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1. RESUMO

A infecdo géstrica em humanos por Helicobacter pylori (H. pylori) € uma das mais
comuns, mas apenas esta relacionada com patologia em menos de 20% da
populacao infetada. A maioria dos individuos permanece colonizada durante
toda a vida porque esta bactéria € um micro-organismo altamente adaptado ao
hospedeiro conseguindo ludibriar os seus mecanismos de defesa. A cronicidade
da infecdo bem como a heterogeneidade da viruléncia das estirpes deste micro-
organismo, associadas a determinados fatores de risco genéticos por parte do
hospedeiro, fazem com que determinados individuos sejam particularmente
suscetiveis ao desenvolvimento de patologia gastroduodenal. Apesar de haver
ainda muito para investigar, o risco de desenvolver doenca ulcerosa péptica ou
mesmo cancro gastrico, esta indiscutivelmente relacionado com alteracfes
moleculares, histoldgicas e fisiopatolégicas que esta bactéria induz na mucosa

gastrica.

A infecdo por H. pylori, desencadeia uma sequéncia de alteragdes na mucosa
gastrica que se iniciam com uma gastrite superficial e que pode progredir para
gastrite cronica, gastrite atrofica, metaplasia intestinal, displasia e, finalmente,
carcinoma gastrico. A metaplasia intestinal resultante da agressao da mucosa
por H. pylori, que esta presente em cerca de 30% dos individuos infetados, pode
ser considerada um processo regenerativo pré-neoplasico que consiste na
transformacdo da mucosa gastrica para num fendtipo intestinal. Quando
presente, a metaplasia intestinal representa um aumento do risco de

desenvolvimento de cancro géstrico.

A cronicidade da infecdo e a sua resisténcia crescente aos antimicrobianos tém
sido atribuidas ndo apenas a variabilidade genética, mas também a capacidade
deste microrganismo formar biofilmes bem como a possibilidade desta bactéria
entrar num estado de dorméncia, ou de nao replicacdo, como estratégia para

superar as condi¢cdes adversas do meio envolvente.

Os diferentes regimes terapéuticos anti-H. pylori disponiveis atualmente, tém
varios problemas inerentes, tais como, a presenca de alta taxa de resisténcia
desta bactéria a diversos farmacos em multiplas areas geograficas, os efeitos

secundarios da terapéutica e também, ndo menos importante, dificuldade de
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acesso a mesma por parte de determinados grupos populacionais devido ao seu

elevado custo.

Assim, sdo necessarias novas terapéuticas alternativas, como probidticos,
peptideos, polissacarideos, alimentos funcionais/nutracéuticos, nomeadamente
polifendis onde se inclui a curcumina, que contribuam para a modulagéo da
resposta inflamatoria e consequentemente previnam (prevencao secundaria) os

efeitos deletérios do H. pylori na mucosa gastrica.
Os objetivos da presente tese foram:

1) Desenvolver um modelo experimental de infecédo crénica no ratinho,
monitorizando a sua evolucéo ao longo do tempo, sem necessidade de
sacrificar os animais;

2) Esclarecer um dos possiveis mecanismos que podem contribuir para o
desenvolvimento de metaplasia intestinal na mucosa gastrica;

3) Verificar a resposta inflamatéria induzida por H. pylori na mucosa
gastrica e a sua possivel modulacdo pelo nutracéutico curcumina;

4) Demonstrar que a curcumina tem a capacidade de inibir a

cyclooxygenase-2;

Neste contexto, como consequéncia da atividade por n6s desenvolvida, foram
elaborados quatro estudos originais de que resultaram as correspondentes

publicacdes.
Estudo 1 (descri¢do resumida)

O trabalho experimental de infecdo crénica com H. pylori e monitorizacdo da
infecdo ao longo do tempo s6 foi possivel com a adaptacéo ao ratinho do teste
respiratério com 3C-ureia usado em humanos. Este método de diagndstico,
desenvolvido por n6s de um modo pioneiro no ratinho, permitiu confirmar a
manutencdo da bactéria na mucosa gastrica em qualquer momento da
experiéncia. Este teste mostrou ser bastante sensivel (96%) e especifico
(85,7%), usando a técnica de PCR como padrdo, tendo ainda a vantagem de
nao ser necessario sacrificar os animais ao longo de toda a experiéncia. O seu
desenvolvimento foi fundamental para a realizagc&o de todos os trabalhos que se

seguiram na presente tese.



Estudo 2 (descricdo resumida)

O principal mediador molecular da transformacao da mucosa de tipo gastrico em
mucosa de tipo intestinal € o fator de transcricdo CDX2. Em condi¢cdes normais,
a expressao de CDX2 encontra-se restrita ao intestino, podendo ser expressa de
modo ectopico em lesbes de metaplasia intestinal ndo s6 no estdbmago, mas
também no eséfago e na vesicula biliar. Sabe-se que tanto a proteina
morfogenética 6ssea (BMP — bone morphogenetic protein) como a infecéo por
H. pylori em culturas de células gastricas regulam positivamente a expressao de
CDX2. Em sentido oposto, a expressdo de CDX2 também pode ser reprimida,
sendo um dos possiveis candidatos o SOX2. Na verdade, em culturas de células
de carcinoma gastrico infetadas por H. pylori foi demonstrado que ha uma
diminuicdo da atividade de SOX2, com o consequente aumento da atividade da
CDX2.

Tendo em conta que a infecdo por H. pylori é o principal fator desencadeante
para o desenvolvimento de metaplasia intestinal no estdmago, no presente
estudo demonstrou-se pela primeira vez que este micro-organismo afeta a
expressdo e atividade da via de sinalizacdo da BMP. Na verdade, a ativacdo
desta via de sinalizacdo aumentou a expressdo de CDX2 e reduziu a expressao
de SOX2 podendo deste modo contribuir para o desenvolvimento da metaplasia

intestinal.
Estudo 3 (descri¢do resumida)

A semelhanca do que ocorre em humanos, o H. pylori provocou inflamagao
intensa na mucosa gastrica dos ratinhos infetados, o que se verificou nas
vertentes molecular e histolégica. A infecdo experimental aumentou de modo
significativo a expresséo de diversas quimiocinas habitualmente envolvidas na
gastrite induzida por H. pylori, como sejam a CCL20, CCL5, CXCL1, CXCL10,
CXCL11 e CCL25. De igual modo verificou-se um aumento significativo da
expressdo de TNF-q, IL-6 e IL-1B nos ratinhos infetados. A infe¢do por H. pylori
aumentou também a expressdo de MyD88 bem como da grande maioria dos
TLRs. O tratamento dos ratinhos infetados aos quais foi administrado curcumina
normalizou a expressao de todos estes mediadores da inflamacgao induzida por

este micro-organismo.
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Este trabalho demonstrou que a curcumina tem evidentes propriedades anti-
inflamatorias ao reduzir a inflamacdo da mucosa gastrica num modelo

experimental de infecdo crénica, a nivel histologico e molecular.
Estudo 4 (descricao resumida)

A Ciclooxygenase-2 (COX-2) tem sido associada ao aumento da proliferacao
celular da mucosa gastrica, podendo o incremento descontrolado da sua
expressdo induzir lesbes na mucosa gastrica e consequente crescimento
tumoral. A infecdo por H. pylori aumenta a expressédo de COX-2, verificando-se
a sua regressao para niveis normais, apos erradicacdo deste micro-organismo.
No que respeita aos nutracéuticos, o seu efeito na diminuicdo da COX-2, pode
constituir uma mais valia, evitando os potenciais efeitos colaterais adversos dos
farmacos habitualmente usados na inibicdo desta enzima, os AINE's. Assim, a
utilizacdo de nutracéuticos podera ser considerada uma estratégia promissora,

principalmente no ambito da prevencgéo secundaria.

O nosso trabalho estudou o efeito de um nutracéutico, a curcumina, na
expressdo de COX-2 e demonstrou que a sua expressao a nivel de mRNA e a
nivel da proteina se encontrava aumentada a 6% 182 e 242 semanas poés
inoculagdo com H. pylori. O tratamento com curcumina reduziu de modo
significativo a expressao de COX-2 nos ratinhos infetados em todos os tempos

da experiéncia.

Dos trabalhos por nés efetuados podemos concluir que, 0 modelo experimental
de infecdo crénica por H. pylori demonstrou ser eficaz e o pioneiro teste
respiratério com 3C-Ureia um método fidedigno na confirmacgéo da infecéo dos
ratinhos e também na sua monitorizacdo ao longo de todo o periodo de

experimentagao.

Também demonstrdmos de um modo pioneiro que a infe¢éo por H. pylori afeta
a expressao e atividade da via de sinalizacdo do BMP e que a sua ativacéo
aumentou a expressao de CDX2 e reduziu a de SOX2. Este facto pode contribuir

definitivamente para o desenvolvimento da metaplasia intestinal.

De igual modo, os nossos trabalhos experimentais, igualmente pioneiros, de

demonstragao “in vivo” das propriedades anti-inflamatérias da curcumina em
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contexto de infecdo cronica, evidenciaram que o consumo de polifendis na dieta
podera constituir uma abordagem terapéutica no controlo dos efeitos deletérios

da inflamacéo géstrica provocada por H. pylori.

Com base nos resultados obtidos, podemos especular que a suplementacgéo
com curcumina da dieta humana pode constituir uma abordagem possivel, no
contexto da prevencdo secundaria de lesGes gastricas induzidas por H. pylori,

em areas de alta prevaléncia desta infeccdo sem os efeitos deletérios dos AINESs.
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SUMMARY

Helicobacter pylori (H. pylori) gastric infection in humans is one of the most
common, but it is only related to pathology in less than 20% of the infected
population. Most individuals remain colonized throughout their life because this
bacterium is a microorganism highly adapted to the host, managing to outwit its
defense mechanisms. The chronicity of the infection as well as the heterogeneity
of the virulence of the strains of this microorganism, associated with certain
genetic risk factors by the host, make certain individuals particularly susceptible
to the development of gastroduodenal pathology. Although there is still a lot to
investigate, the risk of developing peptic ulcer disease or even gastric cancer is
unquestionably related to the molecular, histological and pathophysiological

changes that this bacterium induces in the gastric mucosa.

Infection with H. pylori triggers a sequence of changes in the gastric mucosa that
begin with superficial gastritis that can progress to chronic gastritis, atrophic
gastritis, intestinal metaplasia, dysplasia and, finally, gastric carcinoma. Intestinal
metaplasia resulting from mucosal aggression by H. pylori, which is present in
about 30% of infected individuals, can be considered a pre-neoplastic
regenerative process that consists of transforming the gastric mucosa into an
intestinal phenotype. When present, intestinal metaplasia represents an

increased risk of developing gastric cancer.

The chronicity of the infection and its increasing resistance to antimicrobials have
been attributed not only to genetic variability, but also to the ability of this
microorganism to form biofilms as well as the possibility of this bacterium entering
a state of dormancy, or non-replication, as a strategy to overcome the adverse

conditions in the environment.

The different anti-H. pylori therapeutic regimens that are currently available, have
several inherent problems, such as the presence of a high rate of resistance of
this bacterium to various drugs in multiple geographic areas, the side effects of
therapy and also, not least, difficulty in accessing it by certain population groups
due to its high cost.
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Thus, new alternative therapies are needed, such as probiotics, peptides,
polysaccharides and natural products, functional / nutraceutical foods, namely
polyphenols including curcumin, which contribute to the modulation of the
inflammatory response and consequently prevent (secondary prevention) the

deleterious effects of H. pylori in the gastric mucosa.
The objectives of this thesis were:

1) Develop an experimental model of chronic infection in the mouse, monitoring

its evolution over time, without the need to sacrifice the animals;

2) Clarify one of the possible mechanisms that can contribute to the development

of intestinal metaplasia in the gastric mucosa;

3) Check the inflammatory response induced by H. pylori in the gastric mucosa

and its possible modulation by the nutraceutical curcumin;
4) Demonstrate that curcumin has the ability to inhibit cyclooxygenase-2;

In this context, as a consequence of the activity developed by us, four original

studies were elaborated which resulted in the corresponding publications.
Study 1 (short description)

The experimental work of chronic infection with H. pylori and monitoring of the
infection over time was only possible with the adaptation to the mouse of the 13C-
urea breath test used in humans. This diagnostic method, developed by us in a
pioneering way in the mouse, allowed us to confirm the maintenance of the
bacteria in the gastric mucosa at any time during the experiment. This test proved
to be quite sensitive (96%) and specific (85.7%), using the PCR technique as a
standard, with the added advantage of not having to sacrifice animals throughout
the entire experiment. Its development was fundamental for the elaboration of all

the works that followed in this thesis.
Study 2 (short description)

The main molecular mediator of the transformation of gastric mucosa into
intestinal mucosa is the transcription factor CDX2. Under normal conditions,

CDX2 expression is restricted to the intestine, and can be ectopically expressed
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in intestinal metaplasia lesions not only in the stomach, but also in the esophagus
and gallbladder. Both bone morphogenetic protein (BMP - bone morphogenetic
protein) and H. pylori infection in gastric cell cultures are known to positively
regulate CDX2 expression. Conversely, the expression of CDX2 can also be
suppressed, with SOX2 being one of the possible candidates. In fact, in cultures
of gastric carcinoma cells infected by H. pylori it has been shown that there is a
decrease in the activity of SOX2, with the consequent increase in the activity of
CDX2.

Considering that H. pylori infection is the main triggering factor for the
development of intestinal metaplasia in the stomach, in the present study it was
demonstrated for the first time that this microorganism affects the expression and
activity of the BMP signaling pathway. In fact, the activation of this signaling
pathway increased the expression of CDX2 and reduced the expression of SOX2,
thus contributing to the development of intestinal metaplasia.

Study 3 (short description)

As it happens in humans, H. pylori caused intense inflammation in the gastric
mucosa of the infected mice, which was verified in the molecular and histological
aspects. The experimental infection significantly increased the expression of
several chemokines commonly involved in H. pylori-induced gastritis, such as
CCL20, CCL5, CXCL1, CXCL10, CXCL11 and CCL25. Likewise, there was a
significant increase in the expression of TNF-a, IL-6 and IL-1 in the infected
mice. H. pylori infection also increased MyD88 expression as well as the vast
majority of TLRs. The treatment of infected mice administered curcumin
normalized the expression of all these mediators of inflammation induced by this

microorganism.

This work demonstrated that curcumin has evident anti-inflammatory properties
by reducing inflammation of the gastric mucosa in an experimental model of

chronic infection, at the histological and molecular level.
Study 4 (short description)

Cyclooxygenase-2 (COX-2) has been associated with increased cell proliferation

of the gastric mucosa, and the uncontrolled increase in its expression may induce
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lesions in the gastric mucosa and consequent tumor growth. Infection with H.
pylori increases the expression of COX-2, with a regression to normal levels, after
eradication of this microorganism. With regard to nutraceuticals, its effect in
reducing COX-2, may constitute an added value, avoiding the potential adverse
side effects of the drugs commonly used in the inhibition of this enzyme, the
NSAIDs. Thus, the use of nutraceuticals can be considered a promising strategy,

especially in the context of secondary prevention.

Our work studied the effect of a nutraceutical, curcumin, on the expression of
COX-2 and demonstrated that its expression at the mRNA level and at the protein
level was increased at 6, 18 and 24 weeks after inoculation with H. pylori.
Curcumin treatment significantly reduced the expression of COX-2 in infected

mice at all times of the experiment.

From all of our work, we can conclude that the experimental model of chronic
infection by H. pylori proved to be effective and the pioneering **C-Urea breath
test is a reliable method for confirming the infection of the mice and also for

monitoring them throughout the trial period.

We also demonstrated in a pioneering way that H. pylori infection affects the
expression and activity of the BMP signaling pathway and that its activation
increased the expression of CDX2 and reduced that of SOX2. This fact can
definitely contribute to the development of intestinal metaplasia.

In the same way, our experimental pioneering work, demonstrating “in vivo” the
anti-inflammatory properties of curcumin in the context of chronic infection,
showed that the consumption of polyphenols in the diet may constitute a
therapeutic approach in controlling the deleterious effects of gastric inflammation

caused by H. pylori.

Based on the results obtained, we can speculate that supplementation with
curcumin from the human diet may constitute a possible approach, in the context
of the secondary prevention of gastric lesions induced by H. pylori, in areas of

high prevalence of this infection without the deleterious effects of NSAIDs.
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2. REVISAO DA LITERATURA

2.1 A infecéo por Helicobacter pylori
2.1.1 Introducéao

As primeiras descricbes da presenca de bactérias de forma espiralada em
estbmagos humanos datam de 1889. O dogma nao fundamentado da
impossibilidade de desenvolvimento associada a dificuldade na sua cultura,
contribuiram para o facto da bactéria, hoje designada de Helicobacter pylori (H.
pylori), s6 fosse oficialmente descoberta quase cem anos depois [1]. Em 1982
Barry Marshall e Robin Warren isolaram pela primeira vez esta bactéria
espiralada em biopsias gastricas de doentes com gastrite cronica [2], 0 que levou
estes dois investigadores australianos a serem galardoados com o Prémio Nobel
da Medicina em 2005 (Fig. 1), pela sua repercussao no ambito da patologia
gastroduodenal [3]. Inicialmente classificada como Campylobacter pylori, foi no
entanto incluida em 1989 num novo género, Helicobacter, e reclassificada de H.

pylori [4, 5].

Fig. 1 - Barry Marshall e Robin Warren na cerimonia de atribuigcdo do prémio Nobel

Trata-se de uma bactéria Gram-negativa, de estrutura espiralada, com superficie
lisa e extremidades arredondadas, medindo entre 2 e 5 ym de comprimento e
0,5 a 1,0 um de didmetro. Possui 2 a 6 flagelos unipolares com comprimento

aproximado de 3 um que lhe conferem mobilidade. E uma bactéria
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microaerofilica, com temperatura ideal de crescimento a 37°C, cujo crescimento
in vitro ocorre na presenca de concentracfes de oxigenio (5%) e de didéxido de
carbono (6-10%) [4].

2.1.2 Epidemiologia e transmissé&o

Este micro-organismo que infecta cerca de 50% da populacdo mundial, coloniza
0 estdbmago de humanos ha milhares de anos e a sua presenca foi objetivada
em mumias colombianas com mais de 1700 anos por Pelayo-Correa [6], mas so
nas Ultimas décadas se conheceu a sua importancia na génese da doenca

ulcerosa péptica e do cancro gastrico.

Apesar da elevada taxa de infec&o a nivel mundial, a sua prevaléncia difere entre
0s varios paises e mesmo dentro de grupos de populacdes. A sua prevaléncia
atinge os 90% em alguns paises em desenvolvimento, sendo esta menor nos
paises desenvolvidos (cerca de 40% na Europa Ocidental) [7-8] (Fig. 2). A
infecdo adquire-se habitualmente na infancia e a colonizacdo permanece
durante a vida, mas a grande maioria da populacdo permanece assintomatica,

desenvolvendo doencga apenas uma percentagem diminuta.

Prevaléncia de
Helicobacter pylori
] Desconhecida
[] <40%
[ 40-49%
B 50-69%

] >70%

Fig. 2 — Prevaléncia de Helicobacter pylori na Europa (Adaptado de Hooi, JK et al)[8].
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O aumento continuo da prevaléncia do H. pylori com a idade é devida a um efeito
de coorte, refletindo a transmissdo mais intensa enquanto criangcas em
individuos de coortes com nascimento anterior ao mesmo e ndo um reflexo da
aquisicdo da infecdo ao longo da vida. Um estudo efetuado numa populacéo
pediatrica assintomatica em Portugal (Lisboa, 2011) mostrou que a prevaléncia
da infecéo foi de 31,6% [9].

A transmisséao de H. pylori pode ocorrer dentro das familias (por exemplo, de
pais para filhos) [10-11], mas também entre pessoas nao relacionadas vivendo
em proximidade [12-13].

Nos ultimos anos, a infecdo por H. pylori para além da sua implicacdo na
patologia gastroduodenal tem sido associada a outras doencgas extra-digestivas,
como por exemplo a anemia por deficiéncia de ferro [14-16], a puUrpura
trombocitopénica idiopatica [17-18], doencas cardiovasculares [19-20], doencas
hepatobiliares [21-22] e a diabetes mellitus [23-24].

A associacao desta bactéria a doencgas extra-gastricas tem sido sustentada por
estudos epidemioldgicos, no entanto ndo podemos deixar de a aceitar com
alguma reserva, ja que na grande maioria destes estudos poderao existir fatores
condicionantes de erro. Por este motivo, e de acordo com a Ultima reunido de
consenso sobre a infegao por H. pylori (Maastricht V/Florence Guidelines) [25],
as Unicas doencas extra-gastricas em que a infecdo por H. pylori deve ser
identificada e erradicada sdo a anemia por deficiéncia de ferro, a purpura

trombocitopénica idiopética e a deficiéncia de vitamina B12.
2.1.3 Patogénese

Nesta infecdo é de salientar um conjunto de interacdes entre o hospedeiro, a
bactéria e 0 meio ambiente em que esta ocorre. O risco de desenvolver patologia
gastroduodenal depende assim de uma grande variedade de fatores. Estes,
determinam a capacidade de a bactéria colonizar e persistir no estébmago,
desencadear uma resposta inflamatéria e produzir substancias toxicas para a

mucosa gastrica.

Embora grande parte dos mecanismos moleculares que contribuem para a

colonizagdo da mucosa gastrica pelo H. pylori permanecam ainda
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desconhecidos, conhecem-se ja muitas caracteristicas da bactéria que
contribuem de modo determinante para a sua patogenicidade, tais como, a
atividade ureésica, a estrutura flagelar, o ilhéu de patogenicidade cag PAI (Fig.
3) que codifica um sistema de secrecéo tipo IV (SST4) (Fig. 4), a proteina CagA,
a citotoxina vacuolizante VacA, a adesina babA e a protéase HtrA, entre outros
[26-29].

Genoma H. pylori
1.660.425 bp
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Fig. 3 — Genoma do H. pylori e regido cag PAI (adaptado de Linz, B et al.)[30].

Como foi referido anteriormente, ha diferencas geograficas nos padrdes de
infecdo que podem ser justificadas néo so6 por fatores do proprio hospedeiro, mas

também por fatores ambientais.
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Fig. 4 — Sistema de secrecdo tipo IV (T4SS) (Adaptado de Amieva e EI-Omar 2008)[31].
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No respeitante ao hospedeiro, no caso concreto da infecéo pelo H. pylori, sabe-
se que os polimorfismos genéticos de certas proteinas, apesar de nao alterarem
de modo significativo a fungéo da proteina resultante, podem originar diferencas
significativas na quantidade de proteina produzida, modulam a resposta
inflamatoria, podendo aumentar ou pelo contrario diminuir o grau de inflamacao
e assim contribuir de modo determinante para os diferentes aspetos clinicos das

patologias associadas a esta infegao [32].

Estes polimorfismos, apesar de serem relativamente frequentes, ndo causam por
si sO qualquer doenga, mas admite-se que possam alterar a suscetibilidade aos
agentes ambientais e deste modo atuarem como promotores ou protetores de

determinada patologia.

Quanto aos fatores ambientais, o tipo de alimentacdo, pode exercer um papel
protetor no desenvolvimento de lesGes a nivel gastrico [33], nomeadamente a
ingestao de fruta e vegetais frescos. Na verdade, a ingestdo de alimentos ricos
em vitamina C e betacarotenos, pode proteger o estbmago de agressao atraves
da neutralizacdo de radicais livres [34-35]. Pelo contréario, apesar do efeito da
ingestdo de sal na alimentacdo ainda ndo se encontrar completamente
esclarecido, sabe-se que 0 seu consumo excessivo aumenta a replicacéo
celular, o que em presenca de carcinogéneos pode favorecer o aparecimento de
danos a nivel do DNA e as consequentes mutacfes [36]. Este consumo
excessivo aumenta ainda a expressao de outros fatores de viruléncia da bactéria,
nomeadamente a cagA, o que demostra bem o seu papel na presenca de

estirpes mais virulentas de H. pylori [37].

O fumo do tabaco é outro fator ambiental importante como agente promotor de
cancro do estbmago, tendo um estudo europeu demonstrado que o tabagismo,
s6 por si, é responsavel por 17% dos casos de cancro gastrico [38]. De salientar,
evidéncia cientifica relevante atualmente existente, que sugere um efeito

sinérgico entre a infecao por H. pylori e o fumo do tabaco [39].
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2.1.3.11Ihéu de Patogenicidade cag (cag PAI) e CagA (Citotoxina Associada

ao Gene A)

O cag PAI € uma regido com cerca de 37 kb de DNA cromossomico que codifica
um sistema de secrec¢do do tipo IV (cag-T4SS) e também a citotoxina associada
ao gene A (cagA) [40-41]. Este sistema de secrecéo injeta a oncoproteina CagA
no citoplasma das células gastricas, o que leva a desfosforilacdo de proteinas e

produz alteracdes morfologicas a nivel celular.

Sabe-se hoje que a viruléncia deste ilhéu de patogenicidade depende muito da
sua integridade, pois as estirpes de H. pylori em que este ilhéu esta intacto,

induzem lesdes histolégicas de muito maior gravidade [42].

A CagA, depois de ser translocada para a célula hospedeira, atua como uma
proteina multifuncional, com capacidade para desencadear ndo so rearranjos no
citoesqueleto como também ativar o fator nuclear kB (NF-kB) e estimular a
producdo de IL-8. A libertacdo de IL-8 leva a um recrutamento marcado e a
consequente infiltracdo de neutréfilos na mucosa géstrica, contribuindo
diretamente para a intensidade da resposta inflamatoria, uma das caracteristicas

principais da infecdo por H. pylori [43].

A CagA é sem duvida um dos fatores de viruléncia do H. pylori mais estudados
nos ultimos anos tendo sido identificada antes de se conhecer o ilhéu de
patogenicidade cag PAI. A importancia deste fator de viruléncia fez com que as
estirpes de H. pylori fossem classificadas como CagA positivas (CagA+) ou
negativas (CagA-), de acordo com a presenca ou nao desta proteina.

Vérios estudos tém associado esta proteina CagA ao potencial oncogénico das
estirpes de H. pylori, pois a infecdo de gerbos da Mongélia com uma estirpe
CagA+ induziu cancro gastrico nos animais de experiéncia, 0 que nao se

verificou nos animais infetados com o gene CagA mutado [44].

No que respeita ao ser humano, nos paises ocidentais as estirpes CagA+ estdo
mais frequentemente associadas a Ulcera gastrica ou a cancro do estbmago do
que as estirpes CagA- [45-46]. O mesmo nao se verifica nos paises asiaticos o
gue evidencia que outros fatores de viruléncia ou de suscetibilidade genética do

hospedeiro possam estar envolvidos [47].
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2.1.3.2 Citotoxina vacuolizante (VacA)

A citotoxina VacA € uma exotoxina secretada pelas estirpes de H. pylori na forma
de um grande polipeptideo com 140-kDa. A sua denominacgéao estéa relacionada
com sua capacidade de induzir vacuolizacao celular, resultante da alteracao da
maturacdo endossomica [48]. O gene que a codifica est4 presente em todas as
estirpes de H. pylori e apresenta diversidade alélica em trés regides principais: a
regido s (sinal), a regido i (intermediaria) e a regido m (meio).
Consequentemente, a atividade citotoxica da toxina varia entre as estirpes

consoante as diferentes combinacgdes alélicas destas regides [49].

Podem existir diferentes combinacdes de dois alelos major de cada regido (s1,
s2, i1, i2, i3, m1l, m2), o que que na pratica resulta em toxinas VacA com
capacidade distinta de induzir vacuolizacédo nas células epiteliais [50]. Enquanto
as estirpes de H. pylori vacA sl/ml sdo consistentemente vacuolizantes e
muitas vezes associadas a cancro gastrico [51-52], as estirpes vacA s2/m2 nao
sdo vacuolizantes. Relativamente as estirpes vacA s1/m2 apenas algumas sao
capazes de induzir vacuolos celulares [53]. Em relacao a regido i, as estirpes
s1/m2 que tém um alelo i1 sdo vacuolizantes, enquanto que as estirpes s1/m2

que tém um alelo i2 n&o sdo vacuolizantes.

A VacA também é capaz de induzir a formacéo de canais na membrana celular,
induzir a libertacdo do citocromo “c” da mitocondria e promover a ligacdo a
membrana celular de recetores que ativam uma resposta pro-inflamatéria.
Estirpes com alelo s1 secretam uma toxina ativa e também estdo fortemente
associadas a Ulceras e a cancro do estémago [53]. As combinac¢fes s1/s2 ou
gendtipos s2 sdo também encontradas em doentes com cancro gastrico. O
subtipo m1 demonstra uma atividade vacuolizante mais forte do que o subtipo
m2, e tem sido associado a um risco aumentado de desenvolver lesdo epitelial
gastrica e cancro gastrico [54]. ApoOs a descricdo da regido vacA i, também foi
demonstrado que a determinante da citotoxicidade, o alelo i1, esta associado a
adenocarcinoma gastrico [55-56].

Nos paises ocidentais, na América Latina, Médio Oriente e Africa, tem havido
muitos relatos de que individuos infetados com estirpes de H. pylori s1 ou ml

tém risco aumentado de Ulcera péptica ou cancro gastrico em comparagao com
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os infetados com estirpes s2 ou m2 [57]. Além disso, quase todas as estirpes de
H. pylori positivas para cagA séo classificadas como s1, enquanto que as
estirpes cagA-negativas sdo maioritariamente classificadas como s2/m2 [56]. Em
relagdo a regido i, os estudos efetuados até ao momento ndo conseguiram
demonstrar uma associacao entre esta regido do gene que codifica a citotoxina

VacA e o desenvolvimento de doenca [58].

Recentemente, através de estudos epidemiolégicos moleculares, foram
descobertas mais duas regides nédo conhecidas anteriormente na VacA, a regido
da delecéo (d1 e d2) e aregido c (cl1 e c2) [59]. Do mesmo modo que as regides
descritas anteriormente (s, i, m), algumas variantes destas duas novas regioes
foram associadas a um risco aumentado de cancro gastrico [60-61]. No entanto,
o contributo destas duas regides descritas recentemente para a funcionalidade
da VacA, nomeadamente a formagdo de vacuolizacdo, ainda n&o foi
demonstrada.

Um estudo recente [62] demonstrou que estirpes com o gendtipo vacA sl1/ s2
tém um papel importante na evolugao clinica dos doentes. Segundo este estudo,
a presenca deste gendtipo serviria para identificar os doentes com maior risco
de doenca gastroduodenal e eventualmente distingui-los daqueles que né&o

necessitariam de tratamento.

A associacao de algumas estirpes de H. pylori ao cancro do estbmago sugere
que a identificacdo do genoma bacteriano seja de extrema importancia para
identificar as populacdes em maior risco de desenvolver cancro gastrico [63].
Num futuro préximo, é provavel que com este rastreio, apenas as estirpes mais
virulentas de H. pylori, necessitem ser erradicadas através da utilizagdo de
antibiéticos, podendo eventualmente as estirpes menos agressivas permanecer
no estbmago, desde que seja controlada a inflamag¢do com outros produtos,

nomeadamente nutracéuticos [64].

No que respeita a eventual relacdo entre os fatores de viruléncia do H. pylori e a
resisténcia aos antibidticos, € bem evidente que esta Ultima esta a aumentar em
todo o mundo, enquanto as taxas de erradicacdo do H. pylori estdo a diminuir
significativamente [63]. Um estudo [62] demonstrou que h& uma relacdo entre as

estirpes menos virulentas de H. pylori (cagA negativo e vacA S2) e a resisténcia
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primaria a claritromicina. A presenca de resisténcia aumentada aos antibiéticos
nas estirpes menos virulentas de H. pylori abre também um novo caminho a ser
explorado numa tentativa de investigar quais os doentes que deveriam ser
obrigatoriamente erradicados e com isto diminuir a resisténcia aos antibidticos e

melhorar as taxas de erradicacado desta bactéria [64].

2.1.3.3 Urease

A bactéria possui um mecanismo que Ihe permite resistir ao meio acido hostil do
estbmago, através da adaptacdo do pH do ambiente periplasmatico mediada
pela regulacéo da atividade da enzima urease presente nesta bactéria. A intensa
atividade desta enzima serve também de base a alguns métodos para
diagnosticar a infecdo, como sera descrito adiante.

A urease é uma enzima citoplasmatica mas também pode ser encontrada na
superficie do H. pylori. A urease regula o pH intracelular libertando amaénia para
se ligar aos protdes, sendo a regulacdo do pH extracelular efetuada através da
difusdo da amonia quer para o periplasma quer para o ambiente envolvente da
bactéria [65] (Fig. 5).
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Fig. 5 — Regulacdo do pH extracelular pela a¢do da urease

A amoénia produzida pela degradacdo da ureia sob acdo da urease provoca

danos a nivel celular, produz ativacdo dos fagdcitos, induz a producdo de
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citocinas inflamatodrias, destroi as ligacdes intercelulares (tight junctions) das
células epiteliais e contribui de igual modo, como acontece com a toxina VacA,

para a vacuolizacao das células epiteliais [66-67].

Apesar de inicialmente se pensar que a urease seria pouco importante apés a
colonizagéo bacteriana, sabe-se hoje que desempenha um papel determinante

na manutencao da infecao [68].

A presenca de niquel é fundamental como cofator para o funcionamento da
enzima urease e, este facto, tem despertado um enorme interesse nos
investigadores numa tentativa de desenvolver meios alternativos a antibioterapia
para erradicar o H. pylori, nomeadamente dietas pobres em niquel [69]. Por este
motivo, 0 niquel pode ser considerado também um determinante de viruléncia
para o H. pylori, pois esta bactéria possui duas enzimas, cujo cofator é o niquel,
gue sdo essenciais para a colonizacédo in vivo, [NiFe] hidrogenase e a urease
[70]. Devido a estas duas enzimas, a sobrevivéncia do H. pylori depende de um
importante suprimento de niquel, implicando um controlo rigido na sua
distribuicdo e armazenamento, revelando bem o importante papel destas duas

enzimas [71].

A urease € uma das enzimas mais abundantes neste micro-organismo, 0 que
sugere que as necessidades de niquel sao elevadas. O niquel é naturalmente
abundante em todos os tipos de alimentos e devido ao facto de nao existirem
enzimas para as quais o niquel seja um cofator essencial na atividade catalitica,
nao parece que este seja essencial para seres humanos ou outros organismos
vivos superiores e, deste modo, ndo ha "competicdo" pelo niquel entre o

hospedeiro e o H. pylori [72].

2.1.3.3 Outros fatores de viruléncia

Tém sido descritos outros fatores de viruléncia nos Ultimos anos, essenciais para
a colonizacédo bacteriana, como sejam a GGT, FLOT e a RhpA. O GGT € um
fator importante nas fases iniciais da colonizacdo nédo sO pela sua atividade
metabdlica mas também pelo seu papel defensivo contra o sistema imunitario do

hospedeiro [73]. A FLOT é uma proteina da membrana celular que promove a
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acumulacdo de colesterol pelo H. pylori e aumenta a inducdo de IL-8 [74].
Estudos experimentais “in vivo” demonstraram que a auséncia desta proteina
reduz a colonizagdo num modelo experimental de infecdo em animais [74].
Relativamente a RhpA, sabe-se que influencia ndo s6 a motilidade do H. pylori,
como também a adaptacdo a ambientes de temperatura mais reduzida. Por outro
lado, a RphA regula a expressédo da RNAse J, o que a torna um pivot fundamental

no controlo da viruléncia do H. pylori [75].

Para além destes, muitos outros fatores de viruléncia tém sido descritos, como
sejam a catalase, oxidase e mucinase, mas o seu verdadeiro papel na
progressdo ou gravidade da infecdo pelo H. pylori permanece ainda

desconhecido.

2.1.4 Diagnostico

Desde a descoberta deste micro-organismo desenvolveram-se varios testes
para o seu diagnaostico [76], uns invasivos, em que é necessaria a realizacao
de esofagogastroduodenoscopia e outros denominados nao invasivos [77], que

dispensam a realiza¢do deste ultimo exame.

As alteracdes macroscopicas da mucosa gastrica observadas durante a
realizacdo de esofagogastroduodenoscopia convencional ndo sao confiaveis

para o diagnéstico da infecao.

Nos ultimos anos, a introducdo de fontes de luz laser ou de magnificacéo
associada a esofagogastroduodenoscopia tornou possivel associar certos
padrées macroscopicos da mucosa gastrica a esta infecdo [78-80]. No entanto,
apesar destes avancos 0 acesso a estas tecnologias é ainda limitado a alguns
centros de investigacéo e assim, na grande maioria dos casos, torna-se
necessario a realizacdo do teste rapido de urease (TRU), ou a utilizacédo de
métodos como sejam a histologia ou a cultura a partir de bidpsias gastricas

para fazer o diagnastico.

Outras formas de diagndstico da infecéo pelo H. pylori sdo os métodos nao

invasivos, como os testes serologicos que compreendem a pesquisa de
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anticorpos anti-H. pylori em amostras de soro, saliva ou urina, os testes
respiratorios com ureia marcada com carbono 13 (is6topo néo radioativo) ou
com carbono 14 (is6topo radioativo), a pesquisa de antigénios fecais e a
utilizacdo de métodos de PCR (Polymerase Chain Reaction).

Teste Rapido de Urease — TRU

Este teste consiste na recolha de uma biépsia da mucosa do antro géstrico (local
privilegiado para recolha de amostras para diagnostico de H. pylori) e a
colocacao num frasco contendo ureia e um indicador de pH. A grande quantidade
de enzima urease no micro-organismo leva a hidrolise da ureia em CO:2 e
amonia, promovendo o aumento do pH e alterando a cor da solugdo. Quando
ocorre esta mudanca de cor na solucao, o teste € considerado positivo. H& varios
testes rapidos de urease: uns comercializados, outros manufaturados nas
préprias unidades de endoscopia (Fig. 6). De acordo com a rapidez com que se
verifica a mudanca na cor da solucdo, assim sao designados de rapidos ou
ultrarrapidos, podendo estes ultimos ser lidos entre 1 e 5 minutos. Em caso de
positividade, a rapidez com que se verifica a mudanca da cor nestes testes
depende da sua composicao (gel ou suspensao), da densidade bacteriana, do
volume da bidpsia e também da temperatura. Este método, nomeadamente os
testes comercializados apresentam uma sensibilidade e especificidade entre os
90% - 98%.
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Fig. 6 — Testes rapidos da urease para diagnéstico da infecéo por H. pylori.

Em comparagdo com a histologia e o exame cultural, os testes de urease sdo

muito mais rapidos, de baixo custo e apresentam sensibilidade e especificidade
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comparaveis. Quando ha necessidade de efetuar esofagogastroduodenoscopia,
o TRU é o teste mais utilizado pelos gastrenterologistas para o diagnostico da
presenca de H. pylori na préatica didria. Devido ao seu baixo custo, rapidez no
resultado e eficiéncia, passou a ser usado na rotina das unidades de endoscopia.
O nosso grupo de trabalho introduziu em Portugal um teste rapido da urease em
1994 [81]. Este teste comecou a ser utilizado inicialmente na unidade de
endoscopia do Hospital de Pulido Valente, sendo produzido no Laboratério de
Gastrenterologia do préprio servico. Provou ser sensivel e especifico e passou
a ser usado como método de rotina em todas as esofagogastroduodenoscopias

efetuadas naquela unidade, sempre que necessario.

Histologia

Do mesmo modo que o TRU, o exame histoldgico € realizado através de bidpsias
gastricas colhidas durante a esofagogastroduodenoscopia. De um modo geral
recolhem-se dois ou mais fragmentos da regido do corpo e do antro géstrico. A
identificagdo de H. pylori pode ser realizada recorrendo a diversas técnicas de
coloracdes histoldgicas (Giemsa, hematoxilina-eosina ou Warthin-Starry). A
sensibilidade deste método € habitualmente cerca de 90%, variando a
especificidade entre os 98-100%, dependendo obviamente da experiéncia do
anatomopatologista, do uso recente de antibiéticos ou de inibidores da secre¢ao
acida gastrica e até pela variabilidade na recolha das biopsias no estbmago. A
coloracdo com hematoxilina-eosina além de identificar o micro-organismo
permite informacdes importantes relativamente ao padrdo de inflamacao, a
presenca de atrofia, metaplasia intestinal ou mesmo displasia do epitélio gastrico
[82].

Imunohistoquimica

A imunohistoquimica baseia-se na detecdo de antigénio por um anticorpo
monoclonal ou policlonal, em conjunto com outros processos de coloracéo [83].
Esta técnica ndo é habitualmente utilizada por rotina na detecéo de H. pylori mas

sim em trabalhos de investigacdo. E uma ferramenta poderosa no estudo de
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doencas neoplasicas, permitindo a identificacdo da expressdo de certos
oncogenes em cortes histolégicos. E também muito importante na presenca de

Linfomas MALT e infecdo por H. pylori, para verificar a evolugdo dos mesmos.

Cultura

A cultura de H. pylori € um exame excelente porque permite ndo sé a
identificag8o da bactéria, como também a possibilidade de realizar testes de
sensibilidade aos antibioticos [84]. A resisténcia aos antibioticos é crescente e
as taxas de erradicacao dos diversos esquemas terapéuticos vao diminuindo, o
gue faz com que este método tenha uma importancia cada vez maior,
nomeadamente quando falham a primeiras tentativas de erradicacéo. O
elevado custo, as condi¢cOes exigentes do transporte e o crescimento lento
deste micro-organismo faz com que este método, na grande maioria dos casos,

seja apenas utilizado na escolha de terapéuticas de resgate.

PCR - Polymerase Chain Reaction

O método de detecado por PCR permite a amplificacdo de fragmentos especificos
de DNA bacteriano e possui a grande vantagem de poder ser utilizado ndo sé no
diagnoéstico da infecdo por H. pylori, como também na pesquisa da
suscetibilidade do H. pylori aos antibiéticos [85]. As amostras a amplificar tanto
podem ser fragmentos de bidpsias frescas, congeladas ou mesmo fixadas em
parafina. Este método permite ainda detetar a presenca de H. pylori na urina,
sangue, fezes ou na saliva. Nos ultimos anos a técnica de PCR tem sido muito
utilizada na genotipagem das estirpes de H. pylori. A grande limitagdo consiste
no elevado custo desta técnica.

Teste respiratério com ureia marcada '¥4C-Ureia (*¥1*C-UBT)

O teste respiratorio com ureia marcada é um teste ndo invasivo, que se baseia

na recolha de amostras de ar expirado, antes e depois da ingestdo de uma dose
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de ureia marcada com '°C ou com C. O teste respiratério com 3C-Ureia
encontra-se muito mais difundido na Europa do que o teste com “C-Ureia,
devido aos receios da radiacdo ionizante. Apesar da dose de radiacdo ser
pequena, como existe um isotopo alternativo igualmente eficaz, ndo € razoavel
submeter o doente a uma radiacdo desnecessaria. Alias, o teste com “C-Ureia

esta contraindicado em criancas e em mulheres gravidas.

Os testes respiratérios utilizando 3C sdo faceis de executar, com minimas
possibilidades de variagbes ou erros metodologicos, pelo que sao muito
sensiveis (95-100%) e especificos (98-100%) para a detecdo da infecao por H.
pylori.

A grande maioria dos testes respiratorios obedece a padrées desenvolvidos pelo
European Standard Method for the Urea Breath Test, e que sumariamente
consiste na ingestdo de acido citrico (4,2 g de acido citrico dissolvidos em 200
ml de H20), com o objetivo de provocar atraso no esvaziamento gastrico e
aumentar o tempo de contacto da solucéo de 13C-Ureia com a mucosa gastrica.
Cerca de 10 minutos depois € recolhida uma amostra basal de ar expirado. De
seguida, ingere-se uma solucéo contendo 75-100 mg de '3C-Ureia dissolvida em
adgua. Cerca de 30 minutos depois da ingestdo da solucdo de 3C-Ureia, é
recolhida outra amostra de ar. Apés recolha das amostras, é feita a sua leitura

num espectrometro de massa (Fig. 7) (ou de infravermelhos).

7 O\

Fig. 7 — Espectrometro de massa e teste respiratorio com *3C-ureia diagnostico da infegéo por

H. pylori.
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O resultado final correspondera a diferenca entre as quantidades de '°C nas
amostras basais e posteriores, que se expressa em excesso de 513C. O doente
é portador de H. pylori guando o excesso de atomos de *3C entre a amostra basal

e a amostra posterior (§*3C) for maior que 5%o (0.0055 4&tomos em excesso).

A semelhanca do que tem sido descrito na literatura [86], verificamos que o
tempo ideal de recolha das amostras ap0s a ingestédo de ureia € de 30 minutos

e que o teste tem uma elevada sensibilidade e especificidade [87].

Além do teste respiratério 13C-Ureia possuir alta fiabilidade para o diagnéstico de

infecdo por H. pylori, € simples, seguro e tem uma excelente tolerancia.

Outra das grandes vantagens dos testes respiratérios € a facilidade no
manuseamento das amostras de ar expirado, que podem ser enviadas por
correio a temperatura ambiente para um laboratério central. A quantidade de
atomos de 13C dentro dos tubos, permanece inalterada a temperatura ambiente

por um periodo nunca inferior a 24 meses [88].

Os testes respiratérios com C-ureia podem ainda ser utilizados para
diagnosticar a infecdo gastrica ativa por H. pylori em animais de experiéncia,
conforme demonstrado pelo nosso grupo de trabalho de modo pioneiro ha mais
de 20 anos [89] e também, mais recentemente, no presente trabalho de
investigacdo. Este método de diagnoéstico tem elevada sensibilidade e
especificidade também nos animais de experiéncia e permite confirmar a infecao

sem sacrificar os animais, permitindo efetuar estudos de infe¢é@o crénica por H.

pylori.

Uma revisao recente sobre métodos néo invasivos para diagnosticar a infecao
pelo H. pylori [90] concluiu que, em doentes sem antecedentes de gastrectomia
ou em doentes que ndo tomaram antibiéticos ou inibidores da bomba de protées,
o teste respiratério com 3C-ureia tém uma alta precisdo diagnéstica, enquanto
que outros métodos nao invasivos para diagnosticar a infecdo, como sejam a
serologia e a determinacdo dos antigénios fecais, foram menos precisos no

diagnéstico.

Apesar dos doentes que realizam terapéutica crénica com inibidores da secrecao

acida gastrica poderem apresentar resultados falsos positivos ou negativos no
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teste respiratorio, um outro estudo mostrou que mesmo nestes doentes, o teste
respiratério com 3C-ureia pode ser realizado, sem comprometer a sensibilidade
e especificidade, desde que, em vez de uma solugdo de acido citrico como
refeicdo de prova, seja usada uma solu¢do contendo uma mistura de trés acidos
organicos (acido citrico, acido malico e acido tartarico) [91]. Esta refeicdo de
prova, tem interesse clinico relevante, nomeadamente para doentes que
clinicamente ndo possam suspender a terapéutica com inibidores da secrecéo

acida gastrica.

De acordo com recentes recomendacdes europeias [25], o teste respiratdrio com
13C-ureia é indicado como o melhor método néo invasivo para o diagndstico da

infecdo por H. pylori.

Serologia

A serologia € um método de diagnéstico ndo invasivo muito mais Util em estudos
epidemioldgicos do que no diagnostico da infecdo ativa pelo H. pylori [92]. Os
anticorpos usados requerem a validacdo e padronizacdo locais. Os testes
serologicos nunca devem ser utilizados no controle de tratamento da bactéria,
porque apoés a erradicacdo do H. pylori, os titulos de anticorpos vao descendo

lentamente, podendo estar positivos mesmo ao fim de 6-7 anos.

Pesquisa de antigenios fecais

De um modo geral, o teste para pesquisa de antigenios fecais de H. pylori utiliza-
se, ou quando o teste respiratério com 3C-Ureia ndo esta disponivel ou em
criancas com idade inferior a 3 anos, nas quais a recolha das amostras de ar
expirado é habitualmente dificil de executar. Além de ser ndo invasivo, apresenta
como vantagens a ndo exigéncia de equipamentos dispendiosos, a rapidez e a
relativa simplicidade da técnica. As amostras de fezes podem ser recolhidas no
domicilio e armazenadas no frigorifico entre 2°C e 8°C durante trés dias. Estas

amostras podem também ser armazenadas a -20°C por tempo indefinido. A
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sensibilidade e especificidade do teste de antigénios fecais € de 95% e 96%

respetivamente, utilizando anticorpos mono ou policlonais [93].

2.1.5 Tratamento atual da infe¢c&do por Helicobacter pylori

A terapéutica de erradicacao sofreu diversas alteracdes desde a sua descoberta.
A terapéutica dupla (com amoxicilina e um inibidor da bomba de protdes) desde

cedo se revelou ineficaz no alcance de taxas de erradicagéo aceitaveis.

A terapéutica tripla com inibidor da bomba de protbes (IBP), claritromicina e
amoxicilina ou metronidazol, foi proposta na primeira reunido de consenso do
European Helicobacter pylori Study Group (EHPSG) no ano de 1997 em
Maastricht para tratar a infecéo por H. pylori, tornando-se um esquema padrao

recomendado durante algum tempo [94].

A semelhanca do que aconteceu com a terapéutica dupla, estudos recentes
revelam a perda de eficacia desta associacao, atingindo-se a erradicacéo de H.
pylori em apenas cerca de 70% dos doentes infetados, valor este considerado
insuficiente no tratamento de uma doenca infeciosa. De salientar ainda que, em
alguns paises europeus, 0s niveis de sucesso das terapéuticas de erradicacéo

séo extremamente baixos, variando entre 25 e 60% [95].

Até aos dias de hoje ndo ha um esquema terapéutico ideal, isto €, com eficacia
elevada (taxas de erradicacado superiores a 90%), boa tolerancia, excelente

adesdao por parte dos doentes e simultaneamente econémico.

Um dos principais fatores que tem contribuido para o insucesso dos diferentes
esquemas terapéuticos é seguramente o0 aumento da resisténcia aos
antimicrobianos, nomeadamente a resisténcia a claritromicina e ao metronidazol.
A sua ma utilizacao nas ultimas décadas, contribuiu seguramente para a elevada

resisténcia a estes dois agentes.

Em 10 anos (entre 1998 e 2008), a resisténcia na Europa a claritromicina quase
duplicou, passou de 9% para 17,5% [96]. Em Portugal, a resisténcia primaria em
criangas ultrapassa ja os 30%, sendo uma das mais altas do continente europeu
[97].
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A resisténcia ao metronidazol, identificada maioritariamente no sexo feminino e
provavelmente associada a sua utilizagdo no tratamento das infecfes
ginecoldgicas [98], apesar de elevada (34%), tem permanecido relativamente
constante nos ultimos anos, sem grandes diferencas na distribuicdo regional a
nivel do continente europeu. A resisténcia a este farmaco tem sido ultrapassada
quer a custa do aumento das doses utilizadas quer do prolongamento do
tratamento ou mesmo através da utilizacdo concomitante de bismuto nos

esquemas terapéuticos [99].

A elevada resisténcia aos antimicrobianos ndo se limita a claritromicina e ao
metronidazol, pois varios estudos provaram que a resisténcia as quinolonas
também aumentou de modo significativo, nomeadamente em Portugal, onde
esta resisténcia podera rapidamente igualar a verificada com a claritromicina
[100]. A resisténcia priméria as quinolonas é significativa na Europa,
nomeadamente em Portugal onde um estudo mostrou que a resisténcia era de
20,9% na década de 90 [101].

Ainda neste contexto, é de salientar que a levofloxacina tem sido sugerida como
alternativa a claritromicina nos esquemas de erradicacao de H. pylori. Aincluséo
da levofloxacina nestes regimes terapéuticos encontra-se também muito
condicionada pelos niveis de resisténcia relativamente a esta quinolona. A taxa
de resisténcia em Portugal é muito elevada (18%) [102], sendo superior a média
do continente europeu, onde a taxa de resisténcia a este farmaco é de 14.1%
[96].

A diminuicdo da eficacia dos diferentes esquemas de erradicacdo deve-se
também a outros fatores, igualmente importantes, e que devem ser tidos em

consideracao aquando da escolha da terapéutica, como sejam:

a) adesao ao tratamento;
b) acidez gastrica elevada,;
c) elevada carga bacteriana;

d) tipo de estirpe.

Recentemente, a Organizacdo Mundial de Saude (O.M.S.) colocou a bactéria H.

pylori na lista das 16 mais resistentes a antibioticos, representando portanto a
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maior ameaca a saude humana [103]. Este anuncio faz parte de uma campanha
da O.M.S. para melhorar a prescricédo e reduzir o uso indevido de antibioticos, e
coincidiu com a publicagao das diretrizes de consenso de H. pylori que tentam
superar a faléncia crescente dos tratamentos de erradicacdo devido a resisténcia

antimicrobiana [25].

Atualmente a terapéutica € norteada, em grande parte, pelo conhecimento da
taxa de resisténcia na populacéo alvo, tendo em atencéo as recomendacdes da
dltima reunido de consenso sobre erradicagdo do H. pylori (Maastricht
V/Florence Consensos Report) [25].

Numa tentativa de superar as baixas taxas de erradicacdo pela terapéutica tripla,
outros esquemas foram entretanto desenvolvidos: sequencial, concomitante,

hibrida (sequencial-concomitante)[25,104].

A terapéutica quadrupla classica com bismuto é ndo sé uma das terapéuticas

mais antigas mas também uma das mais eficazes.

As grandes desvantagens deste esquema terapéutico sdo os efeitos colaterais
e a complexidade que podem complicar a adeséo a terapéutica. Adicionalmente,
0 acesso, quer ao bismuto quer a tetraciclina, ndo sdo universais. No nosso pais,
por exemplo, o bismuto s6 se encontra disponivel em associacdo fixa com
metronidazol e tetraciclina. Esta associacdao fixa, apesar de eficaz, tem um custo

elevado e ndo é de um modo geral bem tolerada.

7

Assim, é inegavel que apesar de todos os avancos na descoberta de novos
tratamentos para a erradicacdo do H. pylori, ressalta a importancia de
desenvolver terapéuticas alternativas, nomeadamente através da utilizacdo de

nutracéuticos para o combate aos efeitos nefastos desta infecéo.

2.2 Modelos experimentais de infec&o por Helicobacter pylori

Nas ultimas décadas foram desenvolvidos modelos animais no sentido de
estudar ndo so6 a patogénese da infe¢ao por H. pylori, mas também a eficacia de
alguns esquemas terapéuticos, onde se inclui a tentativa de desenvolver uma

vacina [105]. Apesar de toda a controvérsia recente acerca da utilizacdo de
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animais na investigacdo biomédica, a experimentacdo animal € fundamental

para a compreensao da saude em humanos.

Até ao momento atual ndo existe um modelo de infecdo aplicavel a todas as
situagdes, pois cada um deles apresenta vantagens e desvantagens, sendo a
escolha baseada na acessibilidade a determinado animal, no custo, na
existéncia de reagentes para essa espécie e também ao grau de conhecimento
do genoma do hospedeiro. Deste modo, o modelo de infecdo no ratinho, tem
sido, nos dias de hoje, considerado de entre os disponiveis, 0 mais conveniente
e adequado [106]. No entanto, muitas vezes ndo é possivel infetar o ratinho com
uma determinada bactéria patogénica para os humanos (ex°: H. pylori), e neste
caso a alternativa consiste em escolher outro animal de experiéncia ou encontrar
uma bactéria alternativa que infete o ratinho e mimetize a infegdo no humano
[107]. Por este motivo, durante alguns anos, apdés a descoberta de H. pylori,
varios modelos experimentais de infecdo foram realizados com bactérias
alternativas que simulassem a infecéo por H. pylori e deste modo utilizaram-se

estirpes de Helicobacter felis no ratinho e de Helicobacter mustelae em furdes.

2.2.1 Porco

A utilizagdo de leitdes “Germ-free” foram dos primeiros animais a serem usados
como modelo experimental bem-sucedido de infe¢do por H. pylori [108]. Este
modelo foi especialmente util na definicdo da importancia dos fatores criticos da
colonizagdo, como sejam a urease e o ilhéu de patogenicidade cag-A [109]. A
utilizagéo deste modelo tem dois grandes inconvenientes, o custo dos animais e

o facto de requerer instalac6es adequadas [110].

2.1.2 Primatas ndao humanos

Os primatas sdo excelentes candidatos para investigacdo da infecdo por H.
pylori. A sua similaridade fisiol6gica e anatémica com o homem, permite inclusive
a realizacdo de esofagogastroduodenoscopia para recolha de bidpsias, sem
necessidade de eutanasia. Os chimpanzés e os macacos rhesus tém sido

utilizados em numerosos projetos de investigacao.
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Os macacos rhesus séo por vezes naturalmente colonizados por H. pylori e por
isso identificados como um modelo ideal para mimetizar a infecdo por H. pylori
em humanos [111]. Este modelo tem sido utilizado no contexto de estudos para
o desenvolvimento de vacinas [112-115]. A limitag&o da sua utilizacao relaciona-
se com a dimens&o dos animais, 0 custo e a inexisténcia de biotérios licenciados

em numero suficiente.

2.2.3 Caes e Gatos

O modelo de infecdo com caes beagle foi descrito, quer para a infecdo aguda
quer cronica, com H. pylori [116]. A infecdo aguda provoca sintomas (vomitos e
diarreia) que desaparecem espontaneamente e uma gastrite aguda, com
recrutamento precoce de neutrdfilos, a que se segue o0 aparecimento de erosdes

superficiais, foliculos linfoides e gastrite cronica.

Relativamente aos gatos domésticos foram descritas por varios autores, infecdes

naturais e experimentais com H. pylori [117-120].

A sua infecdo natural prolongada representa um modelo adequado para o estudo
da patogénese desta bactéria devido as semelhancas ndo s6 da resposta
imunitaria, mas também da resposta da mucosa gastrica a agressao cronica
[121].

Os modelos acima descritos, a semelhanca do modelo com primatas nao
humanos, permitem a monitorizacdo das consequéncias da infecédo pelo H. pylori
através de esofagogastroduodenoscopia, desde que se tenha em consideracdo
que, por vezes, pode haver colonizagdo com outras espécies de Helicobacter,
quer em gatos quer em céaes [120-121].

2.2.4 Ratos

Os modelos de infecdo descritos anteriormente, tém o inconveniente de serem
dispendiosos, pouco acessiveis e dificultarem a utilizagdo de um grande numero
de animais em simultaneo. Assim, os modelos de infecdo experimental que

utilizam animais de pequenas dimensdes, faceis de manusear e pouco
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dispendiosos, como os que utilizam ratos, tém despertado especial interesse dos

investigadores.

As primeiras tentativas de infecdo de ratos com H. pylori foram efetuadas por
Cantorna em 1990, mas foram desmotivadoras [122], devido a obten¢do de uma
taxa de infecdo muito baixa.

No entanto foi possivel colonizar o estdmago (antro) de ratos com uma bactéria
denominada Helicobacter felis (H. Felis), com um genoma semelhante em 96%
ao de H. pylori, que ja tinha sido previamente identificada no estbmago de
gatos e posteriormente de caes [123]. Neste contexto, Lee publica uma série
de experiéncias em ratinhos “germ free”, que mostraram que este micro-
organismo produzia uma gastrite cronica ativa, com algumas das
caracteristicas da inflamacé&o induzida por H. pylori em humanos [124]. Este
modelo rapidamente se difundiu, tendo tido numerosas aplicacdes quer na
avaliacdo de terapéuticas de erradicacdo [125], quer em estudos sobre a
fisiopatologia da inflamacéo [126].

A popularidade e utilidade deste modelo, ndo demoveu os investigadores de
conceber um modelo de rato infetado por H. pylori. Um dos primeiros avancos
data de 1991 [127], em que a utilizacdo de bidpsias frescas, e ndo de bactérias
em cultura, permitiu a colonizacao do estdbmago de ratos atimicos, ainda que por
um periodo breve. Marchetti [128] deu um enorme contributo para a resolucéo
deste problema ao promover diversas inovac¢des no modelo que desenvolveu: a)
Utilizacao de estirpes CagA e VacA: a colonizacao dos ratinhos parecia facilitada
com 0 recurso a estirpes expressando os antigénios CagA e VacA, da mesma
forma que estas seriam as Unicas capazes de induzir gastrite (por comparacao
com estirpes que ndo expressavam estes antigénios); b) Passagem seriada de
estirpes no animal: a capacidade de uma determinada estirpe colonizar o
estbmago de rato parecia aumentar com a sua passagem seriada no animal.
Esta inovacédo foi muito importante, uma vez que as infecBes eram inicialmente
produzidas através da homogeneizacéo de biopsias gastricas humanas ou entéo
através da utilizacdo sequencial de varios indcuos, o que parecia favorecer a
colonizag&o. Aparentemente, os ratos infetados com este modelo, mantinham a

infecdo pelo menos durante 8 semanas.
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Também McColm [129] propbs um modelo de infecdo em animais “germ-free”,
com estirpes CagA e VacA positivas. Obteve uma colonizacdo durante pelo
menos 5 meses com a possibilidade de isolar o H. pylori de véarias partes do
estbmago de ratinho, em especial da regido do cérdia, mas infelizmente, pouca

ou nenhuma presenca de gastrite era evidente neste modelo.

Brzozowski [130] desenvolveu também um modelo em ratos SPF-BALB/c
infetados com uma estirpe de H. pylori selecionada de um doente com Ulcera
gastrica, expressando os antigénios CagA e VacA, que foi administrada ao
ratinho em trés etapas (dias 1, 3 e 5). No entanto neste modelo n&o sé&o
fornecidos detalhes sobre a natureza das lesbes histologicas, nem sobre a

duracéo da infecéo.

Dos modelos acima descritos, foi possivel tirar algumas conclusdes: a) A grande
importancia da concentracdo de bactérias existentes no inécuo (hunca menos
de 108/ml) e do tempo que decorria entre a recolha da estirpe da cultura e a
inoculacédo; b) A superioridade do potencial infecioso das culturas com 24h
comparativamente as 48 e 72 horas; ¢) O papel fundamental do volume
administrado, que deve estar adaptado a capacidade maxima do estdémago,
aumentando a superficie de contacto com a mucosa. De registar também outro
dado fornecido por Wang [131], que evidenciou a importancia da dieta na

recuperacao e cultura do H. pylori nos ratinhos.

Apesar dos avancos acima mencionados, havia a nog¢do que os modelos
disponiveis eram insuficientes, ndo preenchendo os critérios de Lausanne que
pretendiam uniformizar e aproximar da infecdo humana um modelo de rato
infetado por H. pylori [132]. Assim, este devia preencher os seguintes critérios:
1) alto grau de colonizacao e presenca de gastrite cronica ativa no antro e corpo;
2) numero elevado de bactérias por grama de tecido gastrico; 3) presenca de
adesdo bacteriana ao epitélio; 4) periodo prolongado de colonizacdo, e 5)
manutencao da capacidade colonizadora da bactéria apds multiplas passagens

“in vitro”.

Em 1997, Lee [133] apresentou um excelente projeto de investigagdo em que
resolveu todos estes problemas. Iniciou os seus trabalhos selecionando 15

estirpes a partir de doentes que frequentaram uma unidade de endoscopia.
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Todas as estirpes eram CagA e VacA positivas por PCR (polymerase chain
reaction) e diferentes entre si por RAPD (randomly amplified polymorphic DNA).
A cada 10 ratinhos SPF-BALB/c administrou um homogeneizado de bidpsia,
seguido de 3 inécuos durante um periodo de 5 dias (dia 1, 3 e 5). Ao mesmo
tempo recorreu a misturas de homogeneizados das mesmas biopsias em
ratinhos da estirpe C57BL/6. Nas primeiras experiéncias foi possivel isolar uma
estirpe capaz de colonizar os ratinhos, a qual foi recuperada e reinoculada em
diversas passagens. Por outro lado, nas segundas experiéncias foi também
obtida apenas uma estirpe com capacidade colonizadora, a qual foi igualmente
submetida a varias passagens pelo estdbmago de ratinhos. Os estudos de
biologia molecular demonstraram tratar-se de uma mesma estirpe, obtida a partir
de uma emigrante grega de 42 anos, com histéria de Ulcera duodenal. Apos
varias passagens, esta estirpe foi administrada a varias estirpes de ratos: SPF-
BALB/c, C57BL/6 e SJL, para avaliacdo da colonizacdo e de alteracfes
histopatoldgicas aos 3, 5, 6 e 8 meses. Seis meses depois da inoculagéo, foi
possivel obter uma gastrite crénica do corpo e do antro cuja gravidade aumentou
com o tempo de colonizacdo, obtendo-se mesmo areas de atrofia, que eram
sobreponiveis nas estirpes BALB/c e C57BL/6, embora nos primeiros 6 meses
estes ultimos apresentassem uma gastrite mais intensa, em especial na zona de
transicao corpo-antro. Em ambas estirpes foi possivel obter, por cultura, valores
elevados de H. pylori, em especial para os ratinhos da estirpe C57BL/6. Os
estudos de microscopia eletronica mostraram pedestais de adesao das bactérias

a superficie do epitélio, de uma forma idéntica aos existentes em humanos.

Lee designou esta estirpe bacteriana por Sydney strain (SS1), estabelecendo um
modelo definitivo, dando um passo gigantesco na evolugdo da investigacao
nesta area. Igualmente disponibilizou a estirpe a varios grupos de trabalho, que

a partir desse momento difundiram o modelo de infecao.

Também no Japdo, um grupo de investigadores, utilizando um outro roedor
(gerbo da Mongélia), conseguiu produzir Glceras gastricas e metaplasia intestinal

nesta espécie de animais infetados por H. pylori [134].

Ressalta dos varios modelos de infecdo, desde o recurso ao H. felis até a

utilizagdo da “Sydney strain”, a inexisténcia de 100% de infecdo nos animais
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submetidos apenas a uma inoculacdo de bactérias. Foi este facto que
determinou a inoculacdo multipla e sequencial com estirpes de H. pylori nos
estudos iniciais de Adrian Lee [133] e que tem sido seguida até aos dias de hoje,
nos multiplos estudos de infecdo de ratinhos com estirpes deste micro-
organismo [135-136].

Deste modo, no modelo experimental do presente trabalho, foram também

utilizadas trés inoculacfes sucessivas.

De realcar que, na grande maioria dos estudos efetuados com ratinhos infetados
com H. pylori, s6 o sacrificio do animal permitiu a identificacdo da infecao, sendo
de salientar ainda que em alguns casos a recuperacao da estirpe sob a forma de
cultura e a sua visualizacdo histologica, se revestiu de marcadas dificuldades.
Também, estudos que tém por objetivo analisar terapéuticas de erradicacao,
implicam invariavelmente o sacrificio do animal para avaliar a eficacia do

tratamento.

Do acima descrito deduz-se a necessidade de estabelecer um modelo de infecéo
cronica que permita detetar com grande margem de seguranca a existéncia de

infecdo sem o recurso a morte dos animais.

2.3 Nutracéuticos — aspetos gerais

A sociedade moderna € cada vez mais complexa e competitiva, modificando os
padroes de vida das populagdes. O chamado “stress” da vida quotidiana e
também o tipo de alimentacdo (cada vez mais processada) tem aumentado a
prevaléncia de certas doencgas, nomeadamente a diabetes mellitus e as doencas

cardio e cerebrovasculares [137].

De salientar que a preocupacao pela possivel relacdo entre os alimentos
ingeridos e algumas doencas ja era referida por Hipocrates no ano 400 a.C.,
guando postulou "Que teu alimento seja teu remédio”. Passados mais de 2000
anos, este postulado continua a ser atual, chamando a atencdo que existe uma

relacdo evidente entre a alimentacéo e o estado de saude [138].
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De referir também que, a baixa incidéncia de algumas patologias (doencas
cardiovasculares, osteoporose, diabetes mellitus etc.) em certos grupos
populacionais, nomeadamente nos esquimas, chamou a atencdo para o eventual
efeito preventivo da dieta, baseada em peixes e produtos do mar ricos em acidos
gordos polinsaturados das familias émega 3 e 6 [139]. De igual modo, na
populacao francesa, o consumo de vinho tinto, rico em grande quantidade de
compostos fendlicos, tem sido responsabilizado pela baixa incidéncia de
doencas cardio e cerebrovasculares apesar do consumo elevado de gorduras na
dieta. Estudos epidemiologicos mostram também que nas populacdes orientais,
onde o consumo de soja (rica em fitoestrogénios) e o elevado consumo de fruta
e verduras, tém contribuido para uma reducéo significativa na incidéncia ndo sé

das doencgas cardiovasculares como também do cancro da mama [140-141].

Na verdade, sabe-se hoje que a mortalidade associada a doencas
cardiovasculares, cancro e acidente vascular cerebral, entre outras, pode ser
minimizada através de habitos alimentares saudaveis, em que os alimentos

funcionais e os nutracéuticos tém um papel determinante [142].

Os alimentos funcionais e os nutracéuticos tém sido considerados sinbnimos. No
entanto, os primeiros devem estar na forma de alimentos correntes, serem
consumidos como parte da dieta e produzir beneficios especificos na saude,
nomeadamente a reducdo do risco de diversas doencas e a manutencdo do
bem-estar fisico e mental. As substancias biologicamente ativas, encontradas
nos alimentos funcionais, podem ser classificadas em diversos grupos, tais
como: probidticos e pré-bidticos, alimentos sulfurados e nitrogenados, pigmentos

e vitaminas, compostos fendlicos, acidos gordos polinsaturados e fibras [143].

Quanto ao termo Nutracéutico, resultante da juncdo de “Nutriente” +
“Farmacéutico”, foi introduzido pela The Foundation for Innovation in Medicine —
FIM em 1989 [143]. Os nutracéuticos, alguns dos quais produzidos através de
meétodos de fermentacdo com a utilizacdo de microrganismos considerados
seguros (GRAS - Generally Recognized as Safe), podem incluir fibras dietéticas,
acidos gordos polinsaturados, proteinas, peptidios, aminoacidos ou cetoacidos,
minerais, vitaminas e outros antioxidantes (glutationa, selénio) [144, 145]. Os

nutracéuticos incluem, ndo s6 nutrientes isolados (suplementos dietéticos na
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forma de capsulas), mas também os que fazem parte dos produtos derivados de
plantas e alimentos processados tais como cereais, sopas e bebidas [146-147].
De entre os mais comercializados atualmente, incluem-se vegetais como o

ginseng, o ginkgo biloba e a echinacea [148].

2.3.1 Nutracéuticos e sistema imunitéario

Os seres humanos estdo expostos diariamente a agentes patogénicos com
efeitos deletérios para a saude. O sistema imunitario consiste numa complexa
rede integrada de células, tecidos, 6rgaos e mediadores soluveis, responsaveis
pela defesa do organismo contra qualquer agressao gque ameace a sua
integridade. Uma das suas principais caracteristicas é a capacidade de distinguir
de entre as células e tecidos do organismo as componentes que nao lhe

pertencem (moléculas ou micro-organismos do meio ambiente).

A resposta imune é classificada tradicionalmente em dois subtipos: inata e

adaptativa.

O sistema imunitario inato constitui a primeira linha de defesa. No entanto, este
tipo de resposta é incompleto e ndo possui memoria de longo prazo [149-150].
Fazem parte deste sistema, ndo s todo o tipo de barreiras (quimicas e fisicas),
mas também as células fagociticas (mondcitos, macréfagos e neutréfilos), as
mais abundantes do sistema imunitario, o sistema do complemento e varias
classes de recetores utilizados por células inatas. Destacam-se 0s recetores toll-
like (TLRs) que fazem parte de uma familia de recetores mais extensa,
conhecida como reconhecimento de padrdes familia (PPPs), capaz de detetar
padrées moleculares associados a patégenos (PAMPS), tais como componentes
da parede celular de bactérias ou fungos (lipopolissacaridos, péptidos
bacterianos e [(-glucanos) [151]. De um modo geral, os TLRs e os PPPs
permitem distinguir as células ou tecidos do proprio organismo das células

estranhas.

Este tipo de imunidade, de um modo geral, n&o sofre alteracdo qualitativa e/ou
guantitativa estando presente em todos os individuos, mesmo sem terem tido

contacto prévio com agentes agressores ou imunogenicos.
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No que respeita a imunidade adaptativa, define-se como sendo de resposta
especifica e diversa ao nivel do reconhecimento do agente agressor, com
memodéria e autolimitada [152]. Depende da ativacdo de células especializadas,
como os linfécitos e as moléculas sollveis que por eles sdo produzidas, como
0S anticorpos e as citocinas especializadas [153]. Os linfocitos B e T constituem
0 segundo tipo de células mais abundantes do sistema imunitario, e séo
importantes ndo sé na resposta imune normal a infecdes e tumores, mas também
na mediacao da rejeicdo de transplantes bem como na autoimunidade [150]. Os
linfécitos ativados proliferam e diferenciam-se de um modo exponencial: assim,
as células B transformam-se em plasmacitos, que produzem e libertam milhares
de anticorpos na corrente sanguinea, enquanto que as células T se diferenciam

em diferentes subconjuntos com diversas especializagdes.

Assim os sistemas imunitarios inato e adaptativo, apesar das suas diferencas e
especificidades, funcionam de modo complementar e sincronizado [154]. O
sistema imune inato reconhece a infecédo e “alerta” o sistema imune adaptativo
através da apresentacdo do antigénio, cuja responsabilidade pertence as
proteinas do complexo major de histocompatibilidade (MHC). As células inatas
libertam também outros mediadores quimicos, como citocinas e quimiocinas,
que ativam o sistema imune adaptativo. E muito importante realcar a existéncia
de linfécitos B e T especializados, conhecidos como células reguladoras, uma
vez que nao so iniciam a resposta imune, uma vez reconhecida a agressao, mas
também podem controla-la, evitando assim uma resposta excessiva do sistema
imunitario [155-156].

A sua desregulacdo pode ser responsavel por uma multiplicidade de alteracfes
patoldgicas, como sejam, por exemplo, a alergia, as doengas autoimunes e a
SIDA [157-158]. De salientar, que atualmente, os dados epidemioldgicos
evidenciam um aumento significativo na prevaléncia das doencas do sistema

imunitario [159].

Este facto despertou o interesse da comunidade cientifica, o que levou ao
desenvolvimento de uma classe particular de moléculas, designadas de
imunomoduladoras, capazes de regular a resposta imunitaria em doencas

mediadas pelo sistema imunitario.
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Neste contexto, alguns alimentos funcionais/nutracéuticos pela sua
acessibilidade, baixo custo e boa tolerabilidade, podem representar uma
abordagem terapéutica inovadora. Na verdade, extratos de plantas, como sejam
os flavonoides, alcaloides e polissacaridos, provaram modular a resposta do
sistema imunitario e, deste modo, poderem eventualmente ser usados com

objetivos terapéuticos [160-161].

Nos ultimos anos um grande numero de estudos demonstrou os efeitos
benéficos para a saude de varios alimentos funcionais, nomeadamente alguns
polifendis na dieta [162-163]. Os seus mecanismos de acdo nao estdo ainda
completamente esclarecidos, no entanto sabe-se que abrangem uma ampla
variedade de processos bioldgicos, incluindo ativacdo de vias de sinalizacao,
expressdo génica, proliferacdo celular, e diferenciacdo e preservacdo da
integridade mitocondrial [164]. Na verdade, os polifendis, cujos metabolitos sdo
0s antioxidantes mais abundantes da dieta humana, constituindo um excelente
exemplo de moléculas imunomoduladoras, incluem a curcumina, derivado da

curcuma longa.

A curcumina, enquanto alimento funcional ou sob a forma de nutracéutico, tem
um efeito direto no sistema imunitario (inato e adaptativo), aumentando a
celularidade da medula 6ssea e o numero de leucécitos circulantes [165]. De
igual modo modula a multiplicacéo e a resposta de varios tipos de células do
sistema imunitario, como sejam os linfécitos T e B, os macrofagos, os neutrdfilos,
as células exterminadoras naturais (NK Cells - natural killer cells) e também as
células dendriticas [166]. Como serd descrito adiante com maior detalhe, a
curcumina bloqueia ainda a expresséo de diversas interleucinas induzidas pelo
LPS (lipossacarido) nas células dendriticas, tais como a IL-12, IL-1j, IL-6 e o

TNFo (Fig. 8).
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Fig. 8 — Vias de sinalizacéo inibidas pela curcumina (adaptado de Yadav VS)[161]

Para além da curcumina influenciar a resposta do sistema imune inato através
de MAMPs (Microbe Associated Molecular Patterns), varios estudos sugerem
que as propriedades anti-inflamatérias, de quimioprevencgédo, bem como outros
efeitos benéficos da curcumina podem também ser devidos a modulacdo dos
TLR’s, quando ativados por moléculas endégenas ou em contexto de infecéo
cronica [167-169].

Este efeito imunomodulador da curcumina podera ter implicacdes importantes
no ambito do tratamento de doencas infeciosas ou ndo, que tém como
denominador comum a inflamacao croénica, devido ao seu uso disseminado na
alimentagdo corrente, como alimento funcional, em diversas zonas do globo
[170].

Assim, as caracteristicas acima mencionadas da curcumina, (conhecido como
antisséptico desde ha longa data) [171], demonstram uma ampla gama de
atividades bioldgicas, incluindo efeitos antimicrobiano, antioxidante, anti tumoral
e anti-inflamatério [172], num contexto de baixo custo, pelo que tém despertado
enorme interesse da comunidade cientifica nas ultimas décadas. Este facto,
justificou a opgdo por este componente, sob a forma de nutracéutico, nos

trabalhos de investigacao da presente dissertacao.
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2.3.2 Nutracéuticos e Helicobacter pylori

De acordo com a Organizacdo Mundial da Saude (OMS), cerca de 80% da
populacdo mundial depende da medicina tradicional (principalmente de plantas
medicinais) para suas necessidades basicas de saude [173]. Isso significa que,
apenas 20% depende da medicina moderna (compostos maioritariamente

sintetizados ou semi-sintetizados).

De salientar que, até 25% dos farmacos modernos é de origem vegetal, 11% dos
medicamentos essenciais e basicos € produzido a partir de plantas e 60% dos
citostaticos e antibidticos derivam de produtos naturais [174]. Atualmente a
medicina tradicional, nomeadamente atraves da utilizacdo de plantas e dos seus
derivados é reconhecida ndo s6 nos paises em desenvolvimento, mas também

nos paises industrialmente desenvolvidos.

Numa altura em que a resisténcia aos antibidticos se encontra em franco
crescimento, os produtos naturais, especificamente aqueles que sao de origem
vegetal, sdo fontes potenciais para a descoberta e desenvolvimento de novos
agentes eficazes contra infecdes [175]. Na verdade, devido ao constante
surgimento de micro-organismos resistentes a quase todos os antibidticos
convencionais, tém motivado as empresas farmacéuticas a mudar sua estratégia
e a desenvolver novas drogas antimicrobianas a partir de plantas medicinais
[176].

Embora os antibioticos sintéticos sejam os antimicrobianos dominantes, nas
Gltimas décadas, a incidéncia de doencas infeciosas aumentou drasticamente,
nomeadamente as de origem zoondética (propagacado entre animais e humanos),

entre os quais se inclui a infe¢éo por H. pylori [177].

Existem inUmeras publicacdes cientificas em todo o mundo que descrevem
especificamente a atividade antimicrobiana de plantas e seus derivados contra
este micro-organismo. Uma pesquisa realizada na base de dados PubMED
com os termos “planta e Helicobacter” entre janeiro de 1990 e janeiro de 2020,
lista 952 artigos, incluindo extratos vegetais, compostos de plantas e produtos
vegetais processados. Um dos primeiros artigos evidenciando o efeito anti-H.
pylori data de 1991 [178] e desde entdo, varios artigos sobre este tema tém

sido publicados em diversas populacdes [179-188]. Como ja foi previamente
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mencionado, nos ultimos anos a resisténcia aos antimicrobianos aumentou
drasticamente, ao mesmo tempo que se prevé uma reducdo na descoberta de
novos antibioticos eficazes [189]. A bactéria H. pylori, a semelhanca do que
acontece com outros micro-organismos, para além de desenvolver com
facilidade resisténcia aos antibiéticos, apresenta uma dificuldade adicional no
que respeita a sua erradicagao pelo facto do seu padrao de sensibilidade “in
vitro” diferir do “in vivo” devido a condicdes especificas nas células da mucosa
gastrica [190]. De referir também que este agente bacteriano apresenta uma
frequéncia de mutacdes muito superior a observada em qualquer outra bactéria
[191].

Desde a descoberta deste micro-organismo que se sabe que antibiéticos como
a amoxicilina, a claritromicina e o tinidazol sdo considerados farmacos eficazes
na sua erradicacao [190]. No entanto, como ja referido anteriormente, o H. pylori
€ capaz de resistir a antibioterapia, pelo que mesmo com a utilizacdo de novas
estratégias, entretanto desenvolvidas, nomeadamente as terapéuticas triplas ou
quadruplas, baseadas na combinacédo de antibiéticos, subcitrato de bismuto e
inibidores da bomba de protdes, a erradicacdo é obtida em apenas 80% dos

doentes, sendo por vezes também possivel o risco de recidiva/infecéo [192].

E neste contexto de reducdo da eficacia das terapéuticas convencionais pelo
rapido surgimento de novas estirpes resistentes de H. pylori, que os
nutracéuticos podem ser uma boa fonte alternativa isoladamente ou em

associacdo com 0s esquemas terapéuticos mais recentes.

2.3.3 O Nutracéutico Curcumina

A curcumina, derivada de uma planta, tem sido usado no tratamento de varias
doencas devido a sua eficacia, acessibilidade e ser fonte rica de antioxidantes
[193-194]. E um pigmento amarelo amplamente difundido como especiaria,
especialmente na India e na China, sendo o principal componente polifendélico
obtido a partir do rizoma da Curcuma longa (Fig. 9). Os diversos estudos de
toxicidade efetuados em humanos mostraram que € bastante seguro, mesmo em
altas doses (até 12 g/dia) [195-196].
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Fig. 9 — Curcuma longa e curcumina obtida do rizoma

Quimicamente é um diferoloylmetano (Fig. 10) isolado pela primeira vez ha
mais de 200 anos por dois cientistas aleméaes (Vogel e Pelletier), mas os
primeiros dados sobre a sua atividade biolégica antibacteriana s6 foram

publicados na revista Nature em 1949 [197].
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Fig. 10 — Estrutura quimica da curcumina

A sua eficacia tem sido demonstrada clinicamente e as suas propriedades
antioxidantes desempenham um papel importante no manejo das doencas
inflamatorias crénicas [198]. Na verdade, diversos estudos tém comprovado o
seu potencial terapéutico como antifingico, antiviral, antioxidante e anti-
inflamatorio [199-202].

O mecanismo exato através do qual exerce o seu efeito anti-inflamatorio ainda
nao se encontra completamente esclarecido, mas pensa-se que desempenha
este efeito através da supressdo de varias vias de sinalizacédo celular e da
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inibicdo de enzimas como sejam a ciclooxigenase-2 (COX-2) e a 5-lipooxigenase
[203].

De um modo particular a modulagdo dos niveis de citocinas pela curcumina tem
sido relacionada com a inibigdo da via de sinalizagéo do fator nuclear NF-kB
(Fig. 11) [204].

iNOS miR155
1L-1p
-8

Fig. 11 - Inibicdo da via de sinalizag&o do fator nuclear NF-kB pela curcumina

Esta via desempenha um papel chave na inflamacéo pois este fator demonstrou
controlar ndo s6 a expressao de mediadores inflamatérios como sejam a COX-
2, a sintase induzida do 6xido nitrico (iNOS) e interleucinas, mas também regular
a expressao de mais de 400 genes envolvidos na inflamacéo e outras doencas

cronicas [203].

A inducdo do fator nuclear NF-kB depende também de outros fatores,
nomeadamente da ativacdo dos TLR’s (toll-like receptors), particularmente do
TLR4 (Fig. 12), seguramente o recetor mais bem estudado da familia dos TLR
‘s e que desempenha um papel crucial na regulacdo do sistema imunitario. A
sua ativacdo induz o recrutamento do MyD88 (fator de diferenciacédo mieloide)
que por sua vez induz ativacdo do NF-kB, resultando na modulacdo do
processo inflamatério [205]. O reconhecimento do TLR4 como agente
fundamental na ativagdo do NF-kB e a consequente regulagdo do sistema

imunitario, fez com que os agonistas dos recetores de TL4 tenham sido
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Fig. 12 — Ativagéo do TLR4 e via descendente da MyD88

aprovados como adjuvantes de vacinas [206]. Neste ambito facilitam a
expansdo de células T, aumentam a producdo de anticorpos e induzem

respostas de memoria especificas do antigénio administrado [206].

Nos contextos pré-clinico e clinico, a eficacia da curcumina ja foi comprovada na

prevencao e tratamento de varias doencas humanas [207].

A sua administracdo em doentes infetados por H. pylori, pode ter dois potenciais
objetivos: 1) utilizacdo como adjuvante das terapéuticas classicas, melhorando
as taxas de erradicacao [208]; 2) utilizacdo como agente redutor da inflamacéo,
nomeadamente através da inibicdo da via de sinalizacdo do NF-kB, de modo a
impedir a progressdo para formas mais graves de lesées a nivel da mucosa
gastrica [209], isto €, atuando a curcumina como agente de prevencao
secundaria nos doentes em que nao haja indicacao formal para a erradicacao

desta bactéria.

No respeitante a seguranca da sua utilizacdo como alimento funcional na dieta,
pode referir-se que tem um histérico de seguranca estabelecido desde ha longa
data, pois a curcumina e seus derivados (curcumindides) foram aprovados pela
FDA (Food and Drug Administration) nos Estados Unidos da América do Norte e
reconhecidos como geralmente seguros [210]. A sua tolerabilidade e perfil de
seguranca tém sido demonstrados em diversos ensaios clinicos, mesmo com

doses diarias que variam entre 4 e 12 g [211,212]. Apesar da segurancga estar
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bem estabelecida, tém sido atribuidos a curcumina alguns efeitos colaterais em
individuos saudaveis que receberam doses supra-terapéuticas de curcumina
(até 12 g diéarios), tais como diarreia, cefaleias, erupcdo cutanea e fezes
amarelas [213].

Assim, de acordo com o comité de peritos em aditivos alimentares das Nacdes
Unidas, da Organizacdo Mundial da Saude (JECFA) e também da Agéncia
Europeia da Seguranca Alimentar (EFSA) a dose ingerida diaria de curcumina
em humanos deve ser < 3 mg/kg de peso corporal [214].

De referir também que a ingestao de curcumina pode interferir com a eficacia
de outros farmacos, nomeadamente antidiabéticos orais e antiagregantes
plagquetéarios [215 - 216], pelo que este fato deve ser tido em conta quando a
sua administragcéo a doentes polimedicados.
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3. OBJETIVOS DO ESTUDO

3.1 Estabelecimento de um modelo experimental de infe¢cdo cronica no
ratinho pelo H. pylori, estavel ao longo do tempo, de modo a permitir a verificacdo
do efeito da bactéria na mucosa gastrica, monitorizando a infecdo sem

necessidade de efetuar eutanasia (Publicacdo 1);

3.2 Avaliacao do efeito da infec&do crénica por H. pylori na via de sinalizagcéo
BMP (bone morphogenetic protein) e a sua relacdo com a expressao de CDX2
e de SOX2 (Publicacéo 2);

3.3 Demonstracéo da atividade anti-inflamatéria da curcumina na mucosa

gastrica de ratinhos infetados cronicamente por H. pylori (Publicacéo 3);

3.4  Avaliacdo do efeito da curcumina na expressao de COX-2 na mucosa
géstrica de ratinhos com infe¢&@o cronica por H. pylori (Publicacéo 4).

54



4. MATERIAIS E METODOS

Para atingir os objectivos propostos, realizou-se um estudo em duas fases

distintas.

A primeira fase consistiu no desenvolvimento de um modelo experimental de
infec@o cronica por H. pylori. Na segunda fase, verificaram-se as consequéncias
desta infecdo crénica e o potencial efeito anti-inflamatdrio do nutracéutico

curcumina.

Estirpe de H. pylori e condi¢fes de crescimento

A estirpe usada neste estudo foi a de Sydney (SS1) [133]. A estirpe foi cultivada
em meio agar seletivo para H. pylori (agar de Wilgren-Chalgren suplementado
com sangue de cavalo desfibrinado a 10%, vancomicina (10 mg/L), cefsulodina
(2 mg/L), lactato de trimetoprim (5 mg/ L), e fungizona (1 mg/L) (todos da
Biogerm, Maia, Portugal) e incubada a 37°C durante 24 horas sob condi¢des
microaerdbicas. As colbnias foram testadas para urease, catalase e oxidase e

foram monitorizadas através de microscopia, com coloracdo de Gram.

CondigOes dos Animais e Dieta

Ratinhos C57BL /6 foram mantidos no biotério do Instituto Nacional de Saude
Dr. Ricardo Jorge e alojados em gaiolas esterilizadas e ventiladas. Foram
alimentados com dieta para roedores 2018S (laboratérios de Harlan, Castellar,

Espanha). A agua foi fornecida ad libitum em garrafas individuais esterilizadas.

Todos os ratinhos tiveram um periodo de 14 dias de adaptacéo ao biotério antes
do inicio da experimentacdo. O estudo foi revisto e aprovado pela Dire¢éo geral
de Veterinaria e todos os procedimentos com animais estavam em conformidade

com as normas de utilizacdo de animais de laboratorio.
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Inoculacdes

Foram usados ratinhos C57BL / 6 com 8 semanas de idade. Os ratinhos
infetados, foram inoculados com 0,1 ml de uma suspensédo contendo 108
colénias/ml de H. pylori (SS1) através de entubacdo oro-gastrica com uma
canula metalica de 20G de diametro (Harvard Apparatus, Inc., Holliston, MA,
EUA). Os ratinhos de controlo foram inoculados com 0,1 ml de uma solucéo

salina.

Teste respiratério com 3C-ureia

O 3C-UBT foi efetuado apés um periodo de 14 horas de jejum. Durante este
periodo, os ratinhos apenas tiveram acesso a agua e foram mantidos longe de

alimentos ou fezes.

A solucédo de ureia foi preparada diluindo 100 mg de 3C-ureia e 4,3 g de acido
citrico em 100 ml de solucéo salina isoténica. Uma dose de 300 pg de 13C-ureia

em 300 pL de solucéo salina foi administrada a cada ratinho por via oro-gastrica.

De seguida, foram mantidos durante 15 minutos dentro uma seringa aberta de
50 ml. Apos este periodo, a seringa foi fechada durante 1 minuto e coletados 10
ml de ar da seringa hum tubo evacuado usando uma agulha. Do mesmo modo

foram recolhidas amostras de ar antes da administracdo da solugao de ureia.

A determinacdo de '°CO2 das amostras foi realizada através de um
espectrometro de massa de relacéo isotopica ABCA 20-20 (Sercon, Cheshire,
Reino Unido). O enriguecimento isotépico das amostras (8'3CO3) foi expresso

como partes por mil (%o0) em relacéo ao PDB (Pee Dee Belemnite).

Imunohistoquimica

Em cada ratinho, metade do estbmago desde a porcao terminal do eséfago até
ao duodeno, foi processada para estudo imunohistoquimico. Esta porcdo do
estbmago foi fixada em formol tamponado e incluida em parafina. Seguidamente,
foram efetuados cortes com 3 um de espessura e montados em laminas
adesivadas. Apos tempo de estufa de uma hora a 65°C, as sec¢des foram

desparafinadas, rehidratadas e efetuada a recuperacéo antigénica.

56



Recuperacdo (20 minutos, 94°C) com o EnVision TM Flex Solucdo de
recuperacdo HIGH pH (50X) (Dako, Glostrup, Dinamarca ref2 K 8000) em um
modulo de pré-tratamento PT Llink (Dako, Glostrup, Dinamarca ref2 PT10130).
A peroxidase endogena foi bloqueada com 2% H202 em metanol absoluto

durante 10 minutos.

A imunohistoquimica foi realizada pelo método da peroxidase indireta. O
anticorpo policlonal primario anti-Helicobacter pylori (Dako B0471) (diluicdo de
1-100) foi incubado durante 30 minutos a temperatura ambiente. A detecao de
polimero anti-coelho marcado com HRP (Dako K4010) sistema de coloracgao foi
usado a temperatura ambiente durante 30 minutos e DAB (3,3 ¢
diaminobenzidina) para visualizacdo. As sec¢des foram contrastadas com a
coloracdo de Hematoxilina de Mayer. Foi usado um controlo positivo apropriado

e para o controlo negativo, durante a coloracéo foi omitido o anticorpo primario.

PCR

Neste trabalho foi utilizada a metodologia de PCR em tempo real, considerada
como técnica padrdo. Esta técnica incluiu a amplificacdo de um fragmento de
267 pares de bases gene codificante do RNAr 23S de H. pylori, acoplado a uma
detecdo simultanea do produto por hibridizacdo com sonda e anélise de curva
de fusdo. O DNA foi extraido de uma amostra correspondente a metade do
estbmago do ratinho, usando um DNA QIAamp mini kit (Qiagen GmbH, Hilden,
Alemanha) de acordo com instru¢des do fabricante. Foi usado um termociclador
Light-Cycler® (Roche Diagnostics GmbH, Mannheim, Alemanha). A PCR e
hibridizacdo foram realizadas em capilares de vidro com um volume de 20 pL
contendo 3 pL de DNA molde, 1,6 pL de MgCl2 (25 mmoV'L), 0,4 puL de primarios
sense e anti-sense (20 ymol/L cada), 0,2 pL de sensor e sondas de ancoragem
(20 ymol /L cada) e 2 yL de FastStart DNA Master Sondas de Hibridizagao
(Roche Diagnostics). Amplificagdo por PCR compreendeu um ciclo de
desnaturacao inicial a 95 °C durante 10 minutos, seguidos por 50 ciclos de
amplificagdo (com uma taxa de transi¢cao de temperatura de 20°C por segundo)
consistindo de 95°C por 0 segundo, ligacao a 60°C para 10 segundos e extensao

a 72 °C por 17 segundos. Apos a amplificacao, foi realizado um passo de fuséo,
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consistindo de 95°C por 0 segundos e arrefecimento a 45°C para 30 segundos
(com uma taxa de transicao de temperatura de 20°C por segundo) e, finalmente,
um aumento lento da temperatura a 85°C a uma taxa de 0,1°C por segundo com
aquisicao de declinio de fluorescéncia.
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Background: Animal models have been widely used to study Helicobacter
mouse model.

pylori infection. Evaluation of H. pylori infection status following experimen-
tal inoculation of mice usually requires euthanasia. The '>C-urea breath test
(*>C-UBT) is both sensitive and specific for detection of H. pylori in humans.
Thus, it would be very useful to have such a test with the same accuracy for
the follow-up of this infection in animal models of gastric infection. Accord-
ingly, the purpose of this study was to develop and evaluate a '’C-UBT
method for following the course of H. pylori infection in a mouse model.
Material and Methods: A total of 50 female C57BL/6 mice were gavaged
three times with either 10® colony-forming units of H. pylori (n = 29) or
saline solution only (n = 21). After 2 months of infection, mice were fasted
for 14 hours and '">C-UBT was performed using 300 pg of '>C-urea. The
mice were killed, and the stomach was removed and processed for immuno-
histochemistry and PCR.

Results: The optimal time for breath sample collection in mice was found to
be 15 minutes. The >C-UBT cutoff was set at 3.0%, SPDB. Using PCR as the
gold standard, the sensitivity of '*C-UBT and immunohistochemistry was
96.6 and 72.4%, respectively, while the specificity was 85.7 and 95.2%,
respectively.

Conclusions: >C-UBT was shown to be a reliable method for the detection
of H. pylori infection in C57BL/6 mice and was even more accurate than
immunohistochemistry. The use of '>C-UBT in the mouse model of H. pylori
infection can be very useful to detect the bacterium without the need to kill
the animals in long-term time course studies.

Reprint requests to: Antdnio Mario Santos,
CEDOC, Faculdade de Ciéncias Médicas,
Universidade Nova de Lisboa, Campo dos
Martires da Patria, no. 130, 1169-056 Lisboa,
Portugal.

E-mail: antonio.santos@hsmarta.min-saude.pt

Helicobacter pylori is a gram-negative spiral bacterium
discovered by Warren and Marshall in 1980 [1] that
colonizes the stomachs of more than half of the world
population [2]. H. pylori infection represents a major
risk factor for peptic ulcer disease [3-5], carcinoma of
the stomach and MALT (mucosa-associated lymphoid
tissue) lymphoma [6-9], and the bacterium was classi-
fied as a class I carcinogen in 1994 by the World Health
Organization [10]. As many of the mechanisms of
H. pylori-associated gastric carcinogenesis are still poorly
understood [11], it is very important to increase our
knowledge concerning this infection. For that purpose,
as well as to evaluate new therapeutical approaches,
long-term course infection using experimental animal

models can be of great usefulness. Besides several
attempts to find an ideal animal model of infection,
very few animal species can be persistently colonized
following experimental inoculation with H. pylori
[12-14]. The mouse model has been widely used, as it
has a large number of advantages because mice are
inexpensive and there are transgenic and knockout mice
with resulting pathologies similar to those of H. pylori-
infected humans [12,14]. However, the evaluation of
persistence of H. pylori infection following experimental
inoculation of mice usually requires euthanasia of the
animals and subsequent removal of gastric samples for
immunohistochemistry and culture. Until now, the only
way of monitoring the infection in live animals was to
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perform PCR on mice feces throughout the experiment
duration, which represents an expensive and time-con-
suming task [15]. To overcome this problem, we devel-
oped a non-invasive method to detect the presence of
the infection in mice based on the '*C-urea breath test
(>C-UBT) used in humans [16]. The '>C-UBT is a non-
invasive and very accurate method of diagnosing
H. pylori active infection in humans. It is not usually
performed on mice because of a certain lack of specific-
ity due to the difficulty of completely fasting the animals
[17,18]. The goal of this study was to evaluate the sensi-
tivity and specificity of a '>C-UBT-based detection
method for monitoring H. pylori infection in the mouse
model, eliminating the need of euthanasia.

Materials and Methods

Bacterial Strains and Growth Conditions

The H. pylori strain used in this study was Sydney strain
1 (SS1) [12]. The strain was cultured on H. pylori selec-
tive agar (Wilkins—Chalgren agar supplemented with
10% defibrinated horse blood, vancomycin (10 mg/L),
cefsulodin (2 mg/L), trimethoprim lactate (5 mg/L),
and fungizone (1 mg/L) (all from Biogerm, Maia,
Portugal) and incubated at 37 °C for 24 hours under
microaerobic conditions. Colonies were tested for ure-
ase, catalase, and oxidase activities and monitored
microscopically, including a Gram stain.

Animal Housing and Diet

Mice were maintained in the Portuguese National Insti-
tute of Health animal facility, in a specific pathogen-free
animal care holding room. The animals were housed in
sterilized ventilated cages and were fed with an autoclav-
able rodent pellet 2018S diet (Harlan Laboratories,
Castellar, Spain). Water was provided ad libitum in steril-
ized individual water bottles. Upon arrival, the mice were
acclimated for a minimum of 14 days prior to being used
in the experiments. Mice were identified by ear tags. This
study was reviewed and approved by the National
Animal Care Committee of the Direccdo Geral de Veter-
indria. All procedures with animals were in compliance
with the Care and Use of Laboratory Animals.

Animal Inoculations

A total of 50 Helicobacter and pathogen-free female
C57BL/6 8-week-old mice were used in compliance
with guidelines and a protocol approved by the Animal
Care and Use Committee of the Direccdo Geral de
Veterinaria. Using a 20-gauge ballpoint metal feeding

© 2011 Blackwell Publishing Ltd, Helicobacter 16: 320-326
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tube (Harvard Apparatus, Inc., Holliston, MA, USA), 29
mice were inoculated intragastrically with 0.1 mL of
H. pylori SS1 cell suspension containing 10® colony-
forming units/mL on three alternate days. Twenty-one
control mice were inoculated with saline solution.

Determination of H. pylori Status

After 8 weeks, mice were tested for the presence of
H. pylori by '>C-UBT and by immunohistochemistry
and PCR after euthanasia.

At the time of killing, the animals were subjected to
fasting for 14 hours and euthanized by cervical disloca-
tion. The stomach was harvested and dissected along
the greater curvature. Half of the stomach was used for
immunohistochemistry and the other half for PCR anal-
ysis. Immediately prior to killing, a modified '>*C-UBT
was performed on all mice.

13C-Urea Breath Test

The '’C-UBT was performed on the mice after a 14-
hours fasting. During the fasting period, the mice only
had access to water and were kept away from food and
feces by covering the cage floor with a net.

The urea solution was prepared by diluting 100 mg
of ’C-urea and 4.3 g of citrate adjuvant in 100 mL of
isotonic saline. A 300 pg dose of '>C-urea in 300 pL of
saline was administered to each mouse by intragastric
gavage. The mice were then kept for 15 minutes inside
an open 50-mL syringe. After that time, the syringe
was closed for 1 minute, and 10 mL of the air inside
the syringe was collected into an evacuated exetainer
using a needle (Fig. 1).

Basal breath samples were collected in evacuated
exetainers before '*C-urea gavage. The determination of
13C0, content of samples was performed with an ABCA
20-20 isotope-ratio mass spectrometer (Sercon, Cheshire,
UK). Isotope enrichment (8'>CO,) was expressed as parts
per thousand relative to PDB (Pee Dee Belemnite).

Immunohistochemistry

For each mouse, half of the stomach was totally pro-
cessed for immunohistochemistry study to observe the

Figure 1 Fifty mililiter syringe collection of mouse breath.
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mucosa from the distal esophagus to the duodenum.
Two-micrometer-thick sections were cut from the buf-
fered formalin-fixed paratfin-embedded tissue blocks
and mounted onto Superfrost plus slides (EMS, PA,
USA). After baking in a oven, the sections were
dewaxed, rehydrated, and subjected to epitope antigen
retrieval (20 minutes, 94 °C) with Envision TM Flex
Target Retrieval Solution High pH (50x) (Dako,
Glostrup, Denmark) in a PTlink pre-treatment module
(Dako). Endogenous peroxidase was blocked with 2%
H,0, in absolute methanol for 10 minutes.

Immunostaining was performed by the peroxidase
indirect polymer method. Primary polyclonal rabbit
anti-Helicobacter pylori (Dako) (1/100 dilution) was
incubated for 30 minutes at room temperature. The
HRP labeled anti-rabbit polymer (Dako) detection
staining system was used at room temperature for
30 minutes and DAB (3,3~ diaminobenzidine) for
visualization. Sections were counterstained with
Mayer’s hematoxylin. An appropriate positive control
was used. For the negative control, a primary antibody
was omitted during the staining.

PCR

A previously described real-time PCR assay [19] was
used as the gold standard technique. It included ampli-
fication of a 267-bp fragment of the H. pylori 23S rRNA
gene coupled with a simultaneous detection of the
product by probe hybridization and melting curve anal-
ysis. DNA was extracted from a sample corresponding
to half of the mouse stomach using a QlAamp DNA
mini kit (Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instructions. Then, using the Light-
Cycler® thermocycler (Roche Diagnostics GmbH, Mann-
heim, Germany), the PCR and hybridization were
carried out in glass capillaries in a volume of 20 pL con-
taining 3 pL of template DNA, 1.6 uL of MgCl,
(25 mmol/L), 0.4 pl of forward and reverse primers
(20 pmol/L each), 0.2 pL of sensor and anchor probes
(20 pmol/L each), and 2 pL of FastStart DNA Master
Hybridization Probes (Roche Diagnostics). PCR amplifi-
cation comprised an initial denaturation cycle at 95 °C
for 10 minutes, followed by 50 amplification cycles
(with a temperature transition rate of 20 °C per second)
consisting of 95 °C for 0 second, annealing at 60 °C for
10 seconds, and extension at 72 °C for 17 seconds.
After amplification, a melting step was performed, con-
sisting of 95 °C for 0 seconds, cooling to 45 °C for
30 seconds (with a temperature transition rate of 20 °C
per second), and finally a slow rise in the temperature
to 85 °C at a rate of 0.1 °C per second with continuous
acquisition of fluorescence decline.

Santos et al.

Results

To determine the ideal fasting time for '>C-UBT, 21
mice were maintained under diet and coprophagy
restriction, and a '>C-UBT was performed every
2 hours, up to 22 hours. The best fasting time result in
the C57BL/6 mice was 14 hours (Fig. 2). Fasting mice
is always a challenge because of their intense copro-
phagy habit. Several hours after removing their food,
mice will eat almost anything they can reach, including
feces, fur, or small residue from their diet, and these
have been confounding factors described by other
authors [17] that could affect the '>C-UBT perfor-
mance. To clarify this issue, those products were incu-
bated with the same amount of '*C-urea used to
perform the ">C-UBT in mice. The excess §'°CO, gener-
ated over 30 minutes was recovered, and the results
were plotted on graphs (Fig. 3). The mean excess of
3'°C0, generated by incubation with feces increased
with time and was as high as 2400 d6PDB (Fig. 3A) at
30 minutes. The incubation with food and mouse fur
also resulted in an excess of generated 8'>CO, capable
of confounding the '>C-UBT results, however, to a
much lower extent (Fig. 3B,C). These results highlight
the importance of a careful fasting, avoiding by all
means the possibility of the animal’s access to any kind
of diet, feces, or fur. Although diet and fur produced a
much lower excess of >C in solution with '*>C-urea,
they can nevertheless be confounding factors because
of the low *C-UBT cutoff value established.

To determine the best time point for breath collection
of the '’C-UBT, six H. pylori-infected and six non-
infected mice were randomly selected and 300 pg of
’C-urea was given per mouse. The mouse breath
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Figure 2 Effect of fasting time on excess 8'>CO, values on Helicobacter
pylori-negative mice.
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Figure 3 Excess of '3C produced by incubation of mouse feces (A),
diet (B), and mouse fur (C) in a solution containing 3C-urea.

samples were then collected at six time points,
corresponding to 0, 5, 15, 25, 60, and 120 minutes. The
15-minutes time point offered the best result for
H. pylori-positive mice in which the maximum value for
3¢ production was observed (~ 25%, SPDB) (Fig. 4).
For all of the H. pylori-negative mice, the amount of
generated excess of 8'°CO, was low (between 1 and
29, 6PDB) for the entire 120 minutes tested (Fig. 5).
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Figure 4 Maximum excess of '>C production in Helicobacter pylori-
infected mice and best time for breath collection (15 minutes). Values
correspond to the maximum excess mean of '>C production obtained
for six mice, on three different days.
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Figure 5 Excess of '3CO, production in Helicobacter pylori-negative
mice. Values correspond to the maximum excess mean of '>C produc-
tion obtained for six mice, on three different days. The arrows
indicate bacteria.

To determine the cutoff point, 29 H. pylori-infected
and 21 non-infected mice were tested with the
BC-UBT. The mean cumulative '’CO, from the
H. pylori-infected mice was 10.29, 6PDB, which was
significantly higher than that obtained from H. pylori-
negative mice (2.5%, 0PDB) (p < .01, t-test). Moreover,
the amount of generated excess of 8'>CO, was always
below the cutoff point at the time of air collection
(15 minutes) (Fig. 5). According to these results, the
best cutoff point for the '>C-UBT in C57BL/6 mouse
was established at 3.09, SPDB (Fig. 6). An important
difference between the quantity of '’C detected in
H. pylori-infected mice in Fig. 4 (assay for determination
of the best time for breath collection) compared to that
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Figure 6 Levels of 8'3CO, on Helicobacter pylori-infected and non-
infected mice and establishment of the cutoff value for the '*C-urea
breath test.

detected in Fig. 6 (assay for determination of the cutoff)
(mean of 259, 0PDB vs mean of 10.2 9, 6PDB, respec-
tively) was observed. The first assay was performed on
six mice only, while the second included all 29
H. pylori-infected mice. This fact can account for the dif-
ference in the >C production observed between the
two assays. Comparing those two assays in the group of
non-infected mice, no difference was observed
(between 1 and 2 9, OPDB versus a mean of 2.5 9%,
SPDB, respectively).

The 50 mice were classified as H. pylori-positive or
H. pylori-negative according to the determination of
H. pylori status by PCR on gastric mucosa. Accordingly,
all 29 mice inoculated with the H. pylori SS1 strain
gave a positive PCR result, while a negative PCR result
was obtained for all 21 non-inoculated mice. The
'>C-UBT failed to detect one positive mouse, presenting a
low cumulative '>CO, (0.13%, &PDB), while

Santos et al.

Figure 7 Immunohistochemistry of gastric mucosa (100x). Helicobacter
pylori-negative mouse (left) and H. pylori-positive mouse (right). The
arrows indicate bacteria.

immunohistochemistry (Fig. 7) failed to detect eight
infected mice, including the one with the negative
13C-UBT. In the group of the non-infected animals, *>C-
UBT gave three false-positive results, all with high levels
of cumulative '>CO, (mean cumulative '>CO, 9.1%,
OPDB), while immunohistochemistry gave one false
positive, this one also with a positive '>C-UBT. Using
PCR as the gold standard, the sensitivity of >C-UBT and
immunohistochemistry was 96.6 and 72.4%, respec-
tively, and the specificity was 85.7% for >C-UBT and
95.2% for immunohistochemistry (Table 1). Predictive
positive and negative values for '>C-UBT were 90.3 and
94.7%, respectively. For immunohistochemistry, these
values were 95.5 and 71.4%, respectively.

Discussion

The mouse model of H. pylori infection provides an
opportunity to study chronic infection of gastric
mucosa.

The present study shows that '>C-UBT enabled the
documentation of the H. pylori status of C57BL/6 mice
2 months following inoculation and that the perfor-
mance of this test is high. This test is reliable and has
an excellent sensitivity (96.6%) and a good specificity
(85.7%) using PCR as the gold standard.

The major concerns with this test are the fasting time
of mice and also the possible access to feces or other
compounds (fur mouse and residual diet pellets) during
this period. The mouse tendency for coprophagy can
result in false-positive results on '>C-UBT from urease-
positive bacteria present in feces. These false-positive
results can also occur if mice have access to other
components (diet or fur) during the fasting period,
probably because of urease activity of diet compounds
or fecal contamination of mouse fur and food. All these
facts can explain the three false-positive results
obtained with the '’C-UBT. Performing the '’C-UBT
more than one time, for example, in different days,
could minimize the factors affecting the specificity of
the test, especially the coprophagy.
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Table 1 Performances of '>C-UBT and immunohistochemistry for Helicobacter pylori detection in mice

PCR SC-UBT Immunohistochemistry
Positive Negative Positive Negative Positive Negative
Inoculated mice, n = 29 29 0 28 1 21 8
Non-inoculated mice, n = 21 0 21 3 18 1 20
Sensitivity (%) - 96.6 72.41
Specificity (%) - 85.7 95.2

@Using PCR as gold standard.
13C-UBT, "3C-urea breath test.

Immunohistochemistry showed a higher specificity
than '>C-UBT, as expected, because specific anti-
H. pylori antibodies were used. However, it showed a
low sensitivity, which may be explained by the fact that
some of the stomach fragments analyzed were H. pylori
negative because of the focal distribution of H. pylori.
The stomach samples analyzed ranged from the distal
esophagus to the duodenum.

To establish the ideal fasting time, several fasting
periods were tested and the 14-hours fasting period
proved to be the best one. When we shortened or
extended the fasting time, we encountered interference
possibly from diet and from feces or mouse fur.

The 50-mL syringe we used as a CO, collector seems
to be ideal for this sized mouse and can be easily
adapted to a needle, and the inside air transferred to a
10-mL exetainer.

Animal models of infection are very useful, and pre-
vious studies have shown that >C-UBT can be used for
detection of H. pylori infection and other related species
in gerbils [20], dogs [21], ferrets [22], cats [23], and
also monkeys [24]. Although several technical difficul-
ties have to be considered and overcome, once well
established this test may be very useful as a diagnostic
tool in the long-term time experimental mouse model
of H. pylori infection. The present study has demon-
strated the method’s good sensitivity and specificity as
well as its usefulness.

Having removed the possible confounding factors,
namely the possibility of coprophagy during the fasting
period, >C-UBT proved to be a reliable method to diag-
nose active H. pylori infection in the mouse model.
Besides '>C-UBT, PCR on mouse stools is the other
technique available for the detection of H. pylori coloni-
zation in living mice. This method is not affected by the
previously mentioned confounding factors described for
3C-UBT, although to reach a good accuracy, it was
suggested that mice be tested once daily for at least
4 days, increasing the cost and the performing time
of the test [15]. In conclusion, "*C-UBT can facilitate

© 2011 Blackwell Publishing Ltd, Helicobacter 16: 320-326

long-term time course studies of H. pylori infection in
small rodents, thus allowing not only the detection of
the presence of active infection but also the monitoring
of H. pylori throughout the entire experimental time
period without the killing of the animals. It can be also
an important tool in experimental models of gastric
cancer, as long-term infection is needed.
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Helicobacter pylori infection is the main risk factor for intesti-
nal metaplasia (IM) and gastric cancer development. IM is a
pre-neoplastic lesion, induced by the transcription factor CDX2,
where the gastric mucosa is converted to an intestinal pheno-
type. We previously demonstrated that key elements of the bone
morphogenetic protein (BMP) pathway co-localize with CDX2 in
IM and upregulate CDX2 expression in gastric cell lines. These
observations, together with the hypothesis that CDX2 could
be repressed by SOX2, led us to test whether H. pylori, through
BMPs, SOX2 and CDX2 could participate in a molecular network
critical for the development of IM. AGS cells with and without
SMAD4 knock-down were co-cultured with H. pylori or BMP2 to
assess the expression of BMP pathway members as well as CDX2
and SOX2 by qPCR and western blot. Proximity ligation assay
(PLA) was also performed to evaluate SMAD proteins interaction.
Immunohistochemistry and western blot were performed in gas-
tric samples from mice infected with Helicobacter spp. to measure
Smad4, pSmad1/5/8, Cdx2 and Sox2 expression in vivo. Increased
expression and activity of the BMP pathway accompanied by
CDX2 upregulation and SOX2 downregulation were observed in
AGS cells co-cultured with H. pylori or BMP2. These effects were
impaired by downregulation of the BMP pathway. Finally, infected
mice present BMP pathway upregulation, focal Cdx2 expression
and decreased Sox2. These results provide a novel link between H.
pylori infection and the BMP pathway in the regulation of intestinal
and gastric-specific genes that might be relevant for gastric IM.

Introduction

Helicobacter pylori infection is the major risk factor for gastric can-
cer development. Helicobacter pylori, a gram-negative, spiral-shaped
microaerophylic bacterium, triggers a stepwise sequence of alterations
of the gastric mucosa starting with superficial gastritis, which can pro-
gress to chronic gastritis, atrophic gastritis, intestinal metaplasia (IM),
dysplasia and ultimately gastric carcinoma (1). Helicobacter pylori
infection causes severe damage to the gastric mucosa and IM appears
in this context as a pre-neoplastic regenerative process consisting of a
switch of the gastric mucosa to an intestinal phenotype. IM is the most
relevant pre-neoplastic lesion of the stomach affecting about 30% of the
individuals infected with H. pylori and confers a significantly increased
risk for gastric cancer development. The key molecular mediator of
this differentiation switch is the transcription factor CDX2, which is
a homeobox protein involved in intestinal differentiation both in nor-
mal and in aberrant locations (2-5). Under normal conditions, CDX2

Abbreviations: BMP, bone morphogenetic protein; BSA, bovine serum albu-
min; IM, intestinal metaplasia; PLA, proximity ligation assay.

expression is restricted to the intestine, but it is ectopically expressed
in IM lesions, not only of the stomach, but also of the oesophagus and
gall bladder, among other locations. In these ectopic settings, it appears
in the context of chronic inflammation/regeneration, like in gastric IM.
Cdx2 null mice are not viable, whereas Cdx2*~ mice develop polyp-like
lesions in the intestine with loss of Cdx2 expression and appearance of
gastric differentiation (6-8). Conversely, forced expression of Cdx2 in
the stomach of transgenic mice leads to extensive IM, with subsequent
progression to gastric cancer (9—11). CDX2 regulation in gastric IM
has not been fully uncovered but we have demonstrated that key elem-
ents of the bone morphogenetic protein (BMP) pathway co-localize
with CDX2 in IM and upregulate CDX2 expression in gastric cell
lines (12). Moreover, we and Manzo et al. observed an upregulation
of CDX2 expression induced by H. pylori in a co-culture model with
gastric cell lines (13,14).

BMPs constitute the largest subfamily of the transforming growth
factor-beta superfamily of growth factors and exert pleiotropic bio-
logical effects, ranging from regulation of early developmental pro-
cesses to organogenesis (15). BMPs are extracellular proteins that
initiate signalling through binding to specific transmembrane serine/
threonine kinase receptors. Upon ligand binding, type II receptor
kinases phosphorylate type I receptors, which in turn phosphoryl-
ate the intracellular signal transducers, SMAD proteins. Upon phos-
phorylation, SMADI, -5 and/or -8 form a complex with SMAD4 and
translocate to the nucleus, where they act as transcriptional regula-
tors (16—18). In the intestine, the BMP signalling pathway, through
BMP2 and BMP4, is fundamental for the maintenance of differen-
tiation and architecture of the intestinal epithelium as demonstrated
by several mouse models with impairment of the BMP pathway
(19-22). Also in humans, mutations of the BMP pathway generate
juvenile polyposis with loss of intestinal differentiation (23-25).

Different studies have shown that, in addition to the positive
regulation, CDX2 expression could be repressed and SOX2 has
emerged as a likely candidate for that role. Benahmed et al. (26)
showed that Sox2 negatively regulated the Cdx2 promoter by ham-
pering the action of other transcription factors in an intestinal cell
line. Moreover, Asonuma et al. (27) showed that SOX2 expression
is negatively affected by H. pylori and that SOX2 downregulation
leads to an upregulation of CDX2 expression in a gastric carcin-
oma cell line. SOX2 is the sex-determining region Y-box 2 gene, a
member of the high mobility group domain proteins and is a crucial
transcription factor for the maintenance of cellular pluripotency
(28,29). On the other hand, Sox2 is expressed and participates in
the development of the foregut-derived organs, such as oesopha-
gus and stomach, and is absent from the hindgut-derived intestine
(30). Likewise, in adults, Sox2 was shown to be expressed in the
stomach and was absent from the intestine (31,32). These studies
have launched SOX2 as a putative gastric transcription factor and
this was reinforced by the demonstration of its involvement in the
regulation of the stomach-specific genes, pepsinogen and Muc5Sac
(33-395).

Since H. pylori is the main trigger for the development of gastric
IM, we aimed at studying if H. pylori infection affects the expression
and activity of the BMP pathway and if both factors modulate CDX?2
and SOX2 expression, hypothesizing that H. pylori, through BMPs,
SOX2 and CDX2 could participate in a molecular network critical for
the development of IM.

Material and methods

Cell culture

Human gastric carcinoma cell line AGS (ATCC) was maintained in
RPMI 1640 (Gibco, Invitrogen) supplemented with 10% fetal bovine
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serum (Gibco, Invitrogen, Carlsbad, CA) and 1% antibiotics (10 U/ml
penicillin and 10 pg/ml streptomycin; Gibco, Invitrogen, Carlsbad,
CA) at 37°C in a humidified 5% CO, incubator.

The AGS cells with SMAD4 knock-down (AGS-SMADA4i) and
respective scrambled control (AGS-Sc) cell lines were maintained in
selective puromycin-containing (5 pg/mL) standard medium (12).

Co-culture of AGS cell line with Helicobacter pylori

Helicobacter pylori strains 26695, containing the virulence-associated
cag pathogenicity island (cagPAI) and Tx30a, lacking the cag
pathogenicity island, were grown for 48h in selective medium
(Pylori-Gelose, BioMérieux, Marcy I’Etoile, France) at 37°C under
microaerophylic conditions (Genbox microaerophylic, BioMérieux).
One day prior to co-cultures, AGS cells were seeded (5 x 10°) in
six-well plates in RPMI 1640 medium supplemented with 10% fetal
bovine serum without antibiotics. The AGS-SMAD4i and AGS-Sc
cell lines were seeded 72h prior to co-cultures in standard medium
supplemented with puromycin. One day prior to co-cultures, the
medium was replaced by RPMI 1640 supplemented with 10% fetal
bovine serum without antibiotics. All co-cultures were performed for
8h at multiplicities of infection (MOI) of 1:100 or 1:200.

BMP pathway activation

For BMP pathway activation experiments, AGS cells were treated
for 24h with BMP2 (R&D Systems, Minneapolis, MN) added to the
culture medium, at a concentration of 50 or 100ng/mL. Vehicle solu-
tion [4mM HCI, 0.1% bovine serum albumin (BSA)] was used as the
negative control.

Protein extraction and western blot

Whole-cell extracts were obtained by resuspension of cell pellets in
RIPA buffer (50mM Tris—HCI1 pH 7.4, 150mM NaCl, 2mM EDTA,
1% NP-40, 0.1% sodium dodecyl sulphate) in the presence of complete
protease inhibitors cocktail (Roche, Indianopolis, IN). Quantification of
total protein was determined by bicinchoninic acid protein assay (Pierce,
Rockford, IL). Protein extraction from gastric samples of mice was per-
formed by tissue disruption, in lysis buffer, using a rotor—stator hom-
ogenizer (5 pulses of a 20s homogenization intercalated with 5 pulses
of resting at room temperature) and was then passed 5 times through a
20-gauge needle attached to a sterile plastic syringe. Protein was pre-
cipitated with four volumes of ice-cold acetone and incubated on ice
for 30min. Samples were then centrifuged at full speed (4000rpm) and
the supernatant was discarded. Pellets were then washed with ice-cold
ethanol and left to ‘air-dry’. Pellets were resuspended in a 2D buffer
(4% wlv CHAPS, 6M urea, 2M thiourea, 10mM Tris—HCI pH 8.5)
and kept at 4°C overnight. Lysates were then centrifuged at 14 000 xg
at 4°C for Smin, the supernatant was recovered and total protein was
quantified using the 2D Quant Kit (Amersham, GE Healthcare, UK).
In this study, 50-60 pg of total protein extracts were subjected to stand-
ard sodium dodecyl sulphate—polyacrylamide gel electrophoresis, trans-
ferred to a nitrocellulose membrane (Amersham, GE Healthcare, UK)
and blotted with primary antibodies overnight at 4°C: mouse mono-
clonal anti-CDX2 (1:500, Biogenex), mouse monoclonal anti-SOX?2
(1:4500, Sigma-Aldrich), mouse monoclonal anti-SMAD4 (sc-7966,
1:1000, Santa Cruz Biotechnology), rabbit polyclonal anti-pSMAD1/5/8
(1:1000, Cell Signalling), rabbit monoclonal anti-e-cadherin (1:1000,
Cell Signalling), mouse monoclonal anticytokeratin (AEI/AE3,
1:2000, Zymed) and goat polyclonal anti-f3-actin (1:8000, Santa Cruz
Biotechnology) in 5% BSA in tris-buffered saline 0.01% Tween-20.
Peroxidase-conjugated secondary antibodies were used and developed
with the enhanced chemiluminescence detection kit (Amersham, GE
Healthcare, UK). Quantification of the western blots was performed
using the Quantity One software (BioRad, CA). Each experiment was
performed at least twice and a representative result is shown.

RNA extraction and real-time PCR

Total RNA was extracted using TRI Reagent (Sigma, St. Louis,
MO) and converted to ¢cDNA using the SuperScript® II Reverse

Transcriptase (Invitrogen, Carslbad, CA). CDX2 (5-TTC ACT ACA
GTC GCT ACA TCA CC-3" and 5’- TTG TTG ATT TTC CTC TCC
TTT GC- 3"), SOX2 (5-AAC GGC TCG CCC ACC TAC AGC-3" and
5-AGT GGG AGG AAG AGG TAA CC-3%), BMP2 (5-CTC AGG
TCA GCC GGG CTC A-3" and 5-GTT CTT CCA AAG ATT CTT
CAT GG-3’) and 18S (5"-CGC GCG CTA GAG GTG AAA TTC-3’
and 5’-CAT TCT TGG CAA ATG CTT TCG-3") were amplified with
SYBR Green (Applied Biosystems, Foster City, CA) in a fluorescence
reader ABI Prism 7500. The levels of 18S were used for normalization
and relative mRNA levels were calculated. Each experiment was car-
ried out in triplicates at least twice. The results are expressed as mean
+ SD of representative triplicates.

Proximity ligation assay

Proximity ligation assays (PLA) were performed using the DuoLink®
1T Fluorescence Kit (Olink® Bioscience, Uppsala, Sweden) according
to the manufacturer’s instructions. Briefly, after co-culture with both H.
pylori strains at a multiplicity of infection of 100:1 cells were recovered,
fixed with methanol for 5Smin and frozen at —20°C. Cells were then incu-
bated at 37°C for 30 min with a blocking solution in a humidity chamber
after which the primary antibodies (SMAD4, 1:50 and pSMAD1/5/8,
1:75) were added for overnight incubation at 4°C. In the following day,
PLA probes were hybridized for 1h at 37°C, ligation was performed for
30min at 37°C and amplification was carried out for 100min at 37°C
to produce rolling circle products. These products were visualized with
fluorescently labelled oligonucleotides and the sections counterstained
using Duolink II Mounting Medium with 4’,6-diamidino-2-phenylindole.
Samples were examined under a Zeiss Imager. Z1 Axio fluorescence
microscope equipped with 4”,6-diamidino-2-phenylindole and Texas Red
filters. PLA products are seen as fluorescent dots. Images were acquired
using a Zeiss Axio cam MRm and the AxioVision Rel. 4.8 software. The
resulting images were modified using ImageJ as follows: background
with radius two was subtracted from the red channel of the RGB images.
The result was intensity scaled to suit printing demands. PLA products
were quantified using BlobFinder v3.2 (Olink® Bioscience).

Mice infection with Helicobacter pylori and Helicobacter felis

Helicobacter pylori Sydney strain (SS1) was cultured on H. pylori selec-
tive agar, Wilkins—Chalgren agar supplemented with 10% defibrinated
horse blood, vancomycin (10mg/l), cefsulodin (2mg/l), trimethoprim
lactate (5mg/l) and fungizone (1 mg/l; Biogerm, Maia, Portugal), and
was incubated at 37°C for 24h under microaerophylic conditions.
Helicobacter felis strain was cultured on H. pylori non-selective agar,
Wilkins—Chalgren agar supplemented with 10% defibrinated horse
blood and 2 U of Vitox, and was incubated at 37°C for 48 h under micro-
aerophylic conditions. Colonies were tested for urease, catalase and
oxidase activities and observed under the microscope by Gram stain.
Pathogen-free male C57B1/6 5-week-old mice were used in compliance
with guidelines and a protocol was approved by the Animal Care and
Use Committee of the Direc¢do Geral de Veterindria. Mice were sub-
jected to fasting for 10h and inoculated intragastrically with 0.1 ml of
H. pylori SS1 or H. felis cell suspension containing 108 colony-forming
units/ml on 3 consecutive days. Eight weeks after the infection, mice
were tested for the presence of the bacteria by '*C—urea breath test as
described in Santos et al. (36) and also by immunohistochemistry.

Immunohistochemistry

The mice were euthanized by cervical dislocation at 6, 18 and 27 weeks
post infection, the stomachs were harvested and dissected along the
greater curvature, fixed and embedded in paraffin. Paraffin-embedded
samples were serially sectioned at 4 um, mounted on gelatin-coated
slides, dried overnight at 37°C and deparaffinized with clear rite
(Thermo Scientific Richard-Allan). Antigen retrieval was performed by
boiling the slides in 10mM citric acid at pH 6.0, in a microwave oven for
20 min. After cooling, slides were incubated with 3% hydrogen peroxide
in methanol for 15min, followed by blocking with the non-immune
serum for 30 min (Dako) diluted 1:5 in 10% BSA (v/v). Excess normal
serum was removed and slides were incubated overnight at 4°C with
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one of the following primary antibodies: mouse monoclonal anti-SOX2
(0.4 pg/mL, Sigma-Aldrich), mouse monoclonal anti-CDX2 (1:50,
Biogenex), rabbit polyclonal anti-pSMAD1/5/8 (1:75, Cell Signalling)
and mouse monoclonal anti-SMAD4 (1:50, Santa Cruz Biotechnology)
diluted in 5% BSA (v/v). Primary antibody was visualized with
biotinylated secondary antibody and an avidin/biotin detection system
(Vectastain ABC kit, Vector Laboratories, Burlingame, CA) following
the protocol provided by the manufacturer. Slides were developed
with diaminobenzidene (Sigma Aldrich) and counterstained with
Mayer’s haematoxylin, dehydrated and mounted (Thermo Scientific
Richard-Allan).

Results

Helicobacter pylori regulates the BMP pathway, CDX2 and SOX2

We assessed whether H. pylori activates the BMP pathway and thereaf-
ter modulates the expression of CDX2 and SOX2, forming a regulatory
network that could be involved in the onset of gastric IM. To test that,
we co-cultured AGS cells with two H. pylori strains, 26695 and Tx30, at
different multiplicities of infection. We studied the expression of BMP2
by real-time PCR and the expression of SMAD4 and the phosphorylated
form of SMAD1/5/8 (pSMAD1/5/8), which is generally accepted as
the readout of an active BMP pathway, by western blot. A significantly
increased expression of BMP2, SMAD4 and pPSMAD1/5/8 was observed
upon infection of AGS cells with both H. pylori strains (Figure 1A and
1B). In addition to characterizing expression, PLA that detects protein
interactions was used to see whether interaction of pPSMAD/1/5/8 with
SMAD4 was increased upon H. pylori infection. Furthermore, subcel-
lular localization of the complexes was also assessed by this method

A BMP2
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Fig. 1. BMP pathway regulation by Helicobacter pylori. (A) Fold increase
in BMP2 mRNA expression in AGS cells upon co-culture with H. pylori
Tx30a and 26695 strains, for 8 h at multiplicities of infection of 100:1 and
200:1. The values obtained with non-infected cells are referred to as 1. BMP2
mRNA levels are normalized with the respective 18S mRNA. (B) Western
blot for SMAD4 and pSMAD1/5/8 in the same conditions described above.
Non-infected cells were used as control and [3-actin was used as a loading
control.

Helicobacter pylori and BMPs regulate CDX2 and SOX2

(37). The results obtained showed increased interaction between these
proteins in cells infected with both H. pylori strains, evidenced by the
presence of a significantly higher number of dots both in the cytoplasms
and in the nucleae (Figure 2). This indicates that the pathway becomes
more active upon H. pylori infection.

In the same cells, CDX2 and SOX2 expression was assessed by
real-time PCR and western blot showing that CDX2 was upregulated,
whereas SOX2 was downregulated (Figure 3).

The BMP pathway regulates CDX2 and SOX2

We assessed next whether the BMP pathway regulated SOX2 expres-
sion, using upregulation of CDX2 as an internal control (12). To test that,
we cultured AGS cells, shown previously to have an active BMP path-
way, in the presence of BMP2 in the culture medium (12). We observed
that CDX2 and SOX2 expression levels were significantly altered, in an
inverse manner, upon addition of BMP2 to the culture medium. CDX2
expression was upregulated, as expected, whereas SOX2 was downregu-
lated (Figure 4A). To further confirm the inverse regulation of CDX?2 and
SOX2 by the BMP pathway, we characterized the expression of these
two proteins in AGS cells with stable SMAD4 knock-down using shR-
NAs (AGS-SMAD4i) and in the respective scrambled control (AGS-Sc;
12). In accordance with the previous results, we observed a significant
upregulation of SOX?2 in these cells, concomitant with a downregulation
of both SMAD4 and CDX2 (Figure 4B).

Role of the BMP pathway in Helicobacter pylori-induced SOX2 and
CDX2 expression

To evaluate if H. pylori regulates CDX?2 and SOX2 expression through

the BMP pathway, we infected AGS-SMAD4i and AGS-Sc with
the H. pylori strains used previously. The results obtained showed
impairment of CDX?2 upregulation by H. pylori in cells knock-down
for SMADA4, as opposed to the negative control (Figure 5). On the
contrary, SOX2 continues to be downregulated by H. pylori in cells
with SMAD4 knock-down (Figure 5).

Mice infected with Helicobacter spp. have CDX2 de novo expres-
sion, SOX2 repression and BMP pathway activation

To challenge our hypothesis in vivo, we used a mouse model, C57Bl/6
mice, infected with two Helicobacter species, H. pylori (strain SS1)
and H. felis. We analysed, by immunohistochemistry, the expression of
CDX2, SOX2, SMAD4 and pSMAD1/5/8 in mice infected with both
Helicobacter spp. for 6, 18 and 27 weeks and in non-infected controls.
A total of 12 mice infected with Helicobacter spp. were characterized,
two infected for 6 weeks, two infected for 18 weeks and two infected
for 27 weeks, with each strain. Two non-infected controls were analysed
for each time-point. CDX2 de novo expression was detected in 7 out of
12 infected mice and in none of the controls (Figure 6A). CDX2 expres-
sion was focal and was not accompanied by morphological alterations
suggestive of an intestinal phenotype. SOX2 expression was downregu-
lated in all infected mice compared with controls (Figure 6A). Finally,
expression of SMAD4 and pSMAD1/5/8 was detected by immunohis-
tochemistry in both controls and infected mice, with an increased and
nuclear localized expression in the latter (Figure 6A).

In order to confirm increased expression and activity of the BMP
pathway in mice infected with Helicobacter spp., we performed west-
ern blot for pPSMAD1/5/8 with proteins extracted from the stomach
of four control mice and in two mice infected with each Helicobacter
spp. for 18 and 27 weeks. We observed increased pPSMAD1/5/8 expres-
sion in seven out of the eight infected mice (Figure 6B). Two epithelial
markers were used as loading controls of the epithelium compartment,
e-cadherin and cytokeratins (data not shown) with similar results.

Discussion

In this study, we showed for the first time that the BMP pathway is
upregulated by H. pylori. Furthermore, we confirmed CDX2 and
identified SOX2 as a novel target of this pathway as well as of H. pyl-
ori and demonstrated its downregulation concomitantly with CDX2
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Fig. 2. Interaction between SMAD4 and pSMAD1/5/8 upon co-culture with Helicobacter pylori. SMAD4 and pSMAD1/5/8 interactions were determined by
PLA in non-infected AGS cells (A) and in AGS cells infected with H. pylori 26695 (B) and Tx30a (C) for 3 h at a multiplicity of infection of 100:1. (D) Average
number of red fluorescent dots in the cytoplasm and in the nucleus of non-infected cells (N = 265 cells), cells infected with 26695 (N = 319 cells) and cells
infected with Tx30a (N = 261 cells). *Average number of red dots per nucleus and per cytoplasm was significantly different with P = 0.00001 using Student’s

t-test. Original magnifications: (A, B, C) 400x.

upregulation. These results provide novel information that contributes to
understand the molecular events that precede the development of gastric
IM, reinforcing the role of the BMP pathway in the whole process.

A frequent outcome of H. pylori infection of the gastric mucosa is
the aberrant expression of CDX2 and the consequent development of
gastric IM, a lesion that results from the transdifferentiation of the gastric
mucosa to an intestinal phenotype that predisposes to cancer (1,2). In a
previous study, we obtained evidence for the involvement of BMPs in this
process, since key elements of this pathway, in particular the activated
(phosphorylated) form of the receptor-regulated SMADs, pSMAD1/5/8,
were overexpressed in IM lesions and CDX2 was upregulated by
the BMPs in AGS cells (12). In the chain of events leading to gastric
IM, BMP pathway activation would presumably appear following
H. pylori infection. Concordantly, in this study, we show for the first
time that H. pylori upregulates this pathway, demonstrated by the
increased expression of BMP2, SMAD4 and pSMAD1/5/8 and by the
increased interaction between SMAD4 and pSMAD1/5/8 determined
by PLA in in vitro co-culture experiments. Most compelling, the results
obtained in vivo lend support to this hypothesis, since overexpression
of pSmad1/5/8, the hallmark of an active pathway, was observed upon
infection of the mouse gastric mucosa with two Helicobacter strains and
was accompanied by de novo CDX2 expression. In accordance with
our results, an upregulation of BMP2 was described previously upon
H. pylori infection of MKN45 gastric cell line, detected by microarray
analysis (39). However, this cell line does not have an active BMP
pathway due to the lack of SMAD4 expression, and therefore, we did
not use it further (12). Our results are also in accordance with a previous
observation of an influx of BMP-expressing inflammatory cells to the
stomach following infection with H. pylori, in human tissues (40). In
our study, however, the inflammation developed in mice stomachs was
mild, which may explain the also mild activation of the pathway. The
BMP pathway was also shown to be involved in the onset of Barrett’s
oesophagus, which is a lesion similar to gastric IM and also involving

CDX2 (41,42). Two studies have shown that BMPs and pSMAD1/5/8
were overexpressed in different models of oesophagitis and Barrett’s
oesophagus, with only one of the studies showing association with
CDX2 expression (42). The clues that can be taken from the Barrett’s
oesophagus model reinforce the importance of the BMP pathway in
regenerating oesophageal in addition to gastric mucosa after injury,
through a transdifferentiation mechanism, and suggest that a certain
threshold of BMP activation is probably needed in order to induce
intestinal differentiation. In addition, it has also been observed that the
BMP pathway is recruited to regenerate the respiratory tract after acute
injury, recapitulating the role it has during lung development (43).

Here, we reinforce the previously identified BMP-CDX2 inter-
action, which we show, in the current study, to be initiated by H. pyl-
ori. Most interestingly, Cdx2 de novo expression was detected in the
gastric mucosa of mice infected both with H. pylori and H. felis, in dis-
crete foci and in the absence of morphological alterations resembling
IM. To the best of our knowledge, this is the first description of Cdx2
de novo expression in the gastric mucosa of mice upon infection with
Helicobacter spp. The presence of CDX2 in partial or whole glands
of the gastric antrum without further intestinal differentiation was also
observed in humans by others and by us (44-47). In humans, this was
considered a reversible expression, induced by H. pylori infection and
not related with IM development. Our interpretation for both human
and now mice focal Cdx2 expression induced by H. pylori is that it
occurs in cells already committed to terminal gastric differentiation
and therefore not capable of initiating a metaplasia process. On the
contrary, we speculate that CDX2 expression will lead to gastric IM if
occurring in gastric stem cells.

Mice are the most convenient experimental models to study
Helicobacter spp. infection but it is well known that they also offer
limitations since they do not completely mimic the progress of the
human disease, developing instead a relatively mild gastritis that does
not evolve to IM and rarely develop gastric cancer. Now that we have
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18S mRNA. (C) Western blot for CDX2 and SOX2 expression in AGS cells
upon co-culture with H. pylori strains as previously at a multiplicity of
infection of 100:1. Non-infected cells were used as control and f-actin was
used as a loading control.
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Fig. 4. CDX2 and SOX2 regulation by the BMP pathway. (A) Western blot
for CDX2 and SOX2 expression in AGS cells upon activation of the BMP
pathway by the addition of BMP2 to the culture medium. Vehicle-treated
cells were used as control. (B) Western blot for SMAD4, CDX2 and SOX2
in AGS cells with SMAD4 knock-down (SMADA4i) and respective scrambled
control (Sc). B-actin was used as a loading control.

shown aberrant Cdx2 expression in the mice gastric mucosa upon
Helicobacter spp. infection, it will be interesting to find the miss-
ing gaps for IM and gastric cancer development in the animal model
(48,49).

In addition to CDX2, we identified SOX2 as a novel target of the
regulation by H. pylori and by the BMP pathway. SOX2 is emerging
as a gastric transcription factor that could be further and cooperatively
involved in CDX2 regulation and in IM onset (32). At present, the
function of SOX2 in the stomach and in IM is not as clear as the
function of CDX2 in intestinal differentiation and IM development.
SOX2 is mostly recognized by its involvement in the maintenance of
embryonic stem cell pluripotency and is included in the ‘cocktail’ of
genes that are able to induce pluripotency in differentiated cells (29).
During embryonic development, it is clear that Sox2 is necessary for
the foregut differentiation in mouse, whereas in chick embryo, it was
demonstrated that SOX?2 expression ends in the boundary of the intes-
tine, where CDX2 expression begins, thus being mutually exclusive
(30,50). The expression and function of SOX2 in adult tissues is not
so well characterized but recently it was shown that it is expressed in
the stomach, among other epithelial tissues, in cells with stemness
properties critical for normal tissue regeneration. SOX2 expression
was not detected in the small intestine and colon, in accordance with
previous reports (32). What we show here is that SOX2 expression
is strongly downregulated both by H. pylori and the BMP pathway,
suggesting that activation of an intestinal differentiation program
occurs concomitantly with the silencing of a gastric differentiation
one, induced or controlled by SOX2. We could not clarify, however,
if the BMP pathway acts as a mediator of H. pylori in this regulation.
Our results suggest that it is not, but other issues need to be taken into
account, namely that SMAD4i cells still have some SMAD4, which

sc SMADAi
H.pylori 26695 - + - +

pacin D W G S——

Fig. 5. Role of the BMP pathway in Helicobacter pylori-induced SOX2 and CDX2 expression. Western blot for SMAD4, CDX2 and SOX2 in AGS cells with
SMAD4 knockdown (SMADA4i) co-cultured with H. pylori strains Tx30a (A) and 26695 (B) for 8h at a multiplicity of infection of 100:1. Scrambled-transfected

and non-infected cells were used as controls. 3-Actin was used as a loading control.
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Fig. 6. BMP pathway activation and SOX2 and CDX2 expression in mice infected with Helicobacter spp. (A) Immunohistochemistry for Smad4, pSmad1/5/8,
Sox2 and Cdx2. a: Smad4 staining in most of the nuclei in the neck region of the gastric antrum mucosa of non-infected mouse; b and c: Smad4 staining both
in the foveolar, glandular and neck regions of Helicobacter felis- and Helicobacter pylori-infected mice, respectively. d—i: pSmad1/5/8 staining the nuclei

in the foveolar, glandular and neck region of non-infected (d,e), H. felis infected (f,g) and H. pylori infected (h,i) mice. j: Sox2 nuclear staining in foveolar,
glandular and neck regions of gastric antrum mucosa of non-infected mouse; k and 1: Weak staining for Sox2 in foveolar, glandular and neck region of H. felis-
and H. pylori-infected mice, respectively. m: CDX2 staining negative in the normal gastric mucosa; n and o: Focal CDX2 de novo expression in half a gland

in the antrum of H. felis infected mouse; p and q: Focal whole gland CDX2 de novo expression in the antrum mucosa of H. pylori infected mouse. Original
magnifications: (a,b,c,d.f,h,j,k,l,m,n,p) 100x; (e.g,i,0,q) 400x. (B) Western blot for pSmad1/5/8 in protein extracts of gastric mucosa from mice infected with
H. pylori and H. felis at 18 and 27 weeks post infection. E-cadherin was used as loading control of the epithelium compartment. Quantification of pSMAD1/5/8
normalized to their respective e-cadherin is depicted in the lower panel, where the white bars represent the non-infected controls and the grey and black bars
correspond to the H. felis- and H. pylori-infected mice, respectively. In this representation, all values were normalized to the first no-infection control.
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might be enough to transduce this signal. In accordance with our
results, it has been shown that the BMP pathway also represses Sox2
expression in the respiratory tract (51). Altogether, our results show
that H. pylori, through the BMP pathway upregulates an intestinal dif-
ferentiation program and downregulates a gastric differentiation one,
which will eventually lead to the onset of IM.

Funding

Fundacg@o para a Ciéncia e a Tecnologia (FCT)-Programa Operacional
Ciéncia e Inovagdo 2010 do Quadro Comunitdrio de Apoio III and
FEDER (Project PTDC/SAU-OBD/64490/2006). IPATIMUP—
Associate Laboratory of the Portuguese Ministry of Science, Technology
and Higher Education—is partially supported by FCT. FCT (SFRH/
BD/63300/2009 to V.C.) and (SFRH/BPD/68276/2010 to R.B.)

Acknowledgements

The authors wish to thank Dr Paula Chaves and Dr Ant6nio S. Guerreiro for
creating the opportunity to use the mouse experimental model and Rui Ferreira
for technical assistance.

References

1.Correa,P. (1992) Human gastric carcinogenesis: a multistep and multifac-
torial process—First American Cancer Society Award Lecture on Cancer
Epidemiology and Prevention. Cancer Res., 52, 6735-6740.

2.Uemura,N. et al. (2001) Helicobacter pylori infection and the development
of gastric cancer. N. Engl. J. Med., 345, 784-789.

3.Suh,E. er al. (1996) An intestine-specific homeobox gene regulates prolif-
eration and differentiation. Mol. Cell. Biol., 16, 619-625.

4.Mesquita,P. er al. (2006) Metaplasia—a transdifferentiation process that
facilitates cancer development: the model of gastric intestinal metaplasia.
Crit. Rev. Oncog., 12, 3-26.

5. Almeida,R. et al. (2003) Expression of intestine-specific transcription fac-
tors, CDX1 and CDX2, in intestinal metaplasia and gastric carcinomas. J.
Pathol., 199, 36-40.

6.Eda,A. et al. (2003) Aberrant expression of CDX2 in Barrett’s epithelium
and inflammatory esophageal mucosa. J. Gastroenterol., 38, 14-22.

7.0sawa,H. et al. (2004) Aberrant expression of CDX2 in the metaplas-
tic epithelium and inflammatory mucosa of the gallbladder. Am. J. Surg.
Pathol., 28, 1253-1254.

8.Beck,F. et al. (1999) Reprogramming of intestinal differentiation and inter-
calary regeneration in Cdx2 mutant mice. Proc. Natl. Acad. Sci. U.S.A., 96,
7318-7323.

9.Silberg,D.G. et al. (2002) Cdx2 ectopic expression induces gastric intesti-
nal metaplasia in transgenic mice. Gastroenterology, 122, 689-696.

10.Mutoh,H. et al. (2002) Conversion of gastric mucosa to intestinal metapla-
sia in Cdx2-expressing transgenic mice. Biochem. Biophys. Res. Commun.,
294, 470-479.

11.Mutoh,H. et al. (2004) Development of gastric carcinoma from intestinal
metaplasia in Cdx2-transgenic mice. Cancer Res., 64, 7740-7747.

12.Barros,R.et al. (2008) Key elements of the BMP/SMAD pathway
co-localize with CDX2 in intestinal metaplasia and regulate CDX2 expres-
sion in human gastric cell lines. J. Pathol., 215, 411-420.

13.Barros,R. et al. (2009) CDX2 expression is induced by Helicobacter pylori
in AGS cells. Scand. J. Gastroenterol., 44, 124-125.

14.Manzo,B.A. et al. (2006) Helicobacter pylori regulates the expression of
inhibitors of DNA binding (Id) proteins by gastric epithelial cells. Microbes
Infect., 8, 1064-1074.

15. von Bubnoff,A. et al. (2001) Intracellular BMP signaling regulation in ver-
tebrates: pathway or network? Dev. Biol., 239, 1-14.

16.Chen,Y.G. et al. (1998) Determinants of specificity in TGF-beta signal
transduction. Genes Dev., 12, 2144-2152.

17.Miyazono,K. (2000) Positive and negative regulation of TGF-beta signal-
ing. J. Cell. Sci., 113 (Pt 7), 1101-1109.

18. Attisano,L. et al. (2002) Signal transduction by the TGF-beta superfamily.
Science, 296, 1646-1647.

19. Takaku,K. et al. (1999) Gastric and duodenal polyps in Smad4 (Dpc4)
knockout mice. Cancer Res., 59, 6113-6117.

20.Haramis,A.P. et al. (2004) De novo crypt formation and juvenile polyposis
on BMP inhibition in mouse intestine. Science, 303, 1684—1686.

Helicobacter pylori and BMPs regulate CDX2 and SOX2

21.Hardwick,J.C. et al. (2004) Bone morphogenetic protein 2 is expressed by,
and acts upon, mature epithelial cells in the colon. Gastroenterology, 126,
111-121.

22. Auclair,B.A. et al. (2007) Bone morphogenetic protein signaling is essen-
tial for terminal differentiation of the intestinal secretory cell lineage.
Gastroenterology, 133, 887-896.

23.Howe,J.R. et al. (1998) Mutations in the SMAD4/DPC4 gene in juvenile
polyposis. Science, 280, 1086—1088.

24.Sayed,M.G. et al. (2002) Germline SMAD4 or BMPR1A mutations and
phenotype of juvenile polyposis. Ann. Surg. Oncol., 9, 901-906.

25.Barros,R. et al. (2009) Juvenile polyps have gastric differentiation with
MUCSAC expression and downregulation of CDX2 and SMADA4.
Histochem. Cell Biol., 131, 765-772.

26.Benahmed,F. et al. (2008) Multiple regulatory regions control the complex
expression pattern of the mouse Cdx2 homeobox gene. Gastroenterology,
135, 1238-1247, 1247 el.

27.Asonuma,S. et al. (2009) Helicobacter pylori induces gastric mucosal
intestinal metaplasia through the inhibition of interleukin-4-mediated
HMG box protein Sox2 expression. Am. J. Physiol. Gastrointest. Liver
Physiol., 297, G312-G322.

28.Boiani,M. et al. (2005) Regulatory networks in embryo-derived pluripotent
stem cells. Nat. Rev. Mol. Cell Biol., 6, 872—-884.

29.Takahashi,K. et al. (2006) Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell, 126,
663-676.

30.Que,J. et al. (2007) Multiple dose-dependent roles for Sox2 in the pattern-
ing and differentiation of anterior foregut endoderm. Development, 134,
2521-2531.

31.Tsukamoto,T. et al. (2004) Down-regulation of a gastric transcription
factor, Sox2, and ectopic expression of intestinal homeobox genes,
Cdx1 and Cdx2: inverse correlation during progression from gastric/
intestinal-mixed to complete intestinal metaplasia. J. Cancer Res. Clin.
Oncol., 130, 135-145.

32.Arnold,K. et al. (2011) Sox2(+) adult stem and progenitor cells are
important for tissue regeneration and survival of mice. Cell Stem Cell, 9,
317-329.

33.Tani,Y. et al. (2007) Transcription factor SOX2 up-regulates
stomach-specific pepsinogen A gene expression. J. Cancer Res. Clin.
Oncol., 133, 263-269.

34.Park,E.T. et al. (2008) Aberrant expression of SOX2 upregulates MUC5AC
gastric foveolar mucin in mucinous cancers of the colorectum and related
lesions. Int. J. Cancer, 122, 1253-1260.

35.Mutoh,H. et al. (2011) Sox2 expression is maintained while gastric phe-
notype is completely lost in Cdx2-induced intestinal metaplastic mucosa.
Differentiation, 81, 92-98.

36.Santos,A.M. et al. (2011) Role of 13C-urea breath test in experimen-
tal model of Helicobacter pylori infection in mice. Helicobacter, 16,
320-326.

37.Soderberg,0. et al. (2006) Direct observation of individual endoge-
nous protein complexes in situ by proximity ligation. Nat. Methods, 3,
995-1000.

38.Walsh,D.W. er al. (2010) Extracellular BMP-antagonist regulation in
development and disease: tied up in knots. Trends Cell Biol., 20, 244-256.

39.Marcos,N.T. et al. (2008) Helicobacter pylori induces beta3GnT5 in human
gastric cell lines, modulating expression of the SabA ligand sialyl-Lewis x.
J. Clin. Invest., 118, 2325-2336.

40.Bleuming,S.A. et al. (2006) Altered bone morphogenetic protein signalling
in the Helicobacter pylori-infected stomach. J. Pathol., 209, 190-197.

41.Milano,F. et al. (2007) Bone morphogenetic protein 4 expressed in
esophagitis induces a columnar phenotype in esophageal squamous cells.
Gastroenterology, 132, 2412-2421.

42.Castillo,D. et al. (2012) Activation of the BMP4 pathway and early expres-
sion of CDX2 characterize non-specialized columnar metaplasia in a
human model of Barrett’s esophagus. J. Gastrointest. Surg., 16, 227-37;
discussion 237.

43.Masterson,J.C. et al. (2011) Bone morphogenetic protein signalling in air-
way epithelial cells during regeneration. Cell. Signal., 23, 398-406.

44. Vauhkonen,M. et al. (2008) Helicobacter pylori infection induces a revers-
ible expression of the CDX2 transcription factor protein in human gastric
epithelium. Scand. J. Gastroenterol., 43, 915-921.

45.Bornschein,J. et al. (2009) The combined presence of H. pylori infection
and gastro-oesophageal reflux disease leads to an up-regulation of CDX2
gene expression in antrum and cardia. J. Clin. Pathol., 62, 254-259.

46.Barros,R. et al. (2010) Relevance of high virulence Helicobacter pylori
strains and futility of CDX2 expression for predicting intestinal metaplasia
after eradication of infection. Scand. J. Gastroenterol., 45, 828-834.

75



V.Camilo et al.

47.Peleteiro,B. et al. (2011) Association between environmental factors and
CDX2 expression in gastric cancer patients. Eur. J. Cancer Prev., 21, 423—
431. doi:10.1097/CEJ.0b013e32834ef1aa

48.Marchetti,M. et al. (1995) Development of a mouse model of
Helicobacter pylori infection that mimics human disease. Science, 267,
1655-1658.

49.Lee,A. et al. (1997) A standardized mouse model of Helicobacter pylori
infection: introducing the Sydney strain. Gastroenterology, 112, 1386-1397.

50.1shii,Y. et al. (1998) Region-specific expression of chicken Sox2 in the
developing gut and lung epithelium: regulation by epithelial-mesenchymal
interactions. Dev. Dyn., 213, 464-475.

51.Domyan,E.T. et al. (2011) Signaling through BMP receptors promotes res-
piratory identity in the foregut via repression of Sox2. Development, 138,
971-981.

Received April 23, 2012; revised June 26, 2012; accepted July 8, 2012

76



5.3

Curcumin Inhibits Gastric Inflammation Induced by Helicobacter
Pylori Infection in a Mouse Model
Nutrients 2015, 7, 306-320; doi:10.3390/nu7010306

77



Nutrients 2015, 7, 306-320; doi:10.3390/nu7010306

OPEN ACCESS

nutrients

ISSN 2072-6643

www.mdpi.com/journal/nutrients

Article

Curcumin Inhibits Gastric Inflammation Induced by
Helicobacter Pylori Infection in a Mouse Model

Antonio M. Santos *?"* Teresa Lopes 2T, Mdnica Oleastro ', Inés Vale Gato %', Pauline Floch 4,
Lucie Benejat 4, Paula Chaves °, Teresa Pereira °, Elsa Seixas 2, Jorge Machado ' and
Anténio S. Guerreiro 21

1

Servico de Medicina 4—Hospital de Santa Marta/Centro Hospitalar de Lisboa Central, Rua de
Santa Marta, 50, 1169-024 Lisboa, Portugal; E-Mail: antonioguerreiro@hotmail.com
CEDOC—Nova Medical School—Faculdade de Ciéncias Médicas Campo Martires da Patria 130,
1169-056 Lisboa, Portugal; E-Mails: maria.lopes@fcm.unl.pt (T.L.);

eseixas@igc.gulbenkian.pt (E.S.)

Departamento de Doencas Infecciosas, Instituto Nacional de Saude Dr. Ricardo Jorge, Avenida
Padre Cruz, 1649-016 Lisboa, Portugal; E-Mails: monica.oleastro@insa.min-saude.pt (M.O.);
ivaledegato@gmail.com (1.V.G.); jorge.machado@insa.min-saude.pt (J.M.)

Bacteriology Laboratory, Bordeaux University, 146 rue Léo Saignat F-33000 Bordeaux, France;
E-Mails: pauline-floch@hotmail.fr (P.F.); lucie.benejat@u-bordeaux2.fr (L.B.)

Servico de Anatomia Patologica—Instituto Portugués de Oncologia Dr. Francisco Gentil, R. Prof.
Lima Basto, 1099-023 Lisboa, Portugal; E-Mails: pchaves@ipolisboa.min-saude.pt (P.C.);
tpereira@ipolisboa.min-saude.pt (T.P.)

These authors contributed equally to this work.

Author to whom correspondence should be addressed; E-Mail: santosbox@netcabo.pt;
Tel.: +351-917-292-149; Fax: +351-218-285-636.

Received: 28 October 2014 / Accepted: 9 December 2014 / Published: 6 January 2015

Abstract: Helicobacter pylori (H. pylori) infection triggers a sequence of gastric alterations
starting with an inflammation of the gastric mucosa that, in some cases, evolves to gastric
cancer. Efficient vaccination has not been achieved, thus it is essential to find alternative
therapies, particularly in the nutritional field. The current study evaluated whether curcumin
could attenuate inflammation of the gastric mucosa due to H. pylori infection. Twenty-eight
C57BL/6 mice, were inoculated with the H. pylori SS1 strain; ten non-infected mice were
used as controls. H. pylori infection in live mice was followed-up using a modified 3C-Urea
Breath Test (**C-UBT) and quantitative real-time polymerase chain reaction (PCR).
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Histologically confirmed, gastritis was observed in 42% of infected non-treated mice at both
6 and 18 weeks post-infection. These mice showed an up-regulation of the expression of
inflammatory cytokines and chemokines, as well as of toll-like receptors (TLRs) and
MyD88, at both time points. Treatment with curcumin decreased the expression of all these
mediators. No inflammation was observed by histology in this group. Curcumin treatment
exerted a significant anti-inflammatory effect in H. pylori-infected mucosa, pointing to the
promising role of a nutritional approach in the prevention of H. pylori induced deleterious
inflammation while the eradication or prevention of colonization by effective vaccine is
not available.

Keywords: H. pylori; curcumin; nutritional approach; secondary prevention; mouse model

1. Introduction

Helicobacter pylori (H. pylori) is one of the most common human pathogens since it infects the gastric
mucosa of about 50% of the world’s population [1]. The majority of infections are asymptomatic,
acquired by an overwhelming majority of the pediatric population, making the infection life-long without
effective bacterial eradication. Additionally, epidemiological studies associating the infection with a
higher risk of gastric malignancy lead the World Health Organization for Research in Cancer to classify
H. pylori as a class | carcinogen [2]. H. pylori infection is a major risk factor for gastric cancer
development because it triggers a stepwise sequence in the gastric mucosa starting with superficial
gastritis, which can progress to chronic gastritis, atrophic gastritis, intestinal metaplasia, dysplasia, and,
ultimately, gastric carcinoma [3]. The bacteria induce a host immune response (innate and adaptative),
but the persistence of the infection suggests that the response is not effective in eliminating the infection.
Furthermore multiple lines of evidence suggest that the immune response contributes to the pathogenesis
associated with the infection.

Over the last two decades, several experimental models of H. pylori infection have been developed
to investigate the pathogenesis of this infection. Using a mouse-adapted H. pylori strain (Sidney Strain,
SS1), Lee et al. established a model of long-term and high bacterial colonization in mice [4]. Although
H. pylori is known to be non-invasive, an extensive inflammatory reaction is provoked in the gastric
mucosa as a consequence of the infection [5]. This reaction is characterized by a mucosal infiltration of
inflammatory cells, especially neutrophils, which is mediated by enhanced expression of proinflammatory
chemokines and cytokines [6,7].

Given the high prevalence of H. pylori infection worldwide, the high costs of antibiotic treatment,
and the increasing rates of antibiotic resistance, considerable efforts have been made to develop vaccines
against H. pylori. However, efficient vaccination has not been achieved in human beings to date [8].
Thus it is essential to find alternative therapies, particularly related to nutrition, such as plant extracts
that contain numerous polyphenols, which have been shown to reduce inflammation [9]. Curcumin, a
naturally occurring phytochemical and an extract of Curcuma longa (turmeric), is known to possess
many pharmacologic properties and is widely used in herbal medicine, such as for peptic diseases in
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ayurvedic medicine [10]. Moreover, curcumin has proven to exhibit remarkable anticarcinogenic,
anti-inflammatory, and antioxidant properties [11,12].

Thus, curcumin may be a potential agent for controlling inflammation associated with H. pylori
infection. The aim of the present study is to evaluate the anti-inflammatory effect of curcumin using the
experimental model of H. pylori chronic infection.

2. Experimental Section
2.1. Experimental Infections

A total of 38 pathogen-free male C57BL/6 5-week-old mice (Harlan Laboratories, Castellar,
Spain—Genetic code: C57BL/6JOla-Hsd) were used in compliance with the national animal guidelines.
The present study was specifically approved by the National Animal Care Committee from the Portuguese
General Veterinary Direction.

The animal facility had a regulated room temperature (21 °C-24 °C), humidity (55% * 10%), and an
artificial standard 12-h light/12-h dark cycle.

All mice had ad libitum access to tap water and feeding (standard diet—Mmucedola srl-1taly-4RF21
certificate batch: 250202) and were kept in standard mice plastic cages (size 13 cm high, 30 cm length
and 20 cm wide) with a Souralit 3000 beeding (batch: 118/11 with no pre-treatment).

After an acclimatization period of two weeks, the mice were divided into three different
groups: Control group (CG), n = 10, Infected group (IG), n = 14, Infected group treated with Curcumin
(IG + C), n = 14. Using a 20-gauge ballpoint metal feeding tube (Harvard Apparatus, Inc., Holliston,
MA, USA), mice were inoculated intragastrically, on three consecutive days, with either 0.1 mL of
H. pylori SS1 cell suspension containing 108 colony-forming units/mL (IG and I1G + C) or phosphate
buffered saline (PBS) (CG). Two weeks after infection, the IG + C group received 0.5 mL of a lipidic
solution of curcumin (Sigma-Aldrich, Sintra, Portugal) (500 mg/kg) [13,14], and the IG received PBS;
both regimens were given three times a week, for 6 and 18 weeks by gavage.

At Week 6, the five non-infected mice (CG) and seven mice from both the IG and IG + C groups,
were killed. The remaining mice of each group were killed at Week 18.

The mice were food-deprived for 14 h prior to euthanization by cervical dislocation. For each mouse,
half of the stomach was totally processed for histology and immunohistochemistry, and the remaining
half was split in two, one part was immediately conserved at —80 °C in RTL buffer (Qiagen GmbH,
Hilden, Germany) with 2-mercaptoethanol (Sigma-Aldrich, Sintra, Portugal) for RNA extraction, and the
remaining half was used for DNA extraction.

2.2. Urea Breath Test (**C-UBT) and Quantitative Real-Time PCR (gPCR) for H. Pylori

The presence or absence of active H. pylori infection was evaluated for all mice one week after the
infection, and again at both 6 and 18 weeks after infection, before euthanasia, with an adapted
13C-UBT, as previously described [15].

A gPCR was performed on extracted DNA from the stomach in order to evaluate the putative effect
of curcumin treatment on H. pylori.
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A real-time PCR based on SYBR Green technology was used to quantify H. pylori and mouse
GAPDH (Glyceraldhehyde 3-phosphate deshydrogenase), an epithelial cell target, in stomach DNA
extracts. H. pylori specific PCR targets the gene encoding 23S rRNA of H. pylori as already
described [16]. GAPDH primers (mGapdhlfor: CTGCAGGTTCTCCACACCTATG; mGapdhlrev:
GAATTTGCCGTGAGTGGAGTC) were designed using Primer Express software (Life Technologies).
Each sample was tested twice for 23S rRNA and GAPDH (Eurofins, Luxembourg, Luxembourg).

Two standard ranges were prepared, the first one with DNA extract from bacterial calibrated
suspension (UFC/mL) of H. pylori SS1 strain, the second with DNA from murine epithelial cells
(m-lccl2 line) [17] at a known concentration. Two standard curves were obtained and used to quantify
the number of bacteria and murine cells, respectively, by uL of DNA. Final results were expressed by
the ratio bacteria/uL of DNA on murine cells/uL of DNA.

LightCycler(r) 480 SYBR(r) Green | Master Mix (Roche Diagnotics reagent was used according to
supplier’s recommendations. PCR were performed on Light cycler 480 (Roche Diagnostics, Bale,
Switzerland). Following initial denaturation at 95 °C for 10 min, 45 amplification cycles (95 °C for
10s, 60 °C for 10 s, and 72 °C for 15 s) were performed. Fluorescence was measured at 640 nm after
each cycle. This was followed by a melting program of 95 °C for 60 s and 38 °C for 50 s at a temperature
transition rate of 20 °C/s and 90 °C for 0 s (hold time) at a rate of 0.1 °C/s, with continuous monitoring
of the fluorescence. The final step consisted of cooling at 2.2 °C/s to 40 °C. The results are presented as
the ratio 23S rRNA/GAPDH.

2.3. Immunohistochemistry and Histology

Sections of buffered formalin-fixed paraffin-embedded tissue blocks (2 um thick) were cut onto
Superfrost plus slides. After baking in an oven, the 2 pum sections were de-waxed, rehydrated, and
subjected to epitope antigen retrieval (20 min, 94 °C) with Target Retrieval Solution High pH
50x EnvisionTM Flex (Dako, Glostrup, Denmark) in a pre-treatment module PTlink (Dako).
Endogenous peroxidase was blocked with 2% H202 in absolute methanol for 10 min. Immunostaining
was performed by the peroxidase-indirect-polymer method. Primary polyclonal rabbit
anti-Helicobacter Pylori (Dako, Glostrup, Denmark), was incubated for 30 minutes at room temperature.
The labeled polymer HRP anti-rabbit (Dako EnVisionTM, Carpinteria, USA) detection staining system
was used at room temperature for 30 minutes and DAB (3,3'-diaminobenzidine) for visualization.
Sections were counterstained with Mayer’s Hematoxylin. As positive control a mouse gastric specimen
previously known to be positive was used for HP. For negative control, primary antibody was omitted
during the staining.

For histological analysis, mouse stomach samples were fixed with 10% buffered formalin solution,
pH 7.0, routinely processed, and embedded in paraffin. Sections of tissue blocks 4 um thick were cut
onto glass slides and stained with hematoxylin-eosin (H & E). Inflammation was blindly observed and
graded from zero to three as described elsewhere [18].

2.4. Real-Time PCR Arrays

For PCR arrays, three mice from each group, CG, IG, and IG + C, at all time-points of the experiment,
were randomly chosen and tested individually. Total RNA from mouse stomach samples was extracted
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using the RNeasy Mini kit (Qiagen GMbH, Hilden, Germany), including the DNase | digestion step to
eliminate residual genomic DNA, as recommended by the manufacturer. Integrity and concentration of each
RNA sample was analyzed in the Agilent 2100 Bioanalyzer. Then 500 ng of RNA were reverse transcribed
to single-stranded cDNA using the RT? First Strand kit (Qiagen) according to manufacturers’ protocols.

Analysis of expression of 84 inflammation mediator genes, as well as of five housekeeping genes
(HKG), was performed by PCR array, using the RT? Profiler PCR Array mouse inflammatory response
and immunity pathway (SABIoscience, Qiagen), in a 384-well format, using the Applied Biosystems
7900HT Fast Real-Time PCR System. Data was normalized to the mean values of the five HKG, and
the relative amount of RNA was calculated using the 272t method.

Fold-change calculations were done using SABiosciences’ data analysis software, which
automatically calculates the fold-change in gene expression between the infected non-treated mice and
the control group (IG versus CG), and between the infected and curcumin treated mice and the control
group (IG + C versus CG). Fold-change values greater than one indicate an up-regulation, while
fold-changes less than one indicate a down-regulation.

2.5. Statistical Analysis

Differences on the histology score were tested by the Mann-Whitney U test. Student’s t test was used
for the remaining statistics. Both tests were considered as statistically significant when p < 0.05. Results
are expressed as averages + standard deviation (SD) of n observations.

3. Results
3.1. H. Pylori Status

At all the time points analyzed, 1 week, 6 and 18 weeks after the infection, H. pylori was detected in
all the 28 inoculated mice, both by *C-UBT (Supplementary Figure S1) and by immunohistochemistry
(Figure 1A), independent of treatment with curcumin.

Mice from the CG were all negative for H. pylori infection. Interestingly, from week 1 to week 18, a
non-significant reduction in the 3CO2 values assessed by *C-UBT was observed for all the infected
mice. These results were confirmed by gPCR, for which no H. pylori DNA was detected among the non-
infected mice, while no difference in H. pylori DNA content was observed between infected mice at 6
and 18 weeks, either treated or non-treated with curcumin (Figure 2).

3.2. Histology

The inflammation of gastric mucosa was analyzed without previous knowledge by the observer. For
the CG mice, no inflammation of gastric mucosa was observed at either point in time. Among the
infected mice, three of seven (42.8%) presented moderate inflammation (Score 2) at Week 6, and mild
inflammation (Score 1) was also observed in three out of seven mice (42.8%) at 18 weeks
(Figure 1B,C and Supplementary Table S1). No inflammation of gastric mucosa was observed in the
curcumin-treated mice at either 6 or 18 weeks post-infection (Figure 1D). Differences among infected
treated and non-treated groups were statistically significant for the 6 weeks of infection (U = 3.5,
p = 0.004), but not for the 18 weeks of infection (U = 14.0, p = 0.209) (Supplementary Table S1).
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Figure 1. Gastric mucosa of an infected mouse. Immunohistochemistry for H. pylori, 40x
(black arrows indicate bacteria) (A). Mucosal inflammation at 6 (B) and 18 weeks (C) of the
infected non-treated mice (hematoxylin & Eosin (H & E) x 10). Black arrows indicate small
lymphoid aggregates at the mucosa (B) and a well-defined lymphoyid aggregate at the
submucosa (C)—Normal gastric mucosa (H & E x 10) of infected mice treated with
curcumin at 18 weeks (D).
H.pylori
lepithelial cell

61

21 T

6W Curc 6W 18W Curc_18W

Figure 2. Quantitative real-time polymerase chain reaction (PCR) evaluating the load of
H. pylori in the mouse gastric mucosa. Values denote the means of the ratio
23S rRNA/GAPDH, obtained for each of the mice analyzed in each group, each mouse tested
in duplicate. 6W and 18W, refer to the groups of infected mice at 6 and 18 weeks,
respectively; Curc_6W and Curc_18W, refer to the groups of infected mice, receiving
treatment with curcumin, at 6 and 18 weeks, respectively.

3.3. Real-Time PCR Arrays

Of the 84 mouse inflammatory response and immunity pathway genes analyzed, 69 showed at least
a three-fold difference in gene expression between normal mice (CG) and the infected non-treated mice
(1G). At week 6, up-regulation was observed in 64 genes, while five genes appeared to be down-regulated
in the infected mice, (Figure 3A and Supplementary Table S2). At week 18, up-regulation was observed
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in 78 genes, and only two genes appeared to be down-regulated in the infected mice (Figure 3B and
Supplementary Table S2).

A: 6 weeks post-infection, non-treated mice (n = 3) B: 18 weeks post-infection, non-treated mice (n = 3)
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Figure 3. Relative expression level (274" for the 84 mouse inflammatory response and
immunity encoding genes, between normal mice and Helicobacter pylori-infected mice at
Week 6 post-infection (A) and at Week 18 post-infection (B); and between normal mice and
Helicobacter pylori-infected mice treated with curcumin at Week 6 post-infection (C) and
at Week 18 post-infection (D). Values denote the means obtained for each of the mice
analyzed in each group, each mouse tested in duplicate (x SD). The grey lines indicate a
three-fold change in gene expression threshold.

The treatment of mice with curcumin for 6 and 18 weeks down-regulates the expression of almost all
studied genes. This effect was more pronounced at 6 weeks of treatment than at 18 weeks (Figure 3C,D
and Supplementary Table S2). The pro-inflammatory cytokines and receptors were included in the group
of up-regulated genes, at Week 6, among which were the main genes involved in the immune response
against H. pylori infection: IL-1p, IL-6, IL-9, IL-10, IL-23a, IFN-y, TNF-q, and Fasl (range of fold-change
between infected and non-infected mice varied from 23.9 to 1338.6) (Figure 4A).

The same scenario was observed for the chemokines, with special emphasis on CCI2, CCL20, CCL25,
CxCL1, CxCL2, and CxCL11, with fold-change ranging from 22.7 to 717.5 (Figure 4B).
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B H. pylori infected mice, 6 weeks
post-infection.

[ H. pylori infected mice, receiving
treatment with curcumin, 6 weeks
post-infection.

B H. pylori infected mice, 18 weeks
post-infection.

O H. pylori infected mice, receiving
treatment with curcumin,18 weeks
post-infection.

Figure 4. Fold-change in expression of mouse inflammatory response and immunity
encoding genes, as determined by PCR arrays and calculated using the 272¢* method,
comparing the Helicobacter pylori-infected non-treated mice and the infected and treated with
curcumin mice versus non-infected mice, at Week 6 post-infection and at Week 18
post-infection: (A) mouse cytokines; (B) mouse chemokines; (C) mouse toll-like receptors
(TLR) and MyD88. Values denote the means obtained for each of the mice analyzed in each
group, each mouse was tested in duplicate (£ SD). p < 0.05 for all the comparisons between
the infected non-treated and the infected curcumin treated groups except for IFN-y at Week
18. Values denote the means obtained for each of the three mice analyzed in each group,

each mouse was tested in duplicate (= SD).

Among the toll-like receptors (TLRs), the genes encoding for TLR1, TLR5, TLR6, and TLR7 showed
the largest increase range in the infected mice (range of fold-change from 6 to 1123), as well as the
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universal adapter protein MyD88 (fold-change of 83.3), which is used by almost all TLRs to activate the
transcription factor nuclear factor kappa beta (NF-xB) (Figure 4C).

At week 18, up-regulation of the genes was even more pronounced, with fold-change ranging between
400.4 and 8251.1 for the main pro-inflammatory cytokines (Figure 4A), and between 135.5 and 1191.9
for chemokines (Figure 4B). Regarding the TLRs, a marked up-regulation was also observed, with
fold-change ranging from 99.2 to 6164.5, and a fold-change of 446.3 for the MyD88 encoding gene
(Figure 4C).

An increased in expression of the inducible nitric oxide synthetase (iNOS) was also observed for the
infected non-treated mice compared to the control group, at both Week 6 (fold-change of 224) and Week
18 (fold-change of 2161).

Treatment of infected mice with curcumin drastically decreased the expression of all the
inflammatory mediators, restoring their levels to those similar to the non-infected mice (Figure 3C,D).
Indeed, at Week 6, among the 84 inflammatory response and immunity pathway tested genes, only
18 genes were still more expressed in the treated group than in the control group, with fold-changes
varying from 3.2 to 9.0. In comparison with the infected non-treated mice, the levels of fold-change in
gene expression for the curcumin-treated mice were significantly lower, averaging 100 times less for the
cytokines, 70 times less for the chemokines’ group, and 230 times less for the TLRs and MyD88
encoding genes (Figure 4A-C).

At Week 18, 65 out of the 84 genes tested in the curcumin-treated mice were still up-regulated
compared to the control group; however the levels of fold-change decreased on average five times when
compared to the fold-change observed in the infected non-treated mice (Figure 4A—C). For each gene
category the effect of curcumin on the infected mice, compared to the infected non-treated group, was
as follows: eleven times decrease in fold-change for the cytokines, seven times for chemokines, and ten
times for TLRs and MyD88.

Overall, the effect of curcumin on inflammation due to H. pylori infection was more pronounced after
6 weeks of infection than after 18 weeks, even if, in this case, the treatment was more prolonged.
Curcumin had a pronounced effect on all inflammatory mediators’ encoding genes, with special
emphasis on cytokines, chemokines, and TLRs.

4. Discussion

This study focused on the evaluation of the anti-inflammatory properties of curcumin by both
histological and molecular approaches, in the context of the chronic infection by H. pylori, using the
in vivo mouse model.

Our data confirm that the mouse-adapted H. pylori SS1 strain is well adapted to the mouse stomach
milieu, which explains the high infection rate (100%) achieved in this study, even after 18 weeks of
infection. Despite the low number of tested mice, the histological analysis performed showed that
curcumin was effective in reducing the inflammation of the gastric mucosa of H. pylori-infected mice,
which was confirmed at the molecular level. At this level the magnitude of the difference in the
expression of the inflammatory mediators’ encoding genes between the infected curcumin-treated mice
and the infected but non-treated ones strongly supports the powerful anti-inflammatory properties
of curcumin.
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Inhibition of H. pylori growth was unlikely to be a mechanism that contributed to the effect of
curcumin observed in this study, since positive results regarding the presence of bacteria were still
obtained from both *C-UBT and gPCR. Although the amount of recovered *CO- from breath analysis
of all infected groups slightly decreased with time during the experiment, it was not significantly
different between the groups at all time points, which was corroborated by the gPCR results. Moreover,
the H. pylori colonization density measured by immunohistochemistry showed a positive result in all
mice including the treated ones.

One can speculate that curcumin, although not bactericidal, may affect the expression/amounts of
virulent genes.

Recently, Sintara et al. [19] in rats using histology and Di Mario et al. [20] in humans, using serology,
demonstrated that treatment with curcumin significantly improved gastric inflammation associated with
H. pylori infection despite persistence of the bacterium, supporting the findings of this study. However,
these data are not confirmed by Kundu et al. [21] who suggested that curcumin acted two ways during
protection against H. pylori infection, i.e. by eradicating H. pylori as well as potentially targeting key
molecules involved in the H. pylori-induced gastric diseases.

According to Goel et al. [22], eradication by curcumin may be dependent on a high dose of this
chemopreventive agent, the safety of which still has to be confirmed in animals and humans.

There are two main mechanisms by which H. pylori (or its products) may produce gastric
inflammation. Firstly, the organism may interact with surface epithelial cells, producing either direct cell
damage or the liberation of epithelial-derived pro-inflammatory mediators (chemokines). The epithelial
chemokine response may be particularly important in the early stages of H. pylori-induced inflammation,
with the epithelium acting as a crucial first line of defense against microbial infection. Secondly,
H. pylori-derived products may gain access to the underlying mucosa, thereby directly stimulating host
non-specific and specific immune responses involving the liberation of a variety of cytokine messengers [23].

Our data clearly show an increased expression of a set of chemokines (CCL20, CCL5, CXCL1,
CXCL10, CXCL11, CCL25) normally involved in H. pylori gastritis [24—26] at both 6 and 18 weeks of
infection in mice, which decreased after curcumin treatment.

Still in the context of non-specific (innate) immunity, the literature describes an increase in the
secretion of TNF-a, IL-6, and IL-1B during H. pylori infection, with all three polypeptides being
predominantly macrophage-derived cytokines with a wide range of pro-inflammatory actions involved
in leukocyte recruitment and activation [27,28]. Our study confirmed these data, showing a marked
increase in the expression of these cytokines in the infected mice, which decreased significantly after
treatment with curcumin.

Innate immune activation depends on the input of multiple microbial stimuli. Similar to other bacteria,
H. pylori activates several TLRs on epithelial and dendritic cells (DCs). It is possible that different TLRs
ligands derived from the same microbe induce distinct and opposite effects on DCs [29-31]. To date,
eleven members of the TLRs family have been found to be expressed in mice [32]. TLRs are key
molecules mediating the interaction between H. pylori and DCs, which is largely dependent on the
adaptor protein MyD88 signaling that is used by all TLRs except TLR3 [8]. Our data are consistent with
the ones mentioned above, showing a significant increase in MyD88 expression in infected mice, as well
as of several TLRs [33]. Once again, treatment of infected mice with curcumin restored the normal range
of all these molecules. o
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With regard to adaptive immunity, the discovery of Th17 cells was a major step in our understanding
of CD4 + T cell responses to H. pylori infection. The early events in the immune response of immunized
and challenged mice include the recruitment of T cells. In murine systems, Th17 cell differentiation
depends on the presence of IL-6, transforming growth factor beta (TGF-f1), and CCL20, which are
significantly increased in H. pylori-stimulated macrophages. Subsequently, IL-23 that is increased in
patients with H. pylori gastritis will promote Th17 cell proliferation via the STAT3 pathway [33,34].
The NF-xB pathway participates in the production of these inflammatory mediators in response to
H. pylori [35]. In a similar way to that found with the previously described chemokines, the expression
of this set of cytokines was also increased in our infected mice (TGF-3 was not measured) and decreased
significantly after treatment with curcumin. It is worth noting that gastric epithelial cells stimulated by
IL-17 also lead to production of chemokines, including CCL25, chemotactic factor for macrophages,
activated monocytes, and DCs. In our study, we found an increase in the expression of this cytokine,
probably reflecting IL-17 stimulation, the level of which returned to normal after curcumin therapy.

Shi et al. [36] suggest that H. pylori infection induces a mixed Th17/Thl cell response and the
Th17/1L-17 pathway modulates Th1l cell responses and contributes to pathology. It is generally accepted
that H. pylori infection results in a Thl-dominant response and gastric inflammation that depends on
Th1 cells is characterized by the production of IFN-y [37-40]. Accordingly, the infected mice in this
study showed a strong Thl response, with high expression of IFN-y at both 6 and 18 weeks after
infection, which regressed after treatment with curcumin mainly at Week 6 post-infection.

We may wonder what the rational for the beneficial effects of curcumin is in the context of gastric
infection by H. pylori. The pathogenesis of this infection is associated with bacterial virulence factors
that can induce the activation of NF-«xB in gastric epithelial cells [19,41]. This transcription factor is an
important regulator of many cellular processes, including the control of immune response and
inflammation [42,43]. For example, the NF-xB pathway participates in the production of inflammatory
mediators in H. pylori-stimulated macrophages critical for differentiation and proliferation of Thl7
cells [35]. Curcumin has many biological attributes, including anti-inflammatory properties [19],
and most of these effects can be explained by the efficient inhibition of NF-xB mediated by this
substance [44-46]. Previous studies have shown that curcumin can inhibit NF-xB activation in
H. pylori-infected gastric epithelial cells [47], as well as in rats [48]. In this last study, H. pylori-induced
gastric inflammation was associated with increased NF-xB activation and macromolecular leakage,
which was reduced by curcumin supplementation. In our study the quantification of NF-xB by an
alternative method (like gPCR or immunohistochemistry) was not performed, which is a clear limitation
of the study. Identifying the localization of NF-«xB in the gastric mucosa by immunohistochemistry, if
performed, would also have been of informative relevance.

Another point that deserves attention is the observation that despite curcumin fully abolishing the
gastric mucosa inflammation, a total remission of gene expression of inflammation markers was not
observed. In our study, we also observed a discrepancy between histological inflammatory scores and
inflammatory genes by PCR arrays for all infected mice, before or after curcumin treatment, and the
more pronounced gene expression observed at Week 18 post-infection in the non-treated mice had no
parallelism in higher histological inflammation scores, compared to Week 6 post-infection. One possible
explanation for this is the fact that some adaptive host factors may also contribute to mucosal protection.
Considering the limited number of mice in each group and that we did not observe a consistent exuberant
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mucosal inflammation for any mouse at any time of the experiment, it can be speculated that mouse
infection with the human pathogen H. pylori might not be the ideal model of inflammation, at least
regarding histological parameters.

5. Conclusions

In conclusion, as far as we know, this is one of the few studies using both histological and molecular
approaches, showing the important anti-inflammatory role of curcumin in the context of chronic
H. pylori infection. Taking into account the extensive consumption of polyphenols in the human diet
(curcumin and others), our data points to the promising role of a nutritional approach in the control of
H. pylori induced deleterious inflammation while an effective vaccine is not available.
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Abstract

mice.

received curcumin for 6, 18, and 27 weeks.

to the IG + C mice.

approach for areas of high H. pylori prevalence.

Background: Helicobacter pylori (H. pylori) infection increases the expression of cyclooxygenase-2 (COX-2) on the
host's gastric mucosa. The inhibition of COX-2 activity with natural products would be a major advantage. This
study aims to clarify the possible effect of curcumin on COX-2 inhibition in gastric mucosa of H. pylori infected

Methods: We inoculated 30 pathogen-free male C57BL/6 mice with H. pylori (SS1 Sidney strain) that were randomly
divided in two different groups: infected group (IG) treated with phosphate-buffered saline (PBS) (n=15) and
infected group treated with curcumin 500 mg/kg (IG + C) (n=15). A group of 15 non-infected mice were used as
control (CG). Two weeks post-infection, both IG and CG groups received 0.5 ml of PBS, while the IG + C group

Results: The analysis by immunohistochemistry and by PCR array at 6, 18, and 27 weeks post-infection showed a
significant increase on COX-2 expression on the IG mice compared to the CG mice. The group treated with
curcumin (IG + C) showed a significant downregulation of COX-2 at all points of the experiment, when compared

Conclusion: Chronic H. pylori infection induces a significant increase in COX-2 expression. Treatment with curcumin
significantly decreases the COX-2 expression, and the addition of curcumin to the diet may be an interesting

Keywords: H. pylori, Curcumin, Experimental model, COX-2

Background

Helicobacter pylori (H. pylori) infection is associated
with several gastroduodenal disorders such as chronic
gastritis, peptic ulcer disease, MALT lymphoma, and
gastric distal carcinoma [1, 2]. Nevertheless, the exact
mechanisms involved in the development of these disor-
ders remain unclear. It has been reported that H. pylori
increases cell proliferation of the gastric mucosa and the
eradication of the infection returns cell proliferation to
normal levels [3-5]. The hyperplastic changes observed
in H. pylori-induced gastritis are thought to be associ-
ated with pre-cancerous changes [6, 7]. Although the
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precise mechanisms involved in these changes are not
all yet clear, it has been described that cyclooxygenase-2
(COX-2) is implicated in these alterations observed in
gastric mucosa of mice infected with H. pylori [8].

COX-2 whose expression induced by cytokines, growth
factors, and tumor promoters has been shown to play a
role as an immediate-early response in inflammation [9].

Several studies in humans and animals show that H.
pylori upregulates the expression of COX-2 both at
mRNA and protein levels, which might be one of the
mechanisms leading to several gastric diseases [10].

So far, the clinical approach to target COX-2 has been
via inhibition of its activity with non-steroidal inflamma-
tory drugs (NSAIDs).

It was found that the prolonged intake of NSAIDs was
able to produce serious side effects and also that the
chronic use of salicylates can damage the gastric mucosa

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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[11] and produce gastrointestinal bleeding [12]. For this
reason, the medical community looks with concern to
this class of drugs.

Despite all these facts, the inhibition of COX-2 would
be of major interest in many pathological conditions, in
which its expression is chronically upregulated, such as
H. pylori gastritis, autoimmune diseases, and several
types of cancer [13].

Targeting COX-2 expression with natural compounds
may therefore represent a promising strategy, by which
the same preventive and therapeutic benefits may be ob-
tained although avoiding the adverse side effects of
COX-2 enzymatic inhibition.

Nowadays, there is a global interest in nutraceuticals,
a huge source of biologically active molecules that re-
main largely unexplored, with proven anti-inflammatory
properties and whose role is being increasingly recog-
nized in improving health care [14-16].

Curcumin, the nutraceutical used in the present study,
is the main component of the plant Curcuma longa, a
gold-colored spice commonly used in the Indian sub-
continent, not only for health care but also for the pres-
ervation of food. This nutraceutic has been shown to
exhibit antioxidant, anti-inflammatory, antiviral, antibac-
terial, antifungal, and anticancer activities. These effects
are mediated through the regulation of various tran-
scription factors, growth factors, inflammatory cyto-
kines, protein kinases, and other enzymes [17-20].

The high prevalence of H. pylori infection all over the
world [21], the high costs of treatment, and the high
level of treatment failure due to antibiotic resistance lead
the scientists trying to develop a vaccine against H. pyl-
ori infection. Although the large amount of investigation
was produced in this field, so far, this kind of vaccine is
not yet available.

So, it would be of major interest to find a treatment
with anti-inflammatory activity of plant-derived mole-
cules, like curcumin, modulating the COX-2 activity but
without the side effects of NSAIDs.

The aim of the present work was to study the expres-
sion of COX-2 during treatment with curcumin on gas-
tric mucosa of mice in H. pylori experimental chronic
infection model.

Methods

Animal housing and study design

A total of 45 pathogen-free male C57BL/6 5-week-old
mice (Harlan Laboratories, Castellar, Spain) were used in
compliance with the guidelines and protocols approved
by the National Animal Care Committee from the Por-
tuguese General Veterinary Direction. After arrival, the
mice were randomly divided in cages (5 mice per cage)
with ad libitum access to acidified tap water (1 bottle
per cage) and sterilized standard diet (Mmucedolasrl—-

4RF21 certificate batch: 250202). Then, the mice were
kept for 2 weeks for acclimatization purposes before
starting the experimental procedure. The animal facility
has a positive pressure local exhaust ventilation, with
15-20 air changes per hour, room temperature between
21 and 24 °C, regulated relative humidity (55% + 10%),
and an artificial standard 12 h light/12 h dark cycle of
250 Ix intensity.

After the acclimatization period and using a 20-gauge
ballpoint metal feeding tube (Harvard Apparatus, Inc.,
Holliston, Mass.), 30 mice were inoculated intragastri-
cally, on three consecutive days, with 0.1 ml of H. pylori
SS1 strain (Sidney strain) cell suspension containing
10® cfu/ml. The presence or absence of active H. pylori
infection was evaluated for all mice 1 week after the in-
fection and then at 6, 18, and 27 weeks post-infection,
before euthanasia, with an adapted *C-UBT, as previ-
ously described [22].

Two weeks later, the infected mice were randomly di-
vided in two different groups: infected group treated
with phosphate-buffered saline (PBS; IG), n = 15, and in-
fected group treated with curcumin (IG + C), n=15.
The remaining 15 non-infected mice were used as con-
trol group (CQ).

The CG and the IG groups received 0.5 ml of PBS,
while the IG + C group received 0.5 ml of a lipidic
solution of curcumin (Sigma-Aldrich, Sintra, Portugal)
(500 mg/kg) [19]. The two regimens were given three
times a week, for 6, 18, and 27 weeks post-infection
by gavage.

Five mice from each group were euthanized at 6, 18,
and 27 weeks post-infection.

Sampling

Animals were fasted for 14 h and then euthanized by cer-
vical dislocation. For each mouse, half of the stomach was
placed in buffered formalin to be fully processed for H.
pylori and COX-2 immunohistochemistry analysis and the
remaining half was immediately conserved at — 80 °C in
RTL buffer (Qiagen GmbH, Hilden, Germany), with 2-
mercaptoethanol (Sigma-Aldrich, Sintra, Portugal), for
RNA extraction.

Immunohistochemistry

Sections of buffered formalin-fixed paraffin-embedded
tissue blocks with 2 um thickness were cut onto Super-
frost Plus slides. After baking in an oven, the sections
were de-waxed, rehydrated, and subjected to epitope
antigen retrieval (20 min, 94 °C) with Target Retrieval
Solution High pH 50x Envision™ Flex (Dako, Ref.
DM828) in a pre-treatment module PTlink (Dako, Code
No. PT10130). Endogenous peroxidase was blocked with
2% H,0, in absolute methanol for 10 min. Immuno-

staining was performed by the c.
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Immunohistochemistry for H. pylori was done using a
primary polyclonal rabbit anti-H. pylori (Dako B0471,
Glostrup, Denmark) incubated for 30 min at room
temperature. As positive control, a mouse gastric specimen
previously known to be positive for H. pylori was used. For
negative control, primary antibody was omitted during the
staining. Immunohistochemistry for COX-2 was done using
a primary rabbit monoclonal anti-COX-2, clone SP21 (Cell
Marque 240R-14, 1:1500), and incubated overnight at 4 °C
temperature. An appropriate positive control was used. For
negative control, primary antibody was omitted during the
staining. The visualization was done using labeled polymer
HRP anti-rabbit (Dako EnVision™ K4011) detection staining
system at room temperature for 30 min and DAB (3,3"-di-
aminobenzidine). Sections were counterstained with
Mayer’s hematoxylin.

The area of immunostaining was accessed with image
software analysis Aperio ImageScope™ v11.1.2.760. Posi-
tive area of immunostaining was measured only when
software analysis detected strong staining [23].

Real-time PCR arrays

For PCR arrays, three mice from each group, CG, IG, and
IG + C, were randomly selected and tested individually.
Total RNA from stomach mice samples was extracted
using the RNeasy Mini kit (QiagenGMbH, Hilden,
Germany), including the DNase I digestion step to elimin-
ate residual genomic DNA. Integrity and concentration of
each RNA sample was analyzed in the Agilent 2100 Bioa-
nalyzer. Then, 25.0 ng to 5.0 ug RNA were reverse-
transcribed to single-stranded cDNA using the RT2 First
Strand kit (Qiagen, Germany). All procedures were per-
formed according to manufacturer’s protocols.

Analysis of expression of COX-2gene as well as of five
housekeeping genes (HKG), was performed by PCR
array, using the RT2 Profiler PCR Array Mouse Inflam-
matory response and Immunity pathway (SABioscience,
Qiagen), in a 384-well format, using the Applied Biosys-
tems 7900HT Fast Real-Time PCR System. Data was
normalized to the mean values of the five HKG, and the
relative amount of RNA was calculated using the 274
method. Fold change calculations were done using
SABiosciences’ data analysis software, which automatic-
ally calculates the fold change in gene expression be-
tween the infected non-treated mice and the control
group (IG versus CG) and between the infected and
curcumin-treated mice and the control group (IG + C
versus CQ). Fold change values greater than one indicate
an upregulation, while fold changes less than one indi-
cate a downregulation [23].

Statistical analysis.
Differences were tested by Student’s ¢ test, being consid-
ered as statistically significant when P < 0.05. Results are

expressed as averages t standard deviations (SD) of n
observations.

Results

H. pylori status

All the 30 inoculated mice (IG and IG + C) were H. pyl-
ori-positive by '*C-urea breath test (data not shown)
and by immunohistochemistry (Fig. 1). All mice from
control group (CG) were negative for both methods.

COX-2 immunostaining

The area of COX-2 immunostaining was accessed with
the Aperio ImageScope software. The microscope image
was digitalized by the software (Fig. 2a) and was auto-
matically processed. When strong immunostaining was
detected (Fig. 2b), the area was quantified (dark-brown
areas) as number of pixels.

In the IG (PBS) group, the production of COX-2 was
significantly upregulated (area of positive immunostain-
ing pixels) at week 6 (393-544 x 10 pixels), week 18
(242614 x 10> pixels), and week 27 (129-175 x
10° pixels) post-infection. The curcumin treatment sig-
nificantly decreased the expression of COX-2 at all time
points: 175-206 x 10% pixels (p = 0.0012) at week 6, 134—
149 x 10° pixels (p=0.0010) at week 18, and 87-97 x
10? pixels (p = 0.047) at week 27 (Fig. 3).

PCR array of COX-2
The analysis by PCR array of COX-2 showed at least a
50,000-fold increase in gene expression between the
control group (CG) and the infected group (IG) of mice
at 6, 18, and 27 weeks post-infection (IG vs CG) (Fig. 4).
At all time points of the experiment, COX-2 gene expres-
sion in the curcumin-treated mice (IG + C) was still upreg-
ulated compared to the control group (CG); however, the

Fig. 1 Immunohistochemistry of the gastric mucosa of Helicobacter
pylori infected mouse, x 100 (black arrows indicate bacteria)
.
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Fig. 2 Immunohistochemistry image of COX-2 quantification using
Aperio ImageScope™ software on the gastric mucosa of Helicobacter
pylori-infected mouse (x 100). Original microscope image (a) and the
respective processed image by the software (b). Dark-brown area
indicates strong positive quantified immunostaining

levels of fold change significantly decreased on average at
least 8000 times when compared to the fold change
observed in the mice infected group (IG), with p values <
0.005 at all time points of the experiment (IG vs IG + C)
(Fig. 4).

Discussion

As described previously, COX-2 is a key enzyme in the
prostanoid synthesis. Under physiological conditions, it is
only found in minor concentrations and is induced in sev-
eral pathological conditions [24, 25] such as H. pylori in-
fection. Our study shows that the mouse-adapted H.
pylori SS1 strain seems to be very well adapted to the mice
stomach milieu, which explains the high infection rate
with this strain even after 27 weeks post-infection (100%),
and we had a strong expression of COX-2 as early as
6 weeks post-infection and a similar result at 18 and
27 weeks post-infection. This increased expression was
observed at mRNA expression level and also at the pro-
tein expression level. In H. pylori infection, both bacterial
and host factors are believed to contribute to gastric mu-
cosal damage. Regarding host factors, it is suspected that
inflammatory responses may be involved in H. pylori-in-
duced gastritis [26—28]. Romano et al. [29] reported that
adhesion of H. pylori on cultured gastric cancer MKN28
cells results in COX-2 mRNA expression. However, it is
unclear whether the direct effect of H. pylori on gastric
cells is crucial for COX-2 expression in vivo, because
COX-2 protein was not expressed even at 2 weeks post-H.
pylori infection in some experimental models [30].

The high and uncontrolled expression of COX-2 may
induce tissue damage and tumor growth, and the sup-
pression of COX-2 is related with the inhibition of gas-
tric carcinoma cell growth. The administration of dietary

Pixels with Strong Positive COX — 2 expression

Fig. 3 Mean areas of immunostaining for COX-2 quantification using Aperio ImageScope™ software on the gastric mucosa of Helicobacter
pylori-infected mice treated with either PBS (infected—IG) or curcumin (IG + C)
.
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Fig. 4 Fold change expression of COX-2 in the gastric mucosa as determined by PCR arrays and calculated using the 272 method, comparing
the Helicobacter pylori-infected non-treated mice (IG) and the infected and treated with curcumin mice (IG + C) versus non-infected mice (CG) at
weeks 6, 18, and 27 post-infection. Values denote the means obtained for each of the mice analyzed in each group; each mouse was tested in
duplicate (£SD). p < 0.005 for all the comparisons between the infected non-treated and the infected curcumin-treated groups

curcumin to a human xenograft model in nude mice de-
creased metastasis of breast cancer to the lung, sup-
ported by the suppressed expression of NF-«B and
COX-2 [31].

The use of all NSAIDs, selective and nonselective, is as-
sociated with a range of potential adverse effects, includ-
ing an increased risk of adverse cardiovascular effects.
Both COX-2 selective NSAIDs (coxibs) and nonselective
NSAIDs may increase such risk. A survey made in our
country showed that these drugs are widely prescribed,
despite the potential harmful side effects [32].

The administration of anti-inflammatory COX-2 in-
hibitors to inhibit/modulate the COX-2 expression
has been ineffective since the risks prevail over the
benefits. Clinical demonstration of severe side effects
due to the failure of the classical COX-2 inhibitors to
discriminate between an aberrant pathological versus
homeostatic functional activation state raised the con-
cern that direct COX-2 enzymatic inhibition might
not sufficiently represent an appropriate clinical strat-
egy to target COX-2 [33].

Several nutraceuticals have been shown to exert
modulatory effect on COX-2 at various levels of its
molecular regulation, and therefore, they have been
considered as an effective alternative strategy to con-
trol the pathogenic expression of COX-2 [34, 35].
The safety, tolerability, and non-toxicity of curcumin
are well established not only in experimental models
but also in human trials [36—39].

In the present study, H. pylori infection increased
the expression of COX-2 at all time points of the
experiment while curcumin inhibited COX-2

expression at both mRNA and protein levels at all
same time points of the chronic infection. It has
been described that the anti-inflammatory mechan-
ism of curcumin is in part due to is ability to sup-
press NF-KB pathway, the main regulator of the
inflammatory response [40, 41]. Despite of that cur-
cumin, also demonstrates direct inhibition activity of
COX-2 [42, 43].

Conclusions

H. pylori upregulates the expression of COX-2 both at
mRNA and protein levels which might be one of the mech-
anisms implicated in the development of gastric diseases.

Nutraceuticals, like curcumin, are currently receiving
recognition as being beneficial in many diseases, and evi-
dences indicate that the mechanism of action of natural
compounds involves an extensive range of biological
processes, including anti-inflammatory properties with-
out the harmful effects of the NSAIDs.

Data from our study confirm the important role of
curcumin in COX-2 downregulation in the chronic H.
pylori mice infection.

As curcumin can inhibit COX-2 expression at both gene
and protein expression without the secondary effects of the
NSAIDs or COXIBs, we can conclude that the supplemen-
tation of diet in humans with curcumin may be a possible
novel therapeutic approach against gastric inflammation in-
duced by H. pylori infection. The supplementation of diet
with this nutraceutical may be an interesting approach for
areas of high H. pylori prevalence. Results from ongoing
clinical trials will provide a deeper understanding of curcu-

min’s potential therapeutic properties. o
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6. DISCUSSAO

A infecdo por H. pylori afeta a grande maioria da populacdo mundial e esta
associada a patologia gastroduodenal, nomeadamente a gastrite cronica, a

doenca ulcerosa péptica, o linfoma MALT e também o cancro gastrico.

Nas duas ultimas décadas, foram desenvolvidos varios modelos experimentais
de infecdo por H. pylori com o objetivo de investigar a patogénese desta infecao.
Um destes modelos foi criado por Lee e colaboradores, através da utilizagdo da
estirpe de Sidney (SS1), tendo esta metodologia sido reproduzida por nés no

presente trabalho.

Em todos os modelos experimentais, tdo importante como a colonizacao eficaz
da mucosa gastrica por H. pylori, € a confirmagdo da sua permanéncia nos

animais de experiéncia ao longo do tempo.

O teste respiratério com 3C-ureia é o método ndo-invasivo preferencial para
diagnosticar a infecéo por H. pyloriem humanos. Ficou demonstrado na presente
tese que, mesmo em pequenos animais de experiéncia, como 0s ratinhos
C57BL/6, o teste respiratorio pode ser utilizado com sucesso apresentando
elevada sensibilidade (96,6%) e especificidade (85,7%), utilizando o PCR como
gold standard (estudo pioneiro). Este método tem ainda a grande vantagem de
monitorizar a infe¢éo ao longo do tempo, sem ser necessario realizar a eutanasia
dos ratinhos [217].

A infecdo por H. pylori induz inflamacdo da mucosa gastrica e a consequente
resposta imune do hospedeiro (inata e adaptativa), mas a sua persisténcia
sugere que esta resposta ndo € eficaz na eliminacdo da infecdo, podendo a

mesma ser um fator de patogenicidade.

Assim, o processo inflamatoério da mucosa gastrica induzido por H. pylori, pode
ter como consequéncia o desenvolvimento de metaplasia intestinal em cerca de
30% dos individuos infetados [217]. Esta transformagdo da mucosa de tipo
gastrico em mucosa de tipo intestinal, representa uma condicéo pré-neoplasica
aumentando de modo significativo o risco de cancro do estbmago [218]. Um dos

mediadores moleculares fundamentais para esta transformagéo é o fator de
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transcricdo CDX2, que é uma proteina “homebox” envolvida na diferenciacdo do
epitélio intestinal, quer em situacdes normais, quer em situacdes patologicas
[219-222].

No primeiro caso, a expressao de CDX2 encontra-se apenas presente no
intestino, no entanto em situacdes patoldgicas, pode ser encontrada
ectopicamente no estbmago, no esofago e na bexiga, entre outras localizacdes.
Sabe-se através de diversos estudos [223-226] que a via de sinalizacdo do BMP
(Bone Morphogenic Protein) aumenta a expressdo de CDX2 e
consequentemente a diferenciacéo intestinal. A sua expresséo pode ser inibida
sob acdo da SOX2 [227].

Um dos trabalhos da presente tese [228] demonstrou que a infecdo por H. pylori
aumenta a expressao de BMP e consequentemente a de CDX2. Por outro lado,
esta infecdo diminui a expressdo de SOX2, um dos fatores que controla
negativamente a expressao de CDX2. Assim, a infegdo por H. pylori contribui
para o estabelecimento de metaplasia intestinal através de uma dupla acéo, o
aumento da expressao de CDX2 associado a inibicdo de SOX2. De salientar que
a identificacdo de CDX2 “de novo”, no trabalho em que fui co-autor, constituiu
também um estudo pioneiro, em que foi utilizado um modelo “in vivo” de infe¢do
experimental induzida através de duas estirpes de Helicobacter (Helicobacter

pylori e Helicobacter felis).

De referir que, a presenca de CDX2 nas glandulas da mucosa géstrica do antro
tem sido observada mesmo sem a presenca de metaplasia. Esta situacdo é
considerada uma situacao reversivel induzida por H. pylori ndo relacionada com
o desenvolvimento de metaplasia intestinal. Uma possivel explicacao para esta
disparidade pode dever-se ao facto de as altera¢des histoldgicas sé surgirem
guando sado envolvidas as células estaminais da mucosa gastrica “stem cells” e

nao as células que ja atingiram a sua fase final de diferenciacéo [229-231].

No presente trabalho demonstramos que atravées da via de sinalizacdo do BMP,
0 micro-organismo induz a diferenciacédo intestinal e por outro lado reduz a
programacao de diferenciacdo em mucosa de tipo gastrico. Na verdade, a
expressao de SOX2, um dos fatores que controla negativamente a CDX2 (que

contribui para a diferenciacdo intestinal) encontra-se inibida pela infecdo por H.
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pylori. Este facto, pode ser um dos motivos pelo qual varios autores no passado
nao encontraram expressado de SOX2 em tecido de metaplasia intestinal [232 -
234].

Apesar da resposta imune da mucosa gastrica na presenca de H. pylori se
caracterizar pela sua infiltragdo por células inflamatdrias, especialmente
neutrofilos, mediada pela expressdo aumentada de quimiocinas e citocinas pro-
inflamatorias, a grande maioria dos doentes infetados permanece assintomatica.
Na verdade, s6 uma pequena percentagem de doentes desenvolve doenca,
principalmente Ulcera péptica, sendo mandatdria a erradicacdo da bactéria

nestes casos.

No entanto, a infegcdo por H. pylori também esta fortemente associada ao
desenvolvimento de cancro do estdbmago contribuindo de um modo decisivo para
esta situacdo, a inflamacao crénica causada por esta bactéria [235], através de
diversos mecanismos [236], muitos deles ainda desconhecidos. De entre estes,
a inducéo da COX-2 que é expressa na mucosa com inflamacédo, tem um papel
crucial na génese tumoral, ativando a sinaliza¢do da prostaglandina E2 (PGE2)
[237]. Na verdade, neste contexto tem sido descrito que no tecido neoplasico
gastrico, a COX-2 se encontra fortemente expressa e as vias da COX-2 e da
PGE2 ativadas de modo continuado [238].

A auséncia até ao momento de uma vacina eficaz, os elevados custos das
terapéuticas de erradicacdo com antimicrobianos, impossiveis de serem
utilizadas em larga escala e de um modo prolongado (efeitos secundarios,
aparecimento de resisténcias, elevado custo), justificam a necessidade de se
encontrarem alternativas. Neste ambito, o uso de farmacos inibidores da COX-2
(AINEs), embora logico, também ndo é uma opg¢do tendo em conta 0s seus

multiplos efeitos secundarios.

Pelo contrario, no dominio dos alimentos funcionais e/ou nutracéuticos
(terapéutica alternativa), estes podem ser utilizados em larga escala, desde a
infancia, fundamentalmente num contexto da prevencédo secundaria, com a
intencdo de impedir o desenvolvimento/progressdo de condi¢cdes/lesdes pré-

neoplasicas.
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Assim, a utilizacdo destes produtos para combater os efeitos deletérios da
bactéria parece légica e promissora, nomeadamente devido ao seu baixo
custo, a acessibilidade e a seguranca que apresentam no consumo a longo
prazo. No entanto, os estudos em que se utilizaram alimentos
funcionais/nutracéuticos para tratar a infecao por H. pylori tém tido limitacdes
importantes, nomeadamente o diminuto nimero de estudos em humanos, bem

como a heterogeneidade da sua eficacia in vivo e in vitro.

Apesar destas importantes limitacdes, o resultado global € promissor no que
respeita a reducdo da inflamacdo da mucosa e aos efeitos secundarios
comparativamente as terapéuticas convencionais. Na verdade, diversas
terapéuticas alternativas provaram ser Uteis na manutencdo de baixos niveis
bacterianos, no controlo da inflamagéao, modulando a resposta imune, inibindo a
aderéncia ao epitélio gastrico e neutralizando alguns dos fatores de viruléncia

bacteriana, tais como a enzima urease e a toxina vacuolizante [239-240].

Assim, apesar de nao haver evidéncia que tratamentos alternativos (nao
convencionais) erradiquem H. pylori, a maioria dos estudos demonstraram que
alguns alimentos funcionais/nutracéuticos, de que € exemplo a curcumina, tém
excelente efeito anti-inflamatério, imunomodulador e de um modo geral uma

atividade gastroprotetora, apesar da permanéncia da bactéria.

Deste modo, como ja& foi previamente mencionado, o0s alimentos
funcionais/nutracéuticos poderao ser utilizados preferencialmente na modulagéo
da inflamacdo da mucosa gastrica, num contexto de prevencdo secundaria,

enquanto uma vacina ndo estiver disponivel.

Foi com este objetivo, que apos desenvolvermos um modelo cronico estavel de
infecdo crénica em ratinhos, optdmos néo so6 por confirmar a resposta
inflamatoéria da mucosa gastrica na presenca de H. pylori, como demonstrar
também a atividade anti-inflamatoria do nutracéutico curcumina quer a nivel

histolégico quer a nivel molecular.

A opcdo pela curcumina, que € um fitoquimico que ocorre naturalmente e que
constitui um extrato de Curcuma longa (acafrao-da-terra), deveu-se as suas

conhecidas propriedades farmacologicas, nomeadamente anti-inflamatorias,
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antioxidantes e anticarcinogénicas, devidamente documentadas em animais

[241] e também em humanos [242].

De um modo simplificado, podemos dizer que ha dois mecanismos principais
através dos quais o micro-organismo pode induzir inflamacdo na mucosa
gastrica: 1. Producéo de lesdo direta no contacto com as células epiteliais da
superficie gastrica e inducdo da libertacdo de mediadores pro-inflamatorios
(quimiocinas); 2. Acesso as camadas mais profundas da mucosa induzindo a

libertacdo de citocinas [243].

O nosso trabalho, a semelhanca de outros [244 - 246], demonstrou nos ratinhos
infetados, um aumento significativo da expressado de diversas quimiocinas
habitualmente envolvidas na gastrite induzida por H. pylori, tais como a CCL20,
CCL5, CXCL1, CXCL10, CXCL11 e CCL25. De igual modo, verificou-se um
aumento significativo da expressdo de TNF-a, IL-6 e IL-1B. Estes mediadores
encontram-se habitualmente envolvidos na imunidade inata e sao responsaveis
pelo recrutamento e ativagdo dos leucocitos no local da inflamacgéo [247 - 248].
O tratamento dos ratinhos com curcumina diminuiu de forma significativa a

expressado de todos estes mediadores da inflamacéao.

Ainda no dominio da imunidade inata, os recetores Toll-like (TLRsS) séo
moléculas fundamentais na interacdo entre H. pylori e as células dendriticas
(DCs). Esta interacao é realizada através de uma proteina comum (MyD88) para
todos os TLRs, a excecdo do TLR3 [249]. No nosso trabalho a infecao pelo H.
pylori aumentou ndo sé a expressdo de MyD88, bem como da grande maioria
dos TLRs. O tratamento com curcumina dos ratinhos infetados normalizou a

expressédo de todos estes mediadores.

Assim, o nosso trabalho, pioneiro da demonstragao “in vivo” das propriedades
anti-inflamatérias da curcumina em contexto de infecdo crénica no animal de
experiéncia, pde em evidéncia que o consumo de polifendis na dieta podera
eventualmente constituir uma abordagem nutricional no controlo dos efeitos
deletérios da inflamacdo gastrica provocada pelo H. pylori em humanos

enquanto se aguarda pela descoberta de uma vacina eficaz.
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Na verdade, os nutracéuticos, como a curcumina, séo reconhecidos atualmente
como potencialmente benéficos em multiplas patologias, nomeadamente pelas
suas propriedades anti-inflamatérias [250]. O mecanismo de acdo destes
produtos envolve uma extensa gama de mecanismos bioldgicos, néo
completamente conhecidos, mas que seguramente tem propriedades anti-

inflamatodrias sem os efeitos nocivos dos anti-inflamatérios nao esteroides.

Os resultados do nosso estudo, confirmaram que a infecéo crénica pelo H.
pylori aumenta a expressdo de COX-2 [251]. Este aumento, observado a nivel
de expressédo de mRNA e também a nivel de expressao proteica, verificou-se
logo na 62 semana apoés infecdo tendo um resultado semelhante sido
observado nas 182 e 272 semanas. O tratamento com curcumina inibiu de um
modo persistente, a expressado de COX-2 (MRNA e proteina) durante todo o
estudo.

Assim, consideramos relevantes os resultados por nés obtidos, visto que o
aumento descontrolado da expressédo de COX-2 pode induzir lesao tecidular e
crescimento tumoral e a sua supressao relacionar-se com a inibicdo do

crescimento de células de carcinoma gastrico [252].

Deste modo, podemos inferir que a suplementacao da dieta com curcumina em
humanos, podera eventualmente contribuir para a reducdo da inflamacéo da
mucosa gastrica induzida por H. pylori. Este fato pode ser da maior importancia,
nomeadamente em areas de alta prevaléncia de infecdo (com acesso restrito a
outros tratamentos dispendiosos com multiplos efeitos secundarios impossiveis
de utilizar em larga escala), ao contribuir para a diminuicdo dos efeitos nefastos
da inflamag&do crénica da mucosa gastrica, nomeadamente a eventual

progresséao para cancro do estdmago.

Assim, a utilizagdo da curcumina devera ser considerada como uma abordagem
com interesse terapéutico, fundamentalmente no &ambito da prevencgéo

secundaria.
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7. CONCLUSOES

1 - O modelo experimental pioneiro de infe¢cdo cronica por H. pylori por nos
utilizado, demonstrou ser eficaz e o teste respiratério com 3C-Ureia um método
fidedigno, ndo s6 na confirmacao da infecdo dos ratinhos, mas também na sua
monitorizacao ao longo de todo o periodo de experimentacao. A utilizacdo deste
método de diagnostico permitiu ainda evitar o sacrificio dos animais para

confirmacéo da presenca de H. pylori.

2 - Demonstrdmos de modo pioneiro que a infecdo por H. pylori afeta a
expressédo e atividade da via de sinalizacdo do BMP. A ativacdo desta via de
sinalizacdo aumentou a expressao de CDX2 e reduziu a expressao de SOX2
podendo deste modo ser um contributo importante para o desenvolvimento da

metaplasia intestinal.

3- Os nossos trabalhos experimentais, igualmente pioneiros, de demonstracéo
‘in vivo” das propriedades anti-inflamatérias da curcumina em contexto de
infecdo croénica, evidenciaram que o consumo de polifendis na dieta podera
constituir uma abordagem terapéutica no controlo dos efeitos deletérios da

inflamac&o géstrica provocada por H. pylori.
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8.

FUTURAS AREAS DE INVESTIGACAO

Nos ultimos anos tem havido um interesse crescente sobre a utilizacdo de

nutracéuticos na reducdo da colonizacdo da mucosa gastrica pelo H. pylori e

simultaneamente na inflamagé&o provocada por esta bactéria.

Relativamente ao desenvolvimento de futuras areas de investigacdo com

curcumina, no ambito da infecédo por H. pylori, torna-se necessario:

1)

2)

3)

4)

Resolver a limitagcdo evidenciada em alguns estudos pela auséncia de
padronizacdo dos ingredientes ativos e falta de testes rigorosos para

avaliacdo da sua eficacia, nomeadamente nos estudos em humanos;

Minimizar a baixa dissolugdo e instabilidade quimica deste nutracéutico
através de sistemas de libertacdo para aumentar a seletividade,
especificidade e rapidez. Deste modo, podem obter-se maiores
concentracbes de curcumina no local de acdo e assim aumentar
significativamente a sua biodisponibilidade. Neste contexto, tém também
sido desenvolvidos com sucesso novas formulacdes e sistemas baseados
em nhanotecnologia ou mesmo associacdo com outras moléculas que
melhoram a sua absorcdo tém também sido desenvolvidos recentemente

com sucesso [253];

Verificar através de ensaios clinicos em humanos, se o tratamento com
curcumina pode impedir a transformacdo da mucosa de tipo gastrico em
mucosa de tipo intestinal, através do aumento da expressado de SOX2 (o
inibidor natural da CDX2) ou mesmo por intermédio da repressao direta
de CDX2.

Verificar se num futuro proximo, a administracdo de curcumina em
humanos, pode impedir o desenvolvimento/progressao de metaplasia
intestinal. Em caso afirmativo, 0s nossos resultados experimentais
poderiam constituir uma mais valia, no @mbito da prevencdo secundaria

da infecéo.
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5) Testar em humanos, o potencial efeito da curcumina na evolugdo da
metaplasia intestinal em doentes que necessitem de realizar a

erradicacao de H. pylori.
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