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RESUMO

DA FONSECA, Caren Aline Ramson. Disseleneto de bis-(3-amino-2-piridina)
melhora a dermatite atOpica e os disturbios psiquiatricos associados
regulando o status inflamatério e oxidativo. 2020. 118f. Dissertacdo
(Mestrado em Bioquimica e Bioprospeccéo) - Programa de Pds-Graduacao em
Bioquimica e Bioprospecc¢éo, Centro de Ciéncias Quimicas, Farmacéuticas e
de Alimentos, Universidade Federal de Pelotas, Pelotas, 2020.

A dermatite atopica (DA) é uma patologia complexa e multifatorial. A
susceptibilidade genética, os fatores ambientais, a disfuncdo da barreira
cutanea e a desregulacdo do sistema imunolégico tém sido implicados na
patogénese da DA. Essa doenca afeta negativamente a saude fisica e mental
dos portadores, aumentando consideravelmente a prevaléncia de transtornos
de ansiedade e depressao e acentuando os sinais e sintomas da DA. Em vista
disso, foi investigado o efeito supressor do disseleneto de bis-(3-amino-2-
piridina) (BAPD), no modelo de DA em camundongos BALB/c. A pele dorsal
dos animais foi sensibilizada nos dias 1-3 através da aplicacao topica de 2,4-
dinitroclorobenzeno (DNCB). Posteriormente, o0s camundongos foram
desafiados com 20 uL de DNCB na orelha e 200 pL na pele dorsal nos dias 14,
17, 20, 23, 26 e 29. O tratamento dos animais foi realizado pela via oral com o
BAPD (1 ou 5 mg/kg) ou Dexametasona (5 mg/kg) dos dias 14 a 29. O teste de
campo aberto (OFT), labirinto em cruz elevado (EPM), teste de suspensao da
cauda (TST), comportamento de cocar e 0s escores de gravidade da pele
foram determinados no dia 30. Posteriormente, os animais foram submetidos a
eutanasia por inalacdo do anestésico isoflurano e as orelhas, pele dorsal,
hipocampo/cértex cerebral e o plasma sanguineo foram removidos para
determinacdo dos parametros inflamatérios (edema da orelha, atividade da
enzima mieloperoxidase (MPO), expressao de citocinas pro-inflamatérias e
analise histoldgica), oxidativos e antioxidantes (espécies reativas (RS),
espécies reativas ao acido tiobarbitarico (TBARS), niveis de tiol ndo proteico
(NPSH), atividade das enzimas superédxido dismutase (SOD), catalase (CAT),
glutationa peroxidase (GPx), glutationa redutase (GR), glutationa S-transferase
(GST)), bem como os niveis de corticosterona e atividade da enzima Na*, K*-
ATPase. Os resultados do estudo demonstraram que o DNCB aumentou a
gravidade das lesdes de pele, o comportamento de cocar, a inflamacéo e o
estresse oxidativo. O BAPD (1 e 5 mg/kg) melhorou o dano cutaneo, o
comportamento de cocar, e restaurou a atividade da enzima MPO na orelha e
no dorso dos animais induzidos com DNCB. Além disso, o0 composto reduziu 0s
niveis de expressao do fator de necrose tumoral (TNF-a), interferon (IFN- ),
interleucina (IL)-33, IL-18, IL-1B, bem como aumentou a expressao de IL-10 no
dorso dos animais. A analise histolégica revelou que o tratamento com BAPD 5
mg/kg reduziu a resposta inflamatoria diminuindo o infiltrado de neutrofilos no
dorso dos camundongos. Os parametros de estresse oxidativo demonstraram
gue os niveis de RS, TBARS e a atividade da enzima GST aumentaram nos
animais induzidos com DNCB. Por outro lado, os niveis de enzimas
antioxidantes como SOD, CAT, GPx, GR e os niveis de NPSH foram inibidos
nesses animais. BAPD (1 e 5 mg/kg) foi capaz de atenuar os parametros
oxidativos, além de restaurar a atividade das enzimas antioxidantes. Os niveis



de corticosterona foram reduzidos apenas com a dose de 5 mg/kg do
composto. A atividade da enzima Na’, K'-ATPase no hipocampo e cortex
cerebral diminuiu nos animais expostos ao DNCB. O tratamento com BAPD (1
e 5 mg/kg) restaurou a atividade da enzima Na®, K*-ATPase apenas no cortex
cerebral. A eficacia do BAPD foi semelhante ou superior a dexametasona nos
parametros avaliados. Os dados do presente estudo demonstraram o efeito
supressor do BAPD na comorbidade transtornos psiquiatricos - DA regulando o
status inflamatério e oxidativo em camundongos.

Palavras-chaves: inflamacao, estresse oxidativo, depresséo, ansiedade, 2,4-
dinitroclorobenzeno.



ABSTRACT

DA FONSECA, Caren Aline Ramson. Bis-(3-amino-2-pyridine) diselenide
improves psychiatric disorders — atopic dermatitis comorbidity by
regulating inflammatory and oxidative status. 2020. 118f. Dissertation
(Master in Biochemistry and Bioprospecting) - Biochemistry and Bioprospecting
Postgraduate Program. Federal University of Pelotas, Pelotas.

Atopic dermatitis (AD) is a complex and multifactorial pathology. Genetic
susceptibility, environmental factors, dysfunction of the skin barrier and
dysregulation of the immune system have been implicated in the pathogenesis
of AD. This disease negatively affects the physical and mental health of
patients, considerably increasing the prevalence of anxiety and depression
disorders and accentuating the signs and symptoms of AD. In view of this, the
suppressive effect of the bis- (3-amino-2-pyridine) diselenide (BAPD) was
investigated in the AD model in BALB/c mice. The animals' dorsal skin was
sensitized on days 1-3 through the topical application of 2,4-
dinitrochlorobenzene (DNCB). Posteriorly, the mice were challenged with 20 uL
of DNCB in the ear and 200 pL in the dorsal skin on days 14, 17, 20, 23, 26 and
29. The animals were treated orally with BAPD (1 or 5 mg/kg) or
Dexamethasone (5 mg/kg) from days 14 to 29. The open field test (OFT),
elevated plus maze (EPM), tail suspension test (TST), scratching behavior and
skin severity scores were determined on day 30. Posteriorly, the animals were
euthanized by inhalation of the isoflurane anesthetic and the ears, dorsal skin,
hippocampus/cerebral cortex and blood plasma were removed to determine
inflammatory parameters (ear edema, myeloperoxidase enzyme (MPQO) activity,
expression of pro-inflammatory cytokines and histological analysis), oxidative
and antioxidant (reactive species (RS), reactive species to thiobarbituric acid
(TBARS), levels of non-protein thiol (NPSH), superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR),
glutathione S-transferase (GST) activity, as well as the levels of corticosterone
and Na’, K’'-ATPase enzyme activity. The results of the study demonstrated
that DNCB increased the severity of skin lesions, scratching behavior,
inflammation and oxidative stress. BAPD (1 and 5 mg/kg) improved cutaneous
damage, scratching behavior, and restored MPO enzyme activity in the ear and
back of animals induced with DNCB. In addition, the compound reduced levels
of expression of tumor necrosis factor (TNF-a), interferon (IFN- y), interleukin
(IL)-33, IL-18, IL-1B, as well as increased expression of IL-10 on the back of the
animals. Histological analysis revealed that treatment with BAPD 5 mg/kg
reduced the inflammatory response by reducing the infiltration of neutrophils on
the back of the mice. The oxidative stress parameters demonstrated that the
levels of RS, TBARS and GST enzyme activity increased in animals induced
with DNCB. On the other hand, the levels of antioxidant enzymes such as SOD,
CAT, GPx, GR and the levels of NPSH were inhibited in these animals. BAPD
(1 and 5 mg/kg) was able to attenuate oxidative parameters, in addition to
restoring the activity of antioxidant enzymes. Corticosterone levels were
reduced only with the dose of 5 mg/kg of the compound. The activity of the
enzyme Na’, K'-ATPase in the hippocampus and cerebral cortex decreased in
animals exposed to DNCB. Treatment with BAPD (1 and 5 mg/kg) restored Na,



K*-ATPase enzyme activity only in the cerebral cortex. The effectiveness of
BAPD was similar or superior to dexamethasone in the evaluated parameters.
The data from the present study demonstrated the suppressive effect of BAPD
in comorbidity psychiatric disorders - AD regulating inflammatory and oxidative
status in mice.

Keywords: inflammation, oxidative stress, depression; anxiety; 2,4-
dinitrochlorobenzene.
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1. Introducgéo

A pele, maior 6rgdo do corpo humano, reiine uma complexidade prépria
no que diz respeito a sua constituicdo, atuando como uma barreira anatbmica e
fisiologica, protegendo o organismo contra a entrada de agentes estranhos ou
microrganismos indesejaveis (MILLER et al., 2013; ENGEBRETSEN e
THYSSEN, 2016). A pele protege o corpo e, enquanto desempenha tal fungéo,
€ exposta a diversos fatores externos, o que pode levar a uma série de
problemas e doencas, entre as quais destaca-se a Dermatite atopica (DA). A
DA, conhecida também como Eczema atdpico, € uma doenca cutanea
inflamatoria crénica, caracterizada por prurido intenso e lesdes eczematosas
recorrentes (YOSIPOVITCH e PAPOIU, 2008; BIEBER, 2010). Sua prevaléncia
aumentou significativamente ao longo dos anos e atualmente afeta até 30%
das criancas e até 17% dos adultos em todo o mundo (SACOTTE e
SILVERBERG, 2018).

Os sintomas clinicos da DA, particularmente a coceira incessante e a
sensacdo negativa das aparéncias fisicas alteradas pelas lesbes cutaneas
eczematosas, impdem uma carga psicoldgica intensa aos portadores e suas
familias (BUSKE-KIRSCHBAUM et al., 2001). Evidéncias crescentes mostram
gue pacientes com DA sofrem com transtornos psicolégicos (ansiedade e
depressdo) e com cargas sociais significativas (YAGHMAIE et al., 2013;
CHENG et al., 2015; EGEBERG et al., 2016; SANDERS et al., 2018). Além
disso, foi evidenciado que mediadores inflamatorios na DA também podem
contribuir para o desenvolvimento da depressdao (NICHOLAS et al., 2017,
FARZANFAR et al., 2018).

Os transtornos de salde mental, como a ansiedade e depressao sdo
uma das principais causas de incapacidade em todo o mundo (DAYLs e HALE,
2017). A depressédo caracteriza-se como perda de interesse e prazer nas
atividades e experiéncias cotidianas, afetando cerca de 4,4% a populacdo
global. Na sua forma mais grave, pode levar ao suicidio. Similarmente, a
ansiedade € consequéncia do medo excessivo, ou prevencdo de ameacas
percebidas, atingindo aproximadamente 3,6% dos individuos (WHO, 2017)

Estudos apontam que essas desordens estdo associadas ao aumento da

20



morbidade e mortalidade (CUIJPERS et al., 2002; PHILLIPS et al., 2009;
MILOYAN et al., 2016).

Essa patologia multifatorial e complexa estd relacionada ao
comprometimento da barreira epidérmica, o qual pode ocasionar a penetracdo
de certos agentes ambientais/alérgenos e a uma desregulacdo do sistema
imunitario (KULTHANAN et al., 2011). O sistema imunoldgico da DA é mediado
por desequilibrio das células T, como os linfocitos auxiliares tipo 1 e 2
(linfocitos Thl e Th2). O estabelecimento e manutencéo de respostas imunes e
homeostase dependem destas células, especialmente os linfécitos Th2. Essas
células estdo envolvidas em muitas doencas inflamatérias e autoimunes,
protegendo o0 organismo contra diversos patdégenos, tumores e o0 ambiente,
além de manter a memodria imunolégica e auto tolerancia (TURNER et al.,
2012; COHEN, 2014; KUMAR et al., 2018). As células Th2 ativam linfécitos B
para producdo de imunoglobulina E (IgE), induzindo assim a ativacdo de
mastocitos e acarretando a reacdo alérgica, bem como lesGes cutaneas
eczematosas. Além disso, essas células sdo responsaveis pela infiltracdo de
eosinofilos no tecido. Em vista disso, uma inibicdo na atividade de linfocitos
Th2 pode ocasionar em uma melhora nos sintomas causados pela DA
(EYERICH et al., 2013).

As circunstancias da DA sdo continuas e geralmente mostram um
padrédo de exacerbacdo e remissdo com tratamentos intermitentes e surtos
periddicos (GARMHAUSEN et al. 2013). Essa patologia ndo tem cura e por
esse motivo, o principal objetivo da terapéutica destina-se em proporcionar
uma melhora na qualidade de vida dos portadores (BLOME et al., 2016). Em
vista disso, a base do tratamento para a DA ha anos tem sido o uso de agentes
anti-inflamatérios topicos, os hidratantes, corticosteroides e inibidores da
calcineurina (MEGNA et al. 2017). No entanto, a taxa de sucesso € muito baixa
e 0 uso prolongado destes medicamentos pode levar a varios efeitos adversos
(OTANI et al. 2015). Nesse contexto, a busca de compostos mais eficazes no
tratamento dessa patologia, com baixos efeitos adversos faz-se necessario.
Diante disso, nosso grupo de pesquisa tem se dedicado ao estudo de novas
alternativas terapéuticas para o tratamento da DA (WEBER et al., 2018; VOSS
et al., 2018). Em vista disso, os compostos de piridina e organicos de selénio

tem chamado a atencdo, uma vez que, estudos revelaram propriedades
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farmacologicas relevantes para o tratamento da inflamacdo e do estresse
oxidativo (MARQUEZ-FLORES et al. 2011; PINZ et al. 2016;
WORACHARTCHEEWAN et al. 2012; VOGT et al. 2018). Frente a isto,
destacamos o disseleneto de bis-(3-amino-2-piridina) (BAPD), pelas atividades

biolégicas ja apresentadas.
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2. Objetivos

2.1. Objetivo geral

Investigar o efeito supressor do BAPD nas lesGes cutdneas semelhantes
a DA e nas comorbidades (ansiedade e depressao) induzidas por 2,4-
dinitroclorobenzeno (DNCB) em camundongos. Além disso, pretende-se
elucidar os mecanismos envolvidos na possivel acdo farmacologica do

composto.

2.2. Objetivos especificos

e Verificar o efeito supressor do BAPD frente aos sinais clinicos da DA.

e Investigar o potencial farmacolégico do BAPD frente as comorbidades
(ansiedade e depresséao) associadas a DA.

e Determinar se a acao anti-inflamatéria do BAPD contribui para os efeitos
protetores no modelo de DA.

e Elucidar a contribuicdo da acao antioxidante do BAPD para o seu efeito
supressor da DA.

e Analisar se o efeito supressor do BAPD na DA e suas comorbidades
esta correlacionado com a modulacdo do eixo hipotalamico da hipoéfise
adrenal e da enzima Na*, K*-ATPase.

e Comparar o efeito farmacolégico do BAPD em relacdo a Dexametasona.
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3. Revisdo Bibliografica

3.1. Dermatite atépica

A DA, um dos tipos mais comuns de alergia cutédnea, crbnica, nao
contagiosa, é caracterizada por apresentar espessamento, ressecamento da
pele além de feridas com pépulas eritematosas intensamente pruriginosas
associadas a escoriacdes e exsudatos serosos (EICHENFIELD et al., 2014;
WOLLENBERG et al.,, 2016). A pele afetada apresenta uma epiderme de
espessura reduzida, baixa coesdo entre os cornedcitos e pouco hidratada.
Além disso, a pele exibe vermelhiddo e coceira (TOKURA, 2010). Essa doenca
€ marcada por fases de exacerbacfes, remissfes e estd frequentemente
associada a diversas alteracbes a nivel das funcbes da barreira cutanea
acopladas a desregulacfes do sistema imunitario (LEUNG et al., 2013). A DA é
dos principais problemas de saude nao fatal associada a doencas de pele, que
ocasiona imprevisivel impacto na vida dos portadores. De fato, as lesdes
cutaneas podem causar consideravel sofrimento psicolégico e uma carga
dramatica na qualidade de vida dos pacientes e de suas familias, aumentando
0 risco para incidéncia de outras patologias inflamatdrias bem como de outras
complicagcbes (SERRA-BALDRICH et al., 2017).

A palavra dermatite remete a pele (Derma), enquanto o termo atopia
significa tendéncia pessoal e/ou familiar para tornar-se sensibilizado e produzir
anticorpos especificos da classe IgE em resposta a alérgenos (JOHANSSON et
al., 2004; SALAZAR-ESPINOSA, 2014). Seu surgimento € mais comum nas
dobras dos bracos e na parte de tras dos joelhos. No entanto, as zonas do
couro cabeludo, face, pescoco, extremidades e tronco podem ser afetadas. As
lesbes variam conforme a idade do individuo e quando persiste na idade
adulta, esta doenca tem tendéncia a tornar-se mais severa. De fato, a DA esta
se tornando mais evidente em idosos e caracteriza-se por uma eritrodermia
excessiva aliada a um elevado prurido (LOPES et al., 2016; BIEBER et al.,
2017). Os principais fatores de risco para permanéncia dos sintomas sao
gravidade inicial da dermatite e sensibilizagao atopica (ILLI et al., 2004).

Atualmente a taxa de prevaléncia dessa doenca esta aumentando e

esse acrescente € mais significativo nos paises desenvolvidos (MORTZ et al.,
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2019). Essa patologia, geneticamente predisposta, esta associada ao histérico
familiar, comecando na infancia. De fato, no século XX, a DA era considerada
uma doenca pediatrica. No entanto, a partir da década de 80, novos casos
dessa doenga comecaram a surgir, porém em individuos com idades
superiores (adolescentes, jovens adultos ou adultos com idade avancgada)
(ELLIS et al., 2012; TANEI et al., 2013). Desde 2013, a alta incidéncia de DA
em criancas e adultos a tornou uma das doencas de pele mais onerosas do
mundo (VOS et al., 2016).

Estima-se que entre 10 a 30% das criancas e até 10% dos adultos
sofram de DA. A maioria dos casos de DA comeca na primeira infancia, com
guase 50% se desenvolvendo até 1 ano de idade e 30% entre 1 e 5 anos.
Desses individuos, 43,2% apresentam crescimento espontdneo da doenca,
38,3% persistem com DA leve e 18,7% continuam com doenga grave,
enquanto que 80% dos casos persistem na idade adulta (ILLI et al., 2004;
ORFALI et al., 2013; HAY et al, 2014; MARGOLIS et al, 2014;
KANCHONGKITTIPHON et al., 2015; DANBY et al., 2016; GUO et al., 2019).
Apenas 16,8% dos pacientes com DA iniciam apo0s a adolescéncia e sua
prevaléncia na idade adulta varia de 2,1% a 4,9% (SIDBURY et al., 2014;
BARBAROT et al. 2018). Estudos comprovam que componentes genéticos
associados a fatores ambientais influenciam no risco de desenvolvimento de
DA em 82% e 18% dos casos, respectivamente (BROWN et al., 2012; MU et
al., 2014; OSZUKOWSKA et al., 2015). Ainda, outros trabalhos assumem que
criancas com DA tém maior predisposicdo para o desenvolvimento de asma e
rinite alérgica em comparacédo a criangas que ndo desenvolveram a doenca (LI
et al., 2014).

3.2. Fisiopatologia da dermatite atopica

A fisiopatologia da DA é muito complexa, incompleta e envolve varios
fendbmenos de natureza imunoldgica e ndao imunolégica. Ainda ndo esta claro
0S mecanismos que desencadeiam essa doenca. Sugere-se que a
predisposicdo genética direcionada para o comprometimento da barreira
cuténea aliada & exposicdo a certos agentes ambientais/alérgenos e ainda a

uma desregulacdo da resposta imunitaria podem levar a ativacao de processos
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inflamatoérios na pele e consequentemente a predisposicdo a DA. A DA
caracteriza-se como um subconjunto desses fatores, dessa forma, ndo ha uma
Unica causa para o surgimento dessa patologia (BRANDT e SIVAPRASAD,
2011; KULTHANAN et al., 2011; ZHENG et al., 2011).

Frente a isto, duas hipoteses diferentes foram propostas para explicar a
fisiopatologia da DA. A primeira teoria definida como Dentro-Fora, aponta que o
defeito primario reside no sistema imunolégico (ativacdo das células Th2),
causando sensibilizacdo excessiva ao anticorpo IgE, inflamacdo e o
comprometimento da barreira cutanea de forma secundaria (Figura 1A). A
segunda teoria, Fora-Dentro, propde que a barreira cutanea anormal precede a
DA, causando aumento da exposicdo a alérgenos e patégenos, induzindo a
sensibilizagcdo excessivas por IgE e consequentemente a um processo
inflamatorio exacerbado (Figura 1B) (ELIAS et al., 2008; BIEBER et al., 2008;
DHARMAGE et al., 2014).

1
(A) :_ DENTRO-FORA | (B) :_ FORA-DENTRO |

ALTERAGCAO DA

COMPOSICAO

LIPIDICA

BARREIRA
CUTANEA
PREJUDICADA

Figura 1. Representacao esquematica das hipoteses Inside-outside e Outside-
Inside. (A) (1) O ambiente pré-inflamatério esta ligado a produgéo de citocinas
Th2 pelas células do sistema imunoldgico. (2) O impacto das citocinas Th2 na

epiderme e principalmente nos queratinécitos. (3) A inducdo da secrecdo da
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citocina linfopoietina estromal timica (TSLP) pelos queratindcitos, defeito da
epiderme com alteracdo da organizacdo e composicao dos lipidios e alteracao
da diferenciacao proteica. (B) (1) Defeito da epiderme com defeitos de filagrina,
loricrina, involucrina, queratina e alteracdo da composi¢do lipidica. (2) Um
aumento da penetracdo do fator exdgeno. (3) Estimulacdo de queratindcitos
(especialmente por TLR) levando a secrecdo de TSLP e ativacdo de células
dendriticas. (4) Inducdo da inflamac&o com estimulagéo de citocinas Th2. Thl:
linfécito auxiliar do tipo 1, Th2: linfécito auxiliar tipo 2, TLR: receptores do tipo
Toll, KC: queratinécitos, LC: células de Langerhans, TSLP: linfopoietina

estromal timica (Adaptado de Huet et al., 2018).

A pele atua como uma barreira fisico-quimica, protegendo o organismo
de agentes externos (microrganismos, alérgenos) e impedindo a perda
excessiva de agua, a qual garante a manutencdo do estado de hidratacéo,
além de possuir um papel importante a nivel sensorial e imunogénico
(ENGEBRETSEN et al.,, 2016). Nesse contexto, varios motivos levam ao
comprometimento da barreira cutdnea, como a composicao lipidica e a
expressdo de proteinas no envelope cornificado (involucrina e loricrina)
alteradas, bem como o desequilibrio nas proteinas estruturais da epiderme
(COOKSON et al.,, 2004; PROKSCH et al., 2008). Recentemente, mutacdes
genéticas de filagrina (FLG) na barreira epidérmica e atopia foram
mencionadas como fatores consideraveis no desenvolvimento da DA e
sensibilizacdo (MARENHOLZ et al., 2006; IRVINE et al., 2011; KIM et al.,
2018).

A FLG é uma proteina polifuncional, presente na epiderme, que
incorpora um complexo proteolitico que atua no final da diferenciacdo dos
gueratinécitos, ou seja, ao nivel da descamacédo, estando assim envolvida,
entre outras funcdes, na coesdo entre as ceélulas da epiderme e na formacao
do estrato corneo. Em vista disso, a hipétese atual aponta que em individuos
sem defeitos da barreira cutanea, a epiderme esta em um estado normal de
integridade, sem perda de agua transepidérmica (PATE) e protecdo adequada
contra microrganismos e alérgenos ambientais (PLOTZ et al., 2014).

A DA apresenta uma desorganizacdo na estrutura e funcdo da pele
(LEUNG et al., 2013). Dessa maneira, a quebra ou perda da fungcéo da barreira
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cutanea, por mutacdes genéticas da FLG, resulta em defeito na sua
permeabilidade, aumentando a PATE, reduzindo a hidratacdo da pele e
consequentemente aumentando a sensibilizacdo a alérgenos, decorrente da
perda da fungdo antimicrobiana, acarretando a perpetuagdo do estado
inflamatério da pele (FLOHR et al., 2005; ZIYAB et al., 2012; TAKANO et al.,
2017). De fato, a barreira cutanea atua como um mediador da sensibilizacéo e
o0 comprometimento da mesma é uma das causas mais evidentes da liberacao
de mediadores pro-inflamatérios e por este motivo causa significativo
agravamento e cronicidade da DA (D’AURIA et al., 2016).

3.2.1. Envolvimento do estresse oxidativo na fisiopatologia da dermatite

atépica

Evidéncias crescentes demostram que 0 estresse oxidativo também
pode ter uma fungcdo na DA (BYAMBA et al., 2010; BAEK et al., 2016; ARA et
al., 2019). Essa relacdo, entre estresse oxidativo e DA é baseada em trés
pontos fundamentais. O primeiro refere-se a presenca de estresse oxidativo, o
segundo, o aumento do estresse oxidativo durante a exacerbacéo da DA e por
ultimo, a diminuicdo da capacidade antioxidante. O estresse oxidativo
caracteriza-se por um desequilibrio entre a produgcdo e acumulo de espécies
reativas (ERs) nas células e tecidos e a reducdo da capacidade do sistema
antioxidante de desintoxicar esses produtos reativos (HALLIWEL e
GUTTERIDGE, 2015). As ERs podem ser formadas a partir de reacoes
metabdlicas que ocorrem endogenamente ou exogenamente. Na forma
enddgena, a formagdo das ERs pode ocorrer durante o processo de ativacdo
dos fagocitos ou das células inflamatorias, como também no processo de
respiracado celular, através da cadeia transportadora de elétrons mitocondrial.
Por outro lado, a formacdo de ERs de forma exdgena decorre de poluentes,
fumaca do cigarro, m& alimentacgéo, radiacao ionizante (KIRKHAM e RAHMAN,
2006). Essas moléculas reativas sdo geradas durante o metabolismo normal e
sdo parte integrante da funcdo celular normal (OKAYAMA et al., 2005). No
entanto, quando ha uma producdo exacerbada podem resultar em lesdes em
todos os componentes celulares, como proteinas, DNA e lipidios da membrana,
que podem causar morte celular (HALLIWELL e GUTTERIDGE, 2015).
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Diante disso, em condicGes fisioldgicas, um complexo sistema de
defesas antioxidantes atua no organismo auxiliando na defesa contra as ERs.
Os agentes antioxidantes agem, em concentracbes baixas, na reducéao,
inibicdo, bem como a reparagédo dos danos oxidativos (DAVIES, 2000; BIRBEN
et al., 2012). Esse sistema pode ser dividido em enddgeno e exdégeno, sendo o
de origem enddégena produzidos pelo organismo. As enzimas glutationa
peroxidase (GPx), a superoxido dismutase (SOD), a catalase (CAT), a
glutationa-S-transferase (GST) constituem as defesas antioxidantes
enzimaticas, enquanto que a glutationa reduzida (GSH), os peptideos de
histidina, a ubiquinona, a bilirrubina compfem as defesas antioxidantes nao
enzimaticas (BIANCHI e ANTUNES, 1999). Por sua vez, as vitaminas C e E, os
B-carotenos, os polifendis e o selénio sdo alguns exemplos de defesas
antioxidantes de origem exogena (BIANCHI e ANTUNES, 1999).

A inflamac&o é uma caracteristica critica da DA e esta frequentemente
associada ao aumento nos niveis de ERs, como espécies reativas de oxigénio
(EROs) e espécies reativas de nitrogénio (ERNs), assim como de outros
oxidantes pela ativacao de vérias enzimas, levando a estresse oxidativo e dano
celular (KRUK et al., 2014). De fato, as ERs séo produzidas por queratindcitos
e praticamente todos os tipos de células da pele em resposta a agentes
oxidantes endbégenos (citocinas, fatores de crescimento) e ambientais
(poluentes, radiacao ultravioleta) (BAEK et al., 2015). Em vista disso, na DA, a
inflamacdo danifica diretamente as células epiteliais e induz o acumulo de
eosinofilos e mastocitos, juntamente com a secrecdo de citocinas proé-
inflamatodrias e a producéo de IgE, levando a um dos principais sintomas dessa
patologia, o prurido (JI et al., 2016).

Além disso, 0 estresse oxidativo também pode ativar as vias do fator
nuclear kappa B (NF-kB), ativando a expressao génica e a sintese de enzimas
antioxidantes. A ativagdo dessa via também induz a expressdo de citocinas
pré-inflamatorias, como IL-6, IL-8, IL-9 e IL-33, que por sua vez aumentam o0
infiltrado inflamatério dérmico e a liberacdo de histamina na pele afetada,
piorando os sintomas da DA (KRUK et al., 2014). Diante disso, varios estudos
revelaram que 0 estresse oxidativo esta intimamente relacionado a DA
(TSUKAHARA et al., 2002; CHUNG et al., 2009; SIVARANJANI et al., 2013;
BAEK et al., 2016) (Figura 2).
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Figura 2. Representacdo esquematica da interacdo entre estresse oxidativo,
defeito da barreira cutanea e inflamacédo na dermatite atépica (Adaptado de Ji
et al., 2016).

3.2.2. A¢éo do sistema Imunoldgico nafisiopatologia da dermatite atopica

Imunologicamente, muitas células e fatores estdo fortemente envolvidos
na DA, como linfécitos T, células de Langerhans, eosinéfilos, mastécitos,
gueratindcitos, citocinas proé-inflamatérias e Ige (LEUNG, 2000; BEYER et al.,
2002). Nessa patologia ha uma tendéncia para respostas imunologicas
mediadas pelas células Th2. Estas células produzem um conjunto de
interleucinas (IL) - IL-4, IL-5 e IL-13, que tém um papel de grande importancia
nas respostas inflamatorias da pele que caracterizam a doenga. Em vista disso,
a DA foi classificada em dois subtipos: a DA extrinseca e intrinseca (Figura 3).
A extrinseca, classificada também como alérgica ou classica, caracteriza-se
por eosinofilia, niveis elevados de IgE total e especifica, IL-4, IL-5 e IL-13,
guando expostos a alérgenos alimentares e aeroalérgenos, predominando em

70 a 80% dos pacientes.
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Por sua vez, a DA intrinseca, considerada ndo alérgica, apresenta
fendtipo clinico similar, eosinofilia e auséncia de anticorpos especificos para
sensibilizacbes alérgicas, como por exemplo, IL-4 e IL-13. As diferengcas em
relacdo as ativagbes imunologicas entre as duas formas de DA sé&o
controversas (LEUNG, 2004; TANEI et al., 2013; ORFALI et al., 2013) (Figura
3). As células de Langerhans, na epiderme, e as células dendriticas
desempenham um papel importante de apresentacdo de antigenos as células
Th2 que, por sua vez, estimulam os linfocitos B a produzirem anticorpos do tipo
IgE (PLOTZ et al., 2014). Consequentemente, o desequilibrio das respostas
mediadas pelas células T na DA e o aumento da libertacdo de IL-4 e IL-13,
aumenta a producédo das IgE. Assim, o reconhecimento de antigenos pelas IgE
é facilitado, sendo esta uma das carateristicas relevantes da patogénese da
DA, ocasionando uma doencga de hipersensibilidade (WOLLENBERG et al.,
2013).

DA Extrinseca DA Intrinseca
Antigenos Antigenos nédo
proteicos Proteicos  garreira Normal

Barreira perturbada

B N e S e e

l / Maturagao l/Maturagéosem

produgéo de
IL-1ax l IL-1a quimiocinas
TNF-a o TNF-ot Th2
Th2/Citocinas
GM-CSF | GM-CSF
} } } | ]
Resposta = Th2/Infiltragido de Resposta Infl 5
Th2 Inflamagao cosinéfilos Th1/Th2 nflamagéo

Figura 3. Representacdo esquematica dos subtipos da dermatite atdpica. KC:
gueratinécitos, LC: células de Langerhans, IL-1-a: interleucina 1-a, TNF-a.: fator

de necrose tumoral, GM-CSF: fator estimulador de colbnias de granulécitos e
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macrofagos, Thl: linfécito auxiliar do tipo 1, Th2: linfoécito auxiliar tipo 2
(Adaptado de Tokura, 2010).

De fato, na fase aguda da DA, citocinas Th2, incluindo IL-4, IL-5, IL-9, IL-
10, IL-13, IL-31 e IL-33, induzem a proliferacdo de linfécitos B produtores de
IgE, que levam ao aumento da IgE e a diminuicdo dos niveis de interferon- y
(INF-y) no plasma (LEUNG e SOTER, 2001; HOMEY et al., 2006). Por outro
lado, na fase tardia ou cronica da DA ocorre a secrecao predominante de
células linfocitarias Thl e sdo observadas altas concentractes de IFN-y, TNF-
a, IL-1B, IL-18, granuldcitos e macrofagos. Segundo Kosaka et al. (2008),
essas citocinas estédo envolvidas em disfuncdes da barreira cutanea, incluindo
espessamento dérmico e infiltracdo de células imunes na derme. Choi et al.
(2019) e Song et al. (2019) demonstraram que o0s pacientes com DA
apresentam elevacoes significativas dessas citocinas no soro e na pele (Figura
4).

Diante do exposto, outro fator relevante no desenvolvimento e
manutencdo da DA decorre da propensdo da pele atopica a infeccdes
secundarias. O desequilibrio do sistema imunitario e a ineficacia da barreira
cutanea, assim como a existéncia de uma expressdo anormal de peptideos
antimicrobianos, auxiliam no aparecimento dessas infec¢gdes. A progressao das
infecbes cutaneas estd muitas vezes associada ao agravamento da doenga
(TOLLEFSON et al.,, 2014; WOLLENBERG et al., 2014). O Staphylococcus
aureus (S.aureus) € um dos principais agentes responsaveis pelas infecdes.
Essa bactéria encontra-se presente de forma transitoria na pele saudavel e de
forma permanente na pele de portadores da DA, agravando as lesodes
presentes (WEIDINGER E NOVAK, 2015). S. aureus é encontrado em 90% das

lesGes de pele de pacientes com DA.
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Figura 4. Representacdo esquematica da fisiopatologia da dermatite atdpica.
IL: interleucina, THO: linfocito (zero), Thl: linfécito auxiliar do tipo 1, Th2:
linfécito auxiliar do tipo 2, INF-y: interferon-y, IgE: imunoglobulina E (Adaptado
de Leung et al., 2000).

3.3. Transtornos de ansiedade e depressao na dermatite atépica

Pouca atencdo tem sido dada ao risco de comorbidades ndo alérgicas
na DA, como as condi¢cdes neuropsiquiatricas. As doengas inflamatorias
cronicas da pele, como a DA, séo caracterizadas por estigmatizacdo devido a
lesGes cutaneas visiveis (YU et al., 2016). Essas questfes tém um impacto
profundamente negativo no bem-estar psicologico desses pacientes (KITAGAKI
et al., 2014). De fato, a DA esta associada a uma ma qualidade de vida e
comorbidades secundéarias a coceira intensa (BRUNNER et al., 2017). A
incidéncia de disturbios psiquiatricos entre pacientes dermatolégicos € de
aproximadamente entre 30% e 40% (GHOSH et al., 2013).

O sistema nervoso e a pele interagem através dos sistemas imunologico,

neuroenddcrino e esteroidogénico, sendo as acdes do eixo hipotadlamo-
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hipofise-adrenal (HPA) fundamentais (SARTORIUS et al., 2010). O eixo HPA
consiste em uma das redes neuroendocrinas do corpo, responsivas ao
estresse e a fatores inflamatdrios, e estd implicado na fisiopatologia da
ansiedade, depressao e no funcionamento cognitivo (MORRIS et al., 2012;
CHENG et al., 2015; KELLER et. al., 2016). Acredita-se que a correlacao entre
esses transtornos mentais e a DA decorra de fatores genéticos e ambientais, e
gue a desregulacdo desse eixo contribui para a relacao entre esses sintomas e
a resposta imune na DA (LIM et al., 2016).

O hormonio liberador de corticotropina (CRH) € o principal componente
do eixo HPA, atuando como regulador primario da resposta ao estresse e da
homeostase sistémica e cutanea (SLOMINSKI et al., 2013). Esse horménio &
secretado pelo hipotdlamo, que estimula a liberacgdo do horménio
adrenocorticotropico hipofisario (ACTH) no sangue. O ACTH estimula a
liberacdo de glicocorticéides do cortex adrenal, sendo o cortisol em humanos e
a corticosterona (CORT) em roedores (BORNSTEIN et al., 2008; FLANDREAU
et al., 2012) (Figura 5).

Nesse contexto, varios estudos relataram altos niveis de estresse em
pacientes com DA e conseguentemente um aumento significativo dos
transtornos de ansiedade e depressdo (CHENG et al., 2015; LI et al., 2016;
PARK e KIM, 2016). A ansiedade é definida como uma emocdo basica que
resulta em uma resposta adaptativa ao estresse ou situacdes estressantes,
facilitando a sobrevivéncia de riscos potenciais (LANG et al.,, 1998). Essa
desordem é caracterizada por um desequilibrio de humor e emocdes, assim
como, por anormalidades das estruturas cerebrais. Por outro lado, a depresséo
é definida como um transtorno mental comum, caracterizada por tristeza, perda
de interesse, auséncia de prazer, oscilagdes entre sentimento de culpa e baixa
autoestima, além de distarbios do sono ou do apetite. A depressao pode ser de
longa duracéo ou recorrente. Na sua forma mais grave, pode levar ao suicidio
(WHO, 2017).

Além disso, o estresse psicologico cronico, o qual é um dos fatores
predominantes na DA, resulta no rompimento da barreira epidérmica e induz
alteracGes imunoldgicas relacionadas a atopia, como aumento dos niveis de
IgE, secrecado de citocinas pro-inflamatorias e promocéo do estresse oxidativo,

agravando a sintomatologia da DA, como prurido cutaneo (SLOMINSKI et al.,
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2000; BUSKE-KIRSCHBAUM et al., 2004; KIM et al, 2014; BUSKE-
KIRSCHBAUM et al., 2010; PARK et al., 2016). Diante disso, a combinacgao de
prurido, estresse psicolégico, isolamento social, depresséo e ansiedade resulta
em um ciclo vicioso em pacientes com DA (GARG et al., 2001; WRIGHT et al.,
2005; OH et al., 2010). Além disso, essa associa¢cdo também pode estar ligada

a vias neuroinflamatérias (SANNA et al., 2014).
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Figura 5. Representacdo esquematica da influéncia do estresse sobre o eixo
HPA. CRH: horménio liberador de corticotrofina, ACTH: hormdnio

adrenocorticotrofico (Adaptado de Jurena et al., 2004).
3.4. Modelos animais de dermatite atépica

3.4.1. Dermatite atOpicainduzida por haptenos

Haptenos como a oxazolona (Ox), 2,4-Dinitroclorobenzeno (DNCB) e
trinitroclorobenzeno (TNCB) sdo comumente usados para induzir DA. No

entanto, dentre esses modelos o0 mais utilizado para o estudo dessa patologia é
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a aplicacao topica do DNCB (KIM et al., 2015). A inducéo pelo DNCB promove
hipersensibilidade ao contato com a pele e causa um processo inflamatorio
envolvido no desenvolvimento e manutencdo da DA, imitando os sintomas
clinicos dessa patologia (FANG et al., 2015). Além disso, esse modelo também
€ utilizado porque exibe fenotipos mistos das respostas Thl e Th2 (JUNG et
al., 2017). Frente a isso, para induzir lesdes cutaneas do tipo DA, a pele dorsal
dos camundongos (BALB/c) é raspada e removida para posterior aplicacdo do
DNCB. Dessa forma, a pele dorsal dos camundongos é sensibilizada nos dias
1-3 através da aplicagéo tépica de DNCB (200 uL) na concentracéo de 0,5%. O
DNCB ¢é diluido em acetona/azeite de oliva (3:1). Posteriormente, o0s
camundongos sao desafiados com 20 yL de DNCB na concentracdo de 1% na
orelha e 200 pL na pele dorsal nos dias 14, 17, 20, 23, 26 e 29 do protocolo
experimental.

De forma semelhante, o modelo de inducdo com Ox utiliza
camundongos fémeas sem pelos (hr/hr). Os animais sdo sensibilizados por
aplicacéo tépica de Ox (10 mL) na concentracdo de 5%. Apés uma semana, 0s
animais do grupo induzido recebem, novamente por aplicacéo topica, 60 mL de
Ox a 0,1%, uma vez a cada dois dias, em um periodo de duas semanas (MAN
et al., 2008). Dessa forma, os desafios repetidos com Ox causam uma
inflamagé&o cronica da pele semelhante a Th2. A inflamacéo é caracterizada por
infiltracdo dérmica de linfécitos, mastocitos e eosinofilos, aumento da
expressao de IL-4 na derme e niveis elevados de IgE. Além disso, é observado
um aumento da hiperplasia epidérmica, diminuicdo da expresséo das proteinas
de diferenciacéo da pele filagrina, loricrina e involucrina, reducéo da hidratacéo
do estrato corneo, aumento da PATE e diminuicdo da secrecdo do corpo
lamelar. Ainda, como na DA humana, a atividade da serina protease
epidérmica no estrato corneo aumenta e a expressdo de peptideos
antimicrobianos derivados do corpo lamelar, como o peptideo antimicrobiano
relacionado a catelina (CRAMP) diminui apés os desafios do Ox, paralelamente
a diminuicdo de seus homologos humanos nas lesdes de pele da DA. Frente a
Isso, esses modelos de indugdo podem ser bastante uteis para avaliar
mecanismos patogénicos e possiveis terapias para a DA, visto que possui boa

reprodutibilidade, previsibilidade, baixo custo e rapidez relativa.
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3.4.2. Dermatite atOpica induzida pela sensibilizacdo epicutanea com
ovalbumina (OVA)

A inducdo de DA pela sensibilizagdo epicutdnea repetida com
ovalbumina (OVA) é um dos principais modelos utilizados uma vez que induz
IgE especifica para OVA e lesGes eczematosas semelhantes as da DA. Na DA,
células dendriticas inflamatérias da pele e as células de Langerhans, que
possuem um receptor para IgE, levam a apresentacdo de antigenos. Dessa
forma, por meio da IgE ligada ao receptor, essas células podem absorver
alérgenos que causam respostas mediadas por IgE do tipo prompt e melhorar
as respostas mediadas por células T do tipo tardio (NOVAK, 2012). A IgE
especifica para antigeno desempenha um papel essencial como estrutura de
reconhecimento de alérgenos nos mastécitos (BIEBER, 2008). Frente a isso, a
sensibilizacdo mediada por IgE causa degranulacdo de mastocitos, e 0s
granulos liberados contribuem para sintomas alergénicos (NAKAMURA et al.,
2013).

Diante disso, esse modelo de inducdo pode operar em diferentes
linhagens de camundongos, como por exemplo, as linhagens BALB/c e
C57BL/6 (SPERGEL et al., 1999). A pele dorsal dos animais € raspada e
removida para fixar a fita adesiva com OVA, simulando dessa forma as lesbes
cutaneas como observados em pacientes com DA. Em vista disso, nesse
modelo experimental, os animais recebem uma fita adesiva, fixada a pele com
um curativo biooclusivo transparente, contento de 100 mg de OVA. Esse
procedimento garante que o antigeno ndo seja acessivel para lamber. Dessa
forma, cada animal possui um total de trés exposicbes em uma semana no
mesmo local, sendo que as exposi¢cdes sdo separadas por intervalos de duas
semanas. Os camundongos sensibilizados apresentam aumento no
comportamento de cocar e a pele apresenta lesdes caracterizadas por
espessamento epidérmico e dérmico, infiltracdo de linfocito T auxiliar (CD4) e
eosinofilos. Ainda, € observada a expressdao aumentada de citocinas Th2,

como a IL-4, IL-5 e IL-13, com pouca ou nenhuma alteragao na expressao IFN-

Y.
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3.4.3. Dermatite atépica induzida por superantigenos

Colonizacao ou infecgdo por S. aureus é uma das causas mais comuns
de DA exacerbada. De fato, estd bem evidenciado que as células Thl e Th2
contribuem para a infeccdo bacteriana e consequentemente para as lesées de
DA. Citocinas Thl desempenham um papel importante na imunidade mediada
por células e na inflamacdo crbnica, em particular a expressao induzida por
INF-y das moléculas de MHC Classe | e Il, as quais ativam mondcitos e
macrofagos, que desempenham papéis importantes na depuracédo bacteriana.
Por sua vez, as citocinas Th2 tém um papel critico no inicio da resposta
alérgica na dermatite alérgica associada ao S. aureus, como a IL-4 que
desempenha um papel importante como indutor da producédo de IgE e como
inibidor da depuracéo bacteriana (PENE et al., 1988; HULTGREN et al., 1998).

Estudos mostram que 90% dos pacientes com DA é colonizada por
cepas de S. aureus, as quais produzem superantigenos, enquanto que apenas
5 a 10% dos individuos saudaveis séo portadores desse microorganismo (ALY
et al.,, 1977; MICHIE et al.,, 1996; BREUER et al., 2000). S. aureus pode
desencadear inflamacédo alérgica produzindo exotoxinas com propriedades
superantigénicas, como por exemplo, a enterotoxina estafilococica A (SEA),
enterotoxina estafilococica B (SEB), enterotoxina estafilococica C (SEC) e a
toxina da sindrome do choque téxico (TSST) (BUNIKOWSKI et al., 1999; 2000;
SKOV et al., 2000).

Em vista disso, no estudo de Lu et al., (2017), os autores induziram DA
por meio da aplicacéo topica de OVA e SEB em camundongos fémeas da raca
BALB/c. Dessa forma, a pele dorsal dos animais é raspada e removida sob
anestesia de hidrato de cloral e posteriormente sensibilizada (24 horas apés).
Os camundongos recebem o curativo contendo OVA/SEB, nas doses de 1,25
Mg, 50 ug, respectivamente. O adesivo cutaneo é trocado consecutivamente a
cada dois dias por um total de oito vezes durante um periodo experimental de
15 dias. Os animais sensibilizados apresentaram acumulo de células
inflamatérias, aumento da espessura epidérmica e dos niveis séricos de IgE,
bem como de citocinas associadas as células Thl (IFN-y, TNF-a), citocinas
associadas as células Th2 (IL-4, IL-31) e fator de crescimento nervoso
associado ao prurido.
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3.4.4. Dermatite atopica induzida pela aplicacdo de alérgeno de acaro da
poeira doméstica

Estudos clinicos demonstraram que o alérgeno do acaro da poeira
doméstica estd associado a DA (KIMURA et al., 1998). De fato, a DA é uma
doenca inflamatéria crénica da pele mediada por células T associada a hiper-
reatividade cutanea a agentes ambientais que sao indécuos para individuos nao
atopicos normais (HENNINO et al., 2007). Pacientes com DA desenvolvem
células T e IgE especificas para aeroalérgenos (BIEBER e LEUNG, 2002). As
lesbes cutdneas na forma alérgica da DA sdo induzidas por células T
especificas do alérgeno que se infiltram na pele no local da exposicdo ao
alérgeno. Dessa forma, os acaros da poeira doméstica Dermatophagoides
farinae (Der f) e Dermatophagoides pteronyssinus (Der p) sdo aeroalérgenos
Importantes na fisiopatologia da DA, uma vez que, 75% dos pacientes com DA
apresentam reatividade ao teste de picada na pele e/ou IgE especifica.

Frente a isso, esse modelo de inducdo pode ser aplicado em
camundongos machos ou fémeas de diferentes linhagens como, por exemplo,
em camundongos machos NC/Nga ou camundongos fémeas C57BL/6. O
protocolo experimental pode variar dependendo da linhagem ou espécie dos
animais. Diante disso, o0 protocolo experimental utilizando camundongos
machos NC/Nga, de acordo com Hwang et al. (2019) ocorre da seguinte da
forma. Em um primeiro momento a pele dorsal dos animais € raspada e em
seguida, uma solucédo dodecil sulfato de sédio a 4% (p/v) é aplicada na area
raspada com o intuito de romper a barreira cutanea. Apés 30 minutos as lesfes
cutaneas tipo DA sdo induzidas pela aplicacdo topica de Biostir-DA, uma
pomada a base de petrolato hidrofilico contendo extrato de acaro da poeira
doméstica. A pomada é aplicada duas vezes por semana durante um periodo
de quatro semanas. Nesse estudo os animais induzidos aumentaram o0s
escores das lesbes de dermatite e apresentaram perda de agua
transepidérmica (TEWL).

Além disso, outros trabalhos revelaram que a aplicacdo epicutanea do
extrato de acaro da poeira doméstica pelo teste de atopia na pele provoca
eczema em 30 a 50% desses pacientes com DA (LEUNG, 2000; BIEBER e
LEUNG, 2002). Células T isoladas de lesbes da pele de DA e locais de teste
com adesivos de alérgenos respondem seletivamente a Der p, corroborando
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com o conceito de que as respostas imunes na pele da DA sdo mediadas por
células T especificas de alérgenos e podem ser ocasionadas por
aeroalérgenos ambientais (SAMOCHOCKI et al., 2006).

Ainda, Hennino et al. (2007) avaliaram o papel dos linfécitos T citotéxico
(CD8) e auxiliar (CD4) no desenvolvimento de lesdes de pele com DA em um
modelo animal de DA induzida por alérgenos. Os camundongos sensibilizados
receberam uma solucdo de alérgeno protéico do extrato de acaro da poeira
doméstica Der f. Os autores observaram que as células T CD8 séo recrutadas
de forma rapida e transitoriamente para o local exposto ao alérgeno e iniciam o
processo inflamatério que leva a infiltragcdo da pele com eosindfilos e células
produtoras de Th1/Th2, revelando que essas células sdo necessarias para o

desenvolvimento de lesdes semelhantes a DA em camundongos.

3.4.5. Dermatite atopica induzida por modelo animal geneticamente

modificado/Camundongos transgénicos TSLP

A TSLP é uma proteina pertencente a familia das citocinas, produzida
principalmente por células epiteliais, incluindo queratinocitos epidérmicos. Essa
citocina esta altamente expressa nas lesdes cutaneas de pacientes com DA, a
gual estd associada a ativacdo e migracdo de células dendriticas na derme
(SOUMELIS et al., 2002). Dessa forma, uma das maneiras de caracterizar seu
papel neste processo da doenca, estudos vem sendo realizados no
desenvolvimento de camundongos transgénicos que superexpressam TSLP.
Os camundongos transgénicos demonstram que a TSLP pode iniciar uma
cascata de inflamacdo alérgica na pele e fornece um modelo animal valioso
para estudos desta patologia.

Diante disso, o protocolo experimental desse modelo é complexo e exige
uma série de etapas. Primeiramente, TSLP de camundongos com codificagdo
de cDNA é clonado em um vetor contendo um operador de tetraciclina
heptamérica, promotor minimo de CMV e intron de B-globina de coelho. A
insercao de tetO-TSLP é isolada e micro injetada em ovaQcitos. Posteriormente,
os camundongos filhotes sdo avaliados quanto a incorporacdo de vetores
através da amplificacdo por PCR do DNA gendémico processado a partir de

fragmentos de cauda. Seguidamente, os camundongos tetO-TSLP sao
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cruzados com camundongos K5-rtTA para gerar camundongos transgénicos
TSLP especificos da pele induziveis por tetraciclina (K5-rtTA/tetO-TSLP). Os
camundongos K5-rtTA contém o transativador reverso de tetraciclina (rtTA) sob
0 controle do promotor de queratina 5 (K5). Dessa forma, os filhotes séo
rastreados quanto a presenca de K5-rtTA usando primers especificos.

Apoés o desmame, os animais contendo ambos os transgenes (referidos
como K5-TSLP) sédo tratados com o anélogo da tetraciclina, a doxiciclina (dox)
a uma concentracdo de 1 mg/mL na agua potavel para induzir a transativagdo
de rtTA do transgene TSLP. Os camundongos ndo-transgénicos e tetO-TSLP
sao incluidos no grupo controle. Transcorrido essas etapas, 0s camundongos
sdo mantidos sob condicdes especificas, livres de patdgenos, sem
manipulagdo e submetidos a eutanasia 2 a 5 semanas de tratamentos com o
dox (YOO et al., 2005).

Os camundongos K5-TSLP desenvolvem lesdes de pele a partir de 2—-3
semanas de tratamento com dox. As lesdes consistem em eritema leve nas
duas primeiras semanas, com progressao para alteracbes mais graves, como
eritema, crostas e erosdes, em 3 a 4 semanas. Além disso, por meio da analise
histologica é possivel observar alteracdes semelhantes as observadas na DA
humana, incluindo acantose, espongiose, hiperqueratose e infiltracdo dérmica,
caracterizadas por predominancia de linfécitos, macrofagos e abundancia de
mastocitos e eosindfilos. Ainda, as lesdes cutaneas desse modelo exibem um
perfil de células Th2 com a regulacdo positiva de IL-4, IL-5 e TNF-a e niveis

elevados de IgE e IgG1 e diminuigao de IgG2a.

3.5. Tratamentos farmacolégicos

A DA tem um impacto significativo na qualidade de vida dos portadores,
bem como de sua familia ou naqueles que o rodeiam e, por isso, deve ser
tratada de forma continua para garantir e proporcionar o alivio da
sintomatologia e das suas diversas manifestacbes (LIO et al., 2014).
Atualmente a DA é uma doenca sem cura e o tratamento consiste em melhorar
0s sintomas e controlar a doenca a longo prazo, com base em linhas
orientadoras e em planos de tratamento especializado e individualizado
(EICHENFIELD et al.,, 2014; WEIDINGER et al., 2015). Frente a isso, as
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terapias atuais visam controlar quatro pontos principais da patologia: reparacao
da barreira cutanea; supresséo da resposta inflamatoria; prevencéo de fatores
desencadeantes; acdo em situacfes mais graves ou de insucesso as
terapéuticas de base. Dentre o0s farmacos mais utilizados estdo os
corticosteroides tépicos e orais, anti-histaminicos e os imunossupressores (KIM
et al., 2014; BIUME-PEYTAVI e METZ, 2012; ALEXANDER et al., 2019).

3.5.1. Corticosteroides topicos e orais

Geralmente, o primeiro tratamento realizado pelo paciente para controlar
as lesdes causadas pela DA é o uso de corticosteroides de uso topico. Os
corticosteroides sdo considerados a primeira linha de tratamento no combate a
inflamacédo na DA. O seu efeito anti-inflamatério verifica-se através da sua acao
sobre as células do sistema imunitario (linfécitos T, mondcitos, macréfagos,
células dendriticas), o que influencia o processamento de antigenos e diminui a
libertacdo de citocinas pro-inflamatorias (EICHENFIELD et al., 2014). Esses
medicamentos proporcionam um alivio rapido do prurido, da inflamacédo e
diminuem o risco de colonizacdo por S. aureus (LYONS et al.,, 2015).
Atualmente, os corticosteroides sao categorizados em sete grupos, de acordo
com a sua poténcia anti-inflamatéria. O grupo | inclui os corticosteroides de
poténcia mais elevada enquanto que o grupo VII os de poténcia mais baixa.
Dessa maneira, a escolha do farmaco se baseia na severidade da doenca,
sendo os de poténcia elevada direcionados para as situacfes clinicas mais
grave (BERKE et al., 2012).

Embora eficazes na DA, os corticosteroides devem ser criteriosamente
escolhidos e utilizados com cuidado uma vez que apresentam inumeros efeitos
secundarios quando empregados incorretamente. A incidéncia dos efeitos
secundérios relaciona-se com a poténcia do corticosteroide. De fato, os
corticosteroides potentes, quando aplicados em &reas extensas ou por um
tempo prolongado, podem ser absorvidos para a corrente sanguinea e
ocasionar, rachaduras, sangramentos, reabsor¢cao 0ssea e renal e inibicdo da
funcdo das glandulas suprarrenais (TAN e GONZALES, 2010; MANUAL
MERCK, 2011; TOLLEFSON et al., 2014; LYONS et al., 2015).
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3.5.2. Imunossupressores

Os farmacos imunossupressores administrados por via oral sao
necessarios quando as exacerbacdes da doenca séo recorrentes e quando a
gualidade de vida do individuo se encontra seriamente afetada com risco
elevado de desenvolver efeitos secundarios. Os imunossupressores inibem a
acdo das células T impedindo a liberacdo de citocinas pro-inflamatoérias, sendo
considerados de segunda linha no tratamento da DA (TOLLEFSON et al., 2014;
LIO et al., 2014). A ciclosporina é um dos farmacos mais estudados para a DA
moderada a severa e ocupa a 12 linha na medicacéo sistémica para a doenca,
guando anti-histaminicos orais ndo aliviam os sintomas. Esse farmaco inibe a
producdo de IL-2 e a proliferacdo de linfocitos T, impedindo o fenémeno
inflamatério. Como a janela terapéutica deste farmaco é muito estreita, €
requerido um monitoramento mais proximo da evolucéo clinica do individuo,
devido aos efeitos adversos que possam advir como hipertensdo arterial,
nefrotoxicidade/insuficiéncia renal, cefaleias e alteracbes gastrointestinais
(NOTARO et al., 2015; WOLLENBERG et al., 2016; MEGNA et al., 2017). Além
da ciclosporina, ensaios clinicos de curto e longo prazo demostraram que 0s
medicamentos tacrolimus e o pimecrolimus sdo eficazes e seguros para o
tratamento da DA, uma vez que diminuem a inflamagéo e o prurido associado
as lesbes eczematosas (TOLLEFSON et al.,, 2014; LIONS et al.,, 2015). No
entanto, indicios relacionam o seu uso com um aumento da incidéncia de
neoplasias quando os individuos sdo expostos a radiacao ultravioleta (BERKE
et al., 2012).

3.5.3. Anti-histaminicos

O prurido representa um dos sintomas clinicos mais importantes e
recorrentes da DA e por este motivo leva ao agravamento das lesdes e
perpetua a inflamacéao cutanea (TOLLEFSON et al., 2014; LYONS et al., 2015).
Dessa forma, pode ser acrescida terapia sistémica adjuvante, por meio do uso
dos anti-histaminicos orais (WOLLENBERG et al., 2014). Tem-se verificado um
aumento da sua prescricdo na DA, contudo estudos recentes e controlados
encontram poucas evidéncias para a eficacia destes medicamentos como parte

do tratamento da DA, talvez porque a histamina ndo € a Unica citocina
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envolvida no prurido associado a doenca. Assim, este tipo de farmacos,
principalmente os do tipo sedativo séo pretendidos apenas para uso esporadico
e a curto prazo dirigido ao alivio do prurido intenso que afeta a qualidade do
sono do individuo com DA (NOTARO et al., 2015; EICHENFIELD et al., 2017).

3.5.4. Anticorpos monoclonais

Os anticorpos monoclonais produzidos por tecnologia de DNA
recombinante, sdo responsaveis por bloquear a funcdo da IgE (omalizumab)
(KIM et al., 2014). No ano de 2017, a Agéncia Nacional de Vigilancia Sanitaria
(Anvisa) aprovou no Brasil uma terapia inédita para a DA, o dupilumab, o qual é
um anticorpo monoclonal totalmente humano dirigido contra a subunidade
a (IL-4R a) do receptor IL-4 que inibe a sinalizacdo de IL-4 e IL-13. Embora
outros produtos biolégicos, como o omalizumab (anticorpo monoclonal anti-
IgE), ustekinumab (anticorpo monoclonal anti-IL-12/IL-23), mepolizumab
(anticorpo monoclonal anti-IL-5), BMS-981164 (anticorpo monoclonal anti-IL-
31), lebrikizumab (anticorpo monoclonal anti-IL-13) e CIM331 (anticorpo
monoclonal anti-IL-31) foram ou estdo atualmente sendo investigados para DA,
o dupilumab € o Unico até a data que avancgou para estudos clinicos de fase Il
para o tratamento da DA (HAMILTON et al., 2015).

3.6. Novas estratégias terapéuticas para a dermatite atépica e

comorbidades associadas

O desenvolvimento de novos agentes terapéuticos para o tratamento de
inflamag&o tem se intensificado nos ultimos anos. De fato, o restabelecimento
da barreira cutanea, a inibicdo da resposta inflamatoria e o decréscimo do
prurido sdo fatores chaves para o controle da doenca. Em vista disso, nosso
grupo de pesquisa tem dedicado esfor¢cos na busca de novas moléculas para o
tratamento da DA (ALVES et al., 2016; VOSS et al., 2018; WEBER et al., 2018;
GULARTE et al., 2019). Frente a isso, os compostos derivados de piridina e
organicos de selénio tem atraido a atencdo no desenvolvimento de novos
farmacos, uma vez que estes revelam diferentes atividades biolégicas.

Desde o inicio do século XX, os derivados de piridina tém sido

comercialmente importantes, pois esses compostos estdo presentes em
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diversos produtos agricolas, como herbicidas, inseticidas, fungicidas e em
polimeros (SCRIVEN et al., 2005). Além disso, os derivados de piridina
tornaram-se um alvo interessante em 1930 para o tratamento de dermatites e
deméncias (HENRY et al., 2004). Em vista disso, o estudo destas moléculas
se intensificou nos ultimos anos e atualmente os compostos de piridina
apresentam acbes anti-inflamatorias (MARQUEZ-FLORES et al., 2011),
antitumorais (XI et al., 2017), antimicrobiana (NAGENDER et al.,, 2014),
antioxidante (WORACHARTCHEEWAN et al., 2012), entre outras (CHALLA et
al., 2014; LEE et al., 2017; UMEI et al., 2017).

Por sua vez, os compostos organicos de selénio vém sendo largamente
estudados, tanto pela sintese organica quanto em sistemas bioldgicos. Varios
motivos levam ao estudo dessas moléculas, seja pelas diversas propriedades
farmacoldgicas apresentadas ou pela maior biodisponibilidade e comumente
menor toxicidade frente a sua forma inorganica (NOGUEIRA e ROCHA, 2011,
KIM e MAHAN, 2001). O elemento essencial selénio (Se) é de fundamental
importancia para o organismo, uma vez que desempenha um papel importante
nos processos inflamatérios e na imunidade (HUANG et al., 2012). A literatura
aponta inumeras evidéncias dos efeitos de moléculas contendo selénio. Em
estudos com modelos animais, os compostos organicos de selénio revelaram
acOes anti-inflamatoria, antinociceptiva (CHAGAS et al., 2014; PINZ et al.,
2017; SILVA et al., 2017, VOSS et al., 2018), antioxidante (WILHELM et al.,
2017, VOGT et al., 2018a) e comportamento ansiolitico em camundongos
(REIS et al., 2017).

Em vista disso, uma pesquisa bibliografica indica que apenas poucas
publicacdes mencionam a incorporacao de um atomo de selénio no nucleo da
piridina (LUCHESE et al., 2012; KUMAR et al.,, 2016; ROSA et al.,, 2018).
Consequentemente, a sintese e a triagem biolégica de derivados da
selenopiridina podem ser consideradas uma area de pesquisa relevante. Nesse
sentido, a sintese do composto BAPD, um derivado de piridina contendo
selénio revelou ser uma substancia com grande potencial farmacoldgico
(Figura 6). Em ensaios biolégicos preliminares, o BAPD inibiu
significativamente a atividade da acetilcolinesterase (AChE) no cortex cerebral.

Além disso, este composto apresentou atividade eliminadora de radicais ABTS,
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sugerindo que o BAPD tem um potencial importante para agir contra o estresse
oxidativo e como um inibidor da atividade da AChE (PEGLOW et al., 2017).
Recentemente, Reis et al. (2019) demonstraram que o BAPD exibiu
efeitos antinociceptivos e anti-hiperalgésicos e néo alterou a atividade
locomotora nem induziu toxicidade. Além disso, foi estabelecido que os efeitos
da BAPD parecem dever-se as acOes antioxidantes e anti-inflamatorias e a
modulacao dos sistemas opidide e glutamatérgico. Ainda, o BAPD apresentou
acdo anti-inflamatéria através da reducdo dos niveis de expressdo
ciclooxigenase-2 (COX-2) e INF- y e na melhora dos parametros histologicos
em camundongos. Diante deste contexto e do nosso interesse na busca de
novas alternativas de tratamento para a DA, esse composto parece ser um
importante alvo de estudo e pode representar uma importante estratégia
terapéutica para o tratamento da DA e comorbidades associadas a essa
patologia. De fato, os tratamentos utilizados na DA visam somente tratar as
lesbes cutaneas ocasionadas pela doenca. Esses tratamentos séo utilizados
normalmente por via tépica e ndo visam tratar as comorbidades associadas a

esta patologia, como por exemplo, a ansiedade e depressao.

| XN NH,
N/ Se/Se | N\
H,oN =

Figura 6. Estrutura quimica do BAPD.
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4. Manuscrito cientifico

Os resultados que fazem parte dessa dissertacdo estdo apresentados
sob a forma de manuscrito cientifico. Os itens Materiais e Métodos, Resultados,
Discusséao e Referéncias, encontram-se estruturados de acordo com as normas
do periédico Clinical immunology. O presente manuscrito encontra-se

submetido a esta revista cientifica.
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Abstract

Atopic dermatitis (AD) is a complex and multifactorial pathology that negatively
impacts the physical and mental health of carriers. Here, the suppressive effect of bis (3-
amino-2-pyridine) diselenide (BAPD) on an AD model in BALB/c mice was
investigated. To sensitize the animals, 2,4-dinitrochlorobenzene (DNCB) was applied to
their dorsal skin on days 1-3. Mice were challenged with DNCB on their ears and
dorsal skin on days 14, 17, 20, 23, 26, and 29. BAPD (1 or 5 mg/kg) and
Dexamethasone (5 mg/kg) were orally administered to the animals, from days 14 to 29,
and skin severity scores and behavioral tests (scratching behavior, elevated plus-maze
and tail suspension tests) were determined on day 30. Oxidative stress and inflammatory
parameters were evaluated on the dorsal skin of mice. Na’, K'-ATPase activity and
corticosterone levels were determined in hippocampus /cerebral cortex and plasma of
mice, respectively. DNCB increased the severity of skin lesions, scratching behavior,
inflammation and oxidative stress. BAPD improved cutaneous damage, scratching
behavior, inflammatory (ear edema, cytokine levels, myeloperoxidase activity and
histopathological alterations) and oxidative stress (reactive species, thiobarbituric acid
reactive species and non-protein thiol levels, and superoxide dismutase, catalase,
glutathione peroxidase, glutathione reductase, glutathione S-transferase activities)
markers. BAPD showed anxiolytic- and antidepressant-like effects and restored Na®,
K*-ATPase activity and corticosterone levels in mice exposed to DNCB. The efficacy
of BAPD was similar, or superior, to Dexamethasone in the parameters evaluated. Our
data demonstrated the suppressive effect of BAPD on psychiatric disorders — AD
comorbidity by regulating inflammatory and oxidative status in mice.

Keywords: Inflammation;  Oxidative  stress;  Depression;  Anxiety; 2,4-

Dinitrochlorobenzene.
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Abbreviations: BAPD, bis(3-amino-2-pyridine) diselenide; AD, Atopic dermatitis;
DNCB, 2,4 Dinitrochlorobenzene; AChE, acetylcholinesterase; MPO, myeloperoxidase;
ROS, reactive oxygen species; RS, reactive species; TBARS, thiobarbituric acid
reactive species; GST, glutathione S-transferase; SOD, superoxide dismutase; CAT,
catalase; GPx, glutathione peroxidase; GR, glutathione reductase; NPSH, non-protein
thiol; COX-2, cyclooxygenase-2; OFT, open-field test; EPM, elevated plus-maze test;
TST, tail suspension test; TNFa, tumor necrosis factor; INF-y, interferon-y; Interleukin

33, IL-33; Interleukin 18, IL-18; Interleukin 1B, IL-1B; Interleukin 10, IL-10.
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1. Introduction

Atopic dermatitis (AD) is the most common kind of skin allergy, clinically
manifested by itching and scratching, dry skin, patchy eczema especially flexural,
exudation, and skin thickening [1]. The prevalence of atopic diseases is increasing
significantly especially in developed countries, with a female preponderance [2]. AD
has an early onset, usually in infancy or early childhood, and it can regress
spontaneously after puberty in some patients, but persist lifelong in others [3]. Indeed,
since 2013 the high incidence of AD in children and adults has made it one of the most
onerous skin disorders globally [4]. Given the prevalence and complexibility of AD,
little attention has been given to the risk of non-allergic comorbidities of AD, such as
neuropsychiatric conditions. AD is associated with a poor quality of life, and
comorbidities secondary to severe itch [5]. The incidence of psychiatric disorders
among dermatological patients is approximately between 30% and 40% [6].

The exact etiology of the disease remains undefined; however, it is accepted that
AD is a multifactorial and complex pathology that manifests an overactive immune
response. Genetic susceptibility, environmental factors, epithelial barrier dysfunction,
immunologic response deregulation, inflammation and oxidative stress have been
implicated in AD pathogenesis [7, 8]. For years the mainstay of treatment for AD has
been has been the use of topical anti-inflammatory agents such as glucocorticoids,
cyclosporin and dexamethasone [9]. However, the success rate is very low. These drugs
do not completely relieve symptoms and comorbidities associated with AD and they can
lead to several adverse effects, such as nephrotoxicity, hypertension, osteoporosis and
diabetes [10]. In this sense greater understanding is required to help elucidate how
psychiatric disorders — AD comorbidity occurs and aids in the development of novel

therapeutic agents.
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Thus, in this scenario, we highlight the bis (3-amino-2-pyridine) diselenide
(BAPD), an organoselenium compound obtained by simple and environmentally benign
protocols, since it has shown great pharmacological potential for the treatment of
oxidative stress- and inflammatory-related diseases [11, 12]. Results obtained after
preliminary biological assays showed that BAPD has an important potential to act
against oxidative stress and as an inhibitor of acetylcholinesterase activity [11].
Importantly, we have recently demonstrated that the modulation of cyclooxygenase-2,
interferon-y, glutamatergic and opioid systems contributes to antinociceptive, anti-
inflammatory and anti-hyperalgesic effects of BAPD [12]. In addition, BAPD did not
cause death or elicit any sign of acute toxicity in mice [12]. Therefore, considering the
beneficial properties of BAPD, and the lack of effective treatments for AD and its
comorbidities, we examined the hypothesis that BAPD would show suppressive effects
on AD-like skin lesions induced by 2,4-dinitrochlorobenzene (DNCB) in mice,
improving the associated anxiety and depression by reducing inflammatory of

inflammatory and oxidative status.

2. Materials and methods
2.1. Animals and ethical approval

The experiments were carried using female BALB/c mice (6-8 weeks old).
Studies have shown that females have a higher prevalence of eczema or AD compared
with men [13]. Animals were kept in a separate animal room, in a 12/12 h light/dark
cycle (with lights on at 6:00 a.m.), at a room temperature of 22 + 2°C, with free access
to food and water. The behavioral assays were conducted according to the institutional

and national guidelines for the care and use of animals. The present experimental study
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was approved by the Ethical Research Committee of the Federal University of Pelotas

(CEEA 23357-2018) and all efforts were taken to minimize the mice suffering.

2.2. Chemicals and drugs

DNCB was obtained commercially from Sigma (St. Louis, MO) and it was used
as an inductor of AD. BAPD (Figure 1A) was prepared and characterized in our
laboratory and analysis of the '"H NMR and **C NMR spectra showed analytical and
spectroscopic data in full agreement with its assigned structure. The chemical purity of
BAPD (99.9 %) was determined by GC/MS [11]. Dexamethasone was obtained
commercially, and it was used as a reference drug. BAPD was dissolved in canola oil,
while Dexamethasone was dissolved in 0.9% saline solution. Mice received oral (p.0.)

treatment of BAPD, Dexamethasone or canola oil by intragastric gavage.

2.3. Experimental design

The experimental protocol was realized according to the method described by
Chan et al. [14]. AD-like skin lesions in mice were induced by DNCB. Mice were
shaved of dorsal hair and 200 uL of 0.5 v/v-% DNCB in acetone/olive oil (3:1 ratio)
was applied in the shaved area on experimental days 1-3 for sensitization. Mice were
challenged with 20 pL of 1 v/v-% DNCB on the ear and 200 pL on the dorsal skin on
days 14, 17, 20, 23, 26, and 29 (Figure 1B). Mice were randomly divided into five
groups (n = 7 animals/group): normal control mice (control group) were sensitized and
challenged with acetone/olive oil (3:1) and treated with canola oil; sensitized control
mice (DNCB group) were sensitized and challenged with DNCB and treated with
canola oil; and experimental mice were sensitized and challenged with DNCB and

received the treatment with BAPD, at the doses of 1 mg/kg or 5 mg/kg, or
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Dexamethasone, at dose of 5 mg/kg, (groups designated as Control; DNCB; DNCB +
BAPD 1 mg/kg; DNCB + BAPD 5 mg/kg; DNCB + Dexa 5 mg/kg). The BAPD and
Dexamethasone were administered by gavage, daily, from days 14 to 29. To compare

with the BAPD effect, Dexamethasone was tested at the dose of 5 mg/kg.

2.4. Clinical symptoms of AD
2.4.1. Clinical skin severity scores

On day 30, the skin was photographed and severity scores were determined
according to Park et al. [15]. The five signs of skin lesions were: (1) pruritus/itching, (2)
erythema/hemorrhage, (3) edema, (4) excoriation/erosion, and (5) scaling/dryness. The
above-mentioned symptoms were graded as follows: 0 (no symptoms), 1 (mild), 2

(moderate), and 3 (severe).

2.4.2. Scratching behavior
To evaluate AD-like behavioral changes, the scratching behavior was evaluated
on day 30. During 20 min, the time that mice spent rubbing their nose, ears, and dorsal

skin with their hind paws was recorded. The results obtained were expressed in seconds

(s) [16].

2.5. Comorbidities associated with AD
2.5.1. Open-field test (OFT)

The OFT evaluated the locomotor and exploratory behaviors of mice. This test
was carried out to excluding sedative effect or motor abnormality after treatments with
DNCB, BAPD, and Dexamethasone, which can lead to unspecific results in the tests.

The open-field was made of plywood and surrounded by 30 cm-high walls. The floor of
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the open-field, 45 cm long and 45 cm wide, was divided by masking tape markers into 9
squares (3 rows of 3). Each animal was placed individually at the center of the apparatus
and observed for 4 min period to record the locomotor (number of segments crossed
with the four paws) and exploratory (expressed by the number of time rearing on the
hind limbs) activities. The arena was cleaned with 20-30% ethanol after each session

and individual mice were tested only once [17].

2.5.2. Elevated plus-maze test (EPM)

Described by Pellow et al. [18], the EPM test was realized on day 30, to measure
anxiety in rodents. The EPM apparatus consists of two opposed open arms (16 cm x 5
cm) and two opposed closed arms (16 cm x 5 cm x 10 cm) mounted at an angle of 90,
all facing a central platform (5 cm x 5 cm) elevated 50 cm from the floor. Each animal
was placed individually at the center of the apparatus facing one of the open arms. The
number of entries into either open or closed arms and the time spent in the open arms
were measured for 5 min. The anxiolytic effect is proved by an increased in the

parameters of the open arms.

2.5.3. Tail suspension test (TST)

The TST was accomplished as described by Steru et al. [19], with some
modifications. Mice were suspended 50 cm above the ground by an adhesive tape
placed approximately 1 cm from the tip of the animal’s tail. Mice were considered
immobile only when they hung passively and completely motionless. Immobility time
was manually recorded during a 6 min period by an experienced observer. A decrease in

the duration of immobility is an indicative of antidepressant-like effect.
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2.6. Ex vivo assays

After the behavioral tests, on day 30, mice were euthanized by inhalation of
isoflurane anesthetic. Ears samples were collected to determine ear swelling and
myeloperoxidase (MPO) activity. Dorsal skin samples were collected to determine
MPO activity, histological analysis and tumor necrosis factor (TNFa), interferon-y
(INF-y), interleukin (IL)-33, IL-18, IL-1B and IL-10 expression. Furthermore, the
oxidative stress markers, such as reactive species (RS), thiobarbituric acid reactive
species (TBARS) and non-protein thiol (NPSH) levels, and superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR),
glutathione S-transferase (GST) activities were evaluated. Additionally, the Na*, K'-
ATPase activity (in hippocampus and cerebral cortex) and corticosterone levels (in
plasma) were determined.

In this sense, for analyses of oxidative stress parameters and Na*, K'-ATPase
activity, dorsal skin, hippocampus and cerebral cortex samples were homogenized in 50
mM Tris-HCI pH 7.4, 1:10 (w/v). The homogenate was centrifuged at 2000 rotation per
minute (rpm) for 10 min to yield a supernatant (S1). For measuring MPO activity the
ears and dorsal skin fraction were minced, pooled and homogenized in PBS (20
mmol/L, pH 7.4) containing ethylenediaminetetraacetic acid (0.1 mmol/L). The
homogenates were centrifuged at 2000 rpm for 10 min at 4°C (fraction S1). Then, the
S1 fraction was centrifuged again at 14000 rpm at 4°C for 15 min to yield a final pellet
(P2) that was resuspended in medium containing potassium phosphate buffer (50
mmol/L, pH 6.0) and hexadecyltrimethyl ammonium bromide (0.5 wt/v-%). Samples
were finally frozen and thawed three times prior to the posterior enzymatic assay.

Specifically, for the measuring of corticosterone levels, blood plasma were collected by
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cardiac puncture. The heparin was used as an anticoagulant. For plasma separation, the

blood was centrifuged at 4000 rpm for 10 min at 4°C.

2.6.1. Inflammatory parameters
2.6.1.1. Ear swelling

The ear swelling was evaluated on day 30, after behavioral tests. For this, the
mice were euthanized and both ears were cut at the base and the weight difference
between the samples of the control ear (left) and the DNCB-treated ear (right) was
established on an analytical balance. The results obtained were represented in weight

(mg). Subsequently, ears were used to determine the MPO activity.

2.6.1.2. MPO assay

MPO activity was assayed according to the method previously described with
some modifications [20].For the MPO activity measurement, an aliquot of resuspended
P2 (100 pL) was added to a medium containing the medium of resuspension and
N,N,N’,N’-tetramethylbenzidine (1.5 mmol/l). The kinetic analysis of MPO was started
after the addition of H,O, (0.01 v/v %), and the color reaction was measured at 655 nm

at 37°C. Results were expressed as optic density (OD)/mg protein/min.

2.6.1.3. Histological analysis

Dorsal skin fragments were collected and fixed in 10% buffered formalin
solution. Minor fragments were routinely processed, embedded in paraffin, cut into
sections of 3-4 um, stained with hematoxylin-eosin (HE) and examined under an optical

microscope.
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2.6.1.4. RNA extraction and expression of TNF-a, IFN-y, IL-33, IL-18, IL-10, IL-
1b by real-time PCR

Total mMRNA was extracted from thawed samples of back skin weighing between
50-70 mg using TRIzol reagent (Invitrogen™, Carlsbad, USA) followed by DNase
treatment with DNase I Amplification Grade (Invitrogen™, Carlsbad, USA) in order to
ensure minimum DNA contamination of the samples. The total RNA isolated was
quantified and its purity (260/280 and 260/230 ratios) was examined by
spectrophotometer NanoVue (GE, Fairfield, CT, USA).

The cDNA synthesis was performed using High Capacity cDNA Reverse
Transcription kit (AppliedBiosystems™, UK) according to the manufacturer’s protocol.
For reverse transcription, 2 pg of total RNA was used in a reaction volume of 20 plL.
The amplification was made with GoTag® gPCR Master Mix (Promega, Madison, WI)
using the Agilent Mx3005P gPCR System (Agilent Technologies Inc., Santa Clara, CA)
and the sequence of primers used are indicated in Table 1. The gPCR conditions were as
follows: 10 min at 95°C to activate the hot-start Taq polymerase, followed by 35 cycles
of denaturation for 15s at 95°C, primer anneling for 60s at 60°C, and extension for 30s
at 72°C (fluorescence signals were detected at the end of every cycle). Baseline and
threshold values were automatically set by the Stratagene MxPro software.

The number of PCR cycles required to reach the fluorescence threshold in each
sample was defined as the Ct value, and each sample was analyzed in duplicate to
obtain an average Ct for each sample. The 2"**“" method was used to normalize the fold
change in gene expressions, using the Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) as housekeeping gene [21-28].

2.6.2. Oxidative stress parameters
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2.6.2.1. RS levels

The RS levels in the back were determined using a spectrofluorimetric method,
using 2’°,7’-dichlorofluorescein diacetate (DCHF-DA) assay according to Loetchutinat
et al. [29], with some changes. S1 (50 pL) was incubated with 20 ul of DCHF-DA (1
mM) and 2430 pl of 10 mM Tris-HCI pH 7.4. The oxidation of DCHF-DA to
fluorescent dichlorofluorescein (DCF) was measured for the detection of intracellular
RS. The DCF fluorescence intensity emission (EM) was recorded at 525 nm (with 488
nm excitation (EX)), 30 min after the addition of DCHF-DA to the medium. RS levels

were expressed as arbitrary units of fluorescence (UF).

2.6.2.2. TBARS levels

TBARS levels, which measure of lipid peroxidation, were determined as
described by Ohkawa et al. [30]. An aliquot (200 pL) of S1 was incubated with 0.8%
thiobarbituric acid, acetic acid buffer pH 3.4 and 8.1% sodium dodecyl sulfate at 95 °C
for 2 h. The color reaction was measured at 532 nm. TBARS levels were expressed as

nmol MDA/mg protein.

2.6.2.3. NPSH levels

NPSH levels were determined by the method of Ellman [31]. A sample of S1
was mixed (1:1, v/v) with 10% trichloroacetic acid. The samples were centrifuged at
3000 rpm for 10 min. After the centrifugation, the protein pellet was discarded and free-
thiol groups were determined in the clear supernatant. An aliquot of supernatant (200

uL) was added in 1 M potassium phosphate buffer pH 7.4 and 10 mM 5,5'-dithiol-bis
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(2-nitrobenzoic acid). The color reaction was measured at 412 nm. NPSH levels were

expressed as pmol NPSH/g tissue.

2.6.2.4. SOD activity

This method is based on the capacity of SOD in inhibiting autoxidation of
epinephrine. The SOD activity was spectrophotometrically determined as described by
Misra and Fridovich [32] and the color reaction was measured at 480 nm. The S1 (6, 12
or 18 pL) was added in a 50 mM Na,COj3 buffer pH 10.3. Enzymatic reaction was
started by adding epinephrine (30 pL). One unit of the enzyme was defined as the
amount of enzyme required to inhibit the rate of epinephrine autoxidation by 50% at

26°C. The enzymatic activity was expressed as U/mg protein.

2.6.2.5. CAT activity

The CAT activity was spectrophotometrically determined by the method of Aebi
[33], which involves monitoring the disappearance of hydrogen peroxide (H.O, in the
homogenate presence at 240 nm. The enzymatic reaction was initiated by adding an
aliquot of S1 (100 puL) and the substrate (H,O, 105 uL) to a concentration of 0.3 mM in
a medium containing 50 mM potassium phosphate buffer, pH 7.0. The enzymatic
activity was expressed as U CAT/mg protein (1 U decomposes 1 umol of H,O, per

minute at pH 7.0 and 25°C).

2.6.2.6. GPx activity
GPx activity was determined through the system composed by reduced
glutathione (GSH), nicotinamide adenine dinucleotide phosphate (NADPH), and

glutathione reductase (GR), by the dismutation of H,O,. The activity was
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spectrophotometrically measured at 340 nm, according to with method of Wendel [34].
S1 (50 pL) was added in GSH/NADPH/GR system and the enzymatic reaction was
initiated by adding H,O, (100 pL). In this assay, the enzyme activity is indirectly
measured through NADPH decay. H,0, is decomposed, generating oxidized glutathione
(GSSG) from GSH. GSSG is regenerated back to GSH by GR present in the assay
media at the expense of NADPH. The enzymatic activity was expressed as

nmol/min/mg protein.

2.6.2.7. GR activity

The GR activity was measured as described by Carlberg and Mannervik [35]. In
this assay, GSSG is reduced by GR at the expense of NADPH consumption, which is
recorded at 340 nm. GR activity is proportional to NADPH decay. The enzymatic

activity was expressed as nmol/min/mg protein.

2.6.2.8. GST activity

The GST activity was assayed by the methodology described by Habig et al.
[36]. This method is based on the principle that the GST enzyme catalyzes the
conjugation of DNCB with GSH, originating a thioether, which was quantified
spectrophotometrically at 340 nm. An aliquot of S1 was added in 0.1 M potassium
phosphate buffer, pH 7.4, with DNCB, as substrate, and 50 mM GSH. The enzymatic

activity was expressed as nmol DNCB conjugated/min/mg protein.

2.6.3. Corticosterone levels in plasma
The determination of the plasmatic corticosterone levels was performed

according to method Zenker [37]. Aliquots of plasma were incubated with chloroform
61


https://www.linguee.com.br/ingles-portugues/traducao/recorded.html

and centrifuged for 5 min at 2500 rpm, followed by the addition of 0.1 M NaOH and
another round of centrifugation. Then, was the addition of the fluorescence reagent
(H2SO4 and ethanol 50%) and samples were centrifuged again (5 min at 2500 rpm) and
incubated at room temperature for 2h. Fluorescence intensity emission (EM),
corresponding to plasma corticosterone levels, was recorded at 540 nm (with 247 nm

excitation (EX)). Corticosterone levels were expressed as ng/mL.

2.6.4. Na', K'-ATPase activity

For the Na*, K*-ATPase activity assay in the hippocampus and cerebral cortex, a
reaction mixture was used containing S1, 3 mM MgClI, 125 mM NaCl, 20 mM KCI and
50 mM Tris/HCI, pH 7.4, in a final volume of 500 pL. The reaction was initiated by the
addition of 3 mM ATP. Control samples were carried out under the same conditions
with the addition of 0.1 mM ouabain. The samples were incubated at 37°C for 30 min
and incubation was stopped by adding trichloroacetic acid (10%) with 10 mM HgCl,.
Na®, K'-ATPase activity was calculated by the difference between the two assays.
Released inorganic phosphate (Pi) was measured according to the method described by
Fiske and Subbarow [38]. The color reaction was assayed spectrophotometrically at 650

nm. Results were expressed as nmol Pi/mg protein/min.

2.6.5. Protein determination
The protein concentration was measured by the method of Bradford [39], using

bovine serum albumin as the standard.

3. Statistical analysis
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The normality of data was evaluated by the D'Agostino and Pearson omnibus
normality test. Statistical analysis was performed using GraphPad Prism 5.0. Data were
analysed by one-way analysis of variance (ANOVA) followed by the Tukey test when
appropriated for parametric data. Data from the experiments were expressed as means *
standard error medium (S.E.M.). Values of p < 0.05 were considered statistically

significant.

3. Results
3.1. BAPD reduces the clinical symptoms of AD induced by DNCB

DNCB exposure produced AD-like symptoms in BALB/c mice (ANOVA: F 4,
30) = 31.45, p < 0.0001) (Figures 2A and 2B) and increased the scratching time of
animals (554%) (ANOVA: F (4 30 = 33.50, p < 0.0001) (Figure 2C). BAPD treatment,
at the doses evaluated, was effective in reducing the severity of skin lesions induced by
DNCB (Figure 2B). In turn, Dexamethasone, at the dose of 5 mg/kg, did not alter the
severity of lesions induced by DNCB (Figure 2B). In addition, a reduction was found in
the scratching time of mice after the BAPD (1 and 5 mg/kg) or Dexamethasone (5
mg/kg) treatment. (Figure 2C). The protective effect of the BAPD on scratching time

was similar to that of Dexamethasone.

3.2. BAPD improves the neuropsychiatric disorders associated with AD by
regulating corticosterone levels and Na*, K*-ATPase activity

The results of the present study revealed that DNCB changed the behavioral
parameters in the EPM and TST in mice. In the EPM test, DNCB decreased the number
of entries (Figure 3A) and the time spent in the open arms (Figure 3B) when compared

with the control group. BAPD (1 and 5 mg/kg) and Dexamethasone (5 mg/kg) increased
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the number of open arm entries when compared with the DNCB group (ANOVA: F (4,
30) = 10.01, p < 0.0001) (Figure 3A). In addition, analysis of the results indicated that
BAPD, (1 and 5 mg/kg) and Dexamethasone (5 mg/kg), increased the time in the open
arms when compared with the DNCB group (ANOVA: F (4 30 = 6.15, p < 0.001)
(Figure 3B). Figure 3C showed that the immobility time of mice in the TST was
decreased by BAPD (1 and 5 mg/kg), when compared with the DNCB group (ANOVA:
F @ 30 = 12.94, p < 0.0001). Dexamethasone (5 mg/kg) treatment decreased the
immobility time when compared with the DNCB group (Figure 3C). The protective
effect of BAPD was similar to that of Dexamethasone (Figures 3A, 3B and 3C).

OFT results are illustrated in Figures 3D and 3E. The data analysis of the OFT
revealed that the treatments did not produce any change in the number of crossings
(ANOVA: F (4, 30) = 2.63, p > 0.05) or rearings (ANOVA: F 4, 30 = 1.74, p > 0.05)
(Figures 3D and 3E).

Plasma corticosterone levels were determined to identify the mechanisms that
could contribute to psychiatric disorders in AD-like skin lesions induced by DNCB.
Increased levels of corticosterone were detected in the plasma of mice exposed to
DNCB, when compared with the control group (ANOVA: F (4, 30 = 4.62, p < 0.01).
According to the results, the treatment with BAPD, at the dose of 5 mg/kg, reversed the
increase in corticosterone levels by 41%. No alteration of plasma corticosterone levels
of mice exposed to DNCB and treated with BAPD (1 mg/kg) or Dexamethasone (5
mg/kg) was observed (Figure 3F).

Data examination revealed an inhibition of Na®, K'-ATPase activity in the
hippocampus and cerebral cortex of the mice exposed to DNCB, when compared with
the control group (Figures 3G and 3H). In the hippocampus, none of the treatments was

able to prevent the inhibition of Na*, K"-ATPase activity induced by DNCB (ANOVA:
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F @ 30 = 3.39, p > 0.05) (Figure 3G). Results displayed in Figure 3H demonstrated
that BAPD (1 and 5 mg/kg) treatment restored the Na®, K'-ATPase activity in the
cerebral cortex of mice, when compared with the DNCB group (ANOVA: F (4 30 =
4.70, p < 0.01). The protective effect of BAPD was similar to that of Dexamethasone

(Figure 3H).

3.3. Anti-inflammatory effect of BAPD contributes to its suppressive effect on AD-
like skin lesions

Figure 4A illustrates the effects of BAPD treatment on ear swelling in mice
(ANOVA: F (4,30 = 29.01, p < 0.0001). DNCB substantially increased (700 %) right-ear
swelling when compared with the control group. BAPD (1 and 5 mg/kg) or
Dexamethasone (5 mg/kg) treatment partially reduced the ear swelling induced by
DNCB. The protective effect of BAPD (5 mg/kg) was similar to that of
Dexamethasone.

Effects of BAPD oral administration on the MPO activity in the ear and on the
dorsal skin of mice were demonstrated in Figures 4B and 4C (ANOVA: F (4 30 = 12.13,
p < 0.0001 (ear); ANOVA: F (4 30 = 4.44, p < 0.01 (back)). One-way ANOVA
demonstrated that DNCB significantly increased the MPO activity in ear and dorsal skin
of mice, when compared with the control group (Figures 4B and 4C). Analysis of the
data revealed that treatment with BAPD (1 and 5 mg/kg) or Dexamethasone (5 mg/kg)
restored ear MPO activity (Figure 4B). The effect of BAPD on ear MPO activity was
similar to that of Dexamethasone.

Figure 4C showed that treatment with BAPD (1 and 5 mg/kg) protected against
the increase in MPO activity on dorsal skin exposed to DNCB. The animals that

received BAPD presented a reduction (88%) of the inflammation induced by DNCB.
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However, Dexamethasone (5 mg/kg) treatment did not protect against increased MPO
activity on the dorsal skin of mice DNCB exposed (Figure 4C).

Results depicted in Figures 5A to 5F displayed effects of oral administration of
BAPD on the dorsal skin mRNA expression levels of TNF-a (ANOVA: F (4, 30 =
47.98, p < 0.0001), IFN-y (ANOVA: F (4 30) = 28.84, p < 0.0001), IL-33 (ANOVA: F (4,
s0) = 32.53, p < 0.0001), IL-18 (ANOVA: F 4 3) = 7.28, p < 0.001), IL-10 (ANOVA: F
@4, 30) = 47.22, p < 0.0001) and IL-1p (ANOVA: F (4 35 = 84.16, p < 0.0001). DNCB
significantly increased the mRNA expression levels of TNF-a, IFN-y, 1L-33, IL-18, IL-
10 and IL-1B, when compared with the control group. The statistical analysis of data
revealed that BAPD (1 and 5 mg/kg) and Dexamethasone (5 mg/kg) reduced the mRNA
expression levels of TNF-a, INF-y, 1L-33 and IL-1pB, when compared with the DNCB
group (Figures 5A, 5B, 5C and 5F). Treatment with BAPD (5 mg/kg) was more
effective in reducing INF-y and IL-33 expression than Dexamethasone (5 mg/kg).
BAPD (1 and 5 mg/kg) protected against the increase in IL-18 expression induced by
DNCB (Figure 5D), whilst Dexamethasone did not. Interestingly, as displayed in Figure
5E, all treatments increased the IL-10 expression levels when compared with the DNCB
group.

The severity of the morphological alterations to the dorsal skin caused by
exposure to the various treatments is shown in Figure 6. The normal histological
architecture was observed for the dorsal skin of the control animals (Figure 6A). The
DNCB-exposed animals exhibited non-ulcerated skin with subepidermal (Figure 6B)
and intraepidermal pustule formation on a hyperplastic epidermis together with mild
parakeratotic hyperkeratosis (Figure 6C). The dermis of the skin was thickened,
edematous, contained abundant inflammatory infiltrates of macrophages, lymphocytes,

and neutrophils, congested blood vessels, dilated lymphatic vessels and presented the
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formation of a crust (Figure 6B, 6D). The animals treated with Dexamethasone
presented non-ulcerated skin with several regions with intraepidermal and subepidermal
pustules (Figure 6E, 6F). The formation of crust with bacterial colonies was observed
on the surface dermises, along with macrophage, neutrophil, and lymphocyte
infiltration, vascular congestion, edema, and dilated lymphatic vessels (Figure 6G and
6H).

Treatment with BAPD (1 mg/kg) presented non-ulcerated dorsal skin with mild
parakeratotic hyperkeratosis, presence of intraepidermal pustules and some foci of crust
formation (Figure 61). The dermis presented inflammatory neutrophil infiltrate (Figures
6J, 6K). Taking into account the mice treated with BAPD (5 mg/kg), the histological
analysis revealed that the animals presented crust formation and several regions with
intraepidermal pustules containing a large amount of degenerated neutrophils (Figure
6L). In some regions folliculitis was observed (Figure 6M). The superficial dermis
exhibited a discrete inflammatory response (Figure 6N), while the deep dermis showed

a poorly expressive or nonexistent inflammatory response (Figure 60).

3.4. BAPD reduces the oxidative stress on DNCB-induced AD in mice

To confirm the contribution of oxidative stress on DNCB-induced AD, RS and
TBARS levels, the activity of antioxidant enzymes (SOD, CAT, GPx, GR, GST) and
NPSH levels was evaluated on the dorsal skin of animals. Increased levels of RS and
TBARS were detected on the dorsal skin of mice exposed to DNCB, when compared
with control group mice. Data revealed that treatment with BAPD (1 and 5 mg/kg) or
Dexamethasone (5 mg/kg) decreased the RS levels in the dorsal skin of mice to control
levels (ANOVA: F 4 30 = 6.83, p < 0.001) (Figure 7A). BAPD (1 mg/kg) or

Dexamethasone (5 mg/kg) reduced the dorsal skin TBARS levels to control levels,
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whilst BAPD (5 mg/kg) was partially effective (ANOVA: F (4 30 = 26.70, p < 0.0001)
(Figure 7B).

Figure 7C summarizes the results obtained regarding NPSH levels. DNCB
exposure significantly decreased NPSH levels, when compared with the control group.
BAPD (1 and 5 mg/kg) protected against the decrease of NPSH levels induced by
DNCB (Figure 7C), whilst Dexamethasone did not (ANOVA: F (4 30 = 4.99, p < 0.01).

Figure 7 (D to H) illustrates the effects of treatments on SOD, CAT, GPx, GR
and GST activities. Animals exposed to DNCB presented an inhibition of dorsal skin
SOD (ANOVA: F (4 30 = 11.53, p < 0.0001), CAT (F ¢, 30 = 10.82, p < 0.0001), GPx
(ANOVA: F (4 30 = 5.10, p < 0.01) and GR (ANOVA: F 4 30 = 6.91, p < 0.001)
activities when compared with the control group. On the other hand, DNCB increased
the GST activity on the dorsal skin of mice, when compared with the control group
(ANOVA: F (4,30 = 7.05, p < 0.001). BAPD (1 and 5 mg/kg) restored the SOD, CAT
and GST activities to control levels (Figures 7D, 7E, 7H). The effect of BAPD was
better than Dexamethasone. In addition, all treatments were effective in restoring GPx

and GR activities on the dorsal skin of mice exposed to DNCB (Figures 7F and 7G).

4. Discussion

Considering the different known pharmacological activities of BAPD, we
provided evidence for the effect the compound on the signs of skin injury, inflammatory
parameters and oxidative stress induced by DNCB exposure. In addition, the actions of
BAPD on anxiety and depression induced by DNCB and its involvement with Na*, K*-
ATPase activity and corticosterone levels were shown. In this case, one of the
commonly used models for studying AD is the topical application of DNCB [40].

Induction by DNCB promotes hypersensitivity on skin contact and causes an
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inflammatory process involved in the development and maintenance of AD, mimicking
the clinical symptoms of this pathology [41]. Besides that, this model is also used
because it exhibits mixed phenotypes of Th1l and Th2 responses [42].

Therefore, in the present study DNCB was able to develop AD-like lesions in all
exposed animals. DNCB exposure increased the severity of skin lesions, ear edema,
cytokine levels and MPO activity. Our data indicated that BAPD attenuated signs of
skin lesions and reduced the inflammatory response induced by DNCB exposure. It is
particularly important that the, the efficacy of BAPD treatment in these parameters was
similar or better than dexamethasone. Oral corticosteroids, such as dexamethasone, are
widely used for short-term therapy of AD [9]. In addition, another important finding of
this study is that BAPD treatment reduced the time of itching in the animals exposed to
DNCB. Pruritus is one of the most important diagnostic signs of AD. Studies have
reported that in 90% of patients with mild or moderate AD the severity of the disease is
related to the intensity of pruritus [43]. Thus, these findings revealed a potent anti-
inflammatory action of BAPD. The reduction of itching protects against the worsening
of the cutaneous lesion in pruritic diseases, improving the quality of life of the carriers.

The pathophysiology of AD is very complex and there are both a strong genetic
predisposition and environmental triggers. It is well established that when the skin
barrier is damaged this causes a Th2 inflammatory response, inducing mast cell
activation and neutrophils, eosinophils and macrophage infiltration into the tissue,
causing an allergic reaction [44]. The barrier rupture by excessive itching and release of
neutrophil chemotactic factors may be a contributing factor for neutrophilia [45]. In
view of this, BAPD treatment improved the changes in inflammatory status induced by
DNCB, which can be evidenced by histopathological analyses, MPO activity and

cytokine levels. As expected, the use of corticosteroids, such as dexamethasone, caused
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an abundant inflammatory infiltrate of neutrophils, crust formation, vascular congestion,
edema, and dilated lymphatic vessels. Indeed, the corticosteroids could lead to the
weakening of the skin, cracks and bleeding [9]. These drugs inhibit vascular
neoformation and fibroblast proliferation, reducing collagen synthesis [46].
Consequently, there is no granulation tissue formation, collagen deposition, wound
contraction and capillary proliferation [47]. Hence, BAPD presented another advantage
when compared with dexamethasone, since it reduced the inflammatory process causing
an improvement in tissue healing from a histological point of view. In addition, these
results corroborate data already published in the literature [12].

Immunologically, Thl and Th2 cytokines play an important role in the etiology
of AD. It is well established that at the onset of AD, systemic Th2 cytokines, including
IL-10 and IL-33, induce the proliferation of Immunoglobulin (IgE)-producing B-
lymphocytes, which lead to an increase in the IgE and decrease in the INF-y levels in
plasma [48]. On the other hand, in the late or chronic phase of AD there are
predominant secretion of Th1l lymphocytic cells and high concentrations of IFN-y, TNF-
a, IL-1pB, IL-18, granulocyte, and macrophage. According to Kosaka et al. [49], these
cytokines are involved in skin barrier dysfunctions, including dermal thickening and
infiltration of immune cells into the dermis. In this sense, our findings revealed an
increase of cytokine levels, confirming its involvement in the physiopathology of AD.
Indeed, patients with AD exhibit significant elevations of these cytokines in serum and
skin [50]. Given this, BAPD was able to decrease the levels of TNF-a, IFN-y, IL-33, IL-
18 and IL-1p induced by DNCB. In addition, our results demonstrated that the
compound BAPD was more effective in reducing the inflammatory process than
dexamethasone. Thus, we can suggest that BAPD suppresses the development of

DNCB-induced AD in BALB/c mice, probably by down-regulating various Th2 and
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Th1l-associated factors. In fact, neutralization of IL-33 led to the reduction of cutaneous
lesions, ear swelling, scratching behavior and inhibited skin thickness and infiltration of
eosinophils in BALB/c mice DNCB-induced AD [51].

To explore other mechanisms involved in DNCB-induced AD, we evaluated
possible changes in markers of oxidative stress on the dorsal skin of mice. Inflammation
is a critical feature of AD and it is often associated with increased production of RS
[52]. As expected, repeated DNCB challenges significantly increased RS and TBARS
levels on the dorsal skin of mice. RS of skin cells can cause the formation of reactive
lipid species, disrupting the redox balance of the cell and leading to high levels of lipid
peroxidation products. Lipid peroxidation acts as an endogenous danger signal that
might be responsible for AD pathogenesis [53]. Based on the evidence from the present
study, it is believed that the corresponding increase in RS and TBARS levels is
mediated by inflammation that directly damages epithelial cells and induces eosinophil
and mast cell accumulation, together with secretion of pro-inflammatory cytokines,
which leads to itching and scratching. In view this, in chronically inflamed tissues, the
cell antioxidant systems attempt to reinstate a redox balance that promotes cellular
repair and limits RS induction and its inflammation. The induction and inactivation of
RS, as well as inflammatory processes are tightly regulated by these systems [54]. SOD,
CAT and GPx constitute the first endogenous defense against neutralization of RS. GR
catalyzes the reduction of GSSG (oxidized glutathione) to GSH, and it is responsible for
preserving the metabolic cycle of GSH. In its turn, the GST has a critical role in
detoxifying RS. Its protective role is absolutely dependent on an adequate supply of
GSH. In this sense, here we observed that DNCB inhibited the activity of the
antioxidant enzymes SOD, CAT, GPx, GR and reduced the NPSH levels on the back of

mice. In line with our results, it is important to highlight that other studies have shown
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that excessive oxidative stress causes damage to enzymes, resulting in the loss of
antioxidant defenses [54]. Hence, a hypothesis to explain the reduction in the SOD,
CAT, GPx, GR activity and NPSH levels is the burden of RS production. In addition,
GSH is the most important non-protein thiol source quantified in the NPSH test that
plays an essential role in the maintenance of cellular redox status and antioxidant
defense. The fall or depletion of their levels is indicative of oxidative damage [55].
Importantly, GSH balances Th1l and Th2 cells, and the reduction of the production of
IgE and IgG4 by B cells [56]. Given this, the findings indicated, for the first time, that
BAPD, which has already been characterized as a promising compound with anti-
inflammatory and antioxidant effects, decreased RS and TBARS levels and restored
NPSH levels and SOD, CAT, GPx and GR activities after DNCB exposure. In the
current study, increased GST activity could be a response to detoxification of the
burden of RS production. Based on the findings, it is believed that BAPD improves this
detoxification by increasing the activity of this phase-2 enzyme.

Chronic inflammatory skin diseases, such as AD, are characterized by
stigmatization due to visible skin lesions [57]. In this sense, these issues have a
profoundly negative impact on the psychological well-being of these patients [58]. Our
results demonstrated that induction with DNCB caused anxious and depressive behavior
in the animals, revealed by reducing number, entries and time spent in the open arms
and by increasing their immobility time in the behavioral tests. Indeed, the literature
shows an increased prevalence of depression and anxiety in both children and adults
with AD [59]. However, few studies have shown this relationship in rodents. Recently,
Yeom et al. [60] determined that AD has been associated with negative emotional
problems in rodents. As expected, we verified that depressive-like and anxiogenic-like

behavior was prevented by BAPD treatment. Surprisingly, our findings revealed that
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dexamethasone has also been shown to be effective in reducing the anxious and
depressive behavior induced by DNCB. Based on these data, we believe that the anti-
inflammatory action of both BAPD and dexamethasone is responsible for reducing the
inflammatory status and consequently the oxidative stress shown in this study. It
consequently prevents the development of these neuropsychiatric changes.

The corticosterone levels and Na*, K*-ATPase activity were determined in an
attempt to link the anxiolytic and antidepressant effects of BAPD with hypothalamic-
pituitary-adrenal axis (HPA) and ionic gradient modulation. In an attempt to link the
anxiolytic and antidepressant effects of BAPD with hypothalamic-pituitary-adrenal axis
(HPA) and ionic gradient modulation, the corticosterone levels and Na*, K'-ATPase
activity were determined. The nervous system and the skin interact through the actions
of the HPA axis [60]. The HPA axis consists of one of the body's neuroendocrine
networks responsive to stress and inflammatory factors, and hyperactivity of this axis is
the most common alteration found in patients with anxiety and depression [61].
Similarly, impairment of Na*, K*-ATPase activity and/or genetic changes in its subunits
resulting in decreased activity of this enzyme negatively affect neurotransmitter release
and can trigger depression, anxiety and bipolar disorder [62]. In this study, we found
that the development of AD-like skin lesions by repeated topical application with
DNCB caused an increase of plasma corticosterone levels and inhibition of Na*, K'-
ATPase activity in the hippocampus and cerebral cortex of the animals. Based on these
findings, the ability of BAPD to modulate hyperactivity of the HPA axis and enzymatic
activity of Na', K'-ATPase could play a role in its antidepressant and anxiolytic
properties. Indeed, our results indicated that mice with AD, anxiety, and depression are
in a high state of stress, as confirmed by elevated levels of corticosterone and inhibition

of Na*, K'-ATPase activity. It is believed that stressors exert their effects on the skin
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mainly through the HPA axis and corticosterone production [63]. Similarly, studies in
humans and animal models confirmed that changes in Na*, K'-ATPase activity can

cause psychiatric disorders [62, 64].

5. Conclusion

In summary, our data demonstrated the suppressive effect of BAPD on psychiatric
disorders — AD comorbidity by regulating inflammatory and oxidative status in mice.
Thus, our results suggest that BAPD may be a good prototype for the development of
more effective and/or more potent agents for the treatment of inflammation and

associated comorbidities of AD.
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Table
Table 1. Primers used for quantitative real-time polymerase chain reaction. Listed are
the forward and reverse primer sequences used to amplify each target gene as well as

the GAPDH endogenous control.

Primer Name Sequence Reference
TNF-o Forward 5> CCCTCACACTCAGATCATCTTCT 3’ [32]
TNF-a Reverse 5 CTACGACGTGGGCTACAG 3’

IFN- y Forward 5" AGCGGCTGACTGAACTCAGATTGTAG 3’ [33]
IFN- y Reverse 5" GTCACAGTTTTCAGCTGTATAGGG 3’

IL-33 Forward 5’ CTGCAAGTCAATCAGGCGAC 3’ [34]
IL-33 Reverse 5’ TGCAGCCAGATGTCTGTGTC 3’

IL- 18 Forward 5" CAACTCAGGAGTCTTGCTCAACA 3’ [35]
IL-18 Reverse 5 CAGGCCTGACATCTTCTGCAA 3’

IL-10 Forward 5> CAAGGAGCATTTGAATTCCC 3’ [36]
IL-10 Reverse 5" GGCCTTGTAGACACCTTGGTC 3’

IL-1b Forward 5 AGTTGACGGACCCCAAAAG 3’ [37]
IL-1b Reverse 5 AGCTG GATGCTCTCATCAGG 3’

GAPDH Forward 5" TGCGACTTCAACAGCAACTC 3’ (36]
GAPDH Reverse 5 ATGTAGGCAATGAGGTCCAC 3’
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Figure Captions

Figure 1. (A) Chemical structure of Bis (3-amino-2-pyridine) diselenide (BAPD). (B)

Experimental protocol design.

Figure 2. Effect of Bis (3-amino-2-pyridine) diselenide (BAPD) treatment oral on
atopic  dermatitis (AD)-like  symptoms and scratching incidence 2,4-
dinitrochlorobenzene (DNCB)-induced in mice. (A) Images of skin and ear lesions from
the groups of mice taken on the last day of the experiment (day 30). (B) Dermatitis
scores. (C) Scratching time. Each column represents the mean = S.E.M. of 7 mice in
each group. (*) p < 0.05 compared with the control group, (#) p < 0.05 compared with
the DNCB group, (&) p < 0.05 compared with the dexamethasone (Dexa) group (One-

way ANOVA followed by the Tukey's test).

Figure 3. Effect of Bis (3-amino-2-pyridine) diselenide (BAPD) treatment oral on
elevated plus-maze, tail suspension and open field tests, and serum corticosterone levels
and Na*, K*-ATPase activity in mice exposed to 2,4-dinitrochlorobenzene (DNCB). (A)
represents of open arms entries, (B) time spent in the open arms, (C) time of
immobility, (D) number of crossing, (E) number of rearing, (F) corticosterone levels,
(G) Na', K'-ATPase activity in hippocampus and (H) Na®, K'-ATPase activity in
cerebral cortex. Each column represents the mean + S.E.M. of 7 mice in each group. (x)
p < 0.05 compared with the control group, (#) p < 0.05 compared with the DNCB
group, (&) p < 0.05 compared with the dexamethasone (Dexa) group (One-way

ANOVA followed by the Tukey's test).
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Figure 4. Effect of Bis (3-amino-2-pyridine) diselenide (BAPD) treatment oral on (A)
ear swelling, (B) ear MPO activity and (C) dorsal skin MPO activity in mice exposed to
2,4-dinitrochlorobenzene (DNCB). Each column represents the mean + S.E.M. of 7
mice in each group. (x) p < 0.05 compared with the control group, (#) p < 0.05
compared with the DNCB group, (&) p < 0.05 compared with the dexamethasone

(Dexa) group (One-way ANOVA followed by the Tukey's test).

Figure 5. Effect of Bis (3-amino-2-pyridine) diselenide (BAPD) treatment oral on the
MRNA expression levels of TNF-a (A), IFN-y (B), IL-33 (C), IL-18 (D), IL-10 (E), IL-
1B (F) in the dorsal skin of mice exposed to 2,4-dinitrochlorobenzene (DNCB). Each
column represents the mean = S.E.M. of 7 mice in each group. (*) p < 0.05 compared
with the control group, (#) p < 0.05 compared with the 2,4-dinitrochlorobenzene
(DNCB) group, (&) p < 0.05 compared with the dexamethasone (Dexa) group (One-

way ANOVA followed by the Tukey's test).

Figure 6. Histological profiles of the back skin of the mice after the treatment with Bis
(3-amino-2-pyridine) diselenide (BAPD) or dexamethasone using HE staining: (A)
Control - normal skin. HE. 100X. (B to D) 2,4-dinitrochlorobenzene (DNCB) - non-
ulcerated skin showing formation of subepidermal pustules (arrow), dilation of
lymphatic vessels (*) and a discreet degree of parakeratotic hyperkeratosis and
formation of intraepidermal pustules (arrow). HE. 100X. Dermis superficial and deep
dermis exhibiting abundant inflammatory infiltrate of neutrophils (arrow). HE. 200X. (E
to H) Dexamethasone (Dexa) - non-ulcerated skin presenting abundant inflammatory

infiltrate of neutrophils mainly along the superficial dermis (arrow). Skin showing large
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intraepidermal pustules (arrow) and presenting crust formation (between arrows),
discrete inflammatory response in the dermis and presence of bacterial colony
(arrowhead). HE. 100X. Dermis thickened with macrophages infiltrates (white arrow),
plasma cells (arrowhead) and lymphocytes, vascular congestion, edema and dilated
lymphatic vessels (*). (I to K) DNCB + BAPD 1 mg/kg - non ulcerated skin with mild
parakeratotic hyperkeratosis, presence of intraepidermal pustules (arrow). (L to O)
DNCB + BAPD 5 mg/kg - skin presenting moderate parakeratotic hyperkeratosis,

formation of large intraepidermal pustules (*), presence of folliculitis (arrow).

Figure 7. Effect of Bis (3-amino-2-pyridine) diselenide (BAPD) treatment oral on the
levels of (A) RS, (B) TBARS, and (C) NPSH and on the activities of (D) SOD, (E)
CAT, (F) GPx, (G) GR and (H) GST in the dorsal skin of mice. Each column represents
the mean + S.E.M. of 7 mice in each group. (*) p < 0.05 compared with the control
group, (#) p < 0.05 compared with the 2,4-dinitrochlorobenzene (DNCB) group, (&) p <
0.05 compared with the dexamethasone (Dexa) group (One-way ANOVA followed by

the Tukey's test).
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Highlights

BAPD attenuated DNCB-induced AD, depressive and anxious symptoms in mice.
The treatment with BAPD improved inflammatory parameters in an AD model.
The oxidative stress induced by DNCB was reduced by BAPD.

The efficacy of BAPD was similar, or superior, to Dexamethasone.

88



Graphical Abstract
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Figures
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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5. Conclusdes

Baseado nos resultados obtidos pode-se sugerir que:

O BAPD exerceu acéao anti-inflamatéria em camundongos, reduzindo a
gravidade das lesbes cutaneas, o comportamento de cogar, a atividade
da MPO, a expressao das citocinas proé-inflamatérias, assim como o0s
danos histolégicos.

O mecanismo de agéo do BAPD pode estar relacionado com a inibigao
do estresse oxidativo e a reconstrucao da barreira cutanea.

O BAPD apresentou promissoras acdes do tipo antidepressiva e
ansiolitica.

As acdes do tipo antidepressiva e ansioliticas do BAPD podem estar
relacionadas ao decréscimo da atividade da Na*, K*-ATPase e ao niveis
elevados de corticosterona.

O BAPD néo causa prejuizos locomotores.

Frente a isto, os resultados inferiram que o BAPD €& um composto
multialvo, visto que apresentou acfes anti-inflamatorias, antidepressivas
e ansioliticas por modular diferentes vias envolvidas na manutencédo da
DA. No entanto, mais estudos sdo necessérios para elucidar os outros
mecanismos de acéo e a contribuicdo de outros sistemas na DA.
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Perspectivas futuras

Considerando os resultados obtidos e o interesse do nosso grupo de
pesquisa na busca de novas moléculas para o tratamento da DA, pretende-se
ampliar o conhecimento sobre outros mecanismos bioquimicos e moleculares
que possam contribuir para o efeito supressor do BAPD na DA, visto que sua
fisiopatologia é bastante complexa. Além disso, almeja-se investigar as acdes
anti-inflamatérias do composto em outras comorbidades associadas a esta
patologia.
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Anexo

Anexo A — Comprovacio da Comissédo de Etica em Experimentagéo
Animal

UNIVERSIDADE FEDERAL DE PELOTAS
PARECER N° 62/2018/CEEA/REITORIA
PROCESSO N° 23110.025357/2018-96

Pelotas, 14 de junho de 2018

Certificado

Certificamos que a proposta intitulada “Avaliagdo do efeito de compostos sintéticos inéditos na
dermatite atopica induzida por 2,4-dinitroclorobenzeno em camundongos”, processo n°
23110.023357/2018-96, sob a responsabilidade de Ethel Antunes Wilhelm - que envolve a
produgdo, manutengdo ou utilizagdo de animais pertencentes ao filo Chordata, subfilo Vertebrata
(exceto humanos), para fins de pesquisa cientifica (ou ensino) — encontra-se de acordo com os
preceitos da Lei n® 11.794, de 8 de outubro de 2008, do Decreto n° 6.899, de 15 de julho de 2009,
e com as normas editadas pelo Conselho Nacional de Controle de Experimentagdo Animal
(CONCEA), e recebeu parecer FAVORAVEL a sua execugio pela Comissio de Etica em
Experimentag¢do Animal, em reunido de 11/06/2018.

Solicitamos que no TCLE seja assinado pelo Chefe do Biotério (fornecedor dos animais).

Finalidade ( X ) Pesquisa () Ensino
Vigéncia da autorizagdo 15/07/2018 a 15/07/2023
[Espécie/linhagem/raga Mus musculus/Balb/c
IN® de animais P08
[dade 60 dias
Sexo Fémeas
Origem Biotério Central - UFPel
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Numero para cadastro: 23357-2018

M.V. Dra. Anelize de Oliveira Campello Felix

Presidente da CEEA

e|‘ Documento assinado eletronicamente por ANELIZE DE OLIVEIRA CAMPELLO FELIX,
J j Médico Veterindrio, em 14/06/2018 as 10: 45 conforme horario oficial de Brasilia, com
fundamento no art. 62, § 12, do Decretc 39, ¢

assinatura
eletronica

EF AT 0178016 e 0 codlgo CRC 8!103652

Referéncia: Processo n® 23110.025357/2018-96 SEIn® 0178016
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