Zdybicka-Barabas A, Jakubowicz T. Protein kinase A activity and protein
phosphorylation in the haemocytes of immune-challenged Galleria mellonella larvae. Comp Biochem
Physiol B Biochem Mol Biol. 2007;148: 74—-83. d0i:10.1016/J.CBPB.2007.04.020

46. Baines D, DeSantis T, Downer RGH. Octopamine and 5-hydroxytryptamine enhance the
phagocytic and nodule formation activities of cockroach (Periplaneta americana) haemocytes. J Insect
Physiol. 1992;38: 905-914. doi:10.1016/0022-1910(92)90102-J

47. Adamo SA. The stress response and immune system share, borrow, and reconfigure their
physiological network elements: Evidence from the insects. Horm Behav. 2017;88: 25-30.
doi:10.1016/J.YHBEH.2016.10.003

48. Geun SK, Nalini M, Kim Y, Lee DW. Octopamine and 5-hydroxytryptamine mediate hemocytic
phagocytosis and nodule formation via eicosanoids in the beet armyworm, Spodoptera exigua. Arch
Insect Biochem Physiol. 2009;70: 162—-176. doi:10.1002/ARCH.20286

49. Huang J, Wu SF, Li XH, Adamo SA, Ye GY. The characterization of a concentration-sensitive
a-adrenergic-like octopamine receptor found on insect immune cells and its possible role in mediating
stress hormone effects on immune function. Brain Behav Immun. 2012;26: 942-950.
doi:10.1016/J.BBI.2012.04.007

50. Liu KF, Kuo HW, Chang CC, Cheng W. The intracellular signaling pathway of octopamine
upregulating immune resistance functions in Penaeus monodon. Fish Shellfish Immunol. 2019;92: 188—
195. doi:10.1016/J.FSI1.2019.06.007

51. Wojda I. Immunity of the greater wax moth Galleria mellonella. Insect Sci. 2017;24: 342—-357.
doi:10.1111/1744-7917.12325
52. Adamo SA. The effects of the stress response on immune function in invertebrates: an

evolutionary perspective on an ancient connection. Horm Behav. 2012;62: 324-330.
doi:10.1016/J.YHBEH.2012.02.012

53. Ishii K, Hamamoto H, Imamura K, Adachi T, Shoji M, Nakayama K, et al. Porphyromonas
gingivalis peptidoglycans induce excessive activation of the innate immune system in silkkworm larvae.
J Biol Chem. 2010;285: 33338-33347. d0i:10.1074/JBC.M110.112987/ATTACHMENT/AQ9FC7C7-
1438-43B3-A97E-530E7F81CA75/MMC1.DOC

54. Cambronel M, Tortuel D, Biaggini K, Maillot O, Taupin L, Réhel K, et al. Epinephrine affects
motility, and increases adhesion, biofilm and virulence of Pseudomonas aeruginosa H103. Sci Rep.
2019;9. doi:10.1038/S41598-019-56666-7

55. Nedzi-Gora M, Gorska R, Gorski B. Is the progression rate of periodontitis related to
subgingival biofilm composition or gingival crevicular fluid IL-18 and MMP-8 concentrations? Cent J
Immunol. 2020;45: 425-432. doi:10.5114/CEJI.2020.101256

56. No association between A actinomycetemcomitans or P gingivalis and chronic or aggressive
periodontitis diagnosis - PubMed. [cited 2 Dec 2021]. Available:
https://pubmed.ncbi.nim.nih.gov/22299125/

57. Champion OL, Titball RW, Bates S. Standardization of G. mellonella Larvae to Provide
Reliable and Reproducible Results in the Study of Fungal Pathogens. J fungi (Basel, Switzerland).
2018;4. doi:10.3390/JOF4030108

58. Rocha MF, Tauzin-Fin P, Vasconcelos PL, Ballanger P. Assessment of serum catecholamine
concentrations in patients with pheochromocytoma undergoing videolaparoscopic adrenalectomy. Int
Braz J Urol. 2005;31: 299-307. doi:10.1590/S1677-55382005000400002

59. Adamo SA, Linn CE, Hoy RR. The role of neurohormonal octopamine during “fight or flight”
behaviour in the field -cricket Gryllus bimaculatus. J Exp Biol. 1995;198: 1691-1700.
doi:10.1242/jeb.198.8.1691

60. Jiang Q, Zhou Z, Wang L, Yang C, Wang J, Wu T, et al. Mutual modulation between
norepinephrine and nitric oxide in haemocytes during the mollusc immune response. Sci Rep. 2014;4.
doi:10.1038/SREP06963

61. Demsar J, Curk T, Erjavec A, Gorup C, Hodevar T, Milutinovié M, et al. Orange: Data Mining
Toolbox in Python. J Mach Learn Res. 2013;14: 2349-2353. Available:
http://jmir.org/papers/vli4/demsarl3a.html

62. Azelmat J, Larente J F, Grenier D. The anthraquinone rhein exhibits synergistic antibacterial activity
in association with metronidazole or natural compounds and attenuates virulence gene expression in
Porphyromonas gingivalis. Arch Oral Biol. 2015 Feb;60(2):342-6. doi:
10.1016/j.archoralbio.2014.11.006

63. Rossoni R D, Fuchs B B, Barros P P, Velloso M S, Jorge A O C, Junqueira J C, Mylonakis E.
Lactobacillus paracasei modulates the immune system of Galleria mellonella and protects against
Candida albicans infection. PLoS One. 2017 Mar 7;12(3):e0173332. doi:
10.1371/journal.pone.0173332. eCollection 2017.

64. Barros P P, Rossoni R D, Ribeiro F C, Silva M P, Souza C M, Jorge A O C, Junqueira J C. Two

73



sporulated Bacillus enhance immunity in Galleria mellonella protecting against Candida albicans. Microb
Pathog. 2019 Jul;132:335-342. doi: 10.1016/j.micpath.2019.05.023.

8. SUPPORTING INFORMATION CAPTIONS

S1 appendix: Octopamine (A), Norepinephrine (B), and Isoproterenol (C) dose-
response analysis of survival (Kaplan-Meyer plot, left) and Health Index (heatmaps,

right).

S2 appendix: Hemocyte density after ISO and NE treatment in a dose- and time-
dependent manner.

74



3 CONSIDERACOES GERAIS

A doenca periodontal faz parte do grupo das doencas complexas ou
multifatoriais, que séo decorrentes dos efeitos de multiplos genes em combinacdo com
estilo de vida e fatores ambientais. Na periodontite, a comunicacéo entre microbiota e
hospedeiro determinara o desfecho da doenca, e varios fatores podem influenciar na
resposta do hospedeiro, incluindo o seu estado emocional.

O estresse é um fator de risco para doenca periodontal (Genco et al., 2013),
sendo o SNS um dos mecanismos acionados durante o estresse. Pouco se sabia
sobre a inervagdo simpatica na mandibula, com estudos antigos onde era dificil a
observacédo das fibras nervosas (Norevall et al., 1996). Aqui n6s mostramos que as
fibras simpaticas, marcadas por TH e NPY, encontram-se principalmente ao redor de
vasos sanguineos na regido do ligamento periodontal, e eventualmente nos vasos
sanguineos do osso alveolar (Figura 5A). Nos ossos longos, fibras TH apresentam
morfologia em “saca rolhas” e envolvem 0s vasos sanguineos na regido periosteal. Ja
no 0sso cortical, essas fibras s&o observadas exclusivamente nos canais de Havers
(Chartier et al.,, 2018). As fibras simpaticas liberaram NE, que desencadeia seus
efeitos ao se ligar aos receptores adrenérgicos. Confirmando a presenca dessas fibras
no periodonto, de modo similar aos 0ssos longos, e baseados nos nossos achados
prévios de que a estimulagdo B-AR em osteoblastos induz angiogénese de 0Sso0s
longos (Mulcrone et al., 2017), nos partimos para averiguar se essa acao também
seria observada na regiao molar de camundongos. No entanto, diferentemente do que
esperavamos, a estimulagéo 3-AR por ISO ndo aumentou angiogénese em nenhuma
das regides estudadas (ligamento periodontal, osso alveolar e polpa dentaria) nem
influenciou a expressao de Vegfa, Il-18, II-6 e Rankl.

A resposta diferente observada entre mandibula e tibia pode ser devido as
origens embrionarias distintas. Os 0ssos faciais se originam de células da crista neural
através, predominantemente, de ossificacao intramembranosa, enquanto o esqueleto
axial origina-se da mesoderme, por ossificacdo endocondral (Couly et al., 1993). Foi
demonstrado que osteoblastos originados da crista neural e do mesoderma
apresentam potenciais osteogénicos distintos in vitro (Reichert et al., 2013). Os
osteoblastos mandibulares depositam mais matriz mineralizada e expressam niveis
mais elevados de fosfatase alcalina quando comparados aos osteoblastos da tibia

(Reichert et al., 2013). Além disso, diferentes envelopes 6sseos (0sso alveolar,
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peribsteo mandibular e regi@o retromolar) respondem diferentemente a
agonistas/antagonistas do sistema catecolaminérgico (Bataille et al., 2012). Uma
maior expressdo de VEGF observada em fémures comparado a mandibula, tanto em
fetos quanto em adultos a nivel molecular e proteico, também suporta mecanismos
diferentes controlando a densidade vascular entre os dois tecidos (Marini et al., 2015).

A expansao vascular na periodontite parece estar relacionada a gravidade da
doenca (Aspriello et al., 2009; Artese et al., 2010; Kasprzak et al., 2012; Vladau et al.,
2016, Afacan et al., 2019). No entanto, 0 aumento da vascularizagao provavelmente
esta ligado ao agravamento da inflamacé&o, uma vez que o efeito deletério da ativacao
do SNS na periodontite ja tinha sido demonstrado na literatura através da sua
influéncia na resposta imune (Okada et al., 2010; Rodrigues et al., 2012; Martins et
al., 2017). O uso de propranolol (bloqueador B-AR) diminuiu os niveis séricos de
proteina C-reativa, TNF-a e IL-6, reduzindo o niUmero de osteoclastos em animais com
periodontite (Okada et al., 2010; Rodrigues et al., 2012). Assim, a acdo do SNS
provavelmente ocorre devido & sua capacidade de orquestrar o processo inflamatério
durante a doenca periodontal. Foi constatado que o SNS interfere tanto na resposta
imune inata quanto adaptativa, uma vez que a presenga dos receptores a1 e 2 nestas
células foi evidenciada. Na resposta imune inata, o a1-AR est4 relacionado a
estimulagcdo do processo inflamatério, enquanto o B2-AR estimula uma acéo anti-
inflamatodria. Ja na resposta imune adaptativa o f2-AR € praticamente o Unico receptor
encontrado nos linfécitos (Bellinger, Lorton, 2014; Scanzano, Cosentino, 2015). Outro
achado que corrobora a nocdo de que o SNS influencia a periodontite através do
sistema imune € que a administracdo de ISO ou propranolol em o0sso alveolar
saudavel ndo influencia o numero de osteoclastos (Bataille et al., 2012).

A exposicdo continua dos tecidos a NE deve ser controlada, para evitar
ativacdo exacerbada e repor os reservatorios de NE nas fibras nervosas. Essa funcao
é desempenhada pelos NETs, importante mecanismo de feedback negativo que limita
a resposta simpatica (Mandela, Ordway, 2006). Neste estudo, nos identificamos pela
primeira vez a presengca de NET através de imunofluorescéncia em fibroblastos
periodontais e osteoblastos/ostedcitos do 0sso alveolar (Figura 5A). Essa expressao
foi aumentada em comparagcdo com 0ssos longos, 0 que sugere que o periodonto
apresenta mecanismos para limitar os efeitos do estresse e da ativagdo simpatica. A
inervacao simpatica é essencial para a erup¢ao continua dos incisivos de roedores e

simpatectomia foi relacionada a alteracdes de densidade 6ssea, mostrando que o
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SNS € importante para a homeostase dos tecidos periodontais em roedores e que a
sua acéo deve ser estritamente controlada (Boggio et al., 2004). A relevancia desses
achados devera ser explorada em estudos futuros utilizando inibidores seletivos do
NET, como a reboxetina, ou animais geneticamente modificados com delecao seletiva
de Net, para averiguar a sua funcionalidade durante a patogénese da doenca
periodontal (Figura 5B, 5C).

Figura 5 - Esquema sumarizando os achados da primeira parte deste estudo e

questdes a serem elucidadas
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Legenda: A) Fibras nervosas marcadas para TH e NPY foram encontradas ao redor dos vasos
sanguineos do ligamento periodontal e nos canais de Havers no 0sso alveolar. Além disso também
se notou marcacao para TH em odontoblastos e fibroblastos do ligamento, além de marcagédo NPY
em osteblastos e ostedcitos. NET foi encontrado em osteoblastos, ostedcitos e fibroblastos do
ligamento periodontal. B) A liberacao das catecolaminas na regido periodontal influenciaria as células
da regido através da ligagdo com receptores adrenérgicos. A estimulagao do receptor B-AR, por I1SO,
ndo alterou a MVD da regido. Além disso, a presenca maior de NET na regido periodontal poderia
controlar a acdo das catecolaminas nesta regido, sendo que a sua funcionalidade na patogénese da
periodontite deve ser elucidada em estudos futuros. No entanto, estudos in vivo demonstram a agéo
dos B-AR na patogénese da doenca periodontal aumentado reabsorcdo Ossea, provavelmente
devido a acéo pré-inflamatoria, uma vez que o seu bloqueador (propranolol) diminui a liberacéo de
citocinas (Rodrigues et al., 2012; Okada et al., 2010; Martins et al., 2017). C) Nos ossos longos, a
administragdo de ISO aumentou a MVD (Mulcrone et al., 2017), mostrando comportamento distinto
aos ossos mandibulares. Reforcando essas diferencas, administracdo de 1ISO em fémur saudavel
influencia BV/TV, o que ndo ocorre nos 0ssos alveolares (Bataille et al., 2012).

Fonte: Elaborada pelo autor.

Como enfatizado anteriormente, o sistema imune é parte essencial da
patogénese da doenca periodontal. Porém, a complexidade da doenca dificulta o
estudo da interacdo dos ligantes adrenérgicos na resposta imune isoladamente.
Ainda, a acdo desses ligantes diretamente nos periodontopatégenos foi apenas
estudada in vitro, e a importancia desses achados no cenario in vivo necessita de
validacdo. Assim, em nosso estudo utilizamos o modelo de G. mellonella, devido a
similaridade da sua resposta imune inata aos vertebrados e por permitir a infeccéo
controlada por P. gingivalis.

A resposta imune inata € parte fundamental na manutencdo da homeostase
dos tecidos periodontais. Imunoglobulinas A (IgA) e peptideos antimicrobianos
presentes na saliva, assim como fatores do sistema complemento, ligam-se aos micro-

organismos facilitando a fagocitose ou inativando-os diretamente, controlando assim
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a populagdo microbiana subgengival. Além disso, uma vez que 0S micro-organismos
entram em contato com o0s receptores de reconhecimento de patdgenos,
principalmente os Toll-like expressos nas células epiteliais da gengiva, células
dendriticas, fibroblastos e macréfagos da regido, ha a liberacdo de citocinas
especificas que promovem a quimiotaxia de leucdcitos, como neutrofilos e
macréfagos, para o periodonto. No entanto, durante o processo de fagocitose ha a
liberacdo de radicais livres e enzimas que levam a degradacéo tecidual. Finalmente,
a estimulacao das células dendriticas leva ao recrutamento e ativacdo de linfocitos,
nos linfonodos, iniciando a resposta imune adaptativa. Entretanto, ao fagocitarem os
agentes agressores, 0s polimorfonucleares também ativam vias resolutivas da
inflamacdo que finalizam o processo inflamatério. Em pacientes com resposta
adequada ao biofilme dental, a resposta imune inata sera eficaz em conter o ataque
microbiano, e o quadro de gengivite ndo evoluira para doenca periodontal. Entretanto,
se houver uma super ativacdo do processo inflamatério, havera evolugdo para

periodontite (Figura 6).

Figura 6 — Desenho esquemético de um dente e do periodonto associado,

evidenciando a resposta imune inata no periodonto
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Legenda: O periodonto apresenta um sistema de prote¢éo contra a ameaga constante do meio
externo, representada principalmente pelo biofilme dental. Para tal, Imunoglobulinas A (IgA) e
peptideos antimicrobianos presentes na saliva, assim como fatores do sistema complemento, ligam-
se aos micro-organismos facilitando a fagocitose ou inativando-os diretamente, controlando assim a
populagdo microbiana subgengival (A, B), além da barreira fisica constituida pela gengiva. Os
microrganismos ativam receptores expressos nas células epiteliais da gengiva, células dendriticas,
fibroblastos e macréfagos da regido, que liberam citocinas especificas que promovem a quimiotaxia
de leucdcitos, como neutrdéfilos e macréfagos, para o periodonto (C), que irdo fagocitar os agentes
agressores (D). Ainda, a estimulacdo das células dendriticas leva ao recrutamento e ativacdo de
linfécitos, nos linfonodos, iniciando a resposta imune adaptativa (E). O sucesso desta resposta em
conter o ataque microbiano e cessar a inflamacgéo impedira a progressdo do quadro de gengivite,
caracterizado pela inflamacdo do periodonto sem perda de insercéo, para o quadro de periodontite,
onde ha a perda irreversivel dos tecidos de suporte dos dentes.

Fonte: Elaborada pelo autor.

Em G. mellonella, os hemdcitos séo correlatos aos neutréfilos e macréfagos
de vertebrados, desempenhando o papel de fagocitar e liberar fatores da resposta
humoral que orquestram o processo inflamatdério. Assim, para investigar a influéncia
do sistema adrenérgico na resposta imune da larva, nés utilizamos ISO, um agonista
B-adrenérgico e NE, que se liga aos receptores a e B adrenérgicos, mas com
predilecdo pelo a-AR. A influéncia desses hormdnios foi correlacionada com a OCT,
horménio enddégeno do inseto que apresenta estrutura quimica semelhante a NE
(Adamo, 2008; Figura 7).
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Figura 7 - Jaccard Index dos compostos utilizados neste estudo
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Legenda: Representacdo da similaridade entre as estruturas quimicas dos compostos do sistema
adrenérgico/octopaminérgico. Nota-se que ISO, epinefrina e NE sdo semelhantes entre si, estando
dentro do mesmo cluster. Os clusters sédo representados pelas cores verde, amarelo, azul e roxo.
Fonte: Elaborada pelo autor.

Apoés constatar que nenhum dos compostos foi toxico para a larva, nés
validamos o0 uso destes compostos para estudar resposta adrenérgica em G.
mellonella. A literatura acerca da influéncia da OCT na densidade hemocitaria é
controversa, mostrando a¢des antagonicas dependendo da concentragao utilizada. As
doses fisioldgicas (100pM-1nM; Davenport, Evans, 1984) comportaram-se como ISO,
mostrando uma resposta semelhante a p-adrenérgica, e aumentando o numero de
hemocitos circulantes. O SNS em vertebrados também mobiliza as células
inflamatorias para o local da agresséo através do receptor B-AR (Bellinger, Lorton,
2014). Ja as doses mais altas, que representam estado de estresse (1uM; Dunphy,
Downer, 1994), influenciaram negativamente a contagem de hemdcitos, semelhante
a NE, ligante preferencial do receptor a-AR (Figura 8 A). A dualidade de ac¢des dos
ligantes nos hemacitos se traduziu na andlise de curva de sobrevivéncia. Enquanto
ISO protegeu as larvas da infeccdo por P. gingivalis, NE aumentou a mortalidade
(Figura 8B).
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Figura 8 — Resumo esquematico dos achados da segunda parte desta tese
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Legenda: Na resposta sistémica do hospedeiro, ISO e NE tiveram a¢Bes antagdnicas na resposta
celular (A), sendo que NE diminuiu a densidade hemocitaria, enquanto ISO aumentou. Isso se
traduziu na sobrevida (B) e recuperagdo de P. gingivalis da hemolinfa (C). Na resposta humoral,
ambos ligantes diminuiram a expresséo de cecropina, mas néo influenciaram na melanizacédo (D). O
aumento de hemdcitos causado pelo ISO foi devido a mobilizagdo dos hemacitos aderidos ao corpo
de gordura (E). Quanto a acdo direta dos compostos em P. gingivalis, apés 24 horas da incubacéo,
embora ambos tenham aumentado a expressédo de rgbp e fimA, apenas PgIiSO aumentou a
mortalidade das larvas (F). No entanto, a co-administracdo de ISO sistémico foi capaz de reverter
parcialmente o fenétipo causado pela bactéria com viruléncia aumentada (G).

Fonte: Elaborada pelo autor.

G. mellonella apresenta hemaocitos que podem ser sésseis ou circulantes. Os
sésseis encontram-se aderidos aos 6rgaos internos da larva, como o corpo de
gordura. J& os circulantes encontram-se livremente na hemolinfa (King et al., 2013).
Frente a estimulos, os hemdécitos sdo mobilizados para a hemolinfa para proteger o
hospedeiro. No caso de infeccdo, os hemdcitos fagocitam os agentes agressores,
entrando entdo em processo de apoptose, além de formarem os nodulos, estruturas
que visam conter a disseminacdo dos micro-organismos e inativa-los. Em geral, os
nodulos se fixam nos Orgdos internos, o que juntamente com a apoptose de
hemacitos, diminui o nimero de células circulantes (Figura 9A-D). Aqui, observamos
a diminuicdo do numero de hemdcitos causada por P. gingivalis, e esta foi revertida
pela administracédo de 1SO. Esse aumento no numero de hemacitos circulantes foi (3-

especifico, uma vez que a administracdo de propranolol preveniu a mobilizacdo de
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hemdécitos do corpo de gordura (Figura 8E), tanto para ISO quanto para OCT. Além

disso, a diminui¢do na recuperacgao de P. gingivalis na hemolinfa dos animais (Figura

8C) sugere um aumento da sua atividade.

Figura 9 - Classificacdo anatdmica dos hemdcitos e influéncia da infeccédo por P.

gingivalis nestas células
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Legenda: Hemdcitos circulantes (cabeca de seta amarela) séo aqueles que se encontram livremente
na hemolinfa (A); enquanto os sésseis (cabega de seta rosa) estdo aderidos aos 6rgaos internos da
larva (B). Frente & infeccéo por P. gingivalis ha redu¢é@o do nimero de hemdcitos circulantes (C), que
pode ser devido a apoptose ou pela formagédo de nédulos (cabeca de seta amarela) que ficam
aderidos aos 6rgaos internos da larva (D). M= musculos, CG= corpo de gordura, T = traqueia, GS=
glandula da seda, H= hemolinfa.

Fonte: Elaborada pelo autor.



A acdo do sistema octopaminérgico na resposta celular de insetos vém sendo
estudado. Baixas concentracbes de OCT promoveram adesdo de hemdcitos e
fagocitose, enquanto altas concentracdes de OCT inibiram adesdo de hemdcitos e
fagocitose (Huang et al., 2012). Outros autores observaram que o bloqueio B-AR
aboliu alteracdes causadas pela OCT (5 x 107 M) na mobilidade de plasmatdcitos e
filopédia produzida pelos granulécitos (Diehl-Jones et al., 1996). OCT (10°°M)
aumentou a fagocitose in vitro, e a sobrevida apds infeccdo por Staphylococcus
aureus (Baines, Downer, 1992)

Neste trabalho, investigamos a acdo aguda dos ligantes na infec¢ao por P.
gingivalis, devido a sua acdo extremamente rapida (30 min), e podemos observar
claramente que a ativagdo B-AR durante as fases iniciais da infec¢ao preveniu a morte
das larvas. Foi demonstrado, in vitro, que a ativagdo 32-AR (utilizando Salmeterol)
inibiu a producdo de citocinas pro-inflamatérias e oOxido nitrico causadas por P.
gingivalis. Assim foi sugerido que o Salmeterol pode ser efetivo para controlar a
resposta inflamatoria gerada pelos receptores TLR (Sharma et al., 2017). Ainda a
estimulacdo B-AR (com ISO) aumentou o potencial fagocitico de macréfagos (Muthu
et al., 2010; Kim et al., 2019) e estimulou o perfil M2 (Lamkim et al., 2016) relacionado
a resolucdo da doenca periodontal (Wang et al., 2021a) assim como os niveis de
resolvina (Shi et al., 2017), que ja mostrou ser efetiva na prevencao de periodontite
em roedores (Mizraji et al., 2018; El Khol et al., 2018)

Ainda, a sinalizacdo o-AR foi apontada como a mais relevante no
desenvolvimento da periodontite, uma vez que a administracdo de fentolamina
(bloqueador a-AR) inibiu a expressdo de citocinas pré-inflamatérias na gengiva de
ratos com periodontite cronica e que foram estressados, 0 que ndo ocorreu com
propranolol (Liu et al., 2012). Esses achados corroboram nossa observacao que a
administracdo de NE aumentou a mortalidade das larvas.

Nés avaliamos a influéncia do sistema adrenérgico na resposta humoral
contra P. gingivalis, uma vez que esta resposta representa a linha de frente na defesa
dos insetos contra infec¢cdo, com a presenca de lisozima e fenoloxidase na hemolinfa
assim como a producdo de AMP pelos hemacitos. Nao observamos influéncia dos
compostos na melanizacdo, porém, ambos diminuiram a expressédo de cecropina, 0
que pode ser explicado de diferentes maneiras (Figura 8D). O equilibrio entre resposta

inflamatdria controlada e exacerbada € o que determina a sepse e a sobrevivéncia do
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animal, da mesma forma que € a inflamacdo descontrolada que leva a perda 6ssea
decorrente da periodontite. O reconhecimento de moléculas estranhas (LPS) pelos
hemacitos e tecidos da larva (corpo de gordura) ou a sua comunicacdo com fatores
humorais que se ligam e opsonizam os invasores (melanina) vao desencadear
eventos intracelulares e intercelulares que coordenam as respostas efetoras da
inflamacéo, como fagocitose e nodulacéo (Lavine, Strand, 2002). No caso do I1SO,
houve uma diminuicdo da carga bacteriana na hemolinfa dos animais (Figura 8C), o
gue pode ter ocorrido por fagocitose aumentada, levando a diminui¢cao da ativacdo de
outros fatores como os peptideos antimicrobianos. J& no caso da NE, havia um menor
namero de hemdécitos circulantes, que ndo controlaram a invasdo ou ativaram 0s
AMPs, o que possivelmente resultou na morte acelerada das larvas. Ainda, outros
efetores humorais ndo explorados nesta pesquisa podem ser mais determinantes na
progressao da infeccao por P. gingivalis.

Finalmente, o modelo de G. mellonella mostrou-se excelente para traduzir os
achados in vitro para o contexto in vivo, respeitando o principio dos 3R, de reducao,
substituicdo e refinamento dos estudos com animais. Tanto ISO quanto NE
aumentaram a viruléncia de P. gingivalis (Figura 8F) como ja havia sido descrito
anteriormente na literatura (Saito et al., 2011; Graziano et al., 2013; Boyanova et al.,
2017). Entretanto, apenas 1SO aumentou a mortalidade das larvas. A diferenca na
resposta biolégica causada na larva pode ser devido a influéncia de 1ISO em outros
fatores de viruléncia que provavelmente sdo mais determinantes na severidade da
infeccdo por P. gingivalis em G. mellonella. Ainda, em estudo prévio, P. gingivalis
mostrou ter receptor similar ao B-AR, uma vez que 0 aumento na sua viruléncia foi
parcialmente bloqueado pela administracdo de propranolol, o que pode ter
influenciado na resposta da bactéria (Saito et al., 2011). Esses achados também
enfatizam a necessidade de validacao de observacdes in vitro no cenario in vivo, pois
0 aumento da viruléncia causado por NE, que ja havia sido descrito in vitro, nao foi
suficiente para que observassemos um fendtipo diferente nas larvas. NOs
comprovamos que a acao da resposta imune é superior & agdo bacteriana direta, uma
vez que a administragdo sistémica de ISO reduziu a mortalidade causada pela
bactéria mais virulenta. Na verdade, a presenca de P. gingivalis apenas nao é
relacionada a formas de periodontite em humanos (Nibali et al., 2012; Nedzi-Gora et
al., 2020).

O estresse influencia a periodontite por varios mecanismos, entre eles o

sistema adrenérgico. A ativacao dos receptores adrenérgicos (a e B) altera os dois

85



pilares da doenca periodontal: 0 hospedeiro e a microbiota. No entanto, qual o peso
desta influéncia em cada pilar, ainda é desconhecido. Nesta tese, observamos que a
influéncia do SNS na resposta imune do hospedeiro parece sobrepor a influéncia
desse sistema em outros fatores associados a periodontite, uma vez que a ativacao
B-AR em o0sso alveolar saudavel ndo alterou a producao de citocinas inflamatorias,
osteoclastogénese ou microvasculatura. Além disso, a modulacdo adrenérgica da
resposta imune de G. mellonella foi determinante para o desfecho da infeccdo por P.

gingivalis, mesmo quando esta apresentava viruléncia aumentada.
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APENDICE A — Imunofluorescéncia para tirosina hidroxilase (TH) em mandibula de

camundongos

Hidratacdo dos cortes

Xilol: 15 min (2 vezes)

Etanol 100%: 3 min (2 vezes)
Etanol 80%: 3 min

Etanol 70%: 3 min

Etanol 50%: 3 min

Agua deionizada (dH20): 3 min

Recuperacéo antigénica

Colocar as laminas em banho maria a 80°C por 20 min em solucao de Tris-
EDTA pH 9. Apds, deixe esfriar a temperatura ambiente por aproximadamente 30 min.
Neste experimento especificamente eu utilizei 80°C porque temperaturas mais altas
causavam destacamento dos cortes das laminas ou que os mesmos dobrassem. No
entanto, outras temperaturas e métodos de recuperacdo podem ser ajustados de

acordo com as amostras a serem utilizadas.

Solucéo Tis-EDTA:

10mM de Tris (1.21Q)

1mM EDTA (0.379)

0.05% Tween20 (0.5mL)

1000mL dHz20

Ajustar o pH para 9.0 e armazenar a 4°C.

Permeabilizacdo

Isolar os cortes com caneta hidrofébica

Lavar os cortes com TBS-Tween20 3 vezes durante 2 min (Colocar com cuidado pelas
bordas do contorno feito com a caneta para evitar desgrudar o corte).

Apoés as lavagens, acrescentar 0.1% Triton-X em TBS por 20 min a temperatura

ambiente.

TBS-Tween20:
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20mL de TBS 10X

180mL de dH20

0.2mL de Tween20

Para preparar o TBS 10X misturar 60.6g Tris + 87.6g NaCl em 1L de dH20 e ajustar
0 pH para 7.6. Armazenar a 4°C.

Bloqueio
Lavar os cortes com TBS-Tween20 3 vezes por 2 min.
Bloquear com 5% soro normal de Carneiro em PBS + 0.05% Tween20 por 1 hora a

temperatura ambiente.

Anticorpo priméario

Tyrosine hydroxylase (Millipore-AB152): Diluir 1:200 em solucéao de bloqueio.

NPY (Phoenix Pharmaceuticals, H-049-03): Diluir 1:100 em solugao de bloqueio.
Incubar a 4°C overnight protegido da luz

PS: Adicionar cortes de tecido cerebral como controle positivo. Para controle negativo

omitir os anticorpos primarios.

Anticorpo secundario

Lavar os cortes com TBS-tween20 3 vezes por 2 min

Incubar o anticorpo secundario Carneiro anti-coelho AlexaFluor594 (Abcam
ab150064) diluido1:1000 em TBS-BSA1% a temperatura ambiente por 3 horas
protegido da luz.

Contra coloragcao (Marcacgao nuclear)

Lavar os cortes com TBS-tween20 3 vezes por 2 min

Adicionar Hoechst (Cat#H3569, Thermofisher, 1uL diluido em10mL de dH20) por 5
min a temperatura ambiente protegido da luz.

Lavar os cortes com dH20

Montar as laminas com FluorSave (Millipore, catalogo 345789) e manter 0s mesmos
a 4°C protegido da luz para preservar a coloracdo. Se 0 microscopio que for ser
utilizado para captar as imagens for invertido esperar 1 dia para que as laminas

estejam totalmente secas.



APENDICE B - Imunofluorescéncia para transportador de norepinefrina (NET) e
quantificacao de células positivas na regido periodontal

Para coloracdo de imunofluorescéncia de NET (Invitrogen PA5-77494) os
cortes foram desparafinados, reidratados e a recuperacao antigénica foi realizada

como descrito anteriormente para TH e NPY.

Bloqueio

Lavar os cortes com TBS-Tween20 3 vezes por 2 min.

Bloquear com 5% soro normal de Carneiro em PBS + 0.05% Tween20 por 1 hora a
temperatura ambiente.

Lavar os cortes com TBS-Tween20 3 vezes por 2 min.

Anticorpo primério
Cobrir os cortes com Coelho anti-NET diluido 1:200 em TBS/BSA overnight a 4°C.

Lavar os cortes com TBS-Tween20 3 vezes por 2 min.

Anticorpo secundario
Incubar os cortes com carneiro anti-coelho IgG conjugado com Alexafluor594 (Abcam
ab150064) diluido 1:500 na solucédo de blogueio a temperatura ambiente por 3 horas.

Lavar os cortes com TBS-Tween20 3 vezes por 2 min.

Contra-coloracao

Adicionar Hoechst (Cat#H3569, Thermofisher, 1uL diluido em10mL de dH20) por 5
min a temperatura ambiente protegido da luz.

Lavar os cortes com dH20

Montar as laminas com FluorSave (Millipore, catalogo 345789) e manter os mesmos

a 4°C protegido da luz

Analise das imagens

As imagens foram capturadas pelo centro de Imagem da Baylor College of
Medicine, usando o filtro DAPI e Red no aparelho Cytation5. As imagens de ambos os
filtros foram entdo abertas no programa FIJI e foram delimitadas as regides de

interesse (ROI). A primeira ROI delimitando o osso alveolar na regido de furca, a
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segunda circunscrevendo a camada osteoblastica, e a terceira o ligamento periodontal
da regido de furca (Figura 10). Foi entdo mensurado o nimero de células (azul, filtro
DAPI) e o niumero de células positivas para NET (vermelho, filtro Red) em cada ROI
e 0 numero total de células foi dividido pelo nimero de células marcadas para NET,

para gerar a porcentagem de células positivas em cada ROI.

Figura 10 - Regibes de interesse (ROIs) utilizadas para quantificacdo das células

positivas para NET na regido de furca do segundo molar inferior

Legenda: a) Delimitacdo do osso alveolar; b) Camada osteoblastica; c) Ligamento periodontal. A
selecdo das ROls foi feita no software FIJI. As imagens acima correspondem ao filtro DAPI. Aumento
original de 200x.

Fonte: Elaborada pelo autor.
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APENDICE C - Imunofluorescéncia para endomucina

Para coloracdo de imunofluorescéncia para endomucina (Sc 65495) os cortes
foram desparafinados, reidratados e a recuperacdo antigénica foi realizada como
descrito anteriormente para TH e NPY.

Bloqueio:
Incubar os cortes com 5% soro de macaco, 1% BSA em TBS 1X, por 1 hora a

temperatura ambiente.

Anticorpo primario:

Cobrir os cortes com anticorpo Rato anti-endomucina (Santa-cruz, Sc 65495) 1:100
em 1% BSA/TBS 1x overnight a 4°C.

Lavar 3 vezes por 3 min em TBS 1x.

Anticorpo secundario:
Incubar os cortes com anticorpo Macaco anti-rato conjugado com AlexaFluor 594
(Abcam, ab150156), diluido 1:200 em TBS 1%BSA por 1 h a temperatura ambiente.

Lavar 3 vezes por 1 min TBS 1x.

Contra-coloragéo:

Adicionar Hoechst (Cat#H3569, Thermofisher, 1uL diluido em10mL de dH20) por 5
min a temperatura ambiente protegido da luz.

Lavar os cortes com dH20

Montar as laminas com FluorSave (Millipore, catalogo 345789) e manter 0s mesmos
a 4°C protegido da luz.
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APENDICE D - Processamento histologico de Galleria mellonella para quantificacéo
de nddulos

Apbs transcorridos 30 min da inoculacdo dos compostos (ISO ou NE) e de P.
gingivalis, as larvas foram eutanasiadas colocando-as no -20°C por 30 min.

Apos este periodo, as mesmas foram colocadas a temperatura ambiente por
aproximadamente 5 min, para permitir a perfusdo por solucdo aquosa de Bouin
(Sigma, HT10132). Foram injetados aproximadamente 200uL de solucdo, até que a
larva ficasse rigida. As larvas foram entdo submersas na solugédo de Bouin por 72
horas e depois imersas em alcool 70% por mais 48 horas para remocao da solucao
de Bouin.

Confira aqui video da inoculacéao: (https://youtu.be/ QvwuXZjMFKk)

Apoés fixadas, foi realizada a macroscopia para inclusdo das larvas em
parafina. Primeiramente as larvas foram seccionadas transversalmente entre a
segunda e quarta pseudopernas. O fragmento resultante foi entdo hemisseccionado
sagitalmente. Os espécimes foram colocados sobre papel filtro e fechados para

armazenamento no cassete de inclusao.

Confira aqui video da macroscopia: (https://youtu.be/WjvRGh-HuYs)
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O processamento para inclusao foi feito no histotécnico, deixando as amostras
2 h em élcool 70%, seguido de 2 h em é&lcool 80%, 2 h em &lcool 90%, 2 h em alcool
100% (2 passagens); 1h30min em xilol (3 passagens); 1h30min em parafina (2
passagens). Os espécimes foram incluidos com a superficie de corte para baixo.

Foram seccionados 3 cortes (5um cada) por animal, 20pm distantes entre si
para analise de numero de nddulos, utilizando micrétomo semiautomatico. As laminas
foram secas a 40°C overnight e entdo desparafinadas em estufa a 60°C 1 dia antes
da coloracéo por Hematoxilina & Eosina.

Primeiramente foi realizada a diafanizagdo através da imersao das laminas
em 2 banhos de xilol por 10 min, seguida da reidratacdo com 2 lavagens em alcool
absoluto e 2 lavagens em alcool 70%. Foram feitos 3 banhos com agua corrente e as
laminas foram coradas por Hematoxilina de Harris por 5 min. Apos este periodo foram
lavadas em agua corrente, por 3 vezes, seguido por passagem no diferenciador. As
laminas foram ent&o coradas com Eosina por 5 min, e desidratadas com solucéao de
alcool 70%, e trés banhos de éalcool absoluto. Para montagem, as mesmas foram
imersas em 2 banhos de xilol por 10min cada. A montagem foi feita usando Entellan®.

Para analise dos nddulos, consideraram-se estruturas que continham mais de
4 hemdocitos em meio a area melanizada. Os mesmos foram contados manualmente,
observando os cortes em aumento de 200x. Os nodulos nas duas partes da larva do
mesmo plano de corte foram somados, e foi feita a média da soma dos 3 cortes
distantes 20um entre si para andlise estatistica. O esquema da metodologia pode ser

observado na figura 11:
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Figura 11 — Esquema da inclusdo das larvas de G. mellonella em parafina e andlise

do nimero de nodulos apés coloracdo em H&E

Posteriormente os fragmentos
foram hemisseccionados

®

| As larvas foram '

seccionadas
entre as 22 -42
prolegs

- Foram considerados nddulos, agrupamentos de mais
de 4 hemdcitos associados a melanizagdo
Inclusdo em % 2

parafina das duas
metades

e - %, &
O numero de nddulos presentes nas duas metades

foi somado, e a média do nimero de nédulos nos
trés cortes distantes 20um entre si foi utilizadana

@ analise estatistica

Legenda: A) Larva apds a fixagdo pronta para a macroscopia. Primeiramente foi realizada a seccéo
coronal das mesmas entre a segunda e Ultima pseudopernas, seguida por corte transversal para
inclusdo em parafina. B) Apds processamento dos espécimes, foram feitos 3 cortes por animal, com
5um de espessura, distantes 20um entre si. Os cortes foram corados com H&E. C) Os nédulos foram
contados manualmente, avaliando os cortes com objetiva de 200x em microscopio de campo claro.
Foram considerados como ndodulos aglomerados de pelo menos 4 hemécitos associados a
melanizacéo, como demonstrado pelas setas amarelas. Os ndédulos em cada metade foram somados,
e a média da soma de cada plano de corte foi utilizada para analise estatistica.

Fonte: Elaborada pelo autor.




ANEXO A — Documento de aprovacdo do comité de ética animal da Baylor College of

medicine
Baylor
September 1, 2021 College of
Medicine
Baylor College of Medicine
Office of Research
FLORENT ELEFTERIOU
BAYLOR COLLEGE OF MEDICINE i o
ORTHOPEDIC SURGERY USION SR

Phone: (713) 798-6970
Fax:  (713) 798-6990
Email: iacuc@bem.edu

AN-6979: AUTONOMIC NERVOUS SYSTEM AND BONE HOMEOSTASIS

APPROVAL VALID FROM September 1, 2021 thru August 30, 2024

Dear Dr. ELEFTERIOU

The animal care and use of your research protocol indicated above has been approved by the Institutional Animal Care and Use
Committee of Baylor College of Medicine.

Baylor College of Medicine has an Animal Welfare Assurance approved by the Office of Laboratory Animal Welfare (OLAW), meeting
the requirements of the Public Health Service Policy on Humane Care and Use of Laboratory Animals. The Assurance number is D16-
00475.

As principal investigators of this research, you are required to provide a copy of the approved protocol and all subsequently approved
amendments to each individual working on this project for their reference.

You will be notified should any U.S.D.A., Baylor College of Medicine, VAMC (if applicable) or other policies come into effect that would
require you to amend your project.

Respectfully,

FREDERICK PEREIRA, PH.D., B.SC.
Institutional Animal Care and Use Committee
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